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Summary

Gene therapy is a powerful method for treating various genetic diseases and DNA vaccine
development, yet, lack of safe and efficient DNA delivery methods still remains the limiting
obstacle to human gene therapy. Various synthetic gene delivery agents that are safer than
recombinant viruses have been developed, however, they do not possess the required efficacy.

Dendrimers are type of synthetic delivery vehicles that exhibit several advantages over
other delivery agents, and these nanoparticles have been investigated over past few years for in
vitro and in vivo genetic material delivery. In this study, four different dendrimers — generation
four poly(amidoamine) dendrimer PAMAM G4, generation four cationic phosphorous dendrimer
CPD G4, generation four cationic phosphorous dendrimer AE2 G4 and generation two cationic
carbosilane dendrimer CBD-CS G2, were studied to characterize their ability to interact with
plasmid DNA (pDNA) and form dendrimer-pDNA complexes. Furthermore, in vitro transfection
efficiency and cytotoxicity experiments were performed. Also, the ability of two dendrimers —
CPD G4 and CBD-CS G2 — to introduce DNA in vivo in murine animal model was examined
using bioluminescence imaging.

The results of the biophysical characterization studies indicate that all four dendrimers
efficiently bind pDNA and form stable complexes. Dendrimer CBD-CS G2 was the most
efficient for cell transfection, and no significant cytotoxicity was observed. In vivo
bioluminescence studies showed that CBD-CS G2 dendrimer is not an efficient genetic material
delivery vehicle. In contrast, mice treated with pDNA complexed to increasing concentration of
CPD G4 dendrimer, displayed bioluminescence in concentration dependent manner, and the
highest photon flux was obtained in mice treated with 50 ug of CPD G4. These results indicate
that phosphorous dendrimer CPD G4 is the most suitable one of the four investigated dendrimers
for in vivo gene delivery, however, increase of transfection efficacy requires further optimization

of DNA-dendrimer formulations.

Key words: gene delivery, transfection, electroporation, dendrimers, bioluminescence

imaging, nanoparticles.



Kopsavilkums

Geénu terapija ir nozimiga dazadu gené&tisku slimibu arstéSanai, ka ari DNS vakcinu
attistibai, tacu veljoprojam limit€joSais faktors g€nu terapijas pielietoSanai kliika ir drosas un
efektivas metodes trukums, lai DNS ievaditu Stinas. Ir izveidoti dazadi sint€tiski vektori, kas ir
drosaki par rekombinanto virusu metodi, tacu tie nav pietiekami efektivi.

Dendriméri ir viens no sintétiskajiem DNS ievades vektoru veidiem, kam piemit vairakas
priekSrocibas salidzinot ar citam metodém, un §1s nanodalinas p&d&jo gadu laika pastiprinati
pétitas génu ievadei in vitro un in vivo. Saja pétijuma tika parbaudita etru dazadu dendriméru —
ceturtds paaudzes poli(amidoamina) PAMAM G4, ceturtas paaudzes katjonu fosfora CPD G4,
ceturtas paaudzes katjonu fosfora AE2 G4 un otras paaudzes katjonu oglekla-silicija CBD-CS G2
— sp€ja saistities ar plazmidas DNS (pDNS), lai veidotu dendriméru-pDNS kompleksus. Papildus
tika veikti in vitro transfekcijas efektivitates un citotoksicitates petijjumi. Ar bioluminescences
metodi tika pétita arT divu dendrimé&ru — CPD G4 un CBD-CS G2 — spé&ja nogadat DNS $iinas in
vivo pelu modeli.

No biofizikalas raksturo$anas pétijjumiem var secinat, ka visi Cetri dendrimeri spgj saistit
pDNS un veidot stabilus kompleksus. Dendrimérs CBD-CS G2 bija visefektivakais Stnu
transfekcijai, un butiska citotoksicitate netika noverota. In vivo pétijumos tika noskaidrots, ka
CBS-CS G2 dendrimérs nesp€j efektivi nogadat DNS Siinas. Pret&ji tam, tika noveérots, ka
veidojot plazmidas DNS kompleksus ar pieaugoSas koncentracijas CPD G4 denriméru,
bioluminescence pieaug paaugstinoties koncentracijai. Vislielaka fotonu pliisma tika novérota
pelés, kam tika injic€ti kompleksi ar 50 pg CPD G4 dendriméru. No Siem rezultatiem var secinat,
ka CPD G4 dendrim@rs no visiem cetriem pétitajiem dendrimériem, ir vispiemérotakais in vivo
DNS ievadei Stnas. Transfekcijas efektivitates uzlabosanai nepiecieSams optimizét dendriméru-

DNS kompleksus.

Atslégas vardi: génu ievade Siunas, transfekcija, elektroporacija, dendriméri,

bioluminescence, nanodalinas.



Introduction

Gene therapy applies to diseases that are caused by defect of specific gene. It is based on
disease treatment by transfer of necessary genetic material into cells of a patient instead of using
conventional drugs (Mulligan, 1993). It is required for gene therapy to identify a specific gene
and effectively transfer it to certain cells and tissue. Temporary expression of inserted gene is
sufficient for some applications like cancer therapy, however for most genetic diseases long-term
gene expression is necessary (Verma and Somia, 1997).

After systemic administration of naked DNA or RNA, these molecules in biological fluids
are rapidly degraded. Furthermore, delivery of naked DNA or RNA is highly inefficient because
of the large size and negative charge of these molecules that cause electrostatical repulsion from
negatively charged cell membranes (Mintzer and Simanek, 2008). Additionally, it is difficult to
target the delivery to specific tissue and penetrate cell membrane (Cullis and Hope, 2017), thus a
delivery method is needed. The major obstacle for gene therapy implementation in clinical setting
is safety and efficiency of delivery vectors (Whitehead et al., 2009).

For genetic material delivery recombinant viruses are widely used. This type of delivery
is efficient in vivo, however viral particles are not entirely safe to use - they may cause immune
response (Bessis et al., 2004), insertional mutagenesis and oncogenesis (Naldini, 2015). A variety
of synthetic delivery vehicles has been developed, however they have been reported to have low
gene-transfer efficiency and they can be toxic, furthermore these vectors in some cases are not
stable in vivo (Pack et al., 2005).

Dendrimers are nanosized synthetic polymers formed by layers of monomeric branched
molecules diverging on all sides from a central molecule (Tomalia et al., 1990). Dendrimers
interact with the negatively charged backbone of DNA, form stable complexes and can be used
for gene delivery in vitro and in vivo (Eichman, 2000). Compared to other non-viral DNA
delivery vectors, dendrimers exhibit several advantages, thus these nanoparticles are promising

gene delivery vehicles.

The aim of the study: To examine which of four dendrimers — PAMAM G4, AE2 G4,
CPD G4 or CBD-CS G2, is the most efficient for in vitro and in vivo transfection with plasmid
DNA.



Tasks:

1. To perform biophysical characterization of dendrimers and their binding to plasmid
DNA on example of plasmid encoding luciferase reporter pVax-Luc.

2. To evaluate transfection efficiency and assess cytotoxicity of dendrimers and their
complexes with plasmid DNA in vitro.

3. To evaluate the efficacy of transfection with plasmid DNA/dendrimer complexes in

Vivo 1n mice.

This study was conducted in University of Lodz, Department of General Biophysics,
Lodz, Poland and A. Kirchenstein Institute of Microbiology and Virology, Riga, Latvia from
May 2017 to May 2018 and Karolinska Institutet, Department of Microbiology, Tumor and Cell
biology, Stockholm, Sweden from June 2017 to July 2017. The supervisors were dr. habil.

Maksim Ionov and PhD Martins$ Kalis, for in vivo part — Dr. Maria Isaguliants.

Results of this study were presented in international conference “VACCINES &
VACCINATION” in Moscow, September 27 — October 1, 2017 as oral presentation -

“Dendrimers in in vitro and in vivo DNA transfection”.

This work was financially supported by the European Union's Horizon 2020 research and
innovation programme under grant agreement No. 692293 (VACTRAIN), and Project Initiation
grant of the Swedish Institute “INNVOIMMUNE” nr. 19806 2016.



1. LITERATURE REVIEW

1.1 Gene therapy

The idea of using genes as treatment for human diseases evolved during late 1960s and
early 1970s (Friedmann, 1992). Since then there has been increase in knowledge about gene
functions and continuous advancement of DNA delivery techniques into mammalian cells
(Couzin-Frankel, 2009 in Giacca and Zacchigna, 2012). By delivering exogenous DNA or RNA
into living organisms, disease prevention can be achieved through replacing a mutated gene with
a normal copy, introducing protein-coding cDNAs to change cell behavior (Giacca, 2010 in
Giacca and Zacchigna, 2012). Another approach is to apply small nucleic acids (DNAs or RNAs)
which possess regulatory functions (Giacca and Zacchigna, 2012).

