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Summary of the Thesis 

Gene therapy involves the delivery of nucleic acids, such as genes or siRNA, into 

eukaryotic cells for therapeutic purposes. The purpose can be manifold and may include 

replacing the nonfunctional gene with a functional one, silencing the ill functioning gene, 

introducing a new gene, or the regulation of gene expression. The potential applications of 

both plasmid DNA (pDNA) and RNA interference (RNAi) is currently investigated in the 

context of many diseases e.g. cancer, genetic disorders, inherited skin disorders, solid tumor 

and in the treatment of virus infections. In order to express their biological effect, the 

nucleic acids have to reach their appropriate target sites. Since this does not occur 

spontaneously, several methods are used to deliver the nucleic acids, which rely largely on 

applying non-viral and viral vectors. Lipoplexes (consisting of cationic lipids and DNA) 

and polyplexes (composed of cationic polymers and DNA) are among the non-viral vectors 

that gain considerable interest. Because of their ease of production, possibility to carry large 

DNA fragments, and reduced toxicity and immunogenicity, these carriers are considered 

superior to their viral counterparts, although they are still lagging behind in terms of 

transfection efficiency. Lipo- and polyplexes have to cross several barriers before they can 

transfer their genetic payload to their target sites. The overall process  includes: (i) 

extracellular processing and reaching the cell surface, (ii) endocytosis, (iii) intracellular 

processing and endosomal escape , and in case of plasmids and antisense oligonucleotides 

(iv) nuclear delivery. Deciphering these extra- and intracellular barriers will help us to 

better understand and define the processing of lipo- and polyplexes and hence achieve the 

transfection and/or therapeutic efficiency that at the end would be comparable to viral 

vectors.  

Chapter 1 discusses these barriers in more detail and gives an overview of current progress 

made in the field to cross these barriers. Moreover, specific emphasis is given to the latest 

modifications made in the development of novel lipoplex formulations and their 

applications both in vitro and in vivo. In addition, mechanisms are described as to how 

nanocarriers reach the cell body, before entering the cell by means of a variety of endocytic 

mechanisms..  

Heparan sulfate proteoglycans (HSPGs), present on the cell surface, carry negative charges 

and are considered as hot spots for the binding of the positively charged lipo- and 

polyplexes. In Chapter 2 we have investigated the precise involvement of HSPGs in the 

initial interaction between the cationic nanocarriers and the cell surface. We demonstrate 

for the first time that before actual endocytosis lipo- and polyplexes are picked up by actin 

rich cellular protrusions, known as filopodia and retraction fibers. We show that lipo- and 

polyplexes can be brought to the cell surface using two different mechanisms, i.e., surfing 

along filopodia and retraction along retraction fibers. Clustering of syndecans, an actin 

binding transmembrane protein belonging to the HSPG family that localizes to filopodia is 

a pre-requisite for the operation of both these mechanisms. Thus initially, after binding to 

the filopodia, rapid clustering of syndecans takes place at the binding site of the lipo- and 

polyplexes, which is followed by the transfer of the nanocarrier to the cell surface by either 

surfing or retraction. Interestingly, lipo- and polyplexes can also move along nanotubes 
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between cells, thereby establishing ‘filopodial bridges’ between cells. We demonstrate that 

the processing of the cationic nanocarriers along the filopodia depends on intact actin 

fibers, and occurs by an actin retrograde flow mechanism. Having thus reached the cell 

surface, the cationic nanocarriers subsequently enter the cells by a variety of endocytic 

pathways. Most interestingly, the described events for filopodia-mediated transport of the 

cationic nanocarriers bear strong similarity to mechanisms employed by viruses and 

pathogenic bacteria prior to entering the cell. Accordingly, the current findings, relying on 

nanoparticle processing, may also be of help in clarifying cellular mechanisms relevant to 

the entry of these pathogens.   

