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Abstract
Recent advances with techniques used for manipulating gene expression have brought us to an era where various gene
therapeutic approaches are becoming common therapeutic tools for many previously incurable diseases. The main factor
impeding the wider translation of gene therapy is that the active