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Chapter 1 
 

 

Scope of the Thesis 
Endothelial cells (ECs) line the vessels of the entire circulatory system, in arteries, veins and 

capillaries in each and every organ. In contrast to a previous assumption that the endothelium is only 
a physical barrier, research in the last four decades has shown that it presents a complex organ-system 
[1]. This organ is not only involved in many physiological but also pathophysiological processes like 
e.g., in chronic inflammation or malignant disease. In chronic inflammatory disorders, ECs express a 
number of cell adhesion molecules leading to an abundant leukocyte infiltration in the inflamed tissue 
[2]. In cancer tissue ECs are stimulated to constantly build new blood vessels, a process called 
angiogenesis, to nurture tumor growth [3]. Both inflamed endothelium and angiogenic ECs differ 
from dormant endothelium by e.g. expression of several receptors and growth factors [2].  

The acceptance of the endothelium as a key player in inflammation and cancer was followed by 
the development of therapeutics that affect extracellular matrix (ECM) degradation, cell migration 
and proliferation, and vessel stabilization (e.g., kinase inhibitors, tubulin binding agents, matrix 
metalloproteinase inhibitors) [4, 5]. These therapeutics, however, show neither homing to endothelial 
cells in general nor to activated or angiogenic endothelial cells in particular. Thus, they are widely 
distributed to most tissues in the body. In the present thesis I aimed at improving the tissue 
distribution of anti-inflammatory, anti-angiogenic or antivascular therapeutics by redirecting such 
compounds to activated and angiogenic endothelial cells. A drug targeting approach can increase the 
drug concentration within the target cell while it reduces the concentration in the rest of the body, 
which eventually may lead to an improved therapeutic effect and a reduction in side effects. I 
exploited the fact that activated and angiogenic EC have a high expression of αvβ3-integrin in 
common [6] and dormant EC hardly express αv-integrins on the cell surface [7]. Adding the excellent 
accessibility of the endothelium for systemically administered macromolecular therapeutics, αvβ3-
integrin is an optimal target receptor for an intracellular drug targeting approach. Cyclic peptides with 
a arginine-glycine-aspartic acid sequence (RGD) have been shown to bind with high affinity to this 
integrin [8]. Chapter 2 summarizes how the RGD-peptide has been exploited as a drug targeting 
ligand for αvβ3-integrin [8]. The structural requirements for RGD-peptides and RGD-mimetics are 
reviewed and it is shown how they have been introduced into various drug carrier constructs by 
chemical and recombinant means. It is furthermore important that αvβ3-integrin internalizes together 
with bound RGD-peptide ligands and routes these to the lysosomes in order to trigger release of the 
drug from its carrier [9]. Examples for in vitro and in vivo efficacy of RGD-targeted therapeutics and 
diagnostics demonstrate the value of RGD-mediated drug targeting.  

In this thesis I developed novel αvβ3-integrin-targeted conjugates consisting of cyclic RGD-
peptides as targeting moiety, different drugs, and human serum albumin (HSA) as a carrier. HSA was 
chosen as carrier since it is a long circulating and biodegradable protein, and available in large 
amounts of well-characterized material, which can be modified with RGD-peptides and drug 
molecules. The same carrier and targeting ligand were used throughout this thesis but different small 
molecule drugs were attached to the core molecule. These drugs can be divided into two categories: 
kinase inhibitors and antimitotic agents. Kinase inhibitors are small molecule drugs that bind to the 
ATP-binding pocket of kinases and thereby block phosphorylation of kinases and further downstream 
signaling. Kinases have been identified to play pivotal roles in chronic inflammatory disorders [10-12] 
or in the progression of cancer [13-16]. Some kinase inhibitors, developed to block signaling via 
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VEGFR, PDGFR, Raf/MEK/ERK or c-Kit, are already on the market [17-19]. However, the efficacy 
and safety of kinase inhibitors are lagging behind the expectations due to  

(A) the relative similarity of ATP-binding sites on all kinases 
(B) the role of the targeted kinases in physiological processes 
(C) the lack of specificity for the target tissue und widespread distribution in the body. 
Incorporation of kinase inhibitors in targeted drug delivery systems will provide the essential 

target cell specificity and thereby in theory improve therapeutic outcome. However, the lack of 
functional groups for chemical conjugation (e.g. carboxyl- or amino-groups) is a common feature for 
kinase inhibitors. Attachment of these drugs to carriers is therefore troublesome if not impossible and 
impedes the application of conventional drug linkers for use in conjugation chemistry. I therefore 
applied a novel type of platinum-based linkage chemistry, named Universal Linkage System (ULS), 
to couple kinase inhibitors to RGD-albumin constructs. In chapters 3 and 4 I describe details of the 
platinum based coupling chemistry, ease of coupling, and broad applicability of the linkage system 
[20, 21].  

Chapters 5 and 6 of the thesis are devoted to the delivery of antimitotic agents to αvβ3-integrin 
expressing cells. Auristatins are synthetic analogs of dolastatin 10, a natural product isolated from the 
mollusc Dolabella auricularia with potent anti-tumor activity [22]. Dolastatin derivatives act via 
inhibition of tubulin polymerization, and may cause intratumoral vascular damage, but are also 
associated with adverse events in clinical trials including severe neutropenia and hypertension. This 
was combined with no or limited efficacy in these trials [23-28]. Since it was recognized that both of 
these problems – side effects and lack of efficacy – can be improved by drug delivery, a series of 
dolastatin derivatives with optimized structural features for coupling to carriers for intracellular 
delivery have been developed [29, 30]. The use of a cathepsin cleavable linker sequence in these 
derivatives allowed for a  high stability of the final conjugate in serum, combined with rapid drug 
release by lysosomal enzymes [31-33]. I now have developed auristatin conjugates with the RGD-
albumin carrier, and studied the efficacy of this drug in angiogenic endothelial cells. 

Chapters 3 to 6 of this thesis describe apart form the different linking technologies and synthesis 
issues also in vitro characteristics of the developed drug targeting conjugates. Special attention is paid 
to binding, internalization, and efficacy. Finally, the most promising drug targeting conjugates were 
tested in vivo for tumor growth inhibitory effects. The outcome of these studies is discussed in 
chapter 7. 

A short overview about the current status of antiangiogenic and antivascular compounds that have 
advanced into the clinic or into late stages of clinical testing is given in chapter 8. New targets for 
antiangiogenic treatment are discussed, highlighting a recent paper of Shaked et al [34]. 

In chapter 9, a comprehensive summary of the results and conclusions is provided along with 
perspectives for RGD-peptide-mediated targeting and the use of the Universal Linkage System in 
drug targeting. 

In summary, the aim of the research described in this thesis was the development of novel drug 
targeting conjugates aiming at the angiogenic endothelial cell. The application of novel drug linkers 
expanded the spectrum of ‘linkable drugs’ and allowed the evaluation of a series of conjugates with 
different pharmacological agents.  
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Abstract 
During the past decade, RGD-peptides have become a popular tool for the targeting of drugs and 

imaging agents to αvβ3-integring expressing tumor vasculature. RGD-peptides have been introduced 
by recombinant means into therapeutic proteins and viruses. Chemical means have been applied to 
couple RGD-peptides and RGD-mimetics to liposomes, polymers, peptides, small molecule drugs and 
radiotracers. Some of these products show impressive results in preclinical animal models and a RGD 
targeted radiotracer has already successfully been tested in humans for the visualization of αvβ3-
integrin, which demonstrates the feasibility of this approach.  

This review will summarize the structural requirements for RGD-peptides and RGD-mimetics as 
ligands for αvβ3. We will show how they have been introduced in the various types of constructs by 
chemical and recombinant techniques. The importance of multivalent RGD-constructs for high 
affinity binding and internalization will be highlighted. Furthermore the in vitro and in vivo efficacy 
of RGD-targeted therapeutics and diagnostics reported in recent years will be reviewed. 
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Introduction 
When the arginine-glycine-aspartic acid (RGD) sequence was discovered as cell attachment site 

in fibronectin some 20 years ago, it was unexpected that a fundamental recognition site for cells and 
proteins could be formed by only three amino acids [1, 2]. Soon thereafter, RGD-recognition sites 
were reported in other extracellular matrix (ECM) proteins as well [3-6]. In parallel, the receptors for 
these ECM proteins were identified and organized in the integrin family.  

Integrins and RGD-based ligands for integrins are currently an intensely investigated topic in 
pathology and pharmacology related studies. Apart from binding natural RGD-containing ligands 
such as ECM proteins and counter-receptors on cells, RGD-recognition is also exploited by viruses 
and bacteria [7-10]. These pathogens gain entry into host cells by binding to specific integrins and 
subsequent endocytosis. Furthermore, RGD-motifs and other integrin-binding sites have been found 
in snake venoms, enabling them to affect for instance blood coagulation [11-13]. Exploitation of the 
RGD/integrin system for target cell recognition and internalization can also be applied to man-made 
constructs by mimicking the pathogens. This enables the targeting of diagnostics and therapeutics. 

Typical examples of RGD-equipped constructs that will be discussed in this review are shown in 
Figure 1. RGD-targeted drugs and imaging agents have been developed by covalent conjugation of 
the homing peptide to drug or reporter molecules (A, B), or by conjugation of the RGD-peptide to a 
carrier device that has been equipped with drug molecules (C, F). Similarly, RGD-peptides have been 
applied for gene delivery by viral and non-viral vectors (E, F). Another type of products that will be 
discussed are therapeutic proteins that have been modified with RGD targeting motifs. This is 
preceded by an overview of the molecular requirements of the RGD-ligand for targeting to αvβ3-
integrin. 

 

Requirements of RGD-peptide as an αvβ 3-ligand 
The RGD sequence is currently the basic module for a variety of RGD-containing peptides which 

display preferential binding to either αvβ3-integrin and related αv-integrins, or to other types of 
integrins. For example, αIIbβ3-integrin is an integrin that has been investigated intensely in relation to 
platelet aggregation [14]. Since the RGD-sequence is conserved in all natural and new developed 
ligands, the relative affinity and specificity of the peptides and proteins are determined by other 
amino acid residues flanking the RGD-motif, especially at the two positions following the aspartic 
acid [15]. Besides direct interactions between these residues and the integrin, flanking groups 
influence the folding of the peptide and thereby the conformational features of the RGD-motif. 
Cyclization is commonly employed to improve the binding properties of RGD-peptides. Since 
cyclization confers rigidity to structure, it greatly improves the selectivity of the promiscuous RGD-
sequence for a specific integrin subtype. Indeed, all selective RGD-peptide ligands are cyclic, having 
at least one or more ring structures, as will be discussed. Furthermore, linear RGD-peptides proved 
highly susceptible to chemical degradation, which is due to the reaction of the aspartic acid residue (D) 
with the peptide backbone [16]. Since the rigidity conferred by cyclization prevents this, cyclic 
peptides are more stable. Lastly, non-natural peptide modifications such as the introduction of D-
amino acids as well as replacement with peptidomimetic structures have yielded RGD-peptide ligands 
with increased specificity and nanomolar or higher affinity [17]. The elucidation of the crystal 
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structure of αvβ3-integrin and subsequent docking studies on this template have aided in the design of 
novel RGD-ligands [18].  

 

A

B D F

C E

n

A

B D F

C E

n

 
Figure 1. Schematic representation of RGD-mediated drug delivery and imaging constructs.  
panel A,B: Small molecule conjugates. Organic drug molecules (A) have been conjugated to cyclic RGD-
ligands via various linkers. As most drugs are inactive when coupled to the RGD-ligand, a biodegradable 
linkage is required between drug and RGD-peptide. In contrast, imaging agents (B) need stable linkages. 
panel C,D: Macromolecules. Synthetic and natural polymers (C) can be modified with multiple copies of 
both drug (affording a high drug/carrier ratio) and RGD (affording multivalent binding and internalization). 
Therapeutic proteins (D) have been equipped with RGD-motifs by recombinant means. 
panel E,F: Particulate systems. Synthetic particulate systems (E) like liposomes, nanoparticles or non-viral 
gene vectors have been equipped with RGD mostly via extended PEG tethers, to prevent unwanted 
interactions with non-target cells. Adenoviral vectors (F) have been modified with RGD motifs to enhance 
infectivity. Viral carriers have been used to deliver genes and siRNA, or as oncolytic replicating systems.  
 

One of the best studied RGD-peptide ligands for αvβ3-integrin is c(RGDf-N(Me)-V), which is 
also known as EMD121974 or Cilengitide (Figure 2, structure 1). This RGD-peptide displays affinity 
in the subnanomolar range in competing with biotinylated vitronectin or fibrinogen for binding to 
immobilized integrins. Furthermore, Cilengitide displays a 1000-fold preference for αvβ3-integrin 
over αIIbβ3-integrin [19]. These features were attributed to the constrained ring structure and the 
introduced D-amino acid residue that force the RGD-sequence into the proper conformation for 
binding to αvβ3-integrin. Cilengitide has reached phase II clinical trials for the treatment of 
malignancies including melanoma, glioblastoma and prostate cancer. Among the derivatives of this 
series, c(RGDfK) is one often used for the delivery of therapeutics, because the lysine residue (K) 
makes it an ideal building block for further chemical conjugation reactions. Several drug targeting 
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and imaging constructs, bearing either one or more c(RGDfK) ligands, will be highlighted in the 
following sections of this review. 

 

A

1: c(RGDf[N-Me]V)
(Cilengitide)

2: ACDCRGDCFCG
(RGD4C)

3: DGARYCRGDCFDG
(RGD10)

4: RGD-Peptidomimetic
(Duggan et al.)

B

arg - gly - asp

N
H

NH2+

NH2

NH
N
H

O

R

N
H

O
R O

CO2-

Bidentate 
guanidine 

binding site
Carboxylate 
binding site

spacer

NH2
+

NH2

NHO
NH O

O N
H

O

NH O

O

N
H

N

O

H

CH3

CH3 CH3

NH2
+

NH2

S S NHO
NH O

O N
H

O

NH O

O

N
H

NH
Asp
Cys
Ala

Phe
Cys
Gly
COOH

O

NH3+NH2
+

NH2

S S NHO
NH O

O N
H

O

NH O

O

N
H

NH
Tyr
Arg
Ala
Gly
Asp

Phe
Asp
Gly
COOH

O

NH3+

NN
H

N
H

O
NH

H COOH

S OO

A

1: c(RGDf[N-Me]V)
(Cilengitide)

2: ACDCRGDCFCG
(RGD4C)

3: DGARYCRGDCFDG
(RGD10)

4: RGD-Peptidomimetic
(Duggan et al.)

B

arg - gly - asp

N
H

NH2+

NH2

NH
N
H

O

R

N
H

O
R O

CO2-

Bidentate 
guanidine 

binding site
Carboxylate 
binding site

spacer

N
H

NH2+

NH2

NH
N
H

O

R

N
H

O
R O

CO2-

Bidentate 
guanidine 

binding site
Carboxylate 
binding site

spacer

NH2
+

NH2

NHO
NH O

O N
H

O

NH O

O

N
H

N

O

H

CH3

CH3 CH3

NH2
+

NH2

S S NHO
NH O

O N
H

O

NH O

O

N
H

NH
Asp
Cys
Ala

Phe
Cys
Gly
COOH

O

NH3+NH2
+

NH2

S S NHO
NH O

O N
H

O

NH O

O

N
H

NH
Tyr
Arg
Ala
Gly
Asp

Phe
Asp
Gly
COOH

O

NH3+

NN
H

N
H

O
NH

H COOH

S OO

 
Figure 2. The original RGD sequence in comparison with modern high affinity ligands for αvβ3-integrin 
panel A: Schematic representation of the RGD binding motif. Specificity and affinity for αvβ3-integrin has 
been introduced in peptide ligands by ring closure and flanking amino acids, which force the arginine and 
aspartic acid side-chains into the proper conformation. In RGD-mimetics, the two domains that interact with 
the integrin (Arg and Asp) have been replaced by a guanidine binding site and carboxylate group.  
panel B: Structures of c(RGDf(N-Me)V), RGD4C, RGD10 and RGD-mimetic described by Duggan et al, 
which are all high affinity ligands for αvβ3-integrin. 

 
Another RGD-ligand with high binding affinity and specificity for αvβ3 has been developed using 

phage display. Selection of RGD-peptide ligands from a cyclic peptide library afforded a structure 
that contained two disulfide bonds (ACDCRGDCFCG) (Figure 2, structure 2). This so called RGD4C 
peptide was at least 20-fold more potent than similar peptides with a single disulfide bond and 200-
fold more potent than commonly used linear peptides [20]. The RGD4C peptide has been exploited as 
targeting ligand for the delivery of cytostatic drugs; moreover it is especially suitable for 
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incorporation into proteins and viruses by recombinant means. A disadvantage of RGD4C is that the 
peptide can fold into different cyclic structures. Apart from the preferred bicyclic structure, additional 
monocyclic and bicyclic structures can form, which demonstrated ten-fold less binding affinity [21].  

If one compares c(RGDfK) and RGD4C, c(RGDfK) is preferred for a chemical conjugation 
approach, due to its higher stability and relative ease of coupling. As mentioned, RGD4C is the best 
choice to equip a protein with a targeting moiety by recombinant means. RGD peptides with D-amino 
acids or other chemical modifications cannot be incorporated by this recombinant strategy.  

Recently, a novel RGD-peptide with high affinity for αvβ3 was discovered by phage display 
technology [22]. This peptide, RGD10 (Figure 2, structure 3), has only one disulfide bond, but the 
amino acids flanking the CRGDC core have similar physicochemical properties as the ones in 
RGD4C. RGD10 and RGD4C displayed similar binding properties. 

Several RGD peptidomimetics have been reported with further improved binding to αv-integrins 
[17]. Most of these compounds contain a guanidine mimetic to replace arginine, while the aspartic 
acid of the RGD motif has been substituted by a carboxylic acid. These two essential groups have 
been linked together by various tethers and constraints, yielding compounds with low nanomolar or 
even picomolar affinities for αvβ3-integrin (Figure 2). Only few RGD-peptidomimetics have been 
exploited for targeting of therapeutics or diagnostics [23-25]. This is partly due to the fact that they 
lack groups suitable for the coupling of drug or drug carriers. Likely, peptidomimetics will be applied 
more often as a targeting moiety, since their excellent binding properties as well as their stability can 
be regarded ideal for drug delivery.  

The affinity as well as the pharmacokinetic properties of RGD-ligands can be improved by 
coupling them to a carrier system. The multivalent RGD-protein conjugates synthesized by Kok et al 
showed subnanomolar affinity for αvβ3-expressing human umbilical cord endothelial cells (HUVEC), 
which is a 250-fold increase versus the single RGD-peptide [26]. Furthermore, multivalency not only 
greatly improves affinity but also facilitates internalization [27, 28]. Carrier systems like liposomes, 
nanoparticles, proteins and other polymers bearing multiple RGD-peptides are therefore more likely 
to be internalized via receptor-mediated endocytosis than single peptide constructs. Several other 
common advantages are attributable to RGD-equipped macromolecular carriers even though they 
represent a diverse group. 

 More drug molecules can be delivered per internalizing receptor/targeted molecule. 
 Higher affinity and internalization are facilitated by multivalent RGD-ligands, as mentioned 

above. 
 Renal filtration is inhibited since the higher molecular size of the carrier prevents glomerular 

filtration. This may lead to prolonged blood circulation times and longer presentation of the 
ligand to target receptors within the tissue [29].  

 Shielding of drugs from receptors or enzymes in the blood circulation renders targeting more 
predictable. 

 The high molecular weight of most carriers leads to passive retention in a tumor, via the so 
called enhanced permeability and retention (EPR) phenomenon. For example, RGD4C 
equipped, polymers accumulated in a s.c. prostate carcinoma in the course of three days, 
while radioactivity in other organs decreased [30]. This resulted in a 50:1 tumor:blood ratio 
at day three. The control polymer without RGD-targeting motif accumulated in the tumor to 
a lesser extent, demonstrating the contribution of RGD-mediated targeting to the EPR effect.  
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The need for appropriate control to prove the actual role of RGD/integrin recognition has to be 
mentioned. The substitution of only one amino acid had been demonstrated to abolish interaction with 
the integrin [15]. Most researchers apply RAD or RGE peptides for this purpose. A control construct 
prepared with such peptides would bear identical structural changes as compared to the RGD 
modified construct. Comparison in effectiveness of both constructs demonstrates the role of the RGD 
mediated targeting. 

 

RGD-mediated drug targeting approaches 
RGD-mediated delivery of small molecule drugs  

The first approach in which the RGD motif was used for drug targeting purposes, rather than as a 
single antiangiogenic entity, focused on the delivery of doxorubicin to angiogenic endothelial cells. A 
doxorubicin-RGD4C conjugate (doxo-RGD4C) proved to be equally effective as free doxorubicin in 
vitro and, more importantly, demonstrated improved inhibition of tumor growth and spreading of 
metastases in mice [31]. In addition to an improved efficacy, doxo-RGD4C also displayed reduced 
toxicity to liver and heart. These promising results were obtained in the MDA-MB-435 breast cancer 
model, a tumor model in which αvβ3 is expressed by the endothelium in the angiogenic blood vessels 
and by the tumor cells themselves. As such it is difficult to infer whether the effects of doxo-RGD4C 
were solely due to its vascular effects or results from direct actions on cancer cells as well. A slightly 
differently synthesized doxo-RGD4C conjugate was tested in a mouse hepatoma model with αvβ3-
negative MH134 tumor cells [32]. In vitro the conjugate proved to be far less effective than 
doxorubicin alone, which can be expected in view of the inability of the conjugate to bind to and enter 
into the MH134 tumor cells. When tested in vivo, the doxo-RGD4C conjugate demonstrated superior 
antitumor efficacy over free doxorubicin. Since no direct anti-tumor cell effects of the targeted 
doxorubicin can be expected in this αvβ3-negative tumor model, this result indicates that killing of the 
angiogenic endothelium by means of an RGD-targeted conjugate can result in a strong antitumor 
effect. 

Several other RGD4C-doxorubicin conjugates have been developed. In order to improve the 
therapeutic window of the targeted doxorubicin even further, these conjugates were designed as 
RGD-targeted prodrugs that require activation by tumor-secreted enzymes. Such a strategy would 
render the cytostatic drug less toxic and more tumor specific, thus allowing far higher doses to be 
systemically delivered than non-targeted cytostatics. De Groot et al. developed a prodrug containing a 
plasmin-specific cleavage site [33]. After accumulation of the prodrug onto αvβ3-integrin and 
subsequent release of the parent drug by plasmin, doxorubicin regained its cytostatic activity. This 
was exemplified by in vitro studies in which the prodrug was pre-incubated with plasmin, thereby 
restoring the IC50 of the compound to the level of doxorubicin. In addition to doxorubicin-related 
effects, potential antiangiogenic activity also resides in the RGD4C moiety of this type of compounds, 
as it can block αvβ3-mediated adhesion. The RGD-doxo prodrug was indeed capable of blocking the 
adhesion of endothelial cells to vitronectin in submicromolar concentrations. However, despite the 
promising in vitro data, no follow-up studies have been reported in which the plasmin-cleavable 
prodrug was studied in vivo. Poor water solubility of doxo-RGD4C prodrugs, as well as problems 
associated with the chemical synthesis of RGD4C-drug conjugates may have obstructed further 
development of this type of compounds [32-34]. Furthermore, the inherent reversibility of the two 
disulfide bonds in the peptide may lead to disruption of the bicyclic structure, either during the 
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synthesis of the prodrugs or upon incubation with biological media like serum. Such problems have 
not been reported for c(RGDfK) based homing ligands, which display a high chemical stability and 
good water solubility. In a recent comparative study by Burkhart et al, both types of RGD-peptides 
were used to target the doxorubicin-derivative doxsaliform [34]. The doxsaliform prodrug is 
spontaneously converted into an active metabolite of doxorubicin, doxorubicin-formaldehyde, which 
is more cytotoxic than doxorubicin and also kills doxorubicin resistant cancer cell lines [35, 36]. By 
reacting doxsaliform via its prodrug moiety to the RGD-peptides, several αvβ3-targeted doxsaliform 
prodrugs were created. Both types of RGD-prodrugs displayed low nanomolar IC50 of MDA-MB-453 
tumor cell binding to vitronectin, thus demonstrating their capability to interact with αvβ3-integrin. 
Remarkably, an acyclic RGD4C peptide ligand showed even higher affinity for integrin than the 
bicyclic RGD4C peptide, which is in contrast with earlier reports in which the properly folded 
structure was regarded as the active structure [21]. Since acyclic RGD4C peptide also displayed better 
water solubility than dicyclic RGD4C, the full conjugate with doxsaliform was prepared with the 
acyclic peptide. Both this compound as well as the doxsaliform conjugate with c(RGDf[N-Me]V) 
showed similar pharmacological properties. At physiological pH and temperature, the compounds 
released doxorubicin-formaldehyde by spontaneous chemical hydrolysis with a half-life of about 1h, 
thereby regaining an in vitro IC50 about 50-100 nM. Several experiments showed that the RGD-
equipped prodrugs did not penetrate the plasma membrane, in contrast to native doxorubicin and the 
released doxorubicin-formaldehyde. Thus, the proposed mechanism of action of these compounds is 
initial binding to αvβ3-integrin, followed by local release of the more lipophilic doxorubicin species, 
which can then diffuse through cell membranes.  

Besides doxorubicin, several other examples exist in which either the RGD4C peptide or the 
c(RGDfK) motif was used as an αvβ3-integrin targeted ligand. In view of the above discussed issues 
on synthesis and solubility problems observed with RGD4C-doxorubicin conjugates, it is 
understandable that successful synthesis with RGD4C was reported for hydrophilic peptide-like drugs 
but not with classical cytostatic drugs. The combined synthesis of therapeutic peptides together with 
RGD4C by solid-phase peptide chemistry avoided most of the concerns raised on the organic 
synthesis of RGD4C-drug conjugates, while the cationic nature of the final products promoted good 
water solubility. In contrast, the c(RGDfK) homing motif can not be incorporated into peptidic 
constructs with similar ease, since the cyclic peptide needs head-to-tail cyclization to gain its proper 
binding properties. Indeed, the targeting potential of c(RGDfK) has been demonstrated predominantly 
in conjugates requiring organic coupling of the RGD-peptide to a drug or drug-carrying 
macromolecule. Recently, a paclitaxel (PTX) prodrug was reported containing a divalent c(RGDyK) 
domain, thus promoting better binding affinity than a monovalent conjugate could achieve [37]. The 
product (PTX-RGD2) accumulated in an αvβ3-specific manner in MDA-MB-435 tumors (2.7%ID/g at 
2h after injection), which was comparable to the accumulation of the dimeric RGD-peptide without 
the coupled drug. In order to follow the pharmacokinetics of the PTX-RGD2 conjugate, the tyrosine 
residue in the cyclic peptide was iodinated with 125I. This procedure did not affect the binding 
properties of the peptide and has been applied before to other related cyclic peptides [38]. Since an 
αvβ3-positive tumor was used in these studies, the accumulation of PTX-RGD2 in the tumor did not 
reflect targeting to angiogenic blood vessels per se, but a combined homing to tumor and endothelial 
cells within the tumor tissue. Furthermore, although in vivo anti-tumor effects were not reported, the 
PTX-RGD2 product demonstrated low-nanomolar activity in vitro towards MDA-MB-435 tumor cells. 
This activity, however, was less compared to that of PTX (IC50: PTX = 34nM, PTX-RGD2 = 134nM). 
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Of note, the conjugate was prepared with a succinate-derivative of PTX, allowing drug release after 
hydrolysis of the succinate ester. Since no drug release studies were discussed, it is difficult to 
interpret whether the pharmacological actions of PTX-RGD2 involved the actual uptake and 
intracellular processing of the conjugate. Alternatively, PTX may be released outside the cells, either 
in solution or after binding to αvβ3-integrin. We have observed such a premature drug release with one 
of our products in which the paclitaxel-succinate ester was coupled to a c(RGDfK)-equipped albumin 
carrier. RGD-targeted PTX-albumin conjugates demonstrated similar HUVEC killing efficacy as non-
targeted RAD-PTX-albumin control conjugates (R.J. Kok, unpublished results). We therefore 
concluded that a substantial amount of the drug was hydrolyzed from the conjugate before receptor-
mediated uptake of the conjugate occurred. Thus, proof of truly targeted intracellular delivery should 
include demonstration that binding to αvβ3 and subsequent internalization is an essential step in the 
activation of the product. For the PTX-RGD2 conjugate, this proof could be obtained by competing 
with free RGD-peptide for the therapeutic activity of PTX-RGD2 in vitro.  

The disappointing results of RGD-PTX-albumin conjugates prompted us to search for alternative 
linkers displaying better drug-linking properties. We recently developed a novel linking technique for 
the conjugation of drug to carriers by applying platinum-coordination chemistry. As this so-called 
universal linker system (ULS) releases the drug via a slow-release profile, a prolonged action of the 
delivered drug can be expected. We applied this technology to the coupling of the kinase inhibitor 
PTK787 with albumin in order to inhibit angiogenic processes induced by vascular endothelial 
growth factor (VEGF). We furthermore equipped the PTK787-albumin conjugates with 
polyethylenglycol (PEG) moieties as a linker between RGD and albumin, which confer stealth 
properties to the conjugates. In addition, since PEG shields the drug-modified albumin, reduced 
immunogenicity and prolonged circulation time can be expected. The RGDPEG-PTK787-albumin 
demonstrated potent inhibition of VEGF-induced signaling in vitro (Temming et al., manuscript in 
preparation).  

Similar types of RGD-PEG tethers were used to equip liposomes with αvβ3-specific homing 
devices. Around 300 RGD peptides per liposome were reported. These liposomes were furthermore 
loaded with doxorubicin [39, 40] or with 5-fluorouracil (5-FU) [41]. The levels of accumulation of 
RGD-targeted liposomes and non-targeted control liposomes in the tumor after i.v. administration to 
mice with a subcutaneous C26 murine colon carcinoma were similar. However, intravital microscopy 
demonstrated clustering of RGD-liposomes in tumor blood vessels, while RAD-liposomes and normal 
PEG-liposomes were diffusely retained in the tumor by EPR. The differences in cellular distribution 
also explained why doxorubicin containing RGD-liposomes inhibited the growth of a doxorubicin 
insensitive C26 carcinoma, while the other control preparations did not show antitumor effects [39]. 
Dubey and co-workers showed improved tumor accumulation and superior antimetastatic and 
antiangiogenic effects of RGD-targeted 5-FU liposomes, when compared to control liposomes. 
Recently, additional data were provided in which RGD-targeted liposomes were shown to act superior 
to free doxorubicin [22, 42, 43]. One study applied the novel high-affinity RGD-peptide RGD10, 
described in Section 2 [22]. This peptide was modified with a lipid anchor to facilitate straightforward 
incorporation into the doxorubicin containing liposome. Binding and internalization of these 
liposomes as well as superior inhibitory effect over free doxorubicin in a C26 tumor model was 
proven. 

The various approaches for RGD-mediated targeting of small drug molecules discussed are listed 
in Table 1. 
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Table 1. RGD-peptide targeted, small molecule drugs 

Compound Drug Targeting 
motif 

Experimental 
model 

Efficacy 
compared to 
non-targeted 

drug 
in vitro / in 

vivo1

Reference 

doxorubicin RGD4C 
MDA-MB435 

mammary 
carcinoma* 

= / + [31] 

doxo-RGD 

doxorubicin RGD4C MH134 murine 
hepatoma # - / + [32] 

plasmin 
cleavable 
prodrug 

RGD4C HUVEC = / n.d. [33] 
RGD-targeted 
doxorubicin 
prodrugs Doxsaliform 

(doxorubicin-
formaldehyde) 

c(RGDf(N-
Me)V) 

MDA-MB-435 
cells = / n.d. [34] 

doxorubicin c(RGDfK)-
PEG 

C26 murine 
colon 

carcinoma2
n.d. / + [39] 

doxorubicin RGD10 
C26 murine 

colon 
carcinoma 

n.d. / + [22] 
RGD/doxo 
liposome 

doxorubicin RGD-PEG B16 - / + [42, 43] 

RGD/doxo 
nanoparticles doxorubicin c(RGDfC)-

PEG 

Cl-66 
mammary 
carcinoma3

n.d. / n.d. [44] 

RGD/5-FU 
liposome 5-fluorouracil c(RGDfK)-

PEG 
B16F10 murine 

melanoma* / + [41] 

PTX-RGD paclitaxel 
 
[c(RGDyK)]
2

MDA-MB-435 
mammary 

carcinoma3* 
- / n.d. [37] 

RGD/PTX 
albumin 
conjugates 

paclitaxel c(RGDfK)-
PEG HUVEC = / n.d. unp.dat. 

RGD/PTK787 
albumin 
conjugates 

PTK787 c(RGDfK)-
PEG HUVEC - / n.d. unp.dat. 

RGD/AraC 
polymers arabinoside C RGDSK B16 melanoma - / = [45] 

1 improved effect (+), comparable effect (=), less effect (-) or no data (n.d.) 
2 Doxorubicin insensitive C26 tumor model 
3 Tumor model only used to assess biodistribution of the compound. 
* αvβ3-integrin positive tumor cells 
# αvβ3-integrin negative tumor cells 
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RGD-targeting of therapeutic peptides and proteins  
As mentioned in the previous section, RGD4C can be appended or inserted into peptidic drugs or 

proteins by solid phase synthesis or via recombinant techniques. These approaches have been applied 
both in the preparation of targeted peptides and proteins, as well as in the development of RGD-
targeted adenoviruses which may serve as gene-carrying vectors. The present section will discuss 
various RGD-targeted peptidic constructs, which are also summarized in Table 2, while RGD-
targeted viruses are discussed in section 3.3. 

In order to be an appropriate candidate for an RGD-targeted drug targeting approach, drugs must 
combine potent therapeutic activity in αvβ3-expressing endothelial or tumor cells with inadequate 
pharmacokinetic performance in animal models or patients. These criteria are certainly applicable to 
the peptide and protein drugs discussed in the current section. More therapeutic proteins are becoming 
available for the treatment of cancer and other diseases, as evidenced by the increasing number of 
preclinical and clinical studies on protein type therapeutics. However, poor pharmacokinetics and 
unacceptable side-effects are often limiting the efficacy of these proteins. For instance, cytokines 
show potent activity in ill-treatable cancers, but at the same time display a range of other actions 
within the body, that are not limited to the desired antitumor activity. Cell-specific targeting of a 
cytokine would greatly improve its selectivity for the target cells within the tumor, thereby increasing 
the therapeutic window of the compound and at the same time improving its efficacy. Besides 
targeting to surface exposed receptors, either by means of RGD-peptides or via antibody-directed 
approaches, other structural modifications such as PEGylation may help in improving the 
pharmacokinetic properties of therapeutic proteins [46]. Such a strategy would prevent renal 
clearance, as well as enzymatic degradation of the protein, thus enabling a greater fraction of the 
administered dose to become available for biological effects. 

Similar considerations as discussed above on improving the body distribution and clearance rates 
are valid for peptidic drugs, which generally have short plasma half lives. Since (larger) peptides are 
generally hydrophilic, such molecules depend on specific internalization carriers or mechanisms to 
access the cytosol. The attachment of an RGD-targeting domain may facilitate peptide drugs’ entry 
into cells. This approach was elegantly illustrated in two studies, which describe the RGD-mediated 
targeting of cytotoxic peptides. Many cationic peptides display strong disrupting activity towards 
prokaryotic cells as well as mitochondrial membranes, but are relatively inactive towards eukaryotic 
cell membranes. Intracellular delivery would allow such peptides to gain access to the mitochondria, 
eventually leading to target cell apoptosis. This strategy was followed for both a computer-designed 
pro-apoptotic cationic peptide, (KLAKLAK)2, consisting of D-amino acids only, and a naturally 
occurring antimicrobial cationic peptide, tachyplesin [47, 48]. Although the CRGDC sequence that 
was appended to tachyplesin may be less specific for αvβ3-integrin, RGD-targeted tachyplesin 
demonstrated appropriate apoptotic activity in HUVEC and a range of tumor cell lines. Similarly, 
RGD4C-(KLAKLAK)2 induced apoptosis in Kaposi sarcoma tumor cells. When tested in tumor 
bearing mice, both products reduced tumor weight and size, while the RGD4C-(KLAKLAK)2 peptide 
also reduced the formation of lung metastases. In addition, intravenous administration of RGD4C-
(KLAKLAK)2 to mice subjected to collagen-induced arthritis reduced the arthritic score significantly 
[49]. This was attributable to apoptosis of endothelial cells in the inflamed synovium. Hence, 
targeting to αvβ3-positive endothelial cells is not only limited to the treatment of cancer but can also 
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be a feasible therapeutic approach for chronic inflammatory disease, in which angiogenesis is a 
hallmark of disease progression.  

 
Table 2. RGD-peptide targeted therapeutic proteins and peptides 

Compound Drug Targeting 
motif 

Experimental 
model 

Efficacy compared 
to non-targeted 

drug 
in vitro / in vivo1

Reference 

(KLAKLAK)2 RGD4C 
MDA-MB435 

mammary 
carcinoma* 

+ / + [47] 
RGD-
targeted pro-
apoptotic 
peptides tachyplesin CRGDC B16 melanoma No comparison [48] 

RGD-
endostatin Endostatin RGDS LS174T colon 

carcinoma + / + [50] 

RGD-Fc Fc fragment of 
IgG RGD4C DU145 prostate 

carcinoma n.d. / + [51] 

hu-TNFα  RGD4C B16F1 
melanoma n.d. / + [52] 

hu-TNFα 
mutant 
selective for 
TNFR1 (V29) 

RGDSD 

Meth A 
fibrosarcoma 
and Mqnu-1 
lung cancer 

- / + [53] RGD-TNF 

mTNFα  RGD4C RMA = / + [54] 

RGD-tTF truncated tissue 
factor RGD4C MAD109 and 

COLON 26 = / + [55] 

RGD-IL12 mIL12 RGD4C NXS2 
neuroblastoma - / + [56] 

RGD-
antiCD3 

Anti-CD3-
mAB c(RGDfK) HUVEC + / n.d. [57] 

1 improved effect (+), comparable effect (=), less effect (-) or no data (n.d.) 
* αvβ3-integrin positive tumor cells 
# αvβ3-integrin negative tumor cells 

 
Despite the promising results obtained with RGD-modified pro-apoptotic peptides and with a 

similar construct in which (KLAKLAK)2 was modified with the CNGRC homing motif [47], no 
follow-up studies have been reported on these compounds. Recently, other mechanisms of action by 
which tachyplesin may exert its activity were reported [37]. In contrast to the earlier reported 
mechanism on mitochondrial membrane-disruption eventually triggering apoptosis, it was 
demonstrated that tachyplesin induced complement activation on the surface of tumor cells. 
Specificity of tachyplesin for certain cell types, such as TSU prostate tumor cells as well as 
endothelial cells, was attributed to the hyaluronan binding site in tachyplesin. Whether RGD-modified 
tachyplesin has a similar binding preference – for hyaluronan rather than for integrins – or activates 
complement has not been investigated. 
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Tumor necrosis factor alpha (TNFα) can exert multiple biological effects on tumors such as 
apoptosis induction, recruitment of leukocytes, fibrin deposition and vascular leakage [58]. Despite 
clear beneficial effects of TNFα treatment on tumor progression in animal studies, clinical success in 
the treatment of cancer is limited due to systemic toxicity. When systemic distribution of TNFα was 
prevented by local treatment protocols such as isolated limb perfusion, the full potential of TNFα 
could be exploited [59, 60]. Thus, it was expected that specific targeting of TNFα to a selective cell 
population would improve its cytostatic potential.  

