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Abstract

Apoptosis is a well-organized mechanism developed by eukaryotic organisms during
maturation. The importance of apoptosis as a major form of cellular suicide with a causative
or contributing role in a variety of diseases has become progressively obvious. A large body
of evidence implicates the association of apoptosis with an arranged series of physical and
biochemical alterations comprising the nucleus, cytoplasm and cell membrane.
Understanding the process of apoptosis is not only important for maintaining physiological
conditions, but also is critical for therapy development. In this review, we briefly outline the
various ways to detect apoptosis with distinct assays and molecules, and provide an outlook
on the latest imaging techniques for the visualization of phosphatidylserine (PS)
externalization, with specific focus on Annexin V based targeting of PS and its conjugates.
Furthermore, the distinct advantages and disadvantages of each technique are reviewed.
Recognition the major benefits and drawbacks of each assay based on Annexin V conjugates
would allow us to use the proper method to detect apoptosis for instance, in a variety of

diseases, such as cancer and will open novel prospects to treatment approaches.
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Introduction

Cell death plays crucial roles in a wide variety of diseases such as cancer and myocardial
infarction. Cell death occurs through a series of morphologically and biochemically distinct
pathways, including apoptosis, necrosis and autophagy '. The term “apoptosis” > was
initially introduced to describe cell death, which might be outlined by typical morphological
options, such as cell shrinkage, chromatin granule condensation, loss of nuclear membrane
integrity, semi-permeable membrane blebbing and eventually apoptotic body formation.
Although apoptosis can be characterized by cell morphological changes, biochemical events
must accompany this process >. These events include initiator and effector caspase
activation®, cytochrome C release from mitochondria, externalization of phosphatidyl-serine
on the plasma membrane, poly (ADP ribose) polymerase (PARP) cleavage and inter-
nucleosomal DNA fragmentation’. These biochemical events are not unique to apoptosis, and
not all events occur in all apoptotic cells, in all stages of apoptosis or in response to all
apoptosis induction agents’. The period involving these biochemical processes has been
reported to be different depending on several factors, such as the type of cell line or tissue,
apoptosis-inducing agent and exposure time. The cascade of events in apoptosis can be
subdivided into three stages, including initiation, decision and accomplishment. This
complicated process is done after induction of a death receptor (initiation phase) by a set of
enzymes called caspases (decision phase). Accomplishment is associated with a variety of
alterations in the cells. First, cells change at the mitochondrion level. Subsequently,
alterations occur on the outer membrane, such as changes in the membrane mechanical and
electrical properties, cell shrinkage, and redistribution of phospholipids between the inner and
outer membrane. For example, phosphatidylserine (PS), which are located, on the inner
membrane, can be externalized (Fig. 1A). At the subsequent stage, the nuclear membrane is

damaged; DNA fragments and chromatin begin to condense. Finally, apoptotic bodies, which
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contain the remains from the cell, are made. An intact imagination of apoptosis can be
achieved by the investigation of various cellular targets and via time-lapse imaging to
observe alterations over time. One of the main methods for the detection and isolation of
apoptotic cells is through targeting PS moiety °. The PS externalization ' is reported to be
unique to apoptosis and does not occur in the case of necrosis, therefore, several tools have
been provided to target PS moieties. Apoptosis visualization may allow both early monitoring
of therapy capability and assessment of disease development. To aim that, in the current
review, we focus on the exposure of PS on the plasma membrane during the apoptosis
process. The successful candidate for the detection of this phenomenon is Annexin V. The

0

applications of labeled Annexin V proteins as analysis probes *'° and as in vivo diagnostic

11-13

tracer to monitor specific diseases have already been reported elsewhere” ~°. In this review,

we have compared the methods that have been conducted for this purpose.