Genetic material for treatment can also be used in DNA vaccines. The principle of DNA
vaccination is delivery of plasmids containing genes that encode immunogenic antigens. The aim
of DNA vaccines is immune response induction (Silveira et al., 2017). Conventional vaccines
against many diseases, such as HIV, malaria, tuberculosis, and others, are ineffective or
unavailable, thus DNA vaccines are appealing for treatment. Advantages of DNA vaccines
include their ability to mimic live attenuated vaccines, inducing both humoral and cellular
immune responses, while reducing safety concerns associated with live vaccines. DNA vaccines
are relatively cost-effective, easy to produce and store (Gurunathan et al., 2000), furthermore it is
possible to encode several antigens in one vaccine (Silveira et al., 2017).

The main complication with DNA vaccines is that they produce in human trials only
modest immune responses. The immunogenicity is thought to be low because of low
antigen/body mass ratio in humans when compared to preclinical models, which are less massive.
Antigen expression can be promoted by improvement of transfection efficiency and optimization
of plasmid vectors. While these methods have yielded significant improvements in preclinical
models, the immunogenicity in humans is still low (Zahm et al., 2017). For example,
electroporation of plasmid DNA has been reported to improve immunogenicity up to 1000-fold in
mice. Translation of this method to human trials has resulted in modest 2-3-fold enhancement
over injection of naked DNA (Saade and Petrovsky, 2012). Taking this into consideration, there
is still need for effective and safe DNA delivery agent.
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1.2 DNA delivery methods

The effectiveness of gene transfer to cell nucleus largely depends on techniques and tools
used for gene delivery (Giacca and Zacchigna, 2012). Delivery vector must overcome
extracellular barriers, which include binding to DNA and condensing it and maintaining a stable
complex in a solution. Delivery vector and DNA complexes also must overcome in vivo barriers
— stability and survival of complexes in the blood stream and penetrating the surrounding tissue
(Pack et al., 2005).

The ideal vector must not evoke an immune response and it must lead to continuous or
regulated expression of its genetic cargo. The delivery should be specific to certain types of cells,
especially if the target cells are dispersed throughout the body or belong to a heterogeneous
population. Furthermore the ability of efficiently transducing both — dividing and non-dividing
cells is highly desirable. The integration of the DNA into the chromosome should be site-specific
or remain in episomal position, eliminating random integration. The vector should be capable to
transport any genetic material disregarding its size, it should be easy to produce inexpensively at
high titers (Somia and Verma, 2000).

Delivery vehicles are divided in three large groups and gene transfer can be achieved by

biological, physical, or chemical means (Giacca and Zacchigna, 2012).

1.2.1 Viral DNA delivery methods

As a biological tool for DNA introduction, viral vectors are widely used. The therapeutic
gene is encapsulated in genetically modified viral particles instead of the viral genome. Viral
particles at the same time retain those parts from the viral genome, which are necessary for cell
infection. Transduction with these viral vectors result in therapeutic gene introduction and
expression in target cells (Kay et al., 2001). Most commonly for genetic material delivery
gammaretroviruses, lentiviruses, adenoviruses, adeno-associated viruses, and herpesviruses are
used (Giacca and Zacchigna, 2012). Viral vector delivery systems are appealing because of high
transfection efficiency in vivo, however there are few drawbacks — viral vectors may cause
immune response of the host (Bessis et al., 2004), there is limited size of genetic material that can
be encapsulated in viral capsid, and they are difficult to engineer, and production of high-titer

stocks is expensive (Templeton, 2002).
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1.2.2 Non-viral DNA delivery methods

In both - physical and chemical methods - for gene transfer plasmid DNA (pDNA) is
used. Ease of preparation and biochemical simplicity as well as stability and low immunogenicity
make plasmids appealing as vectors for necessary gene delivery (Herweijer and Wolff, 2003;
Wang et al., 2004). However, cellular uptake of pDNA in vivo is not effective (Nishikawa and
Huang, 2001; Wang et al., 2004), and pDNA has been reported to degrade rapidly in vivo with a
half-life of 10 minutes after intravenous injection in mice (Kawabata et al., 1995) - physical and
chemical approaches are needed to improve it.

Upon physical method application, cell membrane is weakened to promote gene uptake
into the cell. Physical methods include needle injections, gene gun, electroporation, and others
(Ibraheem et al., 2014).

Genetic material can be introduced with needle injections. pPDNA can be administered
intramuscularly, however the rate of genetic material integration for stable expression is very low
if happens at all (Wang et al., 2004). Another approach is microneedle method, which is suitable
for delivery through skin and is simple to use (McCaffrey et al., 2015). It allows delivery of
certain dose, control of spatial distribution (Kim et al., 2013 in Dul et al., 2017) and is minimally
invasive (Kim et al.,, 2012). Despite the advantages of microneedle use for gene delivery,
transfection efficiency is low and inconvenient for multiple overlapping cell layers (Mellott et al.,
2012).

“Gene-gun” is a needle-free method which allows direct genetic material delivery into
cell cytoplasm or nucleus by metal microparticles coated with pDNA as a projectile coming out
of a pressurized ballistic device. Metal microcarriers are able to reach epidermis crossing stratum
corneum (Udvardi et al., 1999 in Mellott et al., 2013). Target tissue can be damaged if cells are
bombarded with high amount of microparticles, besides these particles can trigger inflammatory
reaction. There is also a limitation for target tissue depth (Sohn et al., 2001) and amount of
pDNA that can be precipitated on metal carrier. Moreover, it is challenging to distribute particles
equally (Mellott et al., 2013).

In electroporation, pDNA delivery is followed by application of a series of electrical
pulses (Gothelf et al., 2003 in Wells, 2004), which is believed to induce hydrophilic pore
formation in cell membrane allowing pDNA to enter the cell (Wells, 2004). Pores in cell
membrane after electrical pulse application remain for tens of seconds to few minutes, thus the

process is reversible (Rems and Miklav¢ic, 2016). A major advantage to electroporation is high
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transfection efficacy — compared to naked plasmid delivery, electroporation increases gene
expression by 100- to 1000-fold (Wells, 2004). Electroporation can be applied to any type of cells
at any stage of life cycle (Chavez et al., 2009 in Bolhassani et al., 2014), yet efficiency is
determined by electrical properties of the cells. The threshold in heterogeneous tissue is variable
for different cells - smaller cells require higher voltage pulses, furthermore cells with less
conductive contents, such as adipocytes, are less susceptible (Hui, 2008 in Bolhassani et al.,
2014). However, electrical field application sometimes can induce permanent membrane
permeabilization, cell homeostasis imbalance leading to cell death (Rubinsky, 2007 in Bolhassani
et al., 2014). This method also causes significant additional damage compared to other physical
methods. Skin edema is frequent outcome when electrical field is applied through the skin
because of major potential drop development across the surface instead of the targeted
subcutaneous tissues (Hui, 2008 in Bolhassani et al., 2014). Electroporation has shown high
transfection efficiency in mouse model, however, translation of this method to human is not
effective (Saade and Petrovsky, 2012).

Chemical methods are based on complex formation between positively charged polymers,
which can bind negatively charged phosphate groups of DNA. For complexation various
chemicals are used: 2-(dieathylamino)ether (DEAE)-dextran, calcium phosphate, artificial lipids,
dendrimers and others (Luo and Saltzman, 2000).

(DEAE)-dextran and calcium phosphate form complexes with DNA which are
internalized into cells by endocytosis. Despite simplicity and effectiveness, cytotoxicity and
difficulties with in vivo application are important obstacles for using these methods (Luo and
Saltzman, 2000).

Major improvement for chemical gene delivery was synthesis of cationic lipids DOTMA
in 1987 by Felgner et al. These lipids are able to spontaneously create liposomes, form liposome-
DNA complexes via ionic interactions and fuse with plasma membrane of cells. Transfection
efficacy was shown to be 6- to 11-fold higher than using (DEAE)-dextran. Since then various
lipid-based systems have been created. Currently lipid-based systems are the leading method for
genetic material delivery (Cullis and Hope, 2017). ‘Lipofection’ has been routinely used for both
in vitro and in vivo gene delivery (Pack et al., 2005). Advantages of liposomes are their
biodegradability and biocompatibility, because of natural occurring substances in liposome
composition. Furthermore, liposomes can protect genetic material from enzymatic degradation,

promote uptake in endosomes, deliver large pieces of DNA and are easy to handle and prepare
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(Liu et al., 1995 in Jin et al., 2014). The major drawback for this method is that cationic lipids are
toxic to cells (Li et al., 1998; Pack et al., 2005) and not effective enough for gene therapy (Li et
al., 1998; Zhi et al., 2010 in Jin et al., 2014). It is difficult to reproduce fabricating liposomes and
DNA-liposome complexes (Pack et al., 2005).

1.3 Dendrimers

Another approach for genetic material delivery into cells is using nanoparticles -
dendrimers. Dendrimers are artificial polymers with regular, three-dimensional architecture.
These nanoparticles are synthesized by adding layers of identical branched molecules to core
molecule. Addition of each molecule layer leads to higher generation macromolecule formation
(Tomalia et al., 1990; Bosman et al., 1999). Identical units, that remain when the core molecule

of dendrimer is removed, are called dendrons (fig. 1.) (Lee et al., 2005).