One of the successfully produced TNFα-variants that was equipped with an RGD homing motif 
was the TNF mutant V29, in which Arg29 has been replaced by valine. TNF-V29 only binds to TNF-
R1, leaving TNF-R2 unaffected [61]. TNF-V29 showed potent antitumor activity in mice, combined 
with a reduced systemic toxicity [53, 61]. This observation is in good agreement with data on 
antivascular activities of TNFα itself which induces vascular permeability via activation of TNF-R1 
on endothelial cells [58]. Since the introduction of an RGD-motif in wild-type TNF reduced its 
gastrointestinal toxicity [62] and improved its antimetastatic activity [63], the RGD-TNF-V29 mutant 
F4614 was developed to combine both types of recombinant modifications [64]. The N-terminal 
sequence of V29 was altered with the SSSRGDSDK sequence, which is not specific for angiogenic 
integrins only. RGD modification imparted fibronectin-like properties in a cell adhesion assay but no 
quantitative measurement of binding affinity towards αvβ3 was made. 

Although the in vitro cytotoxic activity of RGD-TNF-V29 on fibroblasts was reduced as 
compared to wild-type TNFα, the activity on tumor cells and tumor endothelial cells was preserved. 
Notably, RGD-TNF-V29 displayed considerably lower cytotoxicity in normal endothelial cells, while 
culturing in tumor-conditioned medium restored the TNF-responsiveness of endothelial cells to the 
level of wild-type TNFα [65]. An increased tumor-selectivity of up to 460-fold was reported for 
RGD-TNF-V29, while wild-type TNF showed only a 4-fold difference in tumor-endothelial 
selectivity. Tumor conditioned medium probably increased the amount of TNF-R1 on HUVEC, but a 
possible effect via αvβ3-integrin can not be excluded. When tested in vivo, RGD-TNF-V29 
demonstrated a two-fold improved therapeutic index (LD50/MED=4.8) [53]. Part of this improvement 
might be directly attributed to the improved accumulation in the tumor tissue by virtue of the RGD-
modification of the protein, which also prolonged the plasma half-life of RGD-V29 tenfold [53]. 
However, a more pronounced improvement of the therapeutic index had been anticipated on the basis 
of the observed in vitro selectivity for tumor endothelial cells.  

In a different approach, Curnis et al. prepared a TNFα fusion protein containing the RGD4C 
sequence at the N-terminus of mouse-TNFα (mTNFα) [54]. Since TNFα forms trimers, RGD4C-TNF 
actually contains three binding domains per protein. Due to this multivalency, RGD4C-TNF showed a 
10-fold higher affinity than free RGD4C peptide for αv-integrins on the endothelial cell line 
EA.hy926. Further binding experiments revealed that RGD4C-TNF bound to integrin and TNF-
receptor. To demonstrate that RGD4C-modified TNF exerted similar activity as wild-type TNF, the 
proteins were tested in different in vitro assays either comparing cytotoxic activity or assaying TNF-
induced ICAM expression by EA.hy926 cells. In all of these experiments, RGD4C-TNF showed a 
slightly improved activity profile which was associated with its RGD4C-binding domain, since 
competition with excess of free peptide could reduce the RGD4C-TNF activity to the level of mTNFα. 
These results suggest that the binding of RGD4C-TNF to αvβ3 integrin improves the pharmacological 
activity of the protein, apart from merely increasing the number of molecules bound to the surface of 
the target cells.  
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The antitumor effect of RGD4C-TNF was evaluated in combination therapy with melphalan in 
mice bearing s.c. RMA lymphoma tumors. Such an approach was selected since good results had 
been obtained in isolated limb perfusions with TNFα/melphalan combination therapy [60, 66]. The 
vascular permeability induced by RGD4C-TNF likely will increase the intratumoral accumulation of 
the cytostatic drug. Furthermore, previous testing of NGR-TNF, which binds to the vascular protein 
aminopeptidase N (CD13), had already demonstrated the feasibility of such a vascular targeting 
strategy for treatment of cancer [67]. NGR-TNF displayed a tremendously increased potency versus 
wild-type TNF, with strong antitumor effects in subnanomolar doses when combined with melphalan. 
Similarly, only 0.3 ng of RGD4C-TNF showed a strong synergistic antitumor effect with 50 µg of 
melphalan, while melphalan alone or RGD4C-TNF alone showed no effect, as did the combination of 
melphalan and wild-type TNFα (also 0.3ng). In comparison with NGR-TNF, however, the RGD-TNF 
construct proved less potent since a three-fold higher dose of RGD-TNF was necessary to achieve 
comparable effects. Thus, although RGD-TNF proved far more potent than non-targeted TNFα, 
targeting via CNGRC apparently had delivered more cytokine to the tumor. Most likely, this 
corresponded to receptor expression levels of αvβ3 and CD13 on the tumor vascular wall. NGR-TNF 
is now in clinical phase I trials, and another targeted cytokine containing the NGR motif, NGR-IFNγ, 
has recently been reported [68]. The RGD-TNF construct however may have an added value to NGR-
TNF. For instance, receptor expression levels may differ between patients and tumor types, resulting 
in different relative capacities of the two homing devices. Secondly, the combination of both NGR-
TNF and RGD-TNF can amplify the antivascular effect of targeted TNFα since more target receptors 
will be available for the combined treatment. This may result in more TNF molecules delivered to a 
single target cell, thus improving its efficacy, or delivery to vessels in different growth stages within 
the tumor. Since not all vessels express similar levels of either αvβ3 or CD13, combination therapy 
aimed at multiple targets may result in a more widespread antitumor activity of the cytokine.  

Similar conclusions on vascular heterogeneity were drawn after studying the effect of three fusion 
proteins for inducing tumor vessel thrombosis targeted to different epitopes [55]. Hu et al. compared 
the efficacy of targeted tTF (truncated Tissue factor), either directed to small, medium sized or larger 
tumor blood vessels. Among these, RGD4C-targeted tTF was developed to induce blood coagulation 
at the surface of αvβ3-expressing vessel walls. In order to target other antigens on the tumor blood 
vessels as well, antibody-tTF fusion proteins were constructed with specificity for either fibronectin, 
which is located in the basal membrane of blood vessels, or for antigens that become expressed 
during cellular necrosis. In vitro, all fusion proteins retained similar thrombotic activity. After in vivo 
administration to mice bearing MAD109 lung tumors, RGD-tTF was found by immunohistochemical 
detection to be localized mainly in capillaries and small vessels of the tumor. Although treatment with 
daily injections of RGD-tTF (5x 10 µg of fusion protein i.v.) resulted in thrombosis of about 40% of 
the tumor blood vessels, this did not result in a significant inhibition of tumor growth. In contrast, the 
other two fusion proteins displayed thrombosis in up to 80% of the scored blood vessels, leading to 
massive tumor necrosis and more than 50% reduction in tumor volume versus the RGD-tTF group. 
Similar treatment results were obtained in the C26 colon carcinoma model. From these results, it was 
concluded that targeting tTF to angiogenic capillaries and small vessels by means of RGD-tTF caused 
little damage to the tumor in contrast to targeting bigger blood vessels by the antibody-targeted 
constructs. Other explanations for the differences in potency reside in the relative affinities of the 
applied targeting motifs, or the abundance of target receptors within the tumor. Most impressive 
tumor suppression was observed when all three fusion proteins were combined. Thus, the delivery of 
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tTF to all available targets produced an additive thrombotic effect, consistent with the observation 
that different vessels were targeted by each fusion protein. 

The RGD targeting approach has also been exploited to redirect an immune response to affect 
immune-mediated vascular damage or tumor cell killing. Both an immunostimulatory approach was 
investigated in which the cytokine IL-12 was modified with RGD-motifs, and an approach in which 
cytotoxic T-cells were redirected to endothelial cells. For this latter approach, anti-CD3 was modified 
with up to 25 c(RGDfK) groups [57]. The resulting RGD-anti-CD3 conjugate showed high affinity 
for αvβ3 and maintained its capacity to bind to cytotoxic T-lymphocytes. In vitro, the conjugate 
induced CTL-mediated lysis of HUVEC cells in an RGD-dependent manner. Whether such an 
approach can be successful in vivo needs to be evaluated.  

IL-12 is recognized for its immunostimulatory properties, such as activation of natural killer (NK) 
cell activity and induction of IFNγ production by NK cells and T cells. Systemic administration of IL-
12 was however associated with dose-limiting toxicity, thus preventing IL-12 from attaining its full 
therapeutic potential [69]. Hence, a fusion protein was synthesized linking mouse IL-12 to 
RGD4C[56]. RGD-IL-12 retained the immunostimulatory activity of IL-12, although moderately 
higher doses were needed to effectuate in vitro production of IFNγ by mouse splenocytes. An 
unexpected increased efficacy was observed when the compound was tested in a corneal angiogenesis 
assay. An almost complete inhibition of bFGF-induced vessel growth was observed when mice were 
treated with RGD-IL-12, while native mIL-12 only partially inhibited neovascularization. Similarly, 
RGD-IL-12 showed an improved antitumor effect when tested in a neuroblastoma model (NXS2 
model), while native IL-12 was not effective. Furthermore, RGD4C-mediated targeting prevented IL-
12 induced hepatic necrosis, which was observed after continuous s.c. infusion for 2 weeks via 
surgically implanted osmotic pumps. Vascular targeting of the cytokine thus improved the therapeutic 
window of the compound by both affecting the tolerability and the efficacy. The improved effect of 
RGD-IL-12 was due to an improved delivery of IL-12 to angiogenic vessels, but part of the effect also 
resulted from an IL-12 independent mechanism, likely depending on the RGD4C moiety of the 
targeted cytokine. When RGD-IL-12 was tested in knock-out mice lacking the IL-12 receptor, RGD-
IL-12 still was capable of inhibiting neovascularization for up to 25%, while mIL-12 was completely 
ineffective. Since the coupling of RGD4C to IL-12 would prolong the half life of the peptide and alter 
its body distribution, such an effect could be observed with RGD-IL-12 but not with an equivalent 
dose of the free RGD4C peptide. Thus, it is likely that this 25% inhibition is accounted for by 
RGD4C. 
 
RGD-peptide mediated delivery of therapeutic nucleic acids  

Since DNA and other types of nucleic acids can not cross the cellular membrane due to their high 
molecular weight and strong negative charge, such therapeutics require delivery vehicles to reach 
their intracellular site of action. Although viruses have been unsurpassed in their ability to deliver 
DNA into cells, concerns exist about their safety. As an alternative approach, non-viral delivery 
systems for nucleic acids have been developed [70]. Complexation of DNA with cationic polymers, 
peptides or lipids is a widely used technique for non-viral gene delivery. In principle, cation- 
complexed DNA can interact with the negatively charged proteoglycans on the cell membrane, 
eventually leading to uptake of the genetic material. Although this non-selective approach is generally 
applicable to in vitro transfection of cells, targeting ligands need to be introduced in the complex for 
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in vivo delivery to specific cell types. As RGD-targeted systems are internalized after binding, RGD-
modification of non-viral and viral gene carriers has successfully been exploited. 
 
RGD-targeted non-viral gene carriers  

Cationic polymers. The cationic polymer polyethylenimine (PEI) has been investigated by 
several groups for RGD-guided transfection of angiogenic endothelial cells and tumor cells. While 
initial studies mainly reported in vitro transfection, more recent studies also demonstrated in vivo 
effectiveness of RGD-assisted gene delivery. As a general approach, RGD-equipped DNA complexes 
were prepared by covalent conjugation of the RGD-peptide to the polymer, after which the now 
RGD-modified PEI was used to complex DNA plasmids or short interfering RNA (siRNA). Different 
synthesis protocols yielded polymers in which the peptide had been coupled directly to the polymer 
backbone (RGD-PEI) [71, 72], or polymers in which the peptide had been coupled to the distal end of 
PEG tethers (RGD-PEG-PEI) [72-76]. An important property of the resulting DNA/polymer 
complexes is the net surface charge, which is defined by the ratio of DNA and polymer in the 
particles. A high (positive) surface charge may lead to unwanted interactions with non-target cell 
types, a problem that is circumvented by PEGylation, since these groups shield the charged 
polymer/DNA complex. This explains why a more pronounced targeting effect was reported for 
RGD-PEG-PEI, while RGD-PEI showed similar gene transfection compared to conventional 
PEI/DNA complexes [71, 72, 74]. As not all authors reported successful targeting, parameters like 
RGD density and PEG density seem important for facilitating receptor clustering and uptake of the 
particles.  

RGD-PEG-PEI was used to deliver siRNA against VEGF and VEGF receptors to angiogenic 
vasculature in neuroblastoma N2A tumor-bearing mice [76]. Repeated injections every 3 days 
resulted in a strong inhibition of tumor angiogenesis and tumor growth, together with a marked loss 
of peritumoral vascularization. In a similar approach, siRNA delivery was applied to inhibit herpes 
simplex infection induced angiogenesis in the eye [75]. siRNAs targeting either VEGF, VEGFR1, 
VEGFR2 or a mix of the three were used. Local as well as systemic administration of RGD-PEG-PEI 
containing siRNAs significantly inhibited neovascularization, and mixtures of three siRNAs 
surpassed the effects of each of the siRNAs alone. In the same study, RGD-PEG-PEI was also 
employed for the gene delivery of soluble VEGFR1 into angiogenic endothelial cells [75]. After in 
vitro transfection of endothelial cells, the soluble receptor produced by the cells inhibited VEGF-
induced endothelial cell proliferation by scavenging the growth factor.  

Although cationic polymers have the advantage of relatively simple synthesis methods for 
introduction of different structures, one of the concerns of these polymer-based materials is their lack 
of biocompatibility and biodegradability. Cationic constructs based on lipids and peptides have been 
explored to overcome this disadvantage. 

Cationic lipids. Hood et al. used RGD-modified cationic lipid-based nanoparticles to deliver a 
mutated form of Raf-1 to angiogenic blood vessels [23]. Raf plays an important role in angiogenic 
intracellular signaling pathways, and blockade of Raf activity has been shown to suppress 
angiogenesis [77]. To deliver the plasmid encoding the mutated Raf to angiogenic endothelial cells, 
the lipid particles were equipped with an αvβ3-selective RGD-mimetic [78]. The resulting particles 
showed in vitro selectivity for αvβ3-expressing M21 tumor cells. When mice bearing M21-L tumors 
(the αvβ3-negative variant of the M21 melanoma) were treated with a single intravenous dose of these 
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nanoparticles, apoptosis of tumor endothelium was observed, as well as apoptosis among the tumor 
cells proximal to apoptotic vessels. The absence of αvβ3 on the tumor cells suggest that the latter 
effect was due to the vascular effect, rather than a direct effect on the tumor cells. In a therapeutic 
setting, the RGD-targeted gene encoding for the Raf-mutant achieved tumor regression in the 
majority of animals, an effect reported to last for more than 250 days. Furthermore, when tested in the 
αvβ3-negative CT26 colon carcinoma model, RGD-targeted nanoparticles reduced the number of lung 
and liver metastases, an effect not observed for the non-targeted particles. 

Several other studies report on RGD-equipped DNA lipoplexes (Table 3). As has been described 
for polymeric carrier systems, particles prepared with cationic lipids required shielding of positively 
charged groups for proper gene delivery in vivo.  
 

Table 3. RGD-mediated gene delivery using nonviral envelopes – Part I 

Construct Gene Targeting 
motif Experimental model 

Efficacy 
compared to 
non-targeted 

vector 
in vitro / in 

vivo1

Reference 

Polymers 

Luciferase CYGGRG
DTP HeLa, MRC5 cells + / n.d. [71] 

RGD-PEI 
Luciferase  RGDC Mewo, A549 cells + / n.d. [72] 

Luciferase  RGDC Mewo, A549 cells - / n.d. [72] 

siVEGF, 
siVEGFR1, 
siVEGFR2 

RGD10 
Inflammatory 

angiogenesis in the 
eye 

n.d. / + [75] 

Luciferase, 
siVEGFR2 RGD10 Neuro 2A 

neuroblastoma + / + [76] 

RGD-PEG-PEI 

Soluble Flt-1 RGD4C CDAM endothelial 
cells + / n.d. [79] 

Lipids 

Polymerized lipid 
nanoparticle ATPμ-Raf 

RGD 
mimetic 
from 
Duggan et 
al. 

M21-L #/ CT26 colon 
carcinoma# + / + [23] 

Cationic 
liposome Luciferase CDMRG

DMFC HUVEC + / n.d. [80] 

Neutralized 
cationic liposome CAT RGD4C PO2 colon carcinoma n.d. / + [81] 

1 improved effect (+), comparable effect (=), less effect (-) or no data (n.d.) 
* αvβ3 integrin positive tumor cells 
# αvβ3 integrin negative tumor cells 

 
Cationic peptides. Peptides with cationic lysine residues have been popular complexing 

agents for nucleic acids. In combination with the buffering capacity of histidines, efficient carrier 
systems can be developed. Aoki used a linear peptide vector of 36 amino acids with the sequence 
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CRGDCF(K[H-]KKK)6. In vitro, luciferase expression in hepatoma and pancreatic cancer cell lines 
could be abolished in the presence of an excess of c(RGDfV), demonstrating that RGD/integrin 
interaction was involved in the intracellular delivery of the reporter gene. In vivo, luciferase activity 
in tumor tissue was significantly higher than expression in lung, kidney, and spleen, and slightly 
higher than expression in the liver. The developed RGD-targeted DNA complexes were applied for 
the delivery of siRNA and antisense DNA against c-Raf. Both approaches successfully reduced c-Raf 
levels, with siRNA being far more potent than antisense. 

A branched version of lysine-histidine peptides with a terminal RGD-targeting peptide was 
developed in the group of Mixson. Their work illustrates the strong dependence of transfection 
efficiency on the branching pattern and sequence of the HK-peptides. Both delivery of reporter genes 
and silencing of reporter genes by siRNA occurred more efficiently for RGD-HK peptides as 
compared to non-targeted DNA lipoplexes [82, 83].  

 
Table 4. RGD-mediated gene delivery using nonviral envelopes – Part II 

Construct Gene Targeting 
motif 

Experimental 
model 

Efficacy 
compared to 
non-targeted 

vector 
in vitro / in 

vivo1

Reference 

Peptides 

Pronectin F+ LacZ Fibronectin 
17aa 

Meth-AR-1 
fibrosarcoma n.d. / = [84] 

PEG-Pronectin 
F+ LacZ Fibronectin 

17aa 
Meth-AR-1 

fibrosarcoma n.d. / + [84] 

Luciferase  CRGDC Hs700T pancreatic 
carcinoma + / + [85] 

RGD-HK-linear 
peptides AS-c-Raf, 

si-c-Raf CRGDC 
Hepatoma and 
pancreatic cell 

lines 
+ / n.d. [86] 

RGD-HK-
branched 
peptides 

siLacZ, 
siLuciferase RGD MDA-MB-435*, 

MCF7, SVR-bag4 + / n.d. [82] 

Mixed systems 

RGD-PEG-lipid 
protamine-DNA Luciferase RGD4C MDA-MB-435*, 

Huh7# cells + / n.d. [87] 

RGD-
schizophyllan 

polyA-AS-
c-myb CRGD A375 and HL-69 

cells + / n.d. [88] 

RGD-rec-β-
galactosidase-K10

Luciferase  
FMDV 
VP1 capsid 
27 aa 

Caco-2 and HeLa + / n.d. [89] 

Artificial virus-
like particle Luciferase RGD4C 

HUVEC and a 
range of different 
tumor cell lines 

+ / n.d. [90-92] 

1 improved effect (+), comparable effect (=), less effect (-) or no data (n.d.) 
* αvβ3-integrin positive tumor cells 
# αvβ3-integrin negative tumor cells  
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Mixed systems. Various combinations of cationic polymers, lipids and peptides have been 
reported for gene delivery. As these studies mainly report in vitro transfection of tumor and 
endothelial cells, we will not discuss them in detail. Only approaches that apply carrier systems 
different from the ones already discussed are addressed below.  

Since the polysaccharide schizophyllan (a natural β-(1-3)-D-glucan) contains a domain that can 
complex with homopolynucleotides, this carrier can be used for non-viral gene delivery. For this 
purpose, antisense against the transcription factor c-Myb was modified with a homopolynucleotide 
tail (polyA40) and RGD moieties were coupled to the schizophyllan carrier. These constructs were 
capable of inhibiting the proliferation of A375 cells by approximately 80%[88]. 

A proteinaceous gene carrier was engineered by equipping β-galactosidase with an oligolysine tail 
and an RGD-targeting motif [89]. Using recombinant expression techniques, the RGD containing 
segment of the capsid protein VP1 of foot-and-mouth-disease virus was introduced into β-
galactosidase. The addition of a (Lys)10 (deca-lysine) tail to the amino terminus was used to complex 
DNA. The construct was shown to bind and transfect HeLa cells. 

PEI-complexed DNA was coated with anionic phospholipids conjugated to cyclic RGD-peptides 
to resemble the structure of viral particles [90-92]. The transfection level reported for these artificial 
virus particles in endothelial cells and melanoma cells correlated to the level of αvβ3-integrin 
expression. To enhance the specificity of the vector for tumor cells, the RGD-equipped vector was 
combined with transcriptional targeting using a melanoma-specific tyrosinase-based promoter system, 
which increased specificity for melanoma approximately 500-fold.  

 
RGD-mediated viral gene delivery 

At present, viruses remain the most efficient vectors for introducing genetic material into 
mammalian cells. A variety of viruses display RGD-containing proteins on their surface through 
which they bind to integrins [93-97]. As the initial cell adherence of adenoviruses is mediated via 
other proteins, like binding of the capsid protein fiber to the Coxsackie adenovirus receptor (CAR), 
RGD-integrin interactions are thought to mediate internalization [98-100]. Deletion of the RGD 
sequence impaired internalization, while addition of flanking amino acids resulted in increased 
affinity for αvβ3-integrin [98, 101].  

Several studies report on the introduction of additional RGD-peptides into adenoviruses to 
redirect them to tumor cells or angiogenic blood vessels (Table 5). As introduction of new RGD-
motifs in the fiber would result in surface exposure on the viral capsid, this allows facile recognition 
by αvβ3-integrin. RGD-modified adenovirus (Ad.RGD) showed increased gene delivery to endothelial 
cells and smooth muscle cells that are normally not transduced by adenovirus due to low expression 
levels of CAR [101]. Later studies demonstrated the feasibility of Ad.RGD gene delivery systems in 
transfecting malignant cells and HUVEC [102-104]. 

As an alternative to RGD modification, viral fiber protein was modified with a (lysine)7 (pK7) 
motif. The pK7 motif has been suggested to bind to the heparan sulphate receptor, which is present on 
a high number of cell types [105]. However, the strong positive charge of the clustered lysines may 
also induce transfection via nonspecific cell interactions. Both RGD and pK7 viruses have been tested 
in vitro on smooth muscle cells. Although expression of β-galactosidase in smooth muscle cells was 
improved 10-fold for the RGD-modified virus as compared to control virus, the pK7 variant induced a 
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35-fold increase in transgene expression. When both modifications were combined, further increased 
viral infectivity was reported [106].  

When administered in vivo, Ad.RGD and RGD.pK7 adenoviruses displayed a markedly different 
gene delivery profile as compared to unmodified viruses. After intravenous administration, RGD-
directed viruses caused higher gene expression of reporter gene in liver, lungs, spleen and kidneys. 
Kidney expression was most markedly changed reaching 88-fold higher levels of expression. 
Expression in the heart was reduced for RGD-targeted adenovirus as compared to the native form 
[107]. However, the intravenous route is not very often employed for adenoviral gene delivery. Since 
RGD-modification does not prevent uptake of the particles via CAR, the majority of the viral load is 
cleared from the circulation via normal viral tropism, thus preventing adequate viral titers in the 
tumor. Most studies therefore report intratumoral injection of the constructs. 

Although the problems observed after systemic administration of viral gene carriers can be 
evaded by intratumoral injection, strategies that prevent uptake by the mononuclear phagocyte system 
require further development. A recent approach to abolish CAR interaction is the chemical 
modification of the viral surface with PEG-groups, thus affording stealth properties as previously 
reported for liposomes and other drug carriers [108]. Coupling of PEG to the virus abrogated CAR-
knob interaction for both HeLa-cells and HUVEC, showing the effective shielding by the PEG-
molecules. Subsequent coupling of c(RGDfK) to the terminal ends of the PEG-chains allowed 
retargeting of the Ad.PEG-RGD virus to cells expressing αvβ3-integrin. Ad.PEG-RGD was able to 
transduce endothelial cells in vitro. Although the RGD-PEG equipped viral carrier was not evaluated 
in vivo, similar vectors prepared with anti-E-selectin antibody as a targeting device demonstrated an 
improved stealth character when administered to mice [108].  

The Ad.RGD and Ad.RGD.pK7 vector have been evaluated in ovarian and cervical carcinoma and 
in melanoma. In general, Ad.RGD.pK7 showed best infectivity, although this did not apply to all the 
studied models [109, 110]. Taken together, these data indicate that infectivity-enhanced vectors may 
each exhibit distinct values that are dependent upon tumor origin, administration route, and tumor 
microenvironment. 

RGD-modified adenoviruses have been successfully employed for the intratumoral delivery of the 
inflammatory cytokines IL-12 and TNFα in mice bearing B16 melanoma [111]. Intratumoral injection 
of Ad.RGD provided highest levels of luciferase expression in the tumor while expression levels in 
liver and spleen were approximately 3 to 5 fold lower, indicating that spreading to the systemic 
circulation occurred. The resulting high doses of TNFα produced by the cells transfected with the 
adenovirus led to deleterious side effects featured by pronounced body weight loss or even death of 
the animals. Nevertheless, intratumoral injection of safe doses led to inhibition of tumor growth for 
both cytokines, and the effects were more pronounced when both cytokines were combined.  

The specificity of Ad.RGD-mediated transgene expression for angiogenic endothelial cells was 
further improved by combination with the endothelial specific promoter flt-1 [112]. A 15-fold 
increase in transfection selectivity was observed for the viruses equipped with the flt-1 promoter, both 
in cultured cells and in ex vivo transfected aorta. Although, Ad.flt-1.RGD transfection was not 
evaluated in tumor models, this approach may be applicable to tumor angiogenesis as well. 
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Table 5. Gene delivery using RGD-modified viruses 

Construct Gene Targeting 
motif Experimental model 

Efficacy 
compared to 
non-targeted 

virus 
in vitro / in vivo1

Reference 

LacZ RGD4C 
A549, 293, CPAE, 

HISM, A-10, B16-F1 
and more cell lines 

+ / n.d. [101] 

Luciferase  RGD4C B16 melanoma n.d. / + [110] 

Luciferase with 
flt-1 promotor RGD4C Endothelial cells, 

aortae + / n.d. [112] 

IL-12, TNFα RGD4C B16 melanoma n.d. / + [111] 

Thymidine 
kinase  RGD4C 

SKOV3.ip1, OvCAR, 
Ascites, primary 

ovarian cancer cells 
+ / n.d. [113] 

Thymidine 
kinase with 
COX-2 promotor 

RGD4C Oz, SkChA-1 cells + / n.d. [114] 

Ad.RGD 

Thymidine 
kinase RGD4C B16 melanoma n.d. / + [115] 

Luciferase  RGD4C SKOV3.ip1 ovarian 
carcinoma + / = [106] 

Luciferase RGD4C HeLa cervical 
carcinoma n.d. / + [109] Ad.pK7.RGD 

Luciferase RGD4C B16 melanoma n.d. / + [110] 

CRAd.Δ24 RGD4C SKOV3.ip1 ovarian 
carcinoma n.d. / + [116] 

CRAd.Δ24 RGD4C IGRG121 primary 
glioblastoma n.d / + [117] 

CRAd.Δ24 RGD4C U-87MG glioma* n.d. / + [118] 

CRAd.Δ24 RGD4C OS-1a primary 
osteosarcoma n.d. / + [119] 

CRAd.COX-2 RGD4C SKOV3.ip1 ovarian 
carcinoma = / + [120] 

CRAd.COX-2 RGD4C Oe19 osophagal 
carcinoma n.d. / = [121] 

CRAd.tyrosine 
enhancer RGD4C SK-Mel-28, YUSAC2 

melanoma n.d. / + [122] 

RGD-targeted 
CRAd 
 
 

CRAd.survivin RGD4C MDA-MB-361 
mammary carcinoma n.d. / + [123] 

Luciferase  RGD4C Various cancer cell 
lines + / n.d. [124] Avoiding 

natural 
tropism Luciferase  

PEG-
c(RGDfK
) 

HUVEC + / n.d. [108] 

1 improved effect (+), comparable effect (=), less effect (-) or no data (n.d.) 
* αvβ3-integrin positive tumor cells //  # αvβ3-integrin negative tumor cells 
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Viral gene delivery can be applied for the transfection of target cells with enzymes that can 
activate prodrugs via the so-called Virus Delivered Enzyme Prodrug Therapy (VDEPT) strategy. A 
commonly applied enzyme for this purpose is the herpes simplex virus thymidine kinase (HSVtk), 
which can activate antiviral compounds such as ganciclovir. As the locally produced drug can escape 
from transfected cells and affect bystander cells, VDEPT approaches may exert effects on both αvβ3-
positive cells and neighboring cells that are not displaying the integrin. RGD-mediated targeting of 
the HSVtk virus was evaluated in ovarian carcinoma cells [113]. On average, approx. 20-fold 
increased levels of thymidine kinase mRNA were detected after infection with Ad.RGD compared to 
infection with control virus. Importantly, Ad.RGD retained most of its cell killing effect in the 
presence of ascites. This showed the ability of the mutant virus to escape from neutralizing antibodies 
that may be present in the ascitic fluid. 

The VDEPT strategy with RGD-targeted HSVtk-expressing vectors was further evaluated in B16 
melanoma-bearing mice [115]. Following intratumoral injection of the Ad.RGD-tk virus, ganciclovir 
was injected intraperitoneally for 10 days. The RGD-targeted virus showed approximately 25 times 
more antitumor activity than Ad-tk, which furthermore coincided with less liver damage due to spill-
over of the constructs to the circulation.  

An additional level of specificity was added to the HSVtk virus by placing the thymidine kinase 
expression under the control of a tumor-specific promoter system [114]. After comparison of several 
promoter strengths, the COX-2 promoter was selected since it showed highest activity in 
cholangiocarcinoma. Combination of the COX-2 driven promoter with Ad.RGD increased the 
transgene expression of reporter genes by approximately two orders of magnitude as compared to 
CMV-driven expression, and about 2-3 fold as compared to non-targeted COX2.Ad. Thus, apart from 
increasing the tumor-specificity of virus by using the COX-2 promoter, transgene expression was also 
enhanced in this specific tumor cell type. The enhanced expression of thymidine kinase coincided 
with enhanced cytotoxicity in the presence of ganciclovir.  

Conditionally replicating adenoviruses. Although adenoviruses are considered the most 
efficient system for gene delivery, in vivo transduction of tumor masses is still largely inefficient and 
reaches only a portion of the tumor cells. Administration of higher doses would not solve this 
problem, as this lead to side-effects due to transfection of non-tumor cells, especially in the liver. To 
overcome this limitation, replicating adenoviruses have been developed which upon lysis of the 
transfected cancer cells release new virions. Since such replicating viruses are far more toxic than 
non-replicating viruses, confinement of their action to tumor cells by tumor-specific transcription is a 
prerequisite. Several activation pathways have been investigated for these so-called conditionally 
replicating adenoviruses (CRAds), and CRAds have been combined with RGD-assisted transfection.  

The mutated retinoblastoma pathway (Δ24), frequently encountered in malignant cells, is one of 
the most popular approaches to achieve replication of CRAd in malignant cells. Bauerschmitz et al. 
used the CRAd.Δ24.RGD for treating ovarian carcinoma. Oncolysis of ovarian carcinoma cell lines in 
vitro was similar to that of replicating Ad.RGD not equipped with the tumor-specific promoter. In a 
mouse model of peritoneally disseminated ovarian cancer, three doses of 5 x 108 viral particles 
promoted survival of mice for over 90 days, whereas all control animals had died by day 60 [116].  

This approach has been expanded to other cancer types. Glioma cells, also frequently showing 
low CAR expression and possessing a mutated retinoblastoma pathway, were more efficiently 
infected by RGD-modified CRAd than by particles lacking the RGD-peptide. Treatment with 
CRAd.Δ24.RGD of s.c. glioblastoma-bearing mice resulted in dose-dependent therapeutic effects 
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[117]. Interestingly, combination of viral treatment and conventional irradiation allowed the use of a 
ten-fold lower viral dose for achieving survival in all treated mice. In an orthotopic glioma model, 
treatment with CRAd.Δ24.RGD caused survival over 140 days of the majority of animals [118]. 
Histological analyses of brain tissue at the end of the study revealed complete tumor regression, 
absence of signs of inflammation, and absence of viral proteins. Similar results were reported for 
osteosarcoma [119].  

The COX-2 promoter, which is frequently up-regulated in ovarian cancer cells, has been explored 
as an alternative system for conditional replication. In vitro, CRAd.COX-2.RGD displayed oncolysis 
to the same extent as wildtype virus but approximately 100-fold less than CRAd.Δ24.RGD. Both 
RGD-targeted CRAds were equally efficient in prolonging survival time in an orthotopic mouse 
model of ovarian cancer, indicating that in vitro oncolytic potency is just one of the factors that 
should be considered when optimizing CRAd [120]. The CRAd.COX-2.RGD vector has also been 
tested in oesophageal adenocarcinoma [121] and bladder carcinoma [125]. Although a modest 
increase was observed in viral transfection of tumor cells with CRAd.COX-2.RGD as compared to 
CRAd.COX-2 without RGD modification, no differences were observed on tumor inhibition in vivo. 
In contrast, Ad5/Ad3.CRAd.COX-2 in which the Ad5 knob was replaced by an Ad3 knob, an 
alternative to RGD for changing the viral tropism, demonstrated a 50-60 fold improved transfection 
activity. As the Ad5/Ad3 modified CRAd also displayed most promising tumor inhibition in vivo, 
RGD-CRAd vectors were abandoned in favour of the Ad5/Ad3 vector.  

Despite the sometimes spectacular preclinical data, CRAd monotherapy has produced only 
modest therapeutic effects so far [126-128]. It has been suggested that incorporation of additional 
cytotoxic genes in CRAds may enhance their antitumor effects. However, this would involve the 
insertion of additional genetic information into the viral genome, which usually requires alteration of 
the adenoviral E3 region. E3 encodes the adenoviral death protein and loss of this protein 
significantly impaired the oncolytic properties of replicating adenoviruses [129]. The introduction of 
additional genetic material should therefore be carried out while conserving the E3 region. 

The studies discussed and others included in Table 5 collectively show a multitude of promoter 
systems that may confer cell-type specific replication. In addition, several strategies have been 
identified for enhancement of the infectivity of viruses, leading to a large number of possible 
combinations for CRAd design. A recent study demonstrated a strong variation in CRAd replication 
for different constructs – wild-type, RGD and Ad5/Ad3 targeted systems in combination with COX-2, 
Δ24 promoters – between different primary ovarian carcinoma spheroids, indicating that individual 
selection of CRAds may be an important prerequisite for clinical therapeutic success [130]. 
 
RGD-equipped imaging agents  

RGD-peptides have also been applied for imaging of tumors and angiogenesis. Sensitive imaging 
techniques for angiogenesis allow detection of tumor metastases prior to the start of drug treatment, 
and can be employed to monitor the therapeutic effect of anti-angiogenic therapy. Besides detecting 
αvβ3 expression within certain tumors, and thereby providing grounds for an RGD-based drug 
delivery strategy, RGD-based imaging methods will assist in monitoring drug delivery 
pharmacotherapy. RGD-based strategies for angiogenesis imaging have recently been reviewed by 
Haubner [131]. We will therefore only briefly address this topic, focusing on some recent approaches. 
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During the past years, different types of imaging constructs directed to αv -integrins have been 
developed (Table 6). Apart from RGD-peptides, the anti-αv antibody LM609 has been evaluated for 
detection of blood vessel formation. LM609-targeted contrast agents successfully detected 
angiogenesis in cancer as well as in other diseases [132, 133]. Although RGD-peptide ligands cannot 
compete with the high specificity of a monoclonal antibody, the affinity of the peptide can be 
increased by conjugation of multiple ligands to a backbone or a particle, similar as discussed for drug 
delivery purposes. Furthermore, the chemical versatility of RGD-peptides and peptidomimetics allow 
for conjugation to various labels such as 125I, 18F, and chelating agents for metal nuclides like 99Tc, 
111In. Another advantage of RGD-peptides is their crossover application in different species. Thus, 
one may test the same construct in different animal models and in man without the need to redesign or 
humanize the molecule. 

For both drug delivery constructs and for tracer molecules, αvβ3-integrin can serve as a target 
receptor that is expressed by angiogenic endothelial cells, and tumor cells, depending on the type of 
tumor studied. So far, imaging of angiogenesis has mainly been successful in αvβ3-positive tumors by 
virtue of the higher amounts of tracer that accumulate in the tumor [134, 135]. More recent studies 
however deal with models in which αvβ3 is only expressed on angiogenic vessels, either in cancer or 
other diseases such as inflammation-associated angiogenesis [136-138].  

The majority of RGD-peptide-based imaging constructs have been developed based on the 
c(RGDfV) template, which was modified to optimize the pharmacokinetic properties of the tracer for 
imaging. In general, low hepatic clearance and moderate renal elimination are preferred for the tracer, 
since this will yield a molecule, which can achieve high tumor/blood ratios without image-interfering 
liver uptake. Since initial 125I-iodinated peptides such as c(RGDyV) showed mainly hepatic clearance, 
more hydrophilic compounds were pursued, for instance by replacing part of the cyclic structure with 
a sugar-moiety [139]. The resulting sugar-amino acid compound also called 125I-Gluco-RGD 
maintained its specificity for αvβ3, while reduced liver uptake was demonstrated [139]. Further 
optimization of the tracer led to the 18F-Galacto-RGD ligand, a tracer suitable for positron emission 
tomography (PET)[134]. In parallel, several other hydrophilic c(RGDfV)-based tracers have been 
reported, in which the RGD-peptide was either modified by appending more hydrophilic labeling 
reagent such as 1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-tetraacetic acid (DOTA) or 
diethylenetriaminepentaacetic acid (DTPA), or by coupling of hydrophilic tethers such as hydrophilic 
amino acids or PEG-chains [131, 140, 141]. Since PEGylation increases the hydrophilicity as well as 
the size of the molecule, this latter approach also reduced renal filtration. Chen et al. recently 
investigated this by comparing the imaging potential of PEGylated and non-PEGylated c(RGDyK) 
tracers [140-144]. In addition, tracers containing a dimeric RGD-peptide were evaluated [145, 146]. 
As expected, dimeric c(RGDyK) tracers exhibited higher tumor uptake and better tumor retention 
than single peptide ligands. Furthermore, the dimeric peptides were predominantly excreted via the 
kidney, in contrast to hepatic elimination for the monomers. The synergistic effect of multivalent 
binding and altered pharmacokinetics resulted in improved imaging characteristic of the dimeric 
peptides. The other strategy, attachment of a PEG-chain to the lysyl residue of the peptide, also 
resulted in improved pharmacokinetic properties of the tracer peptides. While tumor levels were 
comparable for PEGylated and non-PEGylated constructs, a more rapid renal elimination was 
observed for 64Cu-DOTA-PEG-RGD, thus improving tumor/blood and tumor/tissue ratios. The 
lessons learned from RGD-mediated targeting of radiotracers have also been transferred to 
radiotherapy approaches. For this purpose, the dimeric peptide DOTA-E-c(RGDfK)2 was chelated 
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with 90Y [147]. When tested in ovarian carcinoma, the compound showed a significantly improved 
antitumor effect.  
 