Molecular Structure of Annexin and Detection of Apoptosis

A small protein, Annexin V (35 kDa), which binds to PS in the presence of Ca*" ', is

considered one of the most commonly used agents that interact with phospholipid moieties 13
' In both cases, the recognition agent is coupled to a second part which can be detected
(optical detection, radio labeling, magnetic particles for cell sorting, immunodetection and

9, 10, 17, 18
etC) 5 > 5

. Large numbers of the Annexin-superfamily proteins are reported to be
expressed in eukaryotes '°. Annexins are widespread, greatly conserved and mostly
intracellular proteins that generally are distributed in tissues. Though a set of physiological
functions is associated with each individual protein, all Annexins share an extremely
homologous core domain containing four “Annexin” repeats. Each domain has seventy amino
acids in length, with an alpha-helical structure (Fig. 1B). The variable N-terminal region is

believed to confer practical adaptability to different Annexins *°. Annexins have been

reported to participate in signal transduction, endocytosis, cytoskeleton organization, cellular

3
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proliferation and differentiation ! Interactions with membranes are the indication of their
bioactivity, while, the ability to bind to anionic phospholipids in a Ca**-dependent manner is
considered one of their main biological features.

The labeled Annexins can be assayed not only by the basic tools such as fluorescence
microscopy ** but also by advanced tools, such as flow cytometry and molecular imaging. In
the flow cytometry method, the Annexin-labeled apoptotic cells are transported to the optical
unit using a fluidics system that can be illuminated by lasers, and then the filtered light
signals are sensed by detectors. The suspension cells, such as Jurkat cells (Human T-cell
leukemia) or U973 7 are common for the detection of PS externalization based on Annexin V
protein. In these cases, the cells can be treated with apoptosis stimuli. After collection and
washing, the cells can be resuspended in various Annexin binding buffer containing CaCl2
(adequate concentration is 1.5-2.5 mM) as shown in (Fig. 2A). To discern between dead and
apoptotic cells, a membrane impermeable DNA stain, such as propidium iodide (PI) can be
added simultaneously to the cell suspension containing apoptosis inducing agent >. Thus,
normal, apoptotic and dead cells are evaluated based on a double-labeling for Annexin V and
PI, which can be further analyzed by flow cytometry. In the pattern of flow cytometry, two
major populations of the cells can be observed: the cells that were viable and not undergoing
apoptosis (Annexin V and PI negative), the cells undergoing apoptosis (Annexin V positive
and PI negative). A small population of the cells, moreover, may detect as both Annexin V
and PI positive. These cells are in end-stage of apoptosis or already dead (Fig. 2B).

The annexin-based probes may also be useful for whole animal investigations. In vivo
imaging has been used as a noninvasive tool for the detection of apoptosis in small living
animals®®. In a fascinating method for in vivo apoptosis assay, the interested cells, such as
EL4 and S180 were harvested, washed with PBS, and re-suspended in suitable medium at a

concentration of about 107 cells per ml. The tumor cell suspension was implanted to the
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animal model (six-week old nude/nude mice) by the intravenous or subcutaneous injectionzs.
Then the apoptosis was induced by irradiation or chemical agents in the tumor. The tumor-
bearing model was imaged using Annexin V-based probes such as **"Tc-HYNIC-Annexin V
after treatment. In this step, probes can be injected into animal model through the vein and
images can be obtained usually 2 to 6 hours later in a dark imaging chamber, using suitable
cameras such as single-head y camera. The illuminated AnnexinV- based probes might be
monitored by a charge-coupled detector (CCD)>.

The above method provides semi-quantitative information for monitoring the effectiveness of
the interventions. And in contrast to the cell or tissue culture-based experiments, which
usually are assayed by flow cytometry, the studies in intact whole-animals incorporate all of
the interacting physiological factors such as neuronal, hormonal, nutritional, and
immunological on apoptosis process.

Fluorescein-labeled Annexin V

Fluorescein-labeled Annexin V was used by Koopman et a/ to monitor apoptotic cells by
flow cytometry °. Due to the impenetrable nature of the probe into the phospholipid bilayer,
Annexin V cannot bind to normal vital cells. However, in dead cells the outer leaflet of the
membrane can bind to extrinsically applied Annexin V due to loss of the plasma membrane
integrity. The amine-reactive fluorescein derivatives have been shown to be the most
accepted fluorescent derivatization reagents for covalently labeling proteins. Relatively high
absorptivity, great fluorescence quantum yield and good water solubility with an excitation
maximum (494 nm) that closely matches the 488 nm spectral line of the argon-ion laser
makes the fluorescein an important fluorophore for confocal laser-scanning microscopy 26
and flow cytometry applications™ »’. Furthermore, fluorescent protein conjugates are not
extraordinarily prone to precipitation; therefore they can be prepared in high purity for further

applications. Even though the fluorescent dye has been labeled to a variety of biomolecules
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for many years, fluorescein-based dyes and their conjugates represent numerous distinct
disadvantages, such as: a) a comparatively high degree of photobleaching 2 b) pH-sensitive
fluorescence intensity *° (pKa ~6.4) that can be apparently decreased below pH 7, ¢) a
relatively wide fluorescence emission spectrum that may limit their usage in some multicolor

experiments’" *!