--------- Core

--------- Generation one

......... Generation two Interior
--------- Generation three

Dendron = ereeeess Periphery

Figure 1. General structure of a dendrimer. Solid black lines represent dendrimer and dendron,
coloured lines — dendrimer core (blue), generations (orange, green and violet) and terminal
groups (grey) (Lee et al., 2005).

Dendrimers are able to interact with the DNA creating dendrimer-DNA complexes. First,
positively charged dendrimers interact with negatively charged phosphate groups of the DNA.

The overall charge of dendrimer-DNA complex is positive allowing electrostatical attachment to

14



negatively charged cell membrane (Eichman et al., 2000). After attachment to cell membrane,
dendrimer-DNA complex is internalized by endocytosis (fig. 2) (Pack et al., 2005).

Endosomes then fuse with lysosomes which contain various enzymes that degrade DNA
(Pack et al., 2005), however dendrimers can protect genetic material from degradation
(Abdelhady et al., 2003; Frohlich, 2012; Ionov et al., 2015; Thnatsyeu-Kachan et al., 2017),
sterically blocking access of nucleolytic enzymes. Naked pDNA is degraded within minutes,
whereas pDNA complexed to polymers is stable for hours (Abdelhady et al., 2003).

Dendrimer-DNA complexes from endolysosomes in cell escape by “proton-sponge”
mechanism (Haenser and Szoka, 1993 in Pack et al., 2005; Frohlich, 2012). Dendrimers buffer
H" ions and cause influx of CI" counter ions in the endolysosome. Increased amount of CI ions in
the vesicle eventually cause osmotic swelling and rupture of the membrane and dendrimer-DNA

complexes are released into cytosol (Pack et al., 2005).

(N

C 2
Endosomalﬁl Ci?\ Transcription \
\\ release /
o | — ~ /Translation

Therapeutic
protein

Complex
(dendrimer—

%plasmd DNA)
Cell sur‘k\
attachment and

endocytosis

Cell membrane

Figure 2. Dendrimer-mediated genetic material delivery into cells. First, positively charged
dendrimers interact with negatively charged DNA and form a positively charged complex, which
then interacts with negatively charged cell membrane and is internalized into cell by endocytosis.
Complex escapes from the endosome by “proton-sponge” mechanism and is translocated to
nucleus for transcription and translation (Eichman et al., 2000).

After endosomal escape, genetic material is translocated to nucleus for transcription and
translation (Eichman et al., 2000). During this process, at some point vector must release the
DNA (Pack et al., 2005). Therefore the polymer must balance sufficient binding strength to
initially protect the DNA from degradation with the ability to release the genetic material.

Release of genetic material is thought to occur via competitive binding of genomic DNA and
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proteins in cell cytoplasm (Schaffer et al., 2000) or enzymatic cleavage of dendrimer (Frohlich,
2012).

Mechanism of dendrimer-DNA complex transport through cytoplasm relies on
movement along microtubules by complex nonspecific interaction with anionic microtubules or
motor proteins (Suh et al., 2003). Complexes also could be distributed near the nucleus by the
mixing that occurs during cell mitosis. However, mechanisms of complex movement within the
cells are not fully understood and need to be characterized better (Pack et al., 2005). It has been
reported that cellular localization of positively charged nanoparticles is also size dependent —
particles 200 nm and smaller were shown to localize throughout the cell cytoplasm and over
longer period of time accumulated in the perinuclear region of the cells, however particles with
500 nm size localized mostly in the periphery of the cells irrespective of the incubation time
(Rejman et al., 2004).

Apart from electrostatical interaction with the DNA and the ability to protect genetic
material from degradation in cells, dendrimers exhibit several more advantages — they are
monodisperse, stable, of low viscosity (Wang et al., 2010 in Ionov et al., 2015) and do not cause
significant cytotoxicity in concentrations <1 uM (Shcharbin et al., 2011; Albertazzi et al., 2013;
Lazniewska et al., 2013; Dzmitruk et al., 2015). Cytotoxicity of dendrimers depends on the core
molecule, but more importantly — dendrimer surface (Duncan and Izzo, 2005). General tendency
of dendrimer cytotoxicity shows that toxicity increases along with dendrimer concentration and
generation (Duncan and 1zzo, 2005; Mukherjee et al., 2010; Dzmitruk et al., 2015).

Dendrimers generally do not have the ability to target specific cells, however various
molecules and ligands can be attached to the terminal groups of these nanocarriers, allowing
increased cell uptake as well as targeting cells of interest (Pack et al., 2005; Kesharwani et al.,
2015; Ahmadzada et al., 2018).

Although dendrimers no not have the ability to actively target cells, it has been shown
that nanoparticles can passively accumulate in solid tumor tissue. The so-called passive targeting
is based on a phenomenon called enhanced permeability and retention (EPR) effect (Kesharwani
et al., 2015). Tumor cells multiply at exponential rates rapidly creating a network of blood
vessels. As a result blood vessels are abnormal and highly disorganized, and lymphatic flow from
solid tumor tissue is defective (Dreher et al., 2006). In addition, tumor cells secrete increased
amount of vascular permeability mediators that promote blood vessel dilation (Maeda et al.,

2001). All of these abnormalities lead to extensive leakage of blood plasma components,
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macromolecules and nanoparticles into the tumor interstitium (Iyer et al., 2006), and selective
accumulation in solid tumor tissue. Thus, as a result of EPR effect, it is possible to attain high
local concentration of nanoparticles, including dendrimers, in the tumor tissues with negligible
accumulation in other tissues (Kesharwani et al., 2015).

First reports of dendrimer synthesis were published in 1978 by Vogtle et al., who
described a procedure of continuous molecule combination to create a branched structure. In
1985 Tomalia et al. synthesized and fully characterized first class of monodisperse dendrimers
with certain topology called starburst polymers or poly (amidoamine) (PAMAM) dendrimers.
PAMAM were the first dendrimers that were commercialized (Esfand and Tomalia, 2001).

Dendrimers applied for DNA delivery in this study, namely poly(amidoamine) dendrimer
of generation four PAMAM G4, cationic phosphorous dendrimer of generation four CPD G4,
piperidine terminated phosphorous dendrimer of generation four AE2 G4 and cationic
carbosilane dendrimer of generation two CBD-CS G2, are described below in sections 1.3.1 -

1.3.4, with representative structures illustrated in supplementary Figures 1 A, B, and 2 A, B.

1.3.1 Poly(amidoamine) dendrimers PAMAM

PAMAM dendrimers have an ethylenediamine core (N¢ = 4) with branch cell multiplicity
(Nb = 2) (Esfand and Tomalia, 2001). Dendrimer is built repetitively from the core adding
methylacrylate and the resulting ester is amidated with ethylenediamine (Worner and Mulhaupt,
1993 in Dufes et al., 2005). PAMAM has positively charged terminal amine (-NH2) groups
(Tomalia et al., 1990).

PAMAM dendrimers are able to efficiently introduce genetic material in various types of
cells in vitro (Kukowska-Latallo et al., 1996; Bielinska et al., 1996). Transfection efficiency can
be enhanced fracturing dendrimer structure thus creating more flexible branches (Tang et al.,
1996), adding positively charged amino acids, for example, L-arginine (Okuda et al., 2004; Choi
et al., 2004; Kim et al., 2006) or polysaccharide a-cyclodextrin (Qin et al., 2016), or polyethylene
glycol (Luo et al., 2002) and other compounds to terminal surface groups or within the structure
of dendrimer.

In contrast with effective in vitro transfection, efficiency in vivo has been shown to be
low with fractured PAMAM dendrimers (Rudolph et al., 2000). However arginine-terminated
PAMAM G4 dendrimer has been reported to silence genes effectively in complexes with siRNA

in in vivo prostate cancer murine models, which indicates successful gene delivery. Furthermore
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arginine-decorated PAMAM G4 dendrimers were shown to deliver genes more effectively than
PAMAM G4 dendrimer without arginine terminal groups (Liu et al., 2014).

It is observed that lower generation (G0-G3) dendrimers exhibit low transfection
efficiency and minimal cytotoxicity, but transfection efficiency as well as cytotoxicity is higher
with higher generation dendrimers (G4-G8) (Liu et al., 2012 in Jin et al., 2014). Cytotoxic action
of PAMAM dendrimers is correlated with the number of positively charged terminal amino
groups — higher numbers of cationic surface charges cause higher cytotoxicity (Naha et al., 2010).
PAMAM dendrimers damage plasma membrane of cells — G5 expands already existing damage,
G7 causes hole formation, while lower generation G3 dendrimer do not induce defects (Leroueil
et al.,, 2008). PAMAM dendrimers are also associated with elevated ROS levels, lysosomal
activity, DNA damage and apoptosis in a generation dependent manner (G4 < G5 < G6)
(Mukherjee et al., 2010).

There are several methods for minimizing cytotoxicity — crosslinking PAMAM G2
dendrimers with disulfides has been shown to deliver genes more effectively than PAMAM G5
dendrimer with lower cytotoxic effects (Liu et al., 2012). It is also possible to reduce cell damage
by modifying PAMAM terminal amine groups with hydroxyl groups to shield cationic charges

that are associated with elevated cytotoxicity (Lee et al., 2003 in Duncan and Izzo, 2005).

