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1.  Apoptosis 
 

Apoptosis, a biochemically regulated process of cell suicide, plays a crucial role in tissue 
homeostasis in multicellular organisms. Unwanted cells in developing tissues and damaged or 
senescent cells execute apoptosis and are subsequently removed mainly by phagocytes. A 
balance between proliferation and cell death is essential to maintain this homeostasis. During 
apoptosis several intra- and extra-cellular changes occur. There are biochemical and 
morphological changes, the most defining features of which are the activation of caspases, 
chromatin condensation and the display of phagocytosis markers on the cell surface 1, 2. One 
of the most predominant markers expressed on the cell surface upon apoptosis is 
phosphatidylserine (PS) which in healthy cells resides predominantly in the inner leaflet of 
the plasma membrane. These features rendered PS-externalization a well-explored 
phenomenon to image cell death for diagnostic purposes. In addition, it was demonstrated that 
under certain conditions viable cells express PS at their surface such as endothelial cells of 
tumor blood vessels, stressed tumor cells and hypoxic cardiomyocytes. Hence, PS has become 
a potential target for therapeutic strategies.  
 
2. PS-asymmetry of the plasma membrane 
 
PS is ubiquitously present in prokaryotic and eukaryotic cells and constitutes about 2-10% of 
total cellular lipids depending on species and cell type. PS synthetic pathways differ between 
bacteria, yeast and mammals 3. Mammalian cells synthesize PS predominantly by converting 
enzymatically phosphatidylcholine (PC) and phosphatidylethanolamine (PE) through a serine 
exchange reaction. The enzymes PS-synthase 1 (substrate PC) and PS-synthase 2 (substrate 
PE) catalyze the conversion and are present in the endoplasmatic reticulum (Figure 1). 
PS appears to be crucial to the cell and, as such, is produced by different biosynthetic routes 
that can compensate each other to maintain a certain minimal level of PS in case one route 
fails 4, 5. Cellular PS is non-randomly distributed through several transport mechanisms 
including vesicular transport and lipid-transfer protein mediated lipid-exchange between 
juxtapositioned bilayers 6. Once present in the PM it is subject to the action of the 
aminophospholipid transporter (APLT) which translocates PS rapidly from the exoplasmic to 
the cytoplasmic leaflet if PS appears in the exoplasmic leaflet. APLT also translocates PE 
albeit at a lower rate 7. The aminophospholipids are thus moved across the bilayer against 
their gradient and the energy required for translocation is derived from hydrolysis of ATP. 
APLT appears to be a member of the family of P4 type ATPases, a class of ATPases that 
mediate ATP-dependently the transbilayer movement of phospholipids 8. APLT activity is 
present in erythrocytes, platelets and nucleate cells 9. In the latter APLT resides in the PM and 
in trans-Golgi and Golgi derived secretory vesicles. PS asymmetry, once established, is a 
relatively stable steady state, and APLT activity is required again if disturbances caused by 
for example membrane fusion processes during endo- and exocytosis occur. It has been 
shown that inhibition of APLT activity only results in a slow rate of PS exposure 10 indicating 
that PS asymmetry of the PM is of importance to cell homeostasis. 
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Figure  1: Schematic presentation of synthesis and transport of PS in mammalian cells. PS is 
synthesized predominantly by PS-synthase 1 and PS-synthase 2 by converting PC and PE 
through a serine exchange reaction in the endoplasmic reticulum. After synthesis PS is non-
randomly distributed by vesicle transport, membrane fusion and exchange between 
juxtapositioned bilayers. PS-trafficking pathways are indicated by “dotted arrows”. Once 
present in the PM PS is subject to the action of APLT- and PLSCR-transporters. Increase of 
cytosolic Ca2+-concentration ([Ca2+]i) inhibits APLT and activates PLSCR. PSS, PS-
synthase; LTP, lipid transfer protein; APLT, aminophospholipid translocase; PLSCR, 
phosholipid scramblase; ER, endoplasmatic reticulum; EPL, exoplasmic leaflet; CPL, 
cytoplasmic leaflet; PM, plasma membrane; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PS, phosphatidylserine. 
 
 
3. Cell surface expression of PS 

 
Certain conditions may induce cells to release their PS asymmetry of the PM. For example 
aging of erythrocyte, activation of platelets and apoptosis are accompanied by a sustained 
appearance of PS in the exoplasmic leaflet 11, 12. As indicated above, inhibition of APLT is 
insufficient to cause rapid and sustained cell surface exposure of PS. An additional 
mechanism is required to achieve a steady state level of PS in the exoplasmic leaflet. Current 
main hypothesis describes a scramblase activity to be responsible for PS appearance at the 
cell surface. Scramblase translocates phospholipids bidirectionally over the two leaflets of the 
PM thereby collapsing PS asymmetry. Scrambling is rapid, ATP-independent and non-
selective for phospholipid species and it causes randomization of the phospholipids over the 
two membrane leaflets. Scramblase has been demonstrated to operate in erythrocytes13, 
activated platelets 14 and apoptotic cells 15. Several studies have tried to identify the protein(s) 
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that scramble the phospholipids of the PM. Isolation and reconstitution experiments delivered 
the protein phospholipid scramblase 1 (PLSCR1), which is the most serious candidate up to 
now 16. Closer inspection, however, casted doubt because cells were able to scramble PM 
phospholipids in the absence of PLSCR117 and six different cell lines showed a lack of 
correlation between the level of PLSCR1 expression and the capacity to externalize PS during 
apoptosis 18. No other candidates are proposed as yet indicating complexity of phospholipid 
scrambling and, likely, diversity in scrambling mechanisms. The latter is illustrated by the 
finding that platelets of a patient with Scott syndrome fail to express PS upon Ca2+-ionophore 
treatment (a trigger for healthy platelets to expose PS) whilst Scott B-cells normally 
translocate PS to the cell surface upon execution of apoptosis 19.  
Recently an alternative hypothesis was postulated that describes PS externalization as part of 
membrane repair mechanisms that start to operate during apoptosis and involve fusion of 
lysosomes with PM 20. This hypothesis does not require the action of a scramblase protein. 
Translocation of PS to the PM exoplasmic leaflet proceeds without compromising the barrier 
function of the PM. Once in the exoplasmic leaflet PS may participate in a variety of 
processes depending on type and localization of the PS exposing cell. Circulating erythrocytes 
for example gradually express PS during aging. PS at the erythrocyte surface functions as an 
'eat me' signal towards the reticuloendothelial system, which clears the PS tagged erythrocytes 
from the circulation by phagocytosis 21. Platelets can participate in hemostatic and thrombotic 
processes and while doing so can expose PS at their surface. The PS expressing surface 
catalyzes coagulation reactions that culminate in the formation of thrombin, which 
subsequently stabilizes the platelet thrombus by generation of fibrin 22. Activated 
macrophages that are engaged to engulf dying cells expose PS at their surface. Inhibition of 
PS exposure greatly impairs phagocytic capacity of the activated macrophage 23. Vaccinia 
virus presents PS at the viral membrane to activate PS dependent macropinocytosis with 
subsequent infection of the host cell 24. Macrophages and fibroblasts that are infected with 
Pichinde Virus express PS at the cell surface 25. 
The most important and abundant cellular process that is accompanied by cell surface 
expression of PS is apoptosis, a biochemically regulated process of cell suicide 1. Firstly 
described for apoptotic lymphocytes 12 PS exposure is now appreciated as a ubiquitous 
phenomenon of apoptosis that is independent of cell type and cell death inducing trigger26 and 
that is phylogenetically conserved 27. PS on the surface of an apoptotic cell is one of the most 
important 'eat me' flags that not only triggers engulfment but also activates signaling 
pathways that control cholesterol efflux and expression of anti- and pro-inflammatory 
cytokines 28. In addition, PS on the apoptotic cell surface is involved in regulation of immune 
response towards antigens of the apoptotic cell 29. Cells that die by executing a non-apoptotic 
cell death program also activate a machinery that drives cells surface expression of PS 2 
indicating that PS expression is an important phenomenon in dealing with cell death in the 
context of the multicellular organism. Recognition and engulfment of PS expressing cells are 
extremely efficient in healthy tissues, which therefore contain, if any, a low steady state level 
of PS expressing cells. Pathologies can change drastically the balance between appearance 
and clearance of PS expressing cells towards a sustained presence of PS expressing cells and 
cell remnants such as apoptotic bodies and cell derived microparticles in diseased tissue. As 
such surface expressed PS is potentially an informative biomarker for diagnosing disease and 
evaluating efficacy of therapy. In addition cell surface expressed PS may serve as a target for 
TDD strategies to deliver therapeutic compounds specifically to diseased tissue. 
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4. PS Binding ligands 
 
In order to exploit fully the potential of PS as a target for Molecular Imaging (diagnosis) and 
TDD (therapy) ligands should be available that bind selectively and with high affinity to cell 
surface expressed PS in the complexity of the multicellular organism. To date a variety of PS-
binding compounds have been reported in the literature including proteins 30, peptides 31-34 
and small chemical entities 35. As Molecular Imaging agents peptides and small chemical 
compounds generally have the advantage of being quickly and efficiently cleared from the 
blood circulation. The signal to background ratio is favorably affected by such kinetics. 
However, the disadvantage of these compounds concerns their low affinity for binding PS. 
Proteins on the other hand can exhibit higher affinities for PS but proteins are usually cleared 
from the blood circulation with slower kinetics. The next sections will highlight in particular 
the proteins annexin A5, synaptotagmin I and lactadherin with which a body of experience 
has been build about Molecular Imaging of PS expressing cells in vivo in animal models 
employing a variety of imaging modalities. To date annexin A5 is the only protein that has 
been used to visualize PS expressing cells in patients using nuclear imaging. Key 
characteristics of these three proteins are summarized in table 1. 
 
Table 1: Key characteristics of the PS binding proteins annexin A5, synaptotagmin I and 
lactadherin. *Despite similar nomenclature, the C2-domains of synaptotagmin I and 
lactadherin do not share sequence homology.  
 

Protein MW 
(kD) 

Source PS-binding 
Domain Ca2+-

required 
Kd  

(nM) 
Annexin A5 36 Human, 

expressed in E. 
coli 36  

Annexin core Yes 0.1-237, 38 

Synaptotagmin I 65 Human, C2A 
domain expressed 
in E. coli 39 

C2A- domain* Yes 15-40 40 
 

Lactadherin 47 Bovine, purified 
from milk 41 

C2-domain* No 3-4 41 
 

 
a. Annexin A5  
Annexin A5 was discovered as an anticoagulant protein of vascular tissue 42. It is a non-
glycosylated single chain protein that belongs to the annexin super-gene family [49]. Its 
polypeptide is organized in an N-terminal tail with a C-terminal core containing four domains 
that form the annexin-core, a slightly bent surface with a convex shape that interacts with the 
PS containing phospholipid membrane 43, 44. PS binding of annexin A5 is Ca2+-dependent. 
Ca2+-ions bind to the annexin core surface at type II Ca2+-binding sites 45 and form the prime 
contact by coordinating carbonyl and carboxyl groups of the protein and phosphoryl moieties 
of the glycerol backbone of membrane phospholipids 44. The domains are composed mainly 
of a-helices and the Ca2+-binding sites protrude as loops (Figure 2). The overall PS binding 
affinity arises from a collaboration between the Ca2+-binding sites of the four domains with a 
dominant role for domain 1 46. The complex structure/function relationship of annexin A5 and 
PS binding has sofar prevented the generation of smaller fragments or mimetics that interact 
with PS with comparable binding affinity. In solution annexin A5 is present as monomer but 
once bound to PS-expressing membrane three monomers build a trimer by protein-protein 
interaction and trimers assemble in a two-dimensional lattice covering the PS expressing 
surface by trimer-trimer interactions 47. The two-dimensional protein network of annexin A5 
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at a PS expressing cell surface drives internalization of annexin A5 48. Syntaptotagmin I and 
lactadherin have reported properties neither of two-dimensional crystallisation on the 
phospholipid surface nor of internalization via the PS portal of cell entry. Annexin A5 binds 
PS containing membranes with a Kd in the range of 0.1 - 2 nM (table 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Ribbon presentations of the structures of the PS binding domains of annexin A5, 
synaptotagmin I and lactadherin. The structural data were retrieved from the Protein Data 
Bank (PDB) entries 1AVR, 1BYN and 3BN6, respectively. The purple spheres represent Ca 
2+-ions. This figure was designed by 

 
 
b. Synaptotagmin I 
Synaptotagmin I is a synaptic vesicle membrane protein with a short N-terminal intravesicular 
sequence, a single transmembrane region, and a cytoplasmic region containing two domains 
with homology to the C2-domain of Protein Kinase C 49-51. It functions intracellularly as Ca2+-
sensor to mediate synaptic vesicle fusion upon rise of cytoplasmic Ca2+-levels. Phospholipid 
binding of synaptotagmin I is mediated by its C2-domains which bind preferentially the 
negatively charged phospholipids PS and phosphatidylinositol 52, 53. PS binding can be 
exhibited by a single C2 domain as was shown for the first C2 domain (C2A) that was 
expressed recombinantly by E.Coli [37]. The C2A-domain is composed of stable eight-
stranded-sandwiches with flexible loops emerging from the top and bottom 52. These loops 
bind Ca2+ 54 and acquire subsequently a positive electrostatic potential that becomes attracted 
by negatively charged phospholipid membranes (Figure 2) 55. The C2B domain can bind 
phospholipids Ca2+-independently 56. The dissociation constant (Kd) of synaptotagmin I 
binding to PS is within the 15 - 40 nM-range (table 1).  
 
c.  Lactadherin 
Lactadherin is a glycosylated protein that was firstly discovered as a component of milk fat 
globule membranes 57. It contains an EGF-like domain harbouring an RGD sequence that 
mediates interaction with the integrin receptors avb3/5. At the C-terminal end of the RGD-
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containing EGF-like domain reside two C domains bearing homologies with the C1 and C2 
domains of blood coagulation factors V and VIII. Lactadherin functions as bridging molecule 
facilitating phagocytosis of dying cells 58 59. The RGD-motif interacts with integrin receptors 
on the surface of phagocytes and the C2-like domain binds in a Ca2+-independent manner 
with cell surface expressed PS 60. The C2-domain of lactadherin contains a b-barrel core with 
protruding hydrophobic residues that interact Ca2+-independently with PS (Figure 2). The C2-
domain of lactadherin shows no significant homology with the C2A domain of synaptotagmin 
I. Interestingly lactadherin binds PS in a stereo-specific manner 61. Stereo-specificity has not 
been observed for the PS binding proteins synaptotagmin I and annexin A5. Lactadherin binds 
to PS containing membranes with a Kd ranging from 2 - 4 nM (table 1). 
 
d. Other PS binding proteins 
Other PS-binding proteins that have potential to be used as ligands for imaging PS expressing 
cells include T cell immunoglobin mucins, γ-carboxyglutamic acid (Gla) containing proteins 
and antibodies directed against PS. T cell immunoglobulin mucin 1 and 4 (TIM-1, TIM-4), 
both members of the TIM-family were originally identified as a marker of T cell subsets. 
TIM-proteins are transmembrane proteins that share an immunoglobulin variable domain 
containing 6 cysteines, and a mucin like domain, a transmembrane domain and a cytoplasmic 
domain 62. Both TIM-1 and TIM-4 act as a phagocyte receptor for PS expressed on the 
apoptotic cell 63. The immunoglobulin domain binds specifically to PS with a Kd of 
approximately 2 nM 64.  
Gla-domain containing proteins such as vitamin K-dependent blood coagulation factors bind 
PS through a Ca2+-mediated interaction between Gla-residues and PS 65. Gla-domain 
containing proteins generally bind PS expressing membranes with a Kd in the nM range. 
Immunization procedures with PS as antigen may generate antibodies against PS 66. However, 
in most cases immunization results in the generation of antibodies that recognize plasma 
proteins bound to PS. To target PS on tumor vasculature, the murine monoclonal antibody 
3G4 was generated 67. It appeared that 3G4 does not bind PS directly but through plasma 
protein 2-glycoprotein 1 that was bound to PS Plasma protein 2-glycoprotein 1 binds weakly 
to anionic phospholipids whereas in presence of 3G4 its affinity for anionic membranes 
increases significantly. 
 
5. Molecular Imaging of PS 
 
As described above PS expressing cells and cell remnants accumulate in diseased tissues 
predominantly as a result of the activation of cell death processes and insufficient clearance of 
the PS expressing cells. Apoptosis is the major process of cell death and plays a role in a wide 
range of pathologies 68-72. Therefore non-invasive and tomographic imaging of surface 
expressed PS has gained interest not only in basic and translational research but also in 
various clinical disciplines to support diagnosis, localize pathological sites and assess efficacy 
of therapy. The availability of the PS binding ligand annexin A5 has boosted research and 
development of Molecular Imaging of PS. To date imaging studies in animal models have 
been carried out predominantly with various labeled forms of annexin A5. A number of 
papers have reported about the use of a labeled fusion protein of Gluthation-S-transferase 
(GST) and the C2A domain of synaptotagmin I. Lactadherin is the less employed one of the 
three PS binding proteins. Its use has been confined to in vitro studies sofar.  
 
a. Molecular Imaging of PS with Annexin A5 
The recombinantly expressed human annexin A5 exhibits PS binding properties identical to 
annexin A5 purified from human tissue 36. Availability of recombinant annexin A5 spurred 
synthesis of a wide range of labeled forms of annexin A5 to accommodate PS imaging with 
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modalities such as optical, radionuclide and magnetic resonance imaging 73, 74. Annexin A5 is 
labeled with reporter compounds through chemical coupling mostly to primary amino groups 
of annexin A5. Since these are also present on the surface of the annexin core amine-based 
coupling may compromise the PS binding potency 75, 76. In order to avoid deleterious effects 
of coupling, annexin A5 variants have been generated for site-directed labeling at the concave 
side of the molecule using thiol chemistry. Annexin A5 variants have been generated with 
thiol-linkage sites in extensions of the N-terminus 77, 78 and thiol-linkage sites within the N-
terminal tail and the concave side of annexin A5 to which small compounds (chelators of 
radionuclides 79 and fluorochromes 80) as well as particles with diameters ranging from 10-
100 nm (iron oxide nanoparticles 81 and liposomes 82, 83) have been coupled successfully 
without impairing PS binding. This so-called 'second generation' annexin A5 has improved 
biodistribution and PS binding properties as compared to amine-labeled wildype annexin A5.  
 
 
b. Molecular Imaging of PS with C2A domain of Synaptotagmin I  
Synaptotagmin I is less suitable as a whole molecule for Molecular Imaging because of its 
transmembrane domain. The soluble PS binding C2A domain was expressed recombinantly 
by E.coli as a fusion protein with GST. Although the affinity for binding PS is higher for C2A 
(Kd = 20-40 nM) as compared to the fusion protein C2A-GST (Kd = ± 115 nM) it was decided 
to develop C2A-GST as a Molecular Imaging ligand because labeling of C2A interfered with 
PS binding 40. Labeling of GST-C2A likely occurred predominantly at the GST moiety. C2A-
GST can be conjugated to fluorochromes, radionuclides and superparamagnetic iron oxide 
particles using random chemical linkage while retaining PS binding property 39, 84. Whether 
site-directed chemical linkage will yield a superior PS imaging ligand has not been reported 
so far.  
 
c. Molecular Imaging of PS with lactadherin  
For PS imaging purposes lactadherin was purified from bovine milk 85. To date PS imaging 
with lactadherin has been limited to in vitro studies only. Lactadherin has been coupled to 
fluorescein isothiocyanate via random chemical linkage to accomodate optical imaging 85. It 
is claimed that lactadherin has several advantages as a PS imaging agent over annexin A5 and 
synaptotagmin I. It binds membranes in a way that is proportional to PS content and 
independent of both phosphatidylethanolamine and Ca2+ 61. The latter feature is, however, not 
a benefit in vivo because ionized extracellular Ca2+ levels fluctuate around 1 mM which is 
more than sufficient to promote binding of annexin A5 and C2A-GST to PS expressing 
membranes. The drawback of lactadherin is its posttranslational modification which precludes 
expression of functional lactadherin recombinantly in an E.coli system.  
The general picture of all imaging studies utilizing annexin A5 and C2A-GST depicts 
feasibility of PS imaging with non-invasive techniques including optical, radionuclide and 
magnetic resonance imaging. Non-invasive PS imaging can be employed to accomplish 
various goals including understanding pathogenesis of cardiovascular diseases such as heart 
failure 86 and atherosclerosis 87, 88 and evaluating therapeutic in vivo efficacy of drugs such as 
statins 89 and anti-cancer compounds 90, 91. Most preclinical non-invasive PS imaging has been 
carried out with radionuclide and magnetic resonance imaging. Low tissue penetration of 
photons and autofluorescence of extracellular matrix components have been hampering 
development of non-invasive optical imaging of PS. Recently near-infrared fluorescent 
(NIRF) probes and fluorescence mediated tomography (FMT) have been developed rendering 
non-invasive optical imaging feasible 92. Second generation annexin A5 has been coupled to 
the NIRF probe Vivo-750 via thiol-chemistry and employed successfully to quantify the anti-
cancer effect of cytotoxic compounds in a mouse cancer model using non-invasive FMT 
(Figure 3).   
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PS imaging has entered the process of translation from preclinical settings to the clinical 
arena. Availability of clinical grade recombinant human annexin A5 for labeling with 
Technetium (Tc99m) and Single Photon Emission Tomography (SPECT) has catalyzed clinical 
studies with PS imaging in various patients to assess the significance of PS imaging for 
diagnosis and rapid evaluation of efficacy of therapy. Table 2 summarizes medical fields in 
which Molecular Imaging of PS has been interrogated in preclinical models and in patients. 
These studies show promise for non-invasive imaging of PS to catalyze drug development in 
preclinical settings and to support diagnosis and evaluation efficacy of treatment shortly after 
start of therapy in the clinic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Non-invasive PS-imaging of efficacy of anti-cancer treatment. Mice were implanted 
with HT-29 human colorectal adenocarcinoma cells in both upper mammary fat pads, and 
tumors were allowed to grow for 10 days. To assess the acute induction of apoptosis, animals 
received a single IP injection of cyclophosphamide (CY; 170 mg/kg). Animals were injected 
with second generation annexin A5 coupled to Vivo 750 (annexin-Vivo 750, VisEn Medical) 
24 h post-CY treatment and imaged 2 h later by FMT 2500 (VisEn Medical) fluorescence 
tomography. Representative images of treated and untreated HT-29 mice were selected to 
reflect the mean group tumor fluorescence intensities. (a) 3D FMT images were acquired, and 
(b) the effects on tumor fluorescence and volume were assessed. Results indicate anti-cancer 
efficacy of CY in this model. Data and images courtesy of VisEn Medical Inc., Bedford, MA, 
USA. 
 
