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Chapter 1

1. Cancer treatment
Cancer is the leading cause of death in the world responsible for 7.6 million deaths 
(13% of total) in 2008 [1]. Cancer is a collective term for a variety of complex 
diseases that are defined by unregulated cell growth. Development of malignant 
neoplasms is characterized by a series of processes termed “the hallmarks of cancer” 
[2]. These hallmarks of cancer, enabled by the genomic instability of tumor cells and 
the inflammation state of the malignant tumor, include continuous growth pathway 
signaling, reprogrammed energy metabolism, evasion of growth suppression and the 
immune system, escaping apoptosis, unlimited replication, activation of angiogenesis, 
invasive behavior and metastasis [2]. 
Equally complex as the development is the treatment of cancer. Ideally, anti-cancer 
therapy kills cancer cells without affecting healthy tissues to a large extent. Whether 
anti-cancer therapy can be effective, mainly relies on the disease state at the time of 
diagnosis and is mainly based on (combinations of ) surgical removal of the tumor, 
radiotherapy and chemotherapy. Systemically administered chemotherapy acts by 
prevention of DNA replication or mitosis and has therefore some selectivity towards 
fast proliferating cells, like tumor cells. However, other fast replicating cells such 
as cells in the bone marrow, digestive tract and hair follicles are also affected by 
chemotherapy causing (dose-limiting) side-effects. 
Over the years, increased understanding of processes involved in malignant 
transformation and tumor development has resulted in the identification of relevant 
molecular targets in cancer. Molecular targeted therapeutics such as monoclonal 
antibodies (mAb) and kinase inhibitors (KI) are new classes of anti-cancer drugs 
that more selectively interfere with cancer-related cellular pathways [3-4]. Because of 
their specificity, molecular targeted anti-cancer therapeutics possess a more favorable 
balance between efficacy and toxicity, which has resulted in the routine clinical use 
of mAb and KI for anti-cancer therapy over the last 15 years. 
The two main targets of current molecular targeted therapeutics are direct inhibition of 
tumor survival and proliferation pathways, and interference with tumor angiogenesis. 
Tumor angiogenesis is the growth of new blood vessels from pre-existing ones and 
is necessary for tumors to obtain nutrients and oxygen in order to grow beyond 
1-2 mm3. Inhibition of angiogenesis is an attractive strategy for anti-cancer therapy 
because it is applicable to a broad range of solid tumor types and tumor-induced 
blood vessels are readily accessible in contrast to the tumor cells themselves [5-6]. 
The ErbB or HER family of receptor tyrosine kinases is one of the most well studied 
signaling networks that contribute to tumor development and growth. Specific 
inhibitors have been developed such as the mAbs cetuximab (anti-epidermal 
growth factor receptor, EGFR), trastuzumab (anti-HER2), and KI such as erlotinib, 
gefitinib (anti-EGFR) and lapatinib (anti-EGFR/HER2) while many more are 
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currently undergoing clinical evaluation [7]. A critical cellular signaling network 
involved in the promotion of tumor angiogenesis is the family of vascular endothelial 
growth factor (VEGF) receptors. Angiogenesis inhibitors aimed at inhibition of  
VEGF-induced signaling include the mAb bevacizumab (anti-VEGF) and the 
KI sunitinib (multi-targeted including VEGFR-2) [8].  Despite their specificity, 
favorable efficacy and toxicity profile, many molecular targeted therapeutics could 
still be improved by shifting their tissue distribution profile [9]. Increasing their 
concentration at the target site while reducing concentrations in non-target tissues 
may further augment their applicability.

2. Drug targeting and delivery for cancer therapy
Targeted drug delivery is an approach that employs colloidal drug delivery systems 
(DDS) for the improvement of pharmacokinetic properties and biodistribution 
of (therapeutic) molecules. Molecules can either be dissolved, encapsulated or 
dispersed in DDS, or covalently coupled with degradable or non-degradable linkers 
[10]. DDS in the submicrometer range loaded with drugs designed to improve 
therapeutic outcome and to increase safety in patients are nowadays termed 
nanomedicines. A wide range of DDS have been developed for the generation of 
nanomedicines including liposomes, conjugates of drug with water-soluble polymer 
or monoclonal antibodies, polymeric micelles and nanoparticles, dendrimers and 
albumin nanoparticles [11]. Liposomes are vesicular structures with an aqueous core 
surrounded by a (phospho)lipid bilayer that were discovered nearly half a century 
ago [12]. The broad experience and numerous technological advances made in the 
field of liposome research have resulted in the translation of liposomes from concept 
to clinically accepted platform with a number of liposomal nanomedicines on the 
market and many more in the pipeline [13]. 
In the field of oncology, nanomedicines offer many potential advantages for the 
delivery of anti-cancer drugs: 
•	 Better pharmacokinetic profile and spatial localization in the body, 
•	 Increased therapeutic index by more selective delivery of therapeutics at the 

pathological target site (e.g. tumor) and/or by lowering drug-exposure to 
healthy tissues, 

•	 Flexible engineering of the DDS composition and surface to reduce interactions 
with proteins in the blood to increase circulation time, attachment of 
targeting ligands to increase target specificity or to generate stimuli-responsive 
nanomedicine,

•	 Potential to deliver multiple therapeutics in one DDS for combination therapy,
•	 Development of DDS loaded with imaging agents and therapeutics 

(theranostics) for image-guided drug delivery [14-16]. 



12

Chapter 1

When developing nanomedicines, important issues regarding the biocompatability 
and biodegradability of DDS should be taken into consideration. At the same 
time, altering the pharmacokinetic profile and spatial localization of a drug 
due to encapsulation in a DDS can also induce unwanted side-effects such as  
palmar-plantar erythrodysesthesia or hand-foot syndrome. 
Regarding the field of nanomedicine, targeting indicates the design of therapeutically 
active DDS with the intention to preferentially localize in diseased tissue. This is 
fundamentally distinct from molecular targeted drugs (discussed in the previous 
section) which are designed to specifically interact with a protein but not for spatial 
localization and can distribute throughout the body [17]. 
Targeted drug delivery using nanomedicines is achieved via three strategies. Passive 
targeting or improved delivery refers to the increased accumulation of nanomedicines 
in tumors compared to administered free anti-cancer drug due to the physicochemical 
properties of the DDS and the influence of (patho)physiological processes in the 
circulation and tumor site (Fig. 1). Encapsulation of anti-cancer drugs in DDS can 
improve their solubility and stability while coating the outer surface of the DDS 
with hydrophilic polymers such as polyethylene glycol (PEG) provides “stealth” 

Figure 1. Targeted drug delivery to tumors. Passive targeting of nanomedicines is accomplished 
by virtue of their ability to extravasate out of the leaky tumor vasculature in combination 
with inefffective lymphatic drainage, also knows as the enhanced permeability and retention 
(EPR) effect.  Active targeting is realized by functionalizing nanomedicines with targeting 
ligands that recognize tumor cell markers to increase cell specificity and uptake.

Passive targeting 
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delivery system 
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properties and reduces interactions with blood proteins. This leads to increased 
circulation times by inhibition of opsonization and subsequent clearance of the 
DDS by the mononuclear phagocyte system (MPS) [18]. In addition, solid tumors 
are characterized by poorly developed leaky vasculature and impaired lymphatic 
drainage allowing for extravasation and detainment of nanomedicines in tumor 
tissue. This phenomenon is known as the enhanced permeability and retention 
(EPR) effect and is arguably the most important aspect of improved drug delivery 
by DDS [19-20]. Secondly, Active Targeting (also referred to as ligand-targeting 
or receptor-mediated targeting) indicates the attachment of targeting moieties 
to the outer surface of DDS that interact with overexpressed proteins on tumor 
cells for increased target specificity and therapeutic effect (Fig. 1). It is increasingly 
accepted that actively-targeted nanomedicines display similar pharmacokinetics and 
biodistribution profiles as passively-targeted nanomedicines [21-22]. However, the 
advantages of active targeting such as increased cellular uptake and improved tumor 
retention times become apparent after the nanomedicine has arrived at the tumor. 
Additionally, active targeting can be applied for the intracellular delivery of drugs 
that are unable or inefficient in passing cellular membranes and targeting of drug 
resistant tumors or the tumor blood supply. Finally, Triggered Drug Release is based 
on nanomedicines that release therapeutics upon internal or external stimuli such as 
pH, heat or light [23]. The first (passively) targeted nanomedicines were approved in 
the nineties and a few dozen are nowadays in routine clinical use. It is estimated that 
approximately 250 nanomedicines are in (pre) clinical development [24-25]. 

3. Targeted anti-cancer therapy with Nanobodies
Twenty years ago it was discovered that in addition to conventional antibodies, 
camelids have unique circulating heavy-chain only antibodies (HcAb) [26]. The 
antigen binding part of HcAbs is a single variable domain (VHH) termed Nanobody 
(Nb) (Fig. 2). Nbs offer many advantages when compared to monoclonal antibodies 
(mAb) or derived fragments for therapeutic purposes: 
•	 Nbs are smaller (15 kDa) than mAb (150 kDa), Fab (60 kDa) or scFv (30 kDa) 

and can therefore recognise uncommon epitopes,
•	 Better solubility due to their hydrophilicity, 
•	 More stable in harsh conditions,
•	 Relatively straightforward to produce in bacteria and yeast,
•	 Similar specificity and affinity towards their target antigen [27-29]. 

Although the small size of Nbs allows effective tissue penetration, it also results in 
short serum half-life due to rapid renal clearance.
Several strategies have been employed to increase the circulation time of Nbs in order 
to improve therapeutic efficacy. For example, the production of trivalent, bispecific 
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Nbs consisting of two Nbs directed at EGFR and one at mouse serum albumin 
fused together greatly enhanced circulation times and effectively inhibited tumor 
growth in a xenograft model [30-31]. Another method includes the development 
of a multivalent system by conjugation of multiple Nbs to a liposome [32]. Indeed, 
modification of DDS with Nbs that serve as targeting ligands is an excellent manner 
to improve the delivery of anti-cancer drugs [33]. Additionally, due to the intrinsic 
therapeutic activity of Nbs, coupling of Nbs to DDS loaded with drugs is a promising 
approach for anticancer combination therapy [34-35]. 
Over the last few years, an increasing number of scientific publications has reported 

on the isolation of Nbs directed at targets that are involved in a broad range of 
diseases. Several Nbs are currently undergoing clinical evaluation for treatment 
of thrombosis, rheumatoid arthritis, infections and bone metastases [36-37]. The 
combination of intrinsic therapeutic activity, antigen binding specificity and 
affinity, relative ease of manipulation, handling and production make Nbs attractive 
molecules for employment as targeting moieties in actively-targeted nanomedicine 
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Figure 2. Schematic representation of a conventional (A), a camelid heavy chain only 
antibody (B) and their respective antigen-binding fragments. The antigen-binding site of the 
antibodies or fragments is indicated by white surfaces. Fragment, crystallizable (Fc) region, 
variable domain light chain (VL), constant domain light chain (CL), variable domain heavy 
chain (VH), constant domain heavy chain (CH), variable domain of a heavy chain only 
antibody (VHH or Nanobody).
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approaches. 

4. RNA interference
RNA interference (RNAi) is a conserved mechanism in eukaryotes in which small 
non-coding RNAs regulate gene expression in cells. Gene regulation by RNAi is 
vital for cell division, cell differentiation, genome maintenance and protection 
[38]. RNAi was discovered 15 years ago after the observation that introduction of 
double stranded RNA induced silencing of gene expression in worms, which was 
awarded with a Nobel Prize [39]. Gene expression by RNAi and related mechanisms 
is regulated by small regulating RNAs such as short interfering RNAs (siRNA) [38]. 
Silencing of genes by siRNA (Fig. 3) is initiated when long double stranded RNA 
or short hairpin RNA is introduced in the cytoplasm. It is then cleaved by the 
enzyme DICER into siRNA. Alternatively, synthetic siRNA can be introduced 
in the cell. One strand of the siRNA (guide strand) is loaded onto an Argonaute 

siRNA dsRNA

AGO2

Dicer

RISC

target mRNA

guide strand

passenger strand

Figure 3. The RNA interference mechanism. Introduction of long double-stranded RNA 
(dsRNA) or short-interfering RNA (siRNA) in the cytoplasm can eventually silence genes by 
degradation of target mRNA complementary to the siRNA guide strand (see main text for 
explanantion).
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protein (AGO2) in the RNA-induced silencing complex (RISC). The non-guide 
strand (passenger strand) is cleaved by Argonaute and discarded. The activated RISC 
uses the guide strand to scan for complementary messenger RNA (mRNA) which 
is cleaved upon binding to the complex. The cleaved mRNA is released and the  
RISC-siRNA complex can be recycled to degrade additional target mRNA [38]. 
RNAi has become a widely employed valuable research tool as it can be used to 
specifically and efficiently silence genes of interest, and it can be utilized for  
high-throughput screening. In theory, small regulatory RNAs can be designed to 
inhibit the expression of virtually any gene. In combination with the relatively facile 
production, the utilization of the RNAi mechanism by synthesized small RNAs has 
an incredible potential therapeutic range and offers the possibility of personalized 
medicine. However, so far clinical translation of small RNA therapeutics is hampered 
by the physicochemical properties of the small RNA molecules. Small RNAs can not 
pass cellular membranes by spontaneous diffusion due to their size and negative 
charge. In addition, these molecules exhibit short circulation times because of rapid 
renal clearance and degradation by nucleases. Therefore, much effort has been made 
to design DDS that protect small therapeutic RNAs against enzymatic cleavage 
and that are suitable for their cytosolic delivery into target cells [40]. Recently, the 
therapeutic potential of RNAi in humans was reported for the first time in melanoma 
patients. Intermediate results from a phase I study demonstrated that treatment with 
actively-targeted polymeric nanoparticles loaded with siRNA resulted in reduced 
target mRNA and protein levels in tumor biopsies [41].

5. Aims and outline 
This thesis focuses on two main strategies for the development of an effective and 
targeted anti-cancer treatment. The first strategy describes the development of 
an actively-targeted nanomedicine that inhibits the proliferation of tumor cells 
by blocking growth factor signaling cascades. The second strategy consists of an  
RNAi-mediated approach for the inhibition of tumor angiogenesis. Chapter 2 
provides a concise overview of the current status of actively-targeted nanomedicines 
that have progressed into clinical trials. The different nanomedicines are described and 
(pre)clinical data is discussed to evaluate the evidence for added benefits of conjugating 
targeting ligands to these systems. A scoring table was prepared that summarizes the 
main research outcomes and characteristics of each evaluated nanomedicine, and 
the chapter is concluded with a discussion and future prospects of actively-targeted 
nanomedicines in clinical settings. The development of a tumor-targeted dual-
active nanomedicine is described in Chapter 3. Anti-EGFR Nb-liposomes were 
loaded with the anti-IGF-1R kinase inhibitor AG538 for simultaneous inhibition 
of two signaling pathways involved in tumor cell proliferation. These loaded  
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Nb-liposomes or Nanobullets were evaluated with regards to their interactions with  
EGFR-positive tumor cells. In addition, their ability to block the activation of 
targeted cellular pathways and resulting inhibition of tumor cell proliferation were 
studied. In Chapter 4, the anti-tumor efficacy of the Nanobullets was further 
explored.  Nanobullet-induced inhibition of key proliferation and survival pathway 
activation and resulting effects on cell proliferation were evaluated in a panel of 
tumor cell lines. In addition, anti-tumor effects were assessed in two human tumor 
xenograft models in mice. The Rho GTPase signaling network as a target for  
anti-cancer therapy is outlined in Chapter 5.  The role of Rho GTPases in cellular 
processes that contribute to tumor angiogenesis and invasion is discussed. Moreover, 
therapeutic strategies to interfere with Rho GTPase signaling are described.  
Chapter 6 investigates the function of the Rho GTPase Rac1 in angiogenesis using 
RNAi. The effects on VEGF-induced angiogenesis of Rac1 knockdown in endothelial 
cells were assessed by functional assays in vitro. The feasibility of siRNA-mediated 
knockdown of Rac1 to inhibit angiogenesis in vivo was explored by a functional 
assay and a tumor model in mice. Chapter 7 summarizes this thesis and discusses 
the described findings and conclusions. 
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Abstract
Since the introduction of the first nanomedicine on the market about 20 years ago, 
a number of nanomedicines have become part of treatment regimens in the clinic. 
These nanomedicines are all considered to be passively-targeted as they rely solely 
on their physicochemical properties and the (patho)physiological processes in the 
body for their biodistribution and targeting capability. At the same time, many 
preclinical studies have reported on nanomedicines exposing targeting ligands, also 
known as actively-targeted nanomedicines, yet none of these have been approved at 
this moment. In the present review, we provide a concise overview of 12 actively-
targeted particulate nanomedicines that have progressed into clinical trials. The 
potential of each nanomedicine is discussed based on available (pre)clinical data. 
Main conclusions of these analyses are that (a) actively-targeted nanomedicines have 
proven to be safe and efficacious in pre clinical models; (b) the vast majority of actively-
targeted nanomedicines is generated for the treatment of cancer; (c) contribution of 
targeting ligands to the nanomedicine efficacy is not unambiguously proven and (d) 
targeting ligands often do not increase localization of the nanomedicine within the 
target tissue, but rather provide benefits in terms of target cell internalization and 
target tissue retention. Increased understanding of the in vivo fate and interactions of 
the targeted nanomedicines with proteins and cells in the human body is mandatory 
to rationally advance the clinical translation of actively-targeted nanomedicines. 
Future perspectives for active-targeting approaches include the delivery of drugs that 
are unable or inefficient in passing cellular membranes, treatment of drug resistant 
tumors, targeting of the tumor blood supply and the generation of targeted vaccines. 
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1. Introduction
Nanomedicine is the science and application of nanotechnology for diagnosis, 
monitoring, prevention, treatment and understanding of disease to ultimately gain 
clinical benefit [1]. The focus of the current review is on targeted nanomedicines 
developed to generate therapeutics that are more effective and/or less harmful to 
patients compared to conventional drugs. Interdisciplinary pioneering research 
over the last few decades that focused on colloidal systems, polymer chemistry and 
antibody technology, has led to the introduction of the term “nanomedicine”[2], 
and has facilitated the rapid evolvement of the drug targeting and delivery field and 
subsequent clinical translation of targeted nanomedicines [3-5]. The exploitation of 
particulate nanocarriers (PNC) (Box 1) for targeted drug delivery may have many 
beneficial features: (1) improve unfavorable pharmacokinetics and tissue distribution 
of many drugs, (2) increase therapeutic efficacy by achieving higher accumulation of 
a drug in the target tissue, (3) reduce (dose-limiting) adverse effects by minimizing 
drug exposure to non-target tissues, (4) feasibility of combination therapy by 
targeted delivery of multiple therapeutic agents in one nanomedicine, (5) generation 
of theranostics for image-guided drug delivery by encapsulation of imaging probes 
and therapeutic agents in one system and (6) ability to manipulate the PNC surface 
with a range of molecules such as targeting moieties for increased target specificity 
or polymers to reduce interactions with plasma proteins and blood cells to improve 
circulation kinetics. Targeted nanomedicines, either marketed or under development, 
are designed for the treatment of a broad range of indications such as infections [6], 
cardiovascular diseases [7], central nervous system diseases [8] and inflammatory 
diseases [9]. The primary emphasis is however on the development of nanomedicines 
for the treatment of (mostly solid) malignancies [10-12]. All currently marketed 
nanomedicines can be considered as passively-targeted nanomedicines (PTNM) 
(Box 1). These PTNM are devoid of targeting ligands and their pharmacokinetic 
properties and biodistribution rely solely on physicochemical properties of the 
PNC and subsequent interactions in the circulation and at tissue sites including 
the site of disease. Actively-targeted nanomedicines (ATNM) (Box 1) are equipped 
with targeting ligands to increase target specificity. Whereas several PTNM have 
reached the clinic since the 1990s, only a small number of ATNM have progressed 
into (early) clinical evaluation and none of them have thus far been approved for 
clinical use [13]. The aim of this review is to specifically evaluate the evidence for 
added benefits of conjugating targeting ligands to particulate nanomedicines based 
on analysis of available (pre)clinical data and the current status of those formulations 
that have succeeded in reaching clinical evaluation (Table 1). The aim is not to 
provide a complete (historical) overview and/or perspectives of nanomedicines in 
general (reviewed elsewhere [3, 5, 13-17]). The ATNM discussed in this review 
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are defined by three components: the particulate nanocarrier, targeting ligands and 
therapeutic agent. This review therefore does not discuss other nanomedicines such 
as PTNM [13], antibody-drug conjugates (ADC) [18-19] and stimuli-responsive 
nanomedicines [20]. The review consists of an objective presentation of available 
evidence for target localization, safety and efficacy of the ATNM. Based on these 
data, a scoring table was prepared which summarizes the main characteristics and 
research outcomes of the evaluated nanomedicines (Table 2). 

Box 1. Definitions

Particulate nanocarrier
Particulate nanocarriers (PNC) are submicrometer size delivery vehicles designed 
to improve the pharmacokinetic and biodistribution profiles of molecules. These 
molecules can be adsorbed, entrapped or dissolved in PNC via non-covalent 
interactions or via degradable or non-degradable covalent linkers [15]. Nanomedicines 
discussed in this review are defined as PNC developed to deliver therapeutic agents 
to sites of disease. Over the last few decades, many PNC have been developed for 
the delivery of therapeutics including liposomes, polymer-drug conjugates, micelles, 
polymeric nanoparticles, dendrimers and albumin nanoparticles. Currently, a few 
dozen first generation nanomedicines are routinely used in the clinic and it is estimated 
that approximately 250 nanomedicines are under (pre)clinical investigation [13, 16]. 

PEGylation
Polyethylene glycol (PEG) is a hydrophilic polymer that has been widely used for the 
development of drug-polymer conjugates because it can improve protein solubility, 
stability and pharmacokinetic parameters [122-123]. In addition, coating the 
surface of PNC with PEG provides “stealth” properties by inhibiting blood protein 
adsorption. This effect inhibits subsequent clearance of PNC from the circulation 
by the mononuclear phagocyte system (MPS). The discovery that PEGylation could 
greatly enhance the circulation time of NCs such as polymeric nanoparticles [124] and 
liposomes [125-126] has greatly advanced the clinical translation of nanomedicines. 
Although the majority of therapeutic PNC clinically approved or under evaluation 
contains PEG, several issues regarding PEGylation remain such as decrease of drug 
release and cell uptake (“PEG dilemma”) [127], activation of the complement system 
[128] and accelerated blood clearance of consecutive administered doses  [129-130].

EPR effect
The enhanced permeability and retention (EPR) effect was discovered by Maeda 
and colleagues [131] and describes the phenomenon that macromolecules 



Actively-targeted nanomedicines in the clinic: current status

25

2. Actively-targeted nanomedicines (ATNM) under clinical evaluation
Up to date, 12 particulate ATNM have progressed into clinical trials (Table 1). These 
systems include lipid- and polymer-based delivery vehicles, a retroviral vector and 
bacterially-derived minicells (Figure 1).

accumulate in tumors over time. Tumor vasculature is characterized by poorly 
developed leaky vasculature containing inter-endothelial gaps which allow for the 
extravasation of PNC. In addition, tumors often fail to drain extravasated PNC 
due to an impaired lymphatic system [132]. The EPR effect is exploited by most 
anti-cancer nanomedicines as it is expected to increase the therapeutic efficacy of 
chemotherapeutics due to the relative improvement in tumor accumulation of PNC 
compared to small molecules.

Passive and active targeting
In the field of nanomedicine, targeting refers to the design of therapeutic PNC 
with the intention of increased accumulation at sites of disease in the body. This 
is fundamentally different from molecularly targeted drugs that are intended 
to specifically interact with a certain protein, but have not been designed to 
localize at specific sites in the body [5]. Passive targeting primarily concerns anti-
cancer nanomedicines that accumulate in tumors due to a combination of the 
physicochemical properties of the PNC and subsequent prolonged circulation half 
life, extravasation from the blood circulation and the pathophysiology of the tumor 
contributing to the EPR effect. Active targeting (also described as ligand-targeting 
or receptor-mediated targeting) involves the attachment of ligands to the surface of 
PNC that bind to proteins overexpressed on diseased cells. Although in theory this 
can potentially improve PNC target specificity and improve therapeutic activity, it 
is believed that in the case of many pathologies, actively-targeted nanomedicines are 
subjected to the same physiological localization as passively-targeted nanomedicines 
and therefore have comparable biodistribution and accumulation profiles. However, 
targeting ligands may offer advantages at in terms of target cell uptake once arrived 
at the target site. Although it has recently been debated if the terms “passive” and 
“active” targeting are correctly representing the real-life situation [111, 133], we have 
decided for the sake of clarity to use the terms “passively-targeted nanomedicines” 
(PTNM) and “actively-targeted nanomedicines” (ATNM) to distinguish between 
nanomedicines equipped with or devoid of targeting ligands, respectively, as both 
terms were originally intended. A third targeting strategy based on stimuli-responsive 
PNC referred to as triggered drug release is currently receiving much attention but is 
beyond the scope of this manuscript (for review see [20]).
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Table 1. Overview of actively-targeted nanomedicines undergoing clinical evaluation
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2.1 Lipid-based nanomedicines
Originally discovered by Bangham and colleagues [21], liposomes were one of the first 
PNC utilized for the generation of nanomedicines. Liposomes are vesicular structures 
which consist of an aqueous core surrounded by a lipid bilayer. Doxorubicin (DOX) 
encapsulated in long-circulating PEGylated liposomes (Doxil®/Caelyx) was the first 
PTNM to gain clinical approval [22]. The lipid-based nanomedicines discussed in 
this review feature either liposomes or formulations based on liposomes such as 
lipoplexes. 

2.1.1 MBP-426
MBP-426 (Mebiopharm) is a liposome loaded with oxaliplatin (L-OHP) currently 
undergoing phase Ib/II trials for treatment of second line gastric, gastroesophageal 
or esophageal adenocarcinomas in combination with leucovorin and fluorouracil 
[23]. The liposome is conjugated to transferrin (Tf ) for tumor targeting. Platinum 
binds irreversibly to plasma proteins and erythrocytes and encapsulation of L-OHP 
in PNC can reduce these interactions thereby improving tumor accumulation and 
circulation time [24]. Initial studies with empty PEGylated liposomes showed 
increased Tf-specific cell association and internalization in Tf-overexpressing murine 
colon carcinoma (Colon 26) cells of Tf-PEG-liposomes compared to non-targeted 
formulations [25]. Tf-PEG-liposomes loaded with L-OHP (EC50 8 μg/mL L-OHP) 
were more cytotoxic compared to PEG-liposomes devoid of Tf (EC50 18 μg/mL 
L-OHP) in Colon 26 cells. The cytotoxicity of L-OHP encapsulated in Tf-PEG 
liposomes could be inhibited by adding an excess of free Tf, indicating that the 
cytotoxic effects were mediated by Tf-specific delivery [26]. Studies in mice bearing 
Colon 26 tumors revealed similar plasma clearance values and biodistribution for 
actively and passively-targeted and L-OHP-loaded PEG-liposomes indicating 
that the conjugation of Tf did not influence circulation times or uptake by the 
mononuclear phagocyte system. Although biodistribution for the passive- and 
active-targeted formulation was similar, L-OHP concentration in tumors 72 h after 
injection was ~2.5 times higher in mice treated with L-OHP encapsulated in Tf-PEG-
liposomes when compared to PEG-liposomes [26]. Tf-PEG-liposomes loaded with 
L-OHP significantly suppressed tumor growth compared to L-OHP encapsulated 
in passively-targeted liposomes [26]. Based on these results, Mebiopharm further 
developed this formulation for clinical evaluation. The original formulation was 
optimized and N-glutaryl-phosphatidylethanolamine (NGPE) is used to couple Tf. 
The use of NGPE causes the liposome to collapse in environments with low pH such 
as the endosome. In this way, MBP-426 releases L-OHP upon receptor mediated 
endocytosis and endosomal localization. In mice bearing human pancreas xenograft 
tumors, additive tumor growth inhibiting effects were observed when MBP-426 
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treatment was combined with either gemcitabine or erlotinib [27]. Phase I studies in 
39 patients with advanced solid or metastatic solid tumors revealed thrombocytopenia 
as dose limiting toxicity and a dose of 226 mg/m2 was recommend for further studies 
[28-29]. Results of phase Ib trials in 9 patients reported 170 mg/m2 (versus free 
L-OHP 85 mg/m2) as recommended dose for phase II studies and potential activity 
was observed in two L-OHP-resistant patients [23, 30]. 

2.1.2 SGT-53 and SGT-94
SGT-53 (SynerGene Therapeutics) is a nanomedicine developed for the treatment 
of solid tumors. The formulation consists of cationic lipids that are complexed 
with plasmid DNA encoding wild-type p53 tumor suppressor protein. SGT-53 is 
targeted to the Tf receptor (TfR) on tumor cells via a single-chain antibody fragment 
(scFv) to achieve intracellular delivery of the plasmid DNA [31]. Initial formulations 
contained Tf as targeting ligand [32] but the scFv has a smaller size than the Tf 
molecule and it allows large scale recombinant production and stricter quality 
control [33]. TfRscFv-lipoplexes were shown to associate specifically with head and 
neck and prostate tumor cells [31]. Using reporter assays and Western blotting it 
was demonstrated that transfection of tumor cells by TfRscFv-lipoplexes resulted in 
functional exogenous p53 expression in vitro and in vivo [31, 33]. Importantly, in 
a mouse tumor metastasis model treatment with TfRscFv-p53-lipoplexes combined 
with docetaxel (DTXL) resulted in a significant increase in survival compared to 
non-targeted p53-lipolexes combined with DTXL [31]. Although these results were 
promising, rapid clearance of the TfRscFv-lipoplexes was observed. A sterically 
stabilized PEGylated lipoplex was designed to optimize circulation times in vivo 
[34]. Although PEGylation of the lipoplexes resulted in reduced transfection 
efficiency in vitro, in a human xenograft prostate tumor model it was demonstrated 
that the targeted PEGylated lipoplexes induced approximately 7-fold more protein 
expression in tumors 96 h after treatment than non-PEGylated targeted lipoplexes, 
indicating the importance of lipoplex stability and circulation time [34]. SGT-53 is 
now undergoing phase Ib trials to evaluate the safety of combinational therapy with 
DTXL and to establish a recommended dose for further studies [35]. 
SGT-94 utilizes the same TfR-targeted platform as SGT-53 but its cargo consists of 
the gene that encodes the tumor suppressor protein RB94 [36]. RB94 has broad anti-
tumor activity and up to date no cytotoxicity with normal human cells or tumor cell 
resistance to RB94 has been observed [37-39]. In vitro cytotoxicity studies revealed 
that Tf-decorated RB94 lipoplexes increased chemosensitization of human bladder 
cancer cells 30-fold to gemcitabine and >55-fold to cisplatin compared to passively-
targeted formulations. Treatment of normal human endothelial cells did not result 
in significant sensitization which indicates that Tf-mediated tumor cell specificity 
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[36]. RB94 protein expression was detected in tumors derived from mice injected 
with Tf-RB94-lipoplexes and TfRscFv-RB94-lipoplexes but not in mice injected 
with control formulations. Importantly, no detectable RB94 expression in the liver 
was observed as determined by Western Blotting (WB), immunohistochemistry and 
DNA PCR [36]. In efficacy studies with mice bearing human bladder carcinoma 
xenografts, treatment of mice with TfRscFv-RB94-lipoplexes combined with 
gemcitabine significantly inhibited tumor growth compared to passively-targeted 
RB-94-lipoplexes and gemcitabine, and targeted formulations with a control vector 
combined with gemcitabine [36]. SGT-94 has entered phase I trials to evaluate its 
safety and maximum tolerated dose and to find evidence of RB94 expression in 
tumors after systemic administration [40]. 

2.1.3 MM-302
MM-302 (Merrimack Pharmaceuticals) is a HER2-targeted nanomedicine that 
consists of PEGylated liposomes loaded with DOX and has progressed into phase 
I trials [41]. Active tumor targeting is achieved by the attachment of HER2-
targeted scFv antibody fragments to the surface of the liposomes [42-45]. Since 
the first reports on HER2-targeted immunoliposomes (ILs) loaded with DOX 
emerged [46-47], many parameters of the formulation have been optimized such 
as liposomal composition, antibody construct and conjugation method [43]. These 
early studies have described the increase in HER2-positive (HER2+) cell binding 
and internalization of anti-HER2 liposomes compared to control liposomes. 
Increased cell association could be reversed by addition of free anti-HER2 antibody 
fragments confirming HER2-mediated interactions of the ATNM. In addition, a 
HER2-negative cell line did not show detectable uptake of anti-HER2 liposomes 
[46-47]. Importantly, biodistribution studies in vivo revealed that active targeting 
by conjugation of anti-HER2 antibody fragments did not increase radiolabeled 
liposomal tumor accumulation [48]. At the same time, gold-labeled anti-HER2 
liposomes localized intracellularly while passively-targeted liposomes primarily 
distributed to the extracellular tumor stroma. In a HER2-negative xenograft model 
the intratumoral distribution of targeted and passively-targeted liposomes was 
similar indicating that both formulations accumulate in the tumor but anti-HER2 
ILs associated directly with tumor cells [48]. Pharmacokinetic (PK) studies in rats 
showed comparable circulation times for HER2-targeted ILs and control formulations 
indicating that the presence of an antibody fragment on the liposomes did not alter 
clearance rates or induced accelerated clearance after multiple doses [43, 49]. Anti-
tumor efficacy of anti-HER2 ILs-DOX has been extensively evaluated in multiple 
studies in four different human HER2+ breast cancer xenograft models. Although 
liposomal formulations varied between studies with regards to PEGylation, antibody 
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fragment and conjugation method, pooled results of all eight studies demonstrate 
that treatment with anti-HER2 ILs-DOX significantly inhibited tumor growth when 
compared to PEGylated liposomal DOX (PLD). In one of the xenograft studies, 
anti-HER2 ILs-DOX demonstrated cure rates up to 50% [43, 49]. Additionally, 
anti-HER2 ILs-DOX treatment also showed superior efficacy in a xenograft model 
when compared to combination treatment with either free DOX or PLD and 
trastuzumab. In a xenograft model expressing low levels of HER2, treatment with 
anti-HER2 ILs-DOX and PLD induced only modest anti-tumor effects, confirming 
anti-HER2 ILs-DOX in vivo selectivity and the requirement of a receptor density 
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Figure 1. Overview of clinically relevant ATNM. The discussed actively-targeted 
nanomedicines (ATNM) are defined by three components: the particulate nanocarrier 
(PNC), targeting ligands and therapeutic agent. Utilized PNC include lipid- and polymer 
based nanocarriers, bacterially-derived minicells and a retroviral vector. Targeting ligands 
conjugated to PNC include antibodies or antibody fragments, protein (transferrin) or small 
molecules. Therapeutically active cargo of the ATNM includes chemotherapeutics, small 
interfering RNA, plasmid DNA or antigens and adjuvants.
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or activity threshold for effective drug delivery [43, 49]. These studies have resulted 
in an optimized formulation used for clinical evaluation that consists of the anti-
HER2 scFv F5 conjugated to PEG-PE micelles which are incorporated into PLD 
[42-45]. The last few years, updates were presented at conferences on the progress of 
MM-302 including cardiosafety, efficacy and PK studies in preclinical models [50-
52]. Recently, preliminary data of the ongoing phase I trials were presented. So far, 
34 patients with HER2+ advanced breast cancer have enrolled of which 12 patients 
achieved stable disease and two patients have achieved partial response. MM-302 
is tolerable in patients up to 50 mg/m2 and plasma pharmacokinetics are similar to 
passively-targeted PLD [53].