Syndecans are type 1 transmembrane HSPGs that have three distinct domains with distinct 

functions. An extracellular domain can be distinguished that carries various HS moieties, 

next to the transmembrane part which largely contributes to the clustering of syndecans, 

and a cytoplasmic domain that performs  a multitude of functions, including intracellular 

signaling, and that indirectly interacts with actin fibers by binding to actin interacting 

proteins, such as  ERM (Ezrin/Radixin/Moesin). To further define the role of syndecans in 

the processing of polyplexes along filopodia, we expressed syndecans in which different 

domains had been modified or interchanged (chimera), as described in Chapter 3. In this 

manner we aimed at obtaining insight into structural aspects of these proteins in governing 

the initial interactions with the cationic nanocarriers that catalyzed their transfer along the 

filopodia to the cell surface. We demonstrate that deleting the cytoplasmic domain of 

syndecans does not inhibit their clustering, neither in the filopodia nor on the cell surface. 

Moreover, both surfing and retraction of the nanocarriers still occurs in cells expressing this 

specific type of mutant. Similarly, syndecan chimera, in which the extracellular part was 

exchanged between syndecan-1 and 2, also maintained the ability to cluster and mediate 

subsequent trafficking along the filopodia. However, syndecan mutants, in which the 

transmembrane part is replaced with that of a non-HSPG protein, fail to cluster. As a result, 

neither surfing nor retraction of the cationic nanocarrier along filopodia was observed. In 

fact, intracellular transport and subsequent release of oligonucleotides from polyplexes 

requires intact syndecans. Finally, using caveolin-1 as a caveolar pathway marker we find 

that clustered syndecan, when interacting with polyplexes, colocalizes with caveolin-1, 

showing the potential role of the caveolae pathway in syndecan-mediated entry of 

polyplexes.  

Several factors, including cell type, size and type of nanocarriers, may determine the 

intracellular pathway by which nanoparticles gain intracellular access.  These pathways can 

be divided into two main categories, i.e., clathrin-dependent and clathrin-independent 

endocytosis, although none of these pathways is mutually exclusive. However, avoiding 

lysosomal delivery, where cargo may be degraded, appears to be a significant parameter for 

successful gene delivery. Various strategies have been proposed to avoid this potential 

destination. In Chapter 4 we have investigated the involvement of protein kinases, being 

part of the regulating endocytic machinery, as a governing co-factor in determining 

internalization per se and/or the kinetics of particle processing, thereby potentially 

modulating cellular transfection. We used different kinases-specific inhibitors and found 
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that protein kinase A (PKA) inhibition particularly increased the transfection efficiency of 

branched polyethyleneimine (BPEI) polyplexes by approximately 2-3 folds. The observed 

increase in transfection efficiency was due to perturbation of trafficking of the gene 

delivery vehicles along the clathrin mediated endocytic pathway, and relied on precluding 

trafficking to late endosomes/lysosomes. The ability of PKA inhibition to perturb 

trafficking along the clathrin-mediated pathway of entry was corroborated by showing that 

the trafficking to the lysosomes of specific markers of this pathway, such as LDL and EGF, 

was also perturbed.  Our data reveal that instead of targeting gene carriers into the caveolar 

pathway, which potentially may also preclude trafficking to the lysosomes, modulation of 

the clathrin pathway by inhibiting PKA activity is a highly effective means to promote 

transfection efficiency of relative poorly delivering complexes.  

In the tale of ‘interplay between nanocarriers and the cell’, we have investigated  in the 

final experimental chapter (Chapter 5) the most prominent barrier in nanocarrier-mediated 

delivery of nucleic acid, i.e., endosomal escape.. There are two distinct mechanisms. 

Polyplexes with a high proton buffering capacity may mediate cytosolic delivery of nucleic 

acids by means of a mechanism known as the ‘proton sponge effect’. Lipoplex-mediated 

delivery seems to rely on endosomal membrane destabilization, induced when the lipoplex 

membrane adopts a non-bilayer structure, which may be promoted by a so-called helper 

lipid, dioleoylphosphatidylethanolamine, and by ‘flip-flop’ of acidic phospholipid in the 

endosomal membrane, which intermingle with those in the lipoplex. Both mechanisms were 

proposed more than a decade ago, but direct evidence in situ has not been provided thus far. 