1.3.2 Cationic phosphorous dendrimers CPD

Cationic phosphorous dendrimers CPD are characterized by amino thiophosphates in their
backbone, phosphorous atoms at each branching point and amines as terminal groups (Solassol et
al., 2004). CPD dendrimers have successfully been used for in vitro cell transfection (Loup et al.,
1999; Maszewska et al., 2003; Shcharbin et al., 2011) and transfection efficiency has been
reported to increase along with increasing generation of dendrimer (Loup et al., 1999; Shcharbin
et al., 2011). Furthermore, phosphorous containing dendrimers have been reported to have
enhanced transfection efficiency in the presence of serum proteins (Loup et al., 1999). Genetic
material delivery in vitro has been reported to be higher than with PAMAM dendrimer, because
of net positive charge on the CPD terminal amine groups, while in case of PAMAM there is no
protonation of all amine groups which might reduce the interaction (Shcharbin et al., 2011).

CPD toxicity has been tested on HUVEC cell line and two cancer HEK-293 and HeLa
cell lines and the cytotoxicity was lower than lipofectin (Maszewska et al., 2003). Results form

similar study showed that CPD G4 dendrimer does not cause significant cytotoxicity to HEK-293
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cells, however hMSC cells were more sensitive and cell viability decreased by 50%. (Shcharbin

etal., 2011).

1.3.3 Cationic phosphorous dendrimers AE2

AE2 dendrimers have the same structure as CPD dendrimers, except for piperidine
terminal groups. The amount of surface groups is the same as for CPD dendrimer, however,
piperidine is more voluminous cation than amines on CPD surface. Piperidine terminal groups
allow AE2 dendrimer to efficiently bind genetic material in lower molar concentration than CPD,
thus reducing the amount of dendrimers for transfection. AE2 dendrimers have been shown to
form stable complexes with genetic material and introduce fluorescein-labelled siRNA into cells.
Transfection of HeLa cells in vitro was observed to be more effective than Lipofectamine 2000.
These phosphorous dendrimers also were able to protect genetic material from RNase A. Genetic
material release from dendrimer-siRNA complexes was shown to be only partial. Additionally,
these dendrimers were non-toxic to HeLa cells in concentrations <1 uM, however cytotoxicity
increased along with increasing concentration of dendrimers. AE2 G3 dendrimer was shown to
be more toxic than AE2 G4 dendrimer due to more flexible branches with better accessibility of

internal groups to cellular content (Ihnatsyeu-Kachan et al., 2017).

1.3.4 Carbosilane dendrimers CBD-CS

Cationic carbosilane dendrimers CBD-CS are characterized by carbon-silicon bonds and
cationic terminal amine groups (Chonco et al., 2007; Bermejo et al., 2007; Wrobel et al., 2012).
Carbon-silicon bonds are slowly hydrolized in water, resulting in gradual liberation of exterior
branches and cargo genetic material inside the cell. It has been estimated that release happens
between 4 and 24 hours (Bermejo et al., 2007). Higher generation CBD-CS dendrimers with
more terminal groups release genetic material better than lower generation dendrimers with less
terminal groups (Weber et al., 2008). Generation two carbosilane dendrimer has been reported to
have low cytotoxicity in vitro in PBMCs (Ortega et al., 2006) Data from confocal microscopy
suggest that carbosilane dendrimer complexes with fluoresceine-labeled oligodeoxynucleotides
are internalized in cells (Bermejo et al., 2007). Furthermore, these dendrimers have been shown
to protect genetic material from degradation by serum proteins (Chonco et al., 2007) and RNase

(Weber et al., 2008; Ionov et al., 2015).
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2.1.1

2.1.2

2.1.3

2.1.4

2. MATERIALS AND METHODS

2.1. Materials

Plasmids

. pVaxl plasmid #V260-20, Invitrogen, USA
. Luciferase encoding pVax-Luc plasmid (kindly provided by Roos A. K., Karolinska

Institute), constructed by inserting the cDNA of firefly luciferase from pGL2-basic
vector (#E1641, Promega, USA) into plasmid vector pVax1 (#V260-20, Invitrogen,
USA). Plasmid contains a human cytomegalovirus immediate/early promoter and a

polyadenylation signal from the bovine growth hormone gene (Roos et al., 2009).

Dendrimers

Poly(amidoamine) PAMAM G4 dendrimer (#412449), Sigma-Aldrich, USA
(supplement 1, A)

. Cationic phosphorous CPD G4 dendrimer, synthesized in Laboratoire de Chimie de

Coordination du CNRS, Toulouse, France (supplement 1, B)

. Cationic phosphorous dendrimer AE2 G4, synthesized in Laboratoire de Chimie de

Coordination du CNRS, Toulouse, France (supplement 2, A).

. Cationic carbosilane dendrimer CBD-CS G2, synthesized in Departamento de

Quimica Inorganica, Universidad de Alcala, Spain (supplement 2, B).

Cell lines

. N2a mouse neuroblastoma cell line

2. mHippoE-18 embryonic mouse hippocampal cell line

Experimental animals

Eight weeks old BALB/cAnNCrl female mice from the breeding facility of the
Department of Microbiology, Tumor and Cell Biology (MTC), Karolinska Institute,
Stockholm
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2.1.5 Reagents

2.1.6

1. Uranyl-acetate solution, Polysciences, USA

2. 10 mmol/L Na-phosphate buffer (pH 7.4), Sigma-Aldrich, USA

3. Agarose, Sigma-Aldrich, USA

4. 50x TAE buffer (consists of 242 g Tris base, 57.1 ml glacial acetic acid and 100 ml
0.5 M EDTA (pH 8.0) solution), Thermo Fisher Scientific, USA

5. GelRed nucleic acid gel stain, Biotium, USA

6. DNA Gel loading dye (6X), Thermo Fisher Scientific, USA

7. Ethidium bromide, manufacturer Sigma-Aldrich, USA

8. Heparin, manufacturer Sigma-Aldrich, USA

9. 70% ethanol

10. Phosphate buffered saline PBS (pH 7,4), Sigma-Aldrich, USA

11. DMEM medium for N2a and mHippoE-18 cultivation (containing 10% heat
inactivated fetal bovine serum and 1% penicillin and streptomycin), Gibco, USA

12. Trypsin, Invitrogen, USA

13. Trypan blue solution 0.4%, Invitrogen, USA

14. Lipofectamine 2000, Invitrogen, USA

15. ONE-Glo™ Luciferase Assay, Promega, USA

16. MTT solution, Sigma-Aldrich, USA

17. DMSO, Sigma-Aldrich, USA

18. Isofluorane, VETMEDIC, Sweden

19. D-luciferin #122796, PerkinElmer, USA

Equipment

1. 200-mesh copper grids with carbon surface, Ted Pella, USA

2. Transmission electron microscope JEM-1010, JEOL, Japan

3. J-815CD spectrometer, JASCO, Japan

4. Quartz cuvettes Hellma® (200 — 300 nm, 0.5 cm path length), Sigma-Aldrich, USA

5. Electrophoresis chamber, BIO-RAD, USA

6. Malvern Instruments Zetasizer Nano-ZS, Malvern, UK

7. Disposable capillary plastic cells DTS1061, Malvern, UK

8. MF-Millipore membrane filter 0.22 um, Merck Millipore, USA
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9. Disposable capillary plastic cells DTS0012, Malvern, UK

10. Black 96-well plates, Thermo Fisher Scientific, USA

11. LS-50B fluorescence/luminescence spectrophotometer, PerkinElmer, USA

12. 75 cm? cell culture flask, SPL life sciences, Korea

13. CappController pipette controller, 0.1-100ml, Capp, Denmark

14. Serological pipettes (5, 10, 25 ml), Sarstedt, USA

15. Centrifugation tubes (15, 50 ml), Sarstedt, USA

16. Microcentrifugation tubes (1,5 ml), Sarstedt, USA

17. COz cell incubator New Brunswick Galaxy 48 S, Eppendorf, Germany

18. Capp multi pipettes, 12-channel, 5-50 pl, and 12-channel 20-200 pl, Capp, Denmark
19. Automated cell counter “Countess”, Invitrogen, USA

20. Cell counting chamber slides “Countess”, Invitrogen, USA

21. Synergy™ H4 Hybrid Multi-Mode Microplate Reader, BioTek Instruments, USA
22. U100 insulin/50 L.U. syringes, Omnican B Braun, Germany

23. Electroporator CUY21 EDIT II, BEX Co., Ltd., Japan

24. BD Plastipak 1 ml syringes, Becton Dickinson, Spain

25. In vivo imaging system IVIS 2000, PerkinElmer, USA

2.2. Methods

2.2.1. Ethidium bromide intercalation assay

For dendrimer and pVax-Luc interaction assay, ethidium bromide (EB) was used (Chen et
al., 2000). pVax-Luc plasmid was mixed with 250 uM EB and dendrimers (total volume of 2 ml)
in increasing w/w ratios in 1 ml quartz cuvettes in 10 mmol/L Na-phosphate buffer. Formed
complexes at final weight ratio were also treated with heparin (0.082 mg/ml) for 5 minutes.
Fluorescence of samples with rising pVax-Luc/dendrimer molar ratios was measured with
excitation wavelength of 505 nm and emission spectrum of 530 to 680 nm (emission maximum at
590 nm) at 25°C using LS-50B Perkin Elmer fluorescence spectrophotometer. The excitation and
emission slit widths were set at 5 nm and 10 nm respectively. The results were calculated as F/Fo
ratio, F — fluorescence intensity of pVax-Luc/dendrimer complexes, Fo — fluorescence intensity of

uncomplexed plasmid.
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2.2.2. Elecrtophoretic mobility shift assay

Agarose gel electrophoresis was used to study formation of complexes between
dendrimers and pVax-Luc. Dendrimers were complexed with plasmid in 10 mmol/L Na-
phosphate buffer in increasing weight ratios. Complexes were analyzed by gel electrophoresis on
1% agarose gel for 40 min at 25 mA with GelRed for plasmid probe staining. After
electrophoresis, the gel was visualized in UV light and a digital photography of the stained gel

was taken.