2.1.4 anti-EGFR ILs-DOX
Generated by the same original developers as MM-302, ILs loaded with DOX that 
target epidermal growth factor receptor (EGFR) overexpressing tumors via coupling 
of Fab’ fragments of the anti-EGFR mAb cetuximab have also progressed into clinical 
trials [54]. In vitro studies showed superior cell association and internalization of 
anti-EGFR ILs-DOX compared to passively-targeted control formulations. For 
example, quantitative studies performed with pH-sensitive-loaded liposomes 
demonstrated ~30-fold more EGFR-positive cell internalization of anti-EGFR ILs 
compared to non-targeted PEGylated liposomes. In addition, cytotoxicity studies in 
EGFR-positive MDA-MB-468 cells showed that anti-EGFR ILs-DOX were 29-fold 
more effective than PLD [55]. Studies in rats showed similar pharmacokinetics of 
actively-targeted and passively-targeted liposomal DOX indicating that conjugation 
of antibody fragments did not alter liposomal stability or circulation time [56]. 
As observed with MM-302, biodistribution studies in mice showed no differences 
in tumor accumulation for EGFR-targeted liposomes and passively-targeted 
formulations. However, cellular uptake of anti-EGFR liposomes loaded with a 
fluorescent dye was 6-fold higher when compared to passively-targeted liposomes in 
tumor cells derived from mice [56]. In two EGFR-overexpressing tumor xenograft 
models, anti-EGFR ILs-DOX significantly inhibited tumor growth when compared 
to PLD [56]. Interestingly, in a drug resistant tumor xenograft model anti-EGFR ILs-
DOX could significantly inhibit tumor growth when compared to PLD, suggesting 
that anti-EGFR ILs-DOX can overcome multidrug resistance [57]. In a recently 
finished phase I trial [58], 26 patients with EGFR-overexpressing advanced solid 
tumors were enrolled and treated with escalating doses of anti-EGFR ILs-DOX. One 
patient showed complete response, one partial response and ten patients had stable 
disease lasting 2 – 12 months. A recommended dose of 50 mg DOX per m2 was 
recommended for phase II trials [59]. 
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2.1.5 MCC-465
MCC-465 (Mitsubishi Tanabe Pharma) is a DOX-loaded PEGylated liposome 
targeted to tumor cells via the conjugation of F(ab’)2 of the human GAH antibody 
[60]. Although its target antigen has not been characterized, selective binding of 
GAH antibody was demonstrated as staining of viable tumor tissues and tissue 
sections stained positively while no staining was observed on non-cancerous tissues 
[61-62]. Confocal microscopy studies showed that fluorescently labeled GAH-
conjugated ILs loaded with DOX internalized in human stomach cancer cells via 
GAH-mediated interactions, as the addition of free GAH in combination with 
GAH-ILs-DOX prevented cell uptake. Passively-targeted control formulations were 
hardly internalized by the tumor cells [60-61]. In a pulse-chase assay in vitro, GAH-
ILs-DOX induced significantly stronger dose-dependent cytotoxicity in human 
gastric tumor cells compared to PLD. No significant cytotoxicity of GAH-ILs-
DOX was observed in human endothelial cells. The anti-tumor efficacy of GAH-
ILs-DOX in various human xenograft models in mice was significantly higher than 
non-targeted control PLD [60-63]. No significant anti-tumor efficacy was observed 
in xenograft studies with GAH-negative cell lines and it was suggested that GAH-
ILs-DOX can overcome DOX resistance of tumor cells [60, 62]. Results from a 
phase I study indicated that MCC-465 was well tolerated and a dose of 32.5 mg/
m2 in an equivalent amount of DOX was recommended for phase II studies. No 
anti-tumor effects were observed but stable disease was observed in 10 of 18 patients 
[64]. Recent updates on MCC-465 are not available and it is uncertain whether 
development is discontinued.

2.1.6 Lipovaxin-MM
Lipovaxin-MM (Lipotek) is a lipid-based vaccine for immunotherapy of malignant 
melanoma. Lipovaxin-MM does not directly target melanoma cells, but instead its 
strategy is based on delivering melanoma antigens to dendritic cells (DC) which 
in turn activate tumor-specific CD8+ cytotoxic T cells (CTL) [65]. The melanoma 
antigens in Lipovaxin-MM are derived from the membrane fraction of lysed 
MM200 melanoma cells. MM200 plasma derived membrane vesicles are isolated 
and subsequently fused with liposomes containing cytokines such as interferon-
gamma (IFN-γ) or lipopolysaccharide (LPS) that provide a DC “danger” or 
maturation signal. The vaccine is targeted to DCs via engraftment of the domain 
antibody DMS5000 which is highly specific for DC-specific intracellular adhesion 
molecule 3-grabbing non-integrin (DC-SIGN) [65-66]. In proof of concept studies, 
cell association of DC-targeted vaccines in vitro was 4 to 8-fold higher than non-
targeted control formulations. This effect could be reversed by pre-incubation of the 
cells with free targeting ligand demonstrating specific interactions of the ATNM. 
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DC-targeting in vivo was demonstrated by determining the number fluorescent-
positive cells in a draining lymph node after injection with targeted and passively-
targeted formulations. DC-targeted vesicles induced 4-fold more fluorescent cells 
than passively-targeted formulations [67]. In addition, in a B16-OVA melanoma 
model immunization of mice with targeted vaccines induced strong CTL responses in 
splenic T cells, induced protective immunity against tumors and could inhibit tumor 
growth [67]. According to the patent application, Lipovaxin-MM used for studies 
in non-human primates consists of 4 pre-mix components (MM200 membrane 
vesicles, lyophilized liposomes, IFN-γ and DMS5000) that are formulated prior 
to administration [66]. Treatment of macaques with Lipovaxin-MM resulted in 
production of vaccine-specific antibodies but it is not certain if this effect is caused 
specifically by the antigens as a passively-targeted control was not included in this 
study [66]. A phase I study in melanoma patients to determine adverse events, 
immunogenicity and efficacy of Lipovaxin-MM was recently completed but results 
have not yet been made available [68].

2.2 Polymer-based nanomedicines
The potential of polymers for drug delivery was demonstrated in the 1970s [69-70]. 
Polymer-based PNC such as polymeric nanoparticles are produced by self-assembly 
or cross-linking of polymeric building blocks to obtain nanoparticles with favorable 
physicochemical characteristics.

2.2.1 BIND-014
BIND-014 (BIND Biosciences) is a polymeric nanoparticle developed for the 
treatment of solid tumors. BIND-014 is composed of poly(d,l-lactide) (PLA) 
and PEG block copolymers to form a hydrophobic core for the encapsulation of 
DTXL, and a hydrophilic surface for prolonged circulation [71]. The ATNM is 
targeted to prostate-specific membrane antigen (PSMA) expressing cells using the 
small-molecule S,S-2-[3-[5-amino-1-carboxypentyl]-ureido]-pentanedioic acid 
(ACUPA) as targeting ligand [71-72]. PSMA is expressed by prostate tumor cells and 
additionally, by the neovasculature of other types of solid tumors but not on normal 
vasculature [73]. BIND-014 was developed by a novel strategy in which a library was 
composed of more than 100 self-assembling nanoparticles to obtain a single ATNM 
with optimized physicochemical properties [71, 74-75]. Initial in vitro studies 
performed with the PSMA-targeting RNA aptamer A10 [76] as targeting ligand 
demonstrated a 77-fold increase in cell association of PSMA-targeted formulations 
compared to passively-targeted formulations. No cell association to PSMA-negative 
cells was observed for either of the formulations [77]. In mice bearing human 
PSMA-positive prostate xenograft tumors, targeted poly(lactic-co-glycolic acid) 
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(PLGA)-based nanoparticles delivered 3.77-fold more chemotherapeutic agent to 
tumors compared to passively-targeted control nanoparticles after 24 h [78]. PSMA-
targeted nanoparticles loaded with DTXL were significantly more cytotoxic in vitro 
compared to control DTXL nanoparticles without targeting ligand. In xenograft 
studies, ATNM loaded with DTXL significantly inhibited tumor growth and 
increased survival compared to passively-targeted DTXL nanoparticles [79]. In 
later pre-clinical studies, optimized BIND-014 treatment caused significant tumor 
growth inhibition in a mouse xenograft prostate tumor model compared to non-
targeted controls. In contrast, no difference in anti-tumor effect was observed in 
PSMA-negative xenograft models [71]. BIND-014 is currently undergoing a phase 
I clinical trial to determine the safety in patients with advanced or metastatic cancer 
[80]. Interim data in 3 patients demonstrated that DTXL plasma levels are two 
orders of magnitude higher when administered as BIND-014 compared to solvent-
based DTXL. Preliminary signs of BIND-014 anti-tumor efficacy were observed in 
two patients [71]. Phase II studies to evaluate the safety and efficacy of BIND-014 in 
patients with metastatic castration-resistant prostate cancer or as second-line therapy 
for patients with lung cancer were recently announced [81-82].

2.2.2 CALAA-01
CALAA-01 (Calando Pharmaceuticals) is a polymeric nanoparticle for siRNA-
mediated treatment of solid tumors. This nanomedicine based on the RONDEL™ 
platform, which consists of four components that are mixed together and self-
assemble into nanoparticles prior to administration: a linear cyclodextrin-containing 
polymer (CDP) backbone, adamantane-conjugated polyethylene glycol (AD-PEG), 
Tf-conjugated AD-PEG (Tf-PEG-AD) and siRNA [83]. CALAA-01 induces 
knockdown of the M2 subunit of ribonucleotide reductase (RRM2), which catalyzes 
the formation of deoxyribonucleotides from ribonucleotides for DNA synthesis [84-
85]. Tf-nanoparticles were shown to associate with HeLa cells in a ligand density-
dependent manner and cell uptake studies in the presence of free Tf demonstrated 
TfR-mediated cell internalization [86]. A multimodality imaging approach revealed 
no differences in tumor accumulation and tissue distribution between ATNM and 
PTNM siRNA formulations [87]. However, using reporter assays it was shown that 
Tf-targeted nanoparticles did exhibit enhanced transfection efficiency in tumor 
bearing mice compared to non-targeted formulations [87]. Increased inhibition of 
tumor growth in mice by Tf-siRNA-nanoparticles compared to passively-targeted 
formulations was demonstrated in a mouse model of metastatic Ewing’s sarcoma [88]. 
In addition, in mice bearing head and neck cancer xenografts, CALAA-01 treatment 
reduced RRM2 mRNA and protein levels resulting in significant inhibition of tumor 
growth compared to nanoparticles with control siRNA [89]. Multiple systemic 
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doses of CALAA-01 in non-human primates were well-tolerated and no significant 
signs of toxicity were observed at siRNA doses up to 8 mg/kg [90]. Phase I trials 
evaluating CALAA-01 are ongoing [91] and early results in three patients with solid 
tumors showed dose-dependent intracellular localization in tumor cells but not in 
the adjacent epidermis. Decreased protein expression of RRM2 in the tumor was 
observed in at least one patient, suggesting evidence for RNAi in humans [92].

2.2.3 SEL-068
SEL-068 (Selecta Biosciences) is a nicotine vaccine developed for treatment of tobacco 
dependence [93]. The self-assembling synthetic polymeric nanoparticle [74] contains 
encapsulated toll-like receptor agonist to reduce the production of inflammatory 
cytokines, encapsulated universal T-helper cell peptide to evoke T-cell responses and 
nicotine covalently conjugated to the surface of the nanoparticle as a B-cell antigen 
[94-95]. Administration of SEL-068 in mice and cynomolgus monkeys induced high 
titers of anti-nicotine antibodies with high affinity [94-95]. In this way, addictive 
effects of smoking are counteracted by largely preventing nicotine in the circulation 
to cross the blood brain barrier and bind to nicotine receptors. Although SEL-068 
is currently undergoing phase I clinical trials to evaluate the safety in smokers and 
non-smokers [96], available and/or accessible data is largely limited to conference 
abstracts and the website of Selecta Biosciences. 

2.3 Minicells
A relatively new NC platform utilizes bacterially derived minicells for drug 
delivery. Minicells are bacterial cells of approximately 400 nm, devoid of a nucleus 
and produced by mutants in which genes responsible for cell division have been 
inactivated [97].

2.3.1 Erbitux®EDVsPAC
Targeted minicells for the treatment of solid tumors are under development by 
EnGeneIc. A wide range of chemotherapeutic drugs can be incorporated in the 
minicells, including DOX, paclitaxel (PAC) and cisplatin [98]. Additionally, 
minicells can be loaded in a similar fashion with siRNA or with plasmid DNA 
encoding short hairpin RNA (shRNA) [99]. Tumor targeting of minicells is achieved 
by bispecific antibodies which recognize both the O-polysaccharide component of 
the lipopolysaccharide present on the minicell surface and a cell surface receptor 
overexpressed on tumor cells such as EGFR [97]. Cell specific association, uptake 
and toxicity of EGFR-targeted minicells loaded with DOX (EGFRminicellsDOX) was 
demonstrated in EGFR-expressing MDA-MB-468 human breast cancer cells [98]. In 
several human tumor xenograft models in vivo (breast, lung, ovarian, lung, leukemia), 
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Table 2. Superior effect of actively-targeted nanomedicines versus passively-targeted 
nanomedicines in (pre)clinical studies. Scoring was based on studies reported in references 
between brackets. Positive scores (denoted by a + symbol) were granted if a superior effect 
mediated by the targeting ligand was observed. Negative scores (denoted by a – symbol) were 
granted when no superior effect mediated by the targeting ligand was observed. All scores 
(except clinical scores) were based on studies performed with the actively-targeted nanocarrier 
(ATNM) and passively-targeted nanocarrier (PTNM) as control. Open squares indicate that 
no PTNM was used as a control, the study was not performed or no data was accessible or 
available. Granted scores were based on the actively-targeted platform which may differ from 
the final clinical formulation. * These studies have not been reported for SGT-94 but have 
been performed with SGT-53 that exploits the same particulate nanocarrier. 
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different minicell formulations including EGFRminicellsDOX, EGFR-targeted minicells 
loaded with PAC (EGFRminicellsPAC) and HER2-targeted minicells loaded with DOX 
(HER2minicellsDOX) demonstrated strong anti-tumor activity compared to passively-
targeted control formulations [98]. For comparison, 100-fold higher doses of Doxil® 
(100 μg) were needed to achieve similar anti-tumor effects of EGFRminicellsDOX (1 
μg) in mice bearing breast cancer xenografts [98]. The anti-cancer effect of DOX-
loaded minicells was further demonstrated by tumor regression in two dogs with 
advanced T cell non-Hodgkin’s lymphoma, and safety of minicells was demonstrated 
by multiple consecutive iv-injections in three healthy pigs [98]. Most interestingly, 
drug-resistance of colon cancer cells could be reversed with sequential treatment of 
EGFR-targeted minicells loaded with shRNA specific for the multi-drug resistance  
P glycoprotein MDR1 (EGFRminicellsshMDR1) followed by targeted minicells loaded with 
chemotherapeutics. Furthermore, the sequential combination treatment effectively 
reversed multidrug resistance in colon, breast and uterine xenograft models in vivo 
[99]. Intermediate results of a phase I safety and tolerability study were recently 
presented [100]. Multiple doses of intravenously administered EGFRminicellsPAC were 
generally well tolerated in patients with advanced solid tumors and phase II studies 
are planned [100].

2.4 Retroviral vectors
The unraveling of the retroviral life cycle basic principles led to the introduction of 
replication-incompetent retroviruses in the 1980s [101]. Non-replicating retroviral 
vectors are able to efficiently integrate their genetic payload in the DNA of the target 
cell, making them attractive PNC for gene therapy.

2.4.1 Rexin-G
Rexin-G is murine leukemia virus-based nanomedicine for the treatment of 
osteosarcoma, soft tissue sarcoma and pancreatic cancer developed by Epeius 
Biotechnologies. The main issue with retroviral vectors has been the lack of tissue 
specificity [102]. However, Rexin-G is the first retrovector targeted to tumors and 

‡ Since no actively-targeted nanomedicines have yet been evaluated in large phase III 
studies, scoring represents reported signs of efficacy in phase I and II trials. a Association to 
target-expressing cells; b Inhibition of cell association to target-expressing cells by addition 
of free targeting ligand or target substrate; c No cell association to cells that do not express 
target; d Target cell internalization of nanomedicine or therapeutic agent; e Induction of 
tumor cell death, inhibition of tumor cell proliferation or immune cell response (vaccines); f 
Nanomedicine accumulation in target tissue; g No accumulation or effect of nanomedicine in 
target-negative model or no accumulation or effect in target tissue of nanomedicine decorated 
with control targeting ligands ; h Inhibition/regression of tumor growth or induction of 
protective immune response; i Accumulation in target tissue.
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associated neovasculature via a high-affinity collagen-binding motif derived from 
von Willebrand factor. Rexin-G elicits anti-tumor effects by interfering with cell 
cycle control with a mutant cyclin G1 gene [103]. In human tumor xenografts, 
Rexin-G markedly inhibited tumor growth and increased survival compared to non-
targeted controls [104]. Results from early phase I/II clinical trials in the Philippines 
for the treatment of metastatic pancreatic cancer and other solid tumors showed that 
Rexin-G was well tolerated, did not induce organ damage and that there were signs 
of antitumor activity [105-106]. In phase I/II clinical trials in the U.S.A., for the 
treatment of advanced or metastatic pancreatic cancer, Rexin-G was well tolerated 
in phase I studies but there was no evidence of an anti-tumor response [107]. In 
phase II of these clinical trials which involved higher doses if Rexin-G, no dose-
limiting toxicity was found. At none of the doses tested, organ-related toxicity, signs 
of an antibody response, off-target transfection or presence of replication-competent 
retrovirus were observed. A correlation between Rexin-G dosage and overall survival 
was established [108]. Similar results were found in phase I/II and phase II trials for 
the treatment of sarcoma and osteosarcoma [109]. Based on these results Rexin-G 
gained orphan drug status for treatment of soft tissue sarcoma, osteosarcoma and 
pancreatic cancer in the U.S.A. [105]. Of note, during clinical trials Rexin-G 
treatment was associated with improvement of physiological conditions (liver 
function, ascites, blood chemistry, wound healing) presumably due to the targeting 
of exposed collagen by Rexin-G [110].

3. Discussion
To date, 12 ATNM based on PNC have progressed into clinical trials. Out of these, 
11 are currently under active evaluation while the development of MCC-465 appears 
to have been discontinued. Limited access to (pre)clinical data for SEL-068 prevents 
detailed discussion of this product. 
With the exception of the anti-nicotine vaccine SEL-068, all of the described 
ATNM have been developed for the treatment of solid malignant neoplasms. As 
cancer remains the leading cause of death in the world today, the medical need to 
design more effective and safer anti-cancer drugs is evident. The anti-tumor effect 
of PTNM, largely mediated by the EPR effect, may be further enhanced by the 
addition of targeting ligands to increase target cell specificity and internalization 
(reviewed elsewhere [10-12]).

The encapsulated therapeutic agent in 6 anti-cancer nanomedicines is an established 
chemotherapeutic compound such as doxorubicin (MM-302, anti-EGFR ILS-
DOX, MCC-465), oxaliplatin (MBP-426), docetaxel (BIND-014) or paclitaxel 
(Erbitux®EDVsPAC). These compounds have been previously approved by the FDA 
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either as free drug or formulated as PTNM, thus lowering the development risk and 
reducing regulatory issues for the new actively-targeted formulations in development. 
Four ATNM contain plasmid DNA or siRNA (SGT-53, SGT-94, CALAA-01, 
Rexin-G). These molecules are unable to pass cell membranes and are dependent 
on ligand-induced receptor-mediated internalization for therapeutic activity. The 
two vaccine formulations actively-targeted to antigen-presenting cells (APC) contain 
antigen and adjuvants to stimulate the immune system to produce cytotoxic T-cells 
(Lipovaxin-MM) or neutralizing antibodies (SEL-068).

Of the 12 discussed ATNM, the exploited particulate nanocarrier (PNC) of 7 
formulations are lipid-based, 3 are based on polymeric nanoparticles, 1 on a retroviral 
vector and 1 on a bacterial vector. The application of established lipid-based PNC is 
likely due to the clinical experience gained with these systems as PTNM, and to reduce 
development risks and regulatory issues associated with novel nanocarrier systems. 
For example, MM-302 and anti-EGFR ILs-DOX consist of a similar formulation 
as Doxil® but targeting ligands are introduced by post-insertion of micelles bearing 
targeting ligands for active targeting [44-45, 59]. The rapid development of ATNM 
based on polymers is noteworthy. Such systems are characterized by the production 
of self-assembling polymeric nanoparticles and high-throughput strategies giving 
advantages in terms of large-scale manufacturing and batch-to-batch variation. 
CALAA-01 is formulated prior to systemic administration by self-assembly of the 
(actively-targeted) polymeric components and siRNA [83]. BIND-014 and SEL-
068, based on the Accurins™ technology, were developed by the design of pre-
functionalized triblock co-polymers to create a library of self-assembling targeted 
polymeric nanoparticles allowing efficient tailoring of physicochemical characteristics 
[74-75]. Genetic engineering has led to the development of the replication 
incompetent retroviral vector Rexin-G, which is generated in human producer cells 
to generate a targeted biocompatible ATNM with a size of approximately 100 nm 
[110]. Interestingly, bacterially-derived minicells employed for the generation of 
Erbitux®EDVsPAC are characterized by a larger size (400 nm) compared to other 
PNC [97]. The size of synthetic nanocarriers is generally designed to remain below 
200 nm to avoid rapid uptake by the MPS. Nevertheless, nanomedicines with sizes 
up to 400 nm have been shown to exploit the EPR effect [111].

Regarding the targeting ligand utilized for the discussed ATNM, 4 nanomedicines 
target the transferrin receptor (TfR). Specific tumor markers such as EGFR, 
HER2 and PSMA are targeted by 4 nanomedicines (the exact target receptor of 
MCC-465 is not known). In contrast, a tumor stromal target is exploited by one 
ATNM. Both vaccine formulations target APC. The transferrin receptor (TfR) is 
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a well-established target for cancer treatment by virtue of its overexpression on a 
range of tumors [112]. Attachment of transferrin to PNC for active targeting is 
exploited by MBP-426 and CALAA-01. The targeted lipoplex formulations SGT-
53 and SGT-94 also target the TfR but make use of antibody fragments instead of 
transferrin [33]. Antibody fragments are smaller than transferrin and recombinant 
expression allows efficient large scale production and high quality control reducing 
batch-to-batch variation. When compared to full monoclonal antibodies, the use 
of antibody fragments for active targeting is preferred because they lack the Fc part 
of the antibody, preventing rapid recognition by cells of the immune system and 
subsequent clearance of the ATNM. In the case of Erbitux®EDVsPAC minicells, the 
Fc region is present, but complement-mediated toxicity is inhibited as protein A/G 
blocks the Fc part of the conjugated monoclonal antibodies [97]. Interestingly, while 
most ATNM are directed to a single surface receptor overexpressed on tumor cells, 
Rexin-G is equipped with more promiscuous high-affinity collagen-binding motifs 
as targeting ligands, resulting in efficient drug delivery to tumor cells, stroma cells, 
neovasculature and sites of metastasis without apparent significant toxicity towards 
healthy tissues [113]. This indicates that proteins overexpressed on tumor cells can 
be used to discriminate between tumor and healthy cells, but it may be beneficial for 
robust anti-cancer effects to target the tumor stroma rather than solely tumor cells. 
The 2 vaccine products show that ATNM can also be directed to antigen presenting 
cells for the generation of actively-targeted vaccines. Prolonged circulation time 
allows the nanomedicine to reach target sites and activate cells of the immune 
system. Besides general vaccine applications, the vaccine strategy can be applied to 
design effective anti-cancer nanomedicines that are not hampered by limitations of 
direct tumor cell targeting [114]. 

It is generally believed that PTNM and ATNM have comparable pharmacokinetic 
parameters, biodistribution and tumor targeting profiles. Studies of only 7 ATNM 
reported on in vivo localization studies which compared the actively-targeted 
formulation to the corresponding passively-targeted one (Table 2). Of those 7, 4 
reported increased target localization compared to PTNM in vivo, while the other 3 
studies demonstrated comparable target localization values for ATNM and PTNM. 
For MM-302, anti-EGFR ILs-DOX and CALAA-01, it was demonstrated that in 
murine xenograft models overall tumor accumulation was similar for ATNM and 
PTNM. However, in studies performed with MBP-462, SGT-53, BIND-014 and 
Erbitux®EDVsPAC, a higher degree of tumor localization of the ATNM relative to the 
PTNM was observed. In the case of 5 ATNM, literature has reported on improved 
in vitro cellular internalization versus PTNM. The publications on MM-302 and 
anti-EGFR ILs-DOX reported results for in vivo cell internalization versus PTNM, 
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and both showed improvement over PTNM. Studies performed with CALAA-01 
even reported on target cell internalization in phase I clinical studies. In light of these 
results it is possible that, while passively and actively-targeted formulations are both 
dependent on extravasation from the circulation into the tumor, ATNM are retained 
longer in the tumor than their passively-targeted counterparts due to increased 
cellular internalization or other targeting ligand-mediated interactions within the 
target. However, the number of ATNM tested for in vivo target cell internalization 
is too limited to provide conclusive evidence. Therefore, in tumors where the EPR 
effect is present, the use of targeting ligands may only be useful to increase cellular 
internalization or in cases where the targeting ligand itself has intrinsic anti-tumor 
effects. 

Regarding efficacy, all ATNM included in this overview have shown increased 
efficacy in vitro and in vivo compared to their passively-targeted counterparts (with 
the exception of SEL-068). How improved efficacy is related to the presence of a 
targeting ligand can not yet be concluded due to a lack of information provided in 
the related literature, and the fact that clinical studies are not designed to compare 
ATNM and PTNM. In some cases, signs of efficacy in phase I and/or II trials were 
observed, although these studies did not include PTNM controls. While in vitro 
and in vivo model systems do not provide definite proof of efficacy in humans and 
no data beyond phase I and II trials have been reported as of yet, these results are 
encouraging for the concept of ATNM.
In the majority of the cases, there is insufficient literature that has reported on 
cellular and animal studies in which the ATNM have been compared to PTNM 
regarding the parameters in Table 2. The only exception is MM-302, which reported 
superior results to PTNM in all of these parameters except target localization in 
animal studies. This indicates that the improved efficacy of MM-302 might be 
due to improved cellular internalization but since several other ATNM reported 
improved target localization in animal studies, this does not necessarily hold true for 
all ATNM.

Since, phase I clinical trials for most of the ATNM reported in this overview are 
still ongoing, not all results have been published as of yet. Treatment with ATNM 
seemed to be well tolerated in patients in the studies that have been published so 
far. The toxicity of ATNM seems comparable to that of PTNM. For example, the 
maximum tolerated doses of MM-302 (50 mg/m2) [53], anti-EGFR ILs-DOX (50 
mg/m2) [59] and MCC-465 (45.5 mg/m2) [64] are comparable to that of Doxil® 
(50 mg/m2). To our knowledge, there have been no cases in which functionalizing 
a nanomedicine with targeting ligands significantly increased toxicity compared to 
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the passively-targeted formulation. However, an actively-targeted HPMA copolymer 
bearing DOX and galactosamine (known as PK2) developed to target liver cancer 
cells had a significantly lower MTD than its passively-targeted counterpart (known 
as PK1) [115]. Later studies demonstrated that PK2 is less soluble in water and has a 
significantly altered structure, leading to a more ‘open’ coil structure [116]. A structural 
change in polymer assembly/folding was hypothesized to be the underlying reason 
for the increased toxicity of PK2 and indicates that direct conjugation of targeting 
ligands to polymer backbones may have unforeseen consequences. Nevertheless, 
such a toxicity increasing effect was only observed with the macromolecular PK2 
and not with the PNC described in this review.

4. Future directions
ATNM may prove beneficial in increasing drug exposure due to increased target 
cell uptake and target tissue retention compared to PTNM. Additionally, there are 
several applications where the use of ATNM may have advantages over PTNM. 
(1) Active targeting approaches are crucial for molecules that need to localize 
intracellularly for therapeutic activity but are not capable of crossing cellular 
membranes, such as nucleic acids. As a consequence, the development of 
systemically administered gene (regulating) therapy is evolving concurrently with 
the development of efficient actively-targeted PNC [117]. The therapeutic potential 
of RNA interference is illustrated by CALAA-01, which decreased target protein 
expression in a patient’s tumor in a phase I trial [92]. The feasibility of therapeutic 
DNA is demonstrated by Rexin-G, which has shown promising anti-tumor activity 
in patients including inhibition of metastatic lesions, angiogenesis and intractable or 
resistant tumors [110]. 
(2) One common mechanism underlying multidrug resistance of tumors is the 
overexpression of drug-efflux pumps, which actively expel anti-cancer drugs. ATNM 
may be able to circumvent multi drug resistance (MDR) by virtue of another 
cellular fate after receptor-mediated endocytosis rather than passive diffusion over 
cell membranes of free drug released by PTNM [118]. For example, anti-EGFR 
ILs-DOX showed significantly enhanced antitumor activity in a MDR breast cancer 
xenograft tumor model compared to free DOX and PLD [57].
(3) Active targeting approaches can also be exploited to generate nanomedicines 
that exploit two therapeutic strategies simultaneously in order to achieve additive 
or synergistic anti-tumor effects. For example, DOX-loaded polymeric micelles 
decorated with intrinsically active anti-EGFR nanobodies significantly reduced 
tumor growth and prolonged survival of tumor-bearing mice when compared to 
DOX-loaded micelles without attached targeting ligands [119].
(4) An alternative approach to the targeted delivery of anti-cancer drugs to tumor cells 
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is targeting of the tumor blood supply. The endothelial cells of the tumor vasculature 
are readily accessible to targeted nanomedicines circulating in the bloodstream and 
more genetically stable than tumor cells limiting the occurrence of drug resistance 
phenomena. Delivery of DOX by ATNM targeting ανβ3 integrins overexpressed on 
tumor neovasculature reduced tumor growth of DOX-insensitive tumors while PLD 
did not [120]. In line with these results, it was shown that DOX-loaded ATNM 
targeting ανβ3 integrins suppressed metastasis [121].
(5) As discussed above, in addition to the development of ATNM for cancer 
treatment, active targeting approaches can be exploited for the generation of effective 
vaccines as demonstrated by the clinical evaluation of Lipovaxin-MM and SEL-068.

The clinical applicability of ATNM is ultimately determined by the balance between 
clinical benefits versus safety and cost-effectiveness of the production process. Current 
knowledge of nanotechnology, tumor biology and interactions of nanomedicines in 
the human body is (too) limited. To determine the feasibility of clinically relevant 
ATNM, further preclinical studies focused on relation between physicochemical 
properties (nanocarrier type, size and surface characteristics) in combination with 
targeting ligand properties (type and size) and biodistribution, safety and efficacy are 
encouraged.
The efficacy and safety of ATNM has been shown in animals, but the evidence for 
the added value of target ligand-coupling to nanomedicines in humans remains to be 
established. Progress of the ATNM described in this review through clinical phases 
will reveal in the upcoming years if ATNM will represent safe and efficacious drugs 
in the future. 
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Abstract
The epidermal growth factor receptor (EGFR) is a validated target for anti-cancer 
therapy and several EGFR inhibitors are used in the clinic. Over the years, an 
increasing number of studies have reported on the cross-talk between EGFR and 
other receptors that can contribute to accelerated cancer development or even 
acquisition of resistance to anti-EGFR therapies. Combined targeting of EGFR and 
insulin-like growth factor 1 receptor (IGF-1R) is a rational strategy to potentiate 
anticancer treatment and possibly retard resistance development. In the present study, 
we have pursued this by encapsulating the kinase inhibitor AG538 in anti-EGFR 
nanobody (Nb)-liposomes. The thus developed dual-active Nb-liposomes associated 
with EGFR-(over)expressing cells in an EGFR-specific manner and blocked both 
EGFR and IGF-1R activation, due to presence of the EGFR-blocking Nb EGa1 
and the anti-IGF-1R kinase inhibitor AG538 respectively. AG538-loaded Nb-
liposomes induced a strong inhibition of tumor cell proliferation even upon short-
term exposure followed by a drug-free wash-out period. Therefore, AG538-loaded 
Nb-liposomes are a promising anti-cancer formulation due to efficient intracellular 
delivery of AG538 in combination with antagonistic and downregulating properties 
of the EGa1 Nb-liposomes.
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1. Introduction
The epidermal growth factor receptor (EGFR) can contribute to tumorigenesis and 
metastasis and is a well established target for anti-cancer therapy [1-2]. Overexpression 
of EGFR occurs in a number of epithelial tumors such as head and neck  
squamous-cell carcinoma (HNSCC), non-small-cell lung cancer, colorectal cancer 
and pancreatic cancer [1-2]. EGFR targeted therapeutics that have been approved 
by the FDA include the tyrosine kinase inhibitors (TKIs) erlotinib and gefitinib 
and the monoclonal antibodies (mAbs) cetuximab and panitumumab [2-3]. Despite 
good initial clinical response, many tumors eventually develop acquired resistance to 
EGFR-targeted therapies [4]. One of the underlying mechanisms of acquired tumor 
resistance is crosstalk between EGFR and insulin-like growth factor-1 receptor 
(IGF-1R) signaling [4-5]. Interaction of EGFR and IGF-1R signaling pathways 
can occur directly by heterodimerization of the receptors, or indirectly via common 
downstream signaling molecules [5]. Similar to EGFR, IGF-1R can stimulate tumor 
progression and development by activating signaling cascades regulating processes 
such as cell proliferation, apoptosis and survival [6]. Upregulated expression of 
IGF-1R has been described in a variety of human cancers and several IGF-1R 
inhibitors are currently undergoing clinical trials [7]. Combinations of EGFR/
IGF-1R inhibitors have been utilized to demonstrate enhanced inhibition of 
tumor cell proliferation when compared to mono-targeted therapies, underlining 
the importance of crosstalk between these signaling networks in tumor progression 
and resistance [5]. We have previously reported on anti-EGFR Nb-liposomes that 
are able to inhibit ligand binding to EGFR and to induce its downregulation [8].  
Anti-EGFR Nbs or VHHs are small antigen-binding fragments derived from 
heavy chain-only antibodies which occur naturally in the blood of camelidae [9].  
Anti-EGFR Nb-liposomes demonstrated increased tumor cell proliferation 
inhibition compared to free Nb in vitro and downregulation of EGFR in vivo [8]. In 
the present study, we employed these anti-EGFR Nb-liposomes for the development 
of a targeted dual-active nanomedicine that simultaneously inhibits both EGFR and 
IGF-1R. To accomplish this, AG538, a potent inhibitor of IGF-1R kinase [10], 
was encapsulated in anti-EGFR Nb-liposomes by remote loading. We assessed the 
efficacy of AG538-loaded Nb-liposomes on EGFR-(over)expressing UM-SCC-14C 
tumor cells in vitro by investigating the capability of the liposomal system to deliver 
its cargo within the targeted tumor cells and their effects on the targeted pathways 
as well as tumor cell proliferation. AG538-loaded Nb-liposomes showed strongly 
enhanced inhibition of tumor cell proliferation after short-term exposure to tumor 
cells, demonstrating the beneficial effects of anti-EGFR/IGF-1R combination 
therapy.
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2. Material and methods

2.1 Nanobodies
Nb EGa1 is an antagonist of EGFR and has been described by Hofman et al. [11]. 
The Nb R2 directed against the azo-dye reactive red 6 (RR6) [12] was used as a 
negative control Nb for this study. The Nb EGc9 binds to domain I of EGFR, and 
does not compete with the substrate for the receptor (Heukers et al., manuscript 
in preparation). Induction of protein expression and purification of Nbs from the 
periplasmic space of E. coli BL21-CodonPlus(DE3)-RIL cells (Agilent Technologies, 
Inc., Santa Clara, CA, USA) was performed as previously described [13] with minor 
adjustments. Briefly, pET28a was modified to contain a pelB leader sequence, a 
multiple cloning site for Nb insertion, a cMyc-derived epitope tag and hexahistidine 
tag for detection and purification of Nb respectively and two stop codons. The vector 
was a kind gift from Dr. R. Klooster (dept. of Human Genetics, LUMC, Leiden, 
the Netherlands). Nb-encoding cDNAs were inserted in this vector using the Sfi1 
and BstEII restriction sites flanking the cDNA. The produced Nbs were purified 
on an ÄKTApurifier 10 (GE Healthcare Europe GmbH, Munich, Germany) using 
a HisTrap™ Column (GE Healthcare) according to the manufacturer’s protocol. 
Nbs were eluted with an imidazole gradient (10-500 mM, pH 8) and the collected 
fractions were dialyzed overnight to PBS pH 7.4 and stored at 4 °C.

2.2 Preparation of liposomes
Dioleoyltrimethylammonium propane, DOTAP (Avanti Polar Lipids, Birmingham, AL, 
USA), dioleoylphosphatidylethanolamine, DOPE (Lipoid, Ludwigshafen, Germany), 
and maleimide-polyethyleneglycol 2000 distearoylphosphatidylethanolamine, mal-
PEG-DSPE (Avanti Polar Lipids) were dissolved in chloroform:methanol (1:1, 
v/v) in a round-bottom flask in a molar ratio of 1.43:1.29:0.28, respectively. L-α-
Phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl), Rho-PE (Avanti 
Polar Lipids), was added at 0.2 mol % for fluorescent labeling. Liposomes were 
formed by rehydration of the lipid film with 300 mM calcium acetate solution pH 
7, to a final concentration of 30 mM total lipid (TL). Liposome size was reduced 
by multiple extrusion steps using a Lipex™ Extruder (Northern Lipids, Burnaby, BC, 
Canada) through polycarbonate membranes (Nuclepore, Pleasanton, CA, USA) 
with a final pore size of 100 nm.

2.3 Remote loading of liposomes with AG538
Remote loading of liposomes with AG538 was performed using a calcium acetate 
gradient [14]. In short, the external liposomal medium (300 mM calcium acetate 
buffer pH 7) was replaced by 10 mM Hepes/135 mM NaCl buffer pH 7.4 (HBS) 
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using PD-10 desalting columns (GE Healthcare). The anti-IGF-1R kinase inhibitor 
AG538 (Calbiochem, San Diego, CA, USA) was dissolved in dimethylsulfoxide to 
a final concentration of 10 mM. The molar ratio of kinase inhibitor to TL used 
was 40 nmol/μmol (Supp. Table 1). Liposomes were incubated with AG538 for 
45 min at room temperature (RT) and used without purification for Nb coupling 
as described in Section 2.4 and subsequently purified by Vivaspin centrifugation. 
Control AG538-liposomes were directly purified or stored overnight at 4 °C before 
Vivaspin purification (see next section).