6. PS as target for therapeutic interventions 

 
In contrast to PS-targeting strategies, therapeutic applications are very limited. PS targeting is 
mainly used in targeted drug delivery (TDD) strategies. TDD is a strategy the goal of which is 
to treat disease effectively with minimal detrimental side-effects. Such strategies are 
especially of importance to treatments in which toxic substances are needed to combat these 
diseases. TDD is based on the principle of Paul Ehrlich's 'Magic Bullet' which in fact is a 
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therapeutic compound that is guided to the diseased lesion by a targeting function. The 
targeting function can be an integral part of the therapeutic compound or can be deliberately 
attached to the drug 127. Cell surface expressed PS is potentially an attractive target for TDD 
considering the body of experience with PS as a biomarker for Molecular Imaging 127, 128.  
A wide range of diseases may benefit from PS based TDD strategies (see table 2). In general 
PS is expressed by dying and dead cells and cell remnants that accumulate in diseased lesions 
such as atherosclerotic plaques and tumors. In such lesions PS may function to accumulate PS 
seeking 'Magic Bullets' and their therapeutic cargo, which may for example encompass 
enzymes or cytotoxic substances. Recent experiments indicated that cells, which are not 
committed to execute cell death, may also express PS on their surface under specific 
conditions. Endothelial cells of tumor vasculature for example express PS while being alive 
129. Cardiomyocytes that have been submitted to brief ischemia express PS before the 
apoptotic machinery trespasses the point of no return 130. These cells can be targeted with 
therapeutic substances that either kill (tumour endothelial cells) or rescue (stressed 
cardiomyocytes) the PS expressing cell. Efficient intracellular delivery of the therapeutic 
substance is then necessary. Annexin A5 has been shown to be internalized into the PS 
expressing cell as a consequence of its property to form a 2-dimensional lattice on the cell 
surface 48. C2A-domain of synaptotagmin I and lactadherin have no reported property of 
internalization into PS expressing cells. 
Recent reports underscored feasibility and applicability of the concept of PS targeting in TDD 
strategies. Annexin A5 was used as vector to target coagulation and fibrinolytic enzymes to 
sites of PS expressing cells in the vasculature 131-133. These PS seeking 'Magic bullets' were 
constructed by molecular fusion 131, 133 or chemical coupling 132 of annexin A5 and the 
enzyme. Annexin A5 by itself integrates PS targeting and therapeutic function because once 
bound to PS it blocks the inflammatory and immunomodulatory activities of surface 
expressed PS 134. Recently a homodimer of annexin A5 (diannexin) was constructed with the 
purpose to prolong the blood circulation time and, hence, to increase therapeutic efficacy of 
annexin A5 to attenuate ischemia/reperfusion induced injury of organs 135. 
PS has also been targeted with the antibody 3G4 (bavituximab), which binds with high 
affinity to complexes of 2-glycoprotein I and PS. 3G4 was used therapeutically as adjuvant 
therapy in viral infections in which PS surface expression is essential to successful infection 25 
and in mouse models of cancer, which have tumor vasculature with PS expressing endothelial 
cells 136, 137.  
Diannexin and bavituximab are the first PS-targeting agents that have entered clinical trials to 
demonstrate therapeutic activity in patients with kidney transplants, chronic hepatic C virus 
and HIV and cancer (http://clinicaltrials.gov). 
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Table 2: Overview of preclinical and clinical imaging of PS for a variety of diseases and 
diagnostic purposes. 

Medical field Diagnostic purpose of PS 
imaging 

References 
preclinical 

studies 
clinical studies 

Oncology Early assessment of 
efficacy of therapy 

90, 91, 93-96 97-100 

Prognosis of survival  101 
Cardiology Early diagnosis of heart 

failure 
69, 86, 102-105 106 

Early assessment of cardiac 
toxicity 

107  

Assessment of cardiac 
ischemia/reperfusion injury 

108-110 111 

Vascular 
Medicine 

Identification of unstable 
atherosclerotic plaque 

112, 113 114 

Orthopaedics Assessment of infection of 
prostheses 

 115 

Organ 
transplantation 

Allograft rejection  116 102, 117 

Gastroenterology Assessment of efficacy of 
therapy in Crohn's disease 

 118 

Neurology Identifying regions of 
cerebral injury 

119, 120 121, 122 

Ophthalmology Assessment of retinal  
neurodegeneration 

123, 124  

Autoimmune 
diseases 

Identifying regions of 
rheumatoid arthritis 

125  

Metabolic 
diseases 

Measurement of b-cells 
apoptosis 

126  

 
 
7. Aim of this thesis 
 
This thesis aims to develop therapeutic applications employing annexin A5 as PS targeting 
agent in heart failure and atherosclerosis, the two leading cardiovascular health problems in 
the Western society. The main aim of this thesis is two-fold 1) to obtain more insight in the 
role of endogenous anxA5 in the development of heart failure and 2) to shift anxA5 from a 
diagnostic imaging tool towards a therapeutic realm in diseases where apoptosis and 
efferocytosis are out of balance. 
Chapter 2 addresses the clearance pathway of apoptotic cells as possible source for predictive 
biomarkers of apoptosis. We clearly show that plasma anxA5 levels are significantly elevated 
in patients with heart failure as compared with healthy controls. Moreover we found that 
anxA5 is a strong and independent predictor of adverse outcome, with no association between 
anxA5 levels and established clinical, functional and biochemical HF measures. 
Chapter 3 addresses the role of endogenous anxA5 in the development of heart failure. We 
clearly showed that anxA5-/- mice submitted to thoracic aorta constriction developed a more 
severe diastolic dysfunction compared to the anxA5+/+ mice submitted to thoracic aorta 
constriction. We convincingly showed that endogenous anxA5 has a protective role in the 
development of diastolic heart failure induced by pressure overload in mice.  
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Chapter 4 addresses a novel strategy directed towards enhancing phagocytosis of PS exposing 
cells. We clearly showed that the introduction of an Arg-Gly-Asp (RGD)-motif in the anxA5 
molecule transforms anxA5 from an inhibitor into a stimulator of efferocytosis.  
Chapter 5 addresses the influence of the described RGD-anxA5 variants described in chapter 
4 on the initial development of atherosclerotic lesions. Surprisingly, we found a complete 
reduction of atherosclerotic lesion formation in seven out of nine mice. In our search for 
explanations for this dramatic effect, we propose that RGD-anxA5 can attenuate monocyte 
infiltration and concomitantly promote the efficient phagocytosis of the leukocytes which 
achieve plaque infiltration. 
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ABSTRACT  
 
Objective: To determine the association between circulating annexin A5 (anxA5) levels and 
clinical outcome in high risk patients with heart failure (HF). 
 
Background: Cardiomyocyte apoptosis is associated with progression of HF. Stressed 
cardiomyocytes express reversibly the ‘eat me’ signal phosphatidylserine (PS) on the 
sarcolemma. AnxA5 is a PS binding protein that inhibits PS-dependent phagocytosis. Here we 
investigated the relationship between levels of plasma anxA5 and mortality of HF patients. 
 
Methodology/Principal findings: We measured plasma levels of anxA5, N-terminal 
fragment of pro-B-type natriuretic peptide (NT-proBNP) and C-reactive protein (CRP) in 179 
patients with both ischemic and dilative HF (ages, 56±13 years; Male:Female, 140:39; New 
York Heart Association class II-IV), and followed the patients up for a period of 7.5 years 
with death as endpoint. anxA5 levels were significantly elevated in all stages of HF compared 
to control subjects. Uni and multivariate regression analysis demonstrated that anxA5 is a 
strong predictor of all-cause mortality and independent of clinical, functional and biochemical 
measures of HF including NT-proBNP and CRP.  
 
Conclusion: A single measurement of plasma anxA5 at the time of enrollment provides 
strong independent information to predict mortality in high risk HF patients. 

INTRODUCTION 
 
Heart Failure (HF) is a complex disease with various etiologies and associated with a high 
morbidity and mortality. Circulating biomarkers are evaluated to assess risk of mortality, to 
guide treatment intensity and to facilitate decisions for disease management in HF. In addition 
to the established biomarkers BNP and NT-proBNP 1 a variety of novel candidate biomarkers 
have emerged that represent different biological processes in the myocardium 2, 3. Apoptosis 
is believed to account for loss of functional cardiomyocytes and to contribute to pathogenesis 
and progression of HF 4-6.  Apoptosis is a gene-regulated process of cell suicide executed by a 
core cell death machinery comprised of caspases and regulated by intra- and extracellular 
inhibitors and activators 7. It was demonstrated that pro-apoptotic activity of serum predicts 
mortality of HF patients indicating a relationship between soluble apoptotic factors and 
disease 8. Soluble factors related to extrinsic activation of apoptosis have been shown to have 
a predictive value for adverse outcomes in heart disease. However, the unraveled relationships 
are not expected on basis of the pro- and anti-apoptotic activities of the markers. Soluble Fas 
(sFas), an inhibitor of cardiomyocyte apoptosis 9, 10, correlates positively with unfavorable 
prognosis of patients with advanced HF whereas levels of soluble TRAIL, an enhancer of 
stretch-induced apoptosis of cardiomyocytes 11, inversely associates with clinical events in 
these patients 12. These findings indicate a complex relationship between circulating markers 
of the extrinsic pathway of apoptosis and HF. 
In this paper we addressed the clearance pathway of apoptotic cells as possible source for 
predictive biomarkers of apoptosis. During apoptosis cells express “find me” and “eat me” 
signals to attract phagocytes and to trigger removal by phagocytosis 13. Cell surface expressed 
phosphatidylserine (PS) is the best characterized “eat me” signal 13, 14 that is also present on 
apoptotic cardiomyocytes in the myocardium 15. Recently it was postulated that stressed 
cardiomyocytes of the failing heart can initiate apoptosis without progressing towards full 
execution 16. Accordingly it was demonstrated that stressed cardiomyocytes in vivo express 
PS in a caspase 3-dependent manner while remaining viable 17. Activated caspase 3 was 
unraveled as master switch that controls death and survival pathways in stressed 
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cardiomyocytes 18. These new insights indicate towards mechanisms that protect stressed, PS 
expressing cardiomyocytes from being engulfed.  
Annexin A5 (anxA5), a 36 kDa protein of the annexin multigene family, binds PS with high 
affinity 19, inhibits phagocytosis of PS expressing cells 20, delays apoptosis 21 and promotes 
repair of injured cellular membranes 22. AnxA5 levels are increased in plasma of patients with 
hypertensive heart disease and in the myocardium of these patients in the absence of 
upregulation of myocardial anxA5 mRNA 23. We postulated that increases in circulating 
anxA5 represent defense mechanisms for PS expressing stressed cardiomyocytes, and 
hypothesized that circulating anxA5 levels reflect risk of mortality for HF patients. We 
therefore measured anxA5 levels as a potential biomarker of disease progression in patients 
with chronic HF. anxA5 levels were compared to etiology, New York Heart Association 
(NYHA) classification, LV function and circulating biomarkers including NT-proBNP and 
CRP.   
 
MATERIALS AND METHODS 
 
Patients - 179 consecutive patients (ages, 56±13 years; M:F, 140:39) with preexisting HF for 
at least 6-month duration were included in the study (Table 1). Patients who sustained acute 
coronary syndrome during the last 6 months and those with significant comorbid conditions, 
such as infection, malignancy, or autoimmune disease, were excluded. The etiology of HF 
was determined on the basis of disease history, coronary angiography and echocardiography. 
76 patients had ischemic, 94 dilated cardiomyopathy and 9 patients had other etiologies of 
HF. The patients were New York Heart Association (NYHA) functional class II-IV 
symptomatic. The study also included 33 age- and sex-matched healthy individuals (mean age 
56±7 years) as a control population for comparison. 
 
Ethics Statement - The study was approved by the local ethical committee (Regional ethics 
committee of Helse Sør-Øst; Permit number S-05172) and conducted according to the ethical 
guidelines outlined in the Declaration of Helsinki for use of human tissue and subjects. 
Informed written consent was obtained from all subjects. Inability and unwillingness to 
participate and to provide voluntary consent were considered strict exclusion criteria. 
 
Blood sampling and biochemistry - Blood was collected from the anticubital vein, drawn 
into chilled glass tubes containing EDTA (1 mg/mL blood) and placed on ice, centrifuged 
within 20 minutes at 4°C (2000g in 20 minutes) before plasma was aspirated and stored at -
80°C until use. Samples were submitted to 3 cycles of thawing/freezing before measurement. 
Plasma anxA5 was measured using a commercial enzyme immunoassay (Hyphen BioMed, 
Neuville-sur-Oise, France) according to the instructions of the manufacturers. Intra- and 
interassay coefficients of variation amounted 1.4% and 3.8% for anxA5. NT-pro-BNP and 
high-sensitivity CRP were assayed on a MODULAR platform (Roche Diagnostics, Basel, 
Switzerland). Plasma levels of low-density lipoprotein (LDL) cholesterol, high-density 
lipoprotein (HDL) cholesterol and creatinine were measured enzymatically on a 
Roche/Hitachi 917 analyzer (Roche Diagnostics, Mannheim, Germany). Estimated 
glomerular filtration rate (eGFR) was calculated based on the Cockcroft-Gault formula. 
 
Echocardiography - Conventional echocardiographic imaging of the heart was performed 
from parasternal and apical views by use of a GE Vivid 7 ultrasonic digital scanner (GE 
Vingmed, Horten, Norway). Two-dimensional images were obtained, M-mode and color 
Doppler as well as pulsed wave Doppler recordings of blood flow velocities in the LV 
outflow tract. Doppler echocardiographic calculations of stroke volume and cardiac output 
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were performed on the basis of the cross-sectional area of flow and aortic annular flow 
velocity data. LV regional wall motion was analyzed in a 16 segment model excluding the 
apical cap. LV ejection fraction (LVEF) was obtained by the biplane Simpson method 24. We 
have previously reported inter- and intraobserver variability for EF of 1.1 ± 4.9% (mean±SD) 
and 2.5 ± 4.2%, and interobserver variability for WMSI of 0.04 ± 0.13 25. 
 
Statistical analysis - Differences between groups were analyzed with unpaired parametric or 
non-parametric tests depending on distribution (assessed with the D'Agostino & Pearson 
omnibus normality test) and number of groups. Proportions were compared using the chi 
square test. The relationship between quartiles of anxA5 and all-cause mortality and the 
combination of all-cause and anticipated mortality (i.e. heart transplantation) were visualized 
by Kaplan-Meier plots. The importance of anxA5 as a risk factor for mortality was 
investigated by Cox proportional hazard analysis including variables associated with anxA5 
levels (Table 1) or variables imbalanced between survivors and non-survivors (Table 2): age, 
etiology, NYHA class, eGFR, CRP and NT-proBNP. P values are two-sided and considered 
significant when < 0.05. 
 
RESULTS 
 
AnxA5 levels in healthy subjects and HF patients - We firstly measured normal range of 
circulating anxA5 in 33 healthy subjects (age 56±7 years). The anxA5 level of the control 
group was 0.47±0.29 ng/mL (mean ± SD). Median [and interquartile range (IQR)] circulating 
anxA5 level in 179 HF patients was 1.37 [IQR 0.94,2.06] ng/mL, which is significantly 
higher than median anxA5 levels in healthy subjects 0.44 [0.24,0.54] (Figure 1). All HF 
patients showed markedly elevated anxA5 levels irrespective of NYHA classification and 
etiology (Table 1). There was a trend indicating increasing anxA5 levels with severity of heart 
disease (NHYA classification)(p = 0.064, Table 1). No significant differences were observed 
between quartiles of anxA5 and markers of inflammation and neurohormonal activation (CRP 
and NT-proBNP), cardiac function or medication, except for an association between high 
anxA5 levels and low eGFR (Table 1). 
 
Patient outcome and anxA5 levels - Of 179 HF patients, 59 patients died (n=48) or 
underwent heart transplantation (i.e. anticipated mortality, n=11) during a follow-up period of 
6.5 [IQR 2.7,6.3] years. As shown in Table 3, non-survivors were older, had a higher 
proportion of CAD and NYHA III and IV (compared to NYHA II). Further, they had a lower 
eGFR and increased levels of CRP and NT-proBNP (Table 2). Finally, non-survivors more 
frequently used aldosteron antagonists, diuretics and statins (Table 2). When investigating 
anxA5 levels in relation to adverse outcome we found that non-survivors displayed elevated 
levels of anxA5 compared to survivors, 1.68 [1.16,2.95] vs. 1.22 [0.89,1.86] p=0.002.  
Kaplan-Meier analyses demonstrated higher mortality with increased AnxA5 levels, 
particularly in the fourth quartile in relation to all-cause mortality (Figure 1A) and all-
cause/anticipated mortality (Figure 1B).  
Table 3 summarizes uni- and multi-variable analyses of predictors of all-cause and anticipated 
mortality. Univariate predictors included in these models were those that were either 
associated with elevated anxA5 levels (i.e. eGFR, Table 1) or imbalanced between survivors 
and non-survivors (Table 2). These variables included age, etiology, NYHA class, eGFR, 
CRP and NT-proBNP and anxA5, with continuous variables entered log transformed and 
expressed per 1 SD change.  Forced multi-variable cox-regression indicated that anxA5 
together with eGFR and NYHA were the strongest predictors of both all-cause mortality and 
all-cause/anticipated mortality. 
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Table 1: Characteristics of the study population (n= significantly elevated in patients with 
heart failure significantly elevated in patients with heart failure) according to anxA5 levels 
(quartiles); CAD, coronary artery disease; CRP, C-reactive protein; DM2, diabetes mellitus 
type 2; eGFR, estimated glomerular filtration rate; HF, heart failure; IDCM, idiopathic dilated 
cardiomyopathy; LV, left ventricular; LVEF, LV ejection fraction; LVEDV, LV end-diastolic 
volume; LVEDS, LVEDV, LV end-systolic volume; NT-proBNP, N-terminal pro-brain 
natriuretic peptide; NYHA, New York Heart Association; WMSI, wall motion score index. 
Continuous data are given as mean±SD or median and interquartile range depending on 
distribution. 
 