2.2.3. Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy was done to evaluate plasmid structure change in
complexes with dendrimers. Plasmid pVax-Luc was mixed with dendrimers in increasing weight
ratios in 10 mmol/L Na-phosphate buffer pH 7.4 and measurements were done using J-815 CD
spectrometer with quartz cuvettes, 5 mm path length. CD spectra were obtained within the 200 —
320 nm range, | nm bandwidth, 2 s response time, scan speed 50 nm/min, 1 nm step resolution.
The number of scans varied between three and five for each sample. The mean residue ellipticity

(cm?dmol™!) was calculated using Jasco software.

2.2.4. Zeta potential

For particle surface charge (zeta potential) determination, phase analysis light scattering
(PALS) measurements were done. Plasmid pVax-Luc was mixed with dendrimers in 10 mmol/L
Na-phosphate buffer in increasing w/w ratios and before sample analysis each sample filtered
twice through 0.22 pm filter membrane. Measurements were done using capillary plastic cells
DTS1061 at room temperature using Zetasizer Nano-ZS. For each sample five measurements in
three repeats were done and averaged for each sample. Zeta potential values were calculated with
the Helmholtz-Smoluchowski equation (Smoluchowski, 1921 in Delgado et al., 2005) in Malvern

software.

2.2.5. Zeta size

Particle size of dendrimer/pVax-Luc complexes was measured with dynamic light
scattering (DLS) method. Wavelength for measurements was set at 633 nm. Plasmid pVax-Luc
was mixed with dendrimers in increasing w/w ratios in 10 mmol/L Na-phosphate buffer.

Measurements were performed using DTS0012 plastic cells at room temperature with Zetasizer
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Nano-ZS. For each sample five measurements in three repeats were done and averaged for each

sample. For data analysis Malvern software was used.

2.2.6. Transmission electron microscopy

Transmission electron microscopy (TEM) was used to observe complex formation
between dendrimers and pVax-Luc plasmid. Dendrimers were dissolved in deionized water to
make100 uM PAMAM G4 and 1 mM AE2 G4, CPD G4 and CBD-CS solutions and 5 pl of
these solutions were mixed with 5 ul of pVax-Luc plasmid (500 mg/ml) and incubated for 20
minutes in room temperature. Each sample was placed on 200-mesh copper grid and stained
with uranyl acetate saturated solution for another 20 minutes, then washed in deionized water
and dried. TEM images were created with JEM-1010 electron microscope at 80 kV and 1.2
second exposure time with 40 000x magnification. For greater contrast, colors of images

were inverted.

2.2.7. In vitro cell transfection

Two cell lines, N2a and mHippoE-18 were used for transfection. Cells were routinely
cultured as attached monolayer in DMEM medium at 37°C, 5% CO2 atmosphere.

For cell transfection, cells were seeded to a density of 10 000 cells/well in black 96-well
plates and grown for 24 hours prior plasmid introduction. Dendrimer and pVax-Luc solutions in
PBS were prepared in following w/w ratios: pVax-Luc/PAMAM G4 1 : 35; pVax-Luc/CPD G4 1
. 2.5; pVax-Luc/CBD-CS 1 : 1.13; pVax-Luc/AE2G4 1 : 4.3. pVax-Luc mixture with
lipofectamine was prepared according to protocol in cell media without serum. pVax-Luc (100
ng) without dendrimers or lipofectamine was mixed in PBS. All solutions were incubated for 30

minutes before adding to cells. Transfection was done for 24 hours.

2.2.8. Luciferase reporter assay

To determine the efficacy of cell transfection, luciferase reporter assay was performed.
After transfection of N2a and mHippoE-18, cell medium was removed and 100ul of reagent
ONE-Glo™ Luciferase Assay was added in each well. Subsequently, cells were incubated for 5
minutes in room temperature for complete cell lysis. Luminescence was measured with LS-50B

fluorescence/luminescence spectrophotometer.
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2.2.9. Cytotoxicity assay

For dendrimer cytotoxicity determination, MTT assay was performed. N2a and mHippo-
E18 cells were seeded to a density of 10* cells/well in a 96-well plate (100 ul per well) and
grown for 24 hours, then treated with all four dendrimers and their complexes with pVax-Luc
Lipofectamine with and without plasmid DNA was used as comparison for cell cytotoxicity.
pVax-Luc/dendrimer complexes were prepared in the same w/w ratios as for transfection and
dendrimers without pDNA were added in the same molar concentration as used for complexation.

After 24 h growth, 26 ul of stock MTT solution (2 mg/ml in PBS) was added to each well
and incubated for additional four hours in 37°C. Then cell media was discarded and 150 pl of
DMSO was added in each well to dissolve formazan crystals formed by proliferating cells.
Absorbance was measured at 570 nm using a micro-plate reader and recorded as percentage

relative to untreated cells.

2.2.10. In vivo immunization

All experimental mice were kept in the animal facility of MTC, Karolinska Institute under
12h light/12 h dark cycle with unlimited access to food and water. All pain inflicting procedures
were done under isofluorane inhalation anesthesia. Experiments were confirmed by the Ethical
Committee for the Animal Research of the Northern Stockholm.

All mice, divided into four groups, were immunized with pVax-Luc, empty pVax1 vector
or pVax-Luc/dendrimer complexes according to schemes in table 1 and table 2. For in vivo gene
delivery two dendrimers were chosen — CBD-CS, which showed the highest transfection
efficiency in vitro and CPD which has been recommended earlier for in vitro transfection of
plasmid DNA (Loup et al., 1999; lonov et al., 2011). Two separate immunizations were done. For
secondary immunization mice that did not show any signal from primary immunization were
injected again. Before immunization lower back of each mouse was shaved. Immunization was
performed with intramuscular injections in the lower back, on both sides at the base of the tail —
pVax-Luc, pVax! and pVax-Luc/dendrimer (w/w ratio for pVax-Luc/CPD 1 : 2.5 and for pVax-
Luc CBD-CS 1 : 1.13) complexes were delivered in a volume of 30 uL PBS solution. Injections
in group 1 (table 1) and 3.2 (table 2) were followed by electroporation (EP) using three needle
fork-plate electrodes. Electrical pulses were generated with the following pattern: one

electroporation pulse of 400 V 0,1 ms long and eight 10 ms long driving pulses of 100 V with 20
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ms interval between them. Driving current limit was 900 mA. Before each electrical pulse mouse
skin resistance was checked to be around 2.3 kQ.

Table 1. Primary immunization scheme

Group Treatment Dose (IM injections) Number of animals
1 pVax-Luc + EP 2x20pg 5
2 pVaxl + EP 2x20pg 5
3 CBD-CS/pVax-Luc 2x20pg 3

mouse 1: 2 x 10 pg
4 CPD G4/pVax-Luc mouse 2: 2 x 20 ug 3
mouse 3: 2 x 40 pg

Table 2. Secondary immunization scheme

Group Treatment Dose (IM injections) Number of animals
CBD-CS/pVax-Luc, left mouse 1: 2x 5 ug
3.2 site EP, right — no EP. mouse 2: 2 x 10 pg 3

mouse 3: 2 x 20 ug

4.2 CPD G4/pVax-Luc 2x 50 pg 3

2.2.11. In vivo bioluminescence imaging

To monitor delivery and expression of luciferase reporter (pVax-Luc) in mice, real-time
in vivo bioluminescence imaging was performed using a CCD camera (IVIS 2000).
Bioluminescence was recorded for 20 days — measurements were performed on day 1, 3, 6, 8, 9,
10, 13, 15, 17 and 20 after immunization. Before each measurement, mice were injected
intraperitoneally with 80-100 mg/kg dose of D-luciferin dissolved in PBS. Ten minutes post-
injection (time for luciferin to distribute evenly in mouse body), mice were placed in a chamber
with anesthetizing gas consisting of 4,5% isofluorane mixture with air. After anesthesia mice
were moved to in vivo imaging system IVIS 2000 for luminescence measurements. Imaging was
performed with automatic exposure time, depending on the intensity of the bioluminescence
source. The luminescence was quantified using Living Image software 4.1 (PerkinElmer) as total
flux of photons per second (p/s). To determine background bioluminescence level, signal from

mice skin was measured in places where pVax-Luc was not injected.
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2.2.12. Analysis of data

Calculations and analysis of data was performed using Microsoft Office 365 ProPlus:
Excel and GraphPad Prism 7, if not stated otherwise.