Table 6. αvβ3-integrin-targeted radiotracer 

Compound Tumor model Tumor uptake 
[%ID/g] 

Tumor / 
muscle 

Tumor / 
blood Reference 

 [125I]-Gluco-RGD M21 
melanoma* 

1.81 ± 0.30 
120min p.i. 6.2 7.9 [139] 

 [18F]-Galacto-RGD M21 
melanoma* 

1.49 ± 0.10 
120min p.i. 10.2 29.8 [134] 

 [99mTc]-DKCK-
RGD 

M21 human 
melanoma* 

1.08 ± 0.14 
120min p.i. 8.1 9.7 [135, 148] 

 [99mTc]-Hynic-E-
c(RGDfK)2

OVCAR-3 
ovarian 
carcinoma* 

5.6 ± 0.5a

120min p.i. 4a 10a [147, 149] 

 [111In]-DOTA-E-
c(RGDfK)2

OVCAR-3 
ovarian 
carcinoma* 

7.5 ± 1.5  
120min p.i. 15a 35a [147, 149] 

 [18F]-FB-
c(RGDyK) 

U87MG 
glioblastoma* 

1.5 ± 0.3  
120min p.i.a 21 8.2 [142] 

 [18F]-FB-
(c(RGDyK))2

U87MG 
glioblastoma*    

[145] 

 [18F]-FB-PEG-
c(RGDyK) 

U87MG 
glioblastoma* 

2.56 ± 0.12 
120min p.i. 28.4 23.3 [143] 

 [64Cu]-DOTA-
c(RGDyK) 

MDA-MB-435 
mammary 
carcinoma* 

1.36 ± 0.10  
120min p.i. 6.2 7.2 [144] 

 [64Cu]-DOTA-
(c(RGDyK))2

MDA-MB-435 
mammary 
carcinoma* 

3.1 ± 0.6  
120min p.i.a 8a 24a [146] 

 [64Cu]-DOTA-PEG-
c(RGDyK) 

U87MG 
glioblastoma*  

1.8 ± 0.2  
120min p.i. a 10a 90a [141] 

 [99mTc]-HPMA 
copolymer-RGD4C 

DU145 prostate 
carcinoma 

4.6 ± 1.8  
24h p.i. 164 18 [30] 

 [111In]-TA138 
c-neu 
oncomouse 
model* 

3.34 ± 24h p.i. Muscle and blood level 
below detection limit [150] 

a estimated from graphical presentation  
* αvβ3-integrin positive tumor cells 
# αvβ3-integrin negative tumor cells 
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Several other recent papers focus on multivalent RGD-peptides to improve tumor accumulation 
and carrier pharmacokinetics for imaging [30, 151-153]. Approximately 15 RGD4C peptide groups 
were appended together with 99Tc tracer groups to an HPMA copolymer thus combining receptor 
targeting with enhanced permeability retention in solid tumors [30]. This multivalent tracer showed a 
greatly increased circulation time compared to previous radiotracers, leading to highest tumor/organ 
ratios at 72 h post injection. Apart form the EPR effect which was also observed for the non-targeted 
polymer, the RGD4C-equipped tracer displayed a threefold improved accumulation in the tumor.  

A rather novel development is the employment of RGD-peptidomimetics in angiogenesis imaging. 
The RGD-peptidomimetic TA138 was conjugated to DOTA for use as a radioactive tracer, either in 
combination with 111In, 90Y or even other nuclides [24, 154]. The radioactively labeled 
peptidomimetic showed specific binding to αvβ3 when tested in vitro, and displayed similar 
pharmacokinetic properties as hydrophilic RGD-peptide tracers, combining renal elimination with 
appropriate tumor accumulation [150]. It also showed promising antitumor efficacy when tested in the 
C-neu oncomouse model, which is αvβ3-positive, as well as in the αvβ3-negative HCT colon cancer 
model [155]. The TA138 RGD-mimetic was also conjugated to gadolinium containing paramagnetic 
nanoparticles for the purpose of non-radioactive magnetic resonance imaging [25]. When these 
particles were evaluated in a C32 melanoma tumor model positive for αvβ3 on the tumor cells, RGD-
targeted particles showed enhanced imaging versus non-targeted particles [156]. In contrast, no 
differences were observed between the two types of tracers in the αvβ3-negative Vx-2 carcinoma 
model in rabbits [25]. Thus, similar to radioactive tracer approaches, the detection of angiogenic 
blood vessels per se via molecular MRI imaging of αvβ3 requires further optimization of the tracer 
technology. 
 
Concluding remarks 

Targeted delivery of therapeutics and diagnostics to tumor vasculature is recognized as a 
powerful approach for treatment of cancer, since angiogenesis is essential for tumor growth and 
endothelial cells are genetically more stable and therefore less prone to develop resistance. The direct 
contact with the blood stream makes them accessible for small and large targeting conjugates. αvβ3-
integrin is expressed on angiogenic but not on resting endothelial cell. This restricted expression 
profile makes it in ideal target. To exploit these characteristics for targeted drug delivery and imaging, 
αvβ3-integrin specific RGD-peptides have been introduced into proteins, polymers, liposomes, viruses 
and other gene delivery vehicles. The fact that both chemical and recombinant conjugation 
approaches are feasible, has led to widespread application of RGD-mediated delivery in the field of 
drug targeting. 

It is of importance to discriminate between two basically different targeting approaches, which 
are intracellular delivery and extracellular delivery. Intracellular delivery implies uptake of the 
delivered compound into the target cell and is compulsory for gene delivery and highly beneficial for 
delivery of small molecule drugs and apoptotic peptides. Uptake, however, has been shown to depend 
on the valency of the RGD-constructs with multivalent constructs showing superior performance. 
Thus research has lately been focused on polymers, liposomes, protein carriers and viruses, which are 
all modified with a high number of RGD peptides. A single high affinity peptide coupled to a single 
drug will not be taken up as efficiently and will therefore be less potent. This group of multivalent 
carriers combines several other advantageous characteristics. The multivalent binding leads also to 
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higher binding affinity and the high molecular weight results in a prolonged half-life and passive 
retention in tumors. Taken together, targeting of angiogenic blood vessels is best achieved using 
multivalent constructs, which will therefore likely receive more attention in the future. 

Extracellular delivery is sufficient for imaging strategies and required for targeting of most 
therapeutic proteins like TNFα or tTF, which should not be internalized for activity. These 
furthermore should not be modified extensively to maintain the therapeutic activity of the proteins. 
Therefore single modification with only one RGD peptide per protein subunit is a rational approach. 
The RGD peptide conformation has to be of the RGD4C, RGD10 type or a peptide with similar 
affinity in order to gain a targeted protein with proper targeting features. Such RGD-modified 
proteins have been shown to have an improved therapeutic index as compared to the parental protein.  

With 18F-Galacto-RGD the first RGD-based imaging agent was tested recently in humans, 
demonstrating highly desirable pharmacokinetics and good imaging of αvβ3-expression [157, 158]. 
Despite the success with 18F-Galacto-RGD, radiolabeled multivalent RGD-constructs also are 
emerging in this field and might eventually replace the current compounds [151, 159]. Still, 18F-
Galacto-RGD offers the unique possibility to identify patients with high αvβ3-expression in tumor 
cells and endothelium that may benefit from RGD-based therapies. Combining this diagnostic tool for 
patient selection with a well designed RGD-targeted therapeutic can be a strong weapon against a 
variety of malignancies. 

Currently, clinical trials phase I for the conditionally replicative Adenovirus Δ24.RGD are in 
preparation. These will focus on glioma and ovarian cancer both known for high expression of αvβ3-
integrin. Despite promising results, other RGD-targeted drugs have not reached clinical trials yet. One 
reason for this may be the fact that synthesis reproducibility is not well addressed in the studies 
performed so far. The fact that αvβ3-integrin expression is not homogeneous throughout tumor 
endothelium might in general be a dilemma for RGD-based therapies in the future. Strategies that 
combine different target receptors might overcome this problem [160, 161] as well as combination 
with current standard therapies. Attacking the tumor at different cell types or at cells in different 
activation stages is likely to empower targeted strategies to successfully catch cancer off guard. 
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Chapter 3 
 

 

Abstract 
Endothelial cells play an important role in inflammatory disorders as they control the recruitment 

of leukocytes into inflamed tissue and the formation of new blood vessels. Activation of p38MAP 
kinase results in the production of proinflammatory cytokines and the expression of adhesion 
molecules. P38MAP kinase inhibitors are therefore considered important candidates for the treatment 
of inflammatory disorders. In the present study we propose a novel strategy to counteract these 
processes by delivery of the p38MAP kinase inhibitor SB202190 into angiogenic endothelial cells. A 
drug targeting conjugate was developed by conjugation of SB202190 to human serum albumin (HSA) 
using a novel platinum based linker. Specificity for angiogenic endothelial cells was introduced by 
conjugation of cyclic RGD-peptides via bifunctional polyethylene glycol linkers. The final products 
contained an average of 9 SB202190 and 6 RGDPEG groups per albumin. The platinum based linker 
displayed high stability in buffers and culture medium, but released SB202190 slowly upon 
competition with sulfur containing ligands like glutathione. RGDPEG-SB-HSA bound to αvβ3-
integrin expressing endothelial cells (human umbilical cord vein endothelial cells) with low 
nanomolar affinity and was subsequently internalized. When HUVEC were treated with TNFα to 
induce inflammatory events, pretreatment with RGDPEG-SB-HSA partially inhibited 
proinflammatory gene expression (IL-8, E-selectin; 30 % inhibition) and secretion of cytokines (IL-8, 
34 % inhibition). We conclude that the developed RGDPEG-SB-HSA conjugates provide a novel 
means to counteract inflammation disorders such as rheumatoid arthritis. 
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Introduction 
In chronic inflammatory diseases endothelial cells are a key player in induction and progression 

of the disease. Proinflammatory proteins like TNFα and IL-1β induce signaling via p38MAP kinase 
and NFκB to activate endothelial cells [1]. The activated endothelial cell excrete cytokines and 
chemokines (IL-8, IL-6), which in concert with cellular adhesion molecules (P-selectin, E-selectin, 
VCAM, ICAM) promote leukocyte recruitment and infiltration, and mediate vascular remodeling [2, 
3]. Signal transduction inhibitors have been developed to interfere with these processes [4-6] and 
especially inhibitors of the p38MAP kinase are considered promising candidates for treatment of 
chronic inflammation [7, 8]. Despite promising results in preclinical inflammation models, most of 
the p38MAP kinase inhibitors have failed in phase II clinical studies due to unacceptable side effects. 
Local delivery of the inhibitor to endothelial cells may overcome this problem. Previously, we have 
developed RGD-equipped conjugates that bind to αvβ3-integrin and are internalized by endothelial 
cells [9-11]. 

In the present paper we investigate how activation of endothelial cells can be inhibited by a drug 
delivery approach, in which the p38MAP kinase inhibitor SB202190 is delivered to angiogenic 
endothelium. For the purpose of intracellular delivery of SB202190, we designed a macromolecular 
conjugate of drug, carrier backbone and homing device (Figure 1). In the past, we have successfully 
applied the carrier protein human serum albumin (HSA) for drug delivery to the liver [12]. HSA 
functions as a natural polymer featuring long circulation times, high biocompatibility and excellent 
biodegradability that can be readily modified with drugs and targeting ligands. A novel type of 
platinum-based linker chemistry was applied to conjugate SB202190 to HSA. This linker which has 
been named Universal Linkage System (ULSTM) binds SB202190 via a coordination linkage at the 
pyridyl nitrogen of SB202190 (Figure 2), and another coordination bond is formed with methionine 
or histidine residues of the carrier [13]. The stability and release properties of SB-ULS-HSA are 
reported in this study. 

To infer specificity for angiogenic endothelial cells, we attached RGD-peptide targeting ligands 
to SB-HSA via bivalent 3.5 kDa PEG linkers. These PEG linkers will shield the modifications in the 
albumin, and thereby will prevent nonspecific uptake, prolong circulation times and even might lead 
to passive retention in the leaky vasculature in inflamed tissue [14]. The appended targeting ligand, 
cyclic RGDfK pentapeptide, is known to bind with high affinity and specificity to αvβ3-integrin, 
which is expressed in high amounts on angiogenic endothelium [15, 16]. Excessive angiogenesis is 
part of the pathology of chronic inflammatory disease like rheumatoid arthritis or Crohn’s disease. 
Expression of αvβ3-integrin is minimal on resting endothelial cells and highly limited in other healthy 
tissue. Significant amounts of αvβ3-integrin have only been found in osteoclasts [17]. The restricted 
expression profile of endothelial cells makes it an ideal target for drug delivery purposes. Moreover, 
the endothelium is in direct contact with the systemic circulation, which renders these target cells 
easily accessible for macromolecules and particulate delivery systems. Vascular targeting strategies 
are therefore an exciting option for therapeutic intervention in chronic inflammation [18].  

We now report on the synthesis and characterization of the RGDPEG-SB-HSA conjugate. The 
targeting potential of the product was evaluated on human umbilical cord vein endothelial cells 
(HUVEC) and pharmacological effects of the delivered drug were studied by its effects on the 
expression of TNFα induced gene expression and cytokine secretion. 
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Figure 1. Schematic presentation of drug targeting construct  

 

Materials and Methods 
Synthesis and purification of RGDPEG-SB-HSA conjugate 

Synthesis of SB-ULS 
Cis-[Pt(ethylenediamine)nitrate-chloride] (referred to as ULSTM, KREATECH Biotechnology, 

Amsterdam, The Netherlands) was synthesized by reacting cis-[Pt(ethylenediamine)dichloride] in 
N,N’-dimethylformamide (5 mg/ml) with one molar equivalent of AgNO3 (51 mM in N,N-
dimethylformamide (DMF)). Precipitated silver chloride was removed by centrifugation. SB202190 
((4-(-Fluorophenyl)-2-(4-hydroxy-phenyl)-5-(4-pyridyl)-1H-imidazole, obtained from L.C. 
Laboratories, Woburn, MA, USA) was dissolved in DMF at a concentration of 10 mg/ml. Then 440 
µl of the ULS solution (5.18 µmol) was added to 180 µl of the SB202190 solution (5.43 µmol). The 
resulting solution was heated at 37 °C for 3 h and the reaction was followed by analytical HPLC 
using a Luna2 C18 column that was maintained at 40°C. The mobile phase consisted of a binary 
solvent system of triethylammonium acetate (100mM pH 5.0):acetonitrile 90:10 (solvent A) and 
triethylammonium acetate (100mM pH 5.0):acetonitrile 70:30 (solvent B). The column was eluted at 
a flow rate of 1.1 mL/min. Compounds were eluted at  a stepwise gradient (0 % B from 0-4 min; 0-46 
% B from 4-17 min; 46-100 % B from 17-19 min; 100 % B from 19-25 min; 100-0 % B  from 25-27 
min; 0 % B from 27-34 min). SB202190 eluted at 14.7 min (33.6 % B) and SB-ULS eluted earlier 
(21.8 % B). After the reaction was completed, the mixture was evaporated to dryness under reduced 
pressure, affording a pale yellow solid (yield 92 %). SB202190-ULS was analyzed by HPLC 1HNMR 
and electronspray mass spectrometry.  

1H NMR of free SB202190 (CD3OD): δH 6.88 (d, J = 8.74 Hz, 2H, F(CHCH)2), 7.17 (m, 2H, 
N(CHCH)2), 7.50 (m, 4H, (CHCH)2OH), 7.82 (d, J = 8.68 Hz, 2H, F(CHCH)2), 8.41 (m, 2H, 
N(CHCH)2) ppm. 

1H NMR of SB202190-ULS (CD3OD): δH 2.59 (m, 4H, H2N(CH2)2NH2), 5.58 (s, 2H, NH2), 5.91 
(s, 2H, NH2), 6.89 (d, J = 8.75 Hz, 2H, F(CHCH)2), 7.22 (m, 2H, N(CHCH)2), 7.53 (m, 4H, 
(CHCH)2OH), 7.82 (d, J = 8.73 Hz, 2H, F(CHCH)2), 8.52 (m, 2H, N(CHCH)2) ppm. 
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Mass spectrometry of SB202190-ULS (ESI+): Theoretical mass m/z of SB-ULS: 620.97 [M]. 
Detected masses m/z: 622 [M+H]+, 585 [M-Cl--H+]+.  

Starting material of ULS was consumed completely and formation of a new compound was 
observed by HPLC analysis. This new peak was SB-ULS as confirmed by LC-MS. SB-ULS was used 
without further purification in the next reaction step. 
Synthesis of SB-ULS-HSA 

HSA (22 mg, 325 nmol) was dissolved in 1 ml of 20 mM tricine-NaOH/NaNO3 buffer pH 8.5. 
SB202190-ULS (3250 nmol) was added in 10-fold molar excess and the mixture was reacted for 24 h 
at 37 °C, after which non-reacted SB-ULS was removed by dialysis against PBS at 4 °C using Slide-
A-Lyzer dialysis cassettes (MWCO 10.000 Da, Pierce). The product was sterilized by filtration via a 
0.2 µm filter and stored at -20 °C. Conjugation of SB-ULS to the protein was verified by UV-analysis 
at 364 nm. SB-ULS-HSA displayed a specific absorbance at this wavelength (ε = 13955 M-1cm-1), not 
found in HSA. SB-ULS-HSA was furthermore characterized for protein content, drug content and 
platinum linker content as described below. 
Synthesis of RGDPEG-SB-HSA 

In the final reaction step, SB-ULS-HSA was modified with PEG and RGD-peptide. SB-ULS-
HSA (147 nmol) dissolved in PBS was incubated with a 50-fold molar excess of vinylsulfone-
polyethyleneglycol-N-hydroxysuccinimide ester (VNS-PEG-NHS; Nektar, Alabama, USA; 3.5 kDa, 
20 mg/ml in water, 7.39 µmol), which was added drop wise. The mixture was protected from light 
with aluminum foil and incubated for 1 h at room temperature while gently shaking on a spiramix. 
Meanwhile, the RGD-peptide c(RGDf(ε-S-acetylthioacetyl)K) (Ansynth Service, Roosendaal, The 
Netherlands) was dissolved at 10 mg/ml in a 1:4 acetonitrile/water mixture. The peptide (8.085 µmol) 
was added drop wise to the reaction mixture in a 55-fold molar excess, after which hydroxylamine 
was added to a final concentration of 50 mM. Reactions were carried out over night at room 
temperature while protected from light. Remaining VNS groups were quenched by addition of 
cysteine (8.085 µmol; equivalent to the amount of RGD-peptide), after which the product was 
dialyzed against PBS, and finally purified by size exclusion chromatography (SEC) on a 
Superdex200 column on an Äkta System (GE Healthcare, Uppsala, Sweden) using PBS at 0.5 ml/min 
as mobile phase. Eluting peaks were monitored simultaneously at 214 nm, 280 nm and 364 nm. The 
final products RGDPEG-SB-HSA and RADPEG-SB-HSA were stored at -20 °C. The control 
conjugate RADPEG-SB-HSA was prepared according to the same protocol with a c(RADf(ε-S-
acetylthioacetyl)K) peptide. 

 
Characterization of RGDPEG-SB-HSA 

Protein content was evaluated using BCA protein assay kit (Pierce). Free drug and conjugated 
drug content was analyzed by isocratic HPLC using a Waters system (Massachusetts, USA) with a 
C18 μBondapak column and a UV detector operating at 254 nm. SB202190 was eluted with a 
mixture of water/acetonitrile/trifluoroacetic acid 20/80/0.1 at 1 mL/min. The absence of free 
SB202190 and SB-ULS in the drug targeting preparation was determined by analysis of PBS diluted 
samples (retention times: SB202190: 8.7 min; SB-ULS: 11 min). The amount of SB202190 
conjugated to the carrier was determined after release of the drug by overnight incubation with 0.5 M 
KSCN in PBS at 80 °C. The cooled samples were injected into the HPLC without further sample 
pretreatment, or stored at -20 °C for later HPLC analysis.  
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The ULS-linker content was evaluated by inductive coupled plasma atomic emission 
spectroscopy (ICP-AES) at the specific wavelengths of platinum (214.424 nm and 265.945 nm) on a 
VISTA AX CCD Simultaneous ICP-AES (Varian, Palo Alto, USA). Standard solutions were made 
with cisplatin and Yttrium was used as internal standard (360.074 nm).  

Intermediate and final products were subjected to analytical SEC to reveal increases in size, 
purity and grade of aggregation. 

SDS-PAGE (12 % Ready Gels in a mini-Protean II system; Bio-Rad, Veenendaal, The 
Netherlands) followed by Western blot detection with an in-house prepared anti-RGD antiserum was 
performed to detect the presence of RGD-peptide conjugated to the PEGylated albumins [9]. 
Duplicate gels were either stained for protein (Coomassie Brilliant Blue staining) or blotted on a 
PVDF membrane (Roche, Mannheim, Germany). The membrane was blocked with BSA and 
subsequently incubated with rabbit anti-RGD antiserum. The signal was amplified with a polyclonal 
goat anti rabbit IgG conjugated with horse radish peroxidase (GARPO, DAKO). Peroxidase was 
visualized by incubation with 3-amino-9-ethyl-carbazole (AEC, Sigma).  

The grade of PEGylation was accurately determined by MALDI-TOF analysis using a Voyager-
DE PRO workstation (Applied Biosystems). HSA, SB-HSA and RGDPEG-SB-HSA were dissolved 
at a concentration of 1 mg/ml in 50:50:0.1 methanol:water:acetic acid. A 1 µl aliquot was mixed with 
1 µl of matrix (20 mg/ml sinapinic acid in 60:40:0.1 water:acetonitrile:trifluoroacetic acid), 
transferred onto a stainless steel sample holder and dried before being introduced into the mass 
spectrometer. Mass spectra were obtained by averaging the signals from 100 laser shots. Spectra were 
calibrated using bovine serum albumin (BSA) as a control. MALDI-TOF analysis of BSA provided 
among others signals of single charged monomeric BSA and of the single charged dimer of BSA. Our 
products displayed masses that were in-between these two calibration peaks. The number of 
RGDPEG groups bound per albumin was calculated from the averaged masses of the products. 

 
Stability and drug release properties of the SB-ULS linkage  

Appropriately diluted aliquots of SB-ULS-HSA (40 μM) were incubated for 24 h at 37 °C with 
different matrices to investigate the stability of the conjugate and its drug releasing properties. 
Studied matrices were PBS (pH 7.4), 0.1 M sodium acetate buffer (pH 5.0), PBS or acetate buffer 
spiked with either 5mM glutathione (GSH) or with 5mM dithiothreitol (DTT), and endothelial cell 
(EC) medium containing 20 % FCS. Complete release of SB202190 was effectuated by overnight 
incubation with 500 mM KSCN at 80 °C. 35 μl of the resulting solutions and standard solutions were 
treated with 100 µl of acetonitrile (3:1 v/v), vortexed and centrifuged for 10 min to precipitate 
proteins. The clear supernatant was subjected to isocratic HPLC analysis as described above.  

 
Cells  

HUVEC were obtained from the UMCG Endothelial Cell Facility [19]. Primary isolates were 
cultured in 1 % gelatin-coated tissue culture flasks or culture wells (Corning, Costar, The Netherlands) 
at 37 °C under 5 % CO2 / 95 % air. The culture medium, hereafter referred to as EC medium, 
consisted of RPMI 1640 (BioWittaker, Verviers, Belgium) supplemented with 20 % heat inactivated 
fetal calf serum (Integro, Zaandam, The Netherlands), 2 mM L-glutamine (Invitrogen, Breda, The 
Netherlands), 5 U/ml heparin (Leo Pharmaceutical Products, Weesp, The Netherlands), 100 U/ml 
penicillin (Yamanouchi Pharma, Leiderdorp, The Netherlands), 100 µg/ml streptomycin 
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(Radiumfarma-Fisiopharma, Italy), and 50 µg/ml endothelial cell growth factor supplement extracted 
from bovine brain. After attaining confluence, cells were detached from the surface by trypsin/EDTA 
(0.5/0.2 mg/ml in PBS) treatment and split in 1:3 ratio. Cells were used up to passage four. 
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Figure 2. Reaction scheme for synthesis of RGDPEG-SB-HSA. 
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Binding and uptake of RGDPEG-SB-HSA to HUVEC 
Binding affinity of RGDPEG-SB-HSA for target cells was determined by competitive binding 

studies with 125I-labeled echistatin as αvβ3-integrin specific radioligand [20]. Echistatin was 
radiolabeled using the chloramine T method [21]. On the day of the experiment, 125I-Echistatin was 
purified using a PD-10 column (GE Healthcare). Confluent monolayers of HUVEC in 24well plates 
(Costar) were incubated with 100,000 cpm 125I-Echistatin in the presence of serial dilutions of 
RGDPEG-SB-HSA in binding buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM CaCl2, 1 mM 
MgCl2, 1 mM MnCl2 and 1 % BSA) at 4 °C for 4 h [10]. Subsequently, the supernatant was harvested 
and cells were washed three times with binding buffer and lysed with 1 M NaOH. Radioactivity was 
counted in a Packard RIASTAR multiwell gamma counter (GMI, Minnesota, USA). Data were 
analyzed by non-linear regression using the GraphPad Prism program (GraphPad Software). 

To determine the specificity of RGDPEG-SB-HSA binding and its uptake by target cells, 
HUVEC were incubated with 89Zr-radiolabeled RGDPEG-SB-HSA. For radiolabeling, 3.73 nmol 
RGDPEG-SB-HSA was mixed with 18.6 nmol of the chelator TFP-N-succinyldesferal-Fe(III) 
(desferal) [22] in 0.1 M NaHCO3 pH 8.5. After an incubation period of 30 min, the reaction mixture 
was purified on a Hitrap desalting column (GE Healthcare). The conjugation of desferal to the 
product was confirmed by measurement of its UV absorbance at 430 nm. Fe(III) was replaced with 
radioactive 89Zr (supplied by Cyclotron BV, Amsterdam) as described [22] but the incorporation of 
zirconium was performed at pH 6.8 and the product was purified using a centricon column (Millipore, 
Billerica, MA, USA). Radiochemical purity was 96 % as determined by trichloroacetic acid 
precipitation and specific activity was 740,000 cpm/μg. Specificity of binding was studied by 
incubating confluent HUVEC layers (24 well plates) with 70,000 cpm 89Zr-RGDPEG-SB-HSA in the 
presence of an excess of different competitors at 4 °C for 4 h, while uptake was studied by incubating 
the cells with 70,000 cpm 89Zr-RGDPEG-SB-HSA at 37 °C for 4 h and 8 h. Supernatant and cell 
associated radioactivity was harvested as described above and radioactivity was counted on a 1282 
COMPUGAMMA CS (PerkinElmer, Boston, USA). 

 
Effect of RGDPEG-SB-HSA on cell viability 

Platinum related toxicity of RGDPEG-SB-HSA and ULS-containing intermediate products was 
evaluated by incubating HUVEC cells for 3 days with EC medium spiked with RGDPEG-SB-HSA 
(100 µg/ml), SB-ULS (100 µM), ULS (100 µM) or cisplatin (100 µM). Effect on cell proliferation 
and viability was detected by MTS assay (Promega) according to the manufacturer’s protocol. 

 
Effect of RGDPEG-SB-HSA on inflammatory events 

Effect of targeted SB202190 on transcription and translation of inflammatory genes and proteins 
was evaluated using quantitative real time PCR (rtPCR) and enzyme linked immuno sorbent assay 
(ELISA) as described [23]. In short, confluent monolayers of HUVEC in 12well plates were 
incubated with EC medium spiked with RGDPEG-SB-HSA conjugate, RAD containing control 
conjugate, free drug, RGDPEG-HSA without drug or an equivalent volume of PBS. After 24 h, the 
cells were activated by the addition of 5 ng TNFα. After an additional 24 h, medium was harvested 
and cells were lysed for RNA isolation (Absolutely RNA Microprep Kit, Stratagene, CA. USA). The 
amount of isolated RNA was quantified by NanoDrop according to the manufacturer’s protocol. 
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Equal amounts of RNA were translated to cDNA by SuperScript III First-Strand Synthesis System 
(Invitrogen). cDNA was diluted to 10 ng/μl concentration after RT-reaction. Exons overlapping 
primers and Minor Groove Binder (MGB) probes used for RT-PCR were purchased as Assay-on-
Demand from Applied Biosystems (Niewekerk a/d IJssel, The Netherlands). Expression levels of 
human IL-8, E-selectin and GAPDH was evaluated by RT-PCR on an ABI Prism 7900HT Sequence 
detection system (Applied Biosystems).  

Harvested HUVEC supernatants were analyzed for IL-8 production by ELISA using a 
MoAb.anti-IL-8 (R&D Systems, Minneapolis, MN). The signal was amplified by a biotinylated 
secondary antibody (polyclonal swine anti-human IL-8; R&D) followed by streptavidin-E+ (CLB, 
Amsterdam, The Netherlands). Color development was performed using tetramethylbenzidine (Roth, 
Karlsruhe, Germany) as substrate for the peroxidase. 
 

Statistical analysis 
Statistical analysis was performed using Student’s two-tailed t-test, assuming equal variances. 

Difference were considered to be significant when p < 0.05 unless otherwise stated. 
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Figure 3. Characterization of RGDPEG-SB-HSA demonstrated successful introduction of SB202190, PEG 
and RGD-peptide. SDS-PAGE stained for protein with CBB (A) and Western Blot with anti RGD antibody 
(B) of the same gel give proof of RGD-conjugation. The gel shows SB-HSA (1), RGDPEG-SB-HSA (2), 
RGDPEG-HSA (3) and a Molecular Size Marker (4). Size exclusion chromatography (C-E) demonstrated an 
increase in size of RGDPEG-SB-HSA (C) compared to SB-HSA (D) detected at 214 nm (bottom line of each 
graph) due to introduced PEG. SB-ULS absorbed also at 364nm (upper line of each graph), which is 
indicative for conjugated SB202190. This peak was detected for RGDPEG-SB-HSA and SB-HSA but not for 
RGDPEG-HSA (E). 
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Results 

Preparation and Characterization of RGDPEG-SB-HSA 
We applied a novel type of drug linker to couple SB202190 to our albumin carrier (Figure 2). The 

ULS linker provided a rapid and straightforward alternative to conventional linkers for conjugation of 
SB202190. The synthesis of SB-ULS-HSA proceeded at an overall yield of 80 % over the combined 
synthesis steps. In contrast, we also studied the conjugation of SB202190 via ester or carbamate 
linkages at the hydroxyl group of the drug, which eventually led to products at low yield and 
undesired fast drug release rates in serum (Prakash et al, submitted).  

The first synthesis step between SB202190 and the linker yielded the desired 1:1 SB-ULS species 
as confirmed by mass spectrometry analysis. 1H NMR studies indicated that binding of SB202190 
took place via co-ordination of the N-donor of the pyridine ring, because only the protons of the 
pyridyl ring were shifted with the more prominent shift for the protons closest to the nitrogen (8.41 
ppm to 8.52 ppm). Additionally peak splitting was observed for these protons typical for an extra 
paramagnetic group like platinum. Conjugation of SB-ULS to HSA was confirmed by several 
techniques. First, the absorbance of SB-ULS at 364 nm was detectable in the SB-HSA product peak, 
while unmodified albumin had no UV absorption at this wavelength. Monitoring of the 364 nm 
absorbance also confirmed that SB-ULS remained attached to the carrier during subsequent 
PEGylation and purification procedures (Figure 3). Second, the drug load of SB-HSA was determined 
by release of the drug and subsequent HPLC detection (Table 1) and the number of ULS groups 
attached to the protein was determined by ICP-AES Pt analysis. Both analyses yielded similar 
numbers of conjugated SB/HSA and ULS/HSA, illustrating that SB202190 was bound to HSA via 
ULS. Free SB or SB-ULS levels in the conjugate were below the detection limit of the HPLC method 
(> 0.3  %).  

 
Table 1. Characterization of drug targeting conjugates (n.a. not applicable; n.d. not determined - negative; + 
positive) 

  number of SB 
bound per HSA1

number of ULS 
bound per HSA1

number of 
RGDPEG bound 

per HSA2
MW in kDa2 Western Blot 

for RGD2

SB-HSA 9.1 7.8 n.a. 69.2 - 

RGDPEG-SB-HSA 9.6 8.0 6.3 95.2 + 

RADPEG-SB-HSA 7.6 6.1 n.d. n.d n.a. 

RGDPEG-HSA n.a. n.a. 7.1 96.1 + 
1 average of duplicate analysis 
2 single analysis 

 
The SB-HSA product was modified with RGD-peptides via a 3.5 kDa PEG linker. Successful 

PEGylation and purity of the product was shown by size exclusion chromatography (SEC, Figure 3). 
SEC also revealed the absence of aggregates. Final proof of binding of the RGD-peptide to the distal 
end of the PEG-linker was given by SDS-PAGE and Western Blot with an anti-RGD antibody 
(Figure 3). The molecular weight (MW) of the products was determined by MALDI-TOF analysis, 
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and differences in MW were used to calculate the number of RGDPEG bound per albumin (Table 1). 
On average, SB-ULS-HSA was modified with 6.3 RGDPEG/HSA while 7.1 RGDPEG/HSA were 
bound to parental HSA.  

 
SB202190 is released via competition with sulfur donors 

We studied the stability and release properties of the novel SB-ULS-HSA conjugate in different 
conditions. All incubations were performed at 37 °C for 24 h (Figure 4). Only minimal drug release 
was observed in buffers or culture medium containing 20 % serum, indicating the high stability of the 
SB202190-ULS linkage. However, addition of thiols like GSH and DTT accelerated the release of the 
drug. Complete release of the drug could be effectuated by incubating the conjugate at 80 °C with a 
large excess of the thiocyanate (data not shown). Since thiols are preferred ligands for platinum, 
competitive displacement seems a likely release mechanism. These results are in good agreement 
with prior studies in our group with other drug-ULS-albumin [24]. Changing the pH from 7.4 
(cytosolic) to pH 5.0 (lysosomal) gave a reduction in drug release by DTT, while GSH induced 
release was not affected. 
 

RGDPEG-SB-HSA binds via αvβ3-integrin to target cells and is internalized 
Binding constants of RGDPEG-SB-HSA for target cells have been evaluated in competition 

experiments with the known αvβ3-integrin ligand 125I-echistatin as shown in Figure 5A. The 
RGDPEG-SB-HSA conjugate demonstrated a higher affinity for αvβ3-integrin (IC50 = 71.4 nM) 
compared to the single peptide (IC50 = 383 nM), but a lower affinity than RGDPEG-HSA (IC50 = 11.7 
nM), which had been equipped with a higher amount of RGD groups.  RADPEG-SB-HSA could not 
displace 125I-echistatin at any of the concentrations tested (Figure 5B). 
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Figure 4. Release of SB202190. SB-ULS-HSA was incubated for 24 h at 37°C with 5 mM GSH or DTT at 
pH 5 in acetic acid buffer or at pH 7.4 in PBS and in endothelial cell medium with 20 % FCS. Released drug 
was determined by HPLC. 
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We also studied binding and uptake of 89Zr-RGDPEG-SB-HSA by endothelial cells. 89Zr, 
captured by the chelator desferal, is highly stable and its hydrophilicity will entrap it inside cells after 
degradation of the carrier [25, 26]. Since this will prevent redistribution of the radiolabel, Zr-desferal 
is an ideal label for uptake studies. We attached an average of 1.7 desferal groups/HSA, which were 
subsequently loaded with 89Zr. Such a relatively minor modification will not affect the binding of 
RGDPEG-SB-HSA to target cells, as was also demonstrated by comparing the binding of 125I and 
89Zr labeled RGDPEG-SB-HSA (data not shown). Furthermore, the extended nature of the RGDPEG 
ligand will prevent steric interactions between radiotracer and RGD groups. 

 
Table 2. IC50 of binding to αvβ3-integrin and the fold increase in affinity compared to the single peptide. 

  
IC50 in nM fold increase in affinity 

RADfK > 10,000 - 

RADPEG-SB-HSA >3,000 - 

RGDfK 383 1 

RGDPEG-SB-HSA 71.4 5.4 

RGDPEG-HSA 11.7 33 
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Figure 5. Binding properties of RGDPEG-SB-HSA. (A) shows competitive displacement of 125I-echistatin 
with RGDPEG-HSA (squares), RGDPEG-SB-HSA (open triangles) and RGDfK (closed triangles). (B) 
demonstrates displacement of 125I-echistatin by RGDPEG-SB-HSA but not by control conjugate RADPEG-
SB-HSA, both at 1 µM. 

 
89Zr-RGDPEG-SB-HSA was incubated at 4 °C and 37 °C with HUVEC. 89Zr-RGDPEG-SB-HSA 

binding to αvβ3-expression HUVEC could only be blocked by excess of RGD-peptide but not by 
excess of SB-HSA (Figure 6A). This proved that binding was solely mediated by the introduced 
RGD-peptide. Cell associated activity was increased when incubation were carried out at 37 °C and 
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could be further increased with prolonged incubation times (Figure 6B). This indicated active uptake 
of RGDPEG-SB-HSA into endothelial cells. 
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Figure 6. RGDPEG-SB-HSA binds via the introduced RGD moiety to target cells and is internalized. (A) 

89Zr-RGDPEG-SB-HSA was incubated with a confluent HUVEC monolayer. The addition of high excess of 
different competitors (RGDfK: 20 μM; RGDPEG-HSA: 1 μM; SB-HSA: 1 μM) demonstrated that 
RGDPEG-SB-HSA only bound via the RGD-peptide. (B) HUVEC were incubated with  89Zr-RGDPEG-SB-
HSA at 4° and 37°C for 4 and 8 hours to determine uptake of the drug targeting conjugate.  
* p<0.01 compared to no competitor in (A) and to 4°C in (B). 

 
RGDPEG-SB-HSA is not toxic to endothelial cells 

RGDPEG-SB-HSA, SB-ULS and free ULS tested at 100 µM did not influence the proliferation 
and viability of HUVEC (Figure 7). In the same concentration cisplatin eradicated all cells, 
suggesting that both monofunctional ULS derivatives as well as bifunctional ULS 
mononitratemonochloride are not toxic whereas cisplatin (bifunctional) is. 
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Figure 7. RGDPEG-SB-HSA and ULS containing conjugates displayed no toxicity for endothelial cells. 
RGDPEG-SB-HSA (100 μg/ml), SB-ULS, ULS or cisplatin (all at 100 μM) were added to EC medium and 
incubated for three days.  Cell viability was assessed in comparison to non treated control cells (=100 % 
viability) using MTS assay. 
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Effect of RGDPEG-SB-HSA on activated HUVEC 
The anti-inflammatory effects of the conjugate were investigated in TNF-activated HUVEC. 