 

AnxA5 Q1  
(≤ 0.94) 
(n=44) 

AnxA5 Q2  
(0.95-1.37) 
(n=46) 

AnxA5 Q3 
(1.38-2.05) 
(n=45) 

AnxA5 Q4 
(>2.06) 
(n=44) 

 
 
P-value 

Age 56±11 57±12 56±14 55±14 0.94 
 Male (%) 33 (75) 38 (83) 37 (84) 31 (71) 0.36 
Cause of HF, 
CAD/IDCM/other 16/27/1 18/24/4 18/23/4 24/20/0 0.25 

NYHA class II/III/IV 19/13/12 13/19/14 9/23/13 9/26/9 0.064 
Hypertension, n (%) 6 (14) 9 (20) 5 (12) 6 (14) 0.74 
DM2, n (%) 5 (11) 7 (15) 5 (12) 5 (11) 0.93 
Previous Infarction, n (%) 16 (36) 18 (39) 13 (30) 14 (32) 0.80 
LVEF (%) 28 (21,42) 30 (20,39) 27 (20,36) 29 (21,40) 0.84 
LVEDV 218 (150,278) 215 (155,306) 212 (168,302) 214 (146,288) 0.90 
LVESV 149 (97,213) 157 (95,243) 166 (109,245) 172 (95,204) 0.87 
WMSI 2.3 (1.9,2.4) 2.3 (2.0,2.5) 2.4 (2.0,2.5) 2.3 (1.8,2.4) 0.64 
Cardiac Index 2.0 (1.7,2.4) 1.9 (1.8,2.2) 2.0 (1.4,2.5) 1.8 (1.5,2.2) 0.32 
Biochemistry      
      eGFR (µM) 87 (71,100) 72 (49,91) 72 (51,91) 78 (64,96) 0.038 
      CRP (mg/L) 3.0 (1.4,5.6) 3.5 (1.4,7.9) 3.0 (1.8,5.7) 4.5 (2.1,10.7) 0.39 
      NT-proBNP (pM) 204 (71,314) 275 (57,466) 309 (134,547) 277 (288,533) 0.23 
      White blood count 6.7 (5.7,8.1) 7.3 (6.3,8.6) 6.8 (5.6,7.9) 7.4 (6.2,9.6) 0.15 
Medication, n      
      ACE or ARB,  n (%) 37 (84) 41 (89) 37 (82) 38 (86) 0.81 
      Aldost. antagonist, n (%) 13 (30) 16 (35) 23 (52) 23 (52) 0.055 
      BB,  n (%) 34 (77) 35 (76) 38 (86) 36 (82) 0.60 
      Diuretics,  n (%) 28 (64) 33 (72) 38 (86) 28 (64) 0.060 
      Statins,  n (%) 18 (41) 19 (41) 18 (41) 23 (52) 0.64 
      Warfarin,  n (%) 14 (32) 21 (46) 21 (48) 20 (46) 0.41 
      ASA,  n (%) 23 (52) 17 (37) 18 (41) 19 (43) 0.51 
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Table 2: Characteristics of the study population (n=176) according to long-term survival; 
CAD, coronary artery disease; CRP, C-reactive protein; DM2, diabetes mellitus type 2; 
eGFR, estimated glomerular filtration rate; HF, heart failure; IDCM, idiopathic dilated 
cardiomyopathy; LV, left ventricular; LVEF, LV ejection fraction; LVEDV, LV end-diastolic 
volume; LVEDS, LVEDV, LV end-systolic volume; NT-proBNP, N-terminal pro-brain 
natriuretic peptide; NYHA, New York Heart Association; WMSI, wall motion score index. 
Continuous date are given as mean ± SD or median and interquartile range depending on 
distribution. 
 
 

Survivors 
(n=131) 

Non-survivors 
(n=48) 

P-value 

Age 54±13 60±12 0.007 
 Male (%) 103 (79) 36 (77) 0.77 
Cause of HF, CAD/IDCM/other 47/78/6 29/16/3 0.014 
NYHA class II/III/IV 46/57/28 4/24/20 0.001 
Hypertension, n (%) 19 (15) 7 (15) 0.96 
DM2, n (%) 13 (10) 9 (19) 0.10 
Previous Infarction, n (%) 41 (32) 20 (43) 0.17 
LVEF (%) 28 (20,40) 29 (23,35) 0.38 
LVEDV 211 (151,292) 252 (146,288) 0.84 
LVESV 148 (95,227) 170 (110,204) 0.87 
WMSI 2.3 (1.9,2.5) 2.3 (2.1,2.5) 0.66 
Cardiac Index 2.0 (1.6,2.4) 1.9 (1.6,2.3) 0.95 
Biochemistry    
      AnxA5 (ng/ml) 1.22 (0.89,1.86) 1.68 (1.16,2.95) 0.002 
      eGFR (µM) 79 (64,97) 68 (47,92) 0.013 
      CRP (mg/L) 3.0 (1.4,6.0) 4.7 (2.1,11.0) 0.016 
      NT-proBNP (pM) 206 (58,427) 305 (196,602) 0.008 
      White blood count 7.1 (5.9,8.5) 7.3 (6.5,8.6) 0.29 
 
Medication, n    

      ACE or ARB,  n (%) 112 (86) 41 (85) 0.99 
      Aldost. antagonist, n (%) 48 (37) 27 (56) 0.020 
      BB,  n (%) 104 (80) 39 (81) 0.85 
      Diuretics,  n (%) 87 (67) 40 (83) 0.032 
      Statins,  n (%) 51 (39) 27 (56) 0.042 
      Warfarin,  n (%) 51 (39) 35 (52) 0.12 
      ASA,  n (%) 59 (45) 18 (38) 0.35 
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Table 3. Multi-variable analyses: anxA5 as a predictor of adverse outcome in patients with chronic HF. 

 All-cause mortality  All-cause mortality/HTx 

 Unadjusted  Forced   Unadjusted  Forced  

Variable HR 
(95%CI) p HR 

(95%CI) P  HR 
(95%CI) p HR 

(95%CI) p 

Age/10 1.41 (1.07–1.85) 0.015 1.30 (0.95–1.77) 0.10  1.26 (1.00–1.60) 0.055 1.15 (0.88–1.50) 0.37 

NYHA 2.48 (1.64–3.76) <0.001 2.32 (1.43–3.78) 0.001  2.78 (1.89–4.07) <0.001 2.54 (1.63–3.96) <0.001 

Etiology (vs. CAD) 0.56 (0.33–0.96) 0.033 0.68 (0.39–1.16) 0.68  0.56 (0.35–0.91) 0.019 0.67 (0.41–1.08) 0.10 

[Loge] eGFR 0.66 (0.52–0.84) 0.001 0.66 (0.48–0.92) 0.013  0.66 (0.53–0.82) <0.001 0.67 (0.50–0.90) 0.008 

[Loge] CRP 1.31 (1.01–1.71) 0.042 1.04 (0.76–1.44) 0.79  1.29 (1.02–1.64) 0.034 0.99 (0.74–1.31) 0.99 

[Loge] NT-proBNP 1.72 (1.24–2.39) 0.001 1.16 (0.77–1.75) 0.48  1.86 (1.38–2.53) 0.001 1.30 (0.89–1.89) 0.17 

[Loge] anxA5 1.64 (1.23–2.20) 0.001 1.58 (1.17–2.12) 0.003  1.47 (1.13–1.90) 0.004 1.42 (1.09–1.86) 0.010 

AnxA5, annexin 5; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; MI, myocardial infarction; NYHA,  
New York Heart Association; NT-proBNP, N-terminal pro-brain natriuretic peptide. The inclusion of medication that was associated  
with mortality from table 1, or LVEF, had no impact on the regression analysis. Continous variablers expressed per 1 SD. 
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Figure 1. Plasma anxA5 and mortality in HF patients. Kaplan–Meier plot for the association 
between quarterly increases in anxA5 (A) and incidence of all-cause/anticipated mortality (i.e. 
heart transplantation, HTx) (B).  
 
 
DISCUSSION 
 
The present study evaluated circulating anxA5 as a biomarker in HF. We hypothesized that 
circulating levels of anxA5 contribute to preventing stressed cardiomyocytes with active 
caspase 3 and externalized PS from execution of apoptosis. Apoptosis is appreciated as an 
important process in the pathogenesis of HF 5, 6. It is accompanied by cytochrome c release, 
activation of caspase 3 and cell surface expression of PS 26.  All three phenomena were 
observed in the failing heart 4, 27 and in contrast to general belief, presence of these 
phenomena not necessarily signifies death of cardiomyocytes 17, 28. In stead, stressed 
cardiomyocytes utilize active caspase 3 as master switch to divert from apoptosis by 
activating the survival factor Akt 18. There is simultaneous upregulation of multiple anti-
apoptotic survival factors (such as XIAP) and downregulation of pro-apoptotic factors (such 
as DIABLO). Active caspase 3 also drives reversible externalization of PS by cardiomyocytes 
exposed to mild hypoxia 17. Cell surface expressed PS attracts phagocytes for engulfment of 
the PS expressing cell 13. The externalized PS catalyzes thrombin generation in the presence 
of myocardial Tissue Factor (TF) 29, 30, and create a potentially pro-inflammatory environment 
resulting in engulfment if cell surface expressed PS is not concealed. We argued that anxA5 
may contribute to dampening adverse effects of PS on the surface of stressed cardiomyocytes. 
I) anxA5 is a normally circulating protein that accumulates in end-stage human failing heart 
31. II) anxA5 binds with high affinity to the anionic cell membrane PS 32 and inhibits 
engulfment of PS expressing cells 33, 34 and the PS-dependent TF pathway leading to thrombin 
formation 35. III) Extracellular anxA5 is part of a membrane-repair kit that protects 
cardiomyocytes from irreversible damage to the sarcolemma 36. IV) AnxA5 inhibits 
progression of an activated apoptotic programme 21. Hence, circulating anxA5 levels may 
reflect the need of salvaging stressed cardiomyocytes. A recent imaging and 
immunopathology study support this proposal substantially 37. Radiolabeled anxA5 was 
administered to patients with decompensated HF; 60% of patients demonstrated significant 
anxA5 uptake and a 10% absolute decrease in LVEF upon one-year follow up. The patients 
with no anxA5 uptake recovered their LVEF by a mean of 7%.  
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Therefore we explored a possible relationship between circulating anxA5 levels and mortality 
of HF patients. We measured anxA5 levels in EDTA-anticoagulated blood in order to 
dissociate anxA5 from PS exposing structures such as microparticles and activated cells. 
Interestingly, the mean level of anxA5 in healthy subjects in our study was lower as compared 
to other studies 23. The difference likely resulted from differences in blood sample handling. 
We observed that the procedure of blood sampling influenced measured anxA5 levels and that 
reproducible results with low variance were obtained by collecting blood in EDTA-containing 
chilled glass tubes and preparing plasma at temperature between 0 and 4oC. 
 
The findings of the current study demonstrate that plasma anxA5 levels are significantly 
elevated in patients with HF (NYHA classes II-IV) as compared with healthy controls. 
Moreover, anxA5 was a strong and independent predictor of adverse outcome, even after 
adjusting for established clinical, hemodynamic and neurohormonal parameters including NT-
proBNP. An intriguing finding in the present study was that although anxA5 was a strong 
predictor of adverse outcome in this HF population, we found no association between anxA5 
levels and established clinical, functional and biochemical HF measures. The reason for this 
finding is not entirely clear, but could indicate that anxA5 reflects part of the HF 
pathophysiology involving cell surface expressed PS which does not vary substantially with 
transient changes in clinical status or natriuretic peptide levels that track acute status changes. 
 
Hence, by its ability to reflect specific pathogenic pathways in the progression of HF, anxA5 
could give added prognostic information in patients with chronic HF beyond that of 
established biomarkers and may provide rationalized strategies to treat HF by targeting cell 
surface expressed PS (Figure 2). 
 

 
 
Figure 2. Schematic presentation of anxA5’s contribution to decision of life and death of 
stressed cardiomyocytes. CASP, caspase; CYTC1, cytochrome c; IAP, inhibitor of apoptosis 
protein; Akt, Protein Kinase B; AA5, annexin A5; PS, phosphatidylserine; IIa, thrombin. 
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ABSTRACT 
 
The process of loss of heart contractile cells during heart failure (HF) development is 
associated with phosphatidylserine (PS) externalization on the sarcolemma. Additionally, PS 
binds with nanomolar affinity annexin A5 (anxA5), a 35 kDa plasma protein, which has been 
used as a non-invasive molecular imaging tool to visualize PS expressing cells in HF. 
Recently plasma determination of HF patients demonstrated that anxA5 was a strong 
predictor of all-cause mortality. Here we investigated the loss-of-function of endogenous 
anxA5 in the development of HF. Pressure-overload was induced in anxA5 knockout mice 
(anxA5-/-) and anxA5 wild-type mice (anxA5+/+) by thoracic aorta constriction (TAC). 
Echocardiographic measurements were performed before and 10 weeks after TAC in order to 
evaluate both diastolic and systolic functions. A very slight reduction in ejection fraction and 
an increase in the E/E’ ratio indicated the development of diastolic heart failure in the wild-
type mice 10 weeks after TAC. Interestingly, anxA5-deficiency impaired the ventricular 
filling pattern and increased the E/A ratio as compared to wild-type mice subjected to 
comparable pressure overload gradient. In addition, anxA5-deficiency was associated with 
increased TAC-induced hypertrophy without changing significantly the apoptotic index and 
collagen deposition in the left ventricular wall. Furthermore, TAC-induced hypertrophy 
caused redistribution of anxA5 in cardiomyocytes. We conclude that endogenous anxA5 
confers a protective role during high-pressure induced development of diastolic dysfunction 
with preserved ejection fraction. 
 
INTRODUCTION 
 
Heart failure (HF) is a multifactorial disease in which the heart is no longer able to pump 
sufficient amounts of blood throughout the body. Initially, compensatory mechanisms restore 
and maintain the cardiovascular function through remodeling. At the cardiomyocyte level, 
first hypertrophy occurs and finally apoptosis takes place. Apoptosis or programmed cell 
death is believed to contribute to continuous decline of ventricular function in heart failure 1. 
Preclinical studies have shown a reduction in occurrence or severity of HF after anti-apoptotic 
interventions. In 2006, Narula et al. postulated that stressed cardiomyocytes of the failing 
heart can initiate apoptosis including reversible PS exposition without progressing towards 
full execution 2 with a pivotal role for caspase 3 3. Activated caspase 3 was unraveled as a 
regulator that controls death and survival pathways in stressed cardiomyocytes 4.  
Annexin A5 (anxA5), a circulating 35 kDa plasma protein with nanomolar affinity for PS 5, 6, 
is used for the detection and imaging of cell death, including cell death in heart failure 7. 
Ravassa et al. showed that anxA5 was upregulated and secreted during apoptosis activation in 
heart failure. Recently, we measured anxA5 levels in different stages of HF using an anxA5- 
ELISA and showed that circulating anxA5 levels in patients were significantly elevated in all 
stages of HF compared to control subjects. Multivariate analysis demonstrated that high levels 
of anxA5 significantly correlated with all-cause mortality (unpublished observation, chapter 
2). Previous observations show that binding of anxA5 to PS inhibits efferocytosis of PS 
expressing cells 8, 9, delays apoptosis 10 and promotes the repair of injured cell membranes 11. 
Therefore, we postulate that endogenous anxA5 can delay the execution of apoptosis and 
protect cardiomyocytes in heart failure. To test this hypothesis, we induced HF in anxA5 
knock out (anxA5-/-) and wild type (anxA5+/+) mice by constriction of the thoracic aorta 
(TAC). We found that both groups presented a preserved ejection fraction, however anxA5-/--
animals submitted to TAC developed a more severe diastolic dysfunction observed by a 
restrictive pattern in the transmitral flow measurements. 
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MATERIALS AND METHODS 
 
Animal Model – The heterozygote anxA5 knockout animals 12 were kindly provided by Prof. 
Dr. B. Brachvogel (Center for Molecular Medicine Cologne, Cologne, Germany). Male 
anxA5-/- and anxA5+/+ littermates of 15 weeks of age were used for this experiment. The 
animal regulatory authority of Maastricht University approved the experimental protocol. 
 
Thoracic aorta constriction – TAC or sham surgery was performed in the anxA5-/- and 
anxA5+/+ mice by subjecting the aorta to a defined 27-gauge constriction between the first and 
second truncus of the aortic arch, as described previously by Rockman et al 13. SHAM 
operated mice underwent the whole operational procedure except TAC and serve as control. 
 
Transthoracic echocardiography – For doppler echocardiography, mice were shaved, 
anaesthetized with isoflurane (induction: 4%, during measurements 2 -3 % in oxygen). 
Echocardiographic measurements were performed using a VisualSonics Vevo 770 high-
resolution imaging system equipped with a 30 MHz RMV-707B scanning head before and 10 
weeks after TAC as described previously 14. In M-mode, the following parameters were 
obtained: Intraventricular septum (IVS) thickness, left ventricular internal diameter (LVID) 
and posterior wall (PW) thickness during diastole (d) and systole (s). Left ventricular mass 
(LV), fractional shortening (FS) and ejection fraction (EF) as systolic parameters were 
calculated. FS was calculated as (LVIDd−LVIDs)/LVIDd × 100, echocardiographic LV mass 
(mg) was calculated by use of an uncorrected cube assumption as LV mass = [(LVIDd + 
LVPWd + IVSd)3−(LVIDd)3](1000), as described previously 15. Diastolic function was 
assessed using pulsed Doppler echocardiography. An apical four-chamber view was used to 
identify the mitral valve and the Doppler flow spectra recorded at the center of the left 
atrioventricular orifice. Early (E) and Atrial (A) ventricular filling was identified and E/A 
ratio calculated. Tissue Doppler Imaging (TDI) was performed at the septal corner of the 
mitral annulus and the mitral annulus velocity at early (E’) and late (A’) filling stages were 
recorded. Three weeks after ligation pressure gradient over the ligation was calculated 
between proximal and distal site of TAC. Only mice with a pressure gradient > 50 mm Hg 
were included. 
 
Tissues harvesting – Mice were anesthetized with 4% isoflurane and kept under anesthesia 
using 1.5 - 2.5% isoflurane.  Blood was collected via the portal vein using an EDTA (0.5M) 
flushed needle and plasma aliquots were frozen at – 20°C. Before collecting the heart, the 
cardiovascular system was perfused with 30 ml fixating saline solution (150 mM saline, 2.5 
mM CaCl2, 5 mM KCl, 1 mM MgCl2 and 1% paraformaldehyde in HEPES, pH 7.3) via the 
portal vein. The heart was fixed in HEPES buffered formaldehyde 1% (v/v) containing 2.5 
mM calcium, 5 mM potassium, 1mM magnesium and 150 mM saline for 20 hours at room 
temperature. Next, vascular tissue was transferred to 70% ethanol followed by paraffin-
embedding. Other tissues (brain, liver, spleen, kidney, pancreas and lungs) were isolated, snap 
frozen in Tissue-Tek (Sakura, Tokyo, Japan) and stored at -80°C. 
 
Histology and immunohistochemistry  – Apical paraffin cross sections (4 μm) of the heart 
were stained with hematoxylin and eosin (Klinipath, Duiven, The Netherlands) to determine 
the structure of the ventricular wall. Cell death was visualized using the TdT-mediated dUTP-
X nick end labeling (TUNEL) assay according to the manufacturer’s protocol (In situ cell 
death detection kit, POD –Roche Applied Science). Nuclei were counterstained with DAPI. 3 
images of 3 sections of each heart were collected at 20 x magnification (Leica DM 2000) and 
3000 nuclei were counted per heart. Amount of cell death was expressed as % TUNEL 
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positive nuclei. Masson trichrome staining (Sigma, Warrington, UK) was performed 
according manufacturer’s instructions to analyze the amount of collagen. In addition we 
evaluates the LV wall thickness was measured on these masson trichrome stained cross-
sections of the heart using ImageJ software. 
 