and d) A tendency toward quenching of their fluorescence on conjugation to
biopolymers, particularly at high rates of labeling 30-31 Moreover, the coupling reaction is
difficult to be controlled precisely; therefore, the final product may be a heterogeneous

mixture of differentially various labeled protein molecules; therefore, these drawbacks have

reinforced scientists to develop an alternative assay.

EGFP-labeled Annexin V

To overcome some limitation of the fluorescent labels, such as heterogeneity of coupling
process, Stocker et al., generated more homogenous population by fusing Annexin V to
enhanced green fluorescent protein (EGFP), which represents to be more photostable
compared to FITC *. The sufficient and reproducible expressions of Annexin V-EGFP fusion
proteins in eukaryotic cells suggest an explicit approach for the efficient generation of this
diagnostically compatible fusion protein. The secretory expression of Annexin V-EGFP
fusion proteins can be a constructive alternative in comparison with the usual production
processes. The structural homogeneity of the product compared to FITC-conjugates, and
brighter emission with higher photostability are other advantages of Annexin V-EGFP. This
might be valuable in imaging applications when vivid microscopic pictures and where greater
exposure times to incident light are required. The fluorescent proteins typically can be
expressed from strong promoters. Furthermore, the novel applications of Annexin V-based
labeling can be practical that include in vivo transfection of Annexin V-EGFP plasmids for

detection of apoptosis and necrosis in sifu in development or in disease processes’ . Although



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

RSC Advances

EGFP-labeled Annexin V is an efficient probe for the detection of apoptosis, the Annexin V-
EGFP is naturally insoluble ** and its production in eukaryotic systems might be a limiting
step to produce in large scale.

Europium-labeled Annexin V

Europium is a chemical element with the symbol Eu and atomic number 63 Figure 3A. It is
named after the continent of Europe. It is a quite hard, silvery metal which easily oxidizes in
air and water. Being a typical member of the lanthanide series, europium usually assumes the
oxidation state +3, but the oxidation state +2 is also accepted and all europium compounds
with oxidation state +2 represent slightly reducing effects ''. Europium has no significant
biological role and is almost non-toxic in comparison with other heavy metals. Most
applications of europium use the phosphorescence of Europium compounds. Europium
labeled Annexin V was used by Engbers-Buijtenhuijs et al., '/, as a sensitive tool, for the
detection of apoptosis to analyze anoikis in adherent cell cultures using the principles of the
Dissociation Enhanced Lanthanide Fluoro Immuno Assay (DELFIA® 3 Wallac Oy, Turku,
Finland). DELFIAR assays use a lanthanide metal (Europium) chelate label, which is
practically non-fluorescent, binding of Europium-labeled Annexin V to PS results in the
dissociation of Europium from the labeled compound that is caused by the low pH of the
commercially available enhancement solution. The free Europium ion rapidly forms a new
highly fluorescent and stable chelate with the components of enhancement solution.
A schematic depiction of the DELFIAR assay is shown in Figure 3B.

Radio-labeled Annexin V

It has been demonstrated that several radio-chemically designed Annexin V probes are being
developed to target apoptotic cells, non-invasively '>***°. The halogen radioisotope '*’I has
been reported to be used for labeling of Annexin V. Although '*I-Annexin V represents good

and specific regional imaging application, for instance, in the abdominal area, it has some
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limitations, such as high production cost and a complicated labeling method. '*’I-Annexin V,
moreover, is subject to quick in vivo dehalogenation *® *’. Another radionuclide for the
labeling of Annexin V is technetium-99m (**™Tc) with decay properties and acceptable cost
that can be effectively applied for single-photon imaging. However, *’"Tc cannot be tagged
directly to Annexin V and needs accurate and specific conjugation principles. Various *™Tc-
labeling chelators have been demonstrated such as n-1-imino-4-mercaptobutyl (imino) 3