TNFα induced a 20-fold upregulation in gene-expression of hIL-8 and 200-fold upregulation of hE-
selectin (Figure 8). Free SB202190 inhibited this upregulation up to 50 % which is in agreement with 
previous studies [23]. RGDPEG-SB-HSA was tested at 21 μg/ml and 70 μg/ml, which corresponds to 
a drug concentration of 3 μM and 10 μM respectively. Significant down-regulation of the studied 
genes was observed in all conditions, except for hE-selectin when cells were incubated with a low 
concentration of RGDPEG-SB-HSA. Expression of both genes was reduced for approximately 30 % 
compared to the TNF activated control cells (p < 0.01). RGDPEG-HSA, i.e. carrier without drug, and 
non-targeted conjugate RADPEG-SB-HSA demonstrated no inhibitory effect. RGDPEG-HSA 
showed even a slight upregulation of the tested genes, especially when given in the higher dose.  

Similar inhibitory effects of the delivered drug were observed when IL-8 secretion in the culture 
medium was analyzed (Figure 8). RGDPEG-SB-HSA at both concentrations reduced the IL-8 
secretion by 18 and 34 % as compared to untreated cells (p < 0.01). Control conjugates did not 
decrease levels of IL-8 in the medium. 

 

Discussion 
In the present study, we developed an endothelial-directed conjugate for cell specific intracellular 

delivery of SB202190, a potent p38MAPK inhibitor (Figure 1). We applied a novel type of platinum 
linker for coupling of SB202190 to albumin, which provided a straightforward and robust coupling 
method (Figure 2). The conjugation of ULS with SB202190 took place by formation of a 
coordinative bond between the nitrogen of the pyridine and the Pt atom. Since aromatic nitrogens are 
present in many drug structures, our approach is applicable to many other drugs besides SB202190. 
We have recently reported on a similar linkage approach for the delivery of pentoxifyllin to hepatic 
stellate cells [24] and several other conjugates are under investigation.  

We assume that the drug-ULS adduct binds to HSA by coordination to sulfur containing residues, 
mostly methionine, but also with histidine residues as demonstrated earlier for other Pt(II) 
compounds [27, 28]. Our hypothesis that SB-ULS preferably binds to sulfur groups in the carrier is 
supported by the finding that pentoxifyllin-ULS:albumin conjugation ratios increased when HSA 
was first modified with a thiocarbonyl containing targeting ligand [24]. Similarly, elevated drug-
ULS:carrier ratios were found when the kidney-selective carrier lysozyme was modified with extra 
methionine groups (J. Prakash et al, submitted). HSA contains only six methionine residues, which 
are not exposed at the protein surface. The hydrophobic character of SB-ULS will allow its binding to 
methionines in the core of HSA. As the number of SB-ULS per HSA exceeded the number of 
available methionines, it seems likely that SB-ULS also bound to histidine or cysteine residues. 

We assume that SB202190 needs to be released from the linker to exert therapeutic effects, since 
the pyridyl ring of SB202190 to which ULS is bound is also interacting with the ATP pocket of the 
p38 MAP kinase. Release of SB202190 was triggered by competition with sulfur ligands like 
glutathione at intracellular concentration. We have found the same release mechanism for other drug-
ULS conjugates [24, 29]. 

Conjugation of PEG and RGD-peptide to SB-HSA resulted in a macromolecular conjugate that 
was characterized by several techniques. MALDI-TOF analysis illustrated that further modification of 
SB-HSA is not hampered by already bound SB202190-ULS. This was expected, given that ULS 
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binds best to methionine residues but also cysteine and histidine residues, while the PEG linker 
reacted with amino groups of e.g. lysine residues. The kind of RGD-peptide (c(RGDfK)) used in this 
study binds specifically and with a high affinity to αvβ3-integrin due to the special constrained 
conformation. We now show that these properties are transferred to SB-HSA upon conjugation of 
RGD-peptides. The 5.4-fold improvement in binding affinity as compared to the single peptide 
indicates multivalent binding of the conjugate. This is in line with earlier observations of Kok et al. 
[9], and is also relevant for receptor mediated uptake of the conjugate since multivalency is known to 
facilitate internalization and routing to lysosomes [11, 30].  
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Figure 8. RGDPEG-SB-HSA delivered active SB202190 into target cells. HUVEC were preincubated with 
drug, drug targeting conjugate and control conjugates for and 24 h after which TNFα was added. RNA and 
medium were harvested after an additional 24 h of incubation. Gene expression levels of hE-selectin (A) and 
hIL-8 (B) as determined by qRT-PCR are shown. Relative levels of hIL-8 protein as determined by ELISA 
are depicted in the graph (C). Light gray bars resemble free drug, black bars resemble drug targeting 
conjugate and dark grey bars resemble different control conjugates. 21 μg/ml of RGDPEG-SB-HSA equals 3 
μM SB202190 and 70 μg/ml equals 10 μM drug.  
p<0.01 compared to respective control conjugates and to TNFα treated control 

 
Platinum is an intrinsic component of ULS, and this prompted us to evaluate potential toxicity of 

the drug targeting conjugate, and of ULS in special. It is generally accepted that cisplatin toxicity 
involves cross-linking of DNA [31]. The availability of a reactive ligand site at the platinum atom is 
essential for the toxicity of platinum(II) compounds. However, the platinum atom in RGDPEG-SB-
HSA is fully coordinated which prevents its binding with endogenous compounds. ULS can therefore 
only react with DNA after release of the drug or carrier. In view of the slow drug release from the 
construct, we expect only a slow formation of reactive platinum species in the target cells that will be 
readily detoxified, as described for cisplatin and other platinum compounds [32, 33]. The absence of 
toxicity on HUVEC viability of ULS containing compounds was clearly demonstrated even at high 
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concentrations (Figure 7). Likely, glutathione adducts will be the major metabolite. We concluded 
that drug-ULS conjugates have no apparent toxicity despite their similarity to cisplatin. The same 
conclusion has been drawn for other ULS-containing drug targeting conjugates that have been 
developed in our lab for the targeting to hepatic stellate cells [24] or kidney tubular cells (Prakash et 
al, submitted). 

RGDPEG-SB-HSA partially inhibited the TNFα induced activation of HUVEC, both at gene 
expression levels and when considering the secretion of proinflammatory cytokines (Figure 8). Since 
premature drug release in endothelial cell medium can be excluded based on the drug release studies, 
we concluded that SB202190 was released after internalization of RGDPEG-SB-HSA. Although 
RGDPEG-SB-HSA demonstrated the anticipated effects, the observed inhibitions were lower than 
those of free SB202190. Several considerations may explain these differences. First, the different 
uptake mechanisms of conjugate and free drug will affect intracellular drug levels. The passive 
diffusion of a small molecule drug will be faster than the active uptake process and subsequent 
lysosomal degradation of a high molecular weight drug targeting conjugate. Typically, inhibiting 
drugs are preincubated with the cells for about 1 h. Since such a short period would allow only 
limited uptake of the conjugate, we have preincubated the cells for 24 h with the compounds. 
Apparently, this had not resulted in extensive accumulation of active drug in the cells. Another 
explanation may be that intracellularly released SB202190 diffused out of the target cells. Such a 
redistribution of the compound by diffusion or active transport might limit the applicability of such 
conjugates in vivo. It seems therefore interesting to study the intracellular drug levels of free and 
conjugate bound drug. This however proved to be impossible with the available HPLC techniques as 
these have a relative low sensitivity. Alternatively, one might prevent redistribution by delivering 
charged or hydrophilic drug molecules.  

When considering the in vivo applicability of our approach, several studies support our strategy. 
The feasibility of RGD-mediated targeting for chronic inflammatory disorders has been demonstrated 
by RGD-peptide imaging agents that specifically accumulated in chronically inflamed tissue but not 
in acutely inflamed tissue [34, 35]. Furthermore, Gerlag et al have treated mice suffering from 
collagen induced arthritis with an RGD-targeted proapoptotic peptide [36]. Their approach induced 
apoptosis of synovial blood vessels and significantly decreased clinical arthritis. We however aimed 
for the development of a therapeutic that can block inflammatory signaling pathways without 
compromising the viability of the vasculature. We furthermore expect improved pharmacokinetics of 
our macromolecular product as compared to smaller peptides or free SB202190. Free SB202190 is 
rapidly cleared from the circulation with a t1/2α of 4.3 min in rats and has no affinity for inflamed 
tissue [37]. In contrast, RGDPEG-SB-HSA can accumulate in inflamed endothelium in analogy to the 
RGD-peptide based imaging agents. The long PEG linker will shield the modified albumin to prevent 
unspecific uptake and can increase the circulation time [38]. Passive retention of the PEGylated drug 
carrier might also occur due to enhanced permeability of endothelium in inflamed tissues [14]. In 
principle, RGDPEG-SB-HSA will be administered intravenously rather than by local injection in the 
joints. Since the endothelium is in direct contact with the systemic circulation, these target cells can 
be reached from within the circulation. Thus, painful injections into inflamed joints would not be 
necessary.  

In conclusion, we have prepared a novel drug targeting conjugate in which we linked the drug via 
platinum coordination chemistry to the carrier. This RGDPEG-SB-HSA bound with high affinity and 
specificity to αvβ3-integrin and was subsequently internalized. The delivered drug was furthermore 
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capable of interfering in inflammatory signaling cascades. These results show the potential of 
MAPkinase inhibitor delivery as a new strategy to counteract chronic inflammatory disorders. 
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Abstract 

Linking the Unlinkable: Many new chemical entities lack reactive groups for use in 
formation of reversible bonds, e.g. to conjugate them for targeted drug delivery purposes. We 
succeeded with the noncovalent coupling of a potent signal transduction inhibitor to a protein 
backbone by applying the platinum based Universal Linkage System. The resulting drug targeting 
conjugates offer new potential for cancer treatment with highly limited side effects. 
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Introduction 
Angiogenesis, the formation of new blood vessels out of pre-existing capillaries, is a prominent 

feature during the pathogenesis of cancer. Antiangiogenic therapies are therefore extensively 
investigated for combating this disease [1]. The newest treatments consist of antibodies or kinase 
inhibitors that inhibit the signaling by VEGF, one of the most prominent angiogenic modulators [2]. 
Here we propose specific targeting of the VEGF receptor (VEGF-R) kinase inhibitor PTK787 to 
angiogenic vasculature in tumor tissue. Our conjugates will combine the action of a kinase inhibitor 
with specificity for disease-controlling target cells, which can result in a far more restricted action and 
thus improved safety and efficacy of the drug. This may be relevant in view of side-effects associated 
with VEGF-R inhibition, e.g. vomiting, hypertension and embolism [3-5].  

We have developed three new classes of drug carriers consisting of human serum albumin (HSA), 
cyclic RGD-peptides and polyethylenglycol (PEG) (Scheme 1, upper panel). HSA served as a 
biocompatible and biodegradable carrier with a low polydispersity, thus allowing characterization of 
the final macromolecular conjugates by mass spectrometry. HSA was equipped with cyclic RGD-
peptides as targeting ligands that bind with high affinity to the target receptor αvβ3-integrin [6] that is 
overexpressed on angiogenic endothelium. This restricted expression profile and the good 
accessibility of endothelial cells make it an ideal target for drug delivery purposes [7, 8]. We applied 
either a short alkyl linker that enables introduction of a high number of RGD-peptides in the carrier 
(RGD-HSA), or an extended polyethylene glycol linker that presents the RGD-peptide at the distal 
end of the PEG chain (RGDPEG-HSA) but leads to lower RGD incorporation. The use of such a PEG 
linker will furthermore affect the distribution of the conjugates by the stealth effect of PEG, and will 
increase the solubility and decrease the immunogenicity of the products [9, 10]. A third carrier was 
designed by combination of the short alkyl linker for RGD incorporation together with separately 
attached monofunctional PEG groups (RGD-HSA-PEG).  

 

Materials & Methods 

Synthesis of PTK787-ULS.  Cis-[Pt(ethylenediamine)nitrate-chloride] (referred to as ULS-
NO3) was synthesized by reacting cis-[Pt(ethylenediamine)dichloride] (referred to as ULS) in (10 
mg/ml in N,N’-dimethylformamide (DMF)) with one molar equivalent of AgNO3 (59 mM or 1 mg in 
DMF). Precipitated silver chloride was removed by centrifugation. 282.9 μL of the resulting ULS-
NO3 solution (20.5 μmol) then were added to 200 μL (5.77 μmol) of the solution of PTK787 (10 
mg/ml in DMF).  The resulting solution was heated at 37oC for 24 h during which consumption of the 
drug starting material was monitored by analytical HPLC on a reversed phase Luna2 C18 column that 
was maintained at 40 °C. The mobile phase consisted of a binary solvent system of 
triethylammonium acetate (100 mM pH 5.0):acetonitrile 90:10 (solvent A) and triethylammonium 
acetate (100 mM pH 5.0):acetonitrile 30:70 (solvent B). The column was eluted at a flow rate of 1.1 
mL/min. Compounds were eluted at  a stepwise gradient (0 % B from 0-4 min; 0-46 % B from 4-17 
min; 46-100 % B from 17-19 min; 100 % B from 19-25 min; 100-0 % B  from 25-27 min; 0 % B 
from 27-34 min). PTK787 eluted at 17.2 mL and PTK787-ULS at 12.06 mL. The solvents were 
removed under reduced pressure and taken-up in 50:50 DMF:water. Mass spectrometry analysis 
confirmed the presence of the target 1:1 drug:ULS species and 195Pt NMR and 1H NMR studies 
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indicated that binding of PTK787 to cis-[Pt(ethylenediamine)dichloride] takes place via co-ordination 
of the N- donor of the pyridine ring contained in the drug to the Pt(II) metal center. 

NMR spectra were recorded on a 300 MHz Bruker DPX-300 spectrometer.  
195Pt NMR of ULS-NO3: 2075 ppm.  
195Pt NMR of PTK787-ULS: -2493 ppm.  
1H NMR of PTK787 (CD3OD): δH 4.64 (s, 2H, CH2), 7.33 (m, 4H, N(CHCH)2 and (CHCC)2), 

7.82 (d, J = 8.63 Hz, 2H, ClC(CHCH)2, 7.89 (m, 2H, ClC(CHCH)2, 8.04 (d, J = 7.80 Hz, 1H, 
CHCHCCNH), 8.40 (d, J = 6.06 Hz, 2H, N(CHCH)2), 8.44 (d, J = 7.74 Hz, 1H, CHCHCCCH2) ppm.  

1H NMR of PTK787-ULS (CD3OD): δH 2.57 (m, 2H, CH2NH2), 2.65 (m, 2H, CH2NH2), 7.36 (d, 
J = 8.84 Hz, 2H, (CHCC)2), 7.48 (d, J = 6.51 Hz, 2H, N(CHCH)2), 7.82 (d, J = 8.48 Hz, 2H, 
ClC(CHCH)2), 7.95 (t, J = 8.61 Hz, 2H, ClC(CHCH)2), 8.10 (d, J = 7.25 Hz, 1H, CHCHCCNH), 8.48 
(d, J = 7.58 Hz, 1H, CHCHCCCH2), 8.61 (d, J = 6.65 Hz, 2H, N(CHCH)2) ppm.  Signals of the CH2 
protons in PTK-ULS were not discernable due to overlap with the solvent signal at 4.86 ppm. 

Mass spectrometry of PTK787-ULS (ESI+): Theoretical m/z: 637.45 [M]. Detected masses m/z:  
658 [M+Na+-H+], 637 [M]+, 601 [M-Cl--H+]+. UV/Vis (in PBS): λmax 339 nm (ε = 11679 M-1cm-1). 
Data were evaluated to be of a sufficient quality for conjugation to HSA with the crude product, and 
further purification of the species after conjugation to the macromolecular carrier. 

Synthesis of RGD-HSA.  HSA (30 mg, 444 nmol) dissolved in PBS was incubated with a 
22-fold molar excess of iodoacetic acid N-hydroxysuccinimide ester (SIA-linker, SIGMA, MO, USA; 
10mg/ml in DMF, 9.7 µmol). Meanwhile, the RGD-peptide c(RGDf(ε-S-acetylthioacetyl)K) 
(Ansynth Service, Roosendaal, The Netherlands) was dissolved at 10 mg/ml in a 1:4 
acetonitrile/water mixture. The peptide (11.1 µmol) was added drop wise to the reaction mixture at a 
peptide to protein molar ratio of 25:1, after which hydroxylamine was added to a final concentration 
of 50 mM. Hydroxylamine will release the acetyl group of the RGD-peptide to obtain a free 
sulfhydryl group. The reaction was carried out over night at room temperature while protected from 
light after which the product was extensively dialyzed against PBS. The final product RGD-HSA was 
stored at -20°C. A control conjugate RAD-HSA was prepared according to the same protocol with the 
control peptide c(RADf(ε-S-acetylthioacetyl)K). 

Synthesis of RGD-HSA-PEG.  RGD-HSA (13 mg, 193 nmol) dissolved in PBS was 
incubated with a 20-fold molar excess of mPEG succinimidyl α-methylbutanoate (mPEG-SMB, 
Nektar Therapeutics, USA; 20 mg/ml, 3.85 μmol) and incubated for 3h at room temperature. The 
product was purified by size exclusion chromatography (SEC) using a Superdex200 HR 10/60 
column on an Äkta System (GE Healthcare, Uppsala, Sweden). SEC was performed with 0.5 ml/min 
PBS and monitored at 214 nm, 280 nm and 339 nm. The final products RGD-HSA-PEG and RAD-
HSA-PEG (prepared according to the same protocol) were stored at -20°C. 

Synthesis of RGDPEG-HSA.  HSA (10 mg, 148 nmol) was dissolved in PBS and 
incubated with a 50-fold molar excess of vinylsulfone-polyethyleneglycol-N-hydroxysuccinimide 
ester (VNS-PEG-NHS; Nektar, Alabama, USA; 20 mg/ml in water, 7.4 µmol). The mixture was 
protected from light with aluminum foil and incubated for 1 h at room temperature while gently 
shaking on a spiramix roller bank. RGD-peptide (8.14 µmol) was added in a 55-fold molar excess 
over HSA followed by hydroxylamine addition as described above. Reaction was carried out over 
night at room temperature while protected from light. Remaining VNS groups were quenched by 
addition of cysteine (8.14 µmol; 55-fold molar excess over the amount of HSA), after which the 
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product was purified by SEC as described above. The final products RGDPEG-HSA and RADPEG-
HSA were stored at -20°C. 
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Scheme 1. Schematic presentation of synthesis of drug targeting conjugates. 

 
Coupling of PTK787-ULS.  RGD-modified carriers dissolved in PBS were incubated with 

15-fold molar excess of PTK787-ULS for 24 h at 37 °C, after which non-reacted PTK-ULS and 
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aggregated product was removed by SEC as described above. The products were sterilized by 
filtration via a 0.2 µm filter and stored at -20 °C.  

Characterization of Synthesis Products.  Protein content was evaluated using BCA 
protein kit (Pierce). Conjugation of PTK787 was quantified by UV-analysis at 339 nm, a specific 
wavelength of PTK787-ULS that is not found for HSA or free PTK787 (Figure S1). The molar 
absorption of PTK-ULS ε339 (11679 M-1cm-1) was determined by spectrophotometric analysis of a 
known concentration of PTK787-ULS. Further spectra were taken at the beginning of the synthesis 
and after purification of drug targeting conjugates to determine the number of PTK787-ULS bound. 
Both the intermediate and the final products were subjected to analytical SEC to reveal increase in 
size, purity and grade of aggregation (data not shown). The number of RGD and PEG moieties 
coupled per HSA was determined by MALDI-TOF analysis using a Voyager-DE PRO workstation 
(Applied Biosystems). HSA, RGD-HSA, RGD-HSA-PEG and RGDPEG-HSA were dissolved at a 
concentration of 1 mg/ml in 50:50:0.1 methanol to water to acetic acid. A 1 µL aliquot was mixed 
with 1 µL of matrix (20 mg/ml sinapinic acid in 60:40:0.1 water to acetonitrile:trifluoroacetic acid), 
transferred onto a stainless steel sample holder and dried before being introduced into the mass 
spectrometer. Mass spectra were obtained by averaging the signals from 100 laser shots. Spectra were 
calibrated using bovine serum albumin (BSA) as a control. MALDI-TOF analysis of BSA provided 
among others signals of single charged monomeric BSA and of the single charged dimer of BSA. Our 
products displayed masses that were in-between these two calibration peaks. The number of 
RGDPEG groups bound per albumin was calculated from the averaged masses of the products. 

Cells.  HUVEC were obtained from the UMCG Endothelial Cell Facility. Primary isolates were 
cultured in 1 % gelatin-coated tissue culture flasks or culture wells (Corning, Costar, The Netherlands) 
at 37 °C under 5 % CO2 / 95 % air. The culture medium, hereafter referred to as EC medium, 
consisted of RPMI 1640 (BioWittaker, Verviers, Belgium) supplemented with 20 % heat inactivated 
fetal calf serum (Integro, Zaandam, The Netherlands), 2 mM L-glutamine (Invitrogen, Breda, The 
Netherlands), 5 U/ml heparin (Leo Pharmaceutical Products, Weesp, The Netherlands), 100 U/ml 
penicillin (Yamanouchi Pharma, Leiderdorp, The Netherlands), 100 µg/ml streptomycin 
(Radiumfarma-Fisiopharma, Italy), and 50 µg/ml endothelial cell growth factor supplement extracted 
from bovine brain. After attaining confluence, cells were detached from the surface by trypsin/EDTA 
(0.5/0.2 mg/ml in PBS) treatment and split in 1:3 ratio. Cells were used up to passage four. 

Binding affinity of synthesis products.  Binding affinity to αvβ3-integrin, expressed on 
the surface of HUVEC, was determined by competitive binding studies using 125I-labeled echistatin as 
radioligand for αvβ3-integrin. Echistatin was radiolabeled using the chloramine T method. On the day 
of the experiment, 125I-Echistatin was purified using a PD-10 column (GE Healthcare). Confluent 
monolayers of HUVEC in a 24well plate (Costar) were incubated with 100,000 cpm 125I-Echistatin in 
the presence of serial dilutions of drug targeting conjugates and control conjugates in binding buffer 
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2 and 1 % BSA) at 
4 °C for 4 h. Subsequently, cells were washed three times with binding buffer and lysed with 1 M 
NaOH. Radioactivity in the lysate was counted in a Packard RIASTAR multiwell gamma counter 
(GMI, Minnesota, USA). Data were analyzed by non-linear regression using the GraphPad Prism 
program (GraphPad Software). 
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Table 1: Characteristics of RGD-peptide and PEG modified albumins as determined based on MALDI-TOF 
data (n.a.: not applicable) 

Product RGD(PEG) : 
HSA PEG : HSA Molecular Size in 

kDa 

RGD-HSA 13 : 1 n.a. 75.9 

RGD-HSA-PEG 13 : 1 1.6 : 1 85.1 

RGDPEG-HSA 7 : 1 7 : 1 95.9 
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Figure 1. MALDI-TOF characterization of RGD-modified carriers. Peaks of single charged proteins are 
shown. Note the increase in size between starting material (A: HSA) and products (B: RGD-HSA; C: RGD-
HSA-PEG; D: RGDPEG-HSA) that has been used to calculate the number of introduced groups. 

 
Effect of drug targeting conjugates on VEGF induced gene expression.  Effect 

of targeted PTK787 on VEGF induced gene expression was evaluated using quantitative real time 
PCR. In short, confluent monolayers of HUVEC in 12-well plates were incubated with drug targeting 
conjugate (concentration: 500 nM of the coupled PTK787), carrier alone (concentration: same as 
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respective drug targeting conjugate) or non-conjugated drug (concentration: 100 nM) in EC medium 
containing 1.5 % FCS for 24 h followed by a challenge with 5 ng of VEGF for 50 min. Cells were 
washed twice with ice cold PBS and lysed. Total RNA was isolated with Absolutely RNA Microprep 
Kit (Stratagene, CA. USA) according to the manufacturer’s protocol. The amount of isolated RNA 
was quantified by NanoDrop. Equal amounts of RNA were transcribed to cDNA by SuperScript III 
First-Strand Synthesis System (Invitrogen). cDNA was diluted to 10 ng/μl concentration after RT-
reaction. Exons overlapping primers and Minor Groove Binder (MGB) probes used for RT-PCR were 
purchased as Assay-on-Demand from Applied Biosystems (Niewerkerk a/d IJssel, The Netherlands). 
Expression level of human NR4A1 was evaluated by RT-PCR on an ABI Prism 7900HT Sequence 
detection system (Applied Biosystems). Experiments were performed in triplicate from different 
HUVEC isolates. 

Statistical analysis.  Statistical analysis was performed using Student’s two-tailed t-test, 
assuming equal variances. Differences were considered to be significant when p < 0.05. 
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Figure 2. Typical UV-spectra of HSA, PTK-HSA, and RGDPEG-PTK-HSA demonstrating the specific 
absorbance of PTK787-ULS at 339 nm. This property was used for quantitation of drug bound to the carrier. 

 

Results and Discussion 
Previous studies have shown that it is of major importance to introduce multiple RGD-peptides in 

the conjugates to allow multivalent receptor interactions which facilitates binding and internalization 
by target cells [11, 12]. We therefore optimized the attachment of the targeting ligand, followed by 
subsequent conjugation of the drug. RGD coupling was achieved using a 22-fold molar excess of N-
hydroxysuccinimide ester (SIA) or a 50-fold molar excess of vinylsulfone-polyethyleneglycol-N-
hydroxysuccinimide ester (VS-PEG-NHS, 3.5 kDa) over HSA. The RGD-peptide c(RGDf(ε-S-
acetylthioacetyl)K) was added in  a slight excess over the added linker (25-fold respective 55-fold 
molar excess over HSA). After purification of the products RGD-HSA and RGDPEG-HSA, a fraction 
of RGD-HSA was further modified with monofunctional mPEG-SMB (5 kDa) in a ratio of 20:1 to 
obtain RGD-HSA-PEG. MALDI-TOF analysis elegantly demonstrated the incorporation of RGD and 
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PEG in the carriers (Figure 1, Table 1). Attachment of RGD to the compounds could be furthermore 
deduced from the binding studies with target cells (vide infra).  

 
Table 2: Influence of PTK787 conjugation on solubility and recovery of drug targeting conjugates 

Product PTK787 : HSA Recovery in 
%[1]

Monomeric 
fraction[2] in % 

RGD-PTK-HSA 6.3 : 1 43.5 48.5 

RGD-PTK-HSA-PEG 7.6 : 1 66 83 

RGDPEG-PTK-HSA 9.7 : 1 84.5 100 
[1] in percent of starting amount of carrier. 
[2] Monomeric fractions were determined before SEC purification. Final products did not contain aggregated 
materials. 

 
The VEGF-R kinase inhibitor PTK787 contains none of the reactive groups that are commonly 

used for conjugation to a carrier. Employing a novel platinum(II)-based linker, to which PTK787 
binds via a coordination linkage at one of the aromatic nitrogens, we nevertheless succeeded in the 
conjugation of this ‘unlinkable’ drug (Scheme 1, lower panel). PTK787 was appended to this so 
called Universal Linkage System (ULS™; cis-Pt(ethylenediamine)nitrate-chloride) by reacting at a 
1:1 molar ratio. PTK787 was completely consumed during synthesis. Electronspray ionization mass 
spectrometry of the purified product confirmed the presence of 1:1 PTK787-ULS species, (MS (ESI+) 
m/z: 658, 637 and 601. 195Pt-NMR studies revealed a peak at -2493 ppm typical for N3Cl co-
ordination involving two primary amines and one aromatic N-donor. Furthermore, shifts in the 1H-
NMR spectrum indicated that binding of ULS to PTK787 took place via coordination at the pyridyl 
ring. Protons in close proximity to the pyridyl nitrogen shifted from 7.33 to 7.48 ppm and from 8.4 to 
8.61 ppm, while more distant protons where hardly affected. The drug-linker adduct demonstrated a 
specific UV-absorbance at 339 nm that was employed for the quantification of the drug carrier 
payload (Figure 2). To introduce an average of 5-10 drugs per HSA, PTK787-ULS was added in a 
15-fold molar excess to the RGD-modified albumin carriers and the reaction was allowed to proceed 
for 24 h at 37 °C after which the macromolecular products were purified by size exclusion 
chromatography (SEC). During synthesis, clear differences were observed in the solubility of the 
products. Approximately 35 % of RGD-PTK-HSA precipitated and SEC revealed the presence of 
aggregates, most likely due to changes in charged groups and increased hydrophobicity at the carrier 
surface. In contrast, RGD-PTK-HSA-PEG that contains the same number of RGD per carrier did not 
precipitate nor did RGDPEG-PTK-HSA. This illustrates the rationale of incorporating PEG groups in 
RGD-HSA to improve solubility of the products. RGDPEG-PTK-HSA, containing seven PEG 
molecules acting as bifunctional linker, displayed highest drug:protein ratios as it neither precipitated 
nor aggregated. High drug/carrier payloads were achieved in all three conjugates since ULS does not 
aim for the same binding sites as the introduced alkyl linker or PEG linkers, which bound to primary 
amino groups. PTK787-ULS will form a coordination bond with sulfur containing residues, mostly 
methionines, but also with histidine residues as demonstrated earlier [13, 14]. Furthermore, we did 
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not observe steric hindrance of the bulky PEG moieties as similarly high drug/HSA ratios were found 
when PTK-ULS was reacted with native HSA (data not shown).  
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Figure 3. Binding to angiogenic endothelium. Binding affinity was detected by coincubation of 125I-
echistatin, a known ligand for αvβ3-integrin, and increasing concentrations of drug targeting conjugates with 
HUVEC. A-C each display binding affinity of one drug targeting conjugate together with the respective 
RAD modified control conjugate and the RGD modified carrier without drug. In D all three drug targeting 
conjugates are compared. 

 
Drug targeting conjugates and the respective control conjugates were analyzed for binding 

affinity to the αvβ3-integrin target receptor on human umbilical vein endothelial cells (HUVEC). 
Binding affinity was determined by competition studies with the well known αvβ3-integrin ligand 125I-
echistatin and serial dilutions of conjugates. All RGD-equipped conjugates completely displaced 125I-
echistatin, while RAD-conjugates were devoid of displacement capacity (Figure 3 A-C). Furthermore, 
conjugated PTK787 did not obstruct binding of the RGD-modified carriers to αvβ3-integrin (Figure 3 
A-C). Although all conjugates displayed good binding characteristics to αvβ3-integrin, major 
differences could be observed among the different preparations (Figure 3 D). Highest binding affinity 
was determined for RGD-PTK-HSA (IC50: 4.4 nM; 0.3 μg/ml) followed by RGD-PTK-HSA-PEG 
(IC50: 65 nM, 4.4 μg/ml) and RGDPEG-PTK-HSA (IC50: 640 nM, 43 μg/ml). This implies that a high 
number of RGD peptides inferred high avidity binding, but that additional incorporation of PEG 
partially obstructed binding. Nevertheless, RGD-PTK-HSA-PEG still bound with a 10-fold higher 
affinity than RGDPEG-PTK-HSA.  
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Figure 4. Effect of targeted delivery of PTK787 on VEGF induced gene expression. A confluent monolayer 
of HUVEC was incubated for 24h with drug targeting conjugates (conc.: 500 nM of PTK787), control 
conjugates (conc.: same as respective drug targeting conjugate) or drug (conc.: 100 nM) and thereafter 
challenged for 50 min with VEGF (5 ng/ml). Expression of hEGR3 (A), hNR4A3 (B) and hNR4A1 (C) were 
determined by quantitative RT-PCR. Differences between drug targeting conjugates and respective control 
conjugates were in all cases statistically significant (p < 0.05). 
 

High binding affinity will positively influence the targeting ability of the conjugate, but the 
overall capability to reach target cells will also depend on other parameters like circulation time, 
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(non)specific binding and uptake by other organs. Since PEGylation will positively influence those 
parameters, it can not be predicted which of the products will display best delivery properties in vivo. 
The PEGylated drug carriers therefore remain highly interesting candidates in spite of lower binding 
avidity as compared to RGD-PTK-HSA. 

Finally, drug targeting conjugates were tested for their ability to inhibit VEGF induced gene 
expression. EGR3, a zinc finger transcription factor, and the nuclear receptors NR4A1 and 3 were 
readily upregulated after addition of VEGF to endothelial cells. All three drug targeting conjugates 
were able to inhibit this upregulation significantly, while carrier without drug was devoid of activity 
(Figure 4). RGD-PTK-HSA was the most effective of the three compounds in spite of having the 
lowest drug to carrier ratio, corroborating the importance of high binding affinity for αvβ3-integrin 
targeted drugs as also reviewed recently [7, 15]. The drug targeting conjugates demonstrated less 
inhibition of gene expression compared to free PTK787, which can be explained by different 
mechanisms of uptake and the required processing of the conjugates by target cells. While the RGD-
equipped macromolecular prodrugs require receptor mediated endocytosis and lysosomal processing 
for drug release [12, 16], free PTK787 can readily enter any cells by passive diffusion. This 
difference will favor the activity of the free drug in vitro, but at the same time will be a disadvantage 
in vivo compared to targeted drugs that comprise target cell specificity. We previously showed that 
the ULS-based coordination linkage is stable in serum, while drug is released upon competition with 
sulfur containing ligands like glutathione, of which high concentrations are found intracellularly [17, 
18]. We expect a similar release mechanism for the PTK787-albumin conjugates. In future studies, 
we will investigate the targeting capability of these compounds and their tumor growth inhibitory 
properties. 

The present series of RGD-equipped conjugates greatly expands the possibilities for specific 
intervention in dysregulated endothelium in cancer due to the rational combination of conventional 
linkers for RGD incorporation with the novel ULS linker for drug conjugation. Our drug-ULS linkage 
strategy is furthermore applicable to other drugs and carriers [17-19]. Optimization of the ligand 
targeted drug delivery conjugates by additional PEGylation not only improved pharmaceutical 
properties such as solubility and aggregation, but will also positively affect the in vivo behavior.  
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Abstract 
Induction of apoptosis in endothelial cells is considered an attractive strategy to therapeutically 

interfere with a solid tumor’s blood supply. In the present paper, we constructed cytotoxic conjugates 
that specifically target angiogenic endothelial cells thus preventing typical side effects of apoptosis 
inducing drugs. For this purpose, we conjugated the potent antimitotic agent monomethyl-auristatin-E 
(MMAE) via a lysosomal cleavable linker to human serum albumin (HSA), and further equipped this 
drug-albumin conjugate with cyclic c(RGDfK) peptides for multivalent interaction with αvβ3-integrin. 
The RGD-peptides were conjugated via either an extended polyethylene-glycol linker or a short alkyl 
linker. The resulting drug-targeting conjugates RGDPEG-MMAE-HSA and RGD-MMAE-HSA 
demonstrated high binding affinity and specificity for αvβ3-integrin expressing human umbilical vein 
endothelial cells (HUVEC). Both types of conjugates were internalized by endothelial cells, and 
killed the target cells at low nM concentrations. Furthermore, we observed RGD-dependent binding 
of the conjugates to C26 carcinoma. Upon i.v. administration to C26-tumor bearing mice, both drug-
targeting conjugates displayed excellent tumor homing properties. Our results demonstrate that RGD-
modified albumins are suitable carriers for cell selective intracellular delivery of cytotoxic 
compounds, and further studies will be conducted to assess the antivascular and tumor inhibitory 
potential of RGDPEG-MMAE-HSA and RGD-MMAE-HSA. 
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Introduction 
Excessive angiogenesis, the formation of new blood vessel out of pre-existing capillaries, is a 

prominent feature during the pathogenesis of cancer. Solid tumors rely on angiogenesis to guarantee a 
continuous supply of oxygen and nutrients. Vascular directed therapies are therefore extensively 
investigated for combating cancer [1]. Induction of apoptosis in endothelial cells is one way to 
destroy tumor vessels. However, most cytotoxic compounds are neither selective for endothelial cells 
in general nor for angiogenic endothelial cells. As a consequence, they produce severe side effects 
limiting their applicability in cancer therapy. We propose targeting of the antimitotic agent 
monomethyl auristatin E (MMAE) to angiogenic blood vessels in tumor tissue. MMAE, a synthetic 
analog of the natural product dolastatin 10, is a potent inhibitor of tubulin polymerization in dividing 
cells [2, 3]. Previously, MMAE has been conjugated via a valine-citrulline linker to monoclonal 
antibodies (mAb) for drug targeting purposes [3-6]. The valine-citrulline linker is highly stable in 
serum but is cleaved by lysosomal enzymes like cathepsin B after internalization of the conjugate by 
target cells [7-9]. We now present a novel type of MMAE conjugate, in which the drug is bound via 
the valine-citrulline linker to human serum albumin (HSA). HSA is readily available in gram amounts, 
and can serve as a natural and therefore biocompatible and biodegradable carrier with a lower 
polydispersity than any artificial polymeric carrier. Selectivity for angiogenic endothelial cells is 
introduced into the albumin backbone by conjugation of multiple cyclic RGD-peptides, which  bind 
to αvβ3-integrin [10]. We applied either a short alkyl linker to introduce a maximum of RGD-peptide 
or an extended polyethylene glycol linker, to infer an increased circulation time and shielding of the 
modified albumin from the immune system. The αvβ3-integrin target receptor is expressed in high 
amounts on angiogenic endothelium but expression is minimal on quiescent endothelial cells and 
highly limited in other healthy tissues. The restricted expression profile and the good accessibility of 
endothelial cells make it an ideal target for drug delivery purpose [11]. We have previously described 
that RGD-equipped carriers bind with high avidity to proliferating endothelial cells, and that they are 
internalized and lysosomal degraded [12-14]. 

In the present study, we first describe the synthesis and characterization of the two types of RGD-
equipped MMAE-albumin conjugates. Second, we report on the binding, uptake and cell killing 
properties of the conjugates, and we compared the tumor vasculature homing potential in C26 tumor 
bearing mice. 

 

Materials and Methods  

Synthesis and Purification of MMAE-HSA 
HSA (Sanquin, Amsterdam, The Netherlands) was thiolated with 2-iminothiolane (2-IT) at pH 8, 

37 ºC. Thiolation was monitored by DTNB of PD10-purified analytical samples. When the desired 
thiolation level was reached (4.1 SH/Albumin), the modified albumin was purified over a G25 gel 
filtration desalting column. The thiol/albumin mole ratio was determined by measuring the thiol 
concentration with Ellman’s assay and the albumin concentration by UV absorbance at 280 nm. 
Thiolated albumin was treated with a 20% excess (over measured thiols) of MC-val-cit-PAB-MMAE. 
Ellman’s assay was performed on the reaction mixture to ensure complete alkylation. Excess 
maleimide-drug-linker was quenched, and removed with solid-phase resin-bound-DTT (BioVectra cat. 
#3505), and the product was purified by gel filtration chromatography.   
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Figure 1. Schematic representation of RGD-equipped MMAE-albumin conjugates 
 

Characterization of MMAE-HSA 
The concentration of the MMAE-HSA conjugates was measured using the BCA assay kit from 

Pierce. The MMAE-HSA conjugate was analyzed by size exclusion chromatography for percentage 
of monomer using a Tosoh Bioscience TSKgel G3000SW (7.8 cm x 30 cm, 5 µm) size exclusion 
chromatography (SEC) column.  The conjugates were more than 91% monomer.  To check for 
residual drug-linker, a sample of conjugate was treated with MeOH and separated in a 
microconcentrator to precipitate the protein, and the supernatant was analyzed by reverse phase (RP) 
HPLC (Synergi C12 column with a linear gradient from 5 mM ammonium phosphate, pH 7, to 100% 
acetonitrile).  No free drug-linker was detectable, compared to spiked controls and a standard curve 
with a quantitation limit of <0.5% of bound drug. The MMAE-HSA conjugates were tested for 
endotoxin contaminant using BioWhitaker-Cambrex LAL QCL-1000 kit. Endotoxin was below the 
limit of detection (~0.2 EU/mg).  