Annexin A5 ELISA – Plasma anxA5 was measured using a commercial enzyme 
immunoassay (Hyphen BioMed, Neuville-sur-Oise, France) according to the instructions of 
the manufacturers. 
 
Cardiac troponin T determination – Cardiac troponin T (cTNT) in plasma of the mice was 
measured with the commercial high-sensitivity cTNT kit 16 on the Elecsys 2010 instrument 
(Roche Diagnostics, Penzberg, Germany) according to the instructions of the manufacturers. 
The kit contains antibodies against human cTNT that exhibit cross reactivity with mouse 
cardiac troponin T.  
 
Statistics – Data are shown as mean ± standard error of the mean (SEM). One-way ANOVA 
followed by Tukey posthoc test were performed to identify the statistical differences between 
the groups. P-values < 0.05 were adopted as significant level. 
 
RESULTS 
 
AnxA5 deficiency does not influence geometry of the heart after TAC – First, we 
determined alterations in left ventricular geometry by echocardiographic measurements 
before and 10 weeks after TAC procedure. Under isoflurane anesthesia heart rate values 
during the echocardiogram exams were kept similar between the experimental groups (data 
not shown). Ten weeks after pressure-overload stimulus induced by TAC in anxA5 deficiency 
mice, IVS during diastole was significantly reduced (p = 0.02) in anxA5-/- animals (Table 1). 
We assume that this difference is based on coincidence because lacking significant 
differences in LVIDd, LVIDs, PWs, PWd and IVSs (Table 1). TAC procedure induced 
similar pressure gradients (Figure 1A). 
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 0 Wks 10 Wks 

 anxA5 -/- anxA5 +/+ p-value anxA5 -/- anxA5 +/+ p-value 

LVIDs (mm)  2.44 ± 0.43 2.35 ± 0.40 n.s. 2.99 ±0.28 2.94 ± 0.45 n.s. 

LVIDd 
(mm) 

3.69 ± 0.36 3.47 ± 0.34 n.s. 4.08 ± 0.15 3.97 ± 0.36 n.s. 

IVSs (mm) 1.12 ± 0.15 1.16 ± 0.18 n.s. 1.17 ± 0.19 1.29 ± 0.20 n.s. 

IVSd (mm) 0.76 ± 0.10 0.78 ± 0.12 n.s. 0.81 ± 0.13 0.99 ± 0.16 0.02  

PWs (mm) 1.03 ± 0.22 1.02 ± 0.22 n.s. 1.20 ± 0.21 1.20 ± 0.21 n.s. 

PWd (mm) 0.77 ± 0.17 0.75 ± 0.13 n.s. 0.97 ± 0.22 0.94 ± 0.21 n.s. 

LV mass 
(mg)  

76.95 ± 11.48  69.51 ± 7.39 n.s. 112 .03 ± 22.73 121.38 ± 34.65 n.s. 

AnxA5 deficiency does not influence systolic function – Following the geometry 
measurement, we evaluated systolic function by calculating the fractional of shortening and 
ejection fraction before and after TAC. We observed a comparable slight drop in systolic 
function determined as the fractional of shortening and ejection fraction in both the anxA5-/- 
and anxA5+/+ -groups subjected to TAC (Figure 1B). 

AnxA5 deficiency aggravates development of diastolic dysfunction– In order to determine 
the diastolic function we performed tissue Doppler imaging and transmitral flow 
measurements. Both anxA5+/+ and anxA5-/- groups display a similar increase in the E/E’ ratio 
(35.2 ± 7.2 vs. 33.8 ± 10.4 for anxA5-/- and anxA5+/+ animals, respectively) 10 weeks after 
TAC as compared to the SHAM operated animals (Figure 1D). Although a similar increase in 
the E/E’ measurements, TAC operated anxA5-/- animals developed a more severe diastolic 
dysfunction. AnxA5-/--mice showed a restrictive pattern, characterized by an increased E 
velocity and a decreased A velocity resulting in an increased E/A ratio (2.7±1.04 vs. 
1.64±0.99, p = 0.035, for anxA5-/- and anxA5+/+, respectively)(Fig. 1E). Whether this 
protective effect of anxA5 is associated with elevated anxA5 levels in blood was determined 
by an anxA5 ELISA.  

Ten weeks TAC does not influence anxA5 plasma concentrations – Previously we showed 
elevated anxA5 plasma levels in HF patients (unpublished observation, chapter 2). Here, no 
significant alterations in the anxA5 plasma levels could be found among the SHAM and the 
TAC animals (Data not shown). These results can be a consequence of the small animal group 
(n = 8) compared to the large patient group (n = 176), the artificial rapid induction of 
hypertrophy in the TAC model or because a to early sacrifice point. An anxA5 staining on the 
hearts was performed to evaluate alterations of anxA5-expression in the wild-type heart.  



6  CHAPTER 3   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: A) Pressure gradient generated by aortic constriction was measured non-invasively 
using Doppler echocardiography. Only mice with a pressure gradient > 50 mm Hg were 
included in the study. Note that both anxA5+/+ and anxA5-/- groups submitted to TAC 
presented similar pressure gradients. B) Left ventricular fractional shortening and C) ejection 
fraction in the SHAM and TAC animals as measures for the systolic function are shown. D) 
E/E’ and E) E/A-ratio determined by tissue Doppler echocardiography were shown as 
measures for the diastolic function. One asterisks represent P-values < 0.05. 

TAC causes a redistribution of anxA5 in the heart  – Ravassa et al. showed that anxA5 is 
relocated to the sarcolemma during heart failure in patients 17. Immunohistochemical staining 
of anxA5+/+ murine hearts showed that TAC induced a translocation of anxA5 towards the 
sarcolemma (Fig. 2A, B) similar to the reported translocation in the human failing heart. 
Following from these findings we would like to postulate that the redistribution of anxA5 in 
the cardiomyocytes occurs prior to the release of anxA5 into the blood stream.  

AnxA5-deficiency does not alter collagen content in the heart – In hypertensive heart 
disease, reactive myocardial fibrosis represents as an excessive accumulation of fibrillar 
collagen within the normal connective tissue structures of the myocardium 18. It was shown 
that anxA5 has the ability to bind to collagen 19 and has the unique ability to form 2D crystals 
on injured living cells which is crucial for membrane repair 20. Therefore we analyzed the 
collagen content in the different groups. Masson trichrome stained cardiac histological 
sections did not show any signs of differences between the anxA5-/-- and anxA5+/+-mice 
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submitted to TAC (data not shown). To find clues of the involved mechanism of the 
protective effect of anxA5, we evaluated the amount of apoptosis and hypertrophy after TAC.  

Figure 2: Ex vivo anxA5 staining on an apical paraffin cross sections (4 μm) of the left 
ventricle of a SHAM (A) and 10 weeks after TAC (B) operated anxA5+/+-mice. A clear 
redistribution in the TAC operated group is clearly shown. 

AnxA5-deficiency does not alter apoptotic index in the heart – Recently it was postulated 
that activated caspase 3 is a master switch controlling death and survival pathways in stressed 
cardiomyocytes 21. It was shown that cleaved caspase 3 also drives reversible externalization 
of PS by stressed cardiomyocytes 22. Shielding of PS by anxA5 can rescue these stressed cells 
from being phagocytosed 23, 24. Therefore we analyzed apoptotic cell content in the left 
ventricle of the heart. We found that TAC was associated with a low level of apoptosis in the 
left ventricular wall of the heart of wild-type mice (Fig. 3A, B) AnxA5-deficiency did not 
significantly change the extent of apoptosis (Fig 3B). It is therefore unlikely that apoptosis 
contributes significantly to the worsening of diastolic dysfunction in our model. Hence, 
anxA5 exhibits protection via mechanisms that are not directly related to apoptosis.  

 

Figure 3: TUNEL-staining of an apical paraffin cross section (4 μm) of the left ventricle of 
the heart. A) Visualization, B) quantification. In both the anxA5+/+ and -/- groups a very low 
equal level of TUNEL-positive cells was found. 
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AnxA5-deficiency induces hypertrophy after TAC – Although no differences were found 
in geometry using the ultrasound measurements, we found an increased thickening of the left 
ventricular wall by more accurate post mortum histochemical analysis.  Herein we observed a 
trend (p = 0.11) that anxA5-/--mice (51 pixels ± 8) submitted to TAC have a thicker left 
ventricular wall compared to the anxA5+/+-mice (45 pixels ± 7) submitted to TAC (Fig. 4A-
D). These data show that anxA5-deficiency is associated with more hypertrophy and point 
towards a role of anxA5 in regulating hypertrophy of stressed cardiomyocytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Left ventricular wall thickness measured on masson trichrome stained sections (4 
μm) using ImageJ software. A-C) Visualization of the left ventricle obtained from a SHAM 
operated mouse (A), an anxA5 +/+ TAC operated mouse (B) and an anxA5 -/- TAC operated 
mouse; D) Quantification. Error bars in graph D represent SEM. 

AnxA5-deficiency does not alter plasma cTNT-levels – Cardiomyocyte damage is 
accompanied by release of cardiac troponins 25. We reasoned that if anxA5 is crucial for 
repair of damaged sarcolemma, anxA5-deficiency would be associated with increased 
circulating cTnT levels following TAC. SHAM-operated mice of both groups had no 
detectable cTnT in blood circulation (cTnT < 3 pg/ml). TAC induced an increase of 
circulating cTnT up to and 6.18 ± 6.0 pg/ml and 8.4 ± 5.8 pg/ml for the anxA5-/- and 
anxA5+/+-mice, respectively. No significant differences were observed between the two 
groups suggesting that a lack of membrane-repair activity of anxA5 and myocardial infarction 
does not account for the observed aggravation of diastolic function during anxA5-deficiency.  
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DISCUSSION 

Currently therapeutic strategies against HF are very limited. Over the past 20 years the 
survival of patients with systolic heart failure has slightly improved, whereas the prognosis of 
diastolic heart failure patients unfortunately has not changed 26. AnxA5, which binds 
externalized PS with high affinity, has been shown to be involved in the development of HF. 
Recently we discovered that circulating anxA5 levels predict mortality in high-risk HF 
patients (unpublished observation, chapter 2). Others found that elevated circulating anxA5 
levels are associated with LV dysfunction and remodeling 17, 27. Interestingly, HF patients 
responding to cardiac resynchronization therapy also showed a decrease in circulating anxA5 
levels 28. The origin of the circulating anxA5 is unknown but interpretive reasoning pointed 
towards the heart as a potential source 17. Hypertrophic LV-cardiomyocytes of HF patients 
have elevated anxA5 protein expression without showing an increase in anxA5 mRNA levels 
17. Recently, it was found that microRNA-1 (miR-1), which is decreased during hypertrophy, 
has a binding site to the highly conserved 3’ untranslated region of anxA5 29 causing an 
inhibition of anxA5 synthesis. Sayed et al. showed that TAC induced hypertrophy decreases 
miR-1 expression already one day after ligation and systematically decreases in time 30. The 
molecular link between anxA5 and LV remodeling remains to be identified. It has been 
proposed that anxA5 constitutes an essential part of the membrane-repair kit repairing 
sarcolemma of living injured cardiomyocytes 20. This relationship is of minor importance in 
our experimental set-up because low amounts of ciculating cTNT concentrations were 
measured. Interestingly, we found that anxA5 deficiency in the TAC-mice is associated with 
an increased hypertropic left ventricular wall. The molecular link between anxA5 and 
hypertrophy has not been reported before but we would like to speculate on an interplay 
between anxA5 and the Na+-Ca2+-exchanger or autophagy. It was reported that both an 
overexpression of the cardiac Na+-Ca2+-exchanger 31 and an inhibition of autophagy induces 
cardiomyocyte hypertrophy 32. Others reported that anxA5; I) is able to decrease the activity 
of the Na+-Ca2+ exchanger 29 and; II) is required for autophagy 33. The mechanistic links and 
the importance in our experimental set-up needs to be evaluated by future experiments. In the 
present study we clearly showed that anxA5 deficiency, in a C57BL/6 background animal, 
transforms the animals from a pseudonormal to a restrictive left ventricular filling pattern 10 
weeks after thoracic aorta constriction. This restrictive left ventricular filling pattern is seen in 
congestive HF patients with moderate to severe aortic valve stenosis 34, 35. This phenotype is 
very often seen in patients but no animal model is available that resembles this diastolic 
dysfunction phenotype at this time. In addition no adequate therapy is available to treat these 
patients. Hence, the anxA5-/- mouse model submitted to TAC delivers a novel platform to test 
novel therapeutic strategies that bear potential for treatment of HF patients suffering from 
diastolic dysfunction.  
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ABSTRACT 

Impaired efferocytosis has been shown to be associated with, and even to contribute 
to progression of chronic inflammatory diseases such as atherosclerosis. Enhancing 
efferocytosis has been proposed as strategy to treat diseases involving inflammation. 
Here we present the strategy to increase “eat me” signals on the surface of apoptotic 
cells by targeting cell surface expressed phosphatidylserine (PS) with a variant of 
annexin A5 (RGD-anxA5) that has gained the function to interact with αvβ3 receptors 
of the phagocyte. We describe design and characterization of RGD-anxA5 and show 
that introduction of RGD transforms anxA5 from an inhibitor into a stimulator of 
efferocytosis. RGD-anxA5 enhances engulfment of apoptotic cells by PMA-
stimulated THP-1 cells in vitro and resident peritoneal mouse macrophages in vivo. In 
addition, RGD-anxA5 augments secretion of IL-10 during efferocytosis in vivo 
thereby possibly adding to an anti-inflammatory environment. We conclude that 
targeting cell surface expressed PS is an attractive strategy for treatment of 
inflammatory diseases and that the rationally designed RGD-anxA5 is a promising 
therapeutic agent. 
 
INTRODUCTION 
 
Efferocytosis, the phagocytosis of apoptotic cells, proceeds rapidly and efficiently in 
healthy tissues 1. It is of great importance to tissue homeostasis since it prevents 
leakage of potentially cytotoxic or antigenic contents into the extracellular 
environment, which would initiate inflammation and might cause tissue injury, and it 
counteracts inflammation by secretion of anti-inflammatory cytokines 2. Diseased 
tissues are characterized by a sustained presence of dead cells due to an imbalance 
between apoptosis and phagocytosis. Impaired efferocytosis has been demonstrated to 
contribute to progression of chronic inflammatory diseases such as atherosclerosis 3 
and systemic lupus erythematosus 4. Enhancing efferocytosis has been proposed as 
strategy to treat chronic inflammation 4-6. 
Efferocytosis depends on recognition of the apoptotic cell by the phagocyte. Different 
“eat me” signals on the apoptotic cell surface, also called ACAMP (apoptotic cell 
associated molecular patterns) have been identified 7. Cell surface expressed 
phosphatidylserine (PS) is the best characterized and one of the most important “eat 
me” signals for efferocytosis 8, 9. PS binds directly to a phagocyte receptor or via 
bridging molecules including Gas6, MFG-E8 and annexin A1 9.  
Annexin A5 (anxA5), a structurally and biophysically well-characterized member of 
the annexin multigene family, binds PS with high affinity in a Ca2+-dependent manner 
10. It is employed broadly as molecular imaging agent to measure apoptosis in vitro 11 
and in vivo in animal models and patients 10. AnxA5 does not act as a bridging 
molecule but inhibits efferocytosis by shielding the PS expressing surface of apoptotic 
cells 12, 13. The molecular imaging experience with anxA5 triggered us to explore 
whether anxA5 could be transformed into a therapeutic agent enhancing efferocytosis. 
It has been shown that the PS-receptor TIM-4 and integrin αvβ3/ act cooperatively 
during efferocytosis 14. Here we report the transformation of anxA5 from an 
inhibitory into a stimulatory protein of efferocytosis by introduction of an Arg-Gly-
Asp (RGD) motif into its N-terminal tail, which is located apical to the PS-binding 
sites. We show that RGD-anxA5 interacts with αvβ5/5 on the phagocyte, stimulates 
efferocytosis in vitro and in vivo and enhances anti-inflammatory cytokine 
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production. We conclude that RGD-anxA5 is a promising strategy for treatment of 
diseases with impaired efferocytosis. 
 
MATERIALS AND METHODS 
 
Design, expression and purification of the different anxA5-variants - E.Coli M15 
(pREP4) (Qiagen, Valencia, USA) were transformed with pQE30Xa (Qiagen) 
containing cDNA of the anxA5-variants. Bacteria were grown to 0.8 OD600 and 
expression was induced by adding 0.5 mM isopropyl β--D-1-thiogalactopyrano-side 
(IPTG, Eurogentec, Seraing, Belgium). After 3 hours, bacteria were harvested and 
resuspended in phosphate buffer (20 mM, pH 7.4) containing 500 mM NaCl, 20 mM 
imidazole and 1% Triton X-100. Bacteria were lysed by sonification at 12 μm 
amplitude for 6 x 10 s. Lysis was continued at room temperature for 3 hours. Cell 
debris was removed by centrifugation. His-tagged proteins were isolated from 
supernatant by chromatography using nickel columns (GE Healthcare, Amersham, 
USA) and an imidazole gradient. Figure 1 depicts an endotoxin free RGD-anxA5-
variant and a representative MALDI-TOF/TOF mass spectrometric analysis of a 
purified recombinantly expressed batch of this variant.   
 
Cell culture - THP1-cells, a human monocytic cell line (American Type Culture 
Collection (ATCC), Manassas, USA), were cultured in RPMI 1640 without indicator 
(GIBCO-BRL, Invitrogen Corp., Carlsbad, USA) supplemented with 2 mM glutamine 
(GIBCO-BRL), 10% heat-inactivated fetal bovine serum (GIBCO-BRL), 100 units/ml 
penicillin (GIBCO -BRL) and 100 mg/ml streptomycin (GIBCO -BRL). 
Differentiation of THP-1 cells in adherent macrophages was achieved by addition of 
50 nM phorbol-12-myristate-13-acetate (PMA, Promega, Madison, USA) for 72 
hours. PMA induced adhesion and spreading was monitored real-time using 
xCELLigence apparatus (Roche, Almere, The Netherlands). The T-cell lymphoma 
Jurkat cell line (ATCC) was cultured in RPMI 1640 (Gibco BRL) supplemented with 
10% heat-inactivated fetal bovine serum (GIBCO-BRL), 100 units/ml penicillin 
(GIBCO-BRL), 100 μg/ml streptomycin (GIBCO-BRL). L929 cells, a mouse 
fibroblast cell line (ATCC) were cultured in DMEM with high glucose (GIBCO-
BRL) supplemented with 10% heat-inactivated fetal bovine serum (GIBCO-BRL), 
100 units/ml penicillin (GIBCO -BRL) and 100 μg/ml streptomycin (GIBCO -BRL). 
 
Bone Marrow derived macrophages isolation and differentiation - BMDM were 
isolated as described by Goossens et al.15. After isolation, macrophages were 
stimulated with 10 U/ml mouse recombinant IFNγ, 20 ng/ml mouse recombinant IL-4 
or 10 ng/ml mouse recombinant IL-10 (to induce M1, M2a and M2c macrophages, 
respectively) or no cytokines (M0).  After 24 hrs stimulation, macrophages were used 
in the efferocytosis assay. 
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Figure 1: (a) The ribbon structure is given for human anxA5, colored from N to C 
terminus following blue-to-red standard coloring. The wild-type sequence from 
human anxA5 (PDB accession number 1anw.pdb) was mutated in silico by the 
introduction of a Thr8Asp missense mutation after which the structure was 
regularized and minimized using the ICM Promolecular modeling package (Molsoft 
LLC). In this minimized structure Asp8 is involved in hydrogen bonding to Arg 285, 
which may help in stabilization of the N terminus. The side chains are indicated for 
the RGD motif. (b) The interaction between Asp 8 and Arg 285 is shown in detail. (c) 
MALDI-TOF/TOF analysis of a representative batch of purified RGD–anxA5 
showing monomer (37 980 Da), the bis-protonated monomer (18 931 Da) and the 
dimer (75 933 Da). (d) anxA5 variants and their modifications, all variants are 
extended with an N-terminal histidine tag. 
 