2.4 Nanobody coupling to liposomes
Coupling of SATA-modified Nbs to the surface of liposomes was performed as 
described previously [8]. The molar ratio of Nb to mal-PEG-DSPE used was 8.6 
nmol/μmol. After overnight coupling at 4 °C, non-coupled Nb was removed by 
washing/filtration with HBS and Vivaspin centrifugal concentrators (Sartorius) 
with a molecular weight membrane cut-off of 100 kDa. In detail, liposomes and 
an equal volume of HBS were transferred to Vivaspin centrifugal concentrators and 
centrifuged for 45 min at 4000 G after which the passed volume was replenished 
with fresh HBS. This was considered one washing/filtration step. This step was 
repeated once more to ensure that all of the free AG538 and Nb had been removed. 
To confirm completion of the purification procedure, we have monitored by HPLC 
whether the final ultrafiltrate of the Vivaspin flowthrough was devoid of free AG538.

2.5 Nanobody capillary electrophoresis-mass spectrometry
Capillary electrophoresis (CE) experiments were carried out on a P/ACE MDQ™ CE 
instrument (Beckman Coulter, Brea, CA, USA). The separation voltage was -30 kV 
and the capillary temperature was 20 °C. Fused-silica capillaries (total length, 100 
cm; inner diameter, 30 μm, outer diameter, 150 μm) were obtained from Beckman 
Coulter and were equipped with a porous tip (length, 3-4 cm) to allow sheathless 
CE-mass spectrometry (MS) interfacing [15-16]. The capillaries were coated with 
polyethylenimine (PEI) and conditioned by flushing the capillary at 50 psi with air 
(10 min), methanol (20 min), deionized water (5 min) and background electrolyte 
(BGE; 10 min). The BGE was 100 mM acetic acid (pH 3.1) containing 5% (v/v) 
isopropanol (Merck, Darmstadt, Germany). Nb was hydrodynamically injected for 
10 s at 5 psi (equal to 1% of the capillary volume). MS detection was performed 
using a micrOTOF orthogonal-accelerated time-of-flight (TOF) mass spectrometer 
(Bruker Daltonics, Bremen, Germany). Transfer parameters were optimized by 
direct infusion of an electrospray ionization (ESI) tuning mix (Agilent Technologies, 
Waldbronn, Germany). The capillary with the high sensitivity porous sprayer tip 
was placed in a grounded stainless-steel needle positioned in the ESI source of the 
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mass spectrometer as described previously [15-16]. The needle was filled with BGE 
(static conductive liquid) to establish electrical contact with the porous tip. The dry 
gas temperature and flow were 180°C and 1.0 L min-1, respectively. Electrospray in 
positive ionization mode was achieved using an ESI voltage of -2.3 kV. CE-MS data 
were analyzed using Bruker Daltonics DataAnalysis software. For the determination 
of peak areas, extracted-ion electropherograms (EIEs) were constructed for the 
respective protein species from their most abundant m/z signal ([M+12H]12+). 
Protein charge assignment and molecular weight determinations were performed 
using the ‘charge deconvolution’ utility of the DataAnalysis software.

2.6 Characterization of liposomes
The phosphate content of the liposome dispersion was determined with a phosphate 
assay according to Rouser et al. [17]. The mean particle size distribution of the 
liposomes and the polydispersity index were determined by dynamic light scattering 
using a Malvern CGS-3 multiangle goniometer (Malvern Instruments Ltd., 
Worcestershire, UK) with a JDS Uniphase 22 mW He–Ne laser operating at 632 nm, 
an optical fiber-based detector and a digital LV/LSE-5003 correlator. Autocorrelation 
functions were analyzed by the cumulants method (fitting a single exponential to the 
correlation function to obtain the mean size and the polydispersity index, PDI) and 
the CONTIN routine (fitting a multiple exponential to the correlation function 
to obtain the distribution of particle sizes). All measurements were performed at 
a 90° angle. The zeta-potential (ζ potential) of the liposomes was determined by 
laser Doppler electrophoresis using a Zetasizer Nano-Z (Malvern Instruments Ltd.). 
Liposomes were dissolved in 5 mM Hepes buffer pH 7.4 prior to measurements. 
AG538 content of the liposomes was determined by high-performance liquid 
chromatography (HPLC). Vivaspin flow through fractions obtained after liposome 
purification (Section 2.4) and samples of free AG538 with known concentration 
were applied to a Waters Acquity HPLC system (Waters Corporation, Milford, MA, 
USA) using a Sunfire C18 column, at a flow rate of 1 mL/min. Gradient mobile 
phase was changed during 15 min from 100% solvent A (acetonitrile:H2O:tri
fluoroacetic acid 5:95:0.1 w/w/w) to 100% solvent B (acetonitrile:trifluoroacetic 
acid 100:0.1 w/w), and operated additionally for 7 min on 100% solvent B. UV 
detection was performed at 380 nm. Nb coupling to liposomes was determined 
by Western Blotting. Samples were subjected to SDS-PAGE using 4-12% gradient 
NuPAGE Novex Bis-Tris mini-gels (Invitrogen, Breda, The Netherlands). Proteins 
were electro-transferred to a nitrocellulose membrane using the iBlot® Dry Blotting 
system (Invitrogen). Membranes were blocked for 1 h with 5% BSA in Tris-buffered 
saline containing 0.1% Tween-20 (TBS-T). Membranes were subsequently incubated 
overnight at 4 °C with rabbit polyclonal anti-VHH serum diluted 1:5000 in 5% 
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BSA in TBS-T. After washing with TBS-T, membranes were incubated for 1 h at RT 
with goat anti-rabbit peroxidase-conjugated secondary antibody (Thermo Fischer 
Scientific, Rockford, IL, USA) diluted 1:1000 in 5% BSA in TBS-T. Proteins were 
visualized and detected using SuperSignal West Femto Chemiluminescent Substrate 
(Thermo Fischer Scientific) and a Gel Doc Imaging system equipped with a XRS 
camera and Quantity One analysis software (Bio-Rad, Hercules, CA, USA).

2.7 Cell line and culture conditions
The human HNSCC cell line UM-SCC-14C (abbreviated as 14C, developed by 
Dr. T.E. Carey, Ann Arbor, MI, USA) and NIH 3T3 clone 2.2 murine fibroblasts 
(abbreviated as 3T3 2.2, selected for low endogenous EGFR expression [18]) were 
cultured in Dulbecco’s Modified Eagle’s medium (DMEM, PAA, Pasching, Austria) 
containing 3.7 g/L sodium bicarbonate, 4.5 g/L L-glucose, 2 mM L-glutamine 
and supplemented with 5% (v/v) foetal bovine serum, penicillin (100 IU/mL), 
streptomycin (100 μg/mL), and amphotericin B (0.25 μg/mL) at 37 °C in a 
humidified atmosphere containing 5% CO2. Tests for mycoplasma infection were 
regularly performed and cells were consistently found to be mycoplasma-free.

2.8 Competition assay
14C cells were seeded at 15,000 cells/well in 96-well plates (NUNC AS, Roskilde, 
Denmark). One day after, cells were washed two times with serum free medium and 
incubated for 1.5 h at 4 °C with 10 nM near-infrared fluorescent (NIRF) IRDye® 
800CW EGF Optical Probe (LI-COR Biosciences, Lincoln, NE, USA) and Nb or 
Nb-coupled liposomes diluted in serum free medium at a final concentration of 0.1 
nM-1.0 μM. Cells were washed once with serum free medium and subsequently 
incubated with DRAQ5™ (Biostatus Limited, Leicestershire, UK) diluted in PBS 
for 5 min at 4 °C. Cells were washed two times with serum free medium before 
measurements were performed with an Odyssey® Infrared Imaging System (LI-COR 
Biosciences) equipped with a solid-state diode laser at 685 nm and at 785 nm. The 
NIRF-EGF intensity was measured by the 800 nm channel while the DRAQ5 
fluorescence intensity was measured by the 700 nm channel for normalization of 
cell number. Ratios of fluorescence intensities (800/700 nm) were plotted versus the 
concentrations of the Nbs or Nb-liposomes. 

2.9 Flow cytometry
14C or 3T3 2.2 cells were seeded at 50,000 cells/well in 96-well plates (Becton & 
Dickinson, Mountain View, CA, USA). Cells were incubated in 5% BSA in PBS 
in the dark at 4 °C for 1 h with rhodamine-labeled liposomes loaded with AG538 
(AG538-RhoL), rhodamine-labeled R2-coupled liposomes loaded with AG538 
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(R2-AG538-RhoL) and rhodamine-labeled EGa1-coupled liposomes loaded with 
AG538 (EGa1-AG538-RhoL) at a final concentration of 7.8 μM – 1.0 mM TL. 
Thereafter, cells were washed three times with 0.3% BSA in PBS and fixed with 
10% formalin. The mean rhodamine fluorescence intensity was determined with a 
BD FACSCanto II (Becton & Dickinson). Generally, 10,000 events were acquired 
per sample, and samples were prepared in triplicates. Data were analyzed with BD 
FACSDiva™ software (Becton & Dickinson).

2.10 Confocal microscopy
14C or 3T3 2.2 cells were seeded at 8000 cells/well in 16-well chamber slides (Thermo 
Fischer Scientific). After 24 h, the cells were incubated with rhodamine-labeled 
liposomes at 0.5 mM TL for either 1 h at 4 °C or 4 h at 37 °C. Next, the cells were 
washed with PBS and fixed with 4% paraformaldehyde (Fluka, Zwijndrecht, The 
Netherlands) in PBS. Subsequently, the cells were washed with PBS and incubated 
with DAPI diluted in PBS for 5 min at RT for nuclear staining. After washing, slides 
were mounted on glass cover slides, using FluorSave (Calbiochem, San Diego, CA, 
USA). Cells were analyzed on a Zeiss Axiovert 200 M LSM 5 Pascal confocal laser-
scanning microscope (Carl Zeiss MicroImaging GmbH, Jena, Germany) equipped 
with three lasers: 405 nm diode, 458-488-514 nm argon and 543 nm HeNe.

2.11 Western Blotting
14C or 3T3 2.2 cells were seeded at 100,000 cells/well in 6-well plates. The following 
day, medium was replaced with either serum free medium (in the case of the 
phosphoEGFR Western Blot) or serum free medium containing liposomes (in the 
case of phosphoIGF-1R Western Blot) with a final concentration of 2 mM TL for 4 
h at 37 °C. Then, cells were washed with PBS and activated with serum free medium 
containing 25 ng/mL epidermal growth factor (EGF) and liposomes with a final 
concentration of 2 mM TL or serum free medium containing 30 ng/mL insulin like 
growth factor-1 (IGF-1) for 10 min at 37 °C. In case of the EGFR downregulation 
experiment, overnight seeded cells were incubated for 4 h at 37 °C with liposomes 
diluted in complete medium to a final concentration of 1 mM TL. After 4 h, the cells 
were washed with PBS and lysed (see below) or incubated in liposome-free medium 
for another 20 h, 44 h or 68 h at 37 °C before washing with PBS and lysis. Cells 
were lysed in radioimmunoprecipitation assay (RIPA) buffer containing protease 
inhibitors and EDTA for 30 min on ice. Samples were centrifuged for 15 min at 
14,000 g and the obtained supernatant was collected. The total protein content was 
determined using the Micro BCA Assay (Pierce Biotechnology, Rockford, IL, USA). 
Proteins were size-separated by SDS-PAGE using 4-12% gradient NuPAGE Novex 
Bis-Tris mini-gels (Invitrogen). Proteins were electro-transferred to a nitrocellulose 
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membrane using the iBlot® Dry Blotting system (Invitrogen). Membranes were 
blocked with 5% BSA in TBS-T for 1 h. Membranes were stained overnight at 4 °C 
with either a rabbit polyclonal antibody against phosphorylated tyrosine residue 1068 
of EGFR (Cell Signaling Technology, Inc., Danvers, MA, USA), a rabbit monoclonal 
antibody against EGFR (Cell Signaling Technology, Inc.), a rabbit monoclonal 
antibody against phosphorylated tyrosine residue 1135 of IGF-1R β (Cell Signaling 
Technology, Inc.), a rabbit monoclonal antibody against IGF-1R β (Cell Signaling 
Technology, Inc.) or a rabbit polyclonal antibody against β-actin (Cell Signaling 
Technology, Inc.) diluted 1:1000 in 5% BSA in TBS-T. After washing with TBS-T, 
the membranes were incubated for 1 h at RT with goat anti-rabbit peroxidase-
conjugated secondary antibody (Thermo Fischer Scientific) diluted 1:1000 in 5% 
BSA in TBS-T. Proteins were visualized and detected using SuperSignal West Femto 
Chemiluminescent Substrate (Thermo Fischer Scientific) and a Gel Doc Imaging 
system equipped with a XRS camera and Quantity One analysis software (Bio-Rad).    

2.12 Cell proliferation assays 
Assays were performed to determine the effects of liposome treatment on total cell 
number and the number of dividing cells. Both assays were performed as a 48 h 
continuous exposure and a short-term exposure pulse chase assay (4 h pulse followed 
by 44 h chase). For both assays, 4000 cells/well were seeded into 96-well plates. After 
24 h, medium was replaced by fresh medium and a liposome dispersion diluted in 
HBS was added in final concentrations of 7.8 μM – 2.0 mM TL in sextuplicate. 
Free AG538 diluted in HBS was added in final concentrations of 0.6 – 80 μM. For 
the short term exposure assay, the medium was refreshed 4 h after incubation with 
liposomes. To determine the total cell number, cellular proteins were precipitated 
by the addition of trichloroacetic acid (TCA) to 4% after 2 days of growth. Cells 
were washed with water, dried at RT and stained with 0,4% sulforhodamine B 
(SRB) in 1% acetic acid for 30 min. Excess dye was washed away with 1% acetic 
acid and cells were dried at RT. Bound dye was extracted with unbuffered 10 mM 
Tris for 15 minutes and OD values were measured at 510 nm with a Bio-Rad 
Novapath Microplate Reader (Bio-Rad Laboratories, Veenendaal, The Netherlands). 
To determine the number of dividing cells, BrdU reagent was added to the cells 
after 2 days of growth. One day later, the ELISA BrdU-colorimetric immunoassay 
(Roche Applied Science, Penzberg, Germany) was performed, according to the 
manufacturer’s protocol. After stopping the colorimetric reaction with H2SO4, the 
OD values were measured at 450 nm with the reference wavelength set to 655 nm 
using a Bio-Rad Novapath Microplate Reader (Bio-Rad Laboratories).
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3. Results and discussion

3.1 Preparation and characterization of AG538-loaded nanobody-
liposomes
We have recently described EGa1 Nb-liposomes for the inhibition of EGFR positive 
tumor cells [8]. Although very effective in downregulating EGFR in vitro and in 
vivo, these empty EGa1 Nb-liposomes only showed a minor effect on tumor growth 
in vivo [8]. Based on the recognized crosstalk between EGFR and other growth 
factor receptors [5], we therefore encapsulated an inhibitor of IGF-1R, i.e. AG538, 
in the interior compartment of the liposomes, forming a targeted dual-active 
nanomedicine for inhibition of two growth factor signaling cascades involved in 
tumor cell proliferation. PEGylated liposomes were prepared as described previously 
[8] by lipid film rehydration in a 300 mM calcium acetate buffer pH 7 and extrusion. 
After exchange of the external buffer to HBS, AG538 was encapsulated in the 
liposomes by remote loading based on the calcium acetate trans-membrane gradient 
[14]. HPLC analysis on non-encapsulated AG538 revealed an average encapsulation 
efficiency of >90% (Table 1). AG538-loaded liposomes were subsequently equipped 

with EGa1 Nb via maleimidyl groups present on the distal end of PEG chains on 
the liposomes. For this purpose, EGa1 was first modified with an 8-fold excess of 
the thioacetyl linker SATA, thus allowing the attachment of multiple PEG-anchor 
groups per Nb. The number of introduced SATA groups in the Nb was determined 
by CE-TOF-MS showing a cluster of nine peaks for the SATA-modified EGa1 (Fig. 
1A). Deconvolution of the mass spectra obtained in the apices of the respective peaks 
revealed the masses of the parent EGa1 (peak 9) and of EGa1 modified to varying 
degrees (peaks 1-8, respectively) (Fig. 1B). The increase in masses corresponded to 
the calculated increase in mass resulting from introduction of SATA groups (116 
Da) (Fig. 1B). EGa1 carrying 3-6 SATA modifications accounted for more than 
85% of the relative peak area (Fig. 1B). Next, several liposome formulations were 
prepared: empty EGa1-coupled liposomes (EGa1-L), non-targeted liposomes loaded 
with AG538 (AG538-L) and EGa1-coupled liposomes loaded with AG538 (EGa1-

Name Mean size 
(nm)

PDI Mean zeta 
potential 

(mV)

AG538 
encapsulation 
efficiency (%)

EGa1-L 134 ± 5 0.08 ± 0.04 17 ± 9 n/a*
AG538-L 130 ± 5 0.08 ± 0.03 19 ± 11 > 90%
EGa1-AG538-L 140 ± 7 0.13 ± 0.04 18 ± 10 > 90%

Table 1. Liposome characteristics. *n/a = not applicable
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AG538-L). On average, the produced liposomes possessed a mean size of about 130 
nm and a mean zeta-potential of 18 mV (Table 1). 

To confirm that EGa1 was successfully conjugated to the liposomes, Western 
Blotting was performed (Fig. 1C). Both unmodified EGa1 and SATA-modified 
EGa1 (SATA-EGa1) migrated as a band of approximately 18 kDa, corresponding 
to the molecular weight of one molecule of EGa1 (18.3 kDa). Empty non-targeted 
control liposomes (L) and AG538-L did not display any bands while both EGa1-L 
and EGa1-AG538-L displayed bands between 20 and 30 kDa. Visible bands in 
Figure 1C corresponded to the molecular weight of EGa1 coupled to one, two or 
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Figure 1. Characterization of EGa1 nanobody and its coupling to liposomes. A. Base-peak 
electropherogram (m/z 1000-3000) obtained during the CE-TOF-MS analysis of SATA-
modified EGa1. B. Assignment of peaks, theoretical and measured deconvoluted molecular 
masses (Mw) and relative peak area detected during CE-TOF-MS of SATA-modified EGa1. 
C. EGa1, SATA-EGa1, empty control liposomes (L), AG538-loaded liposomes (AG538-L), 
nanobody (Nb)-liposomes (EGa1-L) and AG538-loaded Nb-liposomes (EGa1-AG538-L) 
were size separated by SDS-PAGE and Nb coupling to liposomes was determined by Western 
blotting. D. EGFR-(over)expressing 14C cells were simultaneously incubated with 10 nM 
of near-infrared fluorescently-labeled EGF (NIRF-EGF) and either control Nb that does not 
compete with EGF for receptor binding (EGc9), anti-EGFR Nb (EGa1), SATA-modified 
EGa1 (SATA-EGa1) or EGa1-AG538-L for 1.5 h at 4 °C. The NIRF-EGF signal was plotted 
vs. the free or liposomal Nb concentration. Data are presented as mean ± SEM of one 
representative experiment performed in triplicate.
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three maleimide-PEG-DSPE anchors (2.9 kDa per unit). When the brightness of 
the photo was increased, an additional band was observed corresponding to the 
molecular weight of EGa1 coupled to four maleimide-PEG-DSPE anchors, as well 
as a band corresponding to the molecular weight of unmodified EGa1, indicating a 
small fraction of uncoupled EGa1 (data not shown). These results are in line with 
our previous findings [8]. The number of maleimide-PEG-DSPE anchors that were 
ultimately coupled (1-4) to EGa1 was lower than the available SATA-modifications 
(3-6) introduced in the majority of the Nb, indicating that not all available SATA-
groups were accessible for coupling, possibly by steric hindrance or due to shielding 
of the Nb surface by the attached PEG chains. Given that EGa1 is an antagonist of 
EGFR [11], competition assays with EGF can be performed to determine whether 
SATA-modification of EGa1 or its coupling to liposomes had compromised its 
binding capacity to EGFR. For this, binding assays on EGFR-(over)expressing 14C 
cells in the presence of EGF labeled with a near-infrared fluorescent (NIRF)-EGF 
were performed (Fig. 1D). As expected, EGa1, SATA-EGa1 and EGa1-AG538-L 
displayed similar competition with NIRF-EGF for binding to 14C cells indicating 
that neither SATA-modification nor coupling to liposomes prohibited the interaction 
of EGa1 with the targeted receptor. In addition, the control Nb EGc9 was not able to 
compete with NIRF-EGF, not even when there was a 100-fold molar excess present, 
which is in agreement with other studies (Heukers et al., manuscript in preparation).

3.2 Anti-EGFR nanobody-liposomes bind specifically to EGFR-(over)
expressing cells
The ability of EGa1 to recognize EGFR-(over)expressing cells was then demonstrated 
with cell association studies. For this purpose, rhodamine-labeled liposomes were 
prepared, as well as fluorescently labeled negative control liposomes equipped with 
the anti-RR6 Nb R2 [12]. Characteristics of the rhodamine-labeled liposomes 

Figure 2. Cell association and uptake of AG538-loaded nanobody-liposomes. A. EGFR-
(over)expressing 14C cells were incubated for 1 h at 4 °C with rhodamine-labeled liposomes 
(RhoL) loaded with AG538 (AG538-RhoL), R2 nanobody-coupled liposomes loaded with 
AG538 (R2-AG538-RhoL) as a control formulation or EGa1-coupled liposomes loaded with 
AG538 (EGa1-AG538-RhoL). The mean fluorescence intensity was determined by flow 
cytometry. Data are presented as mean ± SEM of one representative experiment performed 
in duplicate. B. EGFR-/- 3T3 2.2 cells were incubated for 1h at 4 °C with AG538-RhoL, 
R2-AG538-RhoL and EGa1-AG538-RhoL and mean fluorescence intensity values were 
determined by flow cytometry. Data are presented as mean ± SEM of one representative 
experiment performed in duplicate. C. Confocal microscopy images of 14C cells (blue 
staining represents cell nuclei) incubated for 1 h at 4 °C with RhoL (red staining represents 
liposomes). D. Confocal microscopy images of 3T3 2.2 cells incubated for 1 h at 4 °C with 
RhoL. E. Confocal microscopy images of 14C cells incubated for 4 h at 37 °C with RhoL. F. 
Confocal microscopy images of 3T3 2.2 cells incubated for 4 h at 37 °C with RhoL.
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(RhoL) such as size and zeta-potential were similar to unlabeled liposomes (Supp. 
Table 1). 14C cells or 3T3 2.2 cells as a non-EGFR expressing control were incubated 
with liposomes for 1 h at 4 °C (to inhibit cell uptake processes) after which cell 
association was determined by flow cytometry. EGa1-AG538-RhoL associated with 
14C cells in a dose-dependent manner whereas AG538-RhoL or R2-AG538-RhoL 
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did not (Fig. 2A). 
Indeed, EGa1-AG538-RhoL at a concentration of 0.3 mM TL and at higher 
concentrations generally displayed mean fluorescence intensity values four times 
higher than control formulations (Fig. 2A). These results are in agreement with 
our previous findings with empty EGa1-liposomes, indicating that encapsulation 
of AG538 did not compromise the interaction of the EGa1-liposomes with the 
cells. Incubation of 3T3 2.2 cells with all types of RhoL demonstrated only low 
levels of cell association, demonstrating that non-specific cellular interactions are 
low for the developed liposomal platform (Fig. 2B). Expression levels of EGFR in 
the used cell types were confirmed by Western blotting (Supp. Fig. 1). Interaction of 
the liposomes with 14C and 3T3 2.2 cells was also visualized by means of confocal 
microscopy, confirming the above described data when RhoL were incubated with 
14C cells (Fig. 2C) or 3T3 2.2 cells (Fig. 2D) for 1 h at 4 °C. Only EGa1 equipped 
liposomes showed association with the intended target cell type but not to the 
cells devoid of EGFR. When cells were incubated for 4 h at 37 °C, thus allowing 
internalization of EGa1-AG538-RhoL, a distinct dotted pattern of the rhodamine 
fluorescence could be observed, suggesting uptake of EGa1-AG538-L via receptor 
mediated endocytosis (Fig. 2E). Incubation of 3T3 2.2 cells for 4 h at 37 °C did 
not result in uptake of any of the formulations which is in agreement with cell 
association results at 4 °C (Fig. 2F). The observed high degree of cell association 
and uptake of EGa1-liposomes by EGFR-expressing 14C cells is probably due to a 
combination of the high affinity and specificity of EGa1 for EGFR and the coupling 
of multiple EGa1 to one liposome (Fig. 1C). It is highly likely that this multivalent 
system interacts with multiple EGFR simultaneously, resulting in clustering of 
EGFR followed by swift internalization and lysosomal degradation of the receptor 
(Heukers et al., manuscript in preparation) [8, 19].
 
3.3 Nanobody-liposomes prevent activation of EGFR
EGa1 present on the liposomes serves as a targeting ligand to specifically target 
EGFR-(over)expressing cells and to enhance the uptake of AG538-loaded liposomes 
by clustering of EGFR (Heukers et al., manuscript in preparation). In addition, EGa1 
can antagonize binding of EGF to EGFR, thereby blocking activation of the receptor 
and subsequent downstream signaling. To determine whether EGa1-AG538-L were 
indeed able to block EGFR activation, the phosphorylation EGFR was detected by 
Western Blotting (Fig. 3). 14C cells were serum-starved for 4 h at 37 °C followed 
by 10 min incubation with EGF and liposomes. Figure 3 demonstrates that tyrosine 
residue (Tyr) 1068 was strongly phosphorylated in presence of EGF, while cells that 
were incubated with EGF and EGa1-L or EGa1-AG538-L did not display Tyr1068 
phosphorylation. No change in total levels of EGFR was detected in this assay setup, 
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demonstrating that the observed inhibition in tyrosine phosphorylation was due 
to the antagonistic blockade of EGF-EGFR interaction by EGa1-liposomes. These 
results are consistent with our previous study, showing that loading of AG538 did 
not compromise the antagonistic action of the EGa1-liposomes.

3.4 AG538-loaded nanobody-liposomes block IGF-1R activation
The ability of EGa1-AG538-L to block IGF-1R activation was investigated by 
detecting the phosphorylation of Tyr1135 of IGF-1R by means of Western Blotting 
(Fig. 4). 14C cells were incubated with liposomes in serum free medium for 4 h at 37 

°C followed by 10 min incubation with IGF-1 in serum free medium. Unlike blockade 
of EGFR by EGa1 on the liposomes which can occur extracellularly, internalization 
of EGa1-AG538-L and processing of the liposomes are necessary for AG538 to 
execute its function. The liposomal structure needs to destabilize and AG538 has 
to dissociate from its counterion calcium, and finally AG538 needs to escape from 
the endosome or lysosome and reach the cytosol to associate with IGF-1R. Figure 
4 demonstrates that phosphorylation of Tyr1135 in IGF-1R occurred when 14C 
cells were activated with IGF-1. Non-targeted AG538-L appeared to have no effect 
on Tyr1135 phosphorylation. Importantly, cells that were incubated with EGa1-
AG538-L had an almost completely blocked IGF-1R Tyr1135 phosphorylation 

+EGF-1 (25 ng/mL)

NT L EGa1-L

AG538-L

EGa1-AG538

pEGFR Tyr1068

β-actin

EGFR

Figure 3. EGa1 nanobody-liposomes block activation of EGFR. 14C cells were serum starved 
for 4 h followed by simultaneous incubation with EGF and either empty control liposomes 
(L), kinase inhibitor-loaded liposomes (AG538-L), anti-EGFR nanobody (Nb)-liposomes 
(EGa1-L) or anti-EGFR Nb-liposomes loaded with kinase inhibitor (EGa1-AG538-L). Cell 
lysates were collected and subjected to SDS-PAGE. Levels of total EGFR, phosphorylated 
EGFR (pEGFR Tyr1068) and β-actin (loading control) were detected by Western Blotting.
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while levels of total IGF-1R were not affected. These results demonstrated the cellular 
uptake of EGa1-AG538-L and intracellular release of AG538 within 4 h. The results 
depicted in Figure 3 and 4 taken together demonstrate that EGa1-AG538-L were 
able to block the activation of both EGFR and that of IGF-1R.

3.5 Nanobody-liposomes induce EGFR downregulation
In addition to antagonistic blockade of EGFR-phosphorylation, multivalent EGa1-
liposomes have been shown to reduce total EGFR levels by enhanced sequestration 
and degradation if the receptor [8]. Figure 5 shows that EGa1-AG538-L strongly 
reduced EGFR expression, as determined by Western Blotting. 14C cells were 
exposed to liposomes for 4 h after which the medium was replaced by drug-free 
medium. As shown in the upper panels (Fig. 5A), EGFR downregulation was most 
pronounced at 44 h and 68 following the initial incubation with EGa1-equipped 
liposomes, while empty control liposomes or AG538-L did not reduce EGFR 
expression. Remarkably, EGa1-AG538-L induced stronger EGFR downregulation 
when compared to EGa1-L which was most pronounced after three days, i.e. at the 4 
+ 68 h timepoint (Fig. 5B). This results suggests that blocking IGF-1R activation via 
AG538 will effectuate cellular responses that contribute to overall downregulation 

IGF-1R

pIGF-1R (Tyr1135)

β-actin

+IGF-1 (30 ng/mL)

NT L EGa1-L

AG538-L

EGa1-AG538-L
Figure 4. EGa1 nanobody-liposomes loaded with AG538 block activation of IGF-1R. 14C 
cells were simultaneously serum starved and incubated with either empty control liposomes 
(L), kinase inhibitor-loaded liposomes (AG538-L), anti-EGFR nanobody (Nb)-liposomes 
(EGa1-L) or anti-EGFR Nb-liposomes loaded with kinase inhibitor (EGa1-AG538-L) for 
4 h followed by 10 min activation with IGF-1. Cell lysates were collected and subjected 
to SDS-PAGE. Levels of total IGF-1R, phosphorylated IGF-1R (pIGF-1R Tyr1135) and 
β-actin (loading control) were detected by Western blotting.
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of the EGFR pathway

.
3.6 AG538-loaded nanobody-liposomes induce strongly enhanced 
inhibition of tumor cell proliferation 
To compare the efficacy of EGa1-AG538-L and empty EGa1-L on the growth of 
14C cells, effects of liposome treatment on the total cell number and cell division 
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Figure 5. EGa1-AG538-L induce EGFR downregulation. A. 14C cells were exposed for 4 h 
to control liposomes (L), anti-EGFR nanobody (Nb)-liposomes (EGa1-L), kinase inhibitor-
loaded liposomes (AG538-L) or anti-EGFR Nb-liposomes loaded with kinase inhibitor 
(EGa1-AG538-L) after which the medium was replaced and cells were left to proliferate for 
68 h. Cells lysates were taken after 0 h, 20 h, 44 h and 68 h after incubation and subjected 
to SDS-PAGE. Levels of total EGFR and β-actin (loading control) were detected by Western 
blotting. B. Ratio’s of the intensity of EGFR bands normalized to β-actin bands (non-
treated set to 100%) after 4 h incubation with the indicated liposomal formulation followed 
by incubation in drug-free medium for 68 h. Data are presented as mean ± SEM of two 
independent experiments.
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were determined by SRB assay and BrdU ELISA, respectively. These experiments 
were conducted upon continuous exposure to the liposomes for 48 h and after 
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short-term exposure for 4 h followed by a 44 h treatment-free period. Such latter 
experimental conditions mimic in vivo drug exposure, in which drug peak levels are 
alternated with drug-free periods. 
Free AG538 showed partial inhibition of tumor cell proliferation in a dose-
dependent way, reaching ~60% inhibition of total cell numbers (Supp. Fig. 2A) 
and ~40% inhibition of proliferation (Supp. Fig 2B) at a concentration of 40 μM 
upon continuous exposure. These effects were however lost when the compound was 
tested in the short-term exposure assay, due to redistribution of the small molecule 
drug from the cells into the drug-free medium. Empty EGa1-L and EGa1-AG538-L 
showed efficacy upon continuous exposure, reducing cell numbers by ~70% at a 
concentration of 2 mM TL (Fig. 6A). The effects of EGa1-L are in accordance with 
results of our previous study [8]. In contrast, upon short-term exposure, EGa1-L 
reduced cell numbers by only ~20% at similar concentrations while the combination 
with a high dose of free AG538 only increased the efficacy of EGa1-L to ~40% 
reduction of total cell numbers (Fig. 6B). EGa1-AG538-L, on the other hand, 
showed a strong inhibition of total cell number, reducing total cell numbers by 70% 
in continuous exposure assays (Fig. 6A) and 80% in short-term exposure assays (Fig. 
6B). Lastly, AG538-L without Nb ligands were inactive in the short-term assay and 
only showed activity after continuous exposure, which can be explained by some 
residual aspecific uptake of the liposomes upon continuous incubation (Fig. 6A-B). 
Effects on 14C cell division were studied by quantification of BrdU incorporation 
(Fig. 6C). EGa1-AG538-L effectively reduced the number of proliferating cells by 
~90% even in the short-term assay (Fig. 6C). Interestingly, AG538-L demonstrated 
similar efficacy at high concentrations, but both formulations showed largely different 
IC50 values (21.7 μM TL versus 210 μM TL for EGa1-AG538-L and AG538-L, 
corresponding to a 10-fold difference in potency). EGa1-L and EGa1-L plus free 

Figure 5. AG538-loaded EGa1 nanobody-liposomes inhibit tumor cell proliferation. A. 
14C cells were exposed for 48 h to nanobody (Nb)-liposomes (EGa1-L), Nb-liposomes in 
the presence of free kinase inhibitor (EGa1-L + 80 μM AG538), kinase inhibitor-loaded 
liposomes (AG538-L) and kinase inhibitor-loaded Nb-liposomes (EGa1-AG538-L). Total 
cell number was determined by sulforhodamine B (SRB) assay. Data are presented as mean ± 
SEM of one representative experiment performed in sextuplicate. B. 14C cells were exposed 
for 4 h to EGa1-L, EGa1-L + 80 μM AG538, AG538-L and EGa1-AG538-L after which 
the medium was replaced and cells were allowed to proliferate for 44 h. Total cell number 
was determined by SRB assay. Data are presented as mean ± SEM of one representative 
experiment performed in sextuplicate. C. 14C cells were exposed for 4 h to EGa1-L, EGa1-L 
+ 40 μM AG538, AG538-L and EGa1-AG538-L after which the medium was replaced and 
cells were allowed to proliferate for 44 h. After 48 h the medium was replaced with medium 
containing BrdU and cells were left to proliferate overnight, after which BrdU incorporation 
was determined by ELISA. Data are presented as mean ± SEM of one representative 
experiment performed in sextuplicate.
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AG538 (40 μM) reduced the number of proliferating cells by just ~50% (Fig. 6C). 
These results highlight the added value of Nb-liposomes for the intracellular delivery 
of AG538 into tumor cells. Although AG538-L (at high concentrations) is able to 
inhibit the number of dividing cells by delivery of AG538, only EGa1-AG538-L is 
able to significantly reduce the total number of cells after short-term exposure. The 
rapid cell uptake and robust effect of EGa1-AG538-L that already takes place within 
a short incubation period results in efficient delivery of AG538 and in combination 
with EGFR antagonism and downregulation, a long-lasting inhibitory effect 
on 14C tumor cell proliferation is observed. We also investigated the efficacy of 
EGa1-AG538-L on a different EGFR-positive cell line, i.e. MDA-MB-468 human 
breast cancer cells. In the short-term exposure assay, EGa1-AG538-L reduced total 
cell numbers by ~75% where control formulations barely reduced cell numbers 
(Supp. Fig. 3A), indicating that the developed nanomedicine might be effective 
in inhibiting proliferation of a range of tumor cell types which are dependent on  
EGFR/IGF-1R signaling. Of note, free AG538 partially reduced total cell numbers 
in a dose-dependent way upon continuous exposure but did not so upon short-term 
exposure (Supp. Fig. 3B). 
A number of studies have demonstrated enhanced efficacy of simultaneous inhibition 
of EGFR/IGF-1R as compared to mono-targeted growth factor receptor inhibiting 
therapies, generally by combining existing anti-EGFR and anti-IGFR therapeutics 
such as TKIs and mAbs. For example, combination treatment of colon adenoma 
bearing mice with the anti-EGFR KI gefitinib and the anti-IGF-1R KI AZ12253801 
was more effective than either treatment alone [20]. Dual treatment of mice 
bearing cutaneous squamous-cell carcinoma xenografts with a combination of the  
anti-EGFR mAb cetuximab and the anti-IGF-1R mAb A12 resulted in a significant 
reduction in tumor volume compared to mono-treatment [21]. The now developed 
EGa1-AG538-L nanomedicine possesses several advantages when compared to 
classical combination therapies. Liposomal encapsulation of AG538 might reduce 
side-effects when compared to the free drug given systemically by avoiding non-
targeted tissues. Due to long circulation and leaky vasculature of tumors, long-
circulating liposomes accumulate to a higher extent in tumors when compared to 
free drug because of the enhanced permeability and retention effect [22]. Moreover, 
the presence of EGa1 on the liposomes ensures cell-specific and rapid uptake into 
the targeted cells. Finally, the intracellularly deposited liposomes provide a depot of 
AG538, which was capable of maintaining active intracellular drug levels even when 
extracellular drug was washed away. It is now apparent that targeting of multiple 
kinase pathways is required for achieving effective anti-cancer therapy and to reduce 
the risk of therapy-induced tumor resistance. In this study, simultaneous targeting of 
EGFR/IGF-1R was shown to be much more effective when compared to targeting of 
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a single pathway. The multivalent Nb liposomal system loaded with kinase inhibitor 
utilized in this study is easily adjustable and very well suited for cancer treatment 
by targeting different combinations of (over)expressed receptors on tumors such as 
EGFR/HER-2 and EGFR/vascular endothelial growth factor. 
In conclusion, AG538-loaded anti-EGFR Nb-liposomes are able to block EGFR and 
IGF-1R activation, cause EGFR downregulation and induce a strong inhibition of 
tumor cell proliferation in short-term exposure assays. This targeted nanomedicine 
is a promising anti-cancer therapy for tumors that are dependent on (over)expression 
of EGFR and IGF-1R and their in vivo applicability is currently under investigation.
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Supplementary material

Name Molar ratio 
AG538 / TL 
(nmol/μmol)

Mean size (nm) PDI Mean zeta 
potential (mV)

AG538 
encapsulation 
efficiency (%)

AG538-L 10 119 0.08 18 > 90%

AG538-L 20 124 0.06 19 > 90%

AG538-RhoL 40 133 0.05 14 > 90%

R2-AG538-RhoL 40 133 0.07 17 > 90%

EGa1-AG538-
RhoL

40 141 0.11 17 > 90%

R2-AG538-L 40 130 0.03 15 > 90%

Supplementary Table 1. Liposome characteristics. Data are presented as mean values of one 
representative batch of liposomes

EGFR

3T3 clone 2.2

β-actin
UM-SCC-14C

Supplementary Figure 1. 14C and 3T3 2.2 
expression EGFR. Cell lysates of NIH 3T3 clone 
2.2 and UM-SCC-14C cells were collected and 
subjected to SDS-PAGE. Levels of total EGFR 
and β-actin (loading control) were detected by 
Western Blotting.
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Supplementary Figure 2. AG538 inhibits 14C tumor cell proliferation. A. UM-SCC-14C 
(14C) cells were exposed to AG538 either continuously for 48 h or for 4 h after which the 
medium was replaced and cells were allowed to proliferate for 44 h. Total cell number was 
determined by sulforhodamine B (SRB) assay. Data are presented as mean ± SEM of one 
representative experiment performed in sextuplicate. B. 14C cells were exposed to AG538 
either continuously for 48 h or for 4 h after which the medium was replaced and cells were 
allowed to proliferate for 44 h. After 48 h the medium was replaced with medium containing 
BrdU and cells were left to proliferate overnight, after which BrdU incorporation was 
determined by ELISA. Data are presented as mean ± SEM of one representative experiment 
performed in sextuplicate. 
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short-term exposure (4 + 44 h)

Supplementary Figure 3. Free and liposomal AG538 inhibit MDA-MB-468 tumor cell 
proliferation. A. MDA-MB-468 cells were exposed to nanobody (Nb)-liposomes (EGa1-L), 
Nb-liposomes in the presence of free kinase inhibitor (EGa1-L + 80 μM AG538), kinase 
inhibitor-loaded liposomes (AG538-L), R2 Nb-coupled liposomes loaded with kinase 
inhibitor (R2-AG538-L) and kinase inhibitor-loaded Nb-liposomes (EGa1-AG538-L) for 4 
h after which the medium was replaced and cells were allowed to proliferate for 44 h. Total 
cell number was determined by sulforhodamine B (SRB) assay. Data are presented as mean 
± SEM of one representative experiment performed in sextuplicate. B. MDA-MB-468 cells 
were exposed to AG538 either continuously for 48 h or for 4 h after which the medium was 
replaced and cells were allowed to proliferate for 44 h. Total cell number was determined by 
SRB assay. Data are presented as mean ± SEM of one representative experiment performed 
in sextuplicate.
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Abstract
The clinical efficacy of epidermal growth factor receptor (EGFR)-targeted inhibitors is 
limited due to resistance mechanisms of the tumor such as activation of compensatory 
pathways. Crosstalk between EGFR and insulin-like growth factor 1 (IGF-1R) 
signaling has been frequently described to be involved in tumor proliferation and 
resistance. One of the attractive features of nanomedicines is the possibility to  
co-deliver agents that inhibit different molecular targets in one nanocarrier system, 
thereby strengthening the anti-tumor effects of the individual agents. Additionally, 
exposure to healthy tissues and related unwanted side-effects can be reduced. To this 
end, we have recently developed anti-EGFR nanobody (Nb)-liposomes loaded with 
the anti-IGF-1R kinase inhibitor AG538, which showed promising anti-proliferative 
effects in vitro. In the present study, we have further evaluated the potential of this 
dual-active nanomedicine in vitro and for the first time in vivo. As intended, the 
nanomedicine inhibited EGFR and IGF-1R signaling and subsequent activation 
of downstream cell proliferation and survival pathways. The degree of inhibition 
induced by the nanomedicine on a molecular level correlated with cytotoxicity in 
tumor cell proliferation assays. In addition, response to nanomedicine treatment 
in tumor xenograft models corresponded in a similar way. Combination therapy 
with kinase inhibitor-loaded Nb-liposomes is therefore an appealing strategy for 
inhibiting the proliferation of tumors that are highly dependent on EGFR and  
IGF-1R signaling.