The drug to HSA ratio was estimated by treating 300 μg of conjugate with Cathepsin B to release 
free MMAE from the mc-val-cit-PAB linker. The protein was removed by precipitation with 
TCA/MeOH, heated at 37 °C for 10 minutes, and centrifuged at high speed to pellet. The released 
drug in the supernatant was analyzed by RP-HPLC as described above for drug-linker, and 
quantitated by comparison to a standard curve. The drug/albumin values agreed closely (± 5 %) with 
the thiol/albumin ratios determined prior to conjugation. A change in the OD250/OD280 ratio 
commensurate with the conjugation of PAB-containing moieties qualitatively corroborated the 
measured drug load. Thereafter MMAE-HSA was subjected to MALDI-TOF analysis. HSA and 
MMAE-HSA were dissolved in 50:50:0.1 methanol : water : acetic acid at a concentration of 1 
mg/mL. 1 µL was mixed with 1 µL of matrix (20 mg/mL sinapinic acid in 60:40:0.1 
water:acetonitrile:trifluoroacetic acid), transferred onto a stainless steel sample holder, and dried 
before being introduced into a Voyager-DE PRO workstation (Applied Biosystems). Mass spectra 

84 



Delivery of an apoptotic payload to angiogenic endothelial cells 
 

 

were obtained by averaging the signals from 100 laser shots. Correction of data was performed using 
BSA as a control. Average molecular weights received by MALDI-TOF analysis were used to 
calculate differences in mass of HSA to MMAE-HSA. 
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Figure 2. Reaction scheme for the synthesis of RGDPEG-MMAE-HSA and RGD-MMAE-HSA. 
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Synthesis of RGDPEG-MMAE-HSA 
MMAE-HSA (59.1 nmol) dissolved in PBS was incubated with a 50-fold molar excess of 

vinylsulfone-polyethyleneglycol-N-hydroxysuccinimide ester (VNS-PEG-NHS; Nektar, Alabama, 
USA; 20 mg/mL in water, 2.96 µmol), which was added dropwise. The mixture was protected from 
light with aluminum foil, and incubated for 1h at room temperature while gently shaking on a 
spiramix. Meanwhile, the RGD-peptide c(RGDf(ε-S-acetylthioacetyl)K) (Ansynth Service, 
Roosendaal, The Netherlands) was dissolved at 10 mg/mL in a 1:4 acetonitrile/water mixture. The 
peptide (3.25 µmol) was added dropwise to the reaction mixture at a peptide to protein molar ratio of 
55:1, after which hydroxylamine was added to a final concentration of 50 mM. Reaction was carried 
out over night at room temperature while protected from light. Remaining VNS groups were 
quenched by addition of cysteine (3.25 µmol; 55-fold molar excess over the amount of HSA), after 
which the product was dialyzed against PBS, and finally purified by SEC using a Superdex200 
column on an Äkta System (GE Healthcare, Uppsala, Sweden). The final product RGDPEG-MMAE-
HSA was stored at -20 °C. A control conjugate RADPEG-MMAE-HSA was prepared according to 
the same protocol with the control peptide c(RADf(ε-S-acetylthioacetyl)K). 

 
Synthesis of RGD-MMAE-HSA 

MMAE-HSA (59.1 nmol) dissolved in PBS was incubated with a 22-fold molar excess of 
iodoacetic acid N-hydroxysuccinimide ester (SIA-linker; Sigma, MO, USA; 10 mg/mL in DMF, 1.3 
µmol), which was added dropwise. The mixture was protected from light with aluminum foil, and 
incubated for 1 h at room temperature while gently shaking on a spiramix. RGD-peptide (1.48 µmol) 
was added in a mole:mole ratio of 25:1 followed by hydroxylamine addition as described above. 
Reaction was carried out within six hours at room temperature while protected from light. Products 
are purified by dialyzing three times against PBS using Slide-A-Lyzer dialysis cassettes (Pierce, 
MWCO 10 kDa). The final products RGD-MMAE-HSA and the control conjugate RAD-MMAE-
HSA were stored at -20 °C.  

 
Characterization of RGDPEG-MMAE-HSA and RGD-MMAE-HSA 

Protein content of synthesis products was estimated by BCA protein assay kit (Pierce). Both the 
intermediate and final products were subjected to analytical SEC to reveal increase in size, purity, and 
grade of aggregation. SDS-PAGE (12 %, Ready Gel; Bio-Rad, Veenendaal, The Netherlands) and 
Western blotting were performed to corroborate covalent binding of the RGD-peptide. Duplicate gels 
were either stained for protein (Coomassie Brilliant Blue staining) or blotted on a PVDF membrane 
(Roche, Mannheim, Germany). The membrane was blocked with BSA, and subsequently incubated 
with an in-house prepared rabbit anti-RGD antiserum [12]. The signal was amplified with a 
polyclonal goat anti rabbit IgG conjugated with horse radish peroxidase (GARPO, DAKO). 
Peroxidase was visualized by incubation with 3-amino-9-ethyl-carbazole (AEC, Sigma).  The amount 
of RGDPEG and RGD bound per HSA was determined by MALDI-TOF analysis, as explained 
earlier in this section. 
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Cells 
HUVEC were obtained from the UMCG Endothelial Cell Facility. Primary isolates were cultured 

in 1% gelatin-coated tissue culture flasks (Costar, Cambridge, MA, USA) at 37 °C under 5% CO2 / 
95% air. The culture medium, hereafter referred to as EC medium, consisted of RPMI 1640 
(BioWittaker, Verviers, Belgium) supplemented with 20% heat inactivated fetal calf serum (Integro, 
Zaandam, The Netherlands), 2 mM L-glutamine (Invitrogen, Breda, The Netherlands), 5 U/mL 
heparin (Leo Pharmaceutical Products, Weesp, The Netherlands), 100 U/mL penicillin (Yamanouchi 
Pharma, Leiderdorp, The Netherlands, 100 µg/mL streptomycin (Radiumfarma-Fisiopharma, Italy), 
and 50 µg/mL EC growth factor supplement extracted from bovine brain. After attaining confluence, 
cells were detached from the surface by trypsin EDTA (0.5/0.2 mg/mL in PBS) treatment, and split in 
1:3 ratio. Cells were used up to passage four. 

C26 mouse carcinoma cells were cultured under the same conditions as described for HUVEC, in 
DMEM medium (Gibco) containing 10% fetal calf serum. 

 
Endothelial Cell Binding Affinity of RGD-equipped Conjugates 

Binding affinity of RGDPEG-MMAE-HSA and RGD-MMAE-HSA to αvβ3-integrin expressed on 
the surface of HUVEC was determined by competitive binding studies using 125I-labeled echistatin as 
radioligand for αvβ3-integrin [15]. Echistatin was radiolabeled using the chloramine T method [16]. 
On the day of the experiment, 125I-Echistatin was purified using a PD-10 column (GE Healthcare). 
Confluent monolayers of HUVEC in a 24 well plate (Costar) were incubated with 100,000 cpm 125I-
Echistatin in the presence of serial dilutions of the conjugates in binding buffer (50 mM Tris-HCl, pH 
7.4, 150 mM NaCl, 1mM CaCl2, 1 mM MgCl2, 1 mM MnCl2 and 1% BSA) at 4 °C for 4 h [13]. 
Subsequently, the supernatant was harvested, cells were washed three times with binding buffer, and 
lysed with 1 M NaOH. Radioactivity was counted in a Packard RIASTAR multiwell gamma counter 
(GMI, Minnesota, USA). Data were analyzed by non-linear regression using the GraphPad Prism 
program (GraphPad Software Inc). 

 
Binding Specificity of RGD-equipped Conjugates to Endothelial Cells and 

Tumor Cells 
HUVEC were incubated with 125I-radiolabeled RGDPEG-MMAE-HSA and RGD-MMAE-HSA, 

which had been radiolabeled using the chloramine T method, and purified on the day of the 
experiment. Radiochemical purity as determined by trichloroacetic acid precipitation was above 96 %, 
and specific activity was 690 kBq/μg and 570 kBq/μg respectively. Confluent monolayers of HUVEC 
in 24 well plates were incubated with 100,000 cpm of radiolabeled conjugate in presence of excess of 
c(RGDfK)-Ata (10 μM), C(RADfK)-Ata (10 μM) and RGD-HSA (0.5 μM) in binding buffer. Cell 
bound radioactivity was harvested and counted as described above. 

Both radiolabeled conjugates were also incubated with confluent C26 carcinoma cells in the 
absence and presence of an excess of c(RGDfK)-Ata (10 μM). Incubation conditions and analysis of 
cell-bound radioactivity were as describe above. 
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Uptake of RGD-equipped Conjugates into Endothelial Cells 
HUVEC were incubated with 89Zr-radiolabeled RGDPEG-MMAE-HSA or RGD-MMAE-HSA to 

determine uptake of the products. The 89Zr-radiolabel will remain trapped inside the cells after 
degradation of the carrier, in contrast to the 125I-radiolabel. For radiolabeling, 3.7 nmol RGDPEG-
MMAE-HSA or RGD-MMAE-HSA was mixed with 18.6 nmol of the chelator TFP-N-
succinyldesferal-Fe (desferal) at pH 8.5. After an incubation period of 30 min, the reaction mixture 
was purified on a Hitrap desalting column (GE Healthcare). UV absorbance at 430 nm was used to 
assess conjugation of Fe3+ containing desferal. Fe3+ was replaced with radioactive 89Zr at pH 6.8 as 
described [17], and the product was purified using a centricon filter unit (MWCO 10 kDa; Millipore, 
Billerica, MA, USA). Radiochemical purity was 96 % or higher, as determined by trichloroacetic acid 
precipitation and specific activity was 17.75 MBq/mg and 2.1 MBq/mg for RGDPEG-MMAE-HSA 
and RGD-MMAE-HSA. Confluent cell layers were incubated with 250,000 cpm 89Zr-RGDPEG-
MMAE-HSA or 50,000 cpm 89Zr-RGD-MMAE-HSA at either 4 °C or 37 °C for 4 and 8 hours. 
Supernatant and cell associated radioactivity were harvested as described above, and radioactivity 
was counted on a 1282 COMPUGAMMA CS (PerkinElmer, Boston, USA). 

 
 In Vitro Killing Efficacy of RGD-equipped Conjugates 

HUVEC were plated on 96 well plates (Costar) at 5000 cell/well, and exposed to a graded 
titration of RGDPEG-MMAE-HSA and RGD-MMAE-HSA. RAD-equipped conjugates were tested 
at a concentration of 1 and 10 μg/mL. After 72 h of incubation, cell viability was determined by MTS 
cell viability assay (Promega, Madison, WI, USA) [18]. Absorption was measured on a Thermomax 
microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 490 nm after 2 h of incubation at 37 
°C. Data were analyzed by non-linear regression using GraphPad Prism. 

 
Tumor Accumulation of RGD-equipped Conjugates in Subcutaneous C26 

Tumor Model  
All animal experiments were performed according to the national law on animal experiments, and 

were approved by the Animal Ethics Committee of the University of Groningen. Upon arrival, male 
Balb/C mice were housed in a temperature-controlled room with a 12 h light/dark cycle, and offered 
ad libitum intake of tap water and standard rodent chow. Mice were anesthetized by Forene (Abbott 
B.V. Hofddorp, the Netherlands) inhalation in combination with N2O (600 mL/min) and O2 (300 
mL/min). 1 x 106 C26 murine colon carcinoma cells were inoculated subcutaneously in the flank of 
the mice, and allowed to grow to a size of approximately 8x8 mm. Thereafter a single dose of 30 μg 
of RGDPEG-MMAE-HSA or RGD-MMAE-HSA was injected in the penis vein under 
Forene/N2O/O2 anesthesia. Mice were sacrificed at 3 h after injection or at 24 h after injection. Tumor, 
liver, kidney and spleen were collected, and snap frozen in liquid nitrogen. 

 
Immunohistochemical Detection of Conjugates 

Cryostat sections (5 μm) prepared from tumor, liver, kidney and spleen were fixed in acetone, and 
stained for the presence of the conjugates. For this purpose, a rabbit anti-HSA antibody was applied 
to the sections in a 1:1500 dilution. After removal of endogenous peroxidase activity, staining was 
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amplified with a peroxidase-conjugated goat anti-rabbit IgG (GARPO, DAKO) followed by a 
peroxidase-conjugated rabbit anti-goat IgG (RAGPO, DAKO). Peroxidase was visualized by 
incubation with 3-amino-9-ethyl-carbazole (AEC, Sigma), and sections were counter stained with 
Mayers hematoxylin (Merck, Darmstadt, Germany) according to standard laboratory protocols.  
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Figure 3.  
3A-B: Size exclusion chromatography of RGDPEG-MMAE-HSA(A) and RGD-MMAE-HSA (B) revealed 
increase in size due to coupling of RGD-peptide via a PEG-linker (A) or a short alkyl linker (B). No 
aggregates had been formed.  
3C-D: MALDI-TOF has been used to estimate molecular weight of RGDPEG-MMAE-HSA (C) and RGD-
MMAE-HSA (D). HSA and MMAE-HSA are shown for comparison.   
3E-H: SDS-PAGE (E,G) had been performed with a molecular weight marker (1), MMAE-HSA (2), 
RGDPEG-MMAE-HSA (3), RGDPEG-HSA (4), RGD-MMAE-HSA (5) and RGD-HSA (6). Identical gels 
have been blotted on a membrane, and were immunostained using anti-RGD antibody (F,H). 
 

Colocalization of conjugates with either tumor endothelium or tumor cells was investigated by 
fluorescent immunohistochemistry. Deposited conjugate was stained by rabbit anti-HSA antibody 
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(1:1000 dilution), followed by secondary staining with FITC-conjugated goat anti-rabbit IgG 
(DAKO). Nuclei were stained using 4'-6-Diamidino-2-phenylindole (DAPI, Sigma). Nuclei of 
endothelial cells and tumor cells were discriminated by phenotypical differences (endothelial nuclei 
are flattened, as compared to big tumor cell nuclei). 

 

Results 

Synthesis & Characterization 
We developed RGD-equipped auristatin conjugates that are directed to αvβ3-integrin on 

angiogenic endothelium (Figure 1). These drug-targeting conjugates were prepared by coupling 
MMAE and RGD or RGDPEG to an albumin backbone (Figure 2). Both, HPLC and MALDI-TOF 
analysis demonstrated an average of 4 MMAE per albumin (Table 1, Figure 3). RP-HPLC revealed 
that the products did not contain free drug or linker molecules. The short SIA linker allowed more 
RGD to be coupled per HSA compared to the extended PEG linker. Furthermore, RGD numbers were 
higher in conjugates prepared with parental albumin, not equipped with MMAE (Table 1). SEC 
analysis demonstrated an increase in size due to the modification, especially for PEGylated products 
(Figure 3). In addition, it was shown that little aggregation of products occurred, comparable to 
aggregation found for non-modified HSA. Aggregation hampered further use of drug-targeting 
conjugates only when drug loads of eight MMAE per albumin were tested (data not shown). 
Coupling of RGD-peptide onto the distal end of PEG was demonstrated by anti-RGD western blot. 
Both products as well as their respective control products RGDPEG-HSA and RGD-HSA were 
positively stained by anti-RGD antibody, while MMAE-HSA was not stained (Figure 3).  

 
Table 1. Characterization of drug-targeting conjugates by MALDI-TOF 

  
  number of modifications per HSA MW in kDa 

 
MMAE RGDPEG  or 

RGD  

RGDPEG-MMAE-HSA 4.1 5.4 94.5 
RGDPEG-HSA - 7.1 96.1 

    
RGD-MMAE-HSA 4.1 7.6 77.3 
RGD-HSA - 13.2 76.2 

 
Binding Specificity of RGD-equipped Conjugates to Endothelial Cells and C26 

Carcinoma Cells  
Binding specificity was evaluated using 125I-labelled drug-targeting conjugates. Both conjugates 

bound to αvβ3-integrin expressing HUVEC, and could be completely displaced by excess of RGD-
peptide or RGD-HSA but not by RAD-peptide (Figure 4A). This demonstrated that binding was 
mediated exclusively by the introduced RGD-moiety. Remarkably, a 4 times higher binding of 125I-
RGD-MMAE-HSA than of 125I-RGDPEG-MMAE-HSA was observed. Both conjugates bound also 
to C26 cells but in contrast to HUVEC no difference in the quantity of binding could be detected. 
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Binding to C26 cells was as well mediated by the introduced RGD-moiety, as could be concluded 
from the complete displacement by RGD-peptide (Figure 4B).  
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Figure 4. Binding properties of drug targeting conjugates. 
(A) Binding specificity was tested by coincubation of radiolabeled drug-targeting conjugates with excess of 
c(RGDfK)-Ata (10 μM), c(RADfK)-Ata (10 μM) and RGD-HSA (0.3 μM) on αvβ3-expressing HUVEC.  
(B) Radiolabeled drug-targeting conjugates were incubated with C26 carcinoma cells and HUVEC. 
Specificity of binding was determined by conincubation with excess of c(RGDfK)-Ata (10 μM). 
(C) Binding affinity is detected by competition between 125I-echistatin, and increasing concentrations of 
drug-targeting conjugates for αvβ3-integrin on HUVEC. Concentrations are expressed in mol/l.  

 
Binding Affinity of RGD-equipped Conjugates to Endothelial Cells 

Binding affinity of drug-targeting conjugates was determined in competition experiments with the 
known αvβ3-integrin ligand 125I-echistatin as shown in Figure 4C. Both conjugates displaced 125I-
echistatin in the low nanomolar range, with the binding affinity of RGD-MMAE-HSA being higher 
than of RGDPEG-MMAE-HSA. The respective control conjugate RGDPEG-HSA and RGD-HSA 
displayed higher affinities (Table 2). All conjugates possessed an increased affinity for αvβ3-integrin 
as compared to the single c(RGDfK) peptide. Furthermore, a clear relationship was observed between 
the average number of RGD/albumin and affinity for the target cells. The observation that multivalent 
RGD-carriers bind with higher affinity than monovalent carriers has been made before [12, 19, 20]. 
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Figure 5. 89Zr-RGDPEG-MMAE-HSA and 89Zr-RGD-MMAE-HSA were incubated with HUVEC at 4 and 
37 °C for 4 or 8 h to determine uptake of the drug-targeting conjugates. 

 
Uptake of RGD-equipped Conjugates into Endothelial Cells 

Drug-targeting conjugates were labeled with 89Zr to study intracellular uptake. 89Zr, captured by 
the chelator desferal, is highly stable, and its hydrophilicity will lead to its entrapment inside the cells 
after degradation of the carrier [21, 22]. As such it is an ideal label for uptake studies since this will 
prevent redistribution of the radiolabel. In spite of all previous modifications we were able to attach 
1.2 (RGDPEG-MMAE-HSA) and 0.9 (RGD-MMAE-HSA) desferal per conjugate. 89Zr labeled 
conjugates were incubated with HUVEC at 4 °C and 37 °C degrees. Energy dependent uptake 
processes take place at 37 °C, at which more cell associated radioactivity was found than at 4 °C 
(Figure 5), at which these processes are inhibited. The cell associated radioactivity increased further 
upon longer incubation at 37 °C but not at 4 °C. Taken together, these results indicated uptake of the 
drug-targeting conjugates via an active process. Uptake was more pronounced for 89Zr-RGD-MMAE-
HSA than for 89Zr-RGDPEG-MMAE-HSA (black versus white bars).  

 
In Vitro Killing Efficacy of RGD-equipped Conjugates 

Monomethyl auristatin E has been shown to inhibit the polymerization of tubulin in dividing cells, 
and thus to induce apoptosis [3]. To study the effect of intracellularly delivered MMAE, HUVEC 
were exposed for 72 h to serial dilutions of both drug-targeting conjugates and their respective control. 
Regression analysis of the concentration-cytotoxicity curves in Figure 6A revealed EC50s (effective 
concentrations) of 44 nM for RGDPEG-MMAE-HSA and 6.6 nM for RGD-MMAE-HSA. In contrast, 
the RAD-containing control conjugates and the control conjugates without MMAE showed no effect 
at concentration as high as 150 nM (Figure 6B).  

 
Preliminary In Vivo Evaluation 

To determine whether the RGD-equipped drug carriers accumulate in the tumor endothelium, we 
administered RGDPEG-MMAE-HSA and RGD-MMAE-HSA to C26 murine colon carcinoma 
bearing mice. Anti-HSA staining of sections of organs and tumors showed the presence of both 
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conjugates in the tumor, three hours after injection (Figure 7A,F). In contrast, hardly any drug-
targeting conjugate was found in the spleen and kidneys. A clear staining was detected in the liver. 
Higher magnification revealed the presence of the drug-targeting conjugates in the hepatic sinusoids, 
not confined to any sinusoidal cell type. 
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Figure 6. (A) HUVEC have been incubated with increasing concentrations of drug-targeting conjugates to 
determine killing efficacy. Concentrations are expressed in mol/l. (EC50s: RGDPEG-MMAE-HSA 41 nM; 
RGD-MMAE-HSA 6.6 nM). (B) Viability of HUVEC treated with 150 nM of drug targeting and control 
conjugates. 

 
Table 2. Binding and cell killing potency of drug-targeting conjugates 

  Binding 

  

RGD-peptides 
per HSA EC50 in nM 

IC50 in nM Fold increase 
vs RGD 

RGDPEG-MMAE-HSA 5.4 41.1 141 2.7 

RADPEG-MMAE-HSA  > 150a > 1000a - 

RGDPEG-HSA 7.1  18.6 21 
      

RGD-MMAE-HSA 7.6 6.64 52.6 7.3 

RAD-MMAE-HSA  > 150a > 300a - 

RGD-HSA 13.2  5.90 65 
      

c(RGDfK)-Ata   382 1 
a highest tested concentration. 
 
This distribution pattern changed after 24 h. RGD-MMAE-HSA could not be detected in any of 

the three control organs (Figure 7H-J) while a clear accumulation in the tumor could be detected 
(Figure 7G). RGDPEG-MMAE-HSA was also absent in kidneys and spleen but showed some 
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residual staining in the liver (Figure 7C-E), apart from the pronounced tumor accumulation (Figure 
7B).  
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Figure 7. C26 tumor bearing mice had been injected with either 30 μg RGDPEG-MMAE-HSA (A-E) or 
RGD-MMAE-HSA (F-J). Sections were stained with rabbit antiHSA antibody. Both drug-targeting 
conjugates localized in C26 tumors 3 h (A,F) and 24 h (B,G) after i.v. administration. Sections of kidney 
(C,H), liver (I) and spleen (E,J) at 24 h time point are stained negative. All pictures are taken at 
magnification of 200x; C-E and H-J are reduced to 45% of the size of A, B, F and G. The color picture can 
be found in the appendix. 
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To identify which cell types had accumulated the auristatin-albumin conjugates, we investigated 
the colocalization of the albumins with either endothelial cells or tumor cells. Since endothelial cells 
display typically flattened nuclei in contrast to bigger nuclei for C26 cells, DAPI nuclear staining 
could be used to discriminate between vasculature and tumor cells. Figure 8 shows the typical 
fluorescent staining for cell nuclei (blue) and HSA (green) of a tumor 24 h after injection of RGD-
MMAE-HSA (Figure 8A) and RGDPEG-MMAE-HSA (Figure 8B). A blood vessel with two 
typically flattened endothelial nuclei is pointed out by red arrows, while some of the larger tumor cell 
nuclei are indicated by yellow arrows. HSA was found along the vessel wall, but also colocalized 
with tumor cells within the tumor mass.  

 

Discussion 
Immunotoxins are an attractive strategy to kill specific cell types without affecting other cells in 

the body. Typically, such conjugates have been prepared by conjugating cytotoxic agents to 
antibodies [23]. We now report on a different type of target-cell specific toxin containing conjugate, 
in which RGD-peptides facilitate recognition of angiogenic endothelial cells (Figure 1). The RGD-
motif is a highly conserved receptor binding ligand, and allows studying RGD-equipped drug 
targeting in different species without further modification of the homing ligand. This is not possible 
for antibodies that commonly are species specific. RGD-equipped albumin conjugates are a versatile 
platform that can be readily modified with drugs, and tailored with other moieties such as PEG. HSA 
functions in this context as a monomeric polymer featuring low immunogenicity, high 
biocompatibility and excellent biodegradability. Furthermore, renal filtration of drug is prevented by 
the high molecular size of albumin enabling prolonged exposure of the target cells to the conjugates. 
Here we report the development of RGD-MMAE-HSA and RGDPEG-MMAE-HSA, in which 
MMAE-HSA is equipped with RGD-peptide via a short alkyl linker or via an extended PEG linker 
(Figure 2). MALDI-TOF analysis of synthesis products demonstrated that both conjugates were 
modified with multiple RGD-peptides. It has been recognized that RGD-based drug-targeting 
conjugates need to be equipped with multiple RGD-peptides in order to obtain optimal binding to and 
uptake into the target cell [11, 24] and current research focuses on various multivalent carriers for 
delivery of therapeutic or diagnostic agents [25-29]. The presently developed drug-targeting 
conjugates both demonstrated multivalent binding, as they bind with higher affinity than single RGD-
peptide, and they are also taken up, thus fulfilling these criteria. However, application of the short 
alkyl linker resulted in a higher average RGD/carrier ratio than the PEG linker. As a consequence 
RGD-MMAE-HSA bound with higher affinity and in higher quantity to αvβ3-expressing HUVEC 
than RGDPEG-MMAE-HSA. We did not fractionate our products further into batches with a narrow 
RGD/HSA ratio, and it can be conceived that individual RGDPEG-MMAE-HSA with high RGD 
loading will bind stronger to the target cells. Another explanation for the difference in affinity might 
be a different spatial presentation of RGD-peptides due to the extended PEG linker, or differences in 
hydrophobicity between the two linkers.  

In line with the observed higher affinity and higher uptake efficiency, RGD-MMAE-HSA 
demonstrated superior EC50 in cell killing as compared to the PEGylated conjugates. This result was 
corroborated upon testing of RGD-MMAE-HSA bearing an average of six MMAE molecules but less 
RGD-peptides per carrier, since only little improvement in EC50 was found (data not shown). Taken 
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together, these data indicate that a high number of RGD-peptides and efficient internalization is more 
important than a high drug load. 

Both drug-targeting conjugates demonstrated efficient killing of the target cells at nanomolar 
concentrations. The EC50 values (Table 2) are in a similar range as EC50 values of MMAE modified 
antibodies against E-selectin  [6], CD20 on non-Hodgkin’s lymphoma [4], TMEFF2, a plasma 
membrane protein overexpressed in prostate cancer [5], and the glycoprotein NMB found on 
melanoma [30]. In vitro cell killing assays showed that a fraction of the cells survived treatment with 
highest concentrations of immunoconjugates [5, 6, 31]. Identical observations were made for our 
RGD-based conjugates. Most likely, this fraction represented not dividing cells, which therefore do 
not respond to MMAE. 

The short alkyl linker was chosen to modify MMAE-HSA with a maximum of RGD-peptides but 
the extended PEG linker was chosen for its known ability to shield the modified HSA, to prolong 
circulation time, and to increase passive targeting by the enhanced permeability and retention (EPR) 
effect [32, 33]. These advantages can not be detected in in vitro assays. In the C26 tumor bearing 
mice, both conjugates accumulated to a similar extent in the tumors in time, with a stronger and more 
widespread localization for the conjugates after 24 h compared to localization at 3 h. At the later time 
point, kidney, liver and spleen were almost devoid of drug-targeting conjugates. Thus, the 
concentration of drug-targeting conjugate increased in the tumor, and at the same time the 
concentration in organs decreased. Mitra et al [34], reported similar findings, in which a RGD-
equipped polymer accumulated in the course of three days in prostate tumors.  

 

A BA B

 
Figure 8. Colocalization of auristatin-albumin conjugates with tumor vasculature and tumor cells. C26 
tumor section of RGDPEG-MMAE-HSA (8A) and RGD-MMAE-HSA (8B) treated mice (24h post injection) 
were stained with DAPI (blue) to visualize endothelial cells (flattened nuclei) or tumor cells (big nuclei). 
Accumulated conjugate was visualized by anti-HSA staining (green). Red arrows point at the typically 
flattened nuclei of endothelial cells and identify a blood vessel, colocalizing with HSA. Examples for tumor 
cells nuclei that colocalize with HSA are pointed out using yellow arrows.  Magnification 400x. Color 
picture can be found in the appendix. 
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RGDPEG-MMAE-HSA was still detectable in the liver 24h after injection. A possible 
explanation for this might be a longer circulation time and delayed degradation compared to RGD-
MMAE-HSA due to the PEG moiety. A remarkably strong staining at both time points and for both 
conjugates was observed in tumor tissue. It is important to note that not a tracer dose but a therapeutic 
dose (30 μg/mouse) was given, thus reflecting the distribution pattern during treatment. In the future 
experiments, we will use the here prepared 89Zr-labeled conjugates in combination with positron 
emission tomography (PET) to gain more insight in organ distribution of RGD-equipped drug-
albumin conjugates. In those studies, tumor accumulation of RGD-based carriers will also be 
compared to carriers that accumulate in tumors by EPR, such as for instance the above presented 
RAD-modified albumins. 89Zirkonium captured by the chelator desferal is the ideal label for these 
studies as it is highly stable, hydrophilic enough to prevent redistribution, and equipped with a half-
life that allows PET scans for longer than 48h.  

The preliminary distribution data of our product indicated that the accumulation in the tumor was 
widespread, and did not reflect a vascular staining pattern. Fluorescent staining of nuclei 
demonstrated colocalization of the conjugates with both endothelial cells and tumor cells. We 
therefore investigated binding of 125I-labeled conjugates to C26 tumor cells. Indeed, both RGDPEG-
MMAE-HSA and RGD-MMAE-HSA bound to C26 cells, and were displaceable by coincubation 
with an excess of free RGD-peptide. This indicated that binding was mediated via the RGD-peptide 
to C26 carcinoma cells, and binding presumable took place via αvβ3-integrin or related αv integrins. 
Thus angiogenic endothelium and tumor cells were both targeted in the chosen tumor model, 
explaining the staining pattern. An αvβ3-integrin expressing tumor is likely to be more responsive 
than a αvβ3-integrin negative tumor. Although this may perturbate the selectivity of the RGD-
equipped conjugates for the tumor vasculature per se, this will even enhance the potential antitumor 
effects of the compounds. Similarly, many of the studies employing RGD-peptides for either imaging 
or drug delivery have been conducted in tumor models that express αvβ3-integrin at the tumor cells 
[11]. 

In conclusion, two types of RGD-equipped auristatin-albumin conjugates have been developed, 
demonstrating the versatility of such a targeting approach. Both drug-targeting conjugates displayed 
excellent binding and cell killing properties, and strongly accumulate in a C26 tumor in mice. These 
results indicate that RGD-mediated targeting of auristatin E is a promising strategy for delivery of a 
proapoptotic payload to tumor vasculature and carcinoma cells, and a valid alternative to current 
immunoconjugates. In the future pharmacokinetics and tumor growth inhibition of these promising 
compounds will be evaluated in detail.  
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Abstract 
Cellular handling of drug delivery preparations en route to the lysosomal compartment has been 

extensively studied, but little is known about cellular handling of drugs subsequent to their release 
from the delivery system. We studied a series of closely related drug targeting conjugates, consisting 
of albumins equipped with αvβ3-selective RGD-peptide homing ligands, PEG stealth domains, and 
either the antitubulin agent monomethyl auristatin E (MMAE) or a new F-variant (MMAF). Since 
MMAF has a C-terminal charge, this compound is potentially less prone to passive redistribution 
after its release from the carrier. We demonstrated that RGD-peptide equipped albumin conjugates 
with MMAF were indeed more potent than MMAE conjugates, both in killing αvβ3-positive tumor 
cells and proliferating endothelial cells. Efficacy increased more in tumor cells than in endothelial 
cells, suggesting different drug redistribution behavior for the two cell types. Binding affinity and 
uptake of the conjugate and the cellular handling of released drug contributed to the final efficacy of 
drug-carrier conjugates, highlighting the importance of all aspects to be carefully considered in the 
design of targeted drug delivery preparations. 
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Introduction 
The formation of new blood vessels through angiogenesis is an essential step in the growth of 

solid tumors, and facilitates the supply of oxygen and nutrients to the tumor mass. In later stages of 
cancer, continuous remodeling of the intratumoral vascular bed allows spreading of metastatic tumor 
cells to other tissues. Already in the early 1970s, Judah Folkman proposed antiangiogenic or 
antivascular therapy for the treatment of cancer, and vascular directed therapies are currently under 
extensive investigation [1, 2]. One way to destroy tumor vessels consists of the induction of apoptosis 
in vascular endothelium and pericytes. However, most cytotoxic compounds are neither selective for 
endothelial cells and pericytes in general, nor for angiogenic endothelium and pericytes. 
Consequently, their applicability is limited due to systemic toxicity. To create proapoptotic or 
antiangiogenic therapies that can specifically induce apoptosis in angiogenic endothelial cells, we 
recently developed RGD-equipped monomethyl auristatin E (MMAE)-albumin conjugates [3]. 
Similarly, we developed drug delivery conjugates that inhibited angiogenesis by selectively 
intervening in VEGF signalling [4]. Cell selectivity in these approaches was gained by coupling of 
cyclic RGD-peptides with high affinity for αvβ3-integrin to the albumin carrier. We furthermore 
prepared multivalent RGD-albumin conjugates as such multivalent ligands are known to be 
internalized in contrast to single RGD-peptide constructs [5]. Apart from albumin as a carrier, RGD-
equipped HPMA copolymers have also been used successfully for drug delivery [6, 7]. The RGD-
peptides represent a ligand that binds to αvβ3-integrin [8]. The αvβ3-integrin target receptor is 
overexpressed on angiogenic endothelium and its expression is minimal on quiescent endothelial cells 
and highly limited to selective reticuloendothelial cells in other healthy tissue [9, 10]. The restricted 
expression profile and the good accessibility of endothelial cells make them an ideal target receptor 
for cell-specific therapies [11]. As a consequence, RGD-driven delivery of therapeutics and imaging 
agents has become a popular technology, in parallel to antibody driven targeting strategies [12, 13].  

 

lysosomes

Targeted Auristatin F Targeted Auristatin E

lysosomes

Targeted Auristatin F Targeted Auristatin E

 
Scheme 1. The C-terminal charge of Auristatin F will prevent diffusion driven redistribution of the 
intracellularly delivered drug. The non-charged Auristatin E may redistribute quicker.   
 

Redistribution of targeted drugs is a major limitation of drug targeting approaches. Although the 
initial binding and subsequent internalization of targeted therapeutics are often well studied, further 
processing of the therapeutic and cellular handling of the released compound are ill understood [14-
16]. Both metabolism and drug efflux can terminate the pharmacological activity of the drug. 
Especially in endothelial cells that are in constant contact with the blood stream, conveyance of the 
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compound in the circulation will drive a rapid, diffusion controlled efflux of the drug from the 
intracellular environment. We now report on the development of RGD-equipped drug-albumin 
conjugates with the drug monomethyl auristatin F (MMAF, Figure 1), which was designed in part to 
circumvent such redistribution pathways, and was therefore expected to accumulate to a higher extent 
in target cells [17]. MMAF contains a C terminal domain that is charged at physiological pH, thereby 
impairing passive redistribution (Figure 1) [17].  

The closely related auristatins MMAE and MMAF were conjugated to RGD-equipped albumin 
carriers, which are classified as biocompatible and biodegradable polymeric carriers. These drug 
targeting conjugates were evaluated for drug and RGD-peptide content and influence of PEGylation 
on hydrodynamic volume was determined. We studied the cell killing properties in endothelial cells 
and C26 carcinoma cells.  

 

Experimental Section  

Synthesis and purification of MMAF-HSA conjugate 
MMAF-HSA was prepared as previously described [3]. Briefly, HSA (Sanquin, Amsterdam, The 

Netherlands) was thiolated with 2-iminothiolane at pH 8, 37ºC, until an SH/albumin ratio of 4 was 
reached. The thiol/albumin mole ratio was determined by measuring the thiol concentration with 
Ellman’s assay, and the albumin concentration by UV absorbance at 280 nm. The modified albumin 
was purified over a G25 gel filtration desalting column and treated with a 20% excess (over measured 
thiols) of the drug linker adduct MC-val-cit-PAB-MMAF. Ellman’s assay was performed on the 
reaction mixture to ensure complete reaction of the thiolated albumin, after which the excess of MC-
val-cit-PAB-MMAF was removed with solid-phase resin-bound-DTT (BioVectra, Oxford, CO). The 
final product was purified by size exclusion chromatography (SEC).   

 
Characterization of MMAF-HSA conjugate  

The concentration of the MMAF-HSA conjugates was measured using the BCA assay kit from 
Pierce. MMAF-HSA conjugates were analyzed by size exclusion chromatography using a Tosoh 
Bioscience TSKgel G3000SW (7.8 cm x 30 cm, 5 µm) SEC column, and consisted of more than 91 % 
monomer. To check for residual drug-linker, a sample of conjugate was treated with MeOH and 
separated in a microconcentrator to precipitate the protein, after which the supernatant was analyzed 
by reverse phase (RP) HPLC (Synergi C12 column with a linear gradient from 5 mM ammonium 
phosphate, pH 7, to 100 % acetonitrile). No free drug-linker was detectable, compared to spiked 
controls and a standard curve with a quantitation limit of <0.5 % of bound drug. The MMAF-HSA 
conjugates were tested for endotoxin contaminant using BioWhitaker-Cambrex LAL QCL-1000 kit. 
Endotoxin was below the limit of detection (<0.05 EU/mg).  