For cytotoxicity data analysis uncorrected Fisher’s LSD test was used. For in vitro
transfection efficiency and for in vivo protein expression data analysis, Kruskal-Wallis test and
two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli was performed. All
analysis were performed with 95% confidence interval and p value <0,05 was considered to be

statistically significant.
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3. RESULTS AND DISCUSSION

3.1. Biophysical characteristics

3.1.1. Ethidium bromide intercalation assay

To analyze the complex formation between pVax-Luc and dendrimers the EB

fluorescence technique was used. EB is an intercalating fluorescent dye that binds DNA (LePecq

and Paoletti, 1967; Boger et al., 2001). Addition of other DNA binding molecules results in EB

fluorescence quenching due to its displacement. Loss of fluorescence is directly connected to the

other molecule extent of DNA binding (Jenkins 1979; Boger et al., 2001).

FIF,
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Figure 3. Dependence of the fluorescence intensity of EB-pVax-Luc complex upon increasing
PAMAM G4 (A), AE2 G4 (B), CPD G4 (C) and CBD-CS (D) concentration. Plasmid DNA
release from complexes upon addition of 75 pg and 150 pg heparin at highest dendrimer
concentration.

Addition of dendrimers to EB-pVax-Luc resulted in EB fluorescence quenching following

the increase of dendrimer/pVax-Luc w/w ratio (fig. 3), indicating dendrimer binding to the
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plasmid, which is consistent with previous findings (Chen et al., 2000; Shakhbazau et al., 2010;
Ionov et al., 2015).

pVax-Luc/PAMAM G4 complexes were saturated and the fluorescence reached a plateau
at around 1 : 35 w/w ratio, pVax-Luc/CPD G4 at 1 : 3.5, pVax-Luc/CBD-CS at 1 : 2.25.
Fluorescence for complexes with AE2 G4 dendrimer was gradually decreasing and did not reach
the plateau (fig. 3).

The release of pPDNA from dendrimers was studied adding heparin (Xu and Szoka, 1996)
to pVax-Luc/dendrimer complexes. Upon heparin addition, fluorescence recovered around 88%
for PAMAM, and around 38% for CBD-CS from initial EB-pVax-Luc fluorescence level without
dendrimers, however recovery did not happen for CPD and AE2 dendrimers (fig. 3).

These results indicate that PAMAM dendrimer is most efficient in releasing pDNA, but
the interaction between pDNA and CPD and AE2 dendrimers stronger. The strong interaction
between CPD dendrimer and pDNA could be due to strong electrostatical interaction, since CPD
dendrimer has more positive surface charges than PAMAM of the same generation and CBD-CS
with lower generation (Shcharbin et al., 2011; Tonov et al., 2015). A similar study was performed
where AE2 dendrimer was complexed to siRNA and release of the genetic material upon addition
of heparin was observed to be only partial (Ihnatsyeu-Kachan et al., 2017). AE2 dendrimer has
the same structure as CPD and it has the same amount of cationic terminal groups. The cationic
terminal groups of AE2 dendrimer are more voluminous than of CPD dendrimers (Ihnatsyeu-
Kachan et al., 2017), therefore the interaction between pDNA and AE2 could be as strong as with

CPD dendrimer resulting in inefficient release of pDNA from complexes.

3.1.2. Electrophoretic mobility shift assay

Complexes were formed at different pVax-Luc/dendrimer weight ratios — plasmid was
mixed with increasing concentrations of dendrimers. When pDNA/dendrimer complexes are
saturated, they remain in the gel well and fluorescent bands of pDNA are not observed.
Results show that complexes with PAMAM dendrimer were fully saturated by pVax-
Luc/dendrimer w/w ratio > 1 : 34.8, AE2 >1:5.1, CPD > 1 : 2.9 and CBD-CS complexes
>1:1.13 (fig. 4). These results are consistent with EB fluorescence assay data regarding w/w
ratio at which saturated complexes are formed with PAMAM, CPD and CBD-CS dendrimers.

CBD-CS dendrimer exhibits the highest binding affinity to pDNA, forming saturated

complexes at the lowest w/w ratio, however PAMAM dendrimer has the lowest binding
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affinity to pDNA. On the contrary, when dendrimers were complexed to siRNA, the highest
affinity was achieved with PAMAM and CPD dendrimers, but CBD-CS dendrimers bound
siRNA the least (Ionov et al., 2015). Dendrimer binding affinity to siRNA has been compared
also between CPD and AE2 dendrimers. The results indicated that AE2 dendrimers bind
siRNA better than CPD, because of piperidine terminal group modification (Ihnatsyeu-
Kachan et al., 2017).
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Figure 4. Gel electrophoresis shift analysis of pVax-Luc/dendrimer complexes: pVax-
Luc/PAMAM G4 (A), pVax-Luc/AE2 G4 (B), pVax-Luc/CPD G4 (C) and pVax-Luc/CBD-CS
(D) in increasing w/w (pVax-Luc : dendrimer) ratios.

3.1.3. Circular dichroism spectroscopy

The CD spectra for pVax-Luc plasmid displayed peaks at 221 nm, 247 nm and 275 nm.
The general shape of pVax-Luc plasmid is not significantly changed at the presence of
dendrimers in increasing weight ratios, as the CD spectra of pVax-Luc/dendrimer complexes are
consistent with the spectrum of naked plasmid (fig. 5). Obtained results indicate that PAMAM,
AE2, CPD and CBD-CS dendrimers have only very weak influence on pVax-Luc secondary
structure. The weak influence of dendrimers on secondary structure of genetic material has been

also observed between PAMAM, CPD and CBD-CS dendrimers and siRNA (Ionov et al., 2015),
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however AE2 dendrimer has been reported to have stronger influence on siRNA secondary
structure in concentration-dependent manner (Ihnatsyeu-Kachan et al., 2017).
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Figure 5. CD spectra of pVax-Luc/PAMAM G4 (A), pVax-Luc/AE2 G4 (B), pVax-Luc/CPD G4
(C) and pVax-Luc/CBD-CS (D) complexes in increasing w/w (pVax-Luc : dendrimer) ratios

(colored lines). Black line in all graphs indicate the secondary structure of uncomplexed pVax-
Luc plasmid.

3.1.4. Zeta potential and size

Increasing dendrimer/pVax-Luc w/w ratio resulted in zeta potential shift from negative to
positive values for all four dendrimers confirming pVax-Luc/dendrimer complex formation.
Addition of dendrimers to pVax-Luc suspension changed electrokinetic potential from -22.4 mV
to +1.5 mV with PAMAM, from -37.0 mV to +14.7 mV with AE2, from -41.5 mV to +14.9 mV
with CPD and from -22.6 mV to +10.8 mV with CBD-CS dendrimer. Zeta potential stabilized at
a pVax-Luc/dendrimer w/w ratio >1 : 30 with PAMAM, >1 : 30 with AE2 G4, > 1: 4 with CPD
and > 1 : 1.5 with CBD-CS (fig. 6).
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Figure 6. Zeta potential of pVax-Luc plasmid complexed to PAMAM G4 (A), AE2 G4 (B), CPD
G4 (C) and CBD-CD (D) dendrimers in increasing w/w (pVax-Luc : dendrimer) ratio.

A B
250+ PAMAM G4 AE2 G4
3000
2004
2000-
T 1501 1000+
=
Q
2 100 ' . : 0 .
< 0 10 20 30 40 0 10 15
[}
o
g c )
m CPD G4 12007 CBD-CS G2
[
+ 1000+
@ |
S 1000
8001
500
6001
4001
0 . : , . ;
0 2 4 6 8 0 2 4 8 8 10

Dendrimer/pVax-Luc ratio (w/w)

Figure 7. Zeta size (diameter) of pVax-Luc plasmid complexed to PAMAM G4 (A), AE2 G4 (B),
CPD G4 (C) and CBD-CD (D) dendrimers in increasing w/w (pVax-Luc : dendrimer) ratio.
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The interaction between dendrimers and pVax-Luc resulted in increase of the particle size
from 232.9 + 10 nm to 2458.4 + 429.6 nm for AE2, from 111.6 + 3.2 nm to 987.4 + 34.7 for CPD
and from 445.8 + 45 nm to 1051.1 = 77.4 nm for CBD-CS dendrimer. PAMAM dendrimer did
not cause significant enlargement of particles and complexes remained within a range of 125 —
155 nm. The size of complexes increased up to a pVax-Luc/dendrimer w/w ratio of 1 : 12 for
AE2, 1 : 6 for CPD and 1 : 7 for CBD-CS (fig. 7). Zeta size measurements show that all

dendrimers except PAMAM form large complexes upon increasing dendrimer concentration.