Graphical abstract
dual-active anti-EGFR/IGF-1R Nanobullets inhibition of targeted signaling pathways
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1. Introduction
The fundamental role of epidermal growth factor receptor (EGFR) signaling in 
proliferation of various cancer types has resulted in the development and approval 
of several EGFR inhibitors in the last decade, such as monoclonal antibodies (mAb) 
and tyrosine kinase inhibitors (TKI) [1]. The potency of EGFR signaling inhibition 
has been recently outlined by two meta-analyses of clinical trials involving patients 
suffering from non-small-cell lung cancer (NSCLC) carrying EGFR-mutations. In 
both analyses it was concluded that these patients benefit more from anti-EGFR 
TKI treatment (gefitinib, erlotinib) than from standard chemotherapy [2-3]. At the 
same time, it is clear that in spite of initial responses to EGFR-directed therapy, 
patients eventually progress due to resistance mechanisms including secondary 
EGFR mutations and activation of compensatory signaling pathways [4]. 
For certain tumors, insulin-like growth factor 1 receptor (IGF-1R) signaling 
is considered to be as crucial as EGFR signaling, and potent IGF-1R inhibitors 
have been developed in recent years. Although initial results seemed promising,  
phase III trials have, however, not demonstrated clinical benefits of IGF-1R inhibitors, 
suggesting that targeting only the IGF-1R signaling pathway is not sufficient for 
robust anti-cancer effects [5-6]. 
EGFR and IGF-1R are both receptor tyrosine kinases with considerate homology in 
their structure and have crosstalk in their functions in downstream targets. As a result, 
inhibition of EGFR or IGF-1R separately, does not protect against eventual tumor 
regrowth. Several studies have reported increased IGF-1R activation as a consequence 
of EGFR inhibition, thus counteracting the benefit of EGFR inhibitors. Synergistic 
anti-tumor effects of combined inhibition of EGFR and IGF-1R have been reported, 
as well as the revoking of resistance to EGFR-targeted therapy by inhibition of  
IGF-1R [7-13]. These studies point towards crosstalk mechanisms between EGFR 
and IGF-1R and provide a rationale for combined inhibition of both signaling 
networks.
To enhance the potency of combined EGFR/IGF-1R inhibition and to reduce 
unwanted side effects of IGF-1R inhibitors, we have developed a targeted  
dual-active nanomedicine [14]. The nanomedicine consists of anti-EGFR nanobody  
(Nb)-liposomes (so called “Nanobullets”) loaded with the anti-IGFR kinase inhibitor 
AG538 [15]. Nanobodies, or VHHs, are small antigen binding fragments derived 
from the variable domain of the camelidae heavy chain antibodies [16]. Grafting of 
anti-EGFR Nbs to the surface of liposomes was first described by Oliveira et al.[17]. 
In that study, it was demonstrated that anti-EGFR Nbs could be exploited for 
targeting of EGFR+ tumor cells and additionally, inhibited tumor cell proliferation 
in vitro due to intrinsic antagonistic and downregulating properties of the  
anti-EGFR Nb [17]. Although promising in vitro, these anti-EGFR Nb-liposomes 
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were almost ineffective in vivo. Thereafter, anti-EGFR Nb-liposomes were loaded 
with AG538 to render them more effective. These Nanobullets strongly inhibited 
tumor cell proliferation after short-term exposure in vitro [15].
In the current study, we have explored the potential of anti-EGFR/IGF-1R 
nanobullets for in vivo studies. First, we assessed the efficacy of the nanobullets by 
their ability to inhibit the targeted signaling pathways and the inhibition of tumor 
cell growth in a panel of tumor cell lines. Next, nanobullet efficacy in vivo was 
evaluated in two tumor xenograft models in mice. 

2. Material and methods

2.1 Nanobodies
EGa1 is an antagonistic anti-EGFR Nb and has been described by Hofman et al.[18] 
EGc9 is an anti-EGFR Nb that does not compete with EGF for the receptor (Heukers 
et al., manuscript submitted). Production of EGa1 was performed as described 
previously [19] with minor adjustments. Briefly, E. coli BL21-CodonPlus(DE3)-
RIL cells (Agilent Technologies, Inc., Santa Clara, CA, USA) were transformed with 
pET28-Nb [15]. Bacterial growth conditions and induction of protein expression 
have been described in detail by Altintas et al.[20]. The produced EGa1 Nb was 
purified on an ÄKTApurifier 10 (GE Healthcare Europe GmbH, Munich, Germany) 
using a HisTrap™ Column (GE Healthcare) according to the manufacturer’s protocol. 
Nb was eluted with an imidazole gradient (10–500 mM, pH 8.0) and the collected 
fractions were dialyzed overnight to PBS pH 7.4 and stored at -20 °C. This procedure 
resulted in a yield of 10 mg EGa1 per liter of bacterial culture [20].

2.2 Preparation of liposomes
Dipalmitoylphosphatidylcholine (abbreviated as DPPC, a generous gift from 
Lipoid GmbH, Ludwigshafen, Germany), cholesterol (Sigma-Aldrich Chemie 
B.V., Zwijndrecht, The Netherlands) and maleimide-polyethylene glycol 2000 
distearoylphosphatidylethanolamine (abbreviated as mal-PEG-DSPE, Avanti 
Polar Lipids, Birmingham, AL, USA) were dissolved in chloroform:methanol 
(1:1, v:v) in a round-bottom flask in a molar ratio of 1.36:1.36:0.28, respectively. 
A lipid film was prepared by rotary evaporation (Büchi Labortechnik AG, Flawil, 
Switzerland) followed by drying under a stream of nitrogen. Liposomes were formed 
by rehydration of the lipid film with 300 mM calcium acetate solution pH 7, to a 
final concentration of 50 mM total lipid (TL) for in vitro assays and 100 mM TL 
for in vivo studies. Liposome size was reduced by multiple extrusion steps using a 
Lipex™ Extruder (Northern Lipids, Burnaby, BC, Canada) through polycarbonate 
membranes (Nuclepore, Pleasanton, CA, USA) with a final pore size of 100 nm.
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2.3 Remote loading of liposomes with AG538
Remote loading of liposomes with AG538 was performed using a calcium acetate 
gradient. The external liposomal medium (300 mM calcium acetate buffer pH 
7.0) was replaced by 10 mM Hepes/135 mM NaCl buffer pH 7.4 (HBS) using  
PD-10 desalting columns (GE Healthcare Europe GmbH, Munich, Germany). 
The anti-IGF-1R kinase inhibitor AG538 (Calbiochem, San Diego, CA, USA) 
was dissolved in dimethylsulfoxide to a final concentration of 25 mM. The molar 
ratio of kinase inhibitor to TL used was 40 nmol/μmol and later optimized to  
80 nmol/μmol. Liposomes were incubated with AG538 for 45 min at room 
temperature (RT) and used without further purification for Nb coupling. Control 
AG538-liposomes devoid of Nb were stored overnight at 4 °C before purification 
(see next section).

2.4 Nanobody coupling to liposomes
Nbs were modified by reaction with N-succinimidyl-S-acetylthioacetate (abbreviated 
as SATA, Pierce Biotechnology, Rockford,IL, USA) in a 1:8 (Nb:SATA) molar 
ratio followed by deacetylation to generate a thioacetylated protein which is 
reactive towards maleimide groups on the distal end of PEG chains present on the 
liposomes, as described before [17]. The standard molar ratio of Nb to TL used was  
0.8 nmol/μmol corresponding to a molar ratio of Nb to mal-PEG-DSPE of  
8.6 nmol/μmol. This ratio was estimated to result in approximately 40 Nbs per 
liposome. After overnight coupling at 4 °C, non-coupled Nbs were removed by 
washing/filtration steps with HBS and Vivaspin centrifugal concentrators (Sartorius 
Stedim Biotech S.A., Aubagne, France) with a molecular weight membrane cut-off 
of 100 kDa. In the case of formulations for in vivo studies, liposomes were dialyzed 
for 48 h against HBS 4 °C followed by a concentration step with a 100 kDa cut-off 
Vivaspin centrifugal concentrators (Sartorius Stedim Biotech S.A).

2.5 Near-infrared fluorescent labeling of liposomes
Micelles were prepared by mixing 4 μmol of PEG (2000)-DSPE-NH 2 and 4 μmol of 
PEG (2000)-DSPE in 1 mL 0.1 M sodium bicarbonate solution pH 8.3. This mixture 
was heated at 60 °C for 10 min. Hereafter, 250 μL of the micelles were incubated 
with 0.5 mg of near-infrared fluorescent (NIRF) IRDye® 800CW NHS ester  
(LI-COR Biosciences, Lincoln, NE, USA) for 10 min at 60 °C followed by 60 min 
at RT while continuously stirred to facilitate covalent conjugation. NIRF-labeled 
micelles (50 μL) were added to 1 mL of preformed liposomes (Section 2.2) and 
heated for 5 min at 60 °C followed by 10 min at RT while continuously stirred. This 
cycle was repeated three times. NIRF-labeled liposomes were purified by Vivaspin 
centrifugal concentrators (Sartorius Stedim Biotech S.A.) as described in the previous 
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section.

2.6 Characterization of liposomes
The mean particle size distribution and the polydispersity index of the liposomes 
were determined by dynamic light scattering using a Malvern CGS-3 multiangle 
goniometer (Malvern Instruments Ltd., Worcestershire, UK) with a JDS Uniphase 
22 mWHe–Ne laser operating at 632 nm, an optical fiber-based detector and a 
digital LV/LSE-5003 correlator. Autocorrelation functions were analyzed by the 
cumulants method (fitting a single exponential to the correlation function to obtain 
the mean size and the polydispersity index, PDI) and the CONTIN routine (fitting 
a multiple exponential to the correlation function to obtain the distribution of 
particle sizes). All measurements were performed at a 90 ° angle. The zeta-potential 
(ζ potential) of the liposomes was determined by laser Doppler electrophoresis 
using a Zetasizer Nano-Z (Malvern Instruments Ltd.). Liposomes were dissolved 
in 10 mM HEPES buffer pH 7.4 prior to measurements. The concentration of the 
liposomes (mM TL) was calculated after determination of the liposomal phosphate 
content according to Rouser [21]. Coupling of Nbs to liposomes was determined 
by Western blotting. Samples were subjected to SDS-PAGE using 4–12% gradient 
NuPAGE Novex Bis-Tris mini-gels (Life Technologies Europe B.V., Bleijswijk, The 
Netherlands). Proteins were electro-transferred onto a nitrocellulose membrane 
using the I-Blot Dry Blotting system (Life Technologies Europe B.V.). Membranes 
were blocked for 1 h with 5% BSA in Tris-buffered saline containing 0.1% Tween-20 
(TBS-T) and incubated overnight at 4 °C with rabbit polyclonal anti-VHH serum 
diluted 1:5000 in 5% BSA in TBS-T. After washing with TBS-T, membranes were 
incubated for 1 h at RT with goat anti-rabbit peroxidase-conjugated secondary 
antibody (Cell Signaling Technology, Inc., Danvers, MA, USA) diluted 1:3000 in 
5% BSA in TBS-T. Proteins were visualized and detected using SuperSignal West 
Femto Chemiluminescent Substrate (Thermo Fischer Scientific, Inc., Rockford, IL, 
USA) and a Gel Doc Imaging system equipped with a XRS camera and Quantity 
One analysis software (Bio-Rad, Hercules, CA, USA).

2.7 Cell lines and culture conditions
The human head and neck squamous cell carcinoma (HNSCC) cell line UM-SCC-
14C (abbreviated as 14C, developed by Dr. T.E. Carey, Ann Arbor, MI, USA [22]) 
and the human epidermoid carcinoma cell line A431 were cultured in Dulbecco’s 
Modified Eagle’s Medium (abbreviated as DMEM, PAA Laboratories GmbH, 
Pasching, Austria) containing 3.7 g/L sodium bicarbonate, 4.5 g/L L-glucose, 2 mM 
L-glutamine and supplemented with 5% and 7.5% (v/v) fetal bovine serum (FBS) 
respectively. The human breast adenocarcinoma cell line MDA-MB-468 (MB-468) 
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was cultured in DMEM/F12 medium (Life Technologies Europe B.V.) containing  
1.2 g/L sodium bicarbonate, 3.6 g/L HEPES, 3.2 g/L D-glucose, 2.5 mM L-glutamine 
and supplemented with 9% FBS. Human alveolar basal epithelial adenocarcinoma 
A549 cells (ATCC, Manassas, VA, USA) were cultured in HAM’s F12 medium 
(PAA Laboratories) containing 1.2 g/L sodium bicarbonate, 1.8 g/L D-glucose,  
1 mM L-alanyl-L-glutamine and supplemented with 10% FBS. Cell culture media 
for all cell lines were supplemented with Antibiotic-Antimycotic solution (PAA 
Laboratories) to contain a final concentration of 100 IU/mL penicillin, 100 μg/mL 
streptomycin and 0.25 μg/mL amphotericin B. All cell lines were kept in culture 
at 37 °C in a humidified atmosphere containing 5% CO2. Tests for mycoplasma 
infection were carried out regularly with a MycoAlert™ Mycoplasma Detection Kit 
(Lonza Benelux BV, Breda, The Netherlands) and were consistently found to be free 
of mycoplasma. 

2.8 Competition assay
MB-468 cells were seeded at 10.000 cells/well in 96-well plates (NUNC A/S, Roskilde, 
Denmark). Two days after, cells were washed twice with serum free medium and 
incubated for 1.5 h at 4 °C with 10 nM of the NIRF IRDye® 800CW EGF Optical 
Probe (NIRF-EGF, LI-COR Biosciences) and Nb or Nb-liposomes diluted in serum 
free medium at a final concentration of 0.01 nM - 1.00 μM. Cells were washed 
twice with serum free medium and incubated with 5 μM DRAQ5™ (Cell Signaling 
Technology, Inc.) diluted in PBS for 5 min at 4 °C. Cells were washed two times with 
serum free medium before measurements were performed with an Odyssey® Infrared 
Imaging System (LI-COR Biosciences) equipped with a solid-state diode laser at 
685 nm and at 785 nm. The NIRF-EGF fluorescence intensity was measured by 
the 800 nm channel while the DRAQ5 fluorescence intensity was measured by the 
700 nm channel for normalization of cell number. Ratios of fluorescence intensities 
(800/700 nm) were plotted versus the concentrations of the Nbs or Nb-liposomes.

2.9 Cell association
MB-468 cells were seeded at 10.000 cells/well in 96-well plates (NUNC A/S). Two 
days after, cells were exposed to NIRF-labeled liposomes (Section 2.5) diluted in 
complete culture medium to a final concentration of 15.6 μM – 2.0 mM in the 
dark at 4 °C. Cells were washed three times with 0.3% bovine serum albumin (BSA) 
in PBS and fixed with 10% formalin. The NIRF-signal of the IRDye® 800CW was 
measured by the 800 nm channel of the Odyssey® Infrared Imaging System (LI-COR 
Biosciences). Fluorescence intensities were plotted versus the concentrations of the 
liposomes.
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2.10 Western Blotting
A431, A549 and 14C cells were seeded at 150.000 cells/well in 6-well plates one 
day before exposure to liposomes. MB-468 cells were seeded at 200.000 cells/well 
in 6-well plates two days prior to treatment. At the day of the experiment, culture 
medium was replaced by serum free medium containing liposomes with a final 
concentration of 2 mM TL for 4 h at 37 °C. Cells were then washed with PBS and 
activated with serum free medium containing 50 ng/mL epidermal growth factor 
(EGF) and insulin-like growth factor-1 receptor (IGF-1, Biovision, Inc., Milpitas, 
CA, USA) for 10 min at 37 °C. After washing with cold PBS, cells were lysed in 
radioimmunoprecipitation assay (RIPA) buffer (Teknova, Inc., Hollister, CA, USA) 
supplemented with HALT™ protease and phosphatase inhibitor cocktail (Thermo 
Fischer Scientific, Inc.) for 30 min on ice. Lysates were centrifuged at 4 °C for 15 min 
at 14.000 rpm and the obtained supernatant was stored at -20 °C. Protein content 
of the lysates was determined by Micro BCA assay (Thermo Fischer Scientific, Inc.). 
Lysates were subjected SDS-PAGE using 4–12% gradient NuPAGE Novex Bis-Tris 
mini-gels (Life Technologies Europe B.V.). Proteins were electrotransferred onto a 
nitrocellulose membrane using the iBlot® Dry Blotting system (Life Technologies 
Europe B.V.) Membranes were blocked with 5% BSA in TBS-T for 1 h. Membranes 
were stained overnight at 4 °C with one of the following primary antibodies 
(Cell Signaling Technology, Inc.): XP® rabbit monoclonal antibody (mAb) against 
phosphorylated tyrosine residue (Tyr) 1068 of EGFR, XP® rabbit mAb against EGFR, 
XP® rabbit mAb against phosphorylated Tyr1135 of IGF-1R, XP® rabbit mAb against 
IGF-1R, XP® rabbit mAb against phosphorylated threonine residues (Thr) and Tyr 
of p44/p42 MAP kinase (Erk1/Erk2), rabbit mAb against p44/p42 MAP kinase 
(Erk1/Erk2), XP® rabbit mAb against phosphorylated serine residue (Ser) 473 of 
Akt, rabbit mAb against Akt or a rabbit polyclonal antibody against β-actin diluted 
1:1000 or 1:2000 (according to the manufacturer’s protocol) in 5% BSA in TBS-T. 
After washing with TBS-T, membranes were incubated for 1 h at RT with goat anti-
rabbit peroxidase-conjugated secondary antibody (Cell Signaling Technology, Inc.) 
diluted 1:3000 in 5% BSA in TBS-T. Proteins were visualized and detected using 
SuperSignal West Femto Chemiluminescent Substrate (Thermo Fischer Scientific, 
Inc.) and a Gel Doc Imaging system equipped with a XRS camera and Quantity One 
analysis software (Bio-Rad).

2.11 Cell proliferation assays
The sulforhodamine B (SRB) assay was performed to determine the effect of liposome 
treatment on total cell numbers [23]. A431, A549 and 14C cells were seeded at 4000 
cells/well in 96-well plates one day before treatment. MB-468 cells were seeded at 
8000 cells/well in 96-well plates two days prior to treatment. On the day of the 
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experiment, culture medium was replaced by medium containing liposomes in final 
concentrations of 15.6 μM – 2.0 mM TL in sextuplicate. Free AG538 diluted in 
medium was added in final concentrations of 1.25 – 160 μM. After two days, cells 
were fixed by the addition of trichloroacetic acid (TCA) to a final concentration of 
10%. Cells were washed with water, dried at RT and stained with 0.4% SRB in 1% 
acetic acid for 30 min. Excess dye was washed away with 1% acetic acid and cells 
were dried at RT. Bound dye was extracted with unbuffered 10 mM Tris for 30 min 
and OD values were measured at 490 - 550 nm with a SPECTROstarNano absorbance 
microplate reader (BMG LABTECH, Ortenberg, Germany). The BrdU assay (Roche 
Diagnostics GmbH, Mannheim, Germany) was performed to determine the effect 
of liposome treatment on the number of proliferating cells. Experimental setup and 
liposomal treatments were identical to SRB assays. After two days of growth, medium 
was replaced by medium containing BrdU. The following day, the colorimetric BrdU 
assay was performed according to the manufacturer’s protocol.  After stopping the 
colorimetric reaction with H2SO4, the OD values were measured at 450 nm with the 
reference wavelength set to 655 nm using a SPECTROstarNano absorbance microplate 
reader (BMG LABTECH).

2.12 Efficacy study in a 14C model
Male athymic NU/NU nude mice weighing 20 - 25 g were obtained from Charles 
River (Maastricht, The Netherlands). Mice were housed under standard conditions 
and had access to water and food ad libitum. 14C cells were cultured as described in 
Section 2.7. A subcutaneous xenograft tumor model was induced by inoculating 1 
x 106 cells (dispersed in 100 μL cold PBS) in the right flank of each mouse. Tumors 
were measured every second day using a digital caliper. The tumor volume V (in 
mm3) was calculated using the formula V = π/6 x L x S2 where L is the largest and S is 
the smallest superficial diameter. When tumors reached a volume of ~100 mm3, mice 
were included in the study. Treatment consisted of saline (n=11), Nb-liposomes (n=9, 
EGa1-AG538-L) or cationic Nb-liposomes (n=10, cationic EGa1-AG538-L [15]). 
Mice received 100-150 μL intravenous (i.v.) injections in the tail vein once every two 
days for a total of 10 injections. Each injected liposomal dose corresponded with 60 
μg EGa1 and 49 μg AG538. Tumor volume and body weight were monitored every 
second day. When tumors reached the humane endpoint (i.e. 1500 mm3), mice 
were sacrificed by cervical dislocation. The experiments were carried out according to 
national regulations and after approval by local animal experiments ethical committee. 
Statistical analysis was performed using GraphPad Prism 4.00 (GraphPad Software, 
Inc., La Jolla, CA, USA) using 2-way ANOVA analysis with Bonferroni post-test. A 
p-value<0.05 was considered to indicate significant differences. 
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2.13 Efficacy study in a MB-468 xenograft model
Female athymic NU/NU nude mice weighing 20 - 25 g were obtained from Charles 
River. Mice were housed under standard conditions and had access to water and food 
ad libitum. MB-468 cells were cultured as described in Section 2.7. A subcutaneous 
xenograft tumor model was induced by inoculating 5 x 106 cells (dispersed in 100 
μL cold PBS) in the right flank of each mouse. Tumors were measured every second 
day using a digital caliper and calculated as described in the previous section. 
When tumors reached a volume of 50 - 100 mm3, mice were included in the study. 
Treatment consisted of saline (n=7), Nb-liposomes (EGa1-L, n=6), AG538-loaded 
liposomes (AG538-L n=6), a combination of EGa1-L and AG538-L (n=6) and Nb-
liposomes loaded with AG538 (EGa1-AG538-L, n=7). The mice received 100 - 200 
μL i.v. injections in the tail vein three times per week for a total of 10 injections. Each 
injected liposomal dose corresponded with 45 μg EGa1 and 70 μg AG538. Tumor 
volumes and body weight were monitored three times per week. When tumors 
reached the humane endpoint (i.e. 1500 mm3), the mice were sacrificed by cervical 
dislocation. The experiments were carried out according to national regulations and 
after approval by local animal experiments ethical committee. 

3. Results and discussion

3.1 Preparation and characterization of nanobody-liposomes 
We have recently reported on the anti-proliferative effects of dual-active anti-EGFR 
Nb-liposomes loaded with an anti-IGF-1R kinase inhibitor in vitro [15]. In the 
present study, we further evaluated the anti-tumor efficacy of the Nb-liposomes or 
nanobullets on a panel of tumor cell lines and subsequently in xenograft models. 
We therefore developed a stable PEGylated formulation based on DPPC and 
cholesterol appropriate for in vivo applications. These slightly anionic PEGylated 
liposomes were produced following the same method as described previously [15]. 
The external liposomal medium was replaced by HBS to establish a trans-membrane 
gradient for the remote loading of the anti-IGF-1R kinase inhibitor AG538 [24]. 
The prepared liposomal formulations were then modified with anti-EGFR Nb EGa1 
via conjugation to maleimide groups attached to PEG chains present on the surface 
of the liposomes, as previously described [15, 17]. To accomplish this, EGa1 was 
first modified with the N-hydroxysuccinimide (NHS) ester of S-acetylthioacetic acid 
(SATA) to introduce sulfhydryl groups available for forming thioether bonds with 
maleimide groups. We have shown before that the modification of EGa1 with an 
8-fold molar excess of SATA leads to the introduction of 3-6 sulfhydryl groups, 
resulting in the conjugation of multiple PEG chains per Nb on the same liposome 
[15]. Four formulations were prepared for in vitro studies: empty control liposomes 
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(L), empty EGa1-coupled liposomes (EGa1-L), non-targeted liposomes loaded 
with AG538 (AG538-L) and EGa1-coupled liposomes loaded with AG538 (EGa1-
AG538-L). The average size of the liposomes was 0.12 μm and the low polydispersity 
index (PDI<0.1) indicated uniform preparations. A negative mean zeta potential of 
~ -23 mV was observed for all formulations (Table 1).

The coupling of EGa1 to the liposomes was demonstrated with Western blotting 
(Fig. 1A) using anti-VHH serum to detect the Nb. EGa1 was detected around 
18 kDa corresponding to its calculated molecular weight (18.3 kDa). EGa1-L 
and EGa1-AG538-L showed a similar EGa1 migration pattern displaying several 
positively stained bands between 18 and 35 kDa, indicating the conjugation of 1-3 
molecules of mal-PEG-DSPE (2.9 kDa) per Nb. These results are in agreement with 
earlier studies [15, 17]. 
To determine whether the SATA-modification of the Nb or the coupling to the 
PEG-liposomes had interfered with the antagonistic and binding capacities of EGa1, 
competition assays in the presence of NIRF-labeled EGF (NIRF-EGF) on EGFR-
(over)expressing (EGFR+) human breast cancer MB-468 cells were performed (Fig. 
1B). Unlabeled EGF was used as a positive control for competition with NIRF-EGF. 
EGa1, SATA-modified EGa1 (SATA-EGa1) and EGa1-L all competed with NIRF-
EGF for binding to MB-468 cells in a comparable fashion indicating that neither 
introduction of sulfhydryl groups nor conjugation to PEG-chains on the liposomes 
had compromised the interaction of EGa1 with EGFR. The Nb EGc9 was used as a 
negative control and did not display any competition with NIRF-EGF.

3.2 Nanobody-liposomes bind to EGFR-(over)expressing tumor cells 
NIRF-labeled liposomes with or without EGa1 were prepared to determine the 
ability of EGa1-L to associate with EGFR+ MB-468 cells. NIRF-liposomes displayed 
similar size and zeta-potential characteristics as unlabeled liposomes (Supp. Table 
1). MB-468 cells were incubated with liposomes for 1 h at 4 °C after which the 
liposomal NIRF signal was measured with an Odyssey® imaging system (Figure 2A). 
NIRF-EGa1-L associated with MB-468 cells 3 to 4-fold higher than untargeted 

Name Mean size (μm) PDI Mean zeta 
potential (mV)

L 0.12 ± 0.03 0.05 ± 0.02 -23.8 ± 6.4
EGa1-L 0.12 ± 0.03 0.07 ± 0.03 -21.6 ± 5.6
AG538-L 0.12 ± 0.03 0.08 ± 0.03 -24.8 ± 5.1
EGa1-AG538-L 0.12 ± 0.03 0.10 ± 0.05 -23.2 ± 2.6

Table 1. Liposome characteristics. Data are presented as average ± SD of three separately 
prepared batches of liposomes
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NIRF-L. In previous studies, cationic EGa1-L induced similar differences in EGFR+ 
14C cell association compared to untargeted formulations [15, 17].

3.3 Nanobullets inhibit activation of molecular signaling pathways in 
tumor cells 
To determine whether EGa1-AG538-L could effectively inhibit activation of molecular 
signaling pathways, a panel of different tumor cell lines including UM-SCC-14C 
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Figure 1. Characterization of EGa1 coupling to liposomes. A. EGa1, empty control 
liposomes (L), nanobody (Nb)-liposomes (EGa1-L), AG538-loaded liposomes (AG538-L) 
and Nb-liposomes loaded with AG538 (EGa1-AG538-L) were subjected to SDS-PAGE 
and Nb coupling was determined by Western Blotting. B. EGFR+ MDA-MB-468 cells were 
concurrently incubated with 10 nM of near-infrared fluorescently (NIRF) labeled-EGF 
and increasing concentrations of negative control Nb EGc9, unlabeled EGF as a positive 
control, EGa1, SATA-EGa1 or EGa1-L for 1.5 h at 4 °C. The NIRF-EGF signal was plotted 
versus the free or liposomal Nb concentration. Data are presented as mean ± SEM of one 
representative experiment performed in triplicate.
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(14C, HNSSC), A431 (epidermoid carcinoma), A549 (lung carcinoma) MDA-
MB-468 (MB-468, breast carcinoma) was exposed to the nanobullets. 

Of note, the selected tumor cell lines express different levels of EGFR and IGF-1R 
(Supp. Fig. 1). The cells were serum starved and simultaneously exposed to liposomes 
for 4 h followed by 10 min activation with EGF and IGF-1 after which cell lysates 
were collected. Protein levels of activated and total EGFR and IGF-1R as well as the 
activation of their downstream effector proteins Akt and Erk 1/2 (p44/42 MAPK) 
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Figure 2. Cell association of nanobody-liposomes. A. EGFR+ MB-468 cells were incubated 
for 1 h at 4 °C with near-infrared fluorescently (NIRF)-labeled liposomes (NIRF-L) and 
NIRF-labeled nanobody-liposomes (NIRF-EGa1-L). The liposomal NIRF signal was 
measured with an Odyssey® imaging system. B. NIRF intensities are plotted versus the 
liposomal concentration. Data are presented as mean ± SEM of one representative experiment 
performed in triplicate.
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[25] were detected by phospho-Western blotting (Fig. 3). Upon stimulating cells with 
EGF and IGF-1, all tumor cell lines displayed a strong phosphorylation of EGFR 
Tyr1068, a major site of autophosphorylation which occurs after binding of EGF to 
its receptor [26]. In all four cell lines both EGa1-L and EGa1-AG538-L inhibited 
or completely blocked activation of EGFR demonstrating the robust antagonistic 
effect of EGa1. Inhibition of IGF-1R signaling by the kinase inhibitor AG538 
has to occur intracellularly, which requires efficient uptake of AG538-containing 
liposomes and subsequent cytoplasmic release of AG538. Activation of all tumor 
cell lines with EGF and IGF-1 induced robust phosphorylation of IGF-1R Tyr1135, 
which is autophosphorylated upon ligand binding to the receptor [26]. Only 
EGa1-AG538-L were able to inhibit IGF-1R phosphorylation in 14C and A431 
cells, demonstrating that this formulation is capable of efficient cytosolic delivery of 
AG538 in these cell lines, while liposomes without anti-EGFR Nb failed to deliver 
AG538 intracellularly. In contrast, in A549 and MB-468 cells, no inhibitory effects 
were observed for EGa1-AG538-L. As A549 cells express lower amounts of EGFR 
than 14C, A431 and MB-468 cells (Supp. Fig. 1), it is possible that uptake of the 
Nb-targeted liposomes is insufficient in this cell line to deliver AG538 intracellularly, 
hence resulting in inadequate inhibition of IGF-1R phosphorylation. With respect 
to MB-468 cells, which express EGFR levels comparable to 14C cells (Supp. Fig. 1), 
such an explanation appears not to be valid. A different intracellular routing of the 
liposomes, differences in cellular breakdown or the involvement of other signaling 
cascades not affected by AG538 may be responsible for the lack of drug-related 
effects in MB-468 cells. 
We also evaluated the effects of anti-EGFR/IGF-1R nanobullets on the signaling 
mediators Akt and Erk 1/2, i.e. downstream of EGFR and IGF-1R. EGa1-AG538-L 
inhibited phosphorylation of Akt and Erk 1/2 (Fig. 3) in 14C and A431 cells but 
again, similar as for IGF-1R phosphorylation, not in A549 and MB-468 cells. These 
results show that suppression of both EGFR and IGF-1R signaling is necessary 
for efficient inhibition of important downstream cell proliferation and survival 
pathways, which only occurred in 14C and A431 cells. Mono-targeted inhibition 
of EGFR activation by EGa1-L devoid of AG538 did not result in inhibition of Akt 

Figure 3. Nanobullets inhibit activation of targeted tumor cell signal transduction pathways. 
UM-SCC-14C (14C), A431, A549 and MDA-MB-468 cells were simultaneously serum 
starved and exposed to empty control liposomes, nanobody-liposomes (EGa1-conjugated) 
liposomes loaded with AG538 (AG538-encapsulated) or both for 4 h followed by 10 
min activation with EGF and IGF-1. Cell lysates were collected and subjected to SDS-
PAGE. Levels of total EGFR, phosphorylated EGFR (pEGFR Tyr1068), total IGF-1R, 
phosphorylated IGF-1R (pIGF-1R Tyr1135), total Akt, phosphorylated Akt (Akt Ser473), 
total Erk 1/2, phosphorylated Erk 1/2 (pERK 1/2 Thr202/Tyr204) and β-actin as a loading 
control were detected by Western Blotting.
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and Erk 1/2 in 14C and A431 cells, and even seemed to increase phosphorylation 
of Akt. As such, these results illustrate that despite efficient EGFR inhibition such 
monotherapy with only an EGFR inhibitor can be bypassed by other signaling 
cascades, such as IGF-1R signaling.