By live cell imaging, we demonstrate that nucleic acid release from polyplexes involves a 

bursting mechanism in which both the nucleic acid and polymers are separately, but with 

similar kinetics released from the endosomal compartment.  Small oligonucleotides are 

released by bursting vectorially, after which they rapidly accumulate in the nucleus. 

Plasmid DNA remains localized at the site of bursting. We show that the release is inhibited 

when compartment acidification is inhibited, while it takes place from syndecan- and 

LAMP1-positive compartments. Importantly neither lysis of endosomes nor release of 

whole polyplexes occurs, i.e., events that are assumed to be an inherent part of the proton 

sponge release mechanism. Unlike endosomal bursting in case of polyplex-mediated 

delivery, lipoplex-mediated delivery occurs via a more gradual release mechanism, 

proceeding over 45-60 min. By contrast, the release by the proton sponge mechanism is 

completed within 1-2 min. Our data thus provide a detailed insight into the mode and extent 

of endosomal membrane destabilization in nucleic acid release, as induced by cationic lipid 

and polymer-based nanocarriers. 
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Perspectives 

In recent years hundreds of different cationic nanocarriers have been formulated, but most 

of them did not pass the first stage in clinical trials. In part, this can be attributed to their 

relative colloidal instability and high susceptibility towards clustering in circulation, thus 

giving rise to a potential health risks and/or toxicity. In addition, however, compared to 

viral-based formulations, which have their own disadvantages, nanocarrier-mediated 

transfection efficiency is relatively low. The reason underlying poor transfection efficiency 

is especially related to lacks of sufficient cell biological insights, which is essential to pin-

point the barrier(s) and develop subsequently options to address them. The aim of the work 

presented here was to decipher some of these cellular barriers in detail. It is generally 

considered that cationic nanocarriers are electrostatically attracted towards the highly 

anionic cell surface. Here we show that in addition to electrostatic interaction, cationic 

nanocarriers are efficiently picked up by cellular filopodia that subsequently bring them to 

the cell body where endocytosis takes place. The process is further supported by clustering 

of syndecans, a family of transmembrane proteins, and depends upon intact actin and the 

motor protein myosin II. This shows that binding of nanocarriers to the cell surface is not 

just a matter of electrostatic interaction. Rather, it is a highly regulated process, which in 

addition to syndecan clustering might also depend on other regulatory factors, including 

kinase activity. Thus unlike previous ideas that nanocarriers can internalize into the cells 

relatively un-noticed, their interaction with the cell surface and subsequent internalization 

may well provoke proinflammatory and proapoptotic pathways, which is currently a rapidly 

emerging topic in the field. In future work, it would be highly instrumental to carefully 

investigate effects of different nanocarriers on cellular signaling and determine which 

kinases are up- or down-regulated upon their addition. This could be of help in regulating 

the transfection efficiency of nanocarriers at the molecular level. Indeed, we could show 

that by using different kinase inhibitors the trafficking of nanocarriers can be re-routed to 

non-degradative pathways, thereby increasing the transfection efficiency, although more 

specific approaches, like knocking down the specific kinase would also be a most useful 

extension. 

Syndecans have been shown in many cases to act as co-receptors instead of posing as direct 

receptor for viruses and other ligands. We also find that syndecan clustering is required for 

the processing of nanocarriers along filopodia, while syndecan mutants lacking the 

cytoplasmic domain can still maintain surfing or retraction. This could suggest that there 

are other factors, probably extracellular matrix binding proteins including integrins, in 

addition to syndecans that are also involved in the subsequent processing of nanocarriers 

along the filopodia. Knowing the role of these extracellular matrix binding proteins would 

be highly beneficial, not only in the field of nanocarriers, but also for obtaining insight as to 

how cells respond to other ligands, including viruses and chemoattractants. 