41, 42
, and

ethylenedicysteine (EC) 39. 40 4 5-bis(thioacetamido) pentanoyl (BTAP)
hydrazinonicotinamido (HYNIC) 4244 99m1e BTAP-Annexin V has been used to observe
chemosensitivity in a variety of cancer cells, such as lung cancer, lymphoma and breast
cancer. However slow blood clearance, nonspecific uptake, prolonged and complex
formation method can hinder its usage in clinical applications ****. *™T¢-EC-Annexin V is
also considered as an alternative agent for apoptosis imaging, while in comparison with
99m e HYNIC-Annexin V and **"Tc-BTAP-Annexin V, there are a few studies indicating the
use of *™Tc-EC-Annexin V in clinical practice. *"Tc-HYNIC-Annexin V has been
demonstrated to be the most widely used derivative and an appropriate tracer for clinical use
that can be applied to monitor apoptosis by single photon emission computed tomography
(SPECT) ***%. Although most radiopharmaceuticals are described for SPECT, Positron
emission tomography (PET) represents several advantages compared to SPECT, such as
better resolution, greater sensitivity and exact evaluation. Nevertheless, high cost of
production and use of the cyclotron limits its further application. '*F-Annexin V and **Ga-
Annexin V have been examined in the preclinical area showing appropriate half-life for
diagnostic imaging. Unfortunately, there are no common clinical trials indicating the use of
PET radionuclides to date, but are likely to become noticeable soon *. Novel imaging tools
including SPECT/CT, PET/CT and PET/MRI that can combine molecular and anatomic

imaging are considered the best alternatives for the use in clinical studies™ .
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Quantum Dots-Labeled Annexin V

Quantum dots (QDs) with high photostability and extreme brightness, are a new class of
probes that are widely used in single-molecule imaging™ and single virus tracking®®. QDs can
be described as inorganic semiconductor nanocrystals, generally containing a cadmium
selenide (CdSe) core and a zinc sulphide (ZnS) shell with excitons restricted in all three
structural dimensions, generating the typical fluorescent properties. For biological
applications, QDs can be coated with a passivating layer to enhance solubility, and can be
tagged to targeting biomolecules, such as antibodies or streptavidin (Fig. 4A). As fluorescent
probes, QDs are identified by wide absorption profiles, high extinction coefficients and
spectrally tunable emission profiles. Small CdSe QD cores (2.3 nm diameter) emit blue light,
while the larger crystals (5.5 nm diameter) emit red light, generating size-dependent optical
properties > (Fig. 4B). Van den Berg et al., for the first time, stained apoptotic cells with
Annexin V-functionalized QDs °. Two approaches were concomitantly investigated: a) QDs
were first functionalized with Annexin V and then were subsequently added to apoptotic
cells, or b) apoptotic cells were pre-incubated with Annexin V, and QDs were added after
binding Annexin V to PS moieties. It has been reported that both methods could give
comparable results, similar to those of conventional staining techniques (organic dyes)
indicating the high efficiency of QDs functionalized with Annexin V to stain apoptotic
cells®®. van Tilborg et al., have reported a new probe based on the Annexin V conjugated
QDs as apoptosis detection agents to monitor anticancer drugs using a fabricated microfluidic
device. The microfluidic technique has been reported to decrease Annexin V-QDs diffusion
time and to make a connection between the QDs rated in vitro cell imaging and the analysis
of the apoptotic cascade in the microfluidic device. This method has been demonstrated to be
applied in several biological systems, including real- time observing of apoptosis cascade and

analysis of anticancer treatments . Moreover, the method can examine the dose-dependent
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effect of several anticancer drugs on the cells and can reduce the incubation time for the agent
to sense apoptotic cells due to decreased reaction environment inside the device. It also
detects the dynamic behavior, at the single level, for redistribution of PS from the inner
plasma membrane. The early execution stage of apoptosis presented as cell shrinkage
imaging has been addressed to be monitored more apparently by QD-AV than by QD-FITC
methods. The necrosis processes and the reactivity of QD-AV were reported to be preferable

to the other commercial Annexin V-FITC apoptosis detection methods.