The drug to HSA ratio was estimated by treating 300 μg of conjugate with Cathepsin B to release 
free MMAF from the val-cit-PAB linker [18]. The protein was removed by precipitation with 
TCA/MeOH, heated at 37°C for 10 minutes and centrifuged at high speed to pellet. The released drug 
in the supernatant was analyzed by RP-HPLC as described above for drug-linker, and quantitated by 
comparison to a standard curve. The drug/albumin values agreed closely (± 5%) with the 
thiol/albumin ratios determined prior to conjugation. A change in the OD250/OD280 ratio 
commensurating with the conjugation of PAB-containing moieties qualitatively corroborated the 

104 



RGD-auristatin-albumin conjugates for cancer therapy 
 

 

measured drug load. Furthermore, MMAF-HSA was subjected to MALDI-TOF analysis as described 
previously to calculate the number of attached MMAF/HSA [19]. To this end, HSA and MMAE-HSA 
were dissolved in 50:50:0.1 methanol:water:acetic acid at a concentration of 1 mg/mL. 1 µL was 
mixed with 1µL of matrix (20 mg/mL sinapinic acid in 60:40:0.1 water:acetonitrile:trifluoroacetic 
acid), transferred onto a stainless steel sample holder, and dried before being introduced into a 
Voyager-DE PRO workstation (Applied Biosystems). Mass spectra were obtained by averaging the 
signals from 100 laser shots. Correction of data was performed using BSA as a control.  
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Scheme 2. Synthesis of drug targeting conjugates 
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Figure 1. Chemical structures of monomethyl auristatin E (MMAE) and F (MMAF) 

 
Synthesis of RGDPEG-MMAF-HSA 

RGDPEG-MMAF-HSA was synthesized as described previously for RGDPEG-MMAE-HSA [3]. 
In short MMAF-HSA was incubated with a 50-fold molar excess of vinylsulfone-polyethyleneglycol-
N-hydroxysuccinimide ester (VNS-PEG-NHS; Nektar, Alabama, USA; 30 mg/ml in water, 1.48 μmol) 
in PBS. After 1 h of incubation RGD peptide c(RGDf(ε-S-acetylthioacetyl)K) (Ansynth Service, 
Roosendaal, The Netherlands) dissolved at 10 mM in a 1:4 acetonitrile:water mixture and was added 
to the reaction mixture at a peptide to protein molar ratio of 55:1, after which hydroxylamine was 
added to a final concentration of 50 mM. Reaction was carried out over night at room temperature, 
and remaining VNS groups were quenched by addition of cysteine for 1h at room temperature (55-
fold molar excess over the amount of HSA). Thereafter, the product was dialyzed three times against 
PBS at 4°C using Slide-A-Lyzer dialysis cassettes (Pierce, MWCO 10 kDa), and finally purified by 
SEC using a Superdex200 column on an Äkta System (GE Healthcare, Uppsala, Sweden) with PBS 
as  mobile phase. The final product RGDPEG-MMAF-HSA was stored at -20°C. A control conjugate 
RADPEG-MMAF-HSA was prepared according to the same protocol with the control peptide 
c(RADf(ε-S-acetylthioacetyl)K). 

 
Synthesis of RGD-MMAF-HSA  

RGD-MMAF-HSA was synthesized as described previously for RGD-MMAE-HSA [3]. In short, 
MMAF-HSA was incubated with a 22-fold molar excess of iodoacetic acid N-hydroxysuccinimide 
ester (SIA-linker; Sigma, MO, USA). RGD peptide was added in a mole:mole ratio of 25:1 followed 
by hydroxylamine addition as described above. Reaction was carried out within six hours at room 
temperature while protected from light. Products were purified by dialyzing three times against PBS 
using Slide-A-Lyzer dialysis cassettes (Pierce, MWCO 10 kDa). The final products RGD-MMAF-
HSA and the control conjugate RAD-MMAF-HSA were stored at -20°C.  

 
Characterization of RGDPEG-MMAF-HSA and RGD-MMAF-HSA conjugate 

Protein content of synthesis products was estimated by BCA protein assay kit (Pierce). Both the 
intermediate and final products were subjected to analytical SEC to reveal increase in size, purity, and 
grade of aggregation. We also used SEC to estimate hydrodynamic size in comparison to a range of 
differently sized proteins (Cytochrome C, 12.4 kDa; Carbonic Anhydrase, 29 kDa; HSA, 66.4 kDa; 
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Alcoholdehydrogenase, 150 kDa; Amylase, 200 kDa; Ferritin, 440 kDa; Thyroglobulin, 669 kDa). 
RGD peptide incorporation was corroborated using an in house prepared rabbit anti-RGD antiserum 
[20]. To this end, drug targeting conjugates and the control RGD-HSA were placed on a 
nitrocellulose membrane and dried. The membrane was blocked with BSA and subsequently 
incubated with anti-RGD antiserum. The signal was amplified with a polyclonal goat anti rabbit IgG 
conjugated with horse radish peroxidase (GARPO, DAKO). Peroxidase was visualized by incubation 
with 3-amino-9-ethyl-carbazole (AEC, Sigma). The amount of RGDPEG and RGD bound per HSA 
was determined by MALDI-TOF analysis as explained earlier in this section.  

 
Cells  

HUVEC were obtained from the UMCG Endothelial Cell Facility. Primary isolates were cultured 
in 1% gelatin-coated tissue culture flasks (Costar, Cambridge, MA, USA) at 37°C under 5% CO2 / 
95% air. The culture medium, hereafter referred to as EC medium, consisted of RPMI 1640 
(BioWittaker, Verviers, Belgium) supplemented with 20% heat inactivated fetal calf serum (Integro, 
Zaandam, The Netherlands), 2 mM L-glutamine (Invitrogen, Breda, The Netherlands), 5 U/ml 
heparin (Leo Pharmaceutical Products, Weesp, The Netherlands), 100 U/ml penicillin (Yamanouchi 
Pharma, Leiderdorp, The Netherlands, 100 µg/ml streptomycin (Radiumfarma-Fisiopharma, Italy), 
and 50 µg/ml EC growth factor supplement extracted from bovine brain. After attaining confluence, 
cells were detached from the surface by trypsin EDTA (0.5/0.2mg/ml in PBS) treatment and split in 
1:3 ratio. Cells were used up to passage four. 

C26 mouse carcinoma cells were cultured in DMEM medium (Gibco) containing 2 mM L-
glutamine (Invitrogen, Breda, The Netherlands), 100 U/ml penicillin (Yamanouchi Pharma, 
Leiderdorp, The Netherlands), 100 µg/ml streptomycin (Radiumfarma-Fisiopharma, Italy) and 10% 
heat inactivated fetal calf serum. After attaining confluence, cells were detached from the surface by 
trypsin EDTA (0.5/0.2mg/ml in PBS) treatment and split in 1:10 ratio. 

 
In vitro killing efficacy of auristatin equipped conjugates  

HUVEC or C26 carcinoma cells were plated on 96well plates (Costar) at 5000 cells/well for 
HUVEC and 10,000 cells/well for C26 cells and exposed to a graded titration of drug targeting 
conjugates. RAD equipped control conjugates were tested at a concentration of 0.1, 1 and 10 μg/ml. 
After 72 hours of incubation, cell viability was determined by MTS cell viability assay (Promega, 
Madison, WI, USA).[21] Absorption was measured on a Thermomax microplate reader (Molecular 
Devices, Sunnyvale, CA, USA) at 490 nm after 2 hours (HUVEC) or 40 min (C26 cells) of 
incubation at 37°C. All results are based on triplicate samples and experiments were repeated at least 
three times. Data were analyzed by non-linear regression using GraphPad Prism program (GraphPad 
Software Inc.). All EC50s were calculated using a fixed bottom (10 % viability) and a fixed top (100 
% viability). 

 
Statistical analysis  

Statistical analysis was performed using Student’s two-tailed t-test, assuming equal variances.  
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Results & Discussion 
Monomethyl auristatin E and F are potent derivatives of the natural product dolostatin 10 that 

inhibits tubulin polymerization in dividing cells and thereby induces apoptosis [22, 23]. Monomethyl 
auristatin F is a new auristatin derivative with impaired membrane translocation capabilities due to a 
C-terminal domain that is charged at physiological pH (Figure 1). Previous studies have shown that 
the activity of MMAF is greatly potentiated through active delivery via an antibody-drug conjugate 
(ADC), suggesting that MMAF as a free drug is not able to easily cross cellular membranes [17]. 
Similarly, the non-charged O-methyl prodrug of MMAF proved very cytotoxic in cell based assays, 
displaying up to five orders of magnitude higher activity (EC50: 0.001-0.1 nM). Once ADCs 
containing MMAF are internalized and hydrolyzed within lysosomes, free drug is rapidly released 
from the self-immolative linker. Lysosomal uptake of MMAF-Ab conjugates, drug release and 
subsequent effects have been demonstrated, indicating that MMAF does reach the cytosol after 
intracellular delivery [24, 25]. Although one may speculate that transport of MMAF from the 
lysosomal compartment to the cytosol is mediated by passive diffusion, the expected pKa of the 
phenylalanine group (ca. 2.6) will provide only a small non-charged fraction at lysosomal pH (i.e. 
0.1% of the total lysosomal present drug at pH 5.5). Alternatively, transport of peptidic or charged 
compounds across the lysosomal membrane may be receptor-mediated as reviewed by Lloyd [26]. In 
contrast to MMAF, MMAE is more lipophilic and does not contain the charged phenylalanine residue. 
Hence, the compound will cross cell membranes more easily, as can also be deduced by the 
difference in EC50 of the free drugs (MMAE: 0.1 – 2.0 nM; MMAF: 100 – 250 nM) [17].  Prior 
studies with MMAF-antibody conjugates showed a higher potency as compared to the corresponding 
MMAE immunoconjugates [17, 24, 27], which is in agreement with the difference in cellular 
retention.  
 

Table 1. Modifications of albumin as determined by MALDI-TOF 

Compound 
MMAF / HSA 
coupling ratio 
(mole/mole) 

RGD(PEG) / HSA 
coupling ratio 

(mole/mole) 

Molecular 
weight in kDa 

RGD-MMAF-HSA 4.2 7.2 77.1 

RGDPEG-MMAF-HSA 4.2 6.8 100 

RGD-MMAE-HSA 4.1 7.6 77.3 

RGDPEG-MMAE-HSA 4.1 5.4 94.5 

 
In the current study we developed RGD-MMAF-albumin conjugates for the targeted, intracellular 

delivery of the drug into tumor endothelial cells. MMAF was coupled to the albumin backbone using 
a lysosomal cleavable valine-citrulline linker (Scheme 1). HPLC analysis of released drug 
demonstrated an average of 4 MMAF per albumin (Table 1), which is identical to the number of 
MMAE molecules/albumin, as described previously by us [3]. Furthermore, most reported auristatin-
antibody-conjugates also contain four drugs per antibody [28]. RP-HPLC showed that the products 
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did not contain free drug or linker molecules (below limit of quantitation; <0.5 % of bound drug), 
while MALDI-TOF analysis corroborated the number of auristatin molecules bound per albumin 
(Table 1, Figure 2).  
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Figure 2. Molecular weight of drug targeting conjugates. MALDI-TOF analysis of HSA (A), MMAF-HSA 
(B), RGD-MMAF-HSA (C), RGDPEG-MMAF-HSA (D), MMAF-HSA (E), RGD-MMAE-HSA (F), and 
RGDPEG-MMAE-HSA (G) revealed increase in size due to modification of the albumin carrier. 

 
It has been recognized that RGD-based drug targeting conjugates need to be equipped with 

multiple RGD-peptides in order to obtain optimal binding and uptake into the targeted cell [12, 29, 
30]. MALDI-TOF analysis allowed the determination of the number of RGD peptides that were 
coupled via short SIA or extended PEG linker (Table 1, Figure 2). Again these numbers closely 
corresponded to the average RGD/albumin ratios found for MMAE-albumin conjugates. Furthermore, 
we confirmed coupling of RGD-peptide onto the distal end of PEG by anti-RGD dot blot. Both 
products as well as the control RGD-HSA were positively stained by anti-RGD antibody, while 
MMAF-HSA and HSA were devoid of staining (Figure 3).  

 

(1) (2) (3) (4) (5)(1) (2) (3) (4) (5)

 
Figure 3. Conjugation of RGD-peptide. Anti-RGD dot blot was performed to corroborated conjugation of 
RGD to albumin. HSA (1), MMAF-HSA (2) were not recognized by anti-RGD antibody while RGD-
MMAF-HSA (3), RGDPEG-MMAF-HSA (4) and RGD-HSA (5) were positively stained for RGD. 
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Apart from MALDI-TOF, we used analytical size-exclusion chromatography to study the size 
and purity of our drug targeting conjugates. SEC revealed only 3% of aggregates in the products, 
mainly dimeric HSA, which is comparable to the aggregation extent found for the parental HSA used 
in our studies (data not shown). The elution volumes of the drug targeting conjugates were compared 
to a range of different sized globular proteins. Figure 4 shows that the elution volume of RGD-
MMAF-HSA closely correlated to the standard curve of globular proteins. In contrast, RGDPEG-
MMAF-HSA eluted at an elution volume typical for a 370 kDa protein, although its actual size as 
determined by MALDI-TOF was only 100 kDa. The observed apparent size of the macromolecule 
was introduced by the 3.5 kDa PEG linker that is used for RGD coupling, and nicely illustrates the 
extended conformation of the PEG-RGD arm. Likely, the incorporation of PEG into the targeted 
construct further improves tumor targeting by enhanced permeability and retention (EPR) effect [31]. 
Taken together, the synthesis approaches for both types of conjugates with either PEG or SIA linker 
groups led to well-characterized products with little aggregation and no detectable impurities.  
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Figure 4. Hydrodynamic volume of drug targeting conjugates. Elution volumes in SEC of a range of proteins 
(filled square) were plotted against their molecular weight. Elution volumes of RGD-MMAF-HSA (empty 
triangle) and RGDPEG-MMAF-HSA (empty circle) were plotted against the molecular weight as detected by 
MALDI-TOF. It can be seen that elution volumes closely correlated with the molecular weight (R2 = 0.99) 
except for the PEG-containing conjugate which displayed an aberrant elution volume. 

 
Earlier we showed that RGD-modified albumin conjugates bind with high avidity to αvβ3-integrin 

expressing cells, and are subsequently internalized [3, 4, 19]. Since the RGD/albumin ratios of the 
here developed conjugates were comparable to previously developed RGD-albumin conjugates, we 
expected similar binding and uptake characteristics of the new conjugates. We furthermore 
demonstrated binding and uptake by both endothelial cells (HUVEC) and C26 tumor cells that 
express αvβ3-integrin. Although the approach of αvβ3-targeted auristatins using RGD-peptides 
generally aims at angiogenic endothelium in solid tumors, it can also have the tumor cells as a 
secondary target. Many tumor types are known to express αvβ3-integrin and the expression levels 
correlate well with tumor progression in malignancies, like e.g., breast cancer [32], glioma [33], and 
melanoma [34]. We previously demonstrated such dual targeting for C26 colon carcinoma cells since 
RGD-targeted MMAE bound to HUVEC and C26 cells [3].  
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Figure 5. HUVEC have been incubated with increasing concentrations of drug targeting conjugates to 
determine killing efficacy. Molar concentration of drug targeting conjugates are expressed as conjugated 
drug equivalent in (A) and (B).  (A) Effect of RGD-MMAF-HSA (filled triangles) on HUVEC viability was 
compared with the effect of RGD-MMAE-HSA (open triangles). (B) Effect of RGDPEG-MMAF-HSA 
(filled squares) on HUVEC viability was compared with the effect of RGDPEG-MMAE-HSA (open squares). 
It can be appreciated from figures A and B that MMAF conjugates display only a modest improvement in 
potency over MMAE conjugates when tested on endothelial cells. (C) Viability of cells treated with either 1 
μg/ml of drug targeting conjugate or different control conjugates. Differences between drug targeting 
conjugates and the respective control conjugates were statistically significant with p<0.01. 
Data of MMAE drug targeting conjugates are derived of reference 3. 

 
We studied the effect of intracellularly delivered MMAF on HUVEC viability and found that 

RGD-MMAF-HSA and RGDPEG-MMAF-HSA efficiently killed HUVEC cells with EC50s at around 
20 – 80 nM conjugated drug equivalent (Figure 5, Table 2). Control conjugates with nontargeted 
RAD peptide or without MMAF modification did not influence cell viability at this concentration 
(Figure 5C). Drug targeting conjugates in which the RGD-peptide was introduced by using a short 
alkyl linker were 3.5 to 16-fold more cytotoxic than conjugates in which a PEG-linker was used. In 
part this can be attributed to the higher RGD/carrier ratio, gained by application of the short alkyl 
linker, which leads to higher binding affinity. Furthermore, the different spatial presentation of RGD-
peptides coupled by different linkers, or difference in hydrophobicity between the linkers might have 
an influence on binding affinity, uptake and in vitro efficacy. If the reduced in vitro efficacy of PEG-
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containing drug targeting conjugates is compensated for by prolonged circulation times and improved 
passive retention, remains to be shown in vivo. 
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Figure 6. Effect of drug targeting conjugates on tumor cell viability. C26 colon carcinoma cell have been 
incubated with increasing concentrations of drug targeting conjugates to determine killing efficacy. Molar 
concentration of drug targeting conjugates are expressed as conjugated drug equivalent in (A) and (B). (A) 
Effect of RGD-MMAF-HSA (filled triangles) on C26 viability was compared with the effect of RGD-
MMAE-HSA (open triangles). (B) Effect of RGDPEG-MMAF-HSA (filled squares) on C26 viability was 
compared with the effect of RGDPEG-MMAE-HSA (open squares). Notice that MMAF conjugates 
displayed a considerable improvement in potency over MMAE conjugates when tested on C26 cells. (C) 
Viability of cells treated with either 1 μg/ml RGD-MMAF-HSA or the control RAD-MMAF-HSA or with 10 
μg/ml of RGDPEG-MMAF-HSA or the control RADPEG-MMAF-HSA are shown. Differences between 
drug targeting conjugates and respective control conjugates was significant with p<0.001. 
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Table 2. Cell killing properties of drug targeting conjugates. Results are based on triplicate samples and 
experiments were performed at least three times. 

EC50 tested on HUVEC EC50 tested on  

C26 tumor cells Compound 
in nM drug 
equivalent 

95% CI1 in nM drug 
equivalent 

95% CI1

RGD-MMAF-HSA 22 11.5 – 42 8.7 6.7 – 11.2 

RGDPEG-MMAF-HSA 77 62 – 95 147 123 – 175 

RGD-MMAE-HSA 65 38 – 112 533 310 – 915 

RGDPEG-MMAE-HSA 420 225 – 780 2070 1580 - 
2710 

1 CI: Confidence interval 
 
In comparison to the previously reported MMAE-albumin conjugates, the new MMAF-HSA 

conjugates showed a 3 to 6-fold increase in potency when tested on HUVEC. Similar observations 
have been made for the MMAE and MMAF-modified antibodies c1F6 and cAC10 against CD70 and 
CD30, respectively [17, 24, 27]. MMAF-modified antibodies proved to be 1.2 to 6-fold more potent 
in killing of tumor cell lines than the respective MMAE-antibodies. We now tested MMAE and 
MMAF-albumin conjugates on C26 carcinoma cells, and targeted MMAF was found to kill also this 
cell type effectively with EC50s around 9 – 150 nM of coupled drug equivalent (Figure 6, Table 2). In 
contrast MMAE-conjugates were somewhat less potent with EC50s which were between 14 and 62-
fold lower than the respective MMAF conjugate. If we furthermore take the EC50s of free MMAE 
(0.1 – 2.0 nM) [17] and free MMAF (100 – 250 nM) [17] into account, we see that free MMAE is 
more cytotoxic than the respective MMAE-albumin conjugates but free MMAF is much less toxic 
than the respective RGD-equipped MMAF-albumin conjugates. Similar observations have been made 
for antibody-based drug-carrier conjugates [17, 24]. Thus, intracellular delivery by means of a 
receptor mediated internalization process turned MMAF into a highly potent cytotoxic agent. In 
another approach, a methylated species of MMAF (MMAF-OMe) was studied. The esterification of 
the carboxyl group, and hence the removal of the  charged group of MMAF turned the product in a 
very potent compound (EC50: 0.001 – 0.01 nM) which  was much more cytotoxic than MMAE [17]. 
Since the O-methylester can be converted into the MMAF parent by cytosolic esterases, a plausible 
explanation is that MMAF-OMe is converted intracellularly into MMAF, which will be retained 
intracellularly due to its charged nature. In conclusion, the differences in cell killing efficacy of 
targeted MMAE and MMAF are likely due to a combination of the relative potencies of the 
respective drugs, together with the enhanced retention of MMAF within the tumor cells due to the 
negative charge present on the C-terminal phenylalanine residue. When challenged to speculate on 
the relative importance of the two factors (intrinsic potency or cellular retention), we believe that the 
second factor is most important. This assumption is supported by the above mentioned studies with 
MMAF. It is very plausible that MMAF is unable to enter cells due to its charged state at neutral pH 
and masking of this charge (in MMAF-OMe) improved the EC50 100.000-fold. Thus, it is also 
plausible that the compound is efficiently retained subsequent to its intracellular delivery. The 
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accumulation of compound within the cells will by far compensate the differences in intrinsic activity, 
especially when prolonged uptake can be ensured, for instance, by ensuring that the receptor mediated 
uptake is taking place efficiently. 

Our results demonstrate that RGD-auristatin-HSA conjugates exert potent activities on αvβ3-
positive endothelial and colorectal carcinoma cells. These conjugates would be expected to exert in 
vivo antitumor activity both through the direct elimination of tumor cells, and the vascular 
endothelium that feed them. The drugs used in these studies may be ideally suited for these particular 
activities, since a structurally related agent, TZT-1027, has also been shown to exert potent activities 
on tumor vasculature [35]. The fact that the MMAF conjugates are more potent than the MMAE 
counterparts is not surprising, given that MMAF is one of the most potent auristatins yet described 
[17], and it may have enhanced retention inside cells upon drug release. The data reported here 
support further evaluation of both molecular classes, which would include in vivo efficacy and 
toxicological studies. 
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Introduction 
Specific delivery of therapeutic entities to tumor endothelium and to tumor cells is considered an 

attractive strategy to battle cancer without the typical side effects of conventional cancer therapy. 
Cyclic RGD-peptides are popular targeting ligands for such tumor specific drug delivery [1]. This 
peptide binds to αvβ3-integrin the expression of which is upregulated on angiogenic endothelial cells 
as wells as on several tumor cells. The restricted expression profile spurred the development of RGD-
peptide based drug targeting conjugates for cell specific delivery of small molecule drugs, protein 
pharmaceuticals, nucleic acids, and imaging agents [1]. Here, we investigate the effect of drug-
carrying RGD-albumin constructs on growth of subcutaneous tumors in mice.  

We previously demonstrated the importance of multivalent interactions with the target receptor 
for high affinity binding and efficient uptake of drug targeting conjugates [2, 3]. Therefore, we 
modified human serum albumin with multiple RGD-peptides to form a biodegradable, biocompatible 
carrier with high αvβ3-specificity that can be readily modified with drugs. These RGD-albumins were 
harnessed with different drugs using two innovative reversible linkers. The Universal Linkage System 
(ULS) was applied to couple PTK787, a VEGF-R kinase inhibitor. This drug contains none of the 
reactive chemical groups commonly used for covalent conjugation, like e.g. carboxyl-, amino-, or 
sulfhydryl-groups, which demanded a new coupling strategy [4]. ULS, a platinum(II)-based linker, 
enabled coupling of PTK787 to HSA through a coordination linkage at one of the aromatic nitrogen 
atoms in the drug and subsequent attachment to methionine or histidine residues in albumin. 
Auristatin, an antimitotic apoptosis-inducing compound, was conjugated to albumin using a valine-
citrulline linker [5, 6]. This val-cit-linker has widely been used for preparation of antibody-drug 
conjugates and demonstrated high stability in the circulation but is readily cleaved in the lysosomes 
of the target cells [7, 8]. The use of polyethylene glycol as a separate moiety or as a linker for RGD-
peptides furthermore allowed fine-tuning of these drug targeting conjugates for pharmaceutical and 
pharmacokinetic properties. The detailed structures and constituents are described in Figure 1 and 
Table 1. The final drug targeting conjugates proved to bind to and to be internalized by αvβ3-integrin 
expressing cells specifically via the introduced RGD moiety. Furthermore, we demonstrated down-
regulation of VEGF-induced gene expression by targeted PTK787, and killing of target cells by 
targeted MMAE and MMAF at low nanomolar concentration of the carrier [4-6]. In vivo we expected 
inhibition of angiogenesis by targeted PTK787 due to a blockade of the VEGF signaling pathway in 
tumor endothelial cells. Targeted auristatins shall kill these endothelial cells, induce blood 
coagulation, and thereby clogging of tumor blood vessels. The tumor cells which surround these 
clogged vessels will perish due to deprivation from oxygen and nutrients.  

The promising results in vitro prompted us to evaluate the tumor growth inhibitory efficacy of 
these drug targeting conjugates in vivo in mice, bearing a subcutaneous C26 colon carcinoma. 
Multiple doses were administered to achieve adequate intracellular drug levels over prolonged period 
of time. Furthermore, we investigated pharmacokinetics and biodistribution using 89Zr-labeled RGD-
albumin for positron emission tomography (PET) in tumor bearing mice. 
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Table 1.: Chemical characteristics of the in vivo tested drug targeting conjugates 

 Molecular 
weight in kDa 

Number of 
RGD / HSA 

Number of 
PEG / HSA 

Number of 
drugs / HSA 

PTK-HSA 69.9 n.a. n.a. 5.3 

RGD-PTK-HSA 78 12 n.a. 4.4 
RGD-PTK-HSA-
PEG 93.7 12 2.5 6.6 

RGDPEG-PTK-HSA 100.6 7 7 7.4 

RGD-MMAF-HSA 78.3 8.8 n.a. 4.2 

RGD-HSA 75.2 12 n.a. n.a. 
89Zr-RGD-HSA 75.5 12 n.a. ~ 1 

n.a.: not applicable 
 

Materials and Methods 

Synthesis of drug targeting conjugates 
RGD-HSA, RGD-PTK-HSA, RGD-PTK-HSA-PEG, RGDPEG-PTK-HSA, and RGD-MMAF-

HSA were synthesized and characterized as described previously [4, 6]. 
 

In vivo efficacy of RGD-equipped albumins modified with PTK787 or auristatin 

F in tumor bearing mice 
Male Balb/c mice (Harlan, The Netherlands) were housed under a 12 hour dark/light cycle, at 

constant humidity and temperature. Animals had free access to tap water and standard lab chow. All 
experiments were performed according to the national law on animal experiments and were approved 
by the Animal Ethics Committee of the University of Groningen. Mice were anesthetized with Forene 
(Abbot B.V., Hofddorp, The Netherlands) inhalation in combination with N2O (600 mL/min) and O2 
(300 mL/min) for injections. Tumor growth was induced by s.c. injection of 0.5 x 106 C26 murine 
carcinoma cells on the flank of the mice and allowed to grow to a palpable size, which occurred for at 
day 6 after inoculation of tumor cells. The treatment was initiated at day 7 with the first 
administration. For this, mice were divided into five groups (n=5) for treatment with PBS, PTK-HSA, 
RGD-PTK-HSA, RGD-PTK-HSA-PEG or RGDPEG-PTK-HSA. Drug targeting conjugates were 
administered at an equimolar dose of 5 nmol PTK787 equaling approximately 50 μg of albumin. 
Treatments were repeated at day 9, 11, 13, and 15. At the same time points, tumor size was measured 
using a digital caliper, and body weight and condition of mice were determined. Tumor volume was 
calculated as 0.52 x width² x length [mm³]. Animals were sacrificed 24 hour after the last treatment. 
Tumor, liver, kidney, spleen, lung, and heart were retrieved for immunohistochemical evaluation and 
snap frozen in liquid nitrogen, and blood and plasma were harvested as well. 
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The treatment protocol for evaluation of RGD-albumin conjugates equipped with auristatin F was 
similar. Three groups of mice were treated with PBS (n=5), RGD-MMAF-HSA (n=6), and RGD-
HSA (n=5). The conjugates were injected at an equimolar dose of 3.1 nmol MMAF equaling 50 μg of 
albumin. 

 

PTK-HSA RGD-PTK-HSA-PEG

RGDPEG-PTK-HSARGD-PTK-HSA

89Zr-RGD-HSA

RGD-HSARGD-MMAF-HSA

1. In vivo efficacy study for PTK787 containing conjugates
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Figure 1. Schematic representation of drug targeting conjugates tested. 
 

Serum and blood analysis 
Blood was analyzed for the number of white blood cells, red blood cells, and platelets, using a 

Microcellcounter F-800 (Sysmex-Europe, Hamburg, Germany). Serum of mice was analyzed for 
lactate dehydrogenase (LDH) and aspartate aminotransferase (ASAT). Immunogenicity of repeatedly 
dosed drug targeting conjugates was determined by analysis of antibody content against RGD-HSA 
and HSA in serum of mice. For this, 96-well microtiter plates (Costar) were coated for 2 h with RGD-
HSA or HSA (1 μg/well), washed three times with washing buffer (50 mM Tris/HCl at pH 8, 150 
mM NaCl, 0.05 % TWEEN 50) and blocked 1 h with 3 % BSA in incubation buffer (50 mM Tris/HCl 
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at pH 8, 0.05 % TWEEN 50). Plates were washed three times with washing buffer and incubated with 
100, 300, 900, and 2700-times dilution of serum in incubation buffer for 1 h. After washing, a rabbit 
anti-mouse-peroxidase conjugate (DAKO) was for 1 h incubated (1:1000 dilution). After the last 
washing step, o-phenylenediamine dihydrochloride (Sigma-Aldrich, St. Louis, USA), a peroxidase 
substrate, was incubated for 10 min and the reaction was stopped by addition of 100 μl of 1 M H2SO4. 
Substrate conversion was measured at 490 nm using a plate reader. 

 
Analysis of organs 

Spleens of all animals were weighed after excision. Liver, spleen, kidney and lung were stained 
immunohistochemically for leukocytes by detection of CD45 expression. For this, cryostat sections (4 
µm) of these organs were fixed in aceton, rehydrated and incubated with 10 % normal rabbit serum in 
PBS followed by 45 min of incubation with antiCD45 rat anti mouse immunoglobulin (BD 
Bioscience, Alphen aan den Rijn, The Netherlands). After removal of endogenous peroxidase, the 
staining was amplified using a peroxidase conjugated rabbit anti rat immunoglobulin (DAKO) and 
visualized by incubation with 3-amino-9-ethylcarbazole (AEC, Sigma). In livers, leukocyte 
infiltration was quantified by counting of eight to ten fields of view at 200x magnification. 

 
PET-study 

For PET-imaging, RGD-HSA was modified with the chelator desferal that is able to capture 
89Zirconium (89Zr), a positron emitter with a half live of 3.5 days. Conjugation and 89Zr-incorporation 
was described elsewhere [9, 10]. Radiochemical purity was determined to be 97 % by trichloroacetic 
acid precipitation, and specific activity was 200 MBq/mg. Two mice bearing a 100 mm3 C26 tumors 
(s.c.) were injected with 18 μg (3.6 MBq) of 89Zr-RGD-HSA dissolved in PBS. A first blood sample 
was drawn by orbita punction at 5 min after injection. Additional blood samples were drawn before or 
after scans, when the mice were still under anesthesia. Both mice were scanned simultaneously under 
anesthesia in one bed position in a Siemens microPET Focus 220 for 30 min. Scans were acquired 2 h, 
24 h, and 48 h after injection. Each time a transmission scan with a germanium-68 point source was 
performed before or after the emission scan. All scans were normalized and corrected for random 
scatter, attenuation, and decay according to standard procedures. After the last scan (49 h) the mice 
were sacrificed, and organs and tissues were harvested and weighed. Radioactivity in blood samples, 
organs and tissues was counted on a 1282 COMPUGAMMA CS (Perkin-Elmer, Boston, MA). Based 
on the amount of radioactivity in the blood and the administered dosages, we calculated the 
concentration of drug targeting conjugate present in the blood. Pharmacokinetic parameters were 
derived from data of individual animals, using the non-linear curve fitting program Multifit (Dr. J.H. 
Proost, Department of Pharmacokinetics and Drug Delivery, University of Groningen, The 
Netherlands). 

 
Statistics 

Statistical analysis was performed using Student’s two-tailed t-test assuming equal variances. 
Differences were considered to be significant when p < 0.05 unless otherwise stated. 
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Figure 2. Elevated ASAT levels and reduced white blood cells (WBC) counts were found in mice that 
suffered an anaphylactic shock. Similar findings were made in RGD-MMAE-HSA treated mice. (A) ASAT 
levels in serum and (B) WBC counts in blood of mice treated with PTK787 containing drug targeting 
conjugates. (C) LDH and (D) ASAT levels in serum of RGD-MMAF-HSA treated mice and (E) white blood 
cell counts in blood of mice treated with RGD-MMAF-HSA or RGD-HSA. Increase in ASAT levels and 
decrease in white blood cells are evident for the RGD-PTK-HSA-PEG and the RGD-MMAF-HSA treated 
group. Bars and error bars represent mean with standard deviation. 
#: Anaphylactic shock made withdrawal of sufficient blood difficult or even impossible in RGD-HSA, RGD-
PTK-HSA, and RGD-PTK-HSA-PEG treated mice. 
*: p < 0.01 

 

Results 

Effects of RGD-equipped albumin conjugates with PTK787 or MMAF in tumor 

bearing mice. 
Tumor growth inhibitory efficacy of drug targeting conjugates was evaluated in a s.c. C26 colon 

carcinoma model in balb/c mice. One day after the tumors became palpable, the treatment was started 
with administration of different PTK787 containing drug targeting conjugates every other day for 10 
days. Upon the fifth injection (day 15), several unexpected observations were made in the groups of 
mice treated with RGD-PTK-HSA and RGD-PTK-HSA-PEG. The mice recovered from the 
inhalation anesthesia during injection, but after 15 min their movement slowed down. The extremities 
turned cold and blue, tachycardia and hyperpnoea were observed. Animals of these two groups were 
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immediately anesthetized and sacrificed to prevent further suffering. Blood retrieval by heart 
puncture was difficult in comparison to healthy mice, suggesting that animals suffered from 
hypotensive shock-like syndrome. Consequently, blood and serum analysis was impossible for 7 out 
of 10 mice in these two groups. Thus for analysis of ASAT, white blood cell count and IgG formation 
(ELISA) only samples of two respectively three mice of the RGD-PTK-HSA-PEG group were 
available and no samples were available for RGD-PTK-HSA treated mice.  
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Figure 3. Antibodies against RGD-HSA were formed after five consecutive injections of drug targeting 
conjugate. (A,C) RGD-HSA coated ELISA plates were used to determine formation of IgG against RGD-
HSA in the serum of treated mice. (B,D) Formation of IgG against HSA was determined using HSA coated 
plates. The antibody formation against PTK787 containing drug targeting conjugates is shown in (A) and (B), 
while data for auristatin containing drug targeting conjugates are shown in (C) and (D).  
#: Anaphylactic shock made withdrawal of sufficient blood difficult or even impossible in RGD-HSA, RGD-
PTK-HSA, and RGD-PTK-HSA-PEG treated animals. 
*: p < 0.001 
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The effect of RGD-MMAF-HSA on tumor growth was compared to treatments with PBS or with 
the drug carrier RGD-HSA. This experiment was performed with an identical schedule as described 
above and again the same severe adverse events were observed at the fifth dose of the treatment. The 
adverse event occurred only in the RGD-HSA treated control group. We were not able to recover 
serum from these animals. RGD-MMAF-HSA treated animals displayed none of these adverse events, 
yet their livers were macroscopically different form normal livers, as they had no homogeneous color 
but were slightly freckled and clearly damaged. 
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Figure 4. (A) Quantification of CD45 positive cells in the liver. (B) Photomicrographs of CD45 stained liver 
sections of (1) PBS, (2) PTK-HSA, (3) RGD-PTK-HSA, (4) RGD-PTK-HSA-PEG, and (5) RGDPEG-PTK-
HSA treated mice (200x magnification). Most leukocytes could be found in livers of RGD-PTK-HSA and 
RGD-PTK-HSA-PEG treated animals. Color picture can be found in the appendix. 
*: p < 0.01  
#: p < 0.01 in comparison to both control and RGD-PTK-HSA-PEG groups and p < 0.05 in comparison to 
RGD-PTK-HSA group. 
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Serum and blood analysis 
Serum analysis revealed an increased ASAT-level for the two mice of the RGD-PTK-HSA-PEG 

group (Figure 2A) and blood analysis demonstrated a reduction in white blood cells in the circulation 
(Figure 2B). An ELISA for antibodies against RGD-HSA and HSA demonstrated the formation of 
IgG against RGD-HSA in the RGD-PTK-HSA-PEG group (Figure 3A) and interestingly some IgG 
against HSA in the heavily PEGylated RGDPEG-PTK-HSA treated group (Figure 3B). 

In serum of RGD-MMAF-HSA treated mice, increased LDH and ASAT levels were found 
(Figure 2C-D). Serum of this group contained antibodies against RGD-HSA and to a lower extent 
against HSA as well (Figure 3C-D). Leukocytes in the circulation were clearly reduced in the RGD-
MMAF-HSA treated group and even further reduced in the RGD-HSA treated control group (Figure 
2E).  
Analysis of organ sections 

Various organs were examined for infiltrating CD45-positive leukocytes to determine whether the 
treatments induced an inflammatory response. Elevated numbers of CD45-positive cells were 
detected in particular in livers. Figure 4 illustrates a massive influx of such cells into the liver tissue 
with highest amounts in groups treated with RGD-PTK-HSA and RGD-PTK-HSA-PEG. Interestingly, 
a sinusoidal staining pattern was observed in the livers of these two groups, as illustrated by Figure 
4B3 and 4B4.   

Also mice treated with RGD-MMAF-HSA and RGD-HSA displayed anomalies in their organs. 
E.g., RGD-MMAF-HSA treated animals had an increased spleen weight (Figure 5). Significant 
differences for the influx of CD45 positive cells were found in liver and lungs (Figure 6). RGD-HSA 
treated mice showed the most prominent influx of CD45 positive cells in livers and also the positively 
stained sinusoidal endothelium, comparably to animals treated with RGD-PTK-HSA and RGD-PTK-
HSA-PEG in the first in vivo experiment (Figure 4). Less influx of immune cells was detected in 
livers of RGD-MMAF-HSA treated mice, but these animals showed most CD45 positive cells in the 
lungs.  
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Figure 5. RGD-MMAF-HSA treated animals demonstrated aberrant spleen weight. Data are presented as 
mean of five to six mice with standard deviation. 
*: p < 0.001 in comparison to all groups 
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Figure 6. (A) Quantification of CD45 positive cells in the liver. (B) CD45 stained liver and lung sections of 
(1) PBS, (2) RGD-MMAF-HSA, and (3) RGD-HSA treated mice. Most CD45 positive cells could be found 
in livers of RGD-HSA treated animals and lungs of RGD-MMAF-HSA treated animals (200x magnification). 
*: p < 0.001 in comparison to all groups 
Color picture can be found in the appendix. 

 
Inhibition of tumor growth  

Experiments had been designed to determine effect of targeted PTK787 or auristatin on tumor 
growth. Tumors of murine C26 carcinoma cells were palpable after 6 days and grew rapidly to sizes 
of approximately 550 mm3. Groups treated with RGD-containing PTK787 conjugates showed a 
slower tumor growth in comparison to the two control groups (Figure 7A). This difference was 
significant for the mice treated with RGD-PTK-HSA and RGD-PTK-HSA-PEG from day 9 to 15 in 
comparison with PBS and PTK-HSA treated mice. 

Upon studying anti-tumor effects of RGD-HSA and RGD-MMAF-HSA, we observed tumor 
growth inhibition by RGD-HSA but not by RGD-MMAF-HSA. The differences in tumor size 
between RGD-HSA treated animal and the other two groups were statistically significant from day 11 
to day 15 (Figure 7B). 