Labeling of anxA5-variants with optical probes - RGD-anxA5 and RGT-anxA5 
were labeled with maleimide-fluorescein (Pierce, Rockford, USA) and maleimide-
alexa568 (Invitrogen, Cergy Pontoise, France) while RGD-M1234 was labeled with 
fluorescein isothiocyanate (FITC, Invitrogen) according to the protocols of the 
manufacturers. FITC-labeled RGD-M1234 was purified by MonoQ ion exchange 
chromatography (Akta Explorer, GE. Healthcare) to obtain 1:1 stoichiometric 
complexes. Stoichiometry of the complexes was verified with MALDI-TOF/TOF-
analysis. (Applied Biosystems, Foster City, USA).  
 
Ellipsometry – PS-binding characteristics of the anxA5-variants was determined by 
ellipsometry using a bilayer of 20 mole% dioleoyl-phosphatidylserine/80 mole% 
dioleoyl-phosphatidylcholine (20 mole% DOPS/80 mole% DOPC) (Avanti Polar 
Lipids, Alabama, USA) as described previously 16. 
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Binding to apoptotic jurkat cells - Jurkat cells (1*106 cells/ml) were triggered in 
culture medium to execute apoptosis by incubation with anti-Fas antibody (200 ng/ml 
clone 7C11, Beckman-Coulter, Marseille, France) for 3 hours. The course of 
apoptosis was determined by flow cytometry (Beckman-Coulter) using the anxA5-
FITC staining protocol (Nexins Research, Kattendijke, The Netherlands). An aliquot 
of 25 ml cell suspension was added to 220 ml binding buffer (10 mM Hepes/NaOH, 
pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2 and 2.5mM CaCl2) and 5 ml with 
different concentrations of fluorescein-labeled anxA5. 
 
Integrin binding in vitro - Accessibility of the RGD-motif for ligation with integrin 
receptors was determined by flow cytometry and fluorescence microscopy. By Flow 
cytometry PMA stimulated THP1-cells were scraped and refreshed in complete RPMI 
1640 (Gibco BRL) at a concentration of 1*106 cells/ml. An aliquot of 50 ml of the cell 
suspension was added to 445 ml EGTA-containing buffer (20 mM Hepes, 140 mM 
NaCl, 1 mM EGTA pH 7.4) and 5 ml fluorescein labeled anxA5-variants solution 
(200 μg/ml). The assay was performed in EGTA-containing buffer to chelate Ca2+-
ions and prevent Ca2+-dependent PS-binding. After 30 min incubation at room 
temperature, binding of the variants to THP1-macrophages was analysed by flow 
cytometry. Results were calculated offline with WinMDI 2.8-software. By 
fluorescence microscopy the binding of the RGD-motif in the presence of 
physiological concentrations of Ca2+ was studied. Fluorescein labeled RGT-anxA5 
and RGD-anxA5 (10 μg/ml) were incubated for 30 minutes with the adherent THP1-
cells in 10 mM Hepes/ pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2 and 1mM 
CaCl2 in the absence and in the presence of cRGD (100-fold molar excess). After 
nucleus staining, overview pictures were taken and fluorescence was quantified using 
Leica QWin-software. Fluorescence was normalized for the number of cells.  
 
Efferocytosis assay in vitro with THP1-cells - Efferocytosis was quantified by flow 
cytometry as described 13. Briefly, THP1-cells were differentiated with PMA to 
adherent macrophages as described. PMA-stimulated cells were washed twice with 
phosphate buffered saline (PBS, Braun Melsungen, Germany). Jurkat cells were pre-
incubated for 10 min with carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen) 
in serum free RPMI 1640-medium, washed twice with PBS, refreshed in complete 
RPMI1640-medium (1*106cells/ml) and treated with or without anti-Fas antibody 
(200 ng/ml clone 7C11). Apoptotic jurkat cells were added to the differentiated 
THP1-cells at a ratio 2.5 : 1 in the presence of anxA5-variant (10 mg/ml) and cRGD 
(100 times molar excess) if stated in the text. After 20 hours of incubation, THP1-
macrophages were washed twice with PBS and harvested with 0.5 % trypsin/EDTA 
(GIBCO-BRL). Efferocytosis of CFSE-Jurkat cells and subsequent processing in the 
phagolysosome induces a left shift of Fl-1 signal in the Fl-1 versus Fl-3 plot due to 
acidification of the phagolysosome (Figure 2).  
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Figure 2: A) In vitro efferocytosis of CFSE-stained apoptotic Jurkat cells by PMA-
stimulated THP-1 cells. Fl-1 fluorescence versus Fl-3 fluorescence dotplot reveals a 
left shift of Fl-1 fluorescence after efferocytosis of CFSE-labeled apoptotic Jurkat 
cells. Free Jurkat cells (1) and phagocytosed Jurkat cells (2) are indicated. B) Two-
photon laser scanning microscopy (TPLSM) of THP1-macrophages that were 
incubated with CFSE-labeled apoptotic Jurkat cells. THP-1 cells were counterstained 
with Phalloidin-Texas-Red. Free Jurkat cells (1) and engulfed Jurkat cells (2) are 
indictated. C,D) In vivo efferocytosis of CFSE-stained apoptotic neutrophils by 
resident peritoneal macrophages of C57Bl/6 mice. Harvested peritoneal macrophages 
were inspected by staining myeloperoxidase (MPO)-activity (C). White arrow shows 
macrophage with engulfed apoptotic neutrophil and black arrows show macrophages 
that have not engulfed neutrophils. MPO-staining and CFSE-fluorescence co-localize 
demonstrating the specificity of the Flow Cytometric assay. D) Representative 
histogram of flow cytometric analyses of peritoneal macrophages measuring the 
extent of engulfment and showing effect of RGD-anxA5 on efferocytosis. 
 
xCELLigence cell adhesion assay - Cell adhesion and spreading of THP1-cells were 
measured in 96-well plates with xCELLigence RTCA apparatus (Roche) as described 
previously 17. Impedance is expressed in terms of a Cell Index (CI). CI is a 
dimensionless value representing the impedance between sensing electrodes. 
Impedance changed by adhesion of cells to the surface and was monitored in time. 
Using this technique, we monitored adherence of 50000 THP-1 cells/well during 
differentiation with 50 nM PMA. 
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Efferocytosis assay in vitro with bone marrow derived macrophages (BMDM)- 
After 24 hrs stimulation, macrophages were used in the efferocytosis assay. L929 
were stimulated to undergo apoptosis with doxorubicin (10μM) overnight at a 
concentration of 2.0*106 cells/ml. Apoptotic L929 cells were washed twice with PBS 
and added to M0-M1-M2a or M2c macrophages at a ratio 2.5 : 1 in the presence or 
absence of anxA5-variants (10 μg/ml). After 3 hours of incubation, BMDM were 
washed twice with PBS and harvested for mRNA isolation. RNA was isolated with 
the High Pure RNA Isolation Kit (Roche, Basel, Switzerland). 200 ng total RNA was 
reverse-transcribed using the iScript cDNA Synthesis Kit (BioRad, Veenendaal, The 
Netherlands). Quantitative PCR (Q-PCR) was performed using 10 ng cDNA, 300 nM 
of each primer, and IQ SYBR Green Supermix (BioRad) in a total volume of 20 ml. 
Results are compared to each subtype without apoptotic jurkat cells.  
 
Ischemia/reperfusion of mouse heart in vivo - Induction of cardiac ischemia and 
subsequent reperfusion were performed as described previously 18. After left 
thoracotomy and exposure of the heart, the left anterior descending coronary artery 
was ligated for 30 minutes and subsequently reperfusion was established for 24 hours. 
At the start of reperfusion RGT-anxA5-alexa568 (red, 70 μg) was injected 
intravenously. 20 min before sacrifice RGD-anxA5-fluorescein (green, 70 μg) was 
injected intravenously. The heart was taken out, frozen, sectioned and analysed by 
fluorescence microscopy. (Leica DMRBE, Rijswijk, the Netherlands). 
 
Efferocytosis assay in vivo – Efferocytosis was performed with apoptotic neutrophils 
in C57BL/6J mice (Charles River Laboratories) as described elsewhere19. To study in 
vivo efferocytosis by resident peritoneal macrophages, mice were injected i.p. with 
CFSE-labeled apoptotic human neutrophils (3*106 cells per mouse). Neutrophils were 
pre-incubated with the anxA5 variants (RGT-anxA5 and RGD-anxA5) for 5 minutes 
in buffer (20 mM Hepes, 140 mM NaCl, 1,8 mM CaCl2 pH 7.4) before i.p. injection. 
Mice were sacrificed 30 minutes after i.p injection, and peritoneal cells were collected 
by lavage with 3 mL of icecold PBS containing 3 mmol/L EDTA. Efferocytosis was 
assessed by flow cytometry using a BD FACS Calibur platform. After in vivo 
efferocytosis the macrophages were cultured in a 24 wells plate and supernatant was 
taken for cytokine determination. To show the phagocytosis, the macrophages were 
stained with myeloperoxidase (MPO) according the protocols of the manufacturers to 
show the specificity of the assay (Figure 2). 
All animal experiments were approved by the local Animal Experimental Committee. 
 
Cytokine analysis - Efferocytosis with THP-1 macrophages was performed as 
described above with the exception that the Jurkat cells were not stained with CFSE. 
After efferocytosis, supernatant was centrifuged at 300 xg for 3 min to remove free 
Jurkat cells. Human TNFα-ELISA was performed as described elsewhere 20.  
Immunoreactive levels of murine Il-10 and TNFα (MCYTOMAG-70K-04) were 
measured in the supernatant of cultured peritoneal macrophages by using Milliplex 
mouse cytokines (Merck Millipore, Billerica, MA, USA). The samples were prepared 
according to the manufacturers' instructions and analyzed on Bio-Plex 200 Systems 
(Bio-Rad, Hercules, CA, USA). 
 
Endotoxin determination - The endotoxin content was measured with the Endosafe 
PTS spectrophotometer using the Endosafe PTS cartridge (0.1 EU sensitivity, Charles 
River, Wilmington, MA, USA) 
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Statistics - Statistics were performed by the non-parametric Mann-Witney t-test. One, 
two and three asterisks represent P-values < 0.05, < 0.01 and <0.001, respectively. 
 
RESULTS 
 
PS-binding in vitro – Firstly we investigated effects of mutation on PS-binding 
properties in vitro. RGD-anxA5 exhibited Ca2+-dependent PS-binding similar to 
RGT-anxA5 while RGD-M1234, which is an anxA5-variant lacking functional 
Ca2+/PS-binding sites 21, showed no phospholipid-binding activity (Figure 3A). The 
Ca2+-sensitivity of PS-binding was not changed by the introduction of RGD into 
anxA5’s N-terminal tail (Figure 3B). In order to assess binding to apoptotic cells by 
flow cytometry RGT-anxA5 and RGD-anxA5 were labeled with fluorescein, which 
yielded 1:1 stoichiometric complexes as determined by MALDI-TOF/TOF (data not 
shown). RGD-anxA5 and RGT-anxA5 show comparable dose-response curves for 
binding apoptotic cells and the amount of surface bound anxA5 depended on 
functional Ca2+-binding sites and was unaffected by the RGD-motif (Figure 3C). 
Furthermore the Ca2+-chelator EDTA prevented binding and dissociated bound RGD-
anxA5 from the cell (data not shown). On basis of these results we conclude that the 
T8D substitution changes anxA5 binding neither to PS embedded in a synthetic 
bilayer nor to PS in its natural environment of the plasma membrane of apoptotic 
cells. These results also indicate that the concave side of anxA5 is adjustable, 
allowing structural changes without interfering allosterically with the convex PS-
binding side. 
 
Integrin-binding in vitro – Next, accessibility and functionality of the RGD-motif 
was investigated using Phorbol 12-Myristate 13-Acetate (PMA)-stimulated human 
monocytic THP-1 cells, which upregulate integrin αvβ3 expression in response to 
phorbol esters 22. Using xCELLigence technology PMA-induced adherence and 
spreading of THP-1 cells could be monitored over time. Based on these analyses 72 
hours stimulation with 50 nM PMA was chosen. RGD-anxA5-fluorescein but not 
RGT-anxA5-fluorescein bound to PMA-stimulated THP-1 cells (Figure 3D) in the 
presence of EGTA.  Binding was performed in the presence of EGTA to avoid PS-
dependent binding. EGTA-conditions were chosen such that no dissociation of the 
alpha and beta subunit of the integrin receptor occurred 23. Binding of RGD-M1234-
fluorescein to THP-1 cells (Figure 3D) confirmed that the RGD motif mediated 
binding and not the Ca2+/PS binding sites. Similar results were found with MCF-7 
cells expressing αvβ5 integrins24 (data not shown). At physiological Ca2+-
concentrations the RGD-motif causes extra binding to THP-1 cells on top of the PS 
binding as shown in Figure 3E. This extra binding is blocked by a 100-fold molar 
excess of cRGD showing that RGD-anxA5 binds to integrins of THP-1 cells in the 
presence of 1 mM Ca2+.  
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Figure 3: (a) Time courses of anxA5 variants (1 μg/ml) binding to a 20 mole% 
DOPS/80 mole% DOPC bilayer measured by ellipsometry. At the indicated time 
points (arrows) 3 mM Ca2+ and 6 mM EDTA were added. (b) Ca2+-dependent binding 
curves for RGT–anxA5 (1 μg/ml) and RGD–anxA5 (1 μg/ml) to a 20 mole% 
DOPS/80 mole% DOPC bilayer. (c) Dose–response curve of fluorescein-labeled 
RGT–anxA5 and RGD–anxA5 binding to apoptotic Jurkat cells measured by flow 
cytometry. (d) Binding of 10 μg/ml fluorescein-labeled RGT–anxA5, RGD–anxA5 
and RGD–M1234 to PMA-stimulated THP-1 cells (1 × 106 cells/ml) in the presence 
of EGTA (1 mM). Mean±S.E.M. is shown. (e) Adherent THP-1 cells were incubated 
with fluorescein-labeled RGT–anxA5 and RGD–anxA5 (10 μg/ml) in 10 mM 
HEPES/pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2 and 1 mM CaCl2 in the 
absence and presence of cRGD (28 μM) during 30 min. Cells were stained with 4,6-
diamidino-2-phenylindole. Fluorescein was measured and number of cells were 
counted. Fluorescence was normalized for the number of cells. One, two and three 
asterisks represent P-values <0.05, <0.01 and <0.001, respectively. 
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RGD-anxA5 enhances efferocytosis by THP1 macrophages in vitro – RGD-anxA5 
stimulated efferocytosis by THP1-macrophages with 40% whereas RGT-anxA5 
inhibited it with 33% (Figure 4A) and lactadherin stimulates efferocytosis with 60 % 
(data not shown) as measured with a recently described efferocytosis assay (Figure 
2A-B) 13. This 40 % stimulation can completely be inhibited by a 100-fold molar 
excess of cRGD (figure 4B). Hence, introduction of RGD into the N-terminal tail 
transformed anxA5 from an inhibitor into a stimulator of efferocytosis.  
 
TNFα-secretion during efferocytosis in vitro – TNFα-secretion by PMA-stimulated 
THP-1 cells was slightly reduced by the presence of apoptotic cells either in the 
absence or presence of RGT-anxA5 and RGD-M1234 (Figure 4C). The combination 
of apoptotic cells and RGD-anxA5 dramatically increased secretion of TNFα (Figure 
4C). None of the annexins affected the basal secretion of TNFα by PMA-stimulated 
THP-1 cells in the absence of apoptotic cells (data not shown). These results 
demonstrate that RGD-anxA5 affects cytokine secretion only in the presence of 
apoptotic cells, likely by bridging between cell surface expressed PS of the apoptotic 
cell and avb3 of the THP-1 cell, a property that is not possessed by RGT-anxA5 and 
RGD-M1234. 2-Dimensional crystallization of RGD-anxA5 on the cell surface may 
contribute to enhanced outside-in signaling by integrin receptor clustering 25. The 
enhanced TNFa-secretion presumably precludes a therapeutic role for RGD-anxA5. 
However, PMA-stimulated THP-1 cells upregulate pro-inflammatory cytokines 
during efferocytosis 26 in contrast to blood derived macrophages, which suppress 
proinflammatory cytokine production when engulfing apoptotic cells 27. Therefore we 
analysed effects of apoptotic cells and annexins on upregulation of TNFα mRNA by 
bone marrow derived macrophages that were differentiated into various phenotypes. 
Neither RGD-anxA5 nor RGT-anxA5 caused an upregulation of TNFα mRNA in any 
of the phenotypes studied (Figure 4D). These findings opened the door to in vivo 
studies. 
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Figure 4 (a) Effects of anxA5 variants (10 μg/ml) on efferocytosis of apoptotic Jurkat 
cells (2.5 × 106 cells/ml) by PMA-stimulated THP-1 cells (106 cells/ml). (b) Effect of 
100-fold molar excess of cRGD on efferocytosis of apoptotic Jurkat cells (2.5 × 
106 cells/ml) by PMA-stimulated THP-1 cells (106 cells/ml) in the presence of RGD–
anxA5. (c) Effects of anxA5 variants (10 μg/ml) on TNFα secretion by PMA-
stimulated THP-1 cells (106 cells/ml) in the absence and presence of apoptotic Jurkat 
cells (2.5 × 106 cells/ml). (d) Effects of anxA5 variants (10 μg/ml) on TNFα mRNA 
expression by M0, M1, M2a and M2c (2.5 × 105 cells/well) in the presence of 
apoptotic L929 cells (6.3 × 105 cells/well). Mean±S.E.M. is shown. One, two and 
three asterisks represent P-values <0.05, <0.01 and <0.001, respectively. 
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PS-binding in vivo – Next, PS-binding in vivo was determined in a mouse model of 
ischemia/reperfusion injury of the heart. We showed previously that murine 
cardiomyocytes exposed to ischemic/reperfusion stress externalized and internalized 
PS continuously during a period of more than 60 minutes 28. RGD-anxA5-fluorescein 
and RGT-anxA5-alexa568 stained the same cardiomyocytes in the area at risk if 
administered intravenously (Figure 5). No uptake of RGD-anxA5 and RGT-anxA5 
was observed in control mouse hearts (data not shown) and RGD-M1234 failed to 
bind stressed cardiomyocytes (data not shown). These findings indicate that insertion 
of the RGD-motif into the N-terminal tail was without effect on the in vivo PS-target 
finding activity of anxA5. 
 

 
Figure 5 (a–c) Ex vivo images of sections of a mouse heart that was exposed to 30 min 
ischemia and 24 h of reperfusion. At the start of reperfusion RGT–anxA5–alexa568 
(red, 70 μg) was injected intravenously. Twenty minutes before sacrifice RGD–
anxA5–fluorescein (green, 70 μg) was injected intravenously. The heart was taken 
out, frozen, sectioned and analyzed by fluorescence microscopy. (d–f) A higher 
magnification image of the infarcted area showing a single stained cardiomyocyte. 
 
RGD-anxA5 enhances efferocytosis in vivo – In order to assess the impact of RGD-
anxA5 on efferocytosis in vivo fluorescent apoptotic neutrophils were injected 
intraperitoneally into wildtype C57BL/6J mice. Resident peritoneal macrophages 
engulfed apoptotic neutrophils, a process that was quantified by flow cytometry 
(Figure 2). RGD-anxA5 enhanced efferocytosis with 20% while RGT-anxA5 had no 
effect on phagocytosis (Figure 6A). 
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Figure 6: Effects of anxA5 variants (24 μg) on efferocytosis of CFSE-stained 
apoptotic neutrophils (3.0 × 106 cells) by resident peritoneal macrophages of 
C57BL/6J mice. (a) Collected peritoneal macrophages were analyzed by flow 
cytometry and relative phagocytosis was determined. Collected peritoneal 
macrophages were cultured during 20 h and TNFα (b) and IL-10 release (c) were 
quantified. Mean±S.E.M. is shown. One and two asterisks represent P-values <0.05 
and <0.01, respectively. 
 