3.1.5. Transmission electron microscopy

Complex formation between pVax-Luc plasmid and dendrimes was studied by TEM.
Naked plasmid DNA was observed as homogenous mass of particles (fig. 8, A). Upon

addition of dendrimers, reticular structure formation was observed (fig. 8, B, C, D, E), which

confirms pDNA and dendrimer binding.
E
.. ., b

Figure 8. Electron micrographs of pVax-Luc (A) and PAMAM G4 (B), AE2 G4 (C), CPD G4
(D) and CBD-CS G2 (E) mixtures with pVax-Luc. Scale bar — 100 nm.

=

3.2. DNA delivery efficiency

3.2.1. In vitro cell transfection

Based on electrophoresis mobility assay, pVax-Luc/dendrimer w/w ratio for transfection
was chosen to make saturated complexes. For pVax-Luc/PAMAM w/w ratio was 1 : 35, pVax-
Luc/AE2 1:4.3, pVax-Luc/CPD 1 : 2.5 and pVax-Luc/CBD-CS 1 : 1.13 (fig. 4).

Transfection efficiency in both cell lines was similar and the highest luciferase expression
was observed with CBD-CS dendrimer. Transfection with CBD-CS in both cell lines was
significantly higher compared to control cells where only pDNA was added (p<0.05) (fig. 9, D
and fig. 10, D). It was also observed, that transfection in mHippoE-18 cell line is significantly

higher with CPD dendrimer (p<0.05) compared to control cells (fig. 9, C).
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Figure 9. Transfection efficiency of pVax-Luc in mHippoE-18 cell line using dendrimers (A —

PAMAM, B — AE2, C — CPD and D — CBD-CS) and lipofectamine. Luc — plasmid pVax-Luc.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 10. Transfection efficiency of pVax-Luc in N2a cell line using dendrimers (A — PAMAM,
B — AE2, C — CPD and D — CBD-CS) and lipofectamine. Luc — plasmid pVax-Luc. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

Efficiency of nanoparticle internalization has been shown to be size dependent (Rejman et
al., 2004; Frohlich, 2012). Smaller nanoparticles <200 nm are internalized in cells faster and
more efficiently than 200 - 500 nm particles. Nanoparticles <200 nm are internalized in non-
phagocytic cells via clathrin-mediated pathway and 500 nm particles are internalized via clathrin-
independant pathway (Rejman et al., 2004). Additionally it has been shown that particles up to
3um size can be internalized in HeLa cells via combination of energy-dependent phagocytosis

and clathrin-dependent mechanism (Gratton et al., 2008). In given w/w ratios for transfection size
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of pVax-Luc/PAMAM complex is ~125 nm, pVax-Luc/AE2 ~290 nm, pVax-Luc/CPD ~440 nm
and pVax-Luc/CBD-CS ~450 nm (fig. 7). Since smaller nanoparticles are shown to internalize
more efficiently, the highest transfection efficiency should be obeserved with PAMAM and AE2
dendrimers, however the highest efficiency was observed with CPD and CBD-CS dendrimers
(fig. 9 and fig. 10), which formed larger particles. It has been reported that, although the net
internalization of larger complexes in cells might be less compared to smaller particles, actual
gene release from complexes could be higher due to prolonged time of the complexes in
cytoplasm, avoiding rapid lysosomal degradation (Rejman et al., 2004).

Another factor that influences transfection efficiency with dendrimers is zeta potential or
complex surface charge (Gratton et al., 2008; Frohlich, 2012). Positively charged complexes
interact with cell membranes and are internalized more effectively than negatively charged
complexes (Gratton et al., 2008). In given w/w ratios zeta potential of pVax-Luc/PAMAM
complex is ~ +0.2 mV, pVax-Luc/AE2 ~ -35 mV, pVax-Lux/CPD ~ +1.4 mV and pVax-
Luc/CBD-CS ~ +4.2 mV (fig. 6). CBD-CS has the highest positive surface charge from all four
dendrimers, which explains the highest transfection efficiency observed with this dendrimer.

Transfection efficiency with lipofectamine was significantly higher compared to control
cells (p<0.0001). Although pVax-Luc pDNA in mHippoE-18 and N2a cells using dendrimers
was introduced, transfection efficiency for all dendrimers was still lower than with lipofectamine
(p<0.05 — p<0.0001) (fig. 9 and fig. 10). Transfecion efficiency has been shown to be dependent
on the cell line. Lipofectamine is a more effective plasmid carrier than dendrimers also in

mesenchymal stem cells (Shakhbazau et al., 2010).

3.2.2. Dendrimer cytotoxicity

For cytotoxicity assay, pPDNA/dendrimer complexes were added in the same w/w ratio as
for transfection efficiency evaluation. For pVax-Luc/PAMAM w/w was 1 : 35, pVax-Luc/AE2 1
: 4.3, pVax-Luc/CPD 1 : 2.5 and pVax-Luc/CBD-CS 1 : 1.13.

Since cytotoxicity of dendrimers also depend on the cell line (Maszewska et al., 2003;
Shcharbin et al., 2011; Frohlich, 2012), results from MTT cytotoxicity tests suggest that none of
the four dendrimers or their complexes with pDNA are significantly toxic to mHippoE-18 and
N2a cell lines. Lipofectamine exhibits slightly lower cell viability than dendrimers in both cell
lines (p<0,05) — it is reduced by ~10%. (fig. 11 and fig. 12). Toxicity of lipofectamine and other
cationic lipids has been also previously reported (Pack et al., 2005).
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Figure 11. Cytotoxicity of denrimers, dendrimer/pVax-Luc complexes and lipofectamine in
mHippoE-18 cell line. Luc — plasmid pVax-Luc. Cell viability was significantly decreased
comparing control cells to lipofectamine treatment, *p<0.05.
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Figure 12. Cytotoxicity of denrimers, dendrimer/pVax-Luc complexes and lipofectamine in N2a
cell line. Luc — plasmid pVax-Luc. Cell viability was significantly decreased comparing control
cells to lipofectamine treatment, *p<0.05.

For cell cytotoxicity test dendrimers were used in the same concentrations that had been
used for cell transfection: PAMAM was 2,6 uM, AE2 — 309,6 nM, CPD - 180 nM and CBD-CS
86,4 nM. PAMAM G4 dendrimer has been reported to be non-toxic in <l uM concentration
(Albertazzi et al., 2013; Dzmitruk et al., 2015) and cell viability is not significantly decreased up
to 10 uM PAMAM G4 concentration in HeLa cells (Dzmitruk et al., 2015), however cytotoxicity
increases if the concentration is higher (Mukherjee et al., 2010). Similar cytotoxicity has been
observed with AE2 dendrimer, where cell viability decreased by 70% with 1 uM AE2 G4
dendrimer, but molar concentration above 1 uM was more cytotoxic (Ihnatsyeu-Kachan et al.,

2017). CPD G4 dendrimer has been reported to dramatically decrease murine neural cell viability
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in vitro at concentrations >1 uM (Lazniewska et al., 2013) and decrease HeLa cell viability by
60% at 1 uM concentration up to 95% decrease if the molar concentration is higher (Dzmitruk et
al., 2015). Similar cell viability decrease was observed with CBD-CS dendrimer, where
concentrations <l uM were not cytotoxic to HeLa cells, however upon increasing dendrimer
concentration, cell viability decreased notably (Dzmitruk et al., 2015). Generation two CBD-CS
dendrimer has been reported to be non-cytotoxic up to 15 pg/ml in human T cell lymphoblastic
Lymphoma SupT1 cell line (Weber et al., 2008).

Data in literature and our results suggest that PAMAM dendrimer is not cytotoxic in 2.6
uM and AE2, CPD, CBD-CS dendrimers in <1 uM concentration, thus can be used for gene

delivery.

3.2.3. In vivo transfection

After electroporation of 20 pg of pVax-Luc, high bioluminescence signal was observed
(fig. 1, A), and it was gradually decreasing during the 20 day imaging period (fig. 13; fig. 14).
The pattern of photon flux was similar for both - the left and right injection sites in all mice (data
not shown). On day 3 after electroporation, photon flux was decreased already by 64%, on day 6
by 84 % and on day 9 already by 92% from initial signal that was observed on day one after
electroporation (fig. 13, B). However on the last day of imaging the signal was 4,8 * 10° photons
per second, which is significantly higher (p<0.001) than the background signal 2,5 * 10* p/s (fig.

13, A) and indicates stable, continuous expression of luciferase protein.
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Figure 13. Bioluminescent imaging of mice electroporated with 20ug of pVax-Luc per injection
site: (A) photon flux changes during 20 days of imaging, (B) photon flux given as percent change
relative to day 1 post electroporation. Significant difference between background and
electroporation was observed on days 1 — 20, ***p<0.001.
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A similar study where luciferase encoding vector was injected intramuscularly (50ug) and
electroporated showed that significant signal decrease was only at 42 days with the level of
expression being 22% of 3-day levels (Payette et al., 2001). Another study showed that after
intradermal injection of pVax-Luc plasmid with subsequent electroporation, high signal could be
even detected on day 62 after immunization with pDNA (Roos et al., 2009). Long term protein
expression could be observed due to relatively non-immunogenic nature of luciferase protein
(Hakamata et al., 2006).