 

126 



RGD-HSA carriers in vivo 
 

 

  

0

100

200

300

400

500

0 5 10 15

Time in days
m

ea
n 

tu
m

or
 s

iz
e 

in
 m

m
3

PBS

RGD-MMAF-HSA

RGD-HSA

B

*
*

*

0

100

200

300

400

500

0 5 10 15

Time in days
m

ea
n 

tu
m

or
 s

iz
e 

in
 m

m
3

PBS

RGD-MMAF-HSA

RGD-HSA

B

*
*

*

0

100

200

300

400

500

600

0 5 10 15

Time in days

m
ea

n 
tu

m
or

 s
iz

e 
in

 m
m

3

PBS
PTK-HSA
RGD-PTK-HSA
RGD-PTK-HSA-PEG
RGDPEG-PTK-HSA

A

*
*

*
*

*
*

*

*

0

100

200

300

400

500

600

0 5 10 15

Time in days

m
ea

n 
tu

m
or

 s
iz

e 
in

 m
m

3

PBS
PTK-HSA
RGD-PTK-HSA
RGD-PTK-HSA-PEG
RGDPEG-PTK-HSA

A

*
*

*
*

*
*

*

*

 
Figure 7. Effect of RGD-equipped albumins conjugated with either PTK787 (A) or MMAF (B) on tumor 
growth. Mice were injected with C26 carcinoma cells for tumor inoculation. After the tumors became 
established (day 7), animals were administered drug targeting conjugate at a concentration of 5 nmol 
PTK787 or 3.1 nmol MMAF per injection, every other day, for five consecutive times as indicated by arrows. 
Tumor size is presented as mean with standard error.  
*: p < 0.05 in comparison to control groups (PBS, PTK-HSA)  
 

Distribution of 89Zr-RGD-HSA in vivo 
Previously we showed tumor homing of RGD-albumins using immunohistochemical techniques 

[5]. Here, 89Zr-RGD-HSA, administered to tumor bearing mice, was used to corroborate these 
findings and to give quantitative information on plasma disappearance and whole body distribution. 
In a pilot study, 89Zr-RGD-HSA was administered to two tumor bearing mice, microPET scans were 
acquired 2, 24, and 48 h after injection, and organs and tissues were harvested thereafter for 
assessment of accumulated radioactivity. Figure 8A illustrates that 89Zr-RGD-HSA was rapidly 
eliminated from the blood with a t1/2 1 of less than 20 min (Figure 8B), from which we conclude that it 
has not retained the long circulating properties of parental HSA. 

89Zr-RGD-HSA accumulated mainly in liver, spleen and kidneys 49 h after injection (Figure 8B). 
Already after 2 h, nearly all of the drug carrier accumulated in liver and spleen (Figure 9). The scan 
furthermore failed to show the heart, which corroborates the fast elimination which was observed in 
the blood samples. Bladder and some joints could already be seen after 2 h. It cannot be ruled out that 
89Zr-RGD-HSA was rapidly degraded in liver and spleen, since intact drug carrier can not be filtrated 
in the kidney and only free 89Zirconium will accumulate in the bones. However, 89Zr and its chelator 
desferal are stable, designed to reside inside the cell once they are internalized, and therefore should 
not accumulate in bones and joints [10]. Another possibility is selective recognition of osteoclast by 
89Zr-RGD-HSA. Osteoclasts are known for a high expression of αvβ3-integrin and have been imaged 
using a 64Cu-labeled RGD [11-13]. Thus it is possible that 89Zr-RGD-HSA selectively bound to these 
osteoclasts in the joints. 

MicroPET scans at 24 and 48 h were not significantly different from the shown scan at 2 h after 
injection. 
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Figure 8. Plasma disappearance and whole body distribution of RGD-HSA was studied using a positron 
emitting label. For this, 89Zr-RGD-HSA was injected into tumor bearing mice. (A) 89Zr-RGD-HSA is rapidly 
eliminated from the blood. (B) Pharmacokinetic parameters with standard error as calculated using Multifit 
assuming a two compartment model with elimination from the peripheral compartment. (C) 49 h after 
injection, mice were sacrificed and organs and tissues were harvested and counted for 89Zirconium. Whole 
body distribution is expressed as percent injected dose per gram of tissue (% ID/g). Data are presented as 
mean of two mice with standard deviation. 
 

Discussion 
Specific delivery of antiangiogenic or apoptosis inducing drugs to αvβ3-integrin expressing cells 

is a relevant approach for cancer therapy since αvβ3-integrin over-expression can be found on 
angiogenic endothelial cells and on many human tumors [1, 14-16]. Previously we developed drug 
targeting conjugates with promising in vitro efficacy for the cell specific delivery of PTK787 or 

128 



RGD-HSA carriers in vivo 
 

 

auristatin F [4, 6]. Here we studied the efficacy of RGD-albumin conjugates in tumor bearing mice. 
However, in order to understand the underlying effect of the here reported tumor growth inhibition, 
we first have to evaluate the observed side effects. Three of the repeatedly administered drug 
targeting conjugates displayed identical and fatal adverse events (RGD-HSA, RGD-PTK-HSA, RGD-
PTK-HSA-PEG). The cold and blue extremities and the tachycardia and the fact that the heart was 
scarcely pumping blood were indications of an anaphylactic shock. Unfortunately only three of these 
15 mice could be tested for IgG formation against RGD-HSA, but these three showed high antibody 
titers (Figure 3), supporting the premise of an anaphylactic shock. Often immunogenicity and 
antibody formation is found for aggregated proteins but the drug targeting conjugates shown here had 
the same grade of aggregation as parental albumin (ca. 5%) [17] and, although having the same grade 
of aggregation, PTK-HSA did not induce antibody formation. Thus aggregation can be ruled out as 
cause for the immune response. The RGD-peptide and the human serum albumin can be the cause for 
the response, since only these two moieties can be found in the therapeutics administered to all three 
groups that suffered from the anaphylactic shock. ELISAs proved that most of the antibodies formed 
recognized RGD-HSA, few recognized HSA alone. From these results we concluded that RGD-
modified albumins are immunogenic, regardless of further modifications with drug or even with PEG 
(e.g. RGD-PTK-HSA-PEG). The first four injections sensitized the animals and the fifth injection 
induced an anaphylactic shock. Furthermore, these three groups stand out by a decreased white blood 
cell count and a striking influx of CD45 positive cells in the liver. Of course, one question arises 
immediately: Why did RGD-MMAF-HSA treated mice not suffer a shock? A possible explanation is 
that the immunogenicity is dependent on the amount of RGD-peptides per albumin. As can be 
derived from Table 1, RGD-HSA, RGD-PTK-HSA, and RGD-PTK-HSA-PEG all contain 12 peptide 
moieties per albumin whereas RGD-MMAF-HSA contains only 8. Nevertheless, RGD-MMAF-HSA 
treated animals were also sensitized for an RGD-albumin allergen, as can be appreciated from Figure 
3C. We therefore speculated that further injections could have eventually induced an anaphylactic 
shock as well. RGD-MMAF-HSA treated mice differed from all other animals by a number of 
observations. First, they had an abnormal appearance of the liver, second, the spleen was significantly 
enlarged, and third, not only liver but also lungs were found to be heavily infiltrated with leukocytes. 
In addition, high LDH and ASAT values indicated tissue and especially liver damage. The 
distribution data of 89Zr-RGD-HSA revealed fast accumulation in spleen and liver. Assuming a 
similar distribution for RGD-MMAF-HSA, we may have delivered MMAF, a potent apoptosis 
inducing drug, directly into these two organs. Since MMAF toxicity will not discriminate between 
neoplastic or normal cell types, such an intracellular accumulation of the conjugate may have caused 
the organ damage. Although it probably accumulated in the same organs, targeted PTK787 did not 
induce liver damage, since this VEGFR kinase inhibitor is not directly toxic. 

Integrating the data of both in vivo experiments, two modes of side effects can be separated. All 
RGD-albumin conjugates induced antibody formation but only conjugates with the highest number of 
RGD-peptides per albumin appeared to be capable of inducing a fatal anaphylactic shock at the fifth 
injection. Increased ASAT levels or other signs of liver damage in these three groups are likely a 
symptom of the shock rather than a direct effect of the drug targeting conjugate. The second mode of 
side effect can in theory be related to a failed targeting approach of MMAF, which, once delivered to 
the wrong cell type, caused damage to at least the liver and spleen. 
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Figure 9. MicroPET scans provided a three-dimensional image of the distribution of the 89Zr-label. Here we 
show a coronal section (A), a sagittal section (B) and 10 transverse sections (C) of a tumor bearing mice, 
injected with 89Zr-RGD-HSA. (D) displays the positioning of coronal, sagittal, and transverse planes. The 
distinct position of each of the transverse sections are marked in A and B. The cross in each section marks 
the position of the sections in the corresponding dimensions. The microPET scan was acquired 2 h after 
injection of 89Zr-RGD-HSA. The color picture can be found in the appendix. 
 

The strong immunogenic reaction against RGD-peptide modified albumin was surprising, 
knowing that conjugates of ovalbumin or TNF with a similar cyclic vascular targeting peptide 
(CNGRC) elicited no or little immune response, even when given over a prolonged period of time 
with complete Freund’s adjuvant [18]. The authors of this study argued that the CNGRC peptide is 
not immunogenic since it mimics a self-structure, the GNGRG loop of fibronectin. However, 
although the RGD-sequence can be found in many extracellular matrix proteins (e.g. fibronectin, 
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laminin, thrombospondin, osteopontin) [19-22], known to bind to integrins as well, it elicited a strong 
immunogenic response. It is known that folding of the RGD-peptide, and thereby its binding 
specificity and affinity, is influenced by flanking sequences of the RGD. The used c(RGDfK)-peptide 
might be folded into a structure unknown to the immune system but still very suited for binding to 
αvβ3-integrin. The fact, that RGD-peptides have been widely used as a targeting agent makes one 
wonder why such adverse events have not been observed elsewhere. Several points may explain it: 

1. Apart from the c(RGDfK) sequence, RGD4C and RGD10 are other variants of the RGD 
peptide that are widely used. It is unclear whether other RGD-peptides feature the same 
immunogenicity profile. 

2. We concluded that the number of RGD per carrier defines the grade of immunogenicity. 
Many drug targeting conjugates do not possess multiple RGD-peptides, leaving only 
liposomes, nanoparticles, proteins and polymers as drug carriers with multiple RGD 
peptides. 

3. Many in vivo studies were performed with only a single injection or in nude mice. In both 
cases the formation of antibodies and an anaphylactic shock are unlikely to occur. Here, 
balb/c mice, which are known for a strong humoral immune response, have been used for 
in vivo studies with five consecutive injections. 

The most similar drug targeting conjugate, a HPMA-copolymers modified with 11 c(RGDfK)-
peptides per polymer, was thus far only used for imaging studies using a single injection [23]. It 
would be of interest to study whether such a construct also sensitizes Balb/c mice for the RGD-
peptide. 

RGD-PTK-HSA and RGD-PTK-HSA-PEG treated mice displayed a significant inhibition of 
tumor growth. This inhibition, however, was also found in RGD-HSA but not in RGD-MMAF-HSA 
treated mice, indicating that tumor growth was inhibited by albumin carriers modified with at least 12 
RGD-peptides but probably not due to the attached drug. Tumor growth inhibition can either be 
attributed to a direct effect of RGD-HSA on tumor endothelium or tumor cells, or to a “side effect” of 
the activation of the immune system. The latter seems to be more likely when the fast clearance of 
89Zr-RGD-HSA in the blood was taken into account (t1/2 1 = 19 min) which made a direct effect of 
RGD-HSA on tumor growth is unlikely. If we assume a similar distribution profile, RGD-MMAF-
HSA and also the other drug targeting conjugates had neither sufficient residence time in the blood 
for tumor accumulation by active receptor-mediate uptake nor for passive tumor accumulation by 
enhanced permeability and retention effect.  

RGD-modification of proteins has been shown earlier to lead to a reduced the half-life. Schraa 
and co-workers modified antibodies with c(RGDfK) and c(RADfK)-peptides and demonstrated that 
RGD-modification reduced the half-life by 70% while RAD modification had no impact on the 
circulation time [24]. Mitra and co-workers seem to have overcome the problem of fast elimination 
with HPMA-c(RGDfK) constructs. HPMA-c(RGDfK) accumulated in a tumor in the course of 48 h 
(ca. 5 %ID/g) with only very limited tumor accumulation after 1 h (ca. 1 %ID/g) [23, 25]. In 
comparison, RGD-HSA was at the 1 h - time point nearly completely eliminated from the circulation 
and thus could not accumulate in the tumor. The fast elimination of RGD-HSA in our study can 
mainly be attributed to fast uptake in spleen and liver. These organs were clearly visible in the 
microPET scan after two hours. Increased uptake of RGD-modified macromolecules in spleen and 
liver was also observed for RGD-modified antibodies [24] and HPMA copolymers [25] in 
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comparison to the unmodified antibody and polymer respectively, but the extent and speed of 
accumulation of RGD-HSA in these two organs is unmatched. 

In summary, the in vivo evaluation of RGD-albumin drug carriers revealed high immunogenicity 
of c(RGDfK)-albumin conjugates. It was furthermore shown that the targeting approach was 
hampered by a fast elimination from the blood stream and accumulation in liver and spleen. The latter 
were damaged due to the local delivery of apoptosis inducing MMAF. In spite of the promising in 
vitro data, we concluded that RGD-albumin conjugates are not suitable for targeted drug delivery.  
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Abstract 
Unraveling the involvement of multiple cell types in angiogenesis yields more and more cells and 

pathways as druggable targets. It was recently demonstrated that inhibition of the recruitment of 
circulating endothelial progenitor cell (CEP) improved therapeutic outcome of treatment with 
vascular disrupting agents (VDA). This knowledge paves the way for novel drugs and drug 
combinations in cancer therapy. 
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Introduction 
Tumor angiogenesis has evolved into a widely studied field that has yielded several interesting 

drugs. The combination of these agents with conventional cytostatic compounds will greatly improve 
clinical responses, and many more anti-angiogenic compounds are under development. In parallel to 
new and more potent agents, the advanced insight in angiogenesis at the cellular level dictates new 
paradigms in drug combinations and treatment protocols. This highlight will shortly review the 
current status of anti-angiogenic compounds that have advanced into the clinic or into later stages of 
clinical testing. Second, we will discuss a recent paper by Shaked et al [1] that illustrates the 
important role of circulating endothelial progenitor cells (CEPs) in tumor angiogenesis and 
furthermore demonstrates how blockade of CEP recruitment can improve anti-vascular therapy.  

 

Current antiangiogenic therapies  
Anti-angiogenic therapies either aim for the disruption of tumor blood vessels or counteract the 

further outgrowth of capillaries from existing vasculature. Depending on the claimed target or 
mechanism of action of the applied therapeutic, compounds that have advanced into clinical testing 
can be divided into three different classes: 

1. Vascular disrupting agents. Destruction of tumor endothelial cells is probably the most 
straightforward antivascular treatment. The destruction of the vessel wall induces hemorrhage and 
coagulation, resulting in occlusion of tumor blood vessels. As a consequence, all tumor cells that 
were fed by the occluded blood vessel are deprived of oxygen and nutrients and eventually perish. 
Most vascular disrupting agents (VDA) interfere with the tubulin cytoskeleton in tumor endothelium, 
leading to rapid changes in endothelial shape and endothelial cell death [2]. Since the cytoskeleton of 
non-angiogenic endothelial cells is maintained by actin rather than by tubulin, mature blood vessels 
are not sensitive to anti-tubulin agents. A number of  VDAs have been evaluated in clinical trials with 
TZT1027, a dolostatin derivative, and  OXi4503, a combretastatin prodrug, being the most promising 
compounds [2] (Figure 1).   
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Figure 1. The chemical structures of two promising vascular disrupting agents (OXi4503 and TZT1027)  
 

2. VEGF neutralizing or blocking agents. Vascular endothelial growth factor (VEGF) 
is one of the most prominent proangiogenic modulators and has been the target of many anti-
angiogenic strategies. Of those, the antibody Avastin directed against soluble VEGF has been 
approved for the treatment of metastatic colorectal cancer. Other VEGF-capturing biologics like e.g. 
soluble VEGF-receptor (VEGF-trap) are under clinical investigation [3, 4]. DC101, a rodent antibody 
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raised against VEGFR-2 that blocks binding of VEGF to its receptor, demonstrated remarkable 
effects in the preclinical setting and a humanized and pegylated fragment of this antibody (CDP-791) 
is currently in phase II clinical trials [5]. Thus far, only biologics have entered clinical trials and small 
molecule antagonists of VEGF receptor binding (e.g. VGA1155, GFA-116) are still in preclinical 
stages [6, 7] (Figure 2).   
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Figure 2. Two small molecule VEGF receptor antagonist (VGA1155, GFA-116) are shown. GFA-116 is 
composed of a central calix[4]arene scaffold (left) to which four cyclic peptides with a GKGK sequence are 
attached (right). 
 
 

3. VEGF receptor kinase inhibitors. Of the three identified VEGF receptors, VEGFR-2 
(KDR) induces the most prominent proangiogenic stimuli upon binding of soluble VEGF-A. The 
VEGFR-2 kinase is a strong activator of the c-Raf-MEK-MAP-kinase pathway, PI3-kinase, and focal 
adhesion kinase, among others [8]. Two of the signal transduction inhibitors aiming at VEGFR 
signaling, sorafenib (BAY 43-9006) and sunitinib (SU11248), have been clinically approved and 
others like e.g. vatalanib (PTK787) are in late stage of clinical investigation [9] (Figure 3). Most 
signal transduction inhibitors block the activity of kinases by occupation of the ATP pocket. Owing 
to the relative similarity of ATP pockets on tyrosine kinases, these VEGF kinase inhibitors often 
display inhibitory activity on several other kinases like e.g., PDGFR-β (Sunitinib, Vatalanib), c-Kit 
(Sunitinib, Vatalanib) or Raf (Sorafenib). Although a common drug design strategy is to design an 
inhibitor with high target specificity, i.e., aiming for a specific kinase, multikinase inhibition may be 
advantageous since it provides a more complete blockade of activation pathways.  
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Figure 3. Signal transduction inhibitors that block signaling via the VEGF receptor kinase (SU11248, 
PTK787, BAY 43-9006) 
 

Obviously, the above listing of compounds is only a global summary of anti-angiogenic 
compounds. Many other compounds have been studied for their anti-angiogenic properties, and many 
cytostatics exert part of their therapeutic activity via anti-angiogenic mechanisms [10].  

The success of anti-angiogenic therapies illustrates that clinical anti-tumor responses can be 
achieved by targeting non-tumor cells. Also other non-malignant cells within the tumor 
microenvironment (e.g. dendritic cells, tumor associated macrophages) have been recognized as key 
players, as they are involved in different stages of tumor development and progression [11, 12]. 
Likewise, such tumor-associated cells are potential druggable targets. A recent paper illustrates that 
we should consider cells beyond the tumor microenvironment as potential targets for cancer therapy 
since also circulating progenitor cells contribute to tumor growth [1]. Although this concept is not 
new, the role of circulating progenitor cells in angiogenesis remained controversial since only low 
levels of such cells were detectable in tumors [13]. Shaked et al demonstrated that levels of CEPs 
were rapidly elevated upon treatment with the anti-vascular agent OXi4503, and that these cells 
contributed to the rapid outgrowth of remaining tumor cells at the rim of the tumor. Since tumor cells 
at the border of a tumor obtain nutrients and oxygen from normal tissue, those cells are not eradicated 
when tumor blood vessels are obstructed. The accelerated outgrowth of this so-called ‘tumor rim’ 
after cessation of the treatment with anti-vascular therapy opposes complete remission of the tumor 
burden. Understandably, progression of many solid tumors relies on the formation of new blood 
vessels, and it was shown that mobilization of CEPs from the bone marrow and their incorporation 
into the newly formed tumor blood vessels can promote this [13]. To confirm that CEPs homed to the 
tumor rim, lethally irradiated mice were rescued by transplantation of green fluorescent protein-
positive (GFP+) bone marrow cells. Such mice were used as recipients of a syngenic Lewis Lung 
carcinoma and treated with OXi4503. Untreated mice showed only minor incorporation of GFP+ bone 
marrow cells into the tumor periphery, while animals treated with the vascular damaging agent 
showed a substantial number of GFP+ cells colocalizing with CD31 staining for tumor blood vessels. 
Further experiments with Id-1+/- Id-3-/- mutant mice that are incapable of mobilizing CEPs confirmed 
that CEPs contributed significantly to the regrowth of the tumor after VDA treatment.  
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In order to improve VDA therapy the authors combined OXi4503 with the VEGFR blocking 
antibody DC101. Using the mice with GFP+ bone marrow cells, the addition of the VEGF-blocking 
agent prevented the mobilization of progenitor cells into the tumor periphery. Most importantly, the 
combination therapy improved the tumor growth inhibitory effect and slowed recurrence of the tumor, 
in parallel with a reduced tumor rim. The combination of standard chemotherapy with VDA 
comprises also interesting possibilities. The logic sequence of treatments would be to start with a 
chemotherapeutic and thereafter occlude the blood vessel with VDA therapy, thereby trapping the 
cytotoxic compound in the tumor. However, the chemotherapeutic needs to be administered 
subsequent to VDA treatment as well, in order to prevent the mobilization of CEPs and their 
recruitment to the tumor blood vessels.  

Awareness of how tumors progressively recruit non-malignant cells is of utmost importance in 
order to develop innovative cancer treatments. Endothelial cells have been recognized as a non-
malignant target in cancer and successful treatments have followed. Further understanding of the 
interaction between different non-malignant cells types will yield new targets, as for example CEPs. 
Some of these new targets will require novel drugs but, as shown by Shaked et al, the recruitment of 
CEPs can be prevented by rational combination of existing anti-angiogenic agents.  
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Summary and Concluding Discussion 

Summary 
The endothelium is a prime target for intervention in cancer. Tumor growth starts with the 

outgrowth of a cluster of a few malignant cells, whose growth is subsequently inhibited by a limited 
diffusion of oxygen and nutrients from the surrounding tissue. The lack of oxygen induces 
transcription of the hypoxia inducible factor 1α, which in turn initiates the transcription and shedding 
of proangiogenic factors like VEGF [1]. These factors stimulate angiogenesis, the growth of new 
blood vessels towards the tumor. Angiogenesis is one of a few ways how a tumor can ensure 
continuous supply of oxygen and nutrients, besides for example vascular mimicry or vessel cooption 
[2, 3]. Thereby, the tumor can grow beyond a diameter of 2 mm and spread to other places in the 
body (metastasis). Due to the importance of angiogenesis for development and progression of cancer, 
vasculature-directed therapies are widely investigated [4].  

The involvement of endothelial cells is also crucial in chronic inflammatory diseases. 
Proinflammatory cytokines like TNFα and IL-1β activate ECs via p38MAP kinase or NFκB [5]. The 
activated EC excrete cytokines and chemokines, which in concert with cellular adhesion molecules 
promote leukocyte recruitment and infiltration, and mediate vascular remodeling [6, 7]. Blockade of 
these processes has obtained immense attention in recent years and many new signal transduction 
inhibitors against p38MAP kinase or NFκB were developed [8, 9]. 

In this thesis, I developed novel drug targeting conjugates aiming at the inhibition of 
proinflammatory or proangiogenic stimuli in the endothelium. The first part of the thesis concerns the 
specific delivery of kinase inhibitors into these cells. In the second part of the presented work, the 
drug targeting concept was applied to antimitotic agents, in order to selectively kill angiogenic 
endothelium and thereby deprive a tumor from oxygen and nutrients. 

I applied a cyclic arginine-glycine-aspartic acid tripeptide as targeting ligand. This so called 
RGD-peptide selectively binds to αvβ3-integrin, a receptor that is upregulated on activated and 
angiogenic EC but hardly expressed on dormant endothelium. Chapter 2 summarizes the structural 
requirements for RGD-peptides and RGD-mimetics to be a high affinity and high specificity ligand 
for αvβ3-integrin. The importance of multivalent RGD-constructs for high avidity binding and 
internalization is highlighted. 

Chapter 3 is dedicated to the cell-specific delivery of the p38MAP kinase inhibitor SB202190 
into activated endothelial cells. For that purpose, SB202190 needed to be coupled to a RGD-peptide-
modified albumin carrier. I succeeded with the coupling of this drug by application of the Universal 
Linkage System (ULS), a platinum-based drug linker which formed a coordination bond with the 
pyridyl group of SB202190. The stability of the drug-ULS linkage in serum was high. Drug release 
was accelerated by coincubation with sulfur containing ligands like glutathione (GSH) or 
dithiothreitol. Thus, high intracellular concentrations of GSH or other sulfur donors will facilitate 
drug release at the site of action. The cyclic RGD-peptide was introduced using a conventional 
bifunctional polyethylene glycol (PEG) linker. The peptides clearly facilitated binding and uptake of 
the drug targeting conjugates, ultimately leading to intracellular drug release and inhibition of TNFα 
induced proinflammatory gene and protein expression. 

Chapter 4 describes the development of a novel series of RGD-peptide-modified albumin 
carriers. RGD-peptides, monovalent PEG, or bivalent PEG were combined to achieve optimal 
binding characteristics together with the best solubility. The VEGFR kinase inhibitor PTK787 was 
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coupled via ULS to the albumin based carriers after the modifications with RGD and PEG. The 
coupling of PTK787 to RGD-HSA was only limited by solubility of the final product, due to the 
hydrophobic nature of PTK787. The solubility was significantly improved by incorporation of PEG-
moieties or PEG-linkers for the RGD-peptide. Introduction of the drug did not influence the excellent 
binding affinities of these carriers. I demonstrated inhibition of VEGF-induced proangiogenic gene 
expression by targeted PTK787, revealing the value of our targeting approach. 

Two auristatin derivatives were specifically delivered to αvβ3-integrin expressing cells in the 
studies described in chapters 5 and 6. A valine-citrulline linker was applied for coupling of auristatin 
E and F (MMAE and MMAF) to the albumin drug carrier. I created drug targeting conjugates that 
bound with high affinity and were taken up by αvβ3-integrin expressing cells. Primary endothelial 
cells and C26 colon carcinoma cells were killed by these conjugates at low nanomolar concentrations. 
Identical conjugates with only a slight modification in the homing ligand (RAD instead of RGD) 
demonstrated absence of effect at 50-fold higher concentrations. A pilot in vivo experiment indicated 
accumulation of drug targeting conjugate in the tumor tissue 24 h after injection. Liver, spleen and 
kidney were free of drug targeting conjugate at this time point. The distribution pattern of RGD-
albumin coupled with auristatin was widespread in the tumor and not restricted to the tumor 
endothelium, since the tumor cells in the used in vivo model also expressed αvβ3-integrin. 

In chapter 7 I further evaluated targeted PTK787 and MMAF for their tumor growth inhibitory 
effect in s.c. C26 carcinoma bearing mice. The in vivo evaluation of RGD-albumin drug carriers 
revealed high immunogenicity of c(RGDfK)-albumin conjugates. Multiple injections of drug 
targeting conjugates with a RGD to albumin ratio of 12:1 induced antibody formation and a fatal 
anaphylactic shock. Strikingly, effect on tumor growth was noticed for all conjugates that provoked 
the anaphylactic shock, regardless of any drug modifications. Thus RGD-albumin inhibited tumor 
growth similar to RGD-albumin-drug conjugates. Most likely the effect of RGD-albumin on the 
tumor was due to a non-specific arousal of the immune system. In addition, I modified RGD-HSA 
with a label for positron emission tomography (PET), to study the distribution of RGD-HSA in tumor 
bearing mice. Contrary to our expectations, the labeled RGD-HSA was eliminated rapidly from the 
blood stream and therefore did not allow sufficient time for accumulation in the tumor tissue. 
Accordingly, PET images visualized liver and spleen as the organs responsible for the fast 
elimination and the subcutaneous tumor was not visible. The fast elimination, absence of tumor 
accumulation, and immunogenicity problems led me to conclude that the present RGD-albumin 
constructs are not suitable yet for in vivo targeted drug delivery.  

In chapter 8, I briefly reviewed current antiangiogenic and antivascular therapies, mainly aiming 
at creating awareness of how tumors progressively recruit nonmalignant cells. By highlighting the 
role of endothelial progenitor cells in tumor recurrence as indicated by a recent publication of Shaked 
and coworkers [10], I reviewed how nonmalignant cells can turn out to be suitable target cells for 
future cancer therapy. 
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Discussion 
Drug targeting devices are complex macromolecular constructs consisting of many moieties each 

designed to fulfill a specific task. Here, I highlight the single moieties and evaluate their performance 
within the drug targeting approach and their benefits and limitations for targeted drug delivery in 
general.  

Drugs: Drug targeting approaches are developed for drugs that either exert severe side effects 
or have a detrimental distribution which limits their efficacy. Targeting of a drug to a specific tissue 
or even cell type can diminish side effects in non target tissue and render a drug more effective. 
However, targeted drugs have to be very potent. The importance of this rather trivial statement 
becomes apparent when taking a closer look at the route of cell entry. I aimed at receptor mediated 
uptake of the drug targeting conjugate, which is naturally limited by the number of receptors per cell 
and the rate of receptor recycling. The drugs used in this thesis are potent as they have 
pharmacological IC50s for their targets in the nanomolar range. But intracellular concentration and 
effect depend also on the efflux rate of the delivered drug. This rate is influenced by size, charge, and 
lipophilicity of the drug and the concentration gradient. Here we touch upon a general problem in 
drug targeting: Most small molecule drugs like e.g. PTK787 and SB202190 are developed to rapidly 
cross cell membranes. Thus they are small (<500 g/mol), not charged, and lipophilic. Upon coupling 
to a carrier molecule, the lipophilic nature of the drug can give rise to solubility problems of the final 
product. This was demonstrated in chapter 4 in which not more than 6 drugs could be coupled to 
RGD-HSA. Furthermore, rapid efflux of the released drug from the target cell is driven by a 
concentration gradient. This gradient inevitably forms, since in the circulation all drug is carrier-
bound (thus low free drug concentration in the circulation) but in the cell the drug is released in the 
restricted cell volume (thus high intracellular drug concentration). A typical small, non-charged, and 
lipophilic drug can quickly redistribute in such a situation, as a consequence of which the efficacy of 
such a targeting approach may be limited. Size, charge, and lipophilicity requirements are completely 
opposite for targeted drugs compared to non-target drugs. In the same situation as described above, a 
charged and hydrophilic drug will be retained in the cell for a prolonged period of time, since it will 
not readily cross the cell membrane. This will eventually lead to a higher efficacy. An example of a 
good drug candidate is MMAF, which is relatively large (1250 g/mol) and charged at physiological 
pH, ensuring a longer retention in the target cell after release from its carrier. I demonstrated that drug 
targeting conjugates containing the charged MMAF showed a lower EC50 in cell killing than drug 
targeting conjugates modified with the non-charged MMAE [11]. However, I also demonstrated that 
even targeting of small and lipophilic kinase inhibitors is promising in malignant or inflammatory 
disease, as was also further demonstrated for fibrotic disease in other theses from our group (Prakash 
et al., Gonzalo et al.,) [12]. In order to further improve therapeutic efficacy, kinase inhibitors with an 
improved redistribution profile should be selected for future intracellular targeting studies. Optimal, 
for example, would be a compound that is charged at pH 7 but largely not charged at pH 5, which will 
allow the compound to cross the lysosomal membrane after release from the carrier but will hamper 
further redistribution. 

Drug Linkers: Drug linkers are designed to firmly hold on to the drug during storage and in 
the circulation, but to release the drug at the target site. In the study presented here, I applied two 
different reversible drug linkers. The valine-citrulline linker is a cathepsin-cleavable self-immolative 
drug linker, used for the conjugation of auristatins to albumins [11, 13] and antibodies [14]. High 
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stability was demonstrated in the circulation but rapid enzymatic release occurred upon 
internalization of drug targeting conjugates [15, 16]. Thus high intracellular drug concentrations can 
be achieved due to the rapid drug release. However, the intracellular concentration of free drug also 
depends on the rate of internalization and redistribution as discussed above. The intracellular 
concentration profile of auristatins was excellent in order to induce apoptosis. Consequently this 
resulted in low nanomolar EC50s for the killing of endothelial and tumor cells. In contrast, 
intracellular concentrations of signal transduction inhibitors ideally need to be maintained above a 
certain threshold over a prolonged period of time to achieve an extended blockade of disease 
associated signaling pathways. We therefore applied the Universal Linkage System, which is novel in 
the context of targeted drugs, for coupling of kinase inhibitors to carrier proteins. The release from 
these carriers was generally slow in serum but could be accelerated by high intracellular 
concentrations of glutathione [17-19]. Thus, the linker proved to be stable in the circulation, but 
demonstrated a sustained release of the drug upon internalization. In a renal drug targeting approach, 
Prakash et al., showed that this linker can be employed to achieve an effective concentration of the 
p38MAP kinase inhibitor SB202190 in the kidneys and maintain this concentration over 72 h [19].  

An additional advantage of ULS is that it extends the possibilities for the preparation of drug 
targeting conjugates. Drugs like PTK787 cannot be conjugated via any other linker to a carrier as they 
lack common reactive groups needed for the coupling reaction (e.g. amino, carboxyl, or sulfhydryl-
groups). We demonstrated the versatility of the ULS linker by coupling a range of different drug 
molecules to different carrier molecules (scheme 1). From pharmacological point of view, the drugs 
can be classified into kinase inhibitors [12, 17, 19, 20], an anti-inflammatory drug [18] and an 
angiotensin-II receptor blocker. The common denominator of the compounds is that they all can bind 
to ULS via an aromatic nitrogen that can donate an electron pair to the platinum(II) atom in the linker. 
Similarly, the drug-ULS intermediates were conjugated to the carrier proteins by coordination linkage, 
most likely at methionine residues. The simplicity of the coupling reaction was remarkable and is 
unmatched in the field of reversible drug linkers. The drug molecules were conjugated to the ULS in 
a single reaction step and in a second step these drug-ULS constructs were readily coupled to albumin 
with yields of 60-90 %. In comparison, multiple reaction steps are needed for the coupling of 
maleimidyl-val-cit-linker to auristatin and further steps for the conjugation of maleimidyl-val-cit-
auristatin to albumin. 

I also addressed concerns that were raised about toxicity due to ULS being a cisplatin related 
compound. Cisplatin toxicity involves cross-linking of DNA [21] with the availability of a reactive 
ligand site at the platinum atom being essential for the toxicity of platinum compounds. ULS can 
therefore only react with DNA after release of the drug or carrier. In view of the sustained 
intracellular drug release, we expected only slow formation of reactive platinum species in the target 
cell, that will be readily detoxified, as was described for cisplatin [22, 23]. The absence of acute 
toxicity of ULS-containing drug targeting conjugates in vitro on human endothelial cells [17], renal 
tubular cell [19], and hepatic stellate cells [18], provided evidence that indeed the released platinum is 
detoxified. Accordingly, no signs of acute platinum related toxicities were observed in vivo in 
different rat models of disease [18, 19]. However, the fate of the platinum in the body has not been 
fully elucidated yet. Further in vivo studies will have to show if and how platinum is excreted or if it 
resides in the body for a prolonged period of time like cisplatin does possibly provoking chronic 
toxicities. In conclusion, the ULS is an excellent reversible drug linker for targeted drug delivery with 
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a sustained release profile. Therefore, we will apply this linker in new project aiming at cell specific 
delivery of kinase inhibitors for the treatment of liver and kidney fibrosis.  
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Scheme 1: Several drugs have been coupled by the Universal Linkage System to a number of different 
carriers demonstrating the versatility of this linker. The drugs at the left side of the scheme from top to 
bottom are losartan (angiotensin II receptor blocker), AG1295 (PDGFR kinase inhibitor), PTK787 (VEGFR 
kinase inhibitor), RWJ67657 (p38MAP kinase inhibitor), an ALK5 inhibitor, SB202190 (p38MAP kinase 
inhibitor), Y27632 (ROCK inhibitor), a PDGFR kinase inhibitor, and pentoxifylline (antiinflammatory drug). 
As drug carriers we used (right; from top to bottom) HSA, several dendrimers, lysozyme, and a number of 
antibodies. 

 
Drug Carrier: The task of a carrier is to carry the drug, prevent its excretion, and to present 

the targeting ligand. For this purpose, liposomes, natural and synthetic polymers, antibodies (ligand 
and carrier), nanoparticles and even erythrocytes have been used. I chose human serum albumin due 
to its high number of primary amino-groups, its long circulation property, and its biodegradability. 
Using conventional and novel linkers, we modified it with up to twelve RGD-peptides and nine drug 
molecules, leading to a receptor binding drug carrier with a high avidity. For some of these products 
like RGD-PTK-HSA problems with solubility were observed and this only allowed modification with 
six PTK787 per albumin. Using different approaches for PEGylation like the coupling of monovalent 
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PEG or the use of a bivalent PEG-linker for the RGD-peptide coupling, I resolved these issues. More 
drugs have been coupled to pegylated albumin without precipitation of the final products. However, 
the combination of RGD-peptides and albumin appeared to be immunogenic in our study and the long 
circulation property of parental HSA was lost. It should be stressed that RGD-HSA conjugates were 
immunogenic but modified HSA in general was not, as can be appreciated by the absence of an 
immunogenic response against PTK-HSA. HSA has also proven useful as a carrier for methotrexate 
(MTX), exploiting passive retention in the tumor via EPR. The MTX-HSA conjugate displayed anti-
tumor activity in a variety of human xenograft tumors in nude mice [24] and was well tolerated in a 
clinical phase I trial [25]. HSA is also a suitable drug carrier in combination with other targeting 
ligands like mannose-6-phosphate [26] or cyclic, PDGF-mimicking peptides [27], which both have 
been administered multiple times to immune-competent animals without raising an immune response 
[28] (Theses of T. Gonzalo, W.I. Hagens, and R. Greupink). Therefore, such drug carriers have been 
and still are under investigation in our lab.  