Cytokine release after efferocytosis in vivo – The effect of efferocytosis on 
cytokine production was determined by harvesting peritoneal macrophages 30 
minutes post-injection of apoptotic neutrophils in absence or presence of annexins. 
Harvested macrophages were cultured for 20h and levels secreted TNFα and IL-10 
were measured in the culture medium. RGD-anxA5 induced an increase of cytokine 
secretion from 30 pg/ml to 75 pg/ml (TNFα , Figure 6B) and from 40 pg/ml to 185 
pg/ml (IL-10, Figure 6C). RGT-anxA5 did not alter cytokine secretion. 
 
Endotoxin determination – All anxA5 variants contain less then one endotoxin units 
per ml. 
 
DISCUSSION 
 
Enhancing phagocytosis has been proposed as therapeutic strategy to treat 
inflammation 4-6. Strategies could focus on the phagocyte and aim to stimulate the 
molecular machinery executing phagocytosis 29 or focus on the phagocytic prey and 
label it with additional “eat me” signals 30. Here we present the strategy to add 
additional “eat me” signals to the apoptotic cell by targeting PS, which is a ubiquitous 
hallmark of apoptosis independent of cell type and cell death-inducing trigger 31. PS 
can interact directly or indirectly via PS binding proteins with receptors on the 
phagocyte 9. The variety of engulfment receptors and apoptotic ligands led to the 
proposal of a “tether and tickle” model in which PS could mediate both tethering of 
the apoptotic cell to the phagocyte and tickling of the phagocyte by engaging different 
receptors 32. TIM-4, a member of the T cell immunoglobulin and mucin family, was 
identified as a PS receptor mediating tethering 33, 34. The integrin αvβ3 acts as tickling-
receptor through binding PS via the opsonin MFG-E8 35 and activating Rac1 and 
Rab5-dependent pathways 14. Both phagocytic receptors cooperate to engulf the PS 
expressing apoptotic cell 14, indicating that apoptotic cell expresses sufficient PS to 
allow multiple interactions with different receptors and bridging molecules. Recently 
it was shown that αvβ3-dependent efferocytosis is a crucial process in dampening 
aggravation of chronic inflammation such as atherosclerosis 3. Therefore we reasoned 
that targeting PS with “eat me” signals engaging αvβ3 could be a viable strategy to 
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treat inflammation. We selected anxA5 as PS-targeting agent and modified it into an 
αvβ3 ligand (RGD-anxA5) because of i) the Molecular Imaging experience with 
anxA5 10, ii) its elucidated 3-dimensional structure 36 and iii) its property to form a 2-
dimensional network on the apoptotic cell surface thereby clustering receptors with 
which it interacts 37. 
In this paper we demonstrate that anxA5 can be successfully transformed from an 
inhibitor into a stimulator of efferocytosis. This was accomplished by a T8D 
substitution that introduces an RGD-motif in the N-terminal tail, which is located at 
the concave surface of anxA5 apical to the convex side harboring the PS-binding sites 
38. The T8D substitution had no deleterious effects on anxA5’s PS-binding properties 
in vitro and its apoptotic cell targeting-function in vivo. In contrast to wildtype anxA5 
(RGT-anxA5), RGD-anxA5 possessed the property of binding to αvβ3 and αvβ5-
expressing cells and stimulating efferocytosis. The flexible loop conformation of the 
N-terminal tail and the amino acids flanking the RGD-motif likely facilitated ligation 
of the RGD-motif with the integrin receptor 39. RGD-anxA5 stimulated engulfment of 
apoptotic cells in vitro and in vivo. The latter was determined in a model that exposes 
resident peritoneal macrophages to apoptotic neutrophils. It is remarkable and 
promising that RGD-anxA5 was capable of stimulating efferocytosis by 20% in this 
system since resident peritoneal macrophages already utilize TIM-4 for tethering and 
MFG-E8 to engage αvβ5 for tickling 14. 
In addition to stimulating efferocytosis, RGD-anxA5 appeared to cause upregulation 
of TNFα in PMA-stimulated THP-1 cells. This would preclude RGD-anxA5 as a 
therapeutic agent since a shift towards pro-inflammation aggravates inflammatory 
pathologies such as atherosclerosis 40. We reasoned that RGD-anxA5-induced 
upregulation of TNFα  could be a consequence of the in vitro model system we 
selected to study efferocytosis. It has been shown that αvβ3 signaling augments TNFα 
-production by PMA-stimulated THP-1 cells 41. In agreement with our reasoning we 
demonstrated that RGD-anxA5 was without noticeable effects on TNFα production 
by bone marrow-derived macrophages of different phenotypes. Furthermore, RGD-
anxA5 caused only a modest stimulation of TNFα production (75 pg/ml) in vivo by 
resident peritoneal macrophages that were exposed to apoptotic cells. Activated 
peritoneal macrophages can produce TNFα up to levels of several 1000’s pg/ml 42, 43. 
Adequate efferocytosis is required for resolution of inflammation and suppression of 
progressive inflammation such as atherosclerosis 40. It is generally accepted that 
adequate efferocytosis involves secretion of anti-inflammatory cytokines such as IL-
10 2. PS mediated tethering and tickling is intimately linked to efferocytosis and the 
secreted cytokine profile. Blocking PS with wildtype anA5 (RGT-anxA5) resulted in 
reduced efferocytosis and increased secretion of pro-inflammatory cytokines by 
activated peritoneal macrophages 12. Interestingly, we observed no effect of RGT-
anxA5 on phagocytosis and cytokine secretion by resident macrophages whereas 
RGD-anxA5 stimulated efferocytosis and enhanced TNFα secretion ± 2-fold and IL-
10 secretion ± 4-fold. These results support the model that contribution of PS to 
efferocytosis depends on the macrophage population 44. Whether RGD-anxA5 
exhibits therapeutic effects during inflammation is currently being investigated in a 
mouse model of atherosclerosis. We hypothesize that RDG-anxA5 protects against 
atherosclerosis because an RGD-dependent mechanism triggers IL-10 release during 
efferocytosis 45, knock-out of the RGD-opsonin MFG-E8 culminates in reduced IL-10 
levels and aggravation of atherosclerosis 3 and intravenously administered anxA5 
accumulates in atherosclerotic plaques 46. 
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In conclusion, targeting cell surface expressed PS to enhance efferocytosis is an 
attractive strategy for treatment of inflammatory diseases and the rationally designed 
RGD-anxA5 is a promising therapeutic agent. 
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ABSTRACT 
Objective - Impaired efferocytosis has been shown to contribute to progression of 
atherosclerotic lesion formation. Recently we described Arg-Gly-Asp–annexin A5 
(RGD-anxA5) which displayed pro-efferocytotic properties through its acquired 
ability to interact with αvβ3 receptors of the phagocyte. Here we investigated its effect 
on early atherogenesis in the apoE-/- mouse model of atherosclerosis.  
 
Approach and results - Atherosclerotic plaque formation was induced in apoE-/- 
mice by perivascular carotid artery collar placement. AnxA5 wildtype (RGT-anxA5) 
and RGD-anxA5 were administered intraperitoneally three times per week starting 
one week after collar placement. Lesions were allowed to develop during 4 weeks. 
Analysis of developed lesions revealed that RGD-anxA5 is a potent inhibitor of early 
atherogenesis, with a complete prevention of atherosclerotic lesion formation in seven 
out of nine mice.  WT AnxA5 WT had no effect on plaque size but favors a more 
stable phenotype, increasing both vascular smooth cell (VSMC) and collagen content 
of the plaque while significantly reducing the plaque’s acellular area. In vitro RGD-
anxA5 reduced monocyte adhesion to endothelial cells, indicating an interference 
with monocyte infiltration as additional mechanism contributing to inhibition of 
atherogenesis. Of note, RGD-AnxA5 did not affect platelet aggregation, VSMC 
migration and blood coagulation.  
 
Conclusion - RGD-anxA5 is a potent therapeutic tool to inhibit de novo 
atherosclerotic lesion formation. 
 
INTRODUCTION 
Atherosclerosis is a chronic inflammatory disease affecting the vascular wall of 
arteries and is the major cause of morbidity and mortality in both developed and 
developing nations 1. Most acute cardiovascular events such as myocardial infarction 
and ischemic stroke are caused by rupture of unstable atherosclerotic lesions. 
Histochemical analyses of culprit atherosclerotic lesions in patients with acute 
myocardial infarction led to the proposal that apoptotic cells make the plaque 
vulnerable to rupture 2. Recent studies point out opposing roles for apoptosis in 
atherosclerotic plaque progression and indicate the importance of efferocytosis, the 
phagocytic clearance of dying cells 3. In advanced lesions macrophage apoptosis 
promotes development of the necrotic core and, hence, contributes to vulnerability of 
the plaque 4. In early lesions, apoptosis is beneficial through suppression of lesion 
cellularity 5-7. In both phenotypes efficient efferocytosis of apoptotic inflammatory 
cells is a fundamental process for the resolution phase of inflammation 8-10. 
Collectively, these observations support the proposition that enhancing efferocytosis 
can be a viable strategy to avoid post-apoptotic necrosis, reduce inflammation and 
ultimately limit atherogenesis 3, 11, 12.  
Efferocytosis depends on recognition of the apoptotic cell by the phagocyte. Cell 
surface-expressed phosphatidylserine (PS) is the best characterized and one of the 
most important ‘eat me’ signals for efferocytosis 13, 14. The 35 kDa human protein 
annexin A5 (anxA5) binds PS with high affinity in a Ca2+-dependent manner 15, 16. 
Apoptosis imaging with labeled anxA5 has been applied in animal models and 
patients 14, 17. These studies show that anxA5 accumulates in unstable atherosclerotic 
lesions where phagocytosis and apoptosis are out of balance 18, 19 and they point 
towards potential therapeutic applications of anxA5 20generated a new annexin A5 
(anxA5) variant carrying an Arg-Gly–Asp (RGD)-motif 21. AnxA5 Wild Type ((Arg-
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Gly-Thr)–annexin A5 or RGT-anxA5) binds with high affinity to PS exposed on 
apoptotic cells and inhibits efferocytosis by shielding PS and other ‘eat me’-signals in 
the vicinity 22. The introduction of RGD in the N-terminal tail of the anxA5 molecule 
ligates the apoptotic cell to αVβ3/5-integrin receptors expressed on professional 
phagocytes 23-25 and transforms anxA5 from an inhibitor into a stimulator of 
efferocytosis, as demonstrated in vitro and following acute administration in vivo 21.   
Here we investigated the therapeutic effect of RGD-anxA5 on de novo carotid 
atherogenesis in atherosclerosis-prone apoE knockout (apoE-/-) mice. We clearly show 
that RGD-anxA5 acts as a potent inhibitor of early atherogenesis in contrast to RGT-
anxA5. RGT-anxA5 had no effect on lesion size but induced a more stable phenotype 
with decreased necrotic core burden and increased smooth muscle cell and collagen 
content.  
 
MATERIALS AND METHODS 
Design, expression and purification of the different anxA5-variants – The anxA5-
variants were prepared as described previously 21. Briefly, E.Coli M15 (pREP4) 
(Qiagen, Valencia, USA) is transformed with pQE30Xa (Qiagen) containing cDNA 
of the anxA5-variants. Bacteria were grown to 0.8 OD600 and expression was 
induced by adding 0.5 mM isopropyl β-D-1-thiogalactopyrano-side (IPTG, 
Eurogentec, Seraing, Belgium). After 3 hours, bacteria were harvested and 
resuspended in phosphate buffer (20 mM, pH 7.4) containing 500 mM NaCl, 20 mM 
imidazole and 1% Triton X-100. Bacteria were lysed by sonication at 12 μm 
amplitude for 6 x 10 s. Lysis was continued at room temperature for 3 hours. Cell 
debris was removed by centrifugation. His-tagged proteins were isolated from 
supernatant by chromatography using nickel columns (GE Healthcare, Amersham, 
USA) and an imidazole gradient. Purified proteins were checked on homogeneity 
(MALDI-TOF/TOF) and phosphatidylserine binding activity (ellipsometry) as 
described elsewhere 21.  
 
Flow chamber assay with human monocytes and activated HUVEC cells – 
Human umbilical vein endothelial cells (HUVEC) were seeded on gelatin-coated μ-
Slides VI0.4 (Ibidi, Germany) and confluent monolayers were stimulated with TNF-α 
(10ng/ml; R&D Systems, United Kingdom) overnight. Human peripheral blood 
mononuclear cells (PBMCs) were freshly isolated from healthy volunteers by double-
density gradient centrifugation as described 26, 27. PBMCs were diluted to 1*106/mL in 
Dulbecco phosphate buffered saline (DPBS) supplemented with Ca2+ and Mg2+, and 
incubated with or without anxA5 - variants (20 nM) at 37°C 10 minutes before the 
start of the flow experiment. PBMCs were perfused over the endothelial monolayers 
at a constant shear stress of 1 dyne/cm2 using a syringe pump (Harvard Apparatus, 
South Natick, MA). After 8 minutes of perfusion, 6 random fields were recorded for 
10 seconds ready for off-line analysis. Video sequences were transferred to a 
computer and loaded into ImageJ software. PBMCs were manually tagged and their 
movements on the endothelium monitored. The total number of interacting cells was 
quantified as described 28. 
 
Thrombin generation – Effects of anxA5 variants on blood coagulation were 
determined in plasma from healthy volunteers. Endogenous thrombin potential (ETP) 
was measured in platelet poor (PPP) and in platelet rich plasma (PRP) as described 
previously 29. PPP and PRP were triggered with 5 pM tissue factor (Dade Innovin, 
Liederbach, Germany) in presence and absence of 10 μM 20 mole% dioleoyl-
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phosphatidylserine/ 60 mole% dioleoyl-phosphatidylcholine/ 20 mole% 
dioleoylphosphatidylethanolamine (Avanti Polar Lipids, Alabama, USA). PRP was 
additionally triggered with horm collagen (Bicton, Cambs., U.K.).  
 
Platelet aggregation – Washed human platelets were prepared in the presence of 
apyrase as described previously (29). 230 μl of washed platelet suspension were 
incubated with anxA5 variants (10 μM) in a 2-channel aggregometer (Chronolog 
aggregometer Labor, Hamburg, Germany) for 3 min at 37°C. Platelets were 
stimulated with 10 μM methyl-S-ADP in the presence of 1.8 mM Ca2+. Changes in 
light transmission were recorded during constant stirring of the samples (900 r.p.m., 
37°C). Shape change and aggregation were assessed by measuring the change in light 
transmission. 
 
Vascular Smooth Muscle Cell migration – Smooth muscle cell migration was 
examined using xCELLigence technology with the real time cell analyzer dual plate 
instrument (Roche, Almere, The Netherlands) according to manufacturers 
instructions. In brief, 50 ml of M199 medium (GIBCO-BRL, Carlsbad, USA) 
containing 20% heat-inactivated fetal calf serum (GIBCO-BRL) and 20 ng/ml human 
platelet derived growth factor (sigma-aldrich, Zwijndrecht, The Netherlands) was 
added to the lower chamber. The upper chamber was then carefully assembled on top 
of the lower chamber and 40 000 human primary vascular smooth muscle cells per 
well (American Type Culture Collection, Manassas, VA, USA) were added in M199 
medium containing 0,5% FCS in the presence of 10 mg/ml anxA5 variant or in the 
presence of a 100 times molar excess of cyclic RGD. Cell migration to the lower 
chamber was monitored in time and expressed as cell migration in arbitrary units.  
 
Biodistribution of RGD-anxA5 and RGT-anxA5 in mice - AnxA5-variants were 
labeled with 99mTechnetium, through histidin tag (6xHis) chelation of 99mTc(CO)3, as 
described elsewhere 30. 1 MBq of 99mTc-labeled anxA5 was injected per mouse via the 
tail vein. Mice were sacrificed 4 hours post injection (p.i.). The organs were removed, 
weighed and their radioactivity was measured in an automated NaI(Tl) gamma 
counter (Wallac Wizard, Turku, Finland). Uptake was expressed as percentage of 
injected dose of the radioactivity per gram of organ (%ID/g). 
 
Blood clearance of intraperitoneally-administered anxA5 variants in apoE-/-- 
mice - 12 weeks old ApoE-/--mice were fed a Western type diet (0.25% cholesterol) 
for 4 weeks. Mice were then injected intraperitoneally (IP) with 1 MBq 99mTc-labeled 
anxA5-variant. Blood was taken at 1, 2, 4, 6, 8 and 24 hours p.i.. Blood was weighed 
and its radioactivity was measured in an automated NaI(Tl) gamma counter (Wallac 
Wizard, Turku, Finland). Blood levels are expressed as %ID/g. Half-live of 
circulating anxA5 was calculated using the formula ln Ct = ln C0 -ket and ke = ln 2 / 
t1/2  in which Ct and C0 are the concentration of anxA5 in the blood at time points t and 
0 respectively, and ke is the elimination rate constant. t1/2 is the half-life of the 
circulating anxA5-variant. 
 
ApoE-/--mouse model of atherosclerosis – 12 weeks old male ApoE-/- mice were fed 
a Western type diet (0.25% cholesterol). After 2 weeks a collar with an inner diameter 
of 0.3 mm was placed around the carotid arteries (Figure 1A) as described by von der 
Thüsen et al. 31.  One week after collar placement mice were randomly divided into 
three groups (control group: n = 8, RGT-anxA5 group: n = 9 and an RGD-anxA5 
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group: n = 9). Mice then received (Monday, Wednesday and Friday, Figure 1B) 1 
mg/kg anxA5 variant or vehicle 3 times per week by IP injection during a period of 4 
weeks. Mice were sacrificed at the end of the experiment and the carotid arteries were 
removed for immunohistochemical analysis. Tibias, femurs and blood were collected 
for flow cytometric analysis of leukocyte subsets.  
 

Figure 1: A) Schematic representation of carotid collar positioning and visualization 
of the studied area. (modified from von der Thűsen 31) B) Schematic representation of 
the experimental set-up. 
 
Flow Cytometric analysis of bone marrow and blood  – Bone marrow cells were 
isolated from one tibia and one femur per mouse as described 32. Bone marrow and 
blood samples were depleted from erythrocytes by incubation with a hypotonic buffer 
(8.4 g/l NH4Cl and 0.84 g/l NaHCO3, pH 7). Non-specific Fc-receptor binding of 
antibodies was blocked by addition of anti-CD16/CD32 antibody (eBioscience, San 
Diego, USA). T-cells, B-cells, NK-cells, granulocytes, monocytes, and relevant 
subsets of these populations were determined using subset-specific antibodies (Table 
1). Samples, antibodies and buffers were kept on ice throughout the experiments. All 
measurements were performed on a FACS Canto II (BD Biosciences) and analysis of 
acquired data was performed using FACS Diva software (BD Biosciences). 



6  CHAPTER 5 
 

 

Table 1 - Overview of flow cytometry antibodies for the different subsets of 
leukocytes used. 
Antibody Conjugate Clone Company Leukocyte 

subset 
Tissue 

CD3e FITC 145-
2C11 

eBioscience T-cell Blood  Bone 

CD4 APC-H7 GK1.5 BD Biosciences T-helper 
cell 

Blood  

CD8 eFluor450 53-6.7 eBioscience Cytotoxic 
T-cell 

Blood  

CD11b PE-Cy7 M1/70 BD Biosciences monocytes Blood  Bone 
CD45RA 
(B220) 

V500 RA3-
6B2 

BD Biosciences B-cells Blood  Bone 

Ly6C APC  
1G7.G10 Miltenyi Biotec Infiltrating 

monocytes 
Blood  Bone 

Ly6G PE 1A8 BD Biosciences granulocyte Blood  Bone 

NK1.1 
PerCP-
Cy5.5 

PK136 eBioscience NK-cell Blood  

NK1.1 eFluor450 PK136 eBioscience NK-cell  Bone 
 
Histology and immunohistochemistry  – Paraffin sections were stained with 
hematoxylin (Klinipath) and eosin (Klinipath) to determine the volume of the lesions. 
Quantitative analysis of the lesions was performed using Qwin histomorphometry 
software on 7 sections (60 μm apart) from each mouse. Parallel sections were stained 
with monoclonal rat anti- mouse Mac3 (dilution 1:50, BD Pharmingen), cleaved 
caspase-3 (1:100, Cell signaling tech) and a-smooth muscle cell actin (1:200, Abcam) 
to stain macrophages, apoptotic cells and smooth muscle cells respectively. 
Antibodies were visualized with a Nova-RED substrate (Vector Laboratories, Inc). 
Sections were counterstained with hematoxylin and mounted with imsol (Klinipath) 
and entellan (Merck). In negative controls, incubation with primary antibody was 
omitted. Masson’s trichrome stain was performed to analyze the amount of collagen 
according the protocol of the manufacturers.  
 