The endocytic pathways followed by nanocarriers can be highly complex, and in the 

absence of their specific targeting into a given pathway can potentially use any of the 

endocytic pathways as none of them seems to be exclusive. The mutual contribution of each 

pathway is commonly explained in terms of either avoiding or ending up in lysosomes. But 
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in either case the nanocarriers have to escape from endosomes in order to release their 

genetic payload into the cytosol. Nanocarriers use two distinct mechanisms to bring about 

the release of nucleic acids from the endosome,  namely lipid-induced membrane 

perturbations which includes lipid flip-flop of acidic phospholipid in the endosomal 

membrane in case of lipoplexes, and a ‘proton-sponge mechanism’ in case of polyplexes 

that display a relative high proton buffering capacity. Unexpectedly, it was apparent that 

only a very limited number of polyplexes (as low as one up to four/five polyplexes per cell) 

actually release their contents and thus contribute to the transfection efficiency. It is still a 

major question why only such a small number of polyplexes release their contents, in spite 

of the fact that additional complexes can be detected intracellularly, seemingly inert. 

Knowing the exact reason will help us to design more efficient nanocarriers that will be 

required in a lesser amount but expressing higher transfection efficiency. Advantageously, 

in this way the relative toxicity can also be lowered. Moreover, these observations, i.e., of a 

very limited degree of actual delivery, may also explain why some cells in the same 

population are expressing and why others do not. Since larger DNA fragments e.g. plasmid 

DNA, cannot move freely in the cytoplasm, and also due to the lower half-life of DNA in 

the cytosol,  a release at a distance  far from the nucleus or at a timing  too early before cell 

division, will decrease the chance of intact DNA to reach the nucleus. Developing 

nanocarriers that respond to the cell cycle and also release their content near the nuclear 

membrane (right time and right place) may subsequently increase the transfection 

efficiency of nanocarriers to a level similar to that of viral vectors.  

Finally, it is apparent that the field of nanocarriers is quite versatile in terms of production 

and characterization, which is obviously due to their ease of handling, relative simplicity of 

their structures,  and availability of cheaper technology in the field. However, with every 

single production of yet another nanocarrier and yet another characterization of cell 

biological pathways with the frequent outcome that it may not reach  the first stage of a 

clinical trial, is often felt as unproductive, if not frustrating. For a more successful 

approach, it is therefore, highly recommended  that these undertakings are carried out in a  

close collaborative setting, involving cell biologists, pharmacists and biophysicists in  order 

to benefit optimally from intellectual design of these carriers in the context of their future 

application. 
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Nederlandse samenvatting 

Gentherapie behelst de afgifte van genetisch materiaal, dat is opgebouwd uit nucleinezuren 

(zoals DNA, antisense oligonucleotiden en siRNA) aan lichaamscellen voor therapeutische 

doeleinden. Het wordt toegepast bij de behandeling van verschillende ziektes, waaronder 

genetische afwijkingen, kanker, en virale infecties. Door het vervangen van een defect gen 

voor een goed functionerende kopie, de introductie van een nieuw gen, of door regulatie 

van genexpressie kunnen  deze ziektes behandeld worden. 

Om effectief te kunnen zijn, moet het genetische materiaal de juiste plek in de 

lichaamscellen bereiken. Voor DNA is dit de kern, waar het wordt afgeschreven tot mRNA, 

dat na transport naar het cytoplasma van een cel zorgt voor de aanmaak van een specifiek 

eiwit. Voor siRNA is dit het cytoplasma van de cel, waar het bindt aan mRNA en de 

aanmaak van een bepaald  eiwit remt. Aangezien genetisch materiaal niet spontaan een cel 

kan binnendringen, zijn hiervoor methoden ontwikkeld, waaronder het gebruik van niet-

virale en virale vectoren. Lipoplexen (combinaties van positief geladen vetten en DNA) en 

polyplexen (combinaties van positief geladen polymeren en DNA) zijn de meest 

veelbelovende niet-virale vectoren. Ondanks dat ze minder efficiënt dan virale vectoren hun 