3.4 Nanobullets inhibit proliferation in responsive tumor cell lines 
We investigated the antiproliferative effect of the anti-EGFR/IGF1-R nanobullets 
on the above listed panel of tumor cell lines, via determination of total cell numbers 
by the sulforhodamine B (SRB) assay [23] after continuous exposure for 48 h to the 
liposomal formulations or reference compounds.
Free AG538 induced dose-dependent effects after continuous 48 h exposure in all 
four cell lines, ranging from ~80% reduction of total A549 and MB-468 cell numbers 
to ~75% reduction of 14C cells and ~70% reduction of A431 cells (Supp. Fig. 2).
In 14C cells (Fig. 4A), empty EGa1-L demonstrated modest efficacy and decreased 
total cell numbers by ~40%. This effect was increased by combining EGa1-L with a 
high dose of free AG538 (80 μM) resulting in ~80% reduction of total cell number 
at the highest concentration of EGa1-L (2 mM TL). Non-targeted AG538-L 
showed comparable efficacy and also reduced total cell numbers by ~80% at a 
concentration of 2 mM TL, corresponding to 160 μM AG538. EGa1-AG538-L was 
much more efficacious as it achieved comparable inhibition already at 0.25 mM TL, 
corresponding to 20 μM AG538. These results underline the efficient delivery of 
AG538 by Nb-liposomes and correlate with the inhibition of the targeted molecular 
pathways demonstrated in Figure 3. The anti-proliferative effects on 14C cells 
of EGa1-AG538-L after continuous exposure (Fig. 4A) and short-term exposure 
(Supp.Fig. 3) show comparable results to our previous studies with cationic EGa1-
AG538-L, with slight differences likely to be caused by the electrostatic interactions 
between the positively charged liposomes and negatively charged cell membranes 
[15].
A431 cells responded in a similar way as 14C cells to 48 h continuous treatment 
with EGa1-AG538-L formulations, reducing total cell numbers by 95% at 2 mM 
TL (Fig. 4B). However, 14C cell treatment with EGa1-AG538-L showed a slightly 
higher efficacy (IC50 value 0.13 mM TL) when compared to A431 treatment (IC50 
value 0.31 mM TL). A431 treatment with EGa1-L resulted in ~20% reduction in 
total cell numbers at a concentration of 2 mM TL, which and was increased to ~40% 
in the presence of 80 μM AG538. Importantly, non-targeted AG538-L modestly 
decreased total cell numbers. 
EGa1-AG538-L treatment resulted in similar but only partial anti-proliferative effects 
in A549 cells (Fig. 4C, 45% reduction in total cell number) and MB-468 cells (Fig. 
4D, 50% reduction in total cell number) even at the highest concentration, with 
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no clear differences in anti-proliferative effect between targeted and non-targeted 
formulations. Studies in which the cellular proliferation was determined by another 
assay, i.e. by BrdU assay, produced similar datasets (Supp. Fig. 4). In previously 
performed assays with cationic EGa1-AG538-liposomes on MB-468 cells, we did 
observe a reduction of total cell number while untargeted control formulations only 
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Figure 4. Nanobullets induce tumor cell toxicity. UM-SCC-14C (A), A431 (B), A549 
(C) and MDA-MB-468 cells (D) were exposed for 48 h to empty control liposomes (L), 
nanobody (Nb)-liposomes (EGa1-L), Nb-liposomes in the presence of free kinase inhibitor 
(EGa1-L + 80 μM AG538) or Nb-liposomes loaded with AG538 (EGa1-AG538-L). Molar 
ratio of kinase inhibitor to total lipid was 80 nmol/μmol. Total cell number was determined 
by sulforhodamine B (SRB) assay. Data are presented as mean ± SEM of one representative 
experiment performed in sextuplicate.
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had a modest effect [15]. It is possible that cationic liposomes are able to more 
effectively deliver AG538 in the cytosol due to their less stable liposomal bilayer and/
or due to charge interactions of the positively charged liposomes and the negatively 
charged (organelle) membranes of the cell. The relative potency of anti-EGFR/IGF-
1R nanobullets in the tested cell lines correlates well between cellular proliferation 
and activity of the studied signaling pathways. These results underline that targeted 
inhibition of a single growth factor pathway is not sufficient to effectively inhibit 
tumor cell proliferation as alternative molecular pathways and resulting crosstalk-
induced activation of downstream effectors can bypass the loss of this growth factor. 
The limited responses of both A549 and MB-468 cells in vitro might have been 
influenced by crosstalk between EGFR and other growth factor signaling pathways 
such as hepatocyte growth factor receptor (HGFR or c-MET) [27]. Additionally, 
A549 cells have a mutated K-RAS gene [28], and MB-468 have amplificated EGFR 
and loss of the PTEN tumor suppressor protein [29], which can lead to activation of 
the Akt pathway and may impair treatment with EGFR inhibitors. 

3.5 Anti-tumor efficacy of nanobullets
The observed correlation between the inhibition of crucial cellular signaling activation 
and tumor cell proliferation encouraged the evaluation of the nanobullet anti-tumor 
efficacy in vivo. To this aim, xenograft models were established by implanting cell 
lines which showed either a strong (14C) or medium (MB-468) in vitro response 
pattern. In the fast-growing 14C xenograft model, EGa1-AG538-L (Supp. Table 
2) significantly inhibited tumor growth compared to saline control (p-value < 0.01) 
corresponding to the strong 14C cell responsiveness in vitro (Fig. 5A). Of note, a 
cationic EGa1-AG538-L (Supp. Table 2) formulation did not significantly inhibit 
14C tumor growth, likely due to electrostatic interactions with serum proteins 
which can influence circulation time and subsequent tumor accumulation via the 
EPR effect [30]. Although previous studies have reported the use of 14C xenograft 
models [17, 31-34], isolation and cross-sectioning of tumors after completion of the 
study revealed that especially large tumors were fluid filled rather than a solid mass 
(Supp. Fig. 5), possibly influencing tumor volume calculations based on external 
caliper measurements. It appears that subcutaneous implantation of 14C cells in 
mice results in the growth of cystic tumors (Prof. Dr. R. Brakenhoff, VU University 
Medical Center, Amsterdam, The Netherlands, personal communication).
In the slow-growing MB-468 xenograft model, representing a medium response 
pattern in vitro to nanobullet treatment, EGa1-AG538-L (Supp. Table 3) did not 
significantly inhibit tumor growth compared to control formulations (Supp. Table 3) 
or saline (Fig. 5B). The observed effects in vivo are in good agreement with the above 
discussed results in vitro, where EGa1-AG538-L exposure to MB-468 cells did not 
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Figure 5. Anti-tumor efficacy of nanobullets. A. Relative tumor growth of UM-SCC-14C 
xenografts in mice. Treatment consisted of intravenous (i.v.) injections of saline, nanobody 
(Nb)-liposomes loaded with AG538 (EGa1-AG538-L) or cationic Nb-liposomes loaded 
with AG538 (cationic EGa1-AG538-L) at a concentration 41 mM TL resulting in 60 μg 
EGa1 and 49 μg AG538 per injection; every second day for a total of 10 injections. Data 
are presented as mean ± SEM. Data analyzed by 2-way ANOVA with Bonferroni post-test. 
* p-value < 0.01 EGa1-AG538-L versus PBS. ** p-value < 0.01 EGa1-AG538-L vs. PBS and 
p-value < 0.05 EGa1-AG538-L versus cationic EGa1-AG538-L. B. Relative tumor growth 
of MDA-MB-468 xenografts in mice. Treatment consisted of i.v. injections of Nb-liposomes 
(EGa1-L), AG538-loaded liposomes (AG538-L), a combination of EGa1-L and AG538-L 
and Nb-liposomes loaded with AG538 (EGa1-AG538-L) at a concentration of 31 mM TL 
resulting in 45 μg EGa1 and 70 μg AG538 per injection, every second day for a total of 10 
injections. Data are presented as mean ± SEM.
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result in efficient inhibition of cell proliferation and survival pathway activation (Fig. 
3), and only modestly inhibited cell proliferation (Fig. 4D).  
The correlating in vitro and in vivo response patterns observed in our studies 
underline that establishing the expression level of the targeted tumor marker is not 
sufficient to predict tumor response of molecular targeted therapies. 14C and MB-
468 have comparable EGFR expression levels but tumor growth inhibition was only 
observed in the 14C xenograft model. By determining the mutational status of the 
targeted protein and vital downstream signaling mediators involved in tumor cell 
proliferation and survival, patient selection and treatment eligibility are improved 
ultimately resulting in enhanced clinical benefits of molecular targeted therapies.
EGFR-targeted anti-cancer therapeutics that block proliferation and survival 
pathways in tumor cells are now in widespread clinical use because of their specificity 
and favorable toxicity profile compared to standard anti-cancer therapies [1]. 
Nonetheless, responses to molecular targeted treatment are eventually followed by 
disease progression due to intrinsic and acquired resistance mechanisms of the tumor 
[4].
It is evident that despite increased specificity, inhibition of a single signal 
transduction pathway by molecular targeted drugs is not sufficient to achieve long-
lasting therapeutic effects. Indeed, numerous studies have reported on additive or 
synergistic anti-tumor effects or overcoming of resistance to targeted therapeutics 
by simultaneous inhibition of EGFR and IGF-1R signaling pathways [7-13]. In 
agreement, we have demonstrated that concurrent targeting of EGFR and IGF-
1R in the investigated tumor models is essential for efficient inhibition of cell 
proliferation and survival pathways and resulting anti-tumor effects. As such, these 
Nb-functionalized nanomedicines appear to be versatile systems that can be readily 
tailored for effective anti-cancer therapy by virtue of intrinsically active Nbs that 
serve as targeting ligands, in combination with the encapsulation of a therapeutic 
agent in a long-circulating drug delivery system. The versatility is underlined by the 
development of Nbs directed at important cellular targets involved in tumorigenesis 
such as HER2 [35] and vascular endothelial growth factor receptor-2 [36]. Also other 
drug delivery systems including albumin nanoparticles [20], polymeric micelles [33] 
and gold nanoparticles [37] have been equipped with Nbs. 
The currently developed Nb-modified nanomedicine platform may offer advantages 
over combination strategies with conventional inhibitors. Prolonged circulation time 
and the EPR effect contribute to higher tumor accumulation of liposomal drug and 
reduced side effects when compared to free drug administered systemically [30]. 
The EGa1 Nb increases cell specific uptake and induces rapid internalization but 
has additional antagonistic and receptor downregulating properties. In addition, co-
delivery of two therapeutic agents in one delivery system equalizes the circulation 
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time and biodistribution of both therapeutics thereby promoting optimal conditions 
for additive or synergistic therapeutic effects. 
In conclusion, categorizing the response of cell lines after combined inhibition 
of EGFR and IGF-1R signaling by Nanobullets in vitro, produced two distinct 
response patterns: medium or strong inhibition of pathways and tumor cell growth. 
When cell lines from either category were implanted in vivo, the antitumor efficacy 
of anti-EGFR/IGF-1R nanobullets correlated well with the response pattern in 
vitro, underlining the importance of pre-screening target protein expression and 
mutational status of patient tumor biopsies to determine eligibility for molecular 
targeted therapies and subsequently improve clinical efficacy. 
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Supplementary material

Name Mean size (μm) PDI Mean zeta 
potential (mV)

NIRF-L 0.13 0.08 -23.8
NIRF-EGa1-L 0.13 0.06 -17

Supplementary Table 1. Near-infrared fluorescently-labeled liposome characteristics. Data 
are presented as the values of one prepared batch of liposomes. 

Name Mean size 
(μm)

PDI Mean zeta 
potential (mV)

EGa1-AG538-L 0.12 ± 0.03 0.15 ± 0.04 -18.0 ± 1.7
Cationic EGa1-AG538-L 0.13 ± 0.01 0.25 ± 0.03 7.3 ± 1.5

Supplementary Table 2. Liposomes utilized for UM-SCC-14C tumor xenograft study. 
Molar ratio of kinase inhibitor to total lipid was 40 nmol/μmol. Data are presented as average 
± SD of three separately prepared batches of liposomes

Name Mean size (μm) PDI Mean zeta 
potential (mV)

EGa1-L 0.12 ± 0.03 0.10 ± 0.07 -21.2 ± 9.6
AG538-L 0.11 ± 0.03 0.06 ± 0.03 -24.4 ± 8.2
EGa1-AG538-L 0.11 ± 0.03 0.08 ± 0.03 -24.1 ± 6.4

Supplementary Table 3. Liposomes utilized for MDA-MB-468 tumor xenograft study. 
Molar ratio of kinase inhibitor to total lipid was 80 nmol/μmol. Data are presented as average 
± SD of two separately prepared batches of liposomes.

A431 A549 MDA-MB-468UM-SCC-14C

EGF         - +         - - +         - - +         - - +         -

IGF-1       - - +            - - +           - - +            - - +       

β-actin

pIGF-1R Tyr1135

IGF-1R

pEGFR Tyr1068

EGFR

Supplementary Figure 1. EGFR and IGF-1R expression levels in tumor cells. UM-SCC-
14C, A431, A549 and MDA-MB-468 cells were starved for 4 h followed by 10 min activation 
with 25 ng/mL EGF/IGF-1. Cell lysates were collected and subjected to SDS-PAGE. Levels 
of total EGFR, phosphorylated EGFR (pEGFR Tyr1068), total IGF-1R, phosphorylated 
IGF-1R (pIGF-1R Tyr1135) and β-actin as a loading control were detected by Western 
Blotting.
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Supplementary Figure 2. AG538-induced cytotoxicity. A431, A549, MDA-MB-468 and 
UM-SCC-14C cells were exposed to AG538 continuously for 48 h. Total cell number was 
determined by sulforhodamine B (SRB) assay. Data are presented as mean ± SEM of one 
representative experiment performed in sextuplicate.
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Supplementary Figure 3. UM-SCC-14C cytotoxicity and proliferation after short-term 
exposure to liposomes. Cells were exposed to AG538 continuously for 48 h, or for 4 h followed 
by refreshing of the medium and 44 h proliferation. Total cell number was determined 
sulforhodamine B (SRB) assay (A) and number of proliferating cells by BrdU assay (C). 
Cells were exposed to nanobody (Nb)-liposomes (EGa1-L), Nb-liposomes in the presence 
of free kinase inhibitor (EGa1-L + 40 μM AG538), AG538-loaded liposomes (AG538-L) or 
Nb-liposomes loaded with AG538 (EGa1-AG538-L) for 4 h followed by refreshing of the 
medium and 44 h proliferation. Molar ratio of kinase inhibitor to total lipid was 40 nmol/
μmol. Total cell number was determined by SRB assay (B) and number of proliferating cells 
by BrdU assay (D). Data are presented as mean ± SEM of one representative experiment 
performed in triplicate.
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Supplementary Figure 4. MDA-MB-468 proliferation after continuous exposure to 
liposomes. Cells were exposed to AG538 (A); empty control liposomes, nanobody (Nb)-
liposomes (EGa1-L), Nb-liposomes in the presence of free kinase inhibitor (EGa1-L + 80 μM 
AG538), AG538-loaded liposomes (AG538-L) or Nb-liposomes loaded with AG538 (EGa1-
AG538-L) (B) continuously for 48 h. Molar ratio of kinase inhibitor to total lipid was 80 
nmol/μmol. Number of proliferating cells was determined by BrdU assay. Data are presented 
as mean ± SEM of one representative experiment performed in sextuplicate.
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excised tumor cross-sectioned 
tumor 

excised tumor 3Supplementary Figure 5. Large UM-SCC-14C fluid filled xenograft tumor. Mice were 
sacrificed upon completion of the efficacy study and UM-SCC-14C xenograft tumors were 
isolated. Tumors were cross-sectioned for further processing. Representative image of a large 
fluid filled tumor.



Chapter 4

108



Chapter 5
The VEGF/Rho signaling pathway: 

A promising target for anti-
angiogenic/anti-invasion therapy

 
Roy van der Meela, Marc H. Symonsb, Robert Kudernatschc, Robbert J. 

Koka, Raymond M. Schiffelersa,d, Gert Storma,e, William M. Gallagherf and 
Annette T. Byrneg  

a Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences 
(UIPS), Faculty of Science, Utrecht University, Universiteitsweg 99, 3584 CG 
Utrecht, The Netherlands
b Center for Oncology and Cell Biology, The Feinstein Institute for Medical Research 
at North Shore-LIJ, 350 Community Drive, Manhasset, NY 11030, USA
c Institute of Medicial Immunology, Charité Universitätsmedizin Berlin, Campus 
Mitte, 10117 Berlin, Germany
d Department of Clinical Chemistry and Hematology, University Medical Center 
Utrecht, Utrecht, The Netherlands
e Department of Targeted Therapeutics, MIRA Institute for Biomedical Technology 
and Technical Medicine, University of Twente, Enschede, The Netherlands
f UCD School of Biomolecular and Biomedical Science, UCD Conway Institute, 
University College Dublin, Belfield, Dublin 4, Ireland
g Department of Physiology and Medical Physics, Royal College of Surgeons in 
Ireland, Reservoir House, Sandyford Industrial Estate, Ballymoss Road, Dublin 18, 
Ireland

Drug Discovery Today, 16 (5-6): 219-228 (2011)



Chapter 5

110

Abstract
It has become increasingly apparent that current anti-angiogenic therapy elicits 
modest effects in clinical settings. In addition, it remains challenging to treat cancer 
metastasis through anti-angiogenic regimes. Rho GTPases are essential for vascular 
endothelial growth factor (VEGF)-mediated angiogenesis and are involved in tumor 
cell invasion. This review discusses novel therapeutic strategies that interfere with 
Rho GTPase signaling and further explores this network as a target for anti-cancer 
therapy through interference with tumor angiogenesis and invasion. Recent findings 
describe the development of innovative Rho GTPase inhibitors. Positive clinical 
effects of Rho GTPase targeting in combination with conventional anti-cancer 
therapy is of increasing interest.
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1. Introduction
The hypothesis introduced by the late Professor Judah Folkman that chronic 
angiogenesis is necessary to support the growth of many tumor types is now 
firmly established [1]. Several anti-angiogenic agents are now approved including 
monoclonal antibodies and small molecule inhibitors [2]. 
Tumor angiogenesis is controlled by a balance in pro- and anti-angiogenic factors. 
During tumor growth the balance is shifted and favours pro-angiogenic factors, 
also referred to as the angiogenic switch [3]. Following the adaptation of an 
angiogenic phenotype, tumors produce and excrete pro-angiogenic factors, which 
activate the endothelial cells (ECs) of nearby blood vessels such as basic fibroblast 
growth factor (bFGF), epidermal growth factor (EGF), platelet-derived growth 
factor (PDGF) and angiopoietins. Vascular endothelial growth factor (VEGF) is 
arguably the most important angiogenic factor implicated in both physiological 
and pathological angiogenesis. Different factors can increase VEGF expression in 
the tumor such as inflammatory cytokines, growth factors and hypoxia [4]. VEGF 
signals through binding of several receptor tyrosine kinases (RTKs) including 
VEGF receptor (VEGFR)-1, -2 and -3. Upon binding of VEGF, these receptors 
hetero- or homodimerize initiating downstream signaling. VEGF-A is the major 
mediator of tumor angiogenesis. There are several spliced variants of VEGF-A which 
can be produced simultaneously. The most predominant forms are VEGF-A121 
and VEGF-A165. These isoforms signal mainly through VEGFR-2, the receptor 
that regulates tumor angiogenesis. Binding of VEGF-A to VEGFR-2 results in 
autophosphorylation of the receptor, and the phosphorylated tyrosine residues 
function as a docking site for various signal transduction proteins that eventually 
activate cellular processes involved in angiogenesis [5]. One of the signaling cascades 
activated by VEGF is the Rho GTPase pathway. Rho GTPases are small proteins 
that function as molecular switches. They are a sub-family of the Ras superfamily of 
small GTPases and control cellular processes such as vesicle trafficking, cytoskeleton 
regulation, cell polarity, microtubule dynamics, membrane transport and 
transcription factor activity [6]. The Rho-family of small GTPases consists of >20 
members and can be divided into typical and atypical Rho GTPases. Typical Rho 
GTPases, which include Cdc42 and the Rac and Rho subfamily members, cycle 
between an inactive state in which guanine diphosphate (GDP) is bound to the 
signaling protein, and an active state when guanine triphosphate (GTP) replaces 
GDP. In the active state Rho GTPases can bind downstream effector proteins, and 
transduce signals from various membrane receptors for cytokines, growth factors, 
adhesion molecules and G-protein coupled receptors (Fig. 1).
As for many other anti-cancer agents, initial sensitivity of the tumor towards anti-
angiogenic agents gives way to the development of resistance [7-8]. In addition,  
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Figure 1. Regulation of Rho GTPases. The spatio-temporal regulation of typical Rho GTPases 
is controlled by >150 regulatory proteins, divided in three classes: guanine nucleotide 
exchange factors (GEFs), GTPase-activating proteins (GAPs) and guanine nucleotide 
dissociation inhibitors (GDIs) [6]. Activation of typical Rho proteins is controlled by 
GEFs, which catalyze the exchange of guanine diposphate (GDP) for guanine triphosphate 
(GTP). To date, >80 GEFs have been described and are divided in two distinct families. 
The diffuse B-cell lymphoma-related (Dbl) family of GEFs possess a Dbl homology (DH) 
catalytic domain which executes GEF activity and a pleckstrin homology (PH) domain for 
auto-inhibition [11]. The dedicator of cytokinesis (DOCK) related or CDM and Zizimin 
homology (CZH) family of proteins contain DOCK homology region (DHR) 1 and 2 
catalytic domains which are responsible for GEF activity. The action of DOCKs appears 
to be restricted to Cdc42 and Rac subfamily members, in contrast to Dbl GEFs [12].GAPs 
inactivate typical Rho GTPases by enhancing their ability to hydrolyze bound GTP to GDP. 
Like GEFs, RhoGAPs outnumber the Rho GTPases they regulate and ~70 RhoGAPS have 
been identified [13].GDIs function by clamping Rho GTPases in the GDP-bound state by 
preventing access to GEFs. GDIs can also prevent signaling by Rho GTPases by retaining 
them in the cytosol. GDIs can bind the C-terminal prenyl group of Rho GTPases, which is 
needed for association with cell membranes where activation and subsequent downstream 
signaling can take place. Phosphorylation can lead to dissociation of GDIs from Rho GTPases 
allowing translocation to the cell membrane. To date, three human GDI proteins have been 
described [14]. Over 70 downstream effectors of Rho proteins have been identified, with a 
wide variety of functions including tyrosine kinases, serine/threonine kinases, lipases, lipid 
kinases, phosphatase subunits and scaffolding proteins. Rho GTPases associate with multiple 
effector proteins, and some effector proteins can interact with multiple Rho GTPases. [15].
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anti-angiogenic therapy may paradoxically select for more invasive and metastatic 
tumor types [9-10]. Combinatorial strategies that target proteins involved in 
angiogenesis and invasion mechanisms in both tumor and endothelial cells could 
improve therapeutic outcome and provide a useful approach towards enduring and 
effective anti-cancer responses. This review will outline that Rho GTPases are an 
attractive target for such an improved anti-cancer therapy.

2. Rho GTPases in angiogenesis
Following the discovery of Rho GTPases, studies were performed with dominant 
negative (dn) or constitutively active (ca) Rho proteins to gain insight into their cellular 
functions. In addition, bacterial toxins, RNA interference (RNAi) and knockout 
approaches have been used to investigate the effect of Rho GTPase inhibition in 
vitro and in vivo. While some results in knockout mice correlate with dn approaches 
in vitro, others produce conflicting results. A considerable drawback of dn mutants 
is that they non-specifically block the action of guanine exchange factors (GEFs) that 
act on multiple GTPases [16]. In addition, adaptive compensation by upregulation 
of related Rho GTPases or isoforms after loss of a certain Rho GTPase could also 
be a factor that masks phenotypes in knockout mice [17]. Global knockout of Rac1 
or Cdc42 in mice results in embryonic lethality, indicating that these Rho GTPases 
are essential for development. In contrast, global knockout of other Rho proteins 
(including Rac2, Rac3, RhoB, RhoC, RhoG and RhoH) does not result in severe 
developmental defects. Conditional knockout mice models have also been utilized 
to study the effects of organ or cell specific deletion of Rho proteins [6, 17].
A growing body of evidence indicates a critical role for Rho GTPases (and their 
regulatory and effector proteins) in ECs during all processes involved in angiogenesis 
such as vascular permeability, extra cellular matrix (ECM) degradation, cellular 
migration, proliferation and lumen formation [18]. Moreover, several studies have 
shown that these processes are mediated by VEGF-induced activation of Rho 
GTPases through VEGFR-2 (Fig. 2) [5, 19].

2.1 Vascular permeability
Paracellular vascular permeability is controlled by adherens and tight junctions 
between ECs. Rho GTPases are involved in the regulation of actin cytoskeleton 
and microtubule dynamics and thus can interfere with these cellular junctions. In 
the case of angiogenesis, VEGF secreted by tumors activates Rho GTPases in ECs 
and destabilizes endothelial barrier integrity, primarily by disruption of adherens 
junctions [20].
VEGF treatment induced an increase in reactive oxygen species (ROS) production 
and vascular permeability in human pulmonary microvessel ECs (HPMECs). 
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Figure 2. VEGF mediated VEGFR-2 activation of Rho GTPases. VEGF-driven VEGFR-2 
activation induces recruitment of proteins to the phosphorylated tyrosine residues such as 
c-Src [23]. Rho GTPase-dependent cellular processes activated in this way include Vav2-
mediated migration and vascular permeability [24-25] and IQ motif containing GTPase 
activating protein (IQGAP)-1-induced migration, proliferation and vascular permeability 
[26-28]. Other signaling pathways involved in VEGF-mediated cellular processes include 
RhoA dependent activation of focal adhesion kinase (FAK) [29-30] and activation of Cdc42 
in a phospolipase β3 (PLCβ3)- [31] or Nck/Fyn-dependent manner [29-30]. Solid arrows 
display direct interactions and dashed arrows display indirect interactions.
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Knockdown of Rac1 prevented VEGF-induced ROS production, adherens junction 
protein phosphorylation and vascular permeability [21]. 
A recent study has shown that treatment of bovine retinal ECs (BRECs) with VEGF 
increases cell permeability, an effect that could be reduced by simultaneous treatment 
with the Rho-associated coiled-coil-forming kinase (ROCK) inhibitor Y-27632, 
indicating a role for RhoA-mediated signaling [22].

2.2 Degradation of the basement membrane
Basement membrane degradation by matrix metalloproteinases (MMPs) allows ECs 
to migrate and invade into the ECM.
One study describes antagonistic roles for RhoA and Cdc42 in regulating MMP-2 
activation by increasing Cdc42 activity and decreasing RhoA activity [32]. More 
recently, it has been demonstrated that Rho/ROCK signaling was not required 
for VEGF-mediated MMP-1 and MMP-9 expression as treatment of BRECs 
with Y-27632 did not suppress VEGF-stimulated MMP expression [22]. Human 
microvascular ECs (HMECs) expressing a ca form of RhoA displayed greater 
invasive ability when compared to control cells likely caused by the induction of 
MMP-9 expression in the RhoA overexpressing cells. Addition of tissue inhibitor 
of metalloproteinases (TIMP)-1, a natural MMP inhibitor, reduced the invasion of 
RhoA expressing cells [33].

2.3 Migration
During EC migration, activation of Rho GTPases is required to regulate the actin 
cytoskeleton resulting in a forward force at the front of the cell, while simultaneously 
adhesion forces at the rear of the cell are disrupted. Cdc42 controls the formation 
of filopodia, which are important for cell-cell contact and sensing the environment. 
Cdc42 also controls directional migration. Rac1 is responsible for the formation of 
lamellopodial membrane protrusions at the front of the cell, and RhoA regulates the 
formation of stress fibres in the rear of the cell and the cell body. These stress fibres 
mediate cell contractility and thereby allowing forward movement [6, 34]. 
Although the role of RhoA in EC migration has been debated, treatment of HMECs 
with Y-27632 blocked VEGF-mediated migration [35]. Recently, it was reported 
that VEGF-mediated BRECs wound closure could be blocked by the ROCK 
inhibitor Y-27632 [22]. Deletion of Rac1 in primary ECs derived from mice by 
the Cre/Flox approach inhibited VEGF-stimulated cell migration [36]. Knockout 
mice based studies and morpholino approaches in zebrafish identified the Rho GEF 
Syx (PLEKHG5) as essential for angiogenesis [37]. Knockdown of Syx in rat ECs 
reduced basal and VEGF-induced migration and tube formation but no effect of 
Syx inhibition on EC invasion was shown, indicating that Syx does not play a role 
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in EC invasion  [37]. RNA levels of Cdc42GAP, a GTPase activating protein (GAP), 
were reduced in tubule forming HMECs [38]. HMECs transfected to overexpress 
Cdc42GAP had reduced tubule-forming capacity compared to control cells while 
small interfering RNA (siRNA)-mediated knockdown of Cdc42GAP increased tube 
formation [38]. Similar effects were demonstrated in EC migration, indicating that 
the effect on tube formation was predominantly due to reduced cell migration [38]. 

2.4 Proliferation
Local cellular proliferation is required for the formation of vascular branches. Rho 
GTPases are required for the G1/S transition phase in cell cycle progression [39]. 
RNAi mediated inhibition of RhoA and RhoC in HMECs decreased cell proliferation 
by 80% [40]. However, Y-27632 treatment did not interfere with VEGF-stimulated 
BREC proliferation, indicating that Rho signaling is not required [22]. 

2.5 Lumen formation
The final step in the angiogenesis process consists of lumen formation and stabilization 
of the newly formed vessel. Studies performed in zebrafish and in mice suggest 
that ECs can form lumens by two distinct mechanisms termed cell-hollowing and  
cord-hollowing [41]. Cell-hollowing involves intracellular vacuole formation and 
fusion of these vacuoles to form lumens. Kamei et al. showed that lumen formation in 
the intersomitic vessels of zebrafish is mediated by formation and fusion of pinocytic 
intracellular vacuoles which co-localize with Cdc42 [42]. Although, traditionally, 
the cell-hollowing mechanism has been regarded as the method by which ECs form 
lumens, recent evidence derived from studies in zebrafish and mice has shown that 
lumen formation occurs through the cord-hollowing mechanism [43]. Strilic et al. 
demonstrated that VEGF-mediated ROCK activation results in EC shape changes 
that ultimately lead to extracellular lumen formation [43]. 
The role of RhoA/ROCK I/II in angiogenesis signaling is controversial and studies 
investigating the effects of pharmacological inhibition of RhoA/ROCK report 
conflicting results. Kroll et al. have utilized the oxygen-induced retinopathy mouse 
model to demonstrate effects of ROCK I/II inhibition by H-1152P [44]. In this 
assay, inhibition of ROCK increased neovascularisation. Treatment with the VEGF 
receptor antagonist PTK787/ZK222584 (vatalanib) inhibited neovascularisation, 
and a combination of H-1152P and vatalanib did not reverse the effect of vatalanib 
treatment alone, suggesting that ROCK I/II act downstream of VEGF. Interestingly, 
in the presence of H-1152P and VEGF, human umbilical vein ECs (HUVECs) 
failed to induce stress fibres. Stress fibres are involved in cell contractility which is 
required for migration. In the same assay, siRNA-mediated knockdown of ROCK 
I/II enhanced sprouting angiogenesis and could be inhibited by treatment with 
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vatalanib. The results of the experiments taken together suggest that ROCK I/II act 
as negative regulators of VEGF-mediated angiogenesis [44]. 
In another study, Bryan et al. provide results suggesting that blocking Rho inhibits 
VEGF-stimulated angiogenesis [22]. Murine retinal explants showed VEGF-induced 
sprouting in a collagen gel, which could be inhibited by ROCK I/II inhibitor 
Y-27632. BRECs plated between collagen layers formed vessels after VEGF treatment. 
Interestingly, a combination of VEGF and Y-27632 enhanced cord formation when 
compared to VEGF alone, but the formed network appeared morphologically 
distinguishable, indicating immature vessel formation. Furthermore, in a Matrigel™ 
tube formation assay with ROCK I/II siRNA-transfected mouse pancreatic ECs, it 
was shown that ROCK II largely mediates VEGF-driven angiogenesis. This effect 
was confirmed in vivo showing lower vascular density in lungs from heterozygote 
knockout ROCK1 and ROCK2 mice than wild type (wt) mice [22]. 
In contrast to studies claiming an essential role for Rac1 in angiogenesis, D’Amico 
et al. recently showed that Rac1 depletion in the tumor endothelium of adult wt 
mice had no effect on tumor growth, tumor angiogenesis and VEGF-mediated 
angiogenesis [45]. However, in β3-integrin-null mice these processes were dependent 
on Rac1 expression. Furthermore, Rac1 depletion inhibited VEGF-mediated 
tube formation and cell migration in 2D scratch wound healing assays in wt and  
β3-null ECs. Interestingly, knockdown of Rac1 in wt ECs had no effect on  
VEGF-induced cell migration in 3D Boyden chamber assays but did so in  
β3-null ECs. This correlates with normal tumor angiogenesis found in wt mice 
with Rac1 depleted ECs [45]. The αvβ3 integrin, a receptor for both fibronectin 
and vitronectin expressed on vascular ECs is involved in angiogenesis; and  
αvβ3-induced activation of Rac1 has been suggested by previous studies [19]. 
D’Amico et al. suggest that increased levels of active Rac1 might compensate for 
β3-integrin loss because β3-integrin expression rescue in β3-null ECs resulted in 
active Rac1 levels comparable to wt ECs. The authors conclude that Rac1 might be 
an attractive target for anti-angiogenesis therapy in tumors that display low levels of 
β3-integrin in the vasculature, or in combination with anti-β3-integrin therapy [45]. 
In contrast to the results obtained by D’Amico et al. with a Tie1-driven endothelium 
specific knockout of  Rac1 [45], conditional knockout of Rac1 in a Tie2-driven 
model results in embryonic lethality due to severe defects in the development of 
major blood vessels [36]. There are several possible explanations for the variation 
in outcome between the different models. Deletion of Rac1 in the Tie2/Cre-driven 
model is from early embryogenesis, while the Tie1-driven model used by D’Amico 
and colleagues induced Rac1 deletion mostly in adult tumor or endothelial cells 
[45]. Moreover, Cre activity in the Tie2 model also induces Rac1 depletion in 
hematopoietic cells while it is likely that the lentiviral Tie1/Cre-lox regulated model 
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does not affect these cells [36, 45].