Day 1 Day 3 Day 6 Day 13 Day 20

Bioluminescence (p/s)

Figure 14. Bioluminescent imaging of mice electroporated with 20ug of pVax-Luc per injection
site.
It was also observed that all electroporated mice did not exhibit the same level of

bioluminescence (fig. 14). In vivo electroporation efficiency depends on skin resistance (Petkov
et al., 2013), which was checked on each site before electroporation, and was not the same for all

mice (data not shown).

7 6 5 4 3 2 109 8 7 6 5

Bioluminescence (p/s)

Figure 15. Bioluminescent imaging of mice electroporated with 20pg of empty pVax1 vector per
injection site.

Bioluminescence was not observed in mice, which were electroporated with 20 ug of

empty pVax1 vector (fig. 15). Photon flux was very low - from 2,3 * 10* to 4,5 * 10* photons per
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second for all mice on both injection sites on day 1 and 3 after electroporation (data not shown).
Photon flux in this group was similar to background photon flux in mice electroporated with
pVax-Luc (fig. 13, A).

Mice were treated with pDNA/dendrimer complexes in w/w ratio 1 : 1.13 for pVax-
Luc/CBD-CS and 1 : 2.5 for pVax-Luc/CPD. Further in result description, only amount of
dendrimers is mentioned.

For mice, which were treated with pVax-Luc complexed to 20 pg CBD-CS per injection
site, bioluminiscence also not observed (fig. 16, A). On days 1, 3 and 6 photon flux was in the

same level as background — from 2,0 * 10* to 4,2 * 10* photons per second (data not shown).

7 6 5 4 3 2 1@698755
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Figure 16. Bioluminescent imaging of mice treated with pVax-Luc complexed to (A) 20 ug
CBD-CS and (B) 5 ng, 10 ug and 20 pg CBD-CS, left injection site electroporated.

To try to increase signal from transfection with pVax-Luc/CBD-CS complexes, the
experiment was repeated injecting pVax-Luc complexed to 5, 10 and 20 pg CBD-CS. One of
injection sites (left) was subsequently electroporated. On days 1, 3 and 6 bioluminescence was
not observed (fig. 16, B) and electroporation did not increase photon flux. At the injection site
without electroporation, the signal ranged from 2.5 * 10* p/s to 3.3 * 10* p/s, for the
electroporated site — from 2.7 * 10* p/s to 4.6 * 10* p/s (data not shown). Therefore transfection
was not efficient with CBD-CS dendrimer, and the observed photon flux was similar to control
group where empty pVax1 was injected.

In mice which were injected with pVax-Luc complexed to CPD dendrimer in increasing
concentration, bioluminescence was observed, however the photon flux was very low (fig. 17,

A). The highest photon flux was observed in mice treated with 40 ug CPD complex (fig. 17, A) -
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the signal was 1,4 * 10° p/s on day one. The photon flux had reduced already by 88,7% on day 3
and by 95,8% on day 6. In other mice signal was at the same level as background photon flux

(data not shown).
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Figure 17. Bioluminescent imaging of mice treated with pVax-Luc complexed to (A) 10 pg, 20
ng and 40 ug and (B) 50 pg of CPD G4 dendrimer.

To try to enhance bioluminescence, a 50 ug dose of CPD dendrimers complexed to pVax-
Luc was injected. After injection of this dose, bioluminescence signal was increased (fig. 17, B).
Although bioluminescence signal was higher than with 40 pg dendrimer complexes, the photon
flux still remained low — the average photon flux on day one was 2 * 10° p/s and it was already
reduced by 72% on day 3 (average photon flux 5.8 * 10° p/s) and by 90% on day 6 (average
photon flux 2.0 * 10° p/s) (fig. 18).

Compared to electroporation, transfection efficacy was significantly reduced with both -
40 pg CPD (p<0.001) and 50 pg (p<0.05) (fig. 18). Transfection efficiency with 50 pg of CPD
dendrimer was 99% lower than electroporation already on first day after immunization.
Transfection efficiency with dendrimers in vivo might be decreased due to serum proteins that
neutralize positive zeta potential charge (Mirska et al., 2005) suggesting that higher zeta potential
of complexes is required for more efficient gene delivery.

Furthermore, transfection efficiency in vivo might be affected by aggregation of
dendrimer complexes. It is shown, that mixing dendrimers with DNA in increasing ratios, lead to
aggregation and even precipitation in different solvents. Complex aggregation leads to

polydispersity of size, thus affecting transfection efficiency (Rudolph et al., 2000), as larger
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complexes are internalized into cells less effectively than smaller ones (Rejman et al., 2004;
Frohlich, 2012). Complex aggregation was observed also in this study. Increased dendrimer
concentration for in vivo injections led to heterogeneous mixture formation and aggregation of
pDNA-dendrimer complexes — solution became opaque. Aggregation was not observed in
pDNA-dendrimer mixtures with low dendrimer concentrations used for in vitro cell transfection -

the solution remained clear.
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Figure 18. Bioluminescent imaging of electroporated mice and mice treated with pVax-Luc
complexed to 40 pg and 50 pg of CPD G4 dendrimer. Significant difference between
electroporated mice, mice injected with 40 ug CPD complexes and with 50 ug CPD G4
complexes was observed at days 1 -13, *p<0.05, ***p<0.001.

There is a theory that describes interactions between particles in colloidal suspensions —
DLVO theory. It is based on assumption that there are two forces which determine particle
dispersion in liquid medium — London - van der Waals force and the electrical double layer force
due to the electromagnetic effect of the molecules. London - van der Waals force for two
identical particles is always attractive and double layer force is always repulsive. Van der Waals
force alone determines the interaction in “simple systems”, such as vacuum or non-polar media
(oils) (Liang et al., 2007). In this study for in vivo injections dendrimers with pDNA were mixed
in PBS, because the osmolality and ion concentration matches those of animal and human body,
and it is not toxic to cells (Delong and Zhou, 2015). As dendrimer-pDNA complexes are charged
positively and dispersed in PBS, which is an ionic solution, the main force that determines the
interaction could be electrical double layer force causing repulsion of particles. Electrical double
layer consists of two layers — (1) stern layer of counter ions that are opposite to particle surface

charge and (2) diffuse layer, which consists of free ions with a higher concentration of the
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counter ions. When two particles with the same charge approach each other, their electrical
double layers start to overlap, resulting in repulsive force (Liang et al., 2007). However, negative
ions from PBS could bind the positively charged outer layer around dendrimer-pDNA complexes
and minimize it, thus changing the charge and allowing particle aggregation.

Dendrimer surface can be modified, and it is possible to attach poly ethylene glycol
(PEG) to terminal groups, this process is called PEGylation (Gajbhiye et al., 2007). PEG is a
large molecule that increases steric hindrance between particles therefore preventing particle
collision physically (Yang et al., 2003 in Gajbhiye et al., 2007).

To prevent particle aggregation, dendrimers and pDNA could also be mixed in different
solvent. Sugar solutions, such as mannitol or sorbitol solutions do not contain negatively charged
ions, yet they are suitable for injections and are used in medicine.

Results from this study indicate that phosphorous CPD G4 dendrimer could be a suitable
candidate for in vivo gene delivery, however transfection efficiency is much lower than with
electroporation. Increase of transfection efficacy with CPD G4 dendrimer requires further

optimization of pDNA-dendrimer formulations.
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Conclusions

. Dendrimers PAMAM G4, AE2 G4, CPD G4 and CBD-CS G2 are able to bind

plasmid DNA and form stable complexes.

Of all four dendrimers, carbosilane CBD-CS G2 dendrimer binds plasmid DNA most
efficiently forming complexes with highest positive surface charge and demonstrated
the highest transfection efficacy in vitro, however the rate of transfection is 54 — 70%
lower than with lipofectamine.

. None of studied dendrimers is significantly cytotoxic to mHippoE-18 and N2a cell
lines.

The highest gene expression in vivo was achieved with 20 ug plasmid DNA
complexed to 50 ug phosphorous CPD G4 dendrimer (pVax-Luc /CPD G4 w/w ratio
1 : 2.5), however transfection efficacy was significantly reduced compared to

electroporation already on day one after plasmid DNA introduction.
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Supplements



Supplement 1.

Molecular strucrure of PAMAM G4 (Kesharwani et al., 2015), 64 surface cationic end groups,
molecular weight: 14214.17 g/mol; NH>(CH2)sNHo. (A)

Molecular structure of CPD G4 dendrimer (Solassol et al., 2004), 96 surface cationic end
groups, molecular weight: 33 702 g/mol; C1296H2256N375ClosO90P93Se0 (B)
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Supplement 2.
Molecular structure of AE2 G4 dendimer (Ihnatsyeu-Kachan et al., 2017), 96 surface
cationic end groups, molecular weight: 34 856 g/mol (A)

Molecular structure of CBD-CS G2 dendimer (Wrobel etl al., 2012), 16 cationic end
groups, molecular weight: 4603.56 g/mol; Ci28H316116N1605Si13 (B)
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