materiaal afgeven in cellen, biedt hun gemakkelijke produktie, vermogen om grote DNA 

constructen te vervoeren, lage toxiciteit en immunogeniciteit, vele voordelen. De afgifte 

van genetisch materiaal met behulp van lipo- en polyplexen (transfectie) is onder te 

verdelen in: (i) transport naar het celoppervlak, (ii) opname door de cel via endocytose, (iii) 

transport in de cel, en ontsnapping uit het endosoom, (iv) afgifte in het cytosol en/of de 

kern van de cel. Door deze extra- en intracellulaire processen te bestuderen, krijgen we 

meer inzicht in hoe niet-virale vectoren werken en kunnen we gericht verbeteringen 

aanbrengen die hun transfectie- en/of therapeutische efficiëntie tot eenzelfde niveau 

brengen als van virale vectoren.  

In Hoofdstuk 1 bespraken we in meer detail de bovengenoemde extra- en intracellulaire 

barrières voor genafgifte met lipo- en polyplexen, alsmede de recente ontwikkelingen om 

de barrières te slechten, met speciale nadruk op nieuwe lipoplex formuleringen en hun in 

vitro en in vivo toepassingen.  

In Hoofdstuk 2 werd speciale aandacht gegeven aan de eerste stap in het transfectieproces, 

namelijk hoe de niet-virale vectoren het celoppervlak bereiken. Wij lieten zien dat lipo- en 

polyplexen worden opgepikt door uitstulpingen op het celoppervlak, zogenaamde 

‘filopodia’. Vervolgens worden ze naar het celoppervlak gebracht door over het oppervlak 

van de filopodia te bewegen (‘surfen’), of doordat de filopodia zich verkorten. Voor zowel 

het ‘surfen’ als het terugtrekken van filopodia speelt de clustering van een bepaald type 

negatief geladen eiwit  (syndecan) dat aanwezig is in filopodia een cruciale rol. Syndecan 

clustering treedt op op de bindingsplaats tussen lipo-/polyplexen en filopodia, en is tezamen 

met het daaropvolgende ‘surfen’ van lipo-/polyplexen naar het celoppervlak, afhankelijk 

van een intact actine cytoskelet. Bij het celoppervlak aangekomen, worden de lipo-

/polyplexen opgenomen door de cel via endocytose. Interessant genoeg maken 

verschillenden ziekteverwekkers, zoals virussen en bacteriën, gebruik van overeenkomstige 
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mechanismen. Zo kunnen we door de interacties tussen niet-virale vectoren en cellen te 

bestuderen dus ook cellulaire mechanismen ophelderen die een rol spelen in infecties.   

Syndecans zijn transmembrane eiwitten, die negatief geladen heparan sulfaatketens op hun 

extracellulaire domein dragen. Hun cytoplasmatische domein speelt een rol in 

intracellulaire signalering en gaat via additionele eiwitten (ezrin/radixin/moesin) een 

interactie aan met actine. Om meer inzicht te krijgen in de rol van syndecan in het transport 

van lipo-/polyplexen over filopodia, werden syndecan mutanten tot expressie gebracht met 

mutaties in het extracellulaire , transmembrane, en cytoplasmatische domein, zoals werd 

beschreven in Hoofdstuk 3. Wanneer het cytoplasmatische domein van syndecan wordt 

verwijderd, treedt nog steeds clustering van syndecans op, ‘surfing’ van lipo-/polyplexen , 

en verkorting van filopodia. Wanneer echter het transmembrane deel van syndecan wordt 

vervangen door die van CD4 (een eiwit zonder heparaan sulfaatketens), vindt geen van 

deze processen meer plaats. Dit duidt erop dat het transmembrane domein een rol speelt in 

de interactie met het actine cytoskelet, waarschijnlijk via additionele eiwitten. 