3. Rho GTPases in tumor invasion
In addition to the requirement for Rho GTPase signaling in ECs mediating 
angiogenesis, numerous studies have highlighted Rho GTPase involvement in 
tumorigenesis in vitro, more recently, in knock-out mouse models in vivo and most 
importantly in patients [46]. Interestingly, in contrast to RAS proteins, no mutations 
of Rho GTPases causing ca forms of the protein in tumor cells have been reported. 
However, overexpression and reduced expression have been frequently documented. 
Furthermore, mutations in Rho GTPase regulatory proteins that might eliminate or 
hyperactivate Rho GTPase signaling have also been reported [46].
Of particular interest is Rho GTPase control of tumor cell movement, as migration 
properties of tumor cells form the basis of tumor cell invasion into the surrounding 
tissue and subsequent metastasis. Tumor cell migration occurs in two different ways: 
amoeboid and mesenchymal movements. Amoeboid migration is characterized by 
rounded cell morphology, the active formation of blebbing protrusions and high 
cortical tension. In mesenchymal migration cells have an elongated morphology 
and move through cellular protrusions that attach and drive the cell forward which 
requires local extracellular proteolysis of the ECM. There seems little difference in 
the rate of invasion of both these types, as the amoeboid type of migration allows 
cells to squeeze through the matrix [47].
Sanz-Moreno et al. have shown that Rho proteins are not only required for tumor cell 
migration but even control if tumor cells migrate in an amoeboid or mesenchymal 
manner. A systematic siRNA screen of all known human GEFs and GAPs in 
melanoma cells was performed to identify Rho GTPase regulators of the mode of 
tumor cell invasion. A mechanism was proposed in which mesenchymal migration 
is dependent on Rac, whereas amoeboid movement is RhoA-dependent. The GEF 
dedicator of cytokinesis (DOCK)-3 acts together with the adaptor protein neural 
precursor cell expressed, developmentally down-regulated 9 (NEDD9) to activate 
Rac. Rac induces mesenchymal migration through Wiskott-Aldrich syndrome 
protein (WAVE)-2, which simultaneously suppresses amoeboid movement through 
negative regulation of myosin light chain (MLC)-2 phosphorylation and subsequent 
inhibition of actomyosin contractility. RhoA/ROCK signaling promotes amoeboid 
migration and simultaneously activates the Rac GAP ARHGAP22 leading to 
suppression of mesenchymal tumor cell movement [48]. Furthermore, the same 
group has demonstrated that Cdc42 is activated by DOCK10 resulting in amoeboid 
movement. Assays performed with cells expressing a dn form or knocked down 
Cdc42 revealed that Cdc42 is also required for mesenchymal migration, indicating 
that there are specific Cdc42 activating pathways involved in both types of tumor 



The VEGF/Rho signaling pathway: A promising target for anti-angiogenic/anti-invasion therapy

119

cell motility [49].
The involvement of Rho proteins in mechanisms regulating invasive and metastasizing 
cancer types has been extensively documented. For example, studies performed 
with RhoC knockout mice and mice that develop mammary carcinomas and lung 
metastases demonstrated that loss of RhoC decreased the metastatic potential of 
tumor cells in vivo and reduced migration and invasion of these cells in vitro [50].  
The role of Rac1 in tumor invasion has been shown in two types of brain tumors: 
glioma and medulloblastoma. Rac1 transfected cells demonstrated reduced tumor 
cell migration and invasion [16]. A similar approach was utilized to study the 
invasive behavior of medulloblastoma cells [51]. Importantly, immunohistochemical 
(IHC) analysis demonstrated overexpression of Rac1 in both glioblastoma and 
medulloblastoma tissue versus non-neoplastic brain, and marked plasma membrane 
staining of Rac1 indicated hyperactivation of this GTPase in these tumors [51-52]. 
Besides Rho GTPases, GEFs and GAPs have also been shown to be deregulated 
in tumor invasion and metastasis. Melanoma cells stably transfected to express a 
constitutively active GTPase-deficient mutant of the G-protein Gα13 displayed 
reduced chemokine-induced invasion compared to cells expressing the wt protein. 
Additionally, cells expressing mutant Gα13 displayed higher p190RhoGAP 
chemokine-mediated phosphorylation when compared with wt-expressing cells. 
Knockdown of p190RhoGAP reversed the reduced invasion of the mutant-expressing 
cells and recovered RhoA activation, indicating that p190RhoGAP activation reduces 
RhoA mediated invasion of melanoma cells [53]. The GEFs Ect2, triple functional 
domain protein (Trio) or Vav3 are overexpressed in glioblastoma when compared to 
low-grade glioma or normal brain tissue. Silencing of the GEFs in SNB19 and U-87 
glioma cell lines inhibited migration in vitro and invasion in an ex vivo rat brain 
slice model [52]. The involvement of Rho proteins in tumor invasion and metastasis 
is confirmed by frequently reported correlation between Rho protein expression 
and clinical outcome [46].  For example, levels of RhoC expression are elevated 
in head and neck squamous cell carcinoma cell lines, and IHC analysis on a tissue 
microarray demonstrated the correlation of RhoC expression in vivo with advanced 
clinical stage and lymph node metastasis [46, 54]. Analysis of matched tumor,  
non-tumor and metastatic lymph node tissue from patients with urothelial carcinoma 
of the upper urinary tract revealed that levels of active GTP-bound Rac1 and  
p21-activated kinase (PAK)-1 protein expression were increased in tumor tissue and 
metastatic tissue when compared with non-tumor tissue. Furthermore, high levels 
of Rac1 activity and PAK1 expression correlated to muscle invasion, lymphovascular 
invasion and lymph node metastasis [55-56].
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4. Targeting Rho GTPases
Currently, several strategies targeting Rho GTPases are explored including specific 
Rho protein inhibitors, RNAi and lipid modification inhibitors (Fig. 3). 

4.1 Small molecule inhibitors
The emerging role of Rho GTPases, regulatory and effector proteins in angiogenesis 
has led to an increasing interest in the development of specific small molecule 
inhibitors. The large number of cellular functions that are known to be controlled 
by RhoA, Rac1 and Cdc42 strongly suggests that systemic inhibition of these 
GTPases would lead to significant toxicity, implying that targeting GEFs and/or 
GTPase effectors may be better therapeutic opportunities at present [57]. Indeed, 
most therapeutic molecules are kinase inhibitors which compete with ATP and 
block kinase activity of Rho GTPase effector proteins such as ROCK and PAK. 

Figure 3. Strategies to interfere with the Rho signaling pathway. Several strategies are 
exploited to target proteins of the Rho signaling network. A. Specific inhibition of Rho GEFs 
blocks activation of Rho GTPases. B. Rho GTPase activation can be inhibited by prevention 
of GEF or GTP binding. C. Activation of downstream Rho effector proteins such as serine/
threonine kinases activation is prevented with ATP competitive or non-ATP competitive 
kinase inhibitors. D. RNAi is a highly specific strategy utilized to prevent Rho protein 
translation. E. Inhibition of post-translational modifications is a broadly acting strategy to 
interfere with the Rho signaling network.
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Other inhibitors are aimed at blocking Rho GTPase activation by preventing 
binding of GTP or GEFs. Specific inhibitors are required to further dissect Rho 
GTPase pathways in preclinical settings and can be useful clinically to improve  
anti-angiogenic and anti-tumor therapy. Established and novel small-molecule 
inhibitors targeting Rho GTPase signaling pathways in angiogenesis are highlighted 
(Table 1).
The most commonly used pharmacological inhibitors to interfere with angiogenesis 
by targeting Rho signaling are the ROCK inhibitors Y-27632, Y-32885 (Wf-536), 
HA1077 (Fasudil) and H-1152P. 
Fasudil has been approved in Japan since 1995 for the treatment of cerebral 
vasospasm and is currently under clinical investigation for beneficial effects 
in cardiovascular patients [58]. A growing number of studies now describe its 
effects on tumor growth and angiogenesis. Fasudil has been shown to inhibit  
VEGF-stimulated HUVEC migration, viability and tube formation. Furthermore, 
fasudil reduced VEGF-mediated vessel formation in a directed in vivo angiogenesis 
assay [59]. Treatment of breast cancer and fibrosarcoma cells with 50 μmol/L fasudil 
and its metabolite fasudil-OH inhibited cell migration with 26% and 50% respectively. 
Fasudil and fasudil-OH inhibited anchorage-dependent growth of breast cancer cells. 
Additionally, fasudil treatment significantly reduced the amount of tumors in a rat 
peritoneal tumor model and a murine experimental lung metastasis xenograft model 
when compared with control treatment groups. Interestingly, in an orthotopic 
xenograft mouse model fasudil treatment did not reduce tumor size. However, the 
number of tumor-bearing animals in the treatment group was considerably lower 
when compared with the control group [60].

In a recent study (as mentioned above) by Bryan et al. [22], inhibitory effects of 
Y-27632 on in vitro and ex vivo angiogenesis have been demonstrated [22]. The 
effects of Wf-536 on angiogenesis in vitro and tumor growth in vivo in combination 
with the MMP inhibitor Marimastat have also been investigated. Wf-536 inhibited 
sphingosine-1-phosphate (S1P)-induced HUVEC vacuole formation, one of 
the earliest events in angiogenesis. Wf-536 interrupted S1P-mediated HUVEC 
tube formation in Matrigel™ assays and the inhibiting effect could be increased 
by combination treatment. Similar effects of combination treatments on sprout 
formation were obtained in rabbit thoracic aortic explants embedded in collagen 
gels supplemented with VEGF and hepatocyte growth factor (HGF). In addition, 
Wf-536, the MMP inhibitor marimastat or combination treatment of both agents 
inhibited S1P- and EGF-mediated HUVEC migration. Finally, combination 
treatment inhibited tumor growth when compared to control treatment in mice 
bearing human prostate cancer xenografts. Moreover, the combination treatment 
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plus paclitaxel (Taxol®) was significantly more effective than paclitaxel alone in 
the same tumor model [61]. H-1152P, a dimethylated analogue of fasudil, is the 
most potent ROCK inhibitor available. H1152P inhibits ROCK activity in an  
ATP-competitive manner with a Ki value of 1.6 nM. By comparison, fasudil and 
Y-27632 have Ki values of 0.33 μM and 0.14 μM, respectively [62]. Interestingly, 
H1152P treatment enhanced VEGF-induced in-gel sprouting angiogenesis and 
increased preretinal vessel formation in the oxygen-induced retinopathy (OIR) 
model in a study by Kroll et al. discussed earlier [44].
The selective small-molecule Rac1 inhibitor NSC23766 fits in a surface groove 
essential for GEF binding and has been shown to prevent activation by GEFs Trio 
and T-cell lymphoma invasion and metastasis (Tiam) [63]. Treatment of prostate 
cancer cells with NSC23766 in a dose dependent manner inhibited cell proliferation 
and anchorage-independent cell growth. Furthermore, the invasion of tumor cells 
treated with 25 μM NSC23766 was inhibited by 85% [63]. Inhibition of Rac1 
by NSC23766 (again in a dose dependent manner) reduced both basal HUVEC 
proliferation as well as proliferation induced by VEGF, HGF or a combination of 
the two [64]. 
Development of several novel Rho protein inhibitors have been reported which 
might be useful in targeting Rho proteins in tumor invasion and angiogenesis.
Evelyn et al. have shown the small-molecule inhibitor CCG-1423 to have anti-
proliferative effects on various cancer cells and anti-invasion effects in prostate cancer 
cells [65].
PAK4, a downstream effector protein of Rac1 and Cdc42, is involved in EC 
lumen formation, and knockdown of PAK4 inhibited tube formation and invasion 
of HUVECs in 3D collagen gel matrices [66]. More recently, a small molecule 
inhibitor of PAK4 was identified by structure-based design and high throughput 
screening. PF3758309 showed inhibiting effects on a broad selection of tumor cell 
lines in anchorage-independent and -dependent proliferation assays. Furthermore, 
PE3758309 inhibited tumor growth in a panel of human xenograft tumor models 
[67].
The novel Rac inhibitor EHT1864 interferes with the guanine nucleotide exchange 
process. In assays performed in mouse fibroblasts, EHT1864 inhibited Rac 
downstream signaling and cell growth transformation [68]. 
The PAK1 inhibitor IPA-3 was identified in a high throughput screen which utilized 
ATP hydrolysis as an indication of PAK1 activation. PAK1 is autoinhibited by 
formation of inactive homodimers where an autoregulatory region of one monomer 
binds the catalytic domain of its partner. Upon activation of PAK1 by Rac or 
Cdc42, monomer dissociation and displacement of the autoinhibitory domain 
occurs, followed by autophosphorylation to stabilize the active monomer. IPA-3 
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targets this autoregulatory mechanism, and possibly altering the conformation of 
PAK1, making it catalytically inactive [69]. A similar mechanism of action has been 
demonstrated for the neural-WASP (N-WASP) inhibitor wiskostatin. N-WASP is 
can be activated by Cdc42 in the same way as PAK1. Wiskostatin interacts with the 
regulatory GTPase-binding domain of N-WASP, thereby promoting this domain 
to fold into the autoinhibitory confirmation and blocking N-WASP to function 
normally [70]. Targeting autoregulatory domains of kinases may provide more 
specific inhibition than ATP-competitive approaches, reducing the risk of off-target 
effects and toxicity [71].Utilizing a high throughput bead-based flow cytometric 
fluorescent GTP-binding assay for screening compounds that target GTP binding 
to Rho GTPases, MLS000532223 was identified. MLS000532223 is a general 
inhibitor of Rho GTPases that prevents binding of GTP in a dose dependent manner. 
It was shown that MLS000532223 inhibited EGF-stimulated Rac1 activation and 
EGF stimulated-stress fibre formation in mouse embryonic fibroblasts. In addition, 
MLS00053223 inhibited IgE-induced cell morphology changes in rat mast cells 
[72].

Class Target Mode of action Ref.
Rho GEF inhibitor
ITX3 Trio Inhibition of N-terminal GEF 

domain activity
[59]

Rho GTPase inhibitor
NSC23766 Rac Competitive inhibitor of GEF 

activation
[50]

EHT 1864 Rac Blocking Rac downstream 
signaling by guanine nucleotide 
displacement

[54]

MLS000532223 Rho 
GTPases

Prevention of GTP binding [58]

Rho effector inhibitor
Y-27632 ROCK Kinase inhibitor [17,48]
Y-32885 (Wf-536) ROCK Kinase inhibitor [47]
Fasudil (HA-
1077)

ROCK Kinase inhibitor [45,48]

H-1152P ROCK Kinase inhibitor [30,48]
PF-3758309 PAK4 Kinase inhibitor [53]
IPA-3 PAK1 Non-ATP competitive inhibitor [55]
Wiskostatin N-WASP Non-ATP competitive inhibitor [58]

Table 1. Small-molecule inhibitors targeting Rho GTPase signaling.
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In a yeast based system, the chemical ITX3 was identified which inhibits the activity 
of the N-terminal GEF domain of Trio, which acts on Rac1 and RhoG. ITX3 blocked 
Trio N-terminal domain (TrioN)-mediated cell structures in a dose dependent 
manner in rat fibroblasts, nerve growth factor (NGF)-induced nerve outgrowth in 
rat phaeochromocytoma cells and myotube formation in mouse myoblasts [73].

4.2 RNAi
RNAi is now used extensively in vitro as an efficient tool to inhibit Rho proteins 
specifically. One study has shown that siRNA mediated knockdown of the Vav2 
GEF in ECs prevents VEGF-induced Rac1 activation and subsequent cell migration 
[24]. 
Pille et al. [40] have reported on the anti-angiogenic effects of RhoA siRNA 
treatments in vitro and in vivo. Human ECs were transiently transfected with siRNA 
against RhoA or RhoC utilizing the commercially available cationic lipid carrier 
Cytofectin™. Transfected ECs showed decreased proliferation and bFGF-stimulated 
tube formation was perturbed when compared with control cells. Intratumoral 
injection of siRNA in Cytofectin™ in mice bearing breast tumor xenografts resulted 
in inhibition of tumor growth and angiogenesis indices based on IHC staining with 
platelet-endothelial cell adhesion molecule (PECAM)-1 that was lower in tumors 
derived from mice treated with RhoA siRNA [40]. In a follow-up study, RhoA 
siRNA was encapsulated in chitosan-coated polyisohexylcyanoacrylate particles 
and injected intravenously in the same mouse model. Tumor growth was inhibited 
with this treatment and IHC staining revealed fewer ECs present in treated (versus 
untreated) tumors [74]. 

4.3 Post-translational modification inhibitors
Rho GTPases contain a CAAX motif at their C-terminus (C = cysteine,  
A = any aliphatic amino acid, X = any amino acid). The CAAX sequence undergoes  
post-translational prenylation (farnesylation or geranylgeranylation) targeting 
the proteins to the endoplasmatic reticulum (ER). At the ER, the AAX section is 
removed by RAS converting enzyme (RCE)-1 and the carboxyl group of the cysteine 
is methylated by isoprenylcysteine carboxymethyltransferase (ICMT). Rho guanine 
nucleotide dissociation factors (GDIs) bind to the prenylation moiety and guide Rho 
GTPases to membranes. Prenylation of Rho GTPases can be targeted by mevalonate 
pathway inhibitors such as statins or bisphosphonates; prenylation inhibitors such 
as farnesyltransferase inhibitors; or post-prenylation inhibitors including RCE1 and 
ICMT inhibitors [75].
Statins are widely used in the clinic as cholesterol-reducing agents and 
considered safe. Many studies demonstrate anti-angiogenic effects of statins, for 
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example simvastatin. In mouse corneal pocket assays fibroblast growth factor  
(FGF)-2-induced vascularization could be suppressed by simvastatin. In chick 
chorioallantoic membrane (CAM) assays, VEGF-mediated angiogenesis was 
inhibited by simvasatin in a dose dependent manner, which was also seen in an  
FGF-2/VEGF-stimulated tube formation of human dermal microvascular ECs 
(HDMECs) on a 3D collagen matrix. This effect could be reversed by transfecting 
the cells with a dominant-activating mutant of RhoA, suggesting that the  
anti-angiogenic effects of simvastatin are mediated by an effect on RhoA. Finally, 
simvastatin treatment of HDMECs decreased RhoA membrane localization. 
Geranylgeranyl pyrophosphate reversed the effects of simvastatin on tube formation 
and RhoA membrane localization, indicating that the effect is mediated via 
geranylgeranylation of RhoA [76]. However, several studies have shown conflicting 
pro-angiogenic effects of statin treatment [77]. The most likely hypothesis describes 
a biphasic effect of statins on angiogenesis where pro-angiogenic effects are observed 
at low concentrations, and anti-angiogenic effects at high concentrations. As well 
as dosage, other factors such as cancer type or statin type could be of influence. 
The biphasic mechanism has been shown by Katsumoto et al. in FGF-2 induced 
neovascularization in CAM assays [78].  
Migration and invasive properties of several melanoma cell lines could be dose 
dependently inhibited by treatment with the statins lovastatin, mevastatin and 
simvastatin [79]. Bisphosphonates interfere with prenylation of Rho GTPases 
by inhibiting enzymes in the mevalonate pathway which are required for the 
production of farnesyl pyrophosphate and geranylgeranyl pyrophosphate 
[75]. Treatment of HUVECs with alendronate inhibited VEGF-mediated EC 
migration, tube formation and suppressed Rho activation. These effects could be 
restored by simultaneous treatment with geranylgeraniol, which is metabolized to 
geranylgeranyl pyrophosphate, indicating that the effects are caused by inhibition 
of Rho geranylgeranylation. Finally, alendronate treatment of mice bearing ovarian 
carcinoma xenografts inhibited intra-tumor angiogenesis with 75% when compared 
to non-treated mice [80]. Treatment of ECs derived from multiple myeloma patients 
(MMECs) with the bisphosphonate zoledronic acid inhibited cell proliferation, 
VEGF-mediated cell migration and tube formation. Furthermore, zoledronic acid 
inhibited in vivo angiogenesis in CAM assays when compared to sponges loaded 
with MMEC conditioned medium [81].
Despite strong anti-angiogenic effects of post-translational modification inhibitors 
in vitro, results from clinical trials of these drugs as monotherapy only displayed 
modest effects, possibly due to the lack of specificity and requirement of high doses 
leading to toxicities. However, combinations with conventional anti-cancer therapies 
might improve therapeutic outcome [75]. Moreover, the vast clinical experience 
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with statins is beneficial for designing clinical trials and treatments that target Rho 
GTPases to interfere with tumor growth and angiogenesis [82].

5. Discussion
Rho proteins are rational targets to interfere with both EC angiogenesis and  
invasion/metastasis of tumor cells. Indeed, it was suggested that tumor growth 
inhibition in studies performed with RhoA siRNA or Vav2/3 deficient mice might 
be due to combined effects on angiogenesis and tumor cells [74, 83]. Besides the 
direct effect in ECs, targeting Rho proteins might indirectly contribute to the overall 
anti-angiogenic effect by inhibiting the production and subsequent secretion of  
pro-angiogenic factors produced by tumor cells, such as VEGF, that are 
produced by tumor cells [84]. At present, strategies exploring combinations of 
conventional anti-cancer therapies and targeting of Rho proteins are of particular 
interest. For example, potential beneficial effects of NSC23766 treatment of  
trastuzumab-resistant cancer cells [85]. Although conflicting outcomes have been 
reported previously, recent clinical trial data have suggested beneficial effects of 
statin or bisphosphonate treatment combined with conventional anti-cancer therapy  
[86-87]. There is still much to unravel about the mechanisms that are involved in the 
activation, regulation and downstream signaling of Rho GTPases. For this purpose, 
it is important to develop specific inhibitors of proteins involved in this pathway. 
It is now evident that Rho proteins are essential for both tumor angiogenesis and 
invasion; and targeting of this signaling network is a promising strategy to improve 
current anti-tumor therapy. An interesting challenge remains in determining which 
(combinations of ) Rho proteins are the most promising druggable targets and how 
significant the beneficial effects of targeting this signaling network in combination 
with conventional anti-cancer therapies, will be. 
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Abstract
Angiogenesis, the sprouting of new blood vessels from the pre-existing 
vasculature, is a well established approach in anti-cancer therapy. It is thought 
that the Rho GTPase Rac1 is required during vascular endothelial growth factor  
(VEGF)-mediated angiogenesis. In the present study, we have used a clinically relevant 
RNA interference approach to silence Rac1 expression. HUVECs were transiently 
transfected with non-specific control siRNA (siNS) or Rac1 siRNA (siRac1) 
using electroporation or Lipofectamine 2000. Functional assays with transfected 
endothelial cells were performed to determine the effect of Rac1 knockdown on 
angiogenesis in vitro. Silencing of Rac1 inhibited VEGF-mediated tube formation, 
cell migration, invasion and proliferation. In addition, treatment with Rac1 siRNA 
inhibited angiogenesis in an in vivo Matrigel plug assay. Intratumoral injections of 
siRac1 almost completely inhibited the growth of grafted Neuro2A tumors and 
reduced tumor angiogenesis. Together, these data indicate that Rac1 is an important 
regulator of VEGF-mediated angiogenesis. Knockdown of Rac1 may represent an 
attractive approach to inhibit tumor angiogenesis and growth.
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1. Introduction
During angiogenesis, new blood vessels sprout from the pre-existing vasculature. 
Physiological angiogenesis is important in embryonic development and postnatally, 
this process plays a role in wound healing and repair, during the female reproductive 
cycle and placentation during pregnancy. Aberrant angiogenesis can lead to vascular 
overgrowth which occurs in age related macular degeneration, psoriasis, rheumatoid 
arthritis and cancer [1]. Angiogenesis is necessary for tumors to grow beyond  
1-2 mm3 in size and is controlled by a balance in pro- and anti-angiogenic factors. 
However, a tumor can acquire an angiogenic phenotype, also referred to as the 
angiogenic switch, when this balance is shifted in favor of pro-angiogenic factors [2]. 
In response to these factors, endothelial cells are activated, resulting in invasion of 
the extracellular matrix, migration to the site of recruitment, proliferation and vessel 
formation and stabilization [3]. Arguably, the most critical pro-angiogenic factor is 
vascular endothelial growth factor (VEGF-A). VEGF stimulates endothelial cells 
following binding to integral membrane tyrosine receptor kinases VEGFR-1 and 
VEGFR-2, which results in activation of multiple intracellular effectors, including 
the Rho family of small GTPases.
Rho GTPases are small molecule members of the Ras superfamily of small GTPases 
which function as molecular switches in the cell. These proteins broadly play a role 
in an array of cellular processes such as cell polarity, transcription factor activity, 
membrane transport, cytoskeleton regulation and vesicle trafficking [4]. Rho 
GTPases cycle between a guanine diphosphate (GDP) bound, inactive state, and a 
guanine triphosphate (GTP) bound active state. In the active state, Rho GTPases can 
bind effector proteins and transduce downstream signals from various receptors. It is 
likely that Rho GTPases play an important role in critical aspects of the angiogenesis 
process, and therefore represent an attractive target for cancer therapy [5-6]. The 
most studied Rho GTPases include Rac1, Cdc42 and RhoA, of which Rac1 appears 
to be the major GTPase responsible for VEGF mediated angiogenesis [7]. Rac1 is 
ubiquitously expressed. It is required at the leading edge of the cell to regulate actin 
polymerization and to induce membrane ruffling and formation of lamellopodia  
[4, 8]. Rac1 also plays a key role in EC lumen and tubule formation [9-10]. 
Furthermore, endothelial specific excision of Rac1 leads to defective development of 
vessels and embryonic lethality, supporting an essential role in vascular development 
[11]. The involvement of Rac1 in tumorigenesis is indicated by several reports 
demonstrating overexpression or increased activation of Rac1 or its effectors in a 
variety of cancers [12-14].
In the current study, we have employed RNA interference to selectively silence Rac1 
expression. RNA interference is a novel approach in which delivery of small interfering 
RNAs (siRNAs) into the cytoplasm of target cells induces sequence-specific gene 
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silencing [15] and offers great potential as a therapeutic strategy. We have explored 
the effects of Rac1 knockdown on VEGF induced angiogenesis and tumor growth 
in vitro and in vivo. Our data implicate Rac1 in the tumor angiogenesis process and 
as such, Rac1 may represent a potential target for anti-cancer therapy.

2. Material and methods

2.1 Cell culture
Human umbilical vein endothelial cells (HUVECs) (Lonza, Verviers, Belgium) 
were grown in endothelial cell growth medium-2 (EGM-2) (Lonza), consisting 
of endothelial basal medium-2 (EBM-2) supplemented with a SingleQuots kit 
(containing growth factors, 2% FBS and antibiotics). Cells were used between 
passages 3–7. Neuro2A (murine neuroblastoma) cells (ATCC CCL-131) were 
cultured in RPMI 1640 medium supplemented with 10% FCS and antibiotics (100 
U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin B). 

2.2 siRNAs
siRNAs were purchased from Eurogentec (Maastricht, The Netherlands). Sequence 
of Rac1 siRNA against the human sequence was 5’-AAG-GAG-AUU-GGU-GCU-
GUA-AAA-3’ and 5’-UUU-UAC-AGC-ACC-AAU-CUC-CUU-3’ and sequence of 
Rac1 siRNA against the murine sequence was 5’-GAC-GUG-UUC-UUA-AUU-
UGC-UTT-3’ and 5’-AGC-AAA-UUA-AGA-ACA-CGU-CTT-3’. As control 
sequences, a negative control siRNA (Eurogentec) (siNS) was used.

2.3 Transfection
1.0 x 105 HUVECs were resuspended in 500 μL EGM-2 containing 700 pmol 
of siRNA and transferred into 4 mm gap electroporation cuvettes from Harvard 
Apparatus (Holliston, MA). Cells were electroporated for 70 ms at 180 V, using 
an ECM 830 Electroporation system (Harvard Apparatus). After electroporation, 
cells were seeded in a 6-well plate and EGM-2 was added to a total volume of 2 mL 
per well. After 4 h, cells were washed 3 times with phosphate buffered saline (PBS) 
and fresh medium was added. Alternatively, 8.0 x 104 cells were seeded in 6-well 
plates and incubated for 24 h. Medium was replaced with serum-free medium and 
cells were transfected with 100 pmol siRNA per well using Lipofectamine 2000 
(Invitrogen, UK). After 4 h, medium was replaced with EGM-2.

2.4 Western Blot analysis
Forty-eight hours following transfection, cells were lysed in radioimmunoprecipitation 
assay (RIPA) buffer containing protease inhibitors and EDTA for 30 min on ice. 
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Following removal of debris by centrifugation, lysates were subjected to SDS-
PAGE and transferred onto membranes. Membranes were blocked in 5% milk in  
Tris-buffered saline containing 0.1% Tween-20 and incubated with primary 
monoclonal antibody against Rac1 (1:2000) (Clone 23A-8, Millipore, Lake Placid, 
N.Y.) followed by peroxidase-conjugated secondary antibody. Bands were visualized 
using SuperSignal West Femto Chemiluminescent Substrate (Pierce, Rockford, IL).

2.5 Tubule formation assay
Nintety-six-well plates were coated with 50 μL Matrigel™ (BD Biosciences, San Jose, 
CA). 48 h after transfection, HUVECs were seeded at 1.0 x 104 cells per well in  
Opti-Mem (Invitrogen), supplemented with 10 ng/mL recombinant human VEGF165 
(R&D Systems, Minneapolis, MN) and 0.1% gentamycin, or EGM-2. Cells were 
incubated for 4-5 h, after which wells were photographed at 40x magnification with 
a Nikon TE2000 microscope. Tubule formation was quantified by counting the 
number of branching points and measuring the total length of capillary tubes in at 
least three images using NIH ImageJ software. 

2.6 Scratch wound assay
Forty-eight hours after transfection, HUVECs were seeded at 1.0 x 105 cells per well 
in 24-well plates in EGM-2 and allowed to grow to 100% confluency for 24 h. Cells 
were washed with PBS and serum-starved for 1 h with Opti-Mem supplemented 
with 0.1% gentamycin. A scratch was induced with a pipette tip, cells were washed 
3 times with PBS and fresh Opti-Mem supplemented with 0.1% gentamycin and  
10 ng/mL recombinant human VEGF165 was added. Migration was checked after  
24 h. Scratch wound size was analyzed using NIH ImageJ software.

2.7 Invasion assay
Forty-eight hours after transfection, 0.5 x 105 HUVECs in 0.5 mL Opti-Mem 
supplemented with 0.1% gentamycin were added to BD Biocoat Matrigel Invasion 
Chambers, pore-size 8 μm (BD Biosciences). Inserts were placed in 24 well 
plates containing 0.75 mL Opti-Mem supplemented with 0.1% gentamycin and  
20 ng/mL recombinant human VEGF165 as a chemoattractant and allowed to 
invade for 24 h. After 24 h, inserts were removed from well plates and medium was 
removed from the inserts which were then washed with PBS. Inserts were placed in 
10% formalin for 10 minutes and left to dry. H&E staining was performed on cells 
on the bottom side of the inserts. Membranes were fixed on a glass microscope slide, 
scanned and cells present on the filter were counted.
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2.8 Proliferation assays
Cell proliferation was measured using the sulforhodamine B (SRB) colorimetric 
assay [16]. 24 h after transfection, 4.0 x 103 cells per well were seeded in 96-well 
plates. At indicated time points, cells were fixed in 4% trichloroacetic acid for at 
least 1 h at 4 °C, washed and stained with 0.4% SRB in 1% acetic acid for 30 min 
followed by air drying. Finally, bound dye was solubilized in 200 μL 10 mM Tris for 
15 minutes. OD values were read at 490 nm.

2.9 Matrigel plug assay
All animal experiments were performed according to Dutch national regulations 
and approved by the local animal experiments ethical committee. Six to  
eight-week old male A/J mice (Harlan) were injected subcutaneously with 400 
μL High Concentration Matrigel (BD Biosciences) supplemented with either 
VEGF165 (0.3 μg/mL) or Neuro2A cells (2 x 106 cells/mL). On day 1 and 4 after 
injection, mice were treated locally with 10 μg siRNA, followed by electroporation  
(200V/cm, 2x2 pulses at perpendicular angles, 100 mS) under anesthesia. On 
day 7, mice were sacrificed and plugs were removed. Plugs were photographed, 
homogenized in RIPA buffer on ice followed by removal of debris by centrifugation. 
Hemoglobin content was determined using the QuantiChrom™ Hemoglobin Assay 
Kit (BioAssay Systems, Hayward, CA) according to the manufacturer’s instructions.

2.10 In vivo tumor model
Six to eight-week old male A/J mice (Harlan, The Netherlands) were subcutaneously 
injected with 100 μL Neuro2A cells (1 x 107 cells/mL). Tumor sizes were measured 
using digital calipers and calculated using the formula: Size = length x width2 x 0.52. 
Mice with established tumors (approximately 100 mm3) were treated intratumorally 
on day 0, 2, 4 and 6 with 10 μg of negative control or Rac1 siRNA followed by 
electroporation. On day 7, mice were sacrificed and tumors were excised. For 
determination of Rac1, CD31 or VEGFR-2 levels, tumors were homogenized in 
RIPA buffer on ice, allowed to stand for 30 min followed by removal of debris by 
centrifugation. Protein levels were determined by Western Blot analysis as described, 
using a polyclonal antibody against CD31 (1:500) (Clone M-20, Santa Cruz 
Biotechnology, Santa Cruz, CA) or a monoclonal antibody against VEGFR-2 (1:1000) 
(Clone 55B11, Cell Signaling Technology, Denvers, MA). For immunohistochemical 
staining, frozen sections were fixed in acetone, rehydrated and blocked in 5% 
normal goat serum. For detection of CD31, sections were incubated with primary 
polyclonal antibody against CD31 (1:500) followed by biotinylated secondary 
antibody and HRP-conjugated streptavidin complex. Sections were stained with  
3-amino-9-ethylcarbazole (AEC). Microvessel density (MVD) was quantified by 
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counting the positively stained luminal structures in three representative images 
per animal. For Ki-67 detection, sections were incubated with primary polyclonal 
antibody against Ki-67 (1:300) (Ab66155, Abcam, Inc, Cambridge, MA) followed 
by poly-HRP goat anti-rabbit IgG (BrightVision, Immunologic, Duiven, The 
Netherlands). Sections were stained with 3,3’-diaminobenzidine (DAB). The 
number of Ki-67-positive cells was counted in two representative images per animal. 
In all staining procedures, endogenous peroxidase activity was blocked using  
0.3% H2O2/PBS and sections were counterstained using hematoxylin. 

2.11 Statistical analysis
To assess statistical significances, Student’s t-tests were performed. For multiple 
comparisons, ANOVA with Bonferroni post-tests was used. 

3. Results

3.1 Electroporation-mediated transfection of siRac1 silences Rac1 
protein in HUVECs
HUVECs were transiently transfected using electroporation. To optimize the 
electrical parameters, cells were transferred into electroporation cuvettes and 
electroporated for 70 ms at a voltage of 160 and 180 V, using siRNA (450 and 
700 pmol). After 2 days, silencing was determined using Western Blot analysis. 
Electroporation at a voltage of 180 V using 700 pmol siRNA resulted in effective 
knockdown of Rac1 protein. This effect was specific for siRac1, as electroporation at 
the same settings and siRNA dose using siNS did not induce silencing (Fig. 1). For 
further experiments, cells were treated using these optimized settings. Alternatively, 
where indicated, cells were transfected using Lipofectamine 2000, which also led to 
effective silencing of Rac1 protein (Supp. Fig. 1).

siNS siRac1

Rac1

β-actin

NT
450 pmol 450 pmol700 pmol 700 pmol

160 V 160 V 160 V 160 V180 V 180 V 180 V 180 V

Figure 1. Knockdown of Rac1 in HUVECs. HUVECs were transiently transfected with 
siNS or siRac1 by electroporation. HUVECs were transfected with 450 or 700 pmol of 
siRNA per 1 * 105 cells using a single pulse of 160 or 180 V. Silencing of the Rac1 protein 
was determined by Western blotting.
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Rac1 silencing inhibits VEGF-induced tubule formation of HUVECs
To examine the effect of Rac1 silencing on HUVEC tubule formation, transfected 
cells were seeded on Matrigel in serum-free medium containing VEGF. HUVECs 
transfected with control siRNA comprehensively formed tubular structures. In 
contrast, cells transfected with Rac1 siRNA formed considerably less tubular 
structures (Fig. 2A). Quantification of tubule formation by counting the total tube 
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Figure 2. Rac1 silencing by siRNA reduces VEGF-induced tube formation of HUVECs 
on Matrigel. HUVECs transfected with siNS or siRac1 were seeded on Matrigel in  
Opti-Mem supplemented with 10 ng/mL recombinant human VEGF165 and incubated for 
4-5 h. Tube formation was visualized by microscopy at 40x magnification (A) and quantified 
by measuring the total length of capillary tubes (B) and counting the number of branching 
points (C) per picture. Data are presented as mean ± SEM of three individual experiments. 
*p-value < 0.01; **p-value < 0.001 versus siNS.
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length and number of branching points per sample revealed that transfection with 
siRac1 inhibited total tube length by ±70% and reduced the number of branching 
points by ±80% compared to transfection with siNS (Fig. 2B, C). Similar results 
were observed with HUVECs transfected using Lipofectamine 2000 and seeded on 
Matrigel in complete medium (EGM-2) (Supp. Fig. 2).

3.2 Rac1 silencing inhibits VEGF-induced migration and invasion of 
HUVECs
Rac1 is well known for its role in endothelial cell migration [17]. To confirm that 
inhibition of Rac1 in HUVECs influences motility, a monolayer of transfected 
HUVECs was wounded and allowed to heal for 24 h. While VEGF induced 
repair of the wounded monolayer of HUVECs transfected with siNS, monolayer 
repair was reduced for HUVECs transfected with siRac1 (Fig. 3A). After 24 h,  
VEGF-induced wound closure was 5-fold lower for Rac1-depleted HUVECs 
compared to control (Fig. 3B).  
To examine HUVEC invasiveness, transfected cells were allowed to invade through 
a Matrigel-coated filter in an invasion chamber, using VEGF as a chemoattractant 
in the lower chamber. The number of HUVECs that invaded through the Matrigel 
was almost two-fold lower for siRac1 transfected cells compared to siNS transfected 
cells (Figs. 3C, D).

3.3 Rac1 silencing inhibits proliferation of HUVECs 
The effect of Rac1 silencing on HUVEC proliferation was assessed using the SRB 
assay. Cells were transfected using Lipofectamine 2000. Cell counts of control 
transfected cells rose by approximately 80% following one and 300% following 
three days after seeding. In contrast, only a 30% and 180% increase during these 
periods of time was seen for siRac1-transfected cells (Fig. 4). 

3.4 Rac1 silencing inhibits VEGF-induced angiogenesis in vivo
To investigate the inhibitory effect of Rac1 silencing on angiogenesis in vivo, a 
Matrigel plug assay was performed. Mice, subcutaneously inoculated with Matrigel 
supplemented with VEGF, were treated locally with siNS or siRac1. After 7 days, 
plugs were removed and examined for vessel formation. While plugs treated with 
siNS appeared red, siRac1-treated plugs were light-yellow, indicating reduced blood 
vessel formation and thus red blood cells, inside plugs. Matrigel plugs without VEGF 
appeared white/yellow (Fig. 5A). Determination of hemoglobin concentrations 
in plugs showed a decrease in hemoglobin content of siRac1-treated plugs versus  
siNS-treated plugs by almost 50% (Fig. 5B). Comparable results were observed in an 
assay using Matrigel plugs containing Neuro2A cells, demonstrating the importance 
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of Rac1 in tumor angiogenesis (Supp. Fig. 3). 

Figure 3. Rac1 silencing reduces VEGF-induced migration and invasion of HUVECs. 
HUVECs transfected with siNS or siRac1 were serum-starved, wounded and allowed to 
migrate in Opti-Mem supplemented with 10 ng/mL recombinant human VEGF165. After 24 
h, wound closure was visualized by microscopy at 40x magnification (A) and quantified using 
NIH ImageJ software (B). HUVECs transfected with siNS or siRac1 were added to BD 
Biocoat Matrigel Invasion Chambers in Opti-Mem, placed in 24 well plates containing 0.75 
mL Opti-Mem supplemented with 20 ng/mL recombinant human VEGF165 and allowed 
to migrate for 24 h. Filters were photographed (C) and invasion was quantified by counting 
the amount of invaded cells on the filter (D). Data are presented as mean ± SEM and are 
representative of 2 individual experiments. *p-value < 0.05; **p-value < 0.001 versus siNS.
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3.5 Rac1 silencing inhibits tumor growth and angiogenesis
The anti-tumoral and anti-angiogenic effects of Rac1 siRNA were investigated in 
subcutaneous Neuro2A neuroblastoma tumors. Established tumors (approximately 
100 mm3) were treated intratumorally every two days with 10 μg siRNA, followed 
by electroporation. As shown in Fig. 6A, treatment with siRac1 almost completely 
inhibited tumor growth, compared to treatment with control siRNA or no treatment. 
At day 7 following the first treatment, the average increase in size of tumors of  
siRac1-treated animals was 1.6-fold. In contrast, tumor sizes of untreated or  
siNS-treated animals increased eightfold or ninefold, respectively. Western blot 
analysis of Rac1-levels in tumors after sacrificing the animals on day 7 revealed 
efficient knockdown of Rac1 in tumors treated with siRac1 (Fig. 6B). 
To determine the effect of siRac1 on tumor angiogenesis, vascularization in the tumors 
was evaluated on day 7. First, tumors were analyzed for expression of two endothelial 
cell markers, CD31 and vascular endothelial growth factor receptor 2 (VEGFR-2), 
by Western blotting. Expression of both markers was reduced in siRac1-treated 
tumors, indicating a reduction in vessel density compared to tumors excised from 
untreated or siNS-treated mice (Fig. 6C). CD31 expression was also determined by 
immunohistochemical analysis. Immunolabeling of tumor sections showed intense 
staining of untreated or siNS-treated tumors, while staining was less abundant in 
tumors treated with siRac1. Quantification of microvessel density by counting 
positively stained luminal structures revealed that siRac1 treatment significantly 
inhibited tumor angiogenesis, compared to siNS treatment. Furthermore, necrotic 
areas were observed in the centers of these tumors, which is also likely due to  
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Figure 4. Rac1 silencing reduces proliferation of HUVECs. HUVECs transfected with 
siNS or siRac1 were seeded in 96-well plates. At indicated time points, cells were fixed and 
quantified using SRB assay. Data are presented as mean ± SEM and are representative of 3 
individual experiments. *p-value < 0.05 versus siNS.
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siRac1-mediated inhibition of angiogenesis [18] (Fig. 6D). 
Besides effects in endothelial cells, knockdown of Rac1 in tumor cells might also 
contribute to the overall anti-angiogenic effect by inhibiting the hypoxia-induced 
production of VEGF by tumor cells [19]. Therefore, VEGF levels in the tumors 
were determined by Western blot analysis. As shown in Supp .Fig. 4, treatment with 
siRac1 did not alter VEGF expression in tumors compared to controls. This result 
suggests that the observed inhibition of angiogenesis originates from a direct effect 
of siRac1 on endothelial cells and not from an indirect effect caused by decreased 
VEGF secretion by tumor cells. 
Furthermore, to exclude the possibility that the observed inhibition of tumor growth 
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Figure 5. Rac1 silencing reduces VEGF-induced angiogenesis in vivo. Mice were injected 
subcutaneously with Matrigel supplemented with VEGF. On day 1 and 4 after injection, 
mice were treated locally with 10 μg siRNA. On day 7, mice were sacrificed and plugs 
were removed. New vessel formation was visualized by photography (A) and quantified 
by measuring the hemoglobin contents in Matrigel plugs (B). Data are presented as  
mean ± SEM. p-value = 0.0865 for siRac1-treated versus siNS-treated.



Examining the role of Rac1 in tumor angiogenesis and growth: A clinically relevant RNAi-mediated approach

145

was caused by siRac1-induced inhibition of proliferation of the grafted Neuro2A 
cells, we determined if Rac1 silencing had an effect on proliferation of Neuro2A cells 
in vitro and in vivo. siRac1 transfection had no effect on in vitro cell proliferation 
as compared to controls (Supp. Fig. 5A, B). Moreover, staining of the proliferation 
marker Ki-67 in tumor sections showed no differences in expression between 
treatments, with moderate staining in the centre (Fig. 6E) and intense staining in 
the periphery of the tumors (Supp. Fig. 5C).
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Figure 6. Local treatment of mice bearing Neuro2A tumors with siRac1 inhibits tumor 
growth and angiogenesis. Mice were inoculated subcutaneously with Neuro2A cells. After 7 
days treatment was started. Mice were treated intratumorally on day 0, 2, 4 and 6 with 10 
μg of siNS or siRac1 followed by electroporation. Tumor growth was measured for 7 days 
(A). On day 7, mice were sacrificed and tumors were excised. Knockdown of Rac1 in tumor 
lysates was confirmed by Western Blotting (B). Expression of the endothelial markers CD31 
and VEGFR-2 in tumor lysates were determined by Western Blotting (C). Expression of 
CD31 (D) and proliferation marker Ki-67 (E) were determined by immunohistochemistry. 
Representative images are shown.  Quantification of MVD was done by counting the 
positively stained luminal structures in three representative images per animal. The number of 
Ki-67-positive cells was counted in two representative images per animal. Data are presented 
as mean ± SEM. *p-value < 0.05 versus siNS.



Chapter 6

146

4. Discussion
Rac1 is a key member of the Rho family of GTPases and is involved in several 
cellular processes including endothelial cell migration, cell cycle control and 
lumen formation [5, 7]. As these processes are important for tumor angiogenesis, 
interference with Rac1 signaling may represent a novel approach to inhibit tumor 
neovascularization and subsequently tumor growth.  
To inhibit signaling through Rac1, we implemented a clinically relevant siRNA 
approach to specifically knockdown expression of Rac1. Experimental delivery of 
siRNA into cells in vitro and in vivo was mediated using an established electroporation 
approach, which has been extensively used for delivery of plasmid DNA and siRNA 
into target cells or tissue, including tumors [20]. By means of electroporation, cellular 
plasma membranes are transiently destabilized by externally applied, localized and 
controlled electric fields, facilitating the entry of foreign molecules into cells and 
tissues. Several clinical trials are currently investigating electroporation as a drug 
delivery technology in humans, including several cases involving gene therapy via 
electroporation as applied in the oncology setting [21].  Following optimization 
of the electrical parameters for efficient transfection in HUVECs, effects of Rac1 
knockdown on angiogenic properties of cells were investigated. siRac1-transfected 
HUVECs demonstrated reduced ability to form capillary-like tubules as well as 
showing reduced migration, invasion and proliferation phenotypes compared to 
cells transfected with siNS. Reduced VEGF-induced tube formation and migration 
after Rac1 depletion in endothelial cells is in line with other studies [9, 22-24]. 
Nevertheless, controversy exists regarding the role of Rac1 in endothelial cell 
invasion and proliferation. In agreement with our observations, silencing of Rac1 
decreases HUVEC invasion through a fibronectin-coated Transwell filter [23]. In 
contrast, Rac1-depleted mouse lung endothelial cells have been shown to invade  
Matrigel-coated Transwells to the same degree as controls [22]. In the same study, 
no effect of Rac1 silencing on VEGF-induced proliferation was found. A possible 
explanation for this apparent discrepancy could be differences in cell type and growth 
conditions (e.g. serum concentration [25]). However, more studies are necessary to 
shed light on this issue.
To evaluate the effect of Rac1 knockdown on angiogenesis in vivo, a Matrigel plug 
assay was performed. Intratumoral injections of Rac1 siRNA resulted in decreased 
infiltration of endothelial cells in VEGF-containing plugs, indicating an important 
role of endothelial Rac1 in VEGF-induced angiogenesis. In our Neuro2A xenograft 
model, the inhibitory effect of siRac1 on tumor angiogenesis was also likely to be 
a result of its direct effect on endothelial cells. The importance of endothelial Rac1 
for angiogenesis in vivo has been suggested by several other studies. For example, 
endothelial-specific Rac1 haploinsufficient mice display impaired eNOS activity and 
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angiogenesis in a hind limb ischemia model and aortic capillary sprouting assay 
[26]. In addition, transduction of endothelial cells with active L61Rac1 improves 
VEGF-mediated neovascularization and lumen formation in vivo, while transfection 
with dominant-negative N17Rac1 inhibited formation of vessels [27]. In contrast, 
D’Amico et al. [22] demonstrated that inducible deletion of Rac1 in wild-type 
endothelial cells does not affect tumor angiogenesis or VEGF-mediated angiogenesis 
in mice, unless β3-integrin is absent. The apparent difference in results between 
these studies may arise from differences in experimental model and setup. 
Besides inhibiting angiogenesis, our data show that intratumoral injections of 
siRNA against Rac1 almost completely block the growth of established Neuro2A 
neuroblastoma tumors. Similar results using RNAi were apparent for a different 
Rho GTPase, RhoA, in xenografted MDA-MB-231 breast cancer tumors [18]. The 
authors suggest that the reduced tumor growth is the result of a combination of 
inhibition of proliferation of tumor cells and inhibition of angiogenesis. We did 
not find an effect of Rac1 silencing on proliferation of Neuro2A cells in vitro and 
in vivo, which makes it unlikely that reduced proliferation of grafted Neuro2A cells 
accounts for the observed reduction in tumor growth. However, we cannot exclude 
that, besides effects on angiogenesis pathways, inhibition of other Rac1-regulated 
processes in stromal cells may have contributed to the decrease in tumor growth.
Although several strategies to interfere with the process of angiogenesis have been 
therapeutically validated in both preclinical and clinical trials, recent studies have 
shown that anti-angiogenic therapy may paradoxically select for more invasive 
and metastatic tumor types [28-30]. Combinatorial strategies that target proteins 
involved in both angiogenesis and invasion mechanisms might overcome this 
adaptive-invasive resistance. As several studies have indicated a crucial role for 
Rac1 in tumor cell migration and invasion, interfering with Rac1 signaling in both  
tumor- and endothelial cells could improve therapeutic outcome and provide a 
useful approach towards enduring and effective anti-cancer responses [31].
While current therapeutic strategies to inhibit Rac1 function such as lipid modification 
[32] and other small molecule inhibitors lack specificity, RNA interference technology 
may provide a means to specifically and efficiently inhibit Rac1 expression. However, 
the use of siRNA in the clinic is still hampered by ineffective delivery into target 
cells or tissues. Nevertheless, Davis et al. [33] have recently demonstrated that RNA 
interference may be successfully employed in humans via systemically delivered 
siRNA, delivered using targeted nanoparticles, thus demonstrating that siRNA can 
be used as a gene-specific therapeutic. 
As Rac1 is ubiquitously expressed throughout the body and controls a large number 
of cellular functions, interfering with Rac1 signaling could result in undesired  
side-effects [4, 34]. Strategies to target tumor-associated cells without affecting 
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normal cells may offer a larger therapeutic window. As a number of targeted delivery 
systems that specifically deliver siRNA to tumor sides are currently under preclinical 
and clinical development [33, 35-36], this approach may soon appear applicable.  
In summary, we have shown that Rac1 is an important regulator of VEGF-induced 
angiogenesis in endothelial cells. Our data further suggest that inhibition of 
Rac1 using RNA interference is an effective tool for inhibiting angiogenesis and 
tumor growth. As Rac1 is also involved in tumor cell migration and invasion,  
siRNA-mediated Rac1 silencing in both tumor and tumor-associated endothelial 
cells using targeted delivery systems represents a promising therapeutic strategy. 
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Supplementary material
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Supplementary Figure 1. Knockdown of Rac1 in HUVECs. HUVECs were transiently 
transfected with siNS or increasing concentrations of siRac1 complexed with Lipofectamine 
2000. Silencing of the Rac1 gene was determined by Western blot analysis.  
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Supplementary Figure 2. Rac1 silencing by siRNA reduces tube formation of HUVECs on 
Matrigel. HUVECs transfected with siNS or siRac1 using Lipofectamine 2000 were seeded 
on Matrigel in EGM-2 and incubated for 4-5 h. Tube formation was visualized by microscopy 
at 40x magnification (A) and quantified by measuring the total length of capillary tubes 
(B) and counting the number of branching points (C) per picture. Data are presented as  
mean ± SEM of three individual experiments. *p-value < 0.05 versus siNS.
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Supplementary Figure 3. Rac1 silencing reduces Neuro2A-induced angiogenesis in vivo. 
Mice were injected subcutaneously with Matrigel mixed with Neuro2A cells. On day 1 and 
4 after injection, mice were treated locally with 10 μg siRNA. On day 7, mice were sacrificed 
and plugs were removed. New vessel formation was visualized by photography (A) and 
quantified by measuring the hemoglobin contents in Matrigel plugs (B). Data are presented 
as mean ± SEM. p-value = 0.1765 for siRac1-treated versus siNS-treated.

VEGF

β-actin

NT siNS siRac1
Supplementary Figure 4. Rac1 silencing does not increase VEGF production in tumors 
cells in vivo. Tumors were homogenized in RIPA buffer on ice, allowed to stand for 30 min 
followed by removal of debris by centrifugation. VEGF levels were determined by Western 
blot analysis as described, using a polyclonal antibody against VEGF (1:200) (sc-507, Santa 
Cruz Biotechnology, Santa Cruz, CA).
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Supplementary Figure 5. Rac1 silencing has no effect on proliferation of Neuro2A cells in 
vitro and in vivo. Neuro2A cells transfected with siNS or siRac1 were seeded in 96-well plates. 
At indicated time points, cells were fixed and quantified using SRB assay. Data are presented 
as mean ± SEM and are representative of 3 individual experiments (A). Knockdown of Rac1 
in Neuro2A cells was confirmed by Western blot analysis (B). Expression of proliferation 
marker Ki-67 in the periphery of tumors was determined by immunohistochemistry (C).
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1. Actively-targeted anti-cancer nanomedicines
Almost 20 years ago the first anti-cancer nanomedicine Doxil® (Caelyx) was approved 
and has been used in the clinic since then. Encapsulation of the DNA-intercalating 
anthracycline doxorubicin (DOX) in long-circulating liposomes increased tumor 
accumulation of the drug resulting in at least equivalent or sometimes even increased 
efficacy compared to free doxorubicin observed in a number of cancers. More 
importantly, Doxil® demonstrated a major reduction in cardiotoxicity compared to 
treatment with free drug [1], showing the benefit of evasion of toxicity sensitive tissues. 
Since then, several nanomedicines for cancer treatment have been approved such as 
the polymeric micelle formulation of paclitaxel (Genexol-PM, approved in Korea) 
and albumin-bound paclitaxel (Abraxane). At present, a few dozen nanomedicines 
have been approved and it is estimated that approximately 250 nanomedicines are in 
(pre)clinical testing with the majority aimed at cancer treatment as indication [2-3]. 
All currently approved anti-cancer nanomedicines, with the exception of  
antibody-drug conjugates (ADC), can be considered as passively-targeted 
nanomedicines (PTNM). The fate of PTNM after systemic administration is 
determined by their physicochemical properties that dictate their interaction with 
proteins, cells and tissues. The properties of PTNM are such that they couple 
nanosize (generally around 100 nm) to a long circulatory half-life. These properties 
in combination with the pathophysiology of the tumor endothelium that contributes 
to the enhanced permeability and retention (EPR) effect, allows tumor accumulation 
of PTNM [4-5]. 
The conjugation of targeting ligands to generate actively-targeted nanomedicines 
(ATNM) is a strategy aimed at increasing target cell recognition and uptake into 
target cells, to ultimately increase efficacy. However, to this date, clinical translation 
of active targeting has been poor with several approved ADC but no ATNM that 
have progressed into the clinic. The reasons behind the limited bench to bedside 
translation of actively-targeted nanomedicines appear to fall in four categories [6]:
•	 Difficult rational design of actively-targeted therapeutic nanocarriers
•	 Unpredictable interactions and behavior in the circulation
•	 (Patho)physiological differences between preclinical models of cancer and 

human disease
•	 Scaling up and pharmaceutical good manufacturing practice (GMP)-grade 

production
In Chapter 2, an objective presentation is given of available data for target localization, 
safety and efficacy of twelve ATNM to evaluate the added benefits of conjugating 
targeting ligands to particulate nanomedicines. 
Of the 12 analyzed ATNM based on particulate nanocarriers, 11 are under active 
evaluation while the development of MCC-465 seems to have been discontinued. 
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All of the 12 analyzed ATNM are in various stages of clinical evaluation for the 
treatment of solid malignant neoplasms with the exception of the anti-nicotine 
vaccine SEL-068. 
The ATNM in this overview are defined by three components: the particulate 
nanocarrier (PNC), targeting ligands and therapeutic agent. The majority of the 
discussed ATNM are composed of established PNC and compounds to lower 
development risks and to avoid regulatory issues associated with novel nanocarrier 
systems or molecules.
The encapsulated therapeutic agent in 6 of the discussed anti-cancer ATNM is 
an established chemotherapeutic agent such as DOX (MM-302, anti-EGFR ILs 
DOX, MCC-465), oxaliplatin (MBP-426), docetaxel (BIND-014) or paclitaxel 
(Erbitux®EDVsPAC). Four ATNM contain plasmid DNA or short interfering RNA 
(SGT-53, SGT-94, CALAA-01, Rexin-G) that needs to localize intracellularly to be 
therapeutically active. Two actively-targeted vaccine formulations (Lipovaxin-MM, 
SEL-068) contain antigen and adjuvants to stimulate the immune system.
The exploited particulate nanocarrier of 7 ATNM is lipid-based which is likely due to 
the clinical experience gained with these systems as PTNM. The rapid development 
of ATNM based on polymers is remarkable. Three ATNM are polymer-based  
(BIND-014, CALAA-01, SEL-068) and these systems are characterized by  
self-assembly into polymeric nanoparticles and/or the use of high-throughput 
approaches that may be beneficial in terms of development time and large-scale 
manufacturing. One ATNM is a replication incompetent retroviral vector (Rexin-G) 
that is generated in human producer cells. Interestingly, 1 ATNM is based on 
bacterially-derived minicells (Erbitux®EDVsPAC) that are characterized by a larger size 
(400 nm) compared to other PNC.
Regarding the targeting ligands exploited for the discussed ATNM, 8 targeted  
anti-cancer nanomedicines are targeted to established specific markers often 
overexpressed on tumor cells such as the transferrin receptor, epidermal growth 
factor receptor (EGFR), HER2 or prostate specific membrane antigen (PSMA) 
while the exact target receptor of MCC-465 is not known. In contrast, Rexin-G is 
targeted to exposed collagen resulting in efficient drug delivery to tumor cells, stroma 
cells, tumor vasculature and sites of metastasis indicating that targeting the tumor 
stroma is a valuable strategy to achieve anti-cancer treatment with ATNM. The two 
vaccine products show that active-targeting in combination with long-circulating 
properties of the ATNM can be exploited to target antigen presenting cells. Next 
to general vaccine applications, this strategy can be applied to generate anti-cancer 
nanomedicines that are not restricted by the drawbacks of direct tumor cell targeting.
All of the discussed ATNM (with the exception of SEL-068) have shown increased 
efficacy in vitro and in animal studies compared to PTNM. However, it is too early 
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to relate improved efficacy of ATNM in humans to the presence of targeting ligands 
due to the fact that clinical studies are not designed to compare ATNM and PTNM. 
It seems that functionalizing a nanomedicine with targeting ligands does not 
significantly increase the toxicity when compared to PTNM. For example, the 
maximum tolerated doses of 3 of the discussed DOX-loaded ATNM were comparable 
to that of Doxil®.
It is widely believed that PTNM and ATNM have comparable pharmacokinetic 
parameters, biodistribution and tumor accumulation profiles. Studies of 7 discussed 
ATNM have reported on in vivo localization studies. Of those 7, 4 showed increased 
target localization compared to PTNM in vivo, while the other 3 ATNM showed 
comparable target accumulation compared to PTNM. It is possible that ATNM 
may increase drug exposure by virtue of increased target cell uptake and target tissue 
retention compared to PTNM but the number of ATNM tested in vivo is too low 
to provide conclusive evidence.
There are several other applications where the use of ATNM may be beneficial when 
compared to PTNM.
(1) Active targeting is vital for drugs that need to localize intracellularly for 
therapeutic activity but are unable or inefficient in crossing the cell membrane. This is 
exemplified by the therapeutic application of nucleic acids. Systemic administration 
of unprotected nucleic acids leads to rapid clearance and degradation. The therapeutic 
success of systemically administered gene (regulating) therapy is therefore dependent 
on the development of suitable nanocarriers. The therapeutic potential of RNA 
interference is demonstrated by CALAA-01, of which intermediate results from 
the currently ongoing phase I trial reported that target protein expression in a 
patient’s tumor was decreased after treatment with the ATNM [7]. The application 
of therapeutic DNA is illustrated by Rexin-G, which has shown encouraging anti-
tumor activity in patients including inhibition of angiogenesis and metastasis and 
has advanced to phase III trials [8].
(2) Increased expression of drug-efflux pumps in tumor cells that actively expel 
chemotherapeutics is a common mechanism in multi drug resistant (MDR) tumors. 
The efficacy of systemically administered chemotherapy (whether administered as 
free drug, or formulated as PTNM) that releases the drug in the vicinity of the tumor 
cells, can be severely decreased in MDR tumors. Anti-EGFR immunoliposomes 
loaded with DOX showed significant anti-tumor activity compared to free drug 
or PEGylated liposomal DOX (PLD) in a MDR breast cancer xenograft model by 
intracellular delivery of the chemotherapeutic effectively overcoming the drug efflux 
rate [9]. 
(3) Active-targeting can be applied to develop nanomedicines that exploit two 
therapeutic strategies simultaneously to achieve additive or synergistic anti-tumor 
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effects. For example, DOX-loaded polymeric micelles decorated with intrinsically 
active anti-EGFR nanobodies (Nb) significantly reduced tumor growth and 
increased survival of tumor-bearing mice when compared to DOX-loaded micelles 
devoid of targeting ligands [10]. 
(4) An alternative approach to the targeted delivery of anti-cancer drugs to tumor cells 
is targeting of tumor angiogenesis. The endothelial cells of the tumor vasculature are 
more exposed to targeted nanomedicines circulating in the blood and present better 
genetic stability limiting the development of drug resistance. Treatment with DOX-
loaded liposomes targeting ανβ3 integrins overexpressed on tumor endothelium 
reduced tumor growth of DOX-resistant tumors while treatment with PLD did not 
[11]. The formation of neovasculature is indispensable for tumors to grow beyond 
microscopic size. In line with this, it was shown that DOX-loaded ATNM targeting 
ανβ3 integrins suppressed metastasis [12].
(5) In addition to the development of ATNM for cancer treatment, active targeting 
approaches can be applied for the development of effective vaccines demonstrated 
by the clinical evaluation of the anti-melanoma vaccine Lipovaxin-MM and the anti-
nicotine vaccine SEL-068. 

The balance between clinical benefits and cost-effectiveness of production will 
eventually determine the clinical applicability of ATNM. At present, the knowledge 
of nanomedicine interactions in the body is too limited. Studies that focus on 
the relation between the physicochemical properties of ATNM in relation to 
biodistribution, safety and efficacy are recommended. The efficacy and safety of 
ATNM in (pre)clinical animal models has been shown, but the added value of 
targeting ligands on nanomedicines in humans remains to be established. 

2. Tumor-targeted Nanobullets for anti-cancer combination treatment
EGFR is a well established target for anti-cancer therapy which has translated in the 
approval of EGFR inhibitors including monoclonal antibodies (mAb) and kinase 
inhibitors (KI) [13]. EGFR-targeted therapy can be very effective and in many 
cases elicits fewer side-effects compared to conventional anti-cancer treatment. For 
example, patients with EGFR-mutated non-small-cell lung cancer (NSCLC) derive 
greater benefit from treatment with KI erlotinib and gefitinib than chemotherapy 
[14-15]. Nevertheless, disease eventually progresses due to secondary (EGFR) 
mutations, making the KI ineffective, or activation of bypass signaling pathways 
that do not require the activation of EGFR anymore [16]. One frequently reported 
compensatory pathway is the insulin-like growth factor 1 receptor (IGF-1R) signaling 
cascade [17]. Crosstalk between EGFR and IGF-1R signaling can circumvent mono-
targeted therapies and activate proliferation and survival pathways in tumor cells 
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[18]. 
In Chapter 3, we have pursued a therapeutic strategy to simultaneously interfere with 
EGFR and IGF-1R signaling for enhanced inhibition of tumor cell proliferation. 
To this aim, we developed a dual-active targeted nanomedicine or Nanobullet 
which consisted of liposomes decorated with anti-EGFR Nbs EGa1 and the  
anti-IGF-1R KI AG538 as payload. The anti-EGFR Nb EGa1 is an antagonist of 
EGFR [19]. Empty EGa1-coupled liposomes induced robust EGFR sequestration 
and downregulation [20]. Modification of EGa1 to introduce reactive sulfhydryl 
groups and the subsequent conjugation to the distal end of PEG chains on the surface 
of the liposomes did not compromise the antigen association of EGa1. Anti-EGFR 
Nb-liposomes loaded with AG538 (EGa1-AG538-L) displayed a 4-fold increase 
in cell association and considerably more cell uptake in EGFR-positive (EGFR+)  
UM-SCC-14C (14C) tumor cells compared to control formulations. In contrast, 
none of the formulations were taken up by EGFR-negative (EGFR-) NIH 3T3 clone 
2.2 mouse fibroblasts, indicating EGFR-specific interactions mediated by EGa1. 
In addition to its function as a targeting ligand, EGa1 has intrinsic antagonistic 
properties that prevent activation of EGFR. EGa1-liposomes either empty or 
loaded with AG538, blocked substrate-induced activation of EGFR signaling in 
14C cells determined by phoshpo-specific Western blotting (WB), showing that the 
antagonistic activity is preserved after coupling to the liposome surface.
While the blockade of EGFR by EGa1 occurs extracellularly, the AG538 site of 
action is intracellular. Phospho-specific WB of IGF-1R showed that EGa1-AG538-L 
efficiently blocked IGF-1R signaling in 14C cells after 4 h incubations indicating 
that the nanobullets are capable of blocking both EGFR and IGF-1R signaling. The 
nanobullets induced strongly enhanced and dose dependent cytotoxicity compared 
to control formulations as well as effective inhibition of cell proliferation.

Encouraged by these results, we further evaluated the nanobullets for in vivo 
applications in Chapter 4. We assessed efficacy by inhibition of targeted pathway 
activation, anti-proliferative effects in vitro and antitumor activity in xenograft 
models. To accomplish this, we developed a stable PEGylated nanobullet formulation 
based on DPPC and cholesterol for in vivo applications. Studies performed with 
EGFR+ human MDA-MB-468 (MB-468) breast cancer cells demonstrated 3 to 
4-fold more cell association of EGa1-L compared to untargeted liposomes. These 
differences in cell association mediated by EGa1 were consistent with the results of 
studies described in Chapter 3. 
To determine whether the EGa1-AG538-L could effectively inhibit activation of 
EGFR and IGF-1R signaling, a panel of tumor cell lines with varying EGFR and 
IGF-1R expression levels was exposed to the nanobullets. The panel of human tumor 
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cell lines consisted of the head and neck squamous cell carcinoma (SCC) line 14C, 
the epidermoid SCC line A431, the alveolar basal epithelial adenocarcinoma line 
A549 and the breast adenocarcinoma line MB-468. In all four cell lines, both EGa1-L 
and EGa1-AG538-L strongly inhibited or even completely blocked activation of 
substrate-induced EGFR signaling highlighting the powerful antagonistic effect of 
EGa1. Only EGa1-AG538-L were able to inhibit activation of IGF-1R signaling 
in the 14C and A431 cells indicating efficient cytosolic delivery of AG538. In 
contrast, nanobullet treatment did not alter phosphorylated levels of IGF-1R in 
A549 and MB-468 cells indicating that the cellular processing of EGa1-AG538-L 
by MB-468 and A549 occurs in a different manner than in 14C and A431 cells. In 
A549 cells, lower expression of EGFR compared to the other cell lines may prevent 
sufficient uptake of EGa1-AG538-L for AG538-mediated inhibition of IGF-1R 
phosphorylation. However, the expression level in MB-468 cells is comparable to 
14C and A431 cells, suggesting inefficient liposomal uptake or inadequate cytosolic 
localization of AG538 in MB-468 cells.
The effects of nanobullet treatment on the inhibition of proliferation and survival 
pathways downstream of EGFR and IGF-1R were evaluated by phospho-specific WB 
of key mediators Akt and Erk 1/2 (p44/p42 MAPK). Nanobullet-induced blockade 
of EGFR and IGF-1R activation in 14C and A431 cells resulted in inhibition of Akt 
and Erk 1/2 activation. At the same time, Akt and Erk 1/2 phosphorylation levels in 
A549 and MDA-468 cells were unaffected indicating that obstruction of EGFR and 
IGF-1R activation is necessary for efficient inhibition of downstream proliferation 
and survival pathways in these tumor cells. Anti-tumor efficacy of nanobullet 
treatment in vitro was assessed by proliferation assays on the same panel of tumor cell 
lines. EGa1-AG538-L efficiently reduced total 14C and A431 cell numbers in a dose-
dependent manner corresponding to the sensitivity of phosphorylation inhibition of 
the molecular targeted pathways. At the same time, nanobullet treatment of A549 
and MB-468 cells induced only partial anti-proliferative effects. Taken together, the 
proliferation assay results correlated well with the ability of the nanobullets to induce 
effective molecular inhibition of cell proliferation and survival pathway activation. 
These results emphasize that inhibition of a single growth factor receptor pathway 
is not sufficient to effectively inhibit tumor cell proliferation due to activation of 
compensatory pathways and crosstalk induced activation of downstream effectors 
in these cells. 

In this particular case, we focused on EGFR and IGF-1R crosstalk. At the same 
time, crosstalk between EGFR and other growth factor receptor signaling pathways 
such as the hepatocyte growth factor receptor (HGFR or c-Met) signaling has 
been implicated as a compensatory mechanism for tumor cells [21]. A549 cells, 
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additionally, bear a mutation in the K-RAS gene which can activate the Akt pathway 
and impair treatment with EGFR inhibitors [22]. MB-468 cells have amplificated 
EGFR and loss of the PTEN tumor suppressor protein also resulting in activation 
of Akt signaling [23]. The limited responses of both A549 and MB-468 cells in vitro 
might reveal the strong activity of compensatory pathways in these cells.
The 14C and MDA-468 cell lines were implanted in mice to investigate if nanobullet-
induced anti-tumor effects in vivo correlate with cytotoxicity results and inhibition 
of targeted molecular pathways. 
EGa1-AG538-L significantly inhibited tumor growth more effectively compared to 
controls in the fast-growing 14C xenograft model, corresponding to the strong in 
vitro response pattern to nanobullet exposure. In the slow-growing MB-468 model 
representative of a medium in vitro response pattern, nanobullet treatment did 
not cause significant tumor growth reduction when compared to controls. Taken 
together, nanobullet-induced inhibition of cell proliferation and survival pathway 
activation in the investigated cell lines was highly predictive of anti-tumor efficacy 
in vitro and in vivo.

The results described in Chapter 3 and Chapter 4 demonstrate the feasibility of 
developing a targeted nanomedicine for the molecular inhibition of multiple 
molecular pathways in tumor cells. Inhibition of proliferation and survival pathway 
activation correlated well with anti-tumor effects, producing limited in vitro and in 
vivo efficacy on MB-468 cells and good therapeutic effects in 14C cells. These results 
underline the importance of pathway profiling of tumor tissue before molecular 
targeted therapy to maximize the chance of therapeutic success. Even so, frequent 
dosing (once every other day) of the nanobullets was necessary to inhibit tumor 
growth in 14C xenografts. To improve anti-tumor effects, it may be required to 
increase the dose of AG538 encapsulated in the liposomes. Another possibility 
is to load multi-targeted kinase inhibitors, such as sunitinib, to inhibit multiple 
molecular pathways in the cell. The risk of side-effects, inherently associated with 
the use of kinase inhibitors with broad activity may be limited in this formulation 
as a result of the specific target cell delivery by the Nb-liposomes. It may be further 
diminished by using a sunitinib analogue that is unable to pass cellular membranes 
on its own requiring an effective delivery platform to reach the tumor cell cytoplasm. 
The versatile Nb-liposome platform is readily adjustable allowing conjugation of 
Nbs directed at different molecular targets and the incorporation of a broad range 
of therapeutic molecules.

Different nanobullet platforms for combination treatment of cancer have recently 
been reported. For example, anti-EGFR Nb crosslinked albumin-nanoparticles 
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loaded with a sunitinib analogue effectively inhibited tumor cell proliferation 
[24]. Anti-EGFR polymeric micelles based on poly(ethylene glycol)-b-poly[N-
(2-hydroxypropyl) methacrylamide-lactate] loaded with doxorubicin markedly 
inhibited tumor growth in xenograft models and prolonged survival compared 
to controls [10]. In an exciting novel active targeting approach, mice bearing 
intracranial glioblastoma tumors received treatment with tumoritropic stem cells 
releasing cytotoxic anti-EGFR Nb-immunoconjugates. Treatment prevented tumor 
outgrowth and markedly increased survival [25].
As the Nb repertoire directed at cancer targets is rapidly growing, the feasibility 
to produce cost-effective and efficacious nanomedicines for combination treatment 
or imaging is increasing. Experience with Nbs is increasing as the first Nb-based 
therapeutics are undergoing clinical evaluation [26-27]. Combined with the clinical 
studies on targeted nanomedicines, it may facilitate the transition of nanobullets 
towards clinical reality.

3. Anti-cancer therapy by inhibition of angiogenesis
Malignant transformation and subsequent uncontrollable growth of cells eventually 
results in the development of a small tumor. During this stage, the formation of new 
blood vessels from pre-existing ones, a process know as angiogenesis, has to be initiated 
to overcome limiting concentrations of nutrients and oxygen. Since the discovery in 
the 1970s that angiogenesis is vital for tumor development [28], tumor angiogenesis 
has become an attractive target for anti-cancer treatment. Efforts to better understand 
the molecular mechanisms and key mediators involved in tumor angiogenesis 
resulted in the approval of several angiogenesis inhibitors in the last decade such 
as the mAb bevacizumab and the multi-target KI sunitinib and sorafenib [29-30]. 
These inhibitors primarily aim at interfering with vascular endothelial growth factor 
(VEGF)-induced signaling. Although many other angiogenic signaling cascades have 
been unraveled in recent years, stimulation of endothelial cells (EC) by VEGF via its 
cognate tyrosine kinase receptor family (VEGFR) remains one of the critical events 
in angiogenesis [29]. However, clinical VEGF-targeted therapy has elicited at best 
modest and even conflicting effects. As is observed with the molecular inhibitors 
directed at growth factor receptor pathways in tumor cells, tumor resistance develops 
also against this EC pathway and tumors eventually progress [31]. In addition, anti-
angiogenic therapy might induce more invasive and metastatic tumor phenotypes 
as it reduces the hospitality of the primary tumor site [32-33]. As a result, there is 
a demand for innovative or combinatorial approaches that more effectively inhibit 
angiogenesis and subsequent tumor growth and metastasis. In ECs, VEGF-mediated 
VEGFR-2 activation can stimulate the Rho GTPase signaling cascade. Rho GTPases 
are small proteins that function as molecular switches in the cell. Rho GTPases and 
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their regulatory and effectors proteins are crucial regulators of cellular processes such 
as cytoskeleton dynamics, vesicle trafficking, membrane transport and transcription 
factor activity [34]. In Chapter 5 the role of Rho proteins in tumor angiogenesis 
and invasion is outlined. Rho GTPases are often indispensable for processes that 
contribute to angiogenesis such as amplified vascular permeability, degradation of 
the basement membrane, enhanced cell migration, increased cell proliferation and 
lumen formation. In addition, Rho proteins have been implicated in tumor cell 
migration, invasion and even metastasis. Notably, mutations in Rho GTPases have 
seldomly been observed (only recently a Rac1 mutation melanoma was reported 
[35]). Taken together, Rho GTPases are an attractive target for anticancer treatment. 
Strategies to interfere with Rho GTPase signaling include the use of small inhibitors 
for Rho GTPases or effector/regulator proteins, post-translational modification 
inhibitors such as statins or bisphosphonates and RNAi-mediated approaches.
Such an approach is described in Chapter 6, where the role of the Rho GTPase 
Rac1 in tumor angiogenesis and growth is investigated with an RNAi approach. 
Rac1 has been implicated in being the predominant Rho GTPase responsible for 
VEGF-induced angiogenesis [36] and serves as an appealing target for anti-cancer 
therapy. Efficient knockdown of Rac1 in human ECs was achieved by transient 
transfection with anti-Rac1 siRNA (siRac1). Functional angiogenesis assays 
demonstrated that silencing of Rac1 inhibited VEGF-mediated EC tube formation, 
migration, invasion and proliferation in vitro. Moreover, treatment of mice bearing 
VEGF-supplemented Matrigel plugs with siRac1 resulted in reduced blood vessel 
formation when compared to treatment with control siRNA (siNS). Importantly, 
intratumoral treatment of mice bearing highly vascularized Neuro2A tumors with 
siRac1 almost completely blocked the outgrowth of tumors compared to saline 
and siNS treatments. The anti-tumor effect of siRac1 treatment seemed to be 
predominantly caused by anti-angiogenic effects mediated via ECs. In our studies we 
did not observe a combined inhibition of angiogenesis and tumor cell proliferation 
to be responsible for the anti-tumor effects. However, in a similar study siRNA-
induced knockdown of the Rho GTPase RhoA resulted in breast cancer xenograft 
tumor growth inhibition where dual effects in ECs and tumor cells appeared to be 
involved [37]. Most recently, Rho GTPases have been implicated in the formation, 
loading and shedding of microvesicles (MV) by cancer cells [38]. Shedding of MV by 
cancer cells is a method for communication and sharing of cell contents, which can 
substantially influence tumor development [39]. Moreover, Rho GTPase signaling 
has been implicated in facilitating elevated metabolism necessary for cancer cells to 
progress [40]. These reports, studies that implicate aberrant Rho GTPase signaling 
in tumor angiogenesis and proliferation and our observations taken together confirm 
interference with these cellular regulators a rational and attractive approach for more 
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effective (combination) therapy of cancer. 
4. Conclusions
To date, cancer remains the leading cause of death in the world. Extensive research 
efforts have resulted in the introduction of nanomedicines and molecular inhibitors 
to the arsenal of anti-cancer strategies. Concurrently, increased understanding of 
the underlying molecular mechanisms of processes such as tumor development, 
angiogenesis and metastatic spread has rendered cancer treatment more efficacious. 
This thesis has addressed two approaches for anti-cancer therapy using innovative 
techniques. The first approach involved the development of an actively-targeted 
nanomedicine for the direct inhibition of tumor cell proliferation. The second 
approach concerns indirect inhibition of tumor growth by RNAi-mediated 
obstruction of tumor angiogenesis. 
In the first approach we have encapsulated an anti-IGF-1R kinase inhibitor in 
liposomes that were subsequently equipped with anti-EGFR Nbs for the anti-cancer 
combination therapy. These loaded Nb-liposomes or Nanobullets could effectively 
inhibit the activation of both EGFR and IGF-1R signaling in tumor cells. Inhibition 
of cell proliferation and survival pathways on a molecular level predicted the 
cytotoxic efficacy of the nanobullets in a panel of tumor cell lines in vitro. In human 
xenograft models in mice, nanobullet-induced anti-tumor effects corresponded 
with the cytotoxicity observed in the respective cell line. An interesting challenge 
for future studies is the determination of the combination of therapeutic strategies 
that is most efficacious for the treatment of a specific indication. It may even be 
applied to combinations between drug and targeting ligand that form the basis for a 
personalized anti-cancer strategy. 
For the second approach we have employed an RNAi-mediated approach to 
specifically silence a gene which encodes a protein essential for tumor angiogenesis. 
Knockdown of the Rho GTPase Rac1 with specific siRNAs significantly decreased 
the ability of human ECs to transform into an angiogenic phenotype. In addition, 
siRac1 treatment inhibited angiogenesis and tumor growth in mice. The essential 
role of Rho GTPases including their regulator and effector proteins in a plethora of 
cellular processes that contribute to tumor development makes this signaling cascade 
a valid target to augment current cancer treatment. However, as Rho GTPases are 
ubiquitously expressed and involved in many cellular household functions, it is 
highly likely that targeted inhibition of these proteins at only at the site of disease is 
crucial. An actively-targeted nanomedicine, similar to the CALAA-01 formulation, 
that is able to selectively deliver the, otherwise ineffective, siRNA to the cytoplasm 
of target cells would be an important step towards clinical application of this strategy.
This thesis has demonstrated valuable innovative strategies to improve existing anti-
cancer therapy. This knowledge, together with the information from the first active-
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targeted nanomedicines currently in clinical trials, the data from targeted delivery of 
siRNA in humans and the increased understanding of molecular mechanisms that 
underlie cancer development and progression combined with improved treatment 
and diagnosis may lay the foundations for a future where certain types of cancer are 
no longer considered lethal but chronic diseases.
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1. Doelgerichte aflevering van antikanker medicijnen
Kanker is een verzamelnaam voor verschillende complexe aandoeningen die 
allemaal gekenmerkt worden door abnormale en ongereguleerde celgroei. Kanker 
is de belangrijkste doodsoorzaak in de wereld en verantwoordelijk voor 7.6 miljoen 
sterfgevallen in 2008 (13% van het totaal). Hoewel door onderzoek steeds beter 
wordt begrepen welke factoren een rol spelen bij de verandering van een ‘normale’ cel 
in een kankercel, blijft het lastig om te bepalen wanneer dit gebeurt. Kankertherapie 
is erop gericht om kankercellen te doden en tegelijkertijd zo min mogelijk schade 
aan te richten in gezonde delen van het lichaam. De effectiviteit van kankertherapie 
is afhankelijk van het stadium van de ziekte ten tijde van de diagnose en is vooral 
gebaseerd op (een combinatie van) chirurgische verwijdering van de tumor, bestraling 
(radiotherapie) en chemotherapie.
Chemotherapeutica verhinderen de celdeling van snel delende cellen zoals tumor 
cellen. Echter, doordat het geneesmiddel zich over het hele lichaam verdeelt, worden 
ook andere snel delende cellen aangevallen zoals cellen in het beenmerg, maag-
darmstelsel en haar follikels. Dit kan voor ernstige ongewenste bijwerkingen zorgen 
die de toepassing van deze therapie beperken.
In de laatste decennia is de kennis over de cellulaire factoren die een belangrijke rol 
spelen bij de ontwikkeling van een tumor enorm toegenomen. Dit heeft geresulteerd 
in de ontwikkeling van antikanker medicijnen die selectiever tumoren aanvallen dan 
de hierboven genoemde conventionele therapieën. Door de toename in specificiteit 
is de balans tussen effectiviteit en toxiciteit (therapeutische index) van deze nieuwe 
klasse medicijnen veel gunstiger. Toch verdelen ook deze geneesmiddelen zich over 
het gehele lichaam na orale of intraveneuze toediening, en dus kan de toepassing van 
deze remmers verder worden verbeterd door de ophoping in zieke weefsels (tumor) 
te vergroten en zo tegelijkertijd de blootstelling van gezonde weefsels te verminderen. 
De strategie die wordt gebruikt om dit te bereiken wordt ‘Targeted Drug Delivery’ 
genoemd, wat zich in het Nederlands laat vertalen tot ‘doelgerichte afgifte van 
geneesmiddelen’. Doelgerichte afgifte van geneesmiddelen kan worden gerealiseerd 
door ze te verpakken in dragersystemen. Deze dragersystemen zijn zeer kleine 
deeltjes met een afmeting van 50 – 400 nanometer. Ter vergelijking, 1 nanometer 
is 1.000.000 x kleiner dan een millimeter en de doorsnede van een dragersysteem is 
ongeveer 1.000 x zo klein als de doorsnede van een menselijke haar. Dragersystemen 
die beladen zijn met een geneesmiddel worden ‘Nanomedicijnen’ genoemd. 
Nanomedicijnen worden veelal intraveneus toegediend en kunnen vervolgens 
circuleren in de bloedbaan omdat de bloedvatwand in gezonde weefsels niet 
doorlaatbaar is voor deeltjes van deze grootte. Tegelijkertijd worden de bloedvaten 
van tumoren juist gekenmerkt door een verhoogde doorlaatbaarheid, waardoor 
nanomedicijnen uit de bloedbaan kunnen treden, zich kunnen ophopen in de tumor 
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en het antikanker medicijn aan de tumorcellen kunnen afgeven. Naast de bloedvaten 
is het drainagesysteem (lymfevatenstelsel) in tumoren meestal slecht ontwikkeld 
waardoor de opgehoopte nanomedicijnen in een tumor niet effectief afgevoerd 
worden. Het verpakken van een antikanker medicijn in een dragersysteem met als 
doel een grotere hoeveelheid van het geneesmiddel in de tumor te krijgen wordt 

‘Passieve Targeting (passief richten)’ genoemd (Fig. 1). De effectiviteit en selectiviteit 
van deze strategie kan worden verbeterd door het oppervlak van het nanomedicijn 
uit te rusten met ‘targeting liganden’. Deze targeting liganden herkennen specifieke 
eiwitten (‘receptoren’) op het oppervlak van tumorcellen en zorgen voor een verbeterde 
hechting en opname van het nanomedicijn in de cellen. Het hechten van targeting 
liganden aan nanomedicijnen wordt ‘Actieve Targeting (actief richten)’ genoemd (Fig. 
1).

Het eerste antikankernanomedicijn (Doxil®/Caelyx) werd bijna 20 jaar geleden 
goedgekeurd voor therapie en wordt sindsdien gebruikt in de kliniek. Het verpakken 
van het geneesmiddel doxorubicine in een lang-circulerend dragersysteem zorgde 

Figuur 1. Doelgerichte afgifte van nanomedicijnen in tumoren na intraveneuze toediening. 
Passieve targeting wordt bereikt doordat de bloedvaten van tumoren doorlaatbaar zijn voor 
nanomedicijnen die zich daardoor kunnen ophopen in de tumor. Actieve targeting wordt 
gerealiseerd door nanomedicijnen uit te rusten met targeting liganden die tumorcellen 
herkennen en zo de specificiteit en de opname van nanomedicijnen in tumorcellen vergroten.
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voor gelijke en soms verbeterde therapeutische activiteit in vergelijking met het 
‘onverpakt’ toegediende geneesmiddel. Bovendien werd de schade aan het hart, een 
ongewenste bijwerking van doxorubicine, flink verminderd door het toe te dienen 
in dit dragersysteem. Sindsdien zijn verschillende antikankernanomedicijnen 
goedgekeurd voor klinisch gebruik. Er wordt geschat dat er ongeveer 250 
nanomedicijnen in verschillende stadia van ontwikkeling zijn, waarvan verreweg de 
meeste voor de behandeling van kanker.
Vrijwel alle antikankernanomedicijnen die momenteel goedgekeurd zijn, kunnen 
worden beschouwd als passief gerichte nanomedicijnen (PGNM). Deze nanomedicijnen 
maken vooral gebruik van het feit dat ze lang in het lichaam circuleren en ophopen 
in de tumor vanwege de doorlaatbaarheid van de bloedvaten in tumoren. Ondanks 
dat het aanbrengen van targeting liganden de effectiviteit van nanomedicijnen kan 
verbeteren, zijn er op dit moment geen actief gerichte nanomedicijnen (AGNM) 
goedgekeurd voor gebruik in de kliniek. De status van 12 AGNM die momenteel 
worden getest in klinische trials is beschreven in Hoofdstuk 2. Uit de beschikbare 
literatuur die de (pre)klinische studies van de AGNM beschrijft, blijkt dat:
•	 AGNM effectief en veilig zijn in preklinische diermodellen,
•	 Het merendeel van de AGNM ontwikkeld wordt voor de behandeling van 

kanker,
•	 De bijdrage van targeting liganden aan de effectiviteit van nanomedicijnen nog 

niet onomstotelijk bewezen is,
•	 Targeting liganden vaak niet zorgen voor een verhoogde ophoping van het 

nanomedicijn in het doelweefsel (bijvoorbeeld een tumor), maar wel voordelig 
kunnen zijn met betrekking tot opname van het nanomedicijn in de doelcel en 
retentie in het doelweefsel.

Ondanks dat verbeterde inzichten in de interacties van AGNM met eiwitten en cellen 
na toediening in het menselijk lichaam nodig zijn om een effectieve vertaalslag naar 
de kliniek te realiseren, zijn er veelbelovende toekomstperspectieven voor AGNM. 
Zo kunnen actieve targeting strategieën toegepast worden voor het afleveren van 
geneesmiddelen die niet of slecht in staat zijn om cellulaire membranen te passeren, 
de behandeling van resistente tumoren, het aanvallen van de bloedvaten van de 
tumor of het ontwikkelen van specifiek gerichte vaccins.

2. Tumorgerichte Nanokogels voor antikanker therapie
De epidermal growth factor receptor (EGFR) is een receptoreiwit dat in hoge mate 
voorkomt op het celoppervlak van verschillende soorten tumoren. Zodra de juiste 
groeifactor bij de cel arriveert en na binding EGFR activeert, worden er belangrijke 
cellulaire signaalroutes aangezet die ervoor zorgen dat een tumorcel kan groeien en 
zo bijdragen aan de ontwikkeling van een tumor. De belangrijke rol van EGFR in 
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kanker heeft geleid tot de ontwikkeling van geneesmiddelen die specifiek EGFR 
blokkeren en zo de activering van cellulaire groei signaalroutes remt. Ondanks 
dat antikanker therapie met specifieke EGFR-remmers initieel zeer effectief is, is 
een tumor in staat om na verloop van tijd verder te groeien door het optreden 
van resistentie tegen de behandeling. Dit kan komen doordat een tumorcel zijn 
genetische code aanpast of ervoor zorgt dat andere eiwitten dan EGFR op het cel 
oppervlak cellulaire groei signaalroutes aanzetten. In beide gevallen wordt de tumor 
ongevoelig voor EGFR-gerichte therapie.
Eén van de eiwitten op het celoppervlak waarvan in de literatuur is beschreven dat 
het door tumoren kan worden gebruikt als ‘omleiding’ indien EGFR geblokkeerd 
is, heet de insulin-growth factor 1 receptor (IGF-1R). Net als EGFR, kan geactiveerd 
IGF-1R cellulaire signaalroutes aanzetten die belangrijk zijn voor de groei en deling 
van een tumorcel. 
In Hoofdstuk 3 is getracht om de groei van tumorcellen te remmen door EGFR 
en IGF-1R tegelijkertijd te blokkeren en zo te voorkomen dat cellulaire groei- en 
overleving signaalroutes in tumorcellen worden aangezet. Hiervoor hebben wij een 
tweevoudig-actief AGNM of Nanokogel ontwikkeld die zowel EGFR als IGF-1R 
activering blokkeert (Fig. 2). 

Het dragersysteem dat als basis dient voor de Nanokogel is een liposoom. Liposomen 
zijn de meest gebruikte dragersystemen voor doelgerichte aflevering van medicijnen. 
Een liposoom is een kunstmatig geproduceerd deeltje dat bestaat uit een door een 
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Figuur 2. De anti-EGFR/IGF-1R Nanokogel is een lang-circulerend actief gericht 
nanomedicijn. Het is geladen met een IGF-1R remmer (AG538) en uitgerust met targeting 
liganden (EGa1 nanobodies) die EGFR op het celoppervlak herkennen. Naast het vergroten 
van de specificiteit hebben de anti-EGFR nanobodies ook een EGFR-remmende functie. Het 
gelijktijdig blokkeren van EGFR en IGF-1R activering zorgt voor een effectieve remming van 
groei- en overlevingsignaalroutes in de tumorcel.



Appendices

174

membraan omgeven waterige inhoud. De architectuur van het liposomale membraan 
lijkt op dat van een cel. De waterige inhoud van de Nanokogel is geladen met de anti-
IGF-1R remmer AG538, die het gedeelte van IGF-1R blokkeert aan de binnenkant 
van de cel, en zo het aanzetten van signaalroutes remt. Aan het oppervlak van de 
Nanokogel zijn anti-EGFR nanobodies (EGa1) gehecht, die ervoor zorgen dat 
de Nanokogel gericht wordt naar tumorcellen die veel EGFR op hun oppervlak 
hebben. Tevens blokkeren de anti-EGFR nanobodies het gedeelte van EGFR aan 
de buitenkant van de cel, en voorkomen hiermee de activering van EGFR door 
binding van een groeifactor. Nanobodies zijn kleine stukjes antilichaam en kunnen 
zo worden ontwikkeld, dat ze zeer specifiek aan een bepaald eiwit binden. Hierdoor 
zijn nanobodies uitermate geschikt voor gebruik als targeting ligand.
De resultaten in Hoofdstuk 3 laten zien dat anti-EGFR Nanokogels beter aan 
EGFR-positieve hoofd-hals tumorcellen binden, en beter door deze cellen werden 
opgenomen in vergelijk met liposomen zonder anti-EGFR nanobodies op het 
oppervlak. Ook waren cellen zonder EGFR op het oppervlak niet in staat om 
liposomen met of zonder nanobodies op te nemen. Dit betekent dat de opname 
van de anti-EGFR Nanokogels in EGFR-positieve tumorcellen wordt veroorzaakt 
door de anti-EGFR nanobodies op het oppervlak van de liposomen. Blootstelling 
van EGFR-positieve tumorcellen aan anti-EGFR Nanokogels geladen met AG538 
zorgde voor een remming van zowel EGFR als IGF-1R activering in de cellen. Ook 
waren de Nanokogels in staat om de groei van tumorcellen sterk te remmen.
In Hoofdstuk 4 is de toepasbaarheid van de anti-EGFR/IGF-1R Nanokogels 
als nanomedicijn verder onderzocht. Dit is gedaan door te onderzoeken of de 
Nanokogels in staat waren om in vier verschillende humane tumorcellijnen groei- 
en overlevingsignaalroutes te remmen (moleculair) en wat het effect hiervan was op 
de groei van de tumorcellen (cellulair, in vitro). Vervolgens is getest of systemische 
behandeling met anti-EGFR/IGF-1R Nanokogels tumorgroei in muizen kon 
remmen (in vivo). De cellijnen verschilden van elkaar in hoeveelheid EGFR en IGF-
1R op het celoppervlak en bestonden uit de volgende tumortypen: hoofd-halsepitheel 
(14C), huidepitheel (A431), longepitheel (A549) en borst (MB-468). In alle vier de 
cellijnen resulteerde blootstelling aan de anti-EGFR/IGF-1R Nanokogels tot een 
blokkade van EGFR activering. Daarentegen zorgde behandeling met Nanokogels 
alleen voor een effectieve blokkade van IGF-1R activering in 14C en A431 cellen 
en niet in A549 en MB-468 cellen. Om de activering van IGF-1R te remmen dient 
de anti-IGF-1R kinase remmer AG538 afgeleverd te worden in de tumorcellen door 
de Nanokogel. Het is mogelijk dat de opname en verwerking van de Nanokogels 
door 14C en A431 cellen wel efficiënt verloopt, maar dat dit niet het geval is 
in A549 en MB-468 cellen en dat daardoor geen remmend effect van de kinase 
remmer kon worden waargenomen. Naast EGFR en IGF-1R, is ook bepaald wat de 



Nederlandse samenvatting voor niet-ingewijden

175

gevolgen van behandeling met Nanokogels zijn voor de activering van twee eiwitten 
(Akt en ERK 1/2) die een belangrijke rol spelen in de groei en overleving van de 
onderzochte tumorcellijnen. Hieruit bleek dat alleen in 14C en A431 cellen, waarin 
Nanokogelblootstelling leidde tot remming van EGFR en IGF-1R, ook de activering 
van Akt en ERK 1/2 geremd werd. Tegelijkertijd zorgde Nanokogelbehandeling in 
A549 en MB-468 cellen alleen voor een blokkering van EGFR activering en niet voor 
een remming van Akt en ERK1/2 activering. Dit betekent dat in de vier onderzochte 
tumor cellijnen zowel EGFR als IGF-1R activering geblokkeerd moet worden om 
een efficiënte remming van groei en overlevingsignaalroutes te veroorzaken.
Dezelfde tumorcellijnen werden gebruikt om te bepalen of een behandeling met 
anti-EGFR/IGF-1R Nanokogels een effect had op de groei van de cellen in vitro. 
Het bleek dat de Nanokogels op een concentratie-afhankelijke manier de groei van 
zowel 14C als A431 cellen remde. Tegelijkertijd zorgde Nanobullet behandeling 
alleen voor een gedeeltelijk remmend effect in A549 en MB-468 cellen. De remming 
van celgroei veroorzaakt door behandeling met Nanokogels correleerde met het 
vermogen van het nanomedicijn om belangrijke cellulaire groei en overleving te 
blokkeren. 
Tenslotte werden zowel humane 14C en MB-468 tumorcellen onderhuids in muizen 
aangebracht waarna tumoren zich ontwikkelden. Vervolgens werden de muizen 
systemisch behandeld met anti-EGFR/IGF1R Nanokogels om te onderzoeken of 
het anti-tumor effect in vivo correspondeerde met de effecten geobserveerd in de 
cellen. In het snel groeiende 14C model zorgde behandeling met Nanokogels voor 
een significante remming van tumorgroei in vergelijk met controle behandelingen. 
In het langzaam groeiende MB-468 model zorgde de behandeling met Nanokogels 
niet voor een significant anti-tumor effect in vergelijk met controle behandelingen. 
Uit deze resultaten blijkt dat Nanokogel-geïnduceerde remming van cellulaire groei- 
en overlevingsignaalroutes in de onderzochte cellijnen voorspellend was voor het 
anti-tumor effect in vitro en in vivo.
De gezamenlijke resultaten uit Hoofdstuk 3 en Hoofdstuk 4 laten zien dat het 
mogelijk is om een AGNM te ontwikkelen voor het blokkeren van meerdere 
signaalroutes in tumorcellen en de daarmee gepaard gaande anti-tumor effecten. Het 
blijkt dat hoewel alle onderzochte cellijnen EGFR en IGF-1R op het oppervlak hebben, 
dit niet voorspellend is voor het anti-tumor effect veroorzaakt door de Nanobullets. 
Het kan zijn dat in de tumorcellijnen die een gemiddeld responsepatroon lieten zien, 
veranderingen in de genetische code van de cellen ervoor zorgen dat de behandeling 
met Nanokogels minder effectief is. Ook kan het zijn dat er naast EGFR en IGF-1R 
nog andere eiwitten op het oppervlak van de cellen bijdragen aan het aanzetten van 
groei- en overlevingsignaalroutes.
Een manier om de anti-tumor effecten van de Nanokogels te verbeteren is om de 
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hoeveelheid geladen kinase remmer AG538 te verhogen. Ook kan gekozen worden 
voor een multi-target kinase remmer zoals sunitinib of een ander soort geneesmiddel, 
zoals een chemotherapeuticum. Daarnaast kunnen ook nanobodies gebruikt worden 
die andere eiwitten op tumorcellen herkennen, zoals HER2. 
Naast liposomen zijn er ook nog andere dragersystemen die benut kunnen worden 
voor het ontwikkelen van Nanokogels zoals nanodeeltjes gebaseerd op albumine of 
synthetische polymeren.
De ontwikkeling van Nanokogels voor de behandeling van kanker staat nog 
in de kinderschoenen. Desalniettemin worden de eerste nanobody-gebaseerde 
geneesmiddelen momenteel getest in klinische trials. Gecombineerd met de 
klinische trials met AGNM beschreven in Hoofdstuk 2 zou dit kunnen leiden tot 
het toepassen van Nanokogels voor de behandeling van patiënten.

3. Anti-kanker therapie door het remmen van tumor-angiogenese
De transformatie van een gewone cel naar een kwaadaardige cel die zich 
ongecontroleerd blijft delen, leidt uiteindelijk tot de ontwikkeling van een kleine 
tumor. Als deze kleine tumoren verder willen groeien, dienen ze aan de toegenomen 
vraag van zuurstof en voedingstoffen te voldoen door de vorming van nieuwe 
bloedvaten vanuit bestaande vaten te stimuleren. Dit proces wordt angiogenese 
genoemd. Sinds de ontdekking dat angiogenese cruciaal is voor de ontwikkeling van 
solide tumoren, is het remmen van dit proces een aantrekkelijke strategie geworden 
voor een effectieve behandeling van kanker. 
Wetenschappelijk onderzoek naar belangrijke signaalroutes en eiwitten in de endotheel 
cellen (ECs) verantwoordelijk voor angiogenese, heeft geleid tot de goedkeuring van een 
aantal angiogenese remmers in het afgelopen decennium. Deze remmers zijn vooral 
gericht op het blokkeren van vascular endothelial growth factor (VEGF)-geactiveerde 
cellulaire signaalroutes. Ondanks dat er meerdere angiogenese signaalroutes zijn 
ontrafeld in de laatste paar jaar, is de door tumorcellen uitgescheiden VEGF dat ECs 
activeert via de VEGF-receptor (VEGFR) één van de meest cruciale gebeurtenissen in 
tumor-angiogenese. Het blijkt echter dat therapie gericht op het remmen van VEGF-
gestimuleerde signaalroutes bescheiden klinische resultaten oplevert. Net zoals in het 
geval van specifieke remmers van receptoreiwitten op tumorcellen, ontwikkelt een 
tumor ook resistentie tegen specifieke angiogenese remmers en kunnen tumoren 
uiteindelijk verder groeien. Het is zelfs zo dat anti-angiogenese therapie ervoor kan 
zorgen dat tumoren zich sneller verspreiden omdat het de omgeving van de primaire 
tumor minder gastvrij maakt. Er is daarom vraag naar innovatieve of combinatie 
strategieën die effectief tumor-angiogenese en eventuele tumorgroei en uitzaaiing 
(metastasering) effectiever remmen. In ECs, VEGF-gestimuleerde activering van 
VEGFR-2 kan leiden tot het aanzetten van de Rho GTPase signaal route. Rho 
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GTPases zijn kleine eiwitten die functioneren als kleine schakelaars in de cel. Ze 
zijn betrokken bij verschillende processen in de cel zoals transport van eiwitten door 
de cel, celbeweging en celdeling. In Hoofdstuk 5 is de rol van Rho GTPases in 
tumor-angiogenese en invasiviteit beschreven. Rho GTPases zijn veelal onmisbaar 
voor processen in ECs die bijdragen aan angiogenese zoals doorlaatbaarheid van 
de bloedvatwand, afbraak van de extracellulaire matrix, celmigratie, celgroei en de 
vorming van het bloedvat. Verder is beschreven dat Rho eiwitten zijn betrokken bij 
tumorcel migratie, invasiviteit en uitzaaiing. Rho GTPases zijn dus een aantrekkelijk 
doelwit van processen in ECs en tumorcellen die bijdragen aan de ontwikkeling van 
de tumor. Strategieën die Rho GTPase signaalroutes remmen bestaan uit het gebruik 
van specifieke Rho eiwitremmers, het gebruik van statines en bisfosfonaten en RNA 
interferentie (RNAi). 
Een voorbeeld van een dergelijke methode is beschreven in Hoofdstuk 6, waarin de 
rol van de Rho GTPase Rac1 in tumor-angiogenese en groei is onderzocht met een 
RNAi strategie. 
Normaal gesproken wordt de genetische code van een cel (DNA) eerst overgeschreven 
(transcriptie) naar boodschapper RNA. Het boodschapper RNA verlaat de celkern 
waarna het vertaald (translatie) wordt in een functioneel eiwit. Bij RNAi wordt het 
de vertaling van boodschapper RNA naar functionele eiwitten geblokkeerd door 
kleine stukjes RNA (siRNA). RNAi wordt door cellen gebruikt als afweer tegen 
virussen, maar is ook een genregulatie mechanisme. Het proces kan worden gebruikt 
voor het remmen van de productie van praktisch ieder eiwit, door het introduceren 
van synthetische siRNA in een cel. 
Het is beschreven dat Rac1 de voornaamste Rho GTPase is, betrokken bij VEGF-
gemedieerde angiogenese en vormt daarom een interessant doelwit voor antikanker 
therapie. Effectieve remming van de Rac1 eiwitproductie (knockdown) in humane 
ECs kon worden bereikt door het introduceren van anti-Rac1 siRNA (siRac1). De 
knockdown van Rac1 in ECs zorgde ervoor dat de cellen minder goed in staat waren 
om VEGF-gestimuleerde processen te ondergaan die bijdragen aan angiogenese 
zoals het vormen van cellulaire uitlopers, celmigratie, celgroei en celinvasie in vitro. 
Behandeling met siRac1 remde de aanmaak van bloedvaten in muizen in vergelijking 
met controle siRNA (siNS) behandeling. Tenslotte resulteerde een behandeling van 
tumordragende muizen met intratumorale injecties van siRac1 tot een significant 
anti-tumoreffect in vergelijk met siNS controle behandelingen. Het bleek dat het 
remmen van de tumorgroei vooral werd veroorzaakt door verminderde tumor-
angiogenese, en niet door het remmen van tumorcelgroei. 
Recentelijk is beschreven dat Rho GTPases betrokken zijn bij het uitscheiden van 
kleine blaasjes (microvesicles) door tumorcellen, die een rol spelen in de communicatie 
en de uitwisseling van materiaal tussen cellen. Ook zijn Rho GTPases betrokken bij 
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de het faciliteren van het verhoogde metabolisme van tumorcellen wat nodig is voor 
de cellen om te groeien.
De grote hoeveelheid literatuur die laat zien dat afwijkende cellulaire Rho GTPase 
signalering betrokken is bij tumor-angiogenese en groei en de observaties in 
Hoofdstuk 6 samen genomen, bevestigen dat het remmen van deze cellulaire 
schakelaars een rationele en attractieve strategie is voor een meer effectieve 
(combinatie) therapie voor de behandeling van kanker.

4. Conclusies
Momenteel blijft kanker de belangrijkste doodsoorzaak in de wereld. Intensief 
wetenschappelijk onderzoek heeft geleid tot de toevoeging van nanomedicijnen en 
selectieve remmers aan het arsenaal van antikankerstrategieën.
In dit proefschrift staan de resultaten beschreven van twee innovatieve methoden 
voor de behandeling van kanker. De eerste strategie omvat de ontwikkeling van een 
AGNM voor de directe remming van tumorcelgroei. De tweede strategie bestaat uit 
de remming van tumorgroei door een RNAi-gemedieerde obstructie van tumor-
angiogenese. 
In de eerste strategie is een anti-IGF-1R kinase remmer geladen in liposomen die zijn 
uitgerust met anti-EGFR nanobodies voor gerichte antikankercombinatietherapie. 
Behandeling met deze AGNM of Nanokogel zorgde voor een remming van 
EGFR en IGF-1R signalering in tumor cellen. Remming van cellulaire groei- en 
overlevingsignaalroutes in tumorcellen was voorspellend voor het anti-tumor effect 
van Nanokogel behandeling in vitro en in vivo. Een interessante uitdaging voor 
toekomstige studies met Nanokogels is het vinden van de meest effectieve AGNM 
samenstelling (dragersysteem, nanobody, geneesmiddel) voor de behandeling van 
een specifieke indicatie. In de toekomst zouden de combinaties van intrinsiek actieve 
targeting liganden en antikankergeneesmiddelen de basis kunnen vormen voor een 
persoonlijke antikankerbehandeling waaraan de specifieke moleculaire samenstelling 
van de tumor ten grondslag ligt.
In de tweede strategie is RNAi toegepast om de productie van een specifiek eiwit 
te remmen, dat essentieel is voor tumor-angiogenese. Knockdown van de Rho 
GTPase Rac1 verminderde het vermogen van humane ECs om zich te veranderen 
in een angiogene cel. Verder zorgde behandeling met siRac1 voor een remming 
van angiogenese en tumorgroei in muizen. De belangrijke rol van Rho GTPases in 
cellulaire processen die bijdragen aan de ontwikkeling van een tumor maakt deze 
cellulaire signaalroute tot een geldig doelwit om bestaande behandeling van kanker 
te verbeteren. Rho GTPases komen echter in iedere cel voor en zijn onmisbaar voor 
veel ‘huishoud’ functies. Het is zeer waarschijnlijk dat het gericht remmen van deze 
eiwitten alleen dient plaats te vinden in zieke weefsels. Een AGNM dat in staat is om 
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het anders inactieve siRNA, selectief af te leveren in doelcellen zou een enorme stap 
richting de klinische toepassing van RNAi zijn.
Dit proefschrift heeft waardevolle innovatieve strategieën beschreven voor het 
verbeteren van bestaande antikankertherapieën. Deze kennis, samen met de 
informatie van de eerste AGNM in klinische trials, data van gerichte aflevering van 
siRNA in mensen en meer kennis van mechanismen die ten grondslag liggen aan 
de ontwikkeling en voortschrijding van kanker, in combinatie met een verbeterde 
behandeling en diagnose, kan de basis vormen voor een toekomst waar bepaalde 
vormen van kanker niet langer worden beschouwd als een dodelijke maar chronische 
ziekte.
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Joep, een hele dikke dankjewel voor het ontwerpen van de cover! Loot, dankjewel 
voor het kritisch doorlezen van de NL samenvatting.

Elf jaar geleden hadden een aantal mensen (waaronder ik) het briljante idee om een 
vriendenteam op te richten. Er zijn nog weinig spelers van het originele team over 
maar Drechtstreek 5 is een begrip binnen de club vanwege het voetbal en vooral 
vanwege de gezelligheid. Iets om trots op te zijn. Mannen, bedankt voor alle dingen 
die we samen hebben meegemaakt tijdens wedstrijden, de derde helft, toernooien, 
weekenden weg en bruiloften! En hou op met mij wodka te voeren…

Ook de beste mannen van Voorwaarts 4 wil ik graag bedanken voor hun gezelligheid 
en voor het tolereren van mijn onnuttige geschreeuw.

Finally I’d like to thank my family. Because of them I’ve been able to take advantage 
of every opportunity that crossed my path!

Lieve tante Coby, toen ik begon met het onderzoek vond ik het vooral heel interessant. 
Dankzij jou heeft het een diepere betekenis gekregen. Tot ooit.

Liebe Irene, dankeschön fe ois wos du de letztn 5 johr fe de Anna und fe mi tu host. 
Jeds moi boid ma zu dia kemman, is wia hoam kemma! Danke fe de supa nette 
Zeit, egal ob Weihnachtn, Silvesta, Fosching, Toifest, fes guade Essn und Gedränke 
(Schnapsä), schifohn gea und dass i iaz - dank dia - wia a „Meister“ Plafonds roin ku! 
Bleib so wia du bist und i hob di lieb! Liebe Theresa, liebe Eva und lieber Niels, dass 
Österreich a zwoate Heimat is, kimb a durch ench. I mecht ench a bedankn fe encha 
Unterstützung und bearige Zeit a de letztn poor Johr! I hob ench lieb! 

Lieve Ma en Kees, dat woorden niet kunnen beschrijven hoe dankbaar ik ben is 
vooral op jullie van toepassing. Heel erg bedankt dat wij het eerste jaar bij jullie 
mochten wonen en voor alle support tijdens en na de verhuizing naar Utrecht. 
Ook nadat we in Utrecht woonden stonden jullie voor ons klaar als dat nodig was. 
Bedankt voor alle gezellige avondjes, babysitten van de kat en de afgelopen keer dat 
we naar Oostenrijk zijn gegaan. Sorry dat het zo laat werd die laatste avond… Ma, 
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dankjewel dat ik je altijd kan bellen als er iets is en dat ik nog steeds mag blijven 
slapen als de voetbal zaterdag iets te gezellig wordt…Kees, dankjewel dat Anna zich 
door jou meteen thuis voelde en voor het doen van ontelbare klusjes. Sorry dat we 
door de douchebak heen zijn gezakt…Ik hou van jullie!

Lieve Pa en Dimphy, dankjulliewel voor alle hulp en steun de afgelopen jaren. Jullie 
hebben ook flink bijgedragen aan onze verhuizing naar Utrecht. Dimph, dankjewel 
voor alle etentjes en borrels onder de rivier die steevast gezellig waren! Pa, vanwege 
jouw werk begrijp jij waarschijnlijk het best van iedereen wat ik de afgelopen jaren 
heb gedaan. Ik hoop dat je trots bent! Samen naar Oostenrijk rijden om te skiën en 
het weekend in Barcelona met Jim zijn dingen die ik nooit meer vergeet. Doe het een 
beetje rustig aan zodat we dat soort dingen nog vaker kunnen doen. Dankjewel dat 
ook jij er altijd voor mij bent als het nodig is. Ik hou van jullie!

Mei liabste Anna, I glab du hedst da nia denkt, dass es so lafn wead wias iatz is, 
wia mia ins vua meara wia fünf Johr kenna gleant hom… du host dei Lem mid 
deina Familie und mid deine Freunde in Österreich aufgem und bist mid mia noch 
Hollond zochn. I hob greasstn Respekt wia schnö du di eigleb host im Kaskopflond. 
A wenns ned oewei leicht gwesn is, bin i echt frua, dasst miatkemma bist nach 
Holland. Des beste vo mein Tog is Hoamkemma zu dia und realisian, dass i pures 
Glück mid dia hob. I ku ma a Lem ohne di echt ned vuastön, und kus kam dawortn, 
dass ma insa naxts Abenteuer midanond dalem. I lieb di mid mein gonzn Herzn x!
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