Targeting ligand: The purpose of a targeting ligand is to provide target cell selectivity and, in 
this targeting approach, to trigger internalization of the drug targeting conjugate. Apart from the 
RGD-peptide many ligands are used for the delivery of mostly toxic payloads to malignant tissues. 
These ligands can be divided mainly into two groups aiming either at specific receptors on the tumor 
cell surface or at receptors on tumor endothelium. Among others, folate, somatostatin analogs, and 
several monoclonal antibodies have been applied successfully for tumor cell targeting in animal 
models [29-31]. It was shown that macromolecular carriers (> 10 kDa) accumulate in tumors by EPR, 
allowing the carriers to reach tumor cells in close proximity to the vasculature. However, deeper 
penetration into the tumor tissue was hampered [32].  Human tumors are believed to be even less 
accessible than animal tumors due to the heterogeneous blood supply, elevated interstitial pressure, 
and large transport distances in the interstitium [33]. This hampers the penetration of drug targeting 
conjugates deep into the tumor mass and, as a consequence, their ability to reach the targeted 
receptors. Drug delivery targets on tumor endothelial cells are in that respect much more accessible 
than tumor-cell expressed targets. Popular ligands for drug delivery strategies are RGD-peptides, 
NGR-peptides, and monoclonal antibodies against E-selectin or phosphatidylserine [34-36]. But the 
target receptors of these ligands are not always expressed throughout the whole tumor endothelium. 
This endothelium consists of dormant vessels, angiogenic vessels, mosaic vessels, and even vessel 
lacking endothelial cells [3]. Finding a target receptor covering all tumor blood vessels seems highly 
unlikely. A combination of two or more targeting ligands might overcome this limitation [37]. 
Existing drug carriers should be combined instead of the modification of a single carrier with multiple 
ligands, which would needlessly increase the complexity of a construct. The combination of different 
drug targeting conjugates harnessed with the same drug can deliver a cytotoxic or antiangiogenic 
compound to most of the tumor endothelium. Drug carriers modified with multiple c(RGDfK)-
peptides can play an important role in such a combined approach. This thesis reports how 
multivalency greatly improved the affinity of the drug targeting conjugates in comparison to the 
single peptide by coupling of multiple peptides per carrier. The multivalency also facilitated 
internalization in contrast to monovalent drug targeting approaches which demonstrated poor 
internalization [13, 17, 38, 39]. The drug targeting conjugates developed in this thesis showed high 
binding avidity, proven internalization and adequate drug release properties, since the uptake 
eventually led to effect of the released drug. Prevailing that the immunogenic properties of the RGD-
albumin carriers can be removed and the target-cell specific homing in vivo can be restored by 
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modification of the carrier, such multivalent RGD-equipped carriers are interesting candidates for a 
combined targeting approach directed to the angiogenic endothelium.  

Perspectives for RGD-mediated drug targeting: In this thesis, I have shown that 
multivalent RGD-albumin constructs with 12 RGD-peptides per carrier are immunogenic while 
carriers with less RGD-peptide demonstrated only little immunogenicity. This finding can have a 
large impact on the future of RGD-mediated drug targeting since multivalent carriers are widely 
studied [34]. Therefore, it has to be studied whether this effect is specific for RGD-albumin 
conjugates or if multimeric presentation of RGD-peptides in general induces antibody formation. In 
that respect, it would be interesting to administer multiple injections of the RGD-peptide modified 
HPMA copolymer of Mitra et al [40, 41] which closely resembles our RGD-HSA conjugates. The 
absence of an immunogenic response would indicate that only the combination of HSA and RGD 
induced antibody formation. Possibly, the good biodegradability of HSA allows for HSA-RGD 
fragments to be presented on MHC complexes. This might not occur for RGD-polymer constructs or 
RGD-modified liposomes. If the immune system also recognizes RGD-HPMA conjugates, it might 
be the multimeric representation of the c(RGDfK)-peptide in general triggering the immune system. 
Although this would be a setback, there are also a number of other RGD-peptides like RGD4C or 
RGD10, suitable for drug targeting purposes, which might not be immunogenic and could replace 
c(RGDfK)-peptides. However, the immunogenic profile of these peptides is not known yet. In chapter 
2 I also reviewed RGD-mediated targeting approaches aiming at delivery to the cell surface of tumor 
endothelium, like RGD-tTF or radiolabeled RGD-peptides [37, 42]. These drug targeting conjugates 
do not represent multimeric forms of RGD but only a single high affinity peptide, since uptake is not 
required or would even hamper their mode of action. Based on our results we do not expect an 
immunogenic response to such a construct, regardless of the outcome of a possible study of RGD-
HPMA copolymer. Such single peptide targeting approaches have been especially successful in 
delivery of radioactive compounds for imaging or radiotherapy [42, 43] as exemplified by 18F-
Galacto-RGD, which has already been tested successfully in patients [44]. 

 
Although the features of the single moieties have been discussed, a drug targeting approach has to 

be evaluated as a whole. A drug targeting conjugate has to be scrutinized for e.g. binding affinity and 
selectivity, uptake, drug release, effect, immunogenicity, half-life, but also overall yield of synthesis, 
complexity and scalability of synthesis, and formulation issues of complex constructs. Our studies 
demonstrated that the demands of many of these listed parameters were met but the negative outcome 
for immunogenicity did terminate further work and led us conclude that c(RGDfK)-albumin 
constructs are not suited for targeted drug delivery. Nevertheless, our drug targeting approach must be 
transferred to new drug targeting conjugates like albumins modified with multiple NGR-peptides or 
artificial polymers (e.g. dendrimers) modified with RGD-peptides. Thereby, we can exploit our 
experience on multivalent peptide-carrier conjugates that demonstrated valuable properties as shown 
in this thesis. The novel linking technology will facilitate straightforward drug conjugation and will 
allow us to develop new classes of drug targeting conjugates.  
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Abbreviations 

 

ACN acetonitrile 

ADC antibody-drug-conjugates 

ALK activin-receptor like kinase 

ASAT aspartate aminotransferase 

ATP adenosine triphosphate 

BSA bovine serum albumin 

CAR coxsackie adenovirus receptor 

CEPs Circulating endothelial 

progenitor cells 

COX-2 cyclooxygenase-2 

CRAd conditionally replicating 

adenovirus 

c(RGDfK) cyclic arginine-glycine-aspartic 

acid-phenylalanine-lysine 

DMF dimethyl formamide 

DMSO dimethyl sulfoxide 

DTT dithiotreitol 

ECM extracellular matrix 

ECs endothelial cells 

EGF epithelial growth factor 

ELISA enzyme-linked immuno 

sorbent assay 

EPR enhanced permeability and 

retention 

ESI electro-spray ionisation 

GFP green fluorescent protein 

GSH glutathione 

HIF 1α hypoxia inducable factor 1α 

HPMA N-(2-hydroxypropyl) 

methacrylamide 

HSA human serum albumin 

HUVEC human umbilical vein 

endothelial cells 

ICAM intracellular adhesion molecule 

ICP-AES inductive coupled plasma – 

atomic emission spectroscopy 

IFNγ interferon gamma 

IL interleukine 

LC-MS liquid chromatography-mass 

spectrometry 

LDH lactate dehydrogenase 

MALDI matrix assisted laser 

diionization/ionisation 

MMAE/F auristatin E/F 

MMP matrix metalloproteinases 

NHS N-hydroxysuccinimide ester 

NFκB nuclear factor kappa B 

NMR nuclear magnetic resonance 

p38MAPK p38 mitogen-activated protein 

kinase 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PDGF platelet-derived growth factor 

PEG poly ethyleneglycol 

PEI poly ethyleneimine 

PET Positron emission tomography 

PTK PTK787, vatalanib 

PTX paclitaxel 

RAD arginine-alanine-aspartic acid 

RGD arginine-glycine-aspartic acid 

RP reverse phase 

SB SB202190 

SDS-PAGE sodeum docecyl sulfate – poly 

acrylamid gel electrophoresis 

SEC size exclusion chromatography 

SIA iodoacetic acid N-

hydroxysuccimide ester 

siRNA small interfering RNA 

TNFα tumor necrosis factor alpha 

TOF time of flight 

tTF truncated tissue factor 

ULS universal linkage system 
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VCAM vascular cellular adhesion 

molecule 

VDA vascular disrupting agents 

VEGF vascular endothelial growth 

factor 

VNS vinylsulfone 
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Nederlandse samenvatting  

Kunt u zich nog herinneren wanneer u voor het laatst een aspirientje geslikt heeft? Als het 

goed is heeft u het met een slok water ingenomen, waarna het tablet in de maag uiteengevallen 

is. Vervolgens is het actieve bestanddeel (het farmacon acetylsalicylzuur) in de dunne darm 

opgenomen en aan het bloed afgegeven. Via de bloedsomloop is het acetylsalicylzuur over het 

hele lichaam verdeeld en op deze wijze ook terecht gekomen op de plek waar het zijn werking 

moet uitoefenen. Daar blokkeert het acetylsalicylzuur een enzym dat cyclooxygenase heet, wat 

uiteindelijk leidt tot een afname van de koorts of hoofdpijn. Maar welk effect heeft het farmacon 

op al die andere cellen waarin het ook terecht is gekomen? Want ook gezonde weefsels worden 

bloot gesteld aan het farmacon. Aangezien acetylsalicylzuur een relatief ongevaarlijke stof is 

heeft u waarschijnlijk geen last gehad van bijwerkingen.  

Het verhaal wordt echter anders als het geneesmiddel niet tegen hoofdpijn maar tegen 

kanker moet werken en het geen aspirine maar bijvoorbeeld een cytostaticum is. Kanker kan 

ontstaan wanneer de balans tussen celdeling en afsterven van cellen ontspoord is, bijvoorbeeld 

door een genetisch defect van een groepje cellen. De voortdurende celdeling van zulke 

kankercellen kan leiden tot de vorming van een kwaadaardig gezwel dat de werking van de 

organen aantast. Cytostatica zijn geneesmiddelen die de celdeling kunnen remmen of de delende 

kankercellen doden. De verhoogde celdeling van kankercellen maakt ze gevoeliger voor 

cytostatica dan gewone cellen. Cytostatica worden echter vaak in zeer hoge doses gegeven (om 

een maximaal effect te bereiken) en hierdoor zullen ook veel lichaamseigen cellen dood 

gemaakt worden, met als gevolg dat de behandeling van kanker met cytostatica vaak gepaard 

gaat met ernstige bijwerkingen.  

De continue celdeling van kankercellen is afhankelijk van diverse groeifactoren, die zowel 

door lichaamseigen cellen als door kankercellen zelf aangemaakt worden. Op cellulair niveau 

binden deze groeifactoren aan membraaneiwitten, die een activatie signaal overdragen aan 

eiwitten die zich in de cel bevinden. Deze eiwitten (kinases geheten) activeren vervolgens weer 

andere intracellulaire eiwitten, en zo wordt een complexe cascade aan intracellulaire eiwitten 

geactiveerd die een rol spelen bij de deling of migratie van tumorcellen. Dit proces van 

celactivatie heet signaaltransductie en biedt tal van aanknopingspunten voor nieuwe 

geneesmiddelen tegen kanker (en andere ziektes). De eiwitten die de intracellulaire activatie 

signalen doorgeven heten kinases, en de geneesmiddelen die hierop aangrijpen worden kinase 

remmers genoemd. Kinase remmers worden op dit moment onder andere gebruikt tegen kanker, 

maar zullen in de toekomst ook bij andere ziektes toegepast worden.  

Omdat kinase remmers heel gericht aangrijpen op een bepaald signaleringsproces, worden 

deze stoffen ook wel getargete geneesmiddelen genoemd. Toch is het niet waarschijnlijk dat 

deze middelen geen bijwerkingen zullen hebben. Gezonde cellen maken immers gebruik van 

dezelfde signaaltransductie processen als kankercellen. Wel zullen de bijwerkingen veel 

specifieker tot uiting komen in bepaalde celtypes of lichaamsprocessen, en zullen deze 

bijwerkingen anders zijn dan met cytostatica. Dit blijkt ook wel uit recente resultaten van 

klinische studies met kinase remmers. Zeker nu er meer kinase remmers voor algemene 

behandeling beschikbaar gekomen zijn, zal het aantal meldingen van bijwerkingen toenemen. 
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Dit proefschrift beschrijft een methode, drug targeting genaamd, die er toe kan leiden dat de 

kinase remmers een nog meer gerichte werking uitoefenen, en dan met name in specifiek 

weefsels. Drug targeting is de Engelse benaming voor het gericht afleveren van geneesmiddelen 

in bepaalde cellen. De in dit proefschrift ontwikkelde stoffen zullen hun doelwitcellen 

herkennen door aan moleculen op het oppervlak van deze cellen te binden, waarna ze 

vervolgens door de cellen worden opgenomen. Het verschil in opname van het getargete 

geneesmiddel door gezonde cellen en kankercellen zal leiden tot een verschillende mate waarin 

deze cellen worden blootgesteld aan het farmacon. Bij de juiste dosering zal dit leiden tot een 

toename van de effectiviteit en een afname in de bijwerkingen. 

De drug targeting preparaten in dit proefschrift zijn specifiek gericht tegen de cellen die 

bloedvaten vormen in de tumoren. Een gezwel bestaat namelijk niet alleen uit kankercellen, ook 

gewone lichaamseigen cellen worden bij de tumorgroei betrokken. Aangezien een delend 

gezwel steeds meer zuurstof en voedingsstoffen nodig heeft, moet een tumor ook nieuwe 

bloedvaten laten maken. Dit proces wordt angiogenese genoemd. De cellen die verantwoordelijk 

zijn voor de vorming van bloedvaten heten endotheelcellen. Hoewel angiogene endotheelcellen 

dus geen kankercellen zijn, is dit celtype wel een aantrekkelijk doelwit voor antikanker therapie. 

Het verstoren van de bloedvatvorming in tumoren kan leiden tot het afsterven van de 

onderliggende tumor.  

Angiogene endotheelcellen verschillen van gewone rustende endotheelcellen, ze hebben 

bijvoorbeeld het eiwit αvβ3 integrine op hun celoppervlak. αvβ3 integrine kan binden aan 

peptiden met een bepaalde sequentie van 3 aminozuren, het RGD (arginine-glycine-

asparaginezuur) motief. Vooral cyclische RGD-peptiden met de RGD-sequentie zijn goede 

liganden voor het αvβ3 integrine. Verschillende onderzoekers hebben hiervan gebruik gemaakt 

bij het ontwikkelen van drug targeting strategieën, en hebben RGD-peptiden gekoppeld aan 

geneesmiddelen of aan stoffen die gebruikt kunnen worden om tumoren op te sporen. 

Hoofdstuk 2 geeft een overzicht van de literatuur op dit gebied en welke resultaten met deze 

verbindingen behaald zijn. 

In hoofdstuk 3 en 4 beschrijf ik de ontwikkeling van nieuwe drug targeting preparaten voor 

het afleveren van kinase remmers in angiogeen endotheel. Deze drug targeting preparaten 

bestaan naast het geneesmiddel uit een drager molecuul, het eiwit albumine, en de hierboven 

genoemde RGD-peptiden (zie ook afbeelding 1). Voor het koppelen van de kinase remmers aan 

het drager molecuul heb ik gebruik gemaakt van een nieuwe techniek, het “Universal Linkage 

System (ULS
TM

)”. Het centrale element van het ULS is een platina-atoom dat een binding 

aangaat met de kinase remmer en het albumine. Ik heb aangetoond dat dit soort verbindingen 

een goede stabiliteit hebben, maar ook in staat zijn om het gekoppelde geneesmiddel weer vrij te 

geven. Verder heb ik aangetoond dat de door mij ontwikkelde conjugaten met een hoge affiniteit 

binden aan de doelwitcellen en vervolgens opgenomen worden. Zowel binding als internalisatie 

was afhankelijk van het aantal gekoppelde RGD-peptiden per albumine dragermolecuul. De 

drug targeting preparaten vertoonden de gewenste werking op de signaaltransductie routes in 

endotheelcellen, wanneer er gekeken werd naar de activatie van een inflammatie proces in het 

endotheel (hoofdstuk 3) en ook wanneer gekeken werd naar een angiogenese route (hoofdstuk 

4).  
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Carrier

• Human serum albumin 
– non-immunogenic

– long circulation time

Drugs
• Auristatins

• Kinase inhibitors

Homing Device
• c(RGDfK)

– High affinity binding to αvβ3-
integrin expressing cells

Linker
• Polyethylenglycol

– Prolongs circulation time
– Shields modified carrier

• SIA
– Allows a high number of 

RGD modifications

 
Afbeelding 1. Vereenvoudigde weergave van de ontwikkelde drug targeting preparaten. 

 

Het remmen van de angiogenese middels kinases is één van de manieren om de vorming van 

bloedvaten in de tumor te remmen. Een andere benadering is om de angiogene endotheelcellen 

te doden. Ik heb dit onderzocht met behulp van drug targeting preparaten die sterk lijken op de 

hierboven beschreven conjugaten, maar nu met een cytostaticum als actief bestanddeel. Hierbij 

heb ik gekozen voor cytostatica die behoren tot de klasse van auristatines. Hoofdstuk 5 en 6 

behandelen de ontwikkeling van twee vergelijkbare preparaten met de auristatines MMAE en 

MMAF (monomethyl-auristatine E en F). Deze auristatines zijn aan het albumine gekoppeld via 

een enzymatisch splitsbare peptide de zogeheten valine-citrulline binding. Ook deze koppeling 

is zeer stabiel in de bloedbaan, en wordt alleen gesplitst in het intracellulaire milieu van de 

doelwitcellen. De door mij ontwikkelde conjugaten vertoonden wederom een goede binding en 

opname door endotheelcellen. Ook werden de doelwitcellen bij lage concentraties al gedood 

door deze getargete auristatines. Daarnaast heb ik nog onderzocht hoe de binding van dit soort 

conjugaten aan cellen wordt beinvloed als er ook hydrofiele polymeren (polyethylenglycol; PEG) 

aan het dragermolecuul zijn gekoppeld.  

 De hierboven besproken preparaten werden ook in proefdieren getest, in een model waarin 

muizen een tumor op de flank dragen. Deze experimenten zijn samengevat in hoofdstuk 7. De 

herhaalde toediening van de drug targeting preparaten leidde niet tot het gewenste 

tumorgroeiremmende effect, en induceerde zelfs een antilichaamrespons tegen de drug targeting 

preparaten. In één muis leidde dit zelfs tot een dodelijke shock. Uit een pilot-distributie studie 

bleek verder dat de preparaten niet goed in de tumoren accumuleerden, maar juist in de lever en 

milt opgenomen werden. Hoewel deze resultaten teleurstellend waren en aantoonden dat de 

ontwikkelde preparaten nog niet geschikt waren voor de behandeling van kanker, kunnen we 

wel veel leren uit de behaalde resultaten. De ontwikkelde koppelingstechnologie kan verder 
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toegepast worden op andere dragermoleculen en voor andere geneesmiddelen. Er zijn dus nog 

vele mogelijkheden om dit soort drug targeting preparaten verder te verbeteren.  

In hoofdstuk 8 heb ik een kort overzicht gegeven van nieuwe ontwikkelingen in anti-

angiogene therapieën. Hierbij heb ik ook aandacht besteed aan de rol die endotheel 

voorlopercellen kunnen spelen in de tumorgroei, en dat het remmen of doden van deze cellen 

gunstig kan bijdragen aan het uiteindelijke antitumor effect.  
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Zusammenfassung für Laien 

Erinnern Sie sich daran, wann Sie das letzte mal eine Aspirin genommen haben? Mit einem 

Schluck Wasser haben Sie die Tablette runtergespült. Im Magen hat sich die Tablette aufgelöst 

und über die Wand des Dünndarms wurde der Wirkstoff (Acetylsalicylsäure) in den Blutstrom 

aufgenommen. Durch die Zirkulation des Blutes hat sich die Acetylsalicylsäure in Ihrem 

kompletten Körper verteilt und kam somit auch zum Wirkungsort. Dort blockierte die 

Salicylsäure ein Enzym namens Cyclooxygenase. Die Kopfschmerzen oder das Fieber ließen 

nach. Aber welchen Effekt hatte das Medikament auf all die anderen Zellen, die für 

Kopfschmerz oder Fieber nicht verantwortlich waren? Auch diese Zellen waren dem Wirkstoff 

ausgesetzt aber da Acetylsalicylsäure ein relative sicherer Wirkstoff ist haben Sie keine 

Nebenwirkungen gespürt.  

Diese Sachlage ändert sich grundlegend, wenn nicht von Kopfschmerz, sondern von Krebs 

und nicht von Acetylsalicylsäure, sondern von Zytostatika oder Signaltransduktionshemmern 

die Rede ist. Bei Krebszellen ist das genetisch geregelte Gleichgewicht aus Zellteilung und 

Zelltod aus den Fugen geraten und die sich kontinuierlich teilenden Krebszellen schädigen in 

Form von bösartigen Tumoren das Wirtsorgan. Zytostatika sind Substanzen die Zellteilung 

hemmen und sich teilende Zellen oftmals töten. Die erhöhte Zellteilungsrate der Krebszellen 

macht sie empfindlicher gegenüber Zytostatika als gesunde Zellen. Allerdings werden 

Zytostatika oft in sehr hohen Dosen gegeben (für maximalen Effekt) und hierdurch werden auch 

normale Zellen getötet. Dies hat zur Folge, dass die Behandlung von Krebs oft von starken 

Nebenwirkungen begleitet wird.  

Das kontinuierliche Wachstum vieler Tumorzellen ist abhängig von verschiedenen 

Wachstumsfaktoren, die sowohl durch normale Zellen wie auch durch Tumorzellen produziert 

werden. Auf zellulärer Ebene binden diese Wachstumsfaktoren an Membraneiweiße, die ein 

Aktivationssignal an Eiweiße in der Zelle weiterleiten. Diese Eiweiße (so genannte Kinasen) 

aktivieren im folgenden weitere intrazelluläre Kinasen. So entsteht eine Komplexe Kaskade aus 

aktivierten Kinasen, die Zellteilung und Zellmigration beeinflussen. Man spricht in diesem 

Zusammenhang auch von Signaltransduktion.. Signaltransduktionshemmer wurden entwickelt 

um diese Signalgebung zu blockieren und somit auch die Zellteilung der Tumorzellen zu 

verlangsamen. und werden momentan bereits zu Behandlung von Krebs eingesetzt. Diese 

Signalgebungspfade werden allerdings auch von gesunden Zellen genutzt und so besitzen auch 

diese Medikament Nebenwirkungen, wie z.B. Kardiotoxizität. 

Im Körper des Menschen verteilen sich Zytostatika und Signaltransduktionshemmer ähnlich 

wie Acetylsalicylsäure. Sie werden über den Dünndarm aufgenommen oder direkt in die 

Blutbahn injiziert. Von dort aus verteilen sie sich über den ganzen Körper und werden alle sich 

teilenden Zellen beeinflussen (z.B. Haarwurzelzellen). Dies kann zu so erheblichen 

Nebenwirkungen führen, dass z.B. eine Behandlung abgebrochen werden muss oder ein viel 

versprechendes neues Medikament nicht für den Markt zugelassen wird.  

In dieser Dissertation entwickele ich so genannte “Drug Targeting Konstrukte“ (Drug = 

Medikament; Targeting = Zielen; auch gezielte Pharmakotherapie genannt), die ihre Zielzelle 

selbstständig erkennen und an diese Zelle binden. Danach werden diese Konstrukte in die Zelle 
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aufgenommen und das Medikament wird daraufhin in der Zielzelle freigesetzt. Dies führt zu 

hohen Medikamentkonzentrationen in der Zielzelle und niedrigen Konzentrationen im Rest des 

Körpers, also zu einem verbesserten Wirkungsgrad kombiniert mit eingeschränkten 

Nebenwirkungen.  

Aufgrund ihrer Bedeutung für die Entwicklung und Metastasierung von Tumoren wurde die 

Endothelzelle als Ziel ausgewählt. Endothelzellen kleiden die Innenwand aller Blutgefäße aus 

und können von Tumoren zur Bildung neuer Blutgefäße angeregt werden. Diese Neubildung, 

Angiogenese genannt, ist von immenser Bedeutung für das Wachstum des Tumors, denn die 

neuen Blutgefäße dienen zur kontinuierlichen Versorgung des Tumors mit Sauerstoff und 

Nährstoffen. Auch kann der Tumor über diese Blutgefäße streuen (Bildung von Metastasen). 

Eine Blockade des angiogenetischen Prozesses oder ein gezieltes Töten von angiogenetischen 

Zellen ist daher eine potenziell viel versprechende Krebstherapie. Angiogenetische 

Endothelzellen unterscheiden sich von ruhenden Endothelzellen durch die Expression einiger 

Rezeptoren auf ihrer Zelloberfläche. αvβ3-Integrin ist dafür ein gutes Beispiel. Zyklische Peptide 

mit einer RGD-Sequenz sind in der Lage an dieses Integrin zu binden. Einige Forscher haben 

diese Tatsache genutzt und RGD-Peptide an verschiedene Medikamente gebunden, um diese 

Medikamente so zu angiogenetischen Endothelzellen zu liefern. Kapitel 2 fasst diese 

Forschungsergebnisse zusammen, hebt die notwendigen Eigenschaften für RGD-Peptide hervor 

und zeigt die viel versprechenden Perspektiven von Konstrukten mit mehreren RGD-Peptiden. 

 

Trägermolekül

• Humanes Serum Albumin 
– Nicht immunogen
– lang zirkulierend

Medikament
• Auristatins

• Signaltransduktionshemmer

Targeting Ligand
• c(RGDfK)

– Zyklisches Pentapeptid
– Bindet an αvβ3-integrin

Verknüpfungsmolekül für RGD
• Polyethylenglycol

– Verlängert Zirkulation

• SIA
– Erlaubt Verknüpfung mit 

vielen RGD-Peptiden

 
Bild 1.: Schematische Wiedergabe der hier entwickelten Drug Targeting Konstrukte. 

 

In den Kapiteln 3 und 4 entwickelte ich “Drug Targeting Konstrukte“, die sich aus dem 

Protein Albumin als Trägermolekül, RGD-Peptiden als so genannter “Targeting Ligand“ und 

zwei verschiedenen Signaltransduktionshemmern zusammensetzen (siehe auch Bild 1). Um 

diese Medikamente an Albumin knüpfen zu können, setzte ich ein neuartige Technologie ein, 
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das so genannte “Universal Linkage System (ULS
TM

)“. Diese Verknüpfung zeigte hohe 

Stabilität in einer dem Blut ähnlichen Umgebung, konnte aber durch hohe intrazelluläre 

Konzentrationen von Glutathion wieder gelöst werden. Das heißt, dass die Medikamente in der 

Zirkulation stabil an Albumin gebunden sind und erst nach Aufnahme in der Endothelzelle 

freigesetzt werden. Des Weiteren konnte ich beweisen, dass die von mir entwickelten “Drug 

Targeting Konstrukte“ sich mit hoher Affinität an den Zielrezeptor (αvβ3-Integrin) binden und 

danach internalisiert werden. Binden und Internalisierung waren abhängig von der Anzahl der 

RGD-Peptide per Albumin. Alle Drug Targeting Konstrukte zeigten den erwünschten Effekt auf 

die Genexpression von humanen Endothelzellen. Dies zeigte, dass die 

Signaltransduktionshemmer in der Tat die Signalgebung inhibierten und es somit nicht zur 

Expression von proangiogenetischen Genen kam. 

Die Blockade von Angiogenese ist eine Möglichkeit um das Tumorwachstum zu bremsen. 

Eine weitere Möglichkeit ist es die Tumorendothelzellen gezielt zu töten. Kapitel 5 und 6 sind 

der Entwicklung ähnlicher “Drug Targeting Konstrukte“ gewidmet, die zytostatische 

Medikamente in die Zielzelle transportieren sollen. Diese Konstrukte wurden aus Albumin, 

RGD-Peptiden und Auristatins synthetisiert. Für die Verknüpfung des Auristatins mit Albumin 

wurde ein enzymatisch zerschneidbarer Valine-Citrulline-Verknüpfer eingesetzt. Auch dieser ist 

äußerst stabil im Blut und wird nur intrazellulör durch Enzyme zerschnitten. Auristatins kann 

man den klassischen Zytostatika zuordnen, welche in diesem Fall die angiogenetische 

Endothelzelle töten soll. In vivo soll der Tod der Tumorendothelzellen eine Blutgerinnung im 

Tumor auslösen. Dadurch wird das Tumorgewebe von der Sauerstoffzufuhr abgeschnitten und 

ein massives Tumorzellsterben setzt ein. Die von mir entwickelten “Drug Targeting 

Konstrukte“ zeigten sowohl eine hohe Bindungsaffinität zu als auch eine gute Aufnahme durch 

humane Endothelzellen. Auch wurden diese Zellen von den Konstrukten schon bei sehr 

niedrigen Konzentrationen der Konstrukte getötet. 

Die viel versprechenden Konstrukte wurden auch in vivo getestet in Mäusen, die einen 

Tumor in ihrer Flanke tragen. Die Ergebnisse dieser Experimente sind in Kapitel 7 

zusammengetragen. Wiederholte Injektionen mit RGD-Albumin Konstrukten führte nicht zu 

dem gewünschten Tumorwachstum hemmenden Effekt sondern zur Bildung von Antikörpern 

gerichtet gegen RGD-Albumin Konstrukte und in einigen Fällen sogar zu einem tödlichen 

Schock. In einem Experiment wurde ein RGD-Albumin Konstrukt radioaktiv markiert. Auch 

dieses Konstrukt wurde in eine Tumormaus injiziert und dem Verbleib des Konstrukts in der 

Maus konnte durch Positron Emissions Tomography (PET) gefolgt werden. Nur wenig 

Konstrukt akkumulierte im Tumor und viel reicherte sich in der Leber und der Milz an. Die 

enttäuschenden Resultate ließen nur den Schluss zu, dass RGD-Albumin Konstrukte nicht 

geeignet sind für “Drug Targeting“.  

In Kapitel 8 fasse ich gegenwärtige antiangiogenetische und antivaskuläre Therapien 

zusammen. Zusätzlich erzeuge ich ein Bewusstsein dafür wie Tumorzellen normale Zellen für 

das Wachstum des Tumors ausnutzen. Vorläuferzellen des Endothels oder Makrophagen sind 

eng verwoben mit dem Wachstum von Tumoren. Diese Zellen können in Zukunft als Ziel für 

neuartige Antitumortherapien dienen. 



Zusammenfassung 

 

 

161 

Trotz der enttäuschenden Resultate aus Kapitel 7 lässt sich der generelle Drug Targeting 

Ansatz leicht auf andere Trägermoleküle oder Targeting Liganden übertragen. Die hier 

evaluierten Verknüpfermoleküle können Medikamente auch mit anderen synthetischen und 

natürlichen Trägern verknüpfen oder andere Peptidliganden können mit Albumin kombiniert 

werden. Dadurch können die Limitationen des bestehenden “Drug Targeting 

Ansatzes“ wahrscheinlich umgangen werden. 
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Color figures: 

Chapter 5, Figure 7: 
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Figure 7. C26 tumor bearing mice had been injected with either 30 µg RGDPEG-MMAE-HSA (A-E) or 

RGD-MMAE-HSA (F-J). Sections were stained with rabbit antiHSA antibody. Both drug-targeting 

conjugates localized in C26 tumors 3 h (A,F) and 24 h (B,G) after i.v. administration. Sections of kidney 

(C,H), liver (I) and spleen (E,J) at 24 h time point are stained negative. All pictures are taken at 

magnification of 200x; C-E and H-J are reduced to 45% of the size of A, B, F and G. 



Color Figures 

 

 

163 

Chapter 5, Figure 8. Colocalization of auristatin-albumin conjugates with tumor vasculature and 

tumor cells. C26 tumor section of RGDPEG-MMAE-HSA (8A) and RGD-MMAE-HSA (8B) treated mice 

(24h post injection) were stained with DAPI (blue) to visualize endothelial cells (flattened nuclei) or tumor 

cells (big nuclei). Accumulated conjugate was visualized by anti-HSA staining (green). Red arrows point at 

the typically 

flattened nuclei of 

endothelial cells 

and identify a blood 

vessel, colocalizing 

with HSA. 

Examples for tumor 

cells nuclei that 

colocalize with 

HSA are pointed 

out using yellow 

arrows.  

Magnification 400x. 
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Figure 4. (A) Quantification of CD45 positive cells in the liver. (B) Photomicrographs of CD45 stained liver 

sections of (1) PBS, (2) PTK-HSA, (3) RGD-PTK-HSA, (4) RGD-PTK-HSA-PEG, and (5) RGDPEG-PTK-

HSA treated mice (200x magnification). Most leukocytes could be found in livers of RGD-PTK-HSA and 

RGD-PTK-HSA-PEG treated animals. Color picture can be found in the appendix. 

*: p < 0.01  

#: p < 0.01 in comparison to both control and RGD-PTK-HSA-PEG groups and p < 0.05 in comparison to 

RGD-PTK-HSA group. 
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Chapter 7, Figure 6: 
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Figure 6. (A) Quantification of CD45 positive cells in the liver. (B) CD45 stained liver and lung sections of 

(1) PBS, (2) RGD-MMAF-HSA, and (3) RGD-HSA treated mice. Most CD45 positive cells could be found 

in livers of RGD-HSA treated animals and lungs of RGD-MMAF-HSA treated animals (200x magnification). 

*: p < 0.001 in comparison to all groups 
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Chapter 7, Figure 9: 
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Figure 9. MicroPET scans provided a three-dimensional image of the distribution of the 89Zr-label. Here we 

show a coronal section (A), a sagittal section (B) and 10 transverse sections (C) of a tumor bearing mice, 

injected with 89Zr-RGD-HSA. (D) displays the positioning of coronal, sagittal, and transverse planes. The 

distinct position of each of the transverse sections are marked in A and B. The cross in each section marks 

the position of the sections in the corresponding dimensions. The microPET scan was acquired 2 h after 

injection of 89Zr-RGD-HSA. 
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Thanks 

I synthesized more 30 drug targeting conjugates. I performed countless BCA assay, I run the 

HPLC and FPLC for weeks, I used thousands of wells for RT-PCR studies or MTS assays, I 

isolated RNA, I made cDNA, I spent weeks in the C-lab doing uptake and binding assays, I 

prepared and held more than 35 presentations, far more than 200000 words found their way into 

abstracts, reports, protocols, and publications, I prepared poster, and I went to conferences to 

present my research. But none of this would have been possible without You. You helped me to 

find my way in the lab, You showed me where to dumb the copper solutions or the KSCN, You 

refilled stocks in the magazine, You order paper for the printer, You keep the dishwasher 

running, You prepare sterile PBS and pipette tips, You order animals, You help with in vivo 

experiments, You explain assays to me, You are critical during our meetings, You read and 

correct everything I write, You point out some interesting literature, You pay for my conference 

visits, You gave me the right protocols, You introduce me to other visiting scientists, You  

organize lab days, You help me understanding the Dutch bureaucracy, You chatted with me 

during our breaks, You performed immunostainings for me, You cut sections for me, You 

injected mice with tumor cells and conjugates for me, You discussed my results with me, You 

helped me to plan the next steps, You isolated and cultured cells, You taught me all step of a 

RT-PCR, You fixed my computer and You worked with me on my presentations. I am very 

grateful for all this support and I will always remember You for that. However, let me mention 

some people by name. 

I would like to start with my supervisor and copromotor Dr. Robbert Jan Kok. Robbert Jan, I 

learned a lot in the past 3.5 years, most of which from you. You always made time for me if I 

wanted to discuss something. If it would not have been for your speed in checking my 

manuscripts, I would not have come this fare in due time. I believe your record was five hours to 

correct a full manuscript.  

Prof. Klaas Poelstra, your door was indeed always open and after Robbert left to Utrecht I 

made a more frequent use of this. The integration into your group went more than smooth and 

also in the last year in Groningen I got all the support I could wish for.  

Prof. Grietje Molema, I still think that it is a pity, that you are not my promoter. 

Nevertheless, also your door was always open if I wanted to discuss “endothelial” matters. The 

meetings with Robbert and You were very helpful in the beginning and later, when I presented 

my results in your group meetings, I got good feedback from everyone in the EBVDT group. 

I thank KREATECH Biotechnology for all the financial and scientific support. Special 

thanks go to Marie, Frank, Roel, Paul, and Jack. I will definitely keep an eye on the future of 

KREATECH and further application of ULS in drug targeting. 

I want to thank the members of the reading committee, Prof. H. Haisma, Prof. E. G. E. de 

Vries, and Prof. G. Storm for the fast (and positive) judgment of my thesis. 

Annemiek, the in vivo experiments would not have been possible without you. It’s really a 

pity that we did not get a single good result for publication. Henk, you must have used at least 

100 m of umbilical cord for all the endothelial cells that I asked for. You were also among the 

first to encourage me to speak Dutch in the lab. Thanks for that, too. Jan, I sometimes wonder if 
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the lab would be a “puinhoop” without you. I certainly know, that it will never be one as long as 

you are around. Additionally, I very much appreciate your helping hand, which you stretch out 

to every foreign guest of the group. 

My paranimfs, Annelies and Jörg: Already some thanks in advance for your support during 

the my promotion. 

I also thank all former and current PhD-students, Post-docs, technicians, and secretaries 

from the PKDD and EBVDT group for help of any kind, for bowling nights, dinners, pot luck 

dinner, borrels, chats and breaks. I had a great time in Groningen and I will never forget that you 

are the ones who made it such a great time. 

My students, Jan Freark and Vidu, are acknowledged for their hard work. 

Marriage tourism is definitely a thing that I recommend to anyone. You really get to see 

more of a country than the “normal tourists”. Thanks for your invitation Jai, Ruchi, Asia, Albert, 

Rick, and Annelies. I enjoyed the time in India and I’m looking forward to the wedding in 

Poland and the Netherlands. 

Special thanks go to the vreemdlingen politie, the gemeente, and the IND in Zwolle. From 

each of these institutions I got a foreigner passport.  The first time at the vreemdlingen politie 

you told me I would need it for a lot of things, which obviously was a lie. The second time at the 

gemeente you told me, that you get money for giving me a new one. Well, that’s great for you. 

Finally in Zwolle you told me that it would not matter if I lose the passport or if the passport 

expires, because I wouldn’t need it anyway. Thank you for wasting my but also your time. 

Und wenn ich mal die Nase voll hatte von Zellkulturen und DNA, von Konjugaten und 

PKPD, dann hab ich mich ins Auto oder in den Zug gesetzt, um mit irgendjemanden aus der Los 

Keglos Truppe was zu unternehmen. Obwohl wir über ganz Deutschland verstreut sind, halten 

wir immer noch gut Kontakt. Das zeigt wohl, dass wir alle begriffen haben, dass es gute 

Freunde nicht an jeder Ecke gibt. Ich freue mich riesig darüber, dass schon so viele von euch 

meine Einladung angenommen haben. 

Großer Dank gebührt natürlich insbesondere meinen Eltern, Hermann und Gabriele. Ihr habt 

mich zu dem gemacht was ich bin. Alle guten Eigenschaften verdanke ich euch, den Rest muss 

ich mir wohl irgendwo anders eingefangen haben. Ich hoffe ihr seit mit dem Ergebnis zufrieden. 

Abschließend komme ich zu dir, Maike. Life with you is simply great. But the best is that 

there are many more years to come. 
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Alexander-Hegius-Gymnasium secondary school in Ahaus from 1989 to 1998 after which he 

served his civil service in the operating theatre of the St. Marien Hospital in Ahaus. In 1999 he 

left Ahaus to study bioengineering at the University of Applied Science in Aachen. During his 

study, he worked part time at Jülich Fine Chemicals, where he produced and analyzed alcohol 

dehydrogenases. From April to December 2003 he performed an undergraduate research project 

at the Napier University in Edinburgh under the supervision of Prof. Nick Christofi, for which 

he was awarded a Leonardo da Vinci scholarship from the European Community. The influence 

of linear alkyl benzenes on the biodiversity of soil was investigated in the first months. In a 

second research project mircobial devulcanisation of rubber crumb was investigated as a 

possibility to recycle used tyres. This project was the basis for the thesis for the graduation as a 

Dipl. Bioengineer in December 2003. In March 2004 Kai started as a Marie Curie Industry Host 

Fellow at KREATECH BV, Amsterdam. He performed his research activities under the 

supervision of Dr. R. J. Kok and Prof. K. Poelstra at the Department of Pharmacokinetics and 

Drug Delivery of the University of Groningen. His PhD project dealt with cell specific delivery 

of small molecule drugs to endothelial and tumor cells.   
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