Cytokine analysis  – Immunoreactive levels of murine TNF-α Il-10 and Il-
1β (MCYTOMAG-70K-04) were measured in EDTA drawn plasma samples using 
Milliplex mouse cytokines (Merck Millipore, Billerica, MA, USA). The samples were 
prepared according to the manufacturers' instructions and analyzed on Bio-Plex 200 
Systems (Bio-Rad, Hercules, CA, USA). 
 
Endotoxin determination  – Endotoxin content in the anxA5 samples were measured 
with the Endosafe PTS spectrophotometer using the Endosafe PTS cartridge (0.1 EU 
sensitivity, Charles River, Wilmington, MA, USA). All anxA5 variants contained less 
than one endotoxin unit per ml. 
 
Statistics  – Statistics were performed by the non-parametric Mann-Whitney t-test. 
One, two and three stars represent p-values <0.05, <0.01 and <0.001, respectively. 
 
Ethics  – The animal experiments were approved by the DEC, the animal 
experimental regulatory authority of Maastricht University. 
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RESULTS 
 
Biodistribution and blood clearance of the anxA5 variants  – In order to assess 
whether the introduction of an RGD-motif in the N-terminal tail of anxA5 affects its 
biodistribution we injected mice intravenously with 1MBq 99mTc-labeled anxA5 
variant per mouse. Introduction of the RGD-motif did not significantly alter the 
biodistribution in healthy mice (Figure 2A). IP injection of radiolabeled anxA5-
variants in apoE-/- mice led to appearance of the variants into the blood circulation 
within 1 hour post injection Blood clearance of anxA5 was not significantly affected 
by the RGD-motif, (half-lives for RGT-anxA5 and RGD-anxA5 are 5.64±2.33 and 
4.92±1.82 hours, respectively (Figure 2B). Based on these results, we decided to 
administer anxA5 variants intraperitoneally 3 times per week. 
 
RGD-anxA5 but not RGT-anxA5 inhibits atherosclerotic plaque formation – As 
expected collar placement combined with Western Type diet led to accelerated plaque 
formation proximal to the collar after 4 weeks (Figure 3 A, D, E). Treatment with the 
integrin-inert WT control, RGT-anxA5 had neither effect on plaque size nor on 
medial thickness under the plaque (Figure 3 B, D, E). Intriguingly, RGD-anxA5 
treatment profoundly inhibited atherogenesis. Out of 9 RGD-anxA5 treated mice 7 
animals did not develop visible plaques within the time-frame of the experiment 
(Figure 3 C and D). Moreover no thickening of the media was observed in these mice 
compared to vehicle and RGT-anxA5 controls (Figure 3E). The plaques of the 2 
RGD-anxA5 treated mice that did develop lesions, showed intimal thickening with 
predominantly infiltrated macrophages (Figure 3F). Hence, RGD-anxA5 strongly 
inhibited initiation of atherogenesis in the collar-induced apoE-/- carotid 
atherosclerosis model. 
 
 



8  CHAPTER 5 
 

 

 
 

 
Figure 2: A) Biodistribution of 99mTc-labeled anxA5-variants. 6-weeks old healthy 
mice were injected intravenously with 99mTc-labeled anxA5-variants (1 MBq). Organs 
were collected 4 hours p.i., weighed and measured for uptake of radioactivity. B) 
Half-lives of RGT- and RGD-anxA5 after intraperitoneal injection in apoE-/- mice. C) 
Plasma cholesterol and triglyceride levels (D) in EDTA-drawn blood after 4 weeks of 
therapy of apoE-/- mice. 
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Figure 3: Plaque size analysis of cross-sections of the right carotid artery obtained 
from vehicle (A), RGT-anxA5 (B) and RGD-anxA5 (C) treated apoE-/--mice (de novo 
atherosclerosis: representative visualization (A, B, C); quantification intima (D) and 
quantification media (E); Error bars represent SEM. Intimal plaque size and medial 
thickening of RGD-anxA5 treated mice are significantly reduced compared to the 
control mice. One and two asterisks represent P-values < 0.05 and 0.01, respectively 
F) MAC-3 staining of a cross-sections of the right carotid artery obtained from one 
RGD-anxA5 treated apoE-/--mouse that developed a small lesion. The white arrow 
indicates MAC-3 positivity in the media.  
 
RGT-anxA5 shifts plaques towards a more stable phenotype – 
Immunohistochemical analyses revealed a striking effect of RGT-anxA5 on plaque 
phenotype. RGT-anxA5 treatment had no significant effects on plaque apoptotic 
index (Figure 4A) and plaque macrophage content (Figure 4C) compared to vehicle 
controls. However, RGT-anxA5 increased both VSMC (Figure 4D-G) and collagen 
content of the plaque (Figure 4H-K) while it reduced significantly the plaque’s 
acellular area (lipid + necrotic core) (Figure 4B). Results of the immunohistochemical 
analyses are summarized in Table 2.  
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Figure 4: Immunohistochemical analysis of control and RGT-anxA5 treated groups 
on de novo atherogenesis. Results of A) cleaved caspase 3 staining, B) acellular area 
C) mac-3 staining D) alpha-smooth muscle actin staining and H) collagen staining of 
vehicle and RGT-anxA5 treated mice. Content was calculated as percentage of 
staining area relative to the total plaque size. A significant decrease in acellular area 
was observed in the RGT-treated group while a significant increase of smooth muscle 
cells and collagen was found in the RGT-treated group. There was no observed effect 
on the proportion of apoptotic cells or macrophages in the control versus the RGT-
treated group. Smooth muscle cell (E-G) and collagen (I-K) visualization of cross-
sections of the right carotid artery obtained from vehicle (E and I), RGT-anxA5 (F 
and J) and RGD-anxA5 (G and K) treated apoE-/--mice. 
 
AnxA5-variants do not alter body weight and plasma cholesterol and triglyceride 
levels – Plasma cholesterol and triglyceride levels are key to atherogenesis in the 
apoE-/- model. In order to exclude that RGD- or RGT-anxA5 affects lipid profile in 
this model we measured body weight (Data not shown), total cholesterol (Figure 2C) 
and triglycerides (Figure 2D) at endpoint. Treatment with anxA5-variants did not 
cause significant changes in either parameter compared to vehicle treated animals. 
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AnxA5-variants do not alter leukocyte profile in bone marrow and blood – 
Recently it was reported that Western Type diet causes increased mobilization of 
bone marrow leukocytes into the blood stream of apoE-/- mice. Neutrophilia and 
monocytosis have been shown to promote initiation of atherosclerosis 33, 34. Therefore 
we analyzed leukocyte numbers and profile in bone marrow and circulation by flow 
cytometry. Neither RGD-anxA5 nor RGT-anxA5 caused a change in bone marrow 
leukocyte profile and circulating levels of T-cells (CD4 and CD8), B-cells, NK-cells, 
granulocytes and monocytes (ly6G-high and Ly6G-low) (Figure 5 A - O). 
 
Table 2 – Overview of immunohistochemical analyses of resultant lesions for vehicle 
and RGT-anxA5 treated apoE-/--mice. 

 Vehicle RGT-anxA5 
Total cholesterol (mM) 20.39 ± 8.72 18.53 ± 4.96 
Apoptosis: cleaved caspase 3  (% of 
intima) 

0.065 ± 0.11 0.11 ± 0.12 

acellular area (% of intima) 18.95 ± 6.94 9.59 ± 4.74 
Smooth muscle cells: SM22a (% of intima) 0.90 ± 0.64 4.30 ± 2.70 
Collagen: Masson trichrome (% of intima) 5.77 ± 0.97 13.75 ± 4.40 
Macrophages: Mac-3 (% of intima) 4.88 ± 9.71 3.37 ± 3.51 
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Figure 5: Relative fractions of leukocyte subsets were measured in blood (A-I) and 
bone marrow (J-O) using a flow cytometry analysis. A) Blood T-cells, B) Blood CD4+ 
T-cells, C) Blood CD8+ T-cells, D) Blood monocytes, E) Blood Ly6C high monocytes, 
F) Blood Ly6C low monocytes, G) Blood NK-cells H) Blood B-cells I) Blood 
granulocytes, J) Bone marrow monocytes, K) Bone marrow Ly6C high monocytes, L) 
Bone marrow Ly6C low monocytes, M) Bone marrow T-cells, N) Bone marrow B-
cells and O) Bone marrow Granulocytes. No significant differences were observed.  
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RGT-anxA5 and RGD-anxA5 enhance plasma IL-10 levels – We showed before 
that RGD–anxA5 enhances efferocytosis in vivo and thereby augments secretion of 
interleukin-10 (IL-10) 35. In order to assess the effect of the anxA5 variants on 
systemic inflammation we measured IL-10, TNFa and IL-1b levels in plasma at the 
end of the experiment. Both RGT-anxA5 and RGD-anxA5 caused a significant 
increase in the anti-inflammatory IL-10 levels compared to vehicle control (Figure 
6A). Levels of the pro-inflammatory cytokines TNF-α and lL-1β were not 
significantly altered by the anxA5-variants (Figure 6B and C). Hence, introduction of 
the RGD-motif into anxA5 does not affect the ability of anxA5 to suppress systemic 
inflammation 36.  

 

 
 

 
 

Figure 6: Cytokine analysis in EDTA drawn plasma samples from vehicle, RGT-
anxA5 and RGD-anxA5 treated apoE-/--mice using the milliplex system. Results are 
shown for A) Il-10 B) TNF-α and C) Il1-β. Mean ± SEM is shown. 
 
RGD-anxA5 and RGT-anxA5 exhibit similar effects on coagulation and platelet 
aggregation – The hemostatic system is intricately connected to atherogenesis 37. 
Coagulation and platelet function enhance development of early-stage plaques 38 39. 
AnxA5 is a strong anticoagulant that does not interfere with platelet aggregation and 
the RGD-motif may change its effect on the hemostatic system. Introduction of the 
RGD-motif did not change the anticoagulant properties as determined by measuring 
the endogenous thrombin potential (ETP) triggered with tissue factor and 
phospholipids in platelet free plasma (Figure 7A) and triggered with tissue factor in 
platelet rich plasma in absence (Figure 7B) and presence of the platelet agonist 
collagen (Figure 7C). Furthermore, similar to RGT-anxA5, RGD-anxA5 had no effect 
on methyl-S-ADP-induced platelet aggregation (Figure 7D). These findings strongly 
suggest that the potent inhibitory activity of RGD-anxA5 on initiation of 
atherosclerosis (in contrast to RGT-anxA5) does not arise from its interaction with the 
hemostatic system. 
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Figure 7: A) Effect of anxA5 variants on the endogenous thrombin potential triggered 
with 5 pM tissue factor and 10 μM phospholipids in normal plasma. B) Effect of 
anxA5 variants on the endogenous thrombin potential triggered with 5 pM tissue 
factor in platelet rich plasma. (Results are shown as percentage of the peak) C) Effect 
of anxA5 variants on the endogenous thrombin potential triggered with 5 pM tissue 
factor in platelets rich plasma in the presence of collagen. (Results are shown as 
percentage of peak) D) Effect of the anxA5 variants (10 μM) on the platelet 
aggregation induced with stimulating the platelets with 10 μM methyl-S-ADP.  
Changes in light transmission were recorded during constant stirring of the samples 
(900 r.p.m., 37°C). Shape change responses were assessed by measuring changes in 
light transmission. E) Effect of the anxA5 variants (12,5 μM) on the smooth muscle 
cell migration measured with xCELLigence technology using a real time cell analyzer 
dual plate. Cells were triggered to migrate in the presence of 20% FCS and mg/ml 
PDGF. Cell migration to the lower chamber was monitored in time and expressed as 
cell migration in arbitrary units.  
 
RGD-anxA5 and RGT-anxA5 do not interfere with vascular smooth muscle cell 
migration – Pathological vascular smooth muscle cell migration is recognized as one 
of the driving forces of atherogenesis 40-42. In this study we showed that RGT-anxA5 
influences the VSMC content in the resultant lesions. In addition, adhesion of VSMCs 
to extracellular matrix proteins through integrins, appears to be essential for VSMC 
motility 43. It is known that RGD-containing proteins can bind to these integrins 
thereby inhibiting neointima formation in damaged arteries thereby preventing VSMC 
migration into the vascular wall 44, 45. Therefore, we examined whether the RGD-
motif in the anxA5 molecule has an effect on VSMC migration. We found that the 
RGD-motif in the anxA5 molecule does not influence the VSMC migration compared 
to the wild type RGT-AnxA5 (fig 7E) while cyclic RGD, a cyclic peptide containing 
an RGD-motif, is able to delay the migration in a 100 times molar excess. These 
observations show that the inhibitory effect of RGD-anxA5 on atherogenesis is not 
caused by the inhibition of VSMC.  
 
RGD-anxA5 is a more potent inhibitor of monocyte adhesion to activated 
endothelial cells than RGT-anxA5 – It is known that cyclic RGD inhibits 
atherogenesis 46, possibly by blocking the adhesion of monocytes to activated 
endothelium 46. We determined whether RGD-anxA5 interferes with monocyte 
adhesion in vitro using a flow chamber based assay. Activated HUVEC and 
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monocytes were incubated with anxA5-variants (20 nM) and cRGD (20nM) prior to 
flow for 10 minutes. Pre-incubation with the RGD-anxA5 variant led to a substantial 
decrease (~50%) in the initial capture of monocytes while cRGD and RGT-anxA5 
elicited a 68% and 20% inhibition, respectively (Figure 8). These results indicate that 
inhibition of monocyte infiltration can be an additional mechanism in the inhibition of 
atherosclerotic lesion formation.  
 

 
Figure 8: Effect of the different compounds on monocyte interaction with HUVECs 
under flow. Monocytes and TNF-α –stimulated (10 ng/mL, overnight) HUVECS 
were incubated with the different compounds (20 nM) for 10 minutes prior to the flow 
over. Monocyte-endothelium interactions were quantified and shown as percentage of 
captured monocytes compared to the vehicle group (F). Representative images 
following treatment with vehicle (A), RGT-anxA5 (B), RGD-anxA5 (C) and cRGD 
(D) are shown. The white arrow in figure 8 indicates one captured monocyte. 
 
DISCUSSION 
 
This study is the first to show that targeting the danger signal, cell surface expressed 
PS, with a pro-efferocytotic compound effectively inhibits initiation of atherogenesis 
in the apoE-/- collar model. Enhancing efferocytosis has gained interest as a viable 
approach to treat chronic inflammatory diseases such as atherosclerosis 3, 11, 12, 47. 
Recent studies have clearly shown that accumulation of apoptotic cells coincides with 
sites of plaque rupture 48 and greatly determines its thrombogenicity 49. Removal of 
apoptotic cells through efferocytosis is considered beneficial to dampen the 
inflammatory process by elimination of cell surfaces with pro-inflammatory and 
procoagulant activity (42) and by upregulation of anti-inflammatory cytokines 50. 
Indeed, inhibition of efferocytosis exacerbated atherosclerotic lesion formation in the 
apoE-/- mouse model 51, 52. Previously, we embarked on a strategy to enhance 
efferocytosis by transforming anxA5 from an inhibitor into a stimulator of 
efferocytosis through the introduction of an RGD-motif in its N-terminal tail. This 
variant of anxA5, RGD-anxA5, stimulates efferocytosis and increases anti-
inflammatory IL-10 levels in vitro and in vivo 21. In this study we show that the pro-
efferocytotic RGD-anxA5 acts as a potent inhibitor of atherogenesis in the apoE-/- 
collar model with standardized localization of plaque formation proximal to the collar 
(32). Recently, Ewing and co-workers reported that RGT-anxA5 suppresses vascular 
inflammation and remodeling in various mouse models 53, 54. In agreement with these 
reports we observed that RGT-anxA5 reduces inflammation and drives atherosclerotic 
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plaque remodeling towards the stable phenotype. In addition we found an increased 
amount of smooth muscle cell content without a significant change in plaque size in 
the presence of RGT-anxA5. Introduction of the RGD-motif increased the inhibitory 
activity of anxA5 dramatically by annihilating plaque formation in almost all treated 
mice. In order to pinpoint mechanisms underlying this effect we interrogated effects 
of anxA5 on processes known to be important in atherogenesis. These included 1) the 
hemostatic system, platelet activation and thrombin formation in particular, which are 
key to onset and propagation of atherosclerosis 55, 56; 2) circulating monocytes and 
neutrophils, the levels of which determine atherogenesis (33,34); and 3) vascular 
smooth muscle migration, which contributes to atherogenesis in an RGD-dependent 
manner 57, 58. None of the above processes revealed functional differences between 
RGD-anxA5 and RGT-anxA5. However, RGD-anxA5 appeared to be a stronger 
inhibitor of monocyte adhesion to activated endothelium than RGT-anxA5. This 
could explain the more effective action of RGD-anxA5 in suppressing atherogenesis. 
Notwithstanding, we reasoned that this could not be the full explanation for the 
absence of lesion formation in RGD-anxA5 treated mice. Chronic administration of 
cRGD yielding constant circulating levels of this peptide reduced macrophage 
infiltration of ligated carotid artery of apoE-/- mice on WTD but did not completely 
prevent infiltration (39). In addition, we found that cRGD inhibits monocyte adhesion 
to activated endothelium more effectively than RGD-anxA5 and inhibits VSMC 
migration. Hence, together these results strongly suggest that RGD-anxA5 also acts 
downstream of macrophage infiltration. Efferocytosis may be a crucial switch 
downstream of macrophage infiltration determining resolution or progression of early 
inflammation (9). Whether enhanced efferocytosis contributes to the anti-atherogenic 
activity of RGD-anxA5 was difficult to establish due to absence of neo-intima 
formation in the majority of the treated mice. However, a significant role of such 
enhancement seems inevitable given the biological activities in vitro and in vivo 
acquired by the introduction of RGD into the N-terminal tail of anxA5 (21).  
In conclusion we have demonstrated that; I) RGT-anxA5 reduces inflammation and 
drives atherosclerotic plaque remodeling towards the stable phenotype and; II) RGD-
anxA5 is a potent inhibitor of atherosclerotic lesion formation by reducing 
macrophage infiltration and, likely, by enhancing efferocytosis. RGD-anxA5, hence, 
represents a novel class of promising compounds to treat vascular inflammation by 
targeting cell surface expressed PS. 
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Phosphatidylserine (PS) is one of the most prominent and ubiquitous fingerprints of 
cells in diseased tissues and, therefore, an attractive target for molecular imaging and 
translation into clinical applications. Currently PS imaging has entered the process of 
translation from preclinical settings to the clinical area (chapter 1). In contrast to the 
versatile and well-studied PS-targeting strategies for imaging purposes, therapeutic 
applications are limited at this time. Annexin A5 (anxA5), a 35kD human protein that 
binds PS with high affinity is evaluated as a molecular imaging probe to visualize 
apoptosis non-invasively in animal models and in patients.  In this thesis we tried to 
shift anxA5 from a molecular imaging tool towards a therapeutic agent in the 
development of cardiovascular diseases. 
In the first part of this thesis we focused on the use of anxA5 as possible biomarker in 
heart failure (chapter 2) and on the role of anxA5 in the development of heart failure 
(chapter 3). In the second part of my thesis I focused on the development of a novel 
therapeutic strategy to enhance efferocytosis in pathologies where the balance 
between apoptosis and phagocytosis is lost (chapter 4 and 5). 
  