Renilla luciferase-labeled Annexin V

We have recently cloned and expressed a new Annexin-based probe based on Renilla
luciferase (RLuc) for monitoring the apoptosis induction using anti-cancer drugs > >°. This
probe has been reported to be a fusion protein that was expressed in a prokaryotic system
using E. coli BL21 (DE3), and thus, easy to produce. The system is based on luminescence
process with the possibility to be produced in eukaryotic cells while, it does not represent the
problems associated with fluorescent dyes; such as photo-bleaching and susceptibility to pH.
Although luciferases are less appropriate for cellular visualization, they can be applied as
agents for transcriptional regulation at much lower concentrations in comparison with
fluorescent tracers. It also has no problem to produce in an eukaryotic system that EGFP-
Annexin has. The sensitivity of bioluminescence also provides an important advantage
compared to fluorescent proteins. The apoptosis assay using the RLuc/Annexin V probe is
carried out using an illuminometer. Although RLuc/Annexin V probe is an advanced probe
both for suspended and adherent cells, its potential to assay apoptosis in vivo remains to be

answered.

Nanoparticles—based bioprobes conjugated to Annexin V

10
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To visual contrast agent at nano-to picomolar concentrations, nuclear and optical methods
have been developed. The optical imaging techniques are restricted by tissue infiltration,
while nuclear techniques represent a low structural resolution images in contrast to a weak
anatomical background. Magnetic resonance imaging (MRI) shows the non-invasive
detection of Magnetic resonance (MR) contrast tracer ranging from micro- to millimolar in
concentration with adequate structural resolution anatomical images across the whole living
animal. Additional labeling of MRI contrast tracer using florescent agents can result in
detection of co-localization in MR images that determined at the macroscopic and cellular
levels by optical techniques. Two different types of bimodal contrast probes have been
reported by van Tilberg et al., for monitoring apoptotic cells using both MRI and optical
methods. MR contrast was prepared using entrapment of iron oxide particles within
PEGylated micelles or by fusion of Gd-DTPA-bis(stearylamide) (Gd-DTPA-BSA) lipids
within the lipid bilayer of PEGylated liposomes. Iron oxide-based nanoparticles have been

60-61 or adhesion molecule expression ®.

provided to enable molecular MRI of lipoproteins
High affinity of these probes for PS '® allowed low doses of the probes to be applied for
visualization of apoptosis, both in vitro 5 and in vivo *, thus minimizing the potential for
nonspecific uptake of these probes. PEGylated liposomes have been successfully applied as
drug carriers, especially in tumor therapy ** ®> . Incorporation of anti-apoptotic drugs with
Annexin V-conjugated paramagnetic liposomes would allow for the association of
multimodal detection of apoptotic cells and anti apoptotic therapy. These agents have been
demonstrated to target the extravascular space in tissue showing enhanced permeability 67,
They can be organized on the outer leaflet of the cell membranes and have been reported to
be appropriate for in vivo MR detection of early apoptotic cell death, contributing to the

diagnostic process of various diseases, including acute myocardial infarction and cancer ®.

Finally, with these systems; the diagnostics could be developed into specified therapeutic

11
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applications with additional integration of drugs ®’. Other fluorescent lipids have also been
reported to be integrated in the contrast agent lipid bilayer for parallel visualization by optical

methods.

Conclusion

The approaches and techniques for apoptosis monitoring are altering quite rapidly; thus, there
are several issues that must be considered. Up to now, different cell events during
programmed cell death have been targeted for apoptosis assay. Detection of loss of cell
viability, DNA fragmentation and DNA condensation are conventional laboratory methods to
study the apoptosis. These cellular events occur late in apoptosis and their assessment is time-
consuming, and end-pointed”” ®7'. The study of most early events in apoptosis, such as the
expression of thrombospondin binding sites’”?, or loss of sialic acid residues”, and