Mogelijkerwijs is de aanwezigheid van syndecans in rafts belangrijk om deze interactie met 

andere eiwitten mogelijk te maken. We lieten zien dat de aanwezigheid van syndecans in 

rafts in ieder geval betrokken is bij de syndecan-gemedieerde opname van polyplexen door 

de cel via endocytose. 

De cellulaire opname van nanopartikels, zoals lipo- en polyplexen, kan plaatsvinden via 

verschillende opnameprocessen. Deze opnameprocessen worden grofweg verdeeld in twee 

categorieën, te weten clathrine-afhankelijke  en –onafhankelijke endocytose.  Welke 

opnameroute wordt gevolgd is afhankelijk van het type nanopartikel, zijn grootte, maar ook 

van het celtype. Het voorkómen van transport naar lysosomen, waar afbraak plaatsvindt, is 

belangrijk om een efficiënte genafgifte te krijgen. Verschillende strategieën zijn bedacht 

om opname in lysosomen tegen te gaan, zoals het bevorderen van opname via caveolae, een 

route die in sommige celtypes niet leidt tot opname in lysosomen .  In Hoofdstuk 4 werd de 

betrokkenheid van eiwitkinases bij lipo-/polyplex-gemedieerde transfectie onderzocht door 

gebruik te maken van een serie remmers voor specifieke kinases.  Eiwitkinases spelen een 

rol in het reguleren van de cellulaire opnameprocessen - bij de initiële opnamestap, maar 

ook het transport verder de cel in- en daarmee beïnvloeden ze mogelijkerwijs het 

transfectieproces.  Remming van proteïne kinase A (PKA) blijkt de transfectie-efficiëntie 

van BPEI polyplexen 2-3 maal te verhogen, door, ná opname van de polyplexen via 

clathrine-afhankelijke endocytose, hun transport naar lysosomen te blokkeren. Hiermee 

lieten we zien dat het moduleren van de clathrine-afhankelijke opnameroute door middel 

van remming van de PKA activiteit, een effectieve manier is om opname in lysosomen 

tegen te gaan en daarmee genafgifte met bepaalde niet-virale vectoren (BPEI) te 

bevorderen.  

In Hoofdstuk 5 beschreven we de meest prominente barriére voor genafgifte met niet-virale 

vectoren: hun vrijlating uit het endosoom. Lipo- en polyplexen ontsnappen uit het 

endosoom door gebruik te maken van specifieke, onderling verschillende mechanismen.  

Polyplexen met een hoge bufferende werking mediëren afgifte van nucleinezuren aan het 

cytosol door het zogenaamde ‘protonenspons effect’, terwijl lipoplexen afgifte veroorzaken 
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doordat de cationische lipiden in interactie met lipiden uit het endosoom membraan-

verstorende conformaties aannemen. Beide mechanismen zijn meer dan 10 jaar geleden 

geponeerd, maar directe evidentie in een celsysteem ontbreekt tot op de dag van vandaag. 

Door middel van ‘live cell imaging’ lieten wij zien dat de afgifte van nucleinezuren van 

polyplexen aan het cytosol gepaard gaat met het ontstaan van een ‘lek’ in het endosoom 

waardoor tegelijkertijd, maar apart van elkaar de nucleinezuren en de polymeren volledig 

ontsnappen. Deze afgifte duurt 1-2 minuten. Korte nucleinezuur sequenties (ODN) 

accumuleren daarna spontaan in de kern, terwijl grotere sequenties (DNA) op de plek 

blijven waar ze uit het endosoom zijn vrijgekomen. Belangrijk is dat het endosoom niet 

uiteenvalt en dat het polyplex niet in zijn geheel vrijkomt, zoals tot nu toe werd 

aangenomen. Wanneer een lipoplex zijn nucleinezuren afgeeft aan het cytosol gaat dit veel 

langzamer (45-60 min.) en stapsgewijs. Dit gedetailleerde inzicht in de manier en mate van 

destabilisatie van endosomale membranen door cationische polymeren en lipiden biedt 

handvatten voor de ontwikkeling van efficiëntere transfectiemiddelen. 
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