Future of annexin A5 as molecular imaging tool 
In chapter 1 the biomarker PS and various PS-binding compounds that have been 
employed to target PS for diagnostic purposes are highlighted. The ubiquity of PS has 
both advantages and disadvantages. On the one hand a broad spectrum of diseases can 
be imaged with a single compound but on the other hand ubiquity is accompanied by 
reduced specificity, requiring additional diagnostic steps in order to differentiate. At 
this moment 99mTechnetium-annexin A5 (99mTc-anxA5) is evaluated as the only 
protocol to measure apoptosis non-invasively in patients 1, 2. Nevertheless, the 
pharmacokinetics of 99mTc-anxA5 require that imaging takes place at least 4 hours 
after injection of radioactive anxA5 into the patient. This decreases sensitivity and 
increases the radioactive burden for the patient, especially the kidneys where 
radioactivity accumulates 3. Future efforts have to be directed to optimize the anxA5 
non-invasive imaging protocol based on pretargeting strategies.  
 
Annexin A5 levels in plasma as biomarker in heart failure 
In chapter 2 we showed elevated anxA5 plasma levels in heart failure compared to 
control subjects. It is known that anxA5 levels in plasma can change under 
pathophysiological conditions. Increased plasma levels of anxA5 have previously 
been reported in patients with myocardial infarction 4, cardiac arrest and severe 
trauma 5. AnxA5 levels reflect the severity of the damage of the myocardium. In 
compensated hypertrophy, expression of anxA5 seems to be unchanged 6, 7 whereas 
during development of heart failure increased levels of anxA5 were detected in the 
left ventricle of hypertensive guinea pigs 8 and of failing human hearts 9, 10. 
Interestingly, Ravassa et al. found that anxA5 levels are increased in plasma of 
patients with hypertensive heart disease and in the myocardium of these patients in 
the absence of upregulation of myocardial anxA5 mRNA 11. The most obvious and 
tantalizing explanation for increased anxA5 levels and absence of an upregulation of 
myocardial anxA5 mRNA is because microRNA-1 (miR-1) is downregulated during 
heart failure 12. MiR-1 has a binding site to the highly conserved 3’ untranslated 
region of anxA5 13 causing inhibition of anxA5 production. We are the first to report 
that anxA5 levels are elevated in all stages of heart failure and predict all-cause 
mortality in HF patients independently from established predictors of mortality. The 
mechanism underlying increased anxA5 levels in HF patients remains speculative but 
likely result from release of anxA5 from injured myocardial tissue, vascular 
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endothelial and smooth muscle cells 4, 5, 14-19. In conclusion, increased circulating 
anxA5 concentration may be used as a prognostic biomarker.  Larger studies in 
variable severity of HF and with longer follow up will be required for conclusive 
application of the incremental role of anxA5 assessment in clinical practice. 
Furthermore, we hypothesized that anxA5 is functionally involved in the progression 
of HF through protecting stressed cardiomyocytes. 
 
The role of endogenous anxA5 in the development of heart failure 
In chapter 2 we postulated that elevated anxA5 plasma levels represent defense 
mechanisms for PS expressing stressed cardiomyocytes by inhibiting phagocytosis of 
PS expressing cells 20, delaying apoptosis 21 and promoting the repair of injured 
cellular membranes. Therefore we aimed in chapter 3 to unravel the role of 
endogenous anxA5 in the development of heart failure 22. We found that anxA5-/--
mice submitted to transversal aorta constriction (TAC) developed a more severe 
diastolic dysfunction as compared to the anxA5+/+-mice. These observations point 
towards a defense mechanism of anxA5 in heart failure. According to the hypothesis 
postulated in chapter 2 we expected to find an increased apoptotic index in anxA5-
deficient mice. A very low rate of apoptosis was measured in the hearts of anxA5-/-- 
and anxA5+/+-mice showing no significant difference between the two groups. Hence, 
we had to rethink our hypothesis and to take other activities of anxA5 into account. 
The severe diastolic dysfunction in TAC-mice with anxA5-deficiency was not 
associated with an increase of collagen but with an increased hypertropic left 
ventricular wall. The molecular link between anxA5 and hypertrophy has never been 
reported in literature sofar. We anticipate such a link because of the reported interplay 
of anxA5 with the Na+-Ca2+-exchanger and regulatory role of anxA5 during 
autophagy. It was shown that overexpression of the cardiac Na+–Ca2+ exchanger 
causes cardiac hypertrophy 23 while it is known that anxA5 can slow down the 
Ca2+extrusion via decreasing the activity of the Na+-Ca2+ exchanger 13. Others found 
that inhibition of autophagy, in which PS-exposition is involved in absence of 
caspases 24, induces cardiomyocyte hypertrophy 25. Recently it was shown that anxA5 
is required for fusion of the autophagosome with the lysosome and that anxA5-
deficiency inhibits autophagy 26. These mechanistic links have to be interrogated 
experimentally on their importance in the cause-consequence relationships of heart 
failure. Therefore we aim to generate transgenic animals with a specific 
overexpression of anxA5 in the myocardium itself. A similar transgenic animal with 
an overexpression of anxA5-M1234, an anxA5-variant that has no functional Ca2+/ PS 
binding sites 27, would give more insights in the role of anxA5 in relation to its PS 
binding properties. To exclude an epiphenomenon, we are planning a rescue-
experiment with administration of exogenous anxA5 to anxA5-/- -mice submitted to 
TAC to rescue the phenotype. AnxA5 can be administered in anxA5-/--mice via 
osmotic minipumps or via daily intraperitoneal injections.  
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The symptoms found in TAC-mice with anxA5-deficiency correlates with patients 
with severe symptoms in congestive HF patients and diminished exercise tolerance 28. 
Although this phenotype is frequently observed in patients with moderate to severe 
aortic valve stenosis 29, no animal model is available that resembles this diastolic 
dysfunction phenotype. Hence, our mouse model could be of high value to accelerate 
the search for novel effective therapeutics.  
 
AnxA5 variants to selectively enhance efferocytosis  
Cell surface-expressed PS on apoptotic cells is an attractive target for therapeutic 
interventions using anxA5. In chapter 4 we report a novel strategy to selectively 
enhance phagocytosis of PS exposing cells using a novel designed RGD-anxA5 
variant. We showed that RGD-anxA5 stimulates efferocytosis in vitro and in vivo and 
enhances anti-inflammatory cytokine production. Impaired efferocytosis has been 
shown to be associated with, and even contribute to, progression of chronic 
inflammatory diseases. It is known that some PS targeting agents, such as lactadherin 
can selectively enhance efferocytosis. Although lactadherin is a more potent 
stimulator of efferocytosis as compared to RGD-anxA5 in an isolated in vitro system, 
in vivo, lactadherin is used as an opsonin mainly secreted by macrophages at the 
location of efferocytosis. In atherosclerotic prone lactadherin knock-out mice it was 
clearly demonstrated that efferocytosis is impaired 30. However, exogenously 
administrated lactadherin seems not able to penetrate in diseased tissues such as 
atherosclerotic lesions and therefore cannot be used in therapeutic interventions. In 
addition, biodistribution 31, 32 and purification of exogenous lactadherin are 
considerably unfavorable as compared to the anxA5 variants. Regarding the anti-
inflammatory/pro-efferocytotic properties of the RGD-anxA5 variant it might be 
beneficial in other pathologies such as in systemic lupus erythematosus or in 
percutaneous coronary interventions as well.  
 
AnxA5 variants as inhibitor of de novo atherogenesis 
In chapter 5 we evaluated the effect of the RGD-anxA5 variant on de novo carotid 
atherogenesis in atherosclerosis-prone apoE knockout (apoE-/-) mice. We revealed 
that RGD-anxA5 acts as a potent inhibitor of early atherogenesis. In addition, we 
found that anxA5 wild type reduces inflammation and drives atherosclerotic plaque 
remodeling towards the stable phenotype. These results are remarkable because two 
different variants with opposing effects on efferocytosis have both a therapeutic effect 
on the initiation phase of atherosclerosis. These observations point towards multiple 
yet unknown biological activities of both anxA5 wild type and RGD-anxA5. To 
evaluate the pro-efferocytotic effects of RGD-anxA5 more in detail, future 
experiments have to be directed towards atherosclerotic models with a higher rate of 
apoptosis.  
Although it is very interesting that RGD-anxA5 is inhibiting atherosclerotic plaque 
formation, most of the patients entering the clinical machinery have already severe 
atherosclerotic lesions. It would be of interest to evaluate the therapeutic efficacy of 
the RGD-anxA5 variant on pre-existing lesions. These experiments are currently 
being performed.  
An important point of discussion is the blood clearance of anxA5. AnxA5 variants are 
rapidly cleared by the kidney, which is beneficial for imaging purposes but 
unfavorable for therapeutic strategies. In our therapeutic intervention experiments we 
prolonged the circulation half-life of anxA5 from several minutes to several hours by 
intraperitoneal administration. However, intraperitoneal injection is not a preferred 
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route of administration in patients. Alternatively, prolongation time of intravenously 
administered anxA5 can be accomplished by pegylation 33 or by increasing size. To 
increase size I would like to propose to generate a heterodimer of RGD-anxA5 with 
RGT-anxA5, which exceeds the renal threshold. Availability and functionality of the 
RGD-motif has to be evaluated in the heterodimer. Half-life of the heterodimer has to 
be estimated around 6,5 hours, the half-life of the homodimer of anxA5 34.  
 
FINAL CONCLUSSION 
At start of my PhD-research project anxA5 was predominantly described as a non-
invasive molecular imaging tool for PS-expressing cells in vitro and in vivo in animal 
models and in patients. My work shifted focus from molecular imaging tool to 
properties of anxA5 as I) biomarker and II) therapeutic agent.  
I) We clearly showed that plasma anxA5 is an independent predictor of all-cause 
mortality in heart failure patients, which will result in a better diagnosis of this 
pathology. Furthermore, we showed that endogenous anxA5 has a protective role in 
the development of heart failure in mice. The anxA5-/- mouse model submitted to 
TAC delivers a novel platform to test numerous therapeutic strategies.  
II) In addition we generated a novel anxA5 variant that carries an RGD-motif, which 
transforms anxA5 from an inhibitor into a stimulator of efferocytosis. We showed that 
this variant inhibits de novo atherosclerotic lesion formation completely.  
The generation and testing of the RGD-anxA5 variant mark potential of a novel 
avenue to diagnose and treat diseases. In combination with the gradually unveiled 
pathophysiological significance of anxA5 we expect this novel platform to deliver 
anxA5-based diagnostics and therapeutics for a broad range of diseases in which cell 
surface expression of PS becomes manifest. 
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SUMMARY 

From

In 1992 it was found that cells are able to expose phosphatidylserine (PS) during apoptotic 
cell death at their cell surface. PS is a negatively charged phospholipid which in healthy cells 
is mainly located at the inner leaflet of the cell membrane. Therefore, cell surface expressed 
PS serves as a target for the visualization of apoptotic cell death. To date anxA5, that binds 
PS with high affinity, is the only protein that has been used to visualize PS expressing cells in 
patients. 
In this thesis the focus was not directed to improve the existing molecular imaging techniques 
but; I) towards the development of anxA5 as a biomarker in heart failure and; II) towards the 
development of anxA5 variants as a therapeutic agent in diseases where the balance between 
apoptosis and phagocytosis is disturbed. 
 
In chapter 2 we measured anxA5 concentrations in the plasma of a divergent heart failure 
patient population. In heart failure, the heart is not able to pump sufficient amounts of 
blood to meet the tissues needs. Recently it was postulated that stressed cardiomyocytes of the 
failing heart can initiate apoptosis without progressing towards full execution. These insights 
indicate towards mechanisms that protect stressed PS expressing cardiomyocytes. Because 
anxA5 binds PS with high affinity, inhibits phagocytosis of PS expressing cells, delays 
apoptosis and promotes the repair of injured cellular membranes, we argued that anxA5 may 
contribute to dampening adverse effects of PS on the surface of stressed cardiomyocytes. 
Therefore we measured the anxA5 plasma levels in heart failure patients. In these 
measurements we clearly showed that plasma anxA5 levels are significantly elevated in 
patients with heart failure as compared with healthy controls. In addition we showed that the 
patients with the highest anxA5 levels died first with no association with established clinical 
and biochemical heart failure measures. Following from these observations, we would like to 
propose to add anxA5 as a novel biomarker on top of already established biomarkers in heart 
failure. An adequate early diagnosis is essential because at this moment no sufficient 
therapeutics are available to treat heart failure patients in a late stadium.  
 
In chapter 3 we tried to get more insight into the physiological meaning of these elevated 
anxA5 levels. Therefore, we induced heart failure in mice that lack the anxA5 gene (anxA5 
knock-out mice) and in mice that carry the anxA5 gene (anxA5 Wild Type mice). In these 
experiments we found that the anxA5 knock-out mice develop a more severe diastolic 
dysfunction as compared to the anxA5 Wild Type mice. This form of dysfunction is very 
often seen in patients but no animal model is available that resembles this diastolic 
dysfunction phenotype at this time. Hence, the anxA5 knock out mouse delivers a novel 
platform to test novel therapeutic strategies that bear potential for treatment of heart failure 
suffering from diastolic dysfunction.  
 
In chapter 4 we tried to transform anxA5 from a molecular imaging tool into a therapeutic 
agent in diseases where the clean-up process is diminished. An inefficient phagocytosis of 
apoptotic cells will lead to the bursting of the apoptotic cells whereby intracellular 
components of the cell will leak into the extracellular environment. This will finally result 
into the startup of the inflammation cascade. We reasoned that targeting PS to ligate the 
apoptotic cell with phagocytes could be a viable strategy to treat inflammation. 
AnxA5 itself inhibits phagocytosis but by site-directed mutagenesis we introduced an RGD-
motif in the anxA5 molecule, which is known to ligate with receptors expressed on 
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phagocytes. We showed in chapter 4 that the introduction of the RGD-motif transforms 
anxA5 from an inhibitor into a stimulator of the phagocytosis of apoptotic cells.  
 
In chapter 5 we evaluated these pro-phagocytotic properties of RGD-anxA5 in 
atherosclerosis, a very well known inflammatory disease in which an inefficient removal of 
apoptotic cells leads to the destabilization of atherosclerotic lesions. In my thesis we 
evaluated the influence of RGD-anxA5 on the initial development of atherosclerotic lesions. 
Herein we found that the atherosclerotic lesion formation is fully inhibited in the RGD-anxA5 
treated group. We reasoned that enhancing phagocytosis of apoptotic cells is not the only 
explanation for the complete inhibition of lesion formation. In the search for additional 
mechanisms we found that RGD-anxA5 is also able to inhibit monocyte infiltration. 
Monocyte infiltration plays an important role in the initial inflammation cascade in the 
vascular wall that cause the atherosclerotic lesion initiation. RGD-anxA5, hence, represents a 
novel promising therapeutic compound combining multiple biological activities to treat 
vascular inflammation. 
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SAMENVATTING 
 
Multicellulaire organismen reguleren hun celaantal door een proces van celaanmaak, 
proliferatie, aan de ene kant en celafbraak, celdood, aan de andere kant. Vanuit biologisch 
oogpunt bestaan er voor cellen hoofdzakelijk twee manieren om dood te gaan: een gen- 
gereguleerde vorm (apoptose) en een niet-gereguleerde vorm (necrose).  
In 1992 werd een cel ontdekt die tijdens het apoptotische celdoodprogramma fosfatidylserine 
(PS) aan zijn celoppervlak kan tentoonstellen. Later werd aangetoond dat in principe alle 
cellen de moleculaire machinerie bezitten om PS te exposeren tijdens het apoptotische 
celdoodprogramma. PS is een negatief geladen fosfolipide dat in gezonde cellen 
hoofdzakelijk aan de binnenzijde van de celmembraan gelokaliseerd is.  
Structuur/functie-analyse en bindingsproeven toonden aan dat PS aan de buitenzijde van de 
plasmamembraan als een ‘eet mij’-signaal fungeert voor de ‘opruimers van het organisme’ 
(fagocyten). Deze bezitten specifieke receptoren voor PS welke na binding met PS het 
opruimproces (fagocytose) activeren. De PS-receptoren zijn tot op heden nog niet 
geïdentificeerd maar er zijn wel eiwitten bekend die met hoge affiniteit kunnen binden aan 
PS. Eén van deze eiwitten is annexine A5 (anxA5), dat door mijn promotor Prof. dr. Chris 
Reutelingsperger in Maastricht voor het eerst gekarakteriseerd werd. Vanwege deze 
biologische activiteit is anxA5 uitermate geschikt om celdood in vitro (in een proefbuis), in 
vivo (in een organisme) en in patiënten te meten. Gedurende de laatste decenia werd 
hoofdzakelijk onderzoek verricht naar deze ’imaging’-eigenschappen van anxA5. In dit 
proefschrift is de focus echter niet gericht naar de verbetering van deze moleculaire imaging 
eigenschappen van anxA5 maar enerzijds op de ontwikkeling van anxA5 als biomarker in 
hartfalen en anderzijds op de ontwikkeling van anxA5 varianten die als therapeuticum 
gebruikt kunnen worden in weefsels waar de verhouding tussen apoptose en fagocytose 
verstoort is. 
 
In hoofdstuk 2 hebben we de hoeveelheid anxA5 in het plasma van een uitgebreide 
hartfaalpatiënten populatie gemeten. Bij hartfalen is het hart niet meer in staat om voldoende 
bloed rond te pompen om aan de behoeften van de weefsels te voldoen.  
Hierbij stelden we verhoogde anxA5 concentraties vast in het plasma van deze 
hartfaalpatienten in vergelijking met gezonde personen. Verder toonden we aan dat de 
patiënten met de hoogste anxA5 plasma levels het eerste stierven terwijl geen enkele andere 
conventionele biomarker hetzelfde patroon laat zien. Hieruit volgt dat het toevoegen van 
anxA5 aan het pellet van huidige biomarkers in de toekomst kan leiden tot een betere 
diagnose bij deze hartfaalpatienten. Een adequate vroegtijdige diagnose is essentieel 
aangezien er op dit moment geen afdoende therapeutica voorhanden zijn om hartfaalpatienten 
in een laattijdig stadium te behandelen. 
 
In hoofdstuk 3 hebben we getracht om meer inzicht te verkrijgen in de fysiologische betekenis 
van deze verhoogde anxA5 plasma levels bij deze hartfaalpatienten. Om deze invloed te 
toetsen, hebben we hartfalen geïnduceerd bij muizen die het anxA5 gen missen (anxA5 
knock-out) en bij muizen die het anxA5 gen bezitten (anxA5 wilde type muizen). Uit deze 
experimenten blijkt dat de anxA5 knock-out muizen een verergerde vorm van hartfalen 
vertonen. Deze vorm van hartfalen is nooit eerder beschreven in een dierenmodel. Dit nieuwe 
dierenmodel biedt de mogelijkheid om zeer snel verschillende therapeutica te testen.  
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In hoofdstuk 4 hebben we getracht om anxA5 om te vormen in een therapeutisch molecule ter 
behandeling van ziekten met een verlaagde opruiming van apoptotische cellen. Hiervoor 
hebben we in het anxA5 molecule een motief ingebracht dat bekend is om te ligeren met 
receptoren aanwezig op fagocyten. Met dit gemodificeerde anxA5 molecule hebben we 
getracht om een brug te vormen tussen fagocyt en de apoptotische cel. Met succes slaagden 
we erin om het anxA5 molecule om te vormen van een remmer naar een stimulator van de 
fagocytose. 
 
In hoofdstuk 5 hebben we de therapeutische eigenschappen van dit gemodificeerde anxA5 
molecule getoetst in een muizenmodel van aderverkalking (atherosclerose). Atherosclerose is 
een zeer bekend voorbeeld van een ontstekingsziekte waarbij een inefficiënte fagocytose van 
apoptotische cellen leidt tot het onstabieler worden van de atherosclerotische plaque. In 
hoofdstuk 5 hebben we ons enkel gefocussed op de initiële plaque ontwikkeling. Analyse van 
de gevormde plaques onthulde een volledige inhibitie van de atherosclerotische plaque 
formatie. Deze bevindingen maken van het anxA5 molecule een nieuw veelbelovend 
therapeuticum ter behandeling van vasculaire inflamatie.  
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