apoptosome formation’* ™

has some technical difficulties. Therefore, it is complicated to
make decision about which set of tracers or imaging procedures will be appropriate for
distinct applications. It appears those molecules that bind to the surface of the apoptotic cells,
such as Annexin V; represent the advantage regarding sensitivity and specificity compared to
metabolically directed tracers’®’®. As already discussed, the Annexin V assay is considered te
be one of the most sensitive methods which is simple and easily applicable for detection of
apoptosis . Better understanding of various biochemical aspects of apoptosis may provide
chances to design novel classes of imaging agents that may compete with existing ones .
There are several reports showing the use of fluorescein labeled Annexin V as an adequate
research probe for in vitro studies, while Renilla luciferase-labeled Annexin V may become
popular, especially in high throughput screening assays. On the other hand, nanoparticles-
based bioprobes conjugated to Annexin V have been described to be used as a bifunctional

tracer in MRI and fluorescence imaging, raising the possibility of applying these probes for

accurate imaging, especially in vivo, while, QDs conjugated to Annexin V have been

12
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suggested for high sensitivity and specificity detection (Table. 1). Further progresses of
apoptotic cell specificity and development of agent pharmacokinetics to obtain distinct
targeting are required to promote clinical usages and wide application of apoptosis probes **
% The ability to visualize PS expression by Annexin V in a variety of diseases such as cancer
and myocardial infarction has been reported. The use of Annexin V and its conjugates can be
further extended for the therapeutic decision making in apoptosis-related diseases and
interventions ">,

Beside the above advantages, there are several disadvantages that must be considered for
Annexin V-based probs. The assays based on these probes may require the use of expensive
equipments such as the flow cytometry and the in vivo imaging devices*®. The preparation of
some mentioned probes has laboratory difficulties, chemical modification of Annexin needs
different manipulations of the protein and results in a heterogeneous mixture of labelled
proteins. Moreover, it was shown that FITC-Annexin quenches by 40-50% upon binding
phosphatidylserine®. More importantly, Annexin-based probes are protein-based and
sensitive against inactivating factors, such as proteases and temperature.

Taken together, the Annexin V-based assay seems to be a valuable, sensitive and functional
technique, opening novel prospects to treatment approaches since it can be used in vitro, ex
vivo and in vivo. Finally, it may be predictable that the capabilities for the application of

Annexin V conjugates in analysis probes, diagnostic tools, treatment assessment, and clinical

approaches in the future can be wide.
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Table 1. Characteristics of Annexin-based probes for apoptosis detection

Probe based Coupling method applications
Fluorescein-labeled ) )
Fluorescein dye chemical In vitro assay
Annexin V
Quantum dot nano ' o
Quantum Dots- ) ) High sensitivity and
particles (cd-se chemical . o
Annexin V high specificity
core and Zns shell)
In vitro assay (it is
Produced in
. . more photo-stable and
EGFP-labeled Annexin V EGFP protein eukaryotic .
) brighter than dye
expression system
based probes)
Radinucleotide ' S
Radio-labeled Annexin V 9 chemical In vivo imaging
such as = T"
. . Produced in
Renilla luciferase-labeled | Renilla luciferase ‘ _
‘ prokaryotic High throughput assay
Annexin V protein ‘
expression system
Nano particles High sensitivity and
Nano particle based - ) ) .
such as liposome chemical specificity- In vivo
Annexin V ) ) )
and magnetic imaging
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Figure legends

Figure 1. A) 3D structure of Annexin V depicted with SWISS PDB Viewer. B) Schematic
representation of the biological basis of the Annexin V binding assay. In normal cells,
phosphatidylserine (PS) is predominantly located at the inner leaflet of the plasma membrane.
When cells initiate apoptosis, PS is rapidly translocated to the outer leaflet. In the presence of
Ca®*, Annexin V binds to PS with high affinity.

Figure 2. A) Schematic representation of the probes, their surface modification and
bioconjugation with protein, Annexin V. B)These probe-Annexin V conjugates were shown to
bind strongly to the induced apoptotic cells compared with normal cells, due to the
externalization of phosphatidylserine residues. Diagram showing healthy and apoptotic cells with

markers for detection of apoptosis

Figure 3. Europium-labeled Annexin V, A) Europium structure B) Chemical process indicating
binding of Europium to Annexin V.

Figure 4. A) Schematic representation of the CdSe/ZnS QDs, their surface modification and
bioconjugation with protein, Annexin V. B) Quantum dots, based on the size, emit light at

different frequencies.

Figure5. Annexin V -modified superparamagnetic micelles (left panel) and Annexin V-

modified paramagnetic liposomes (right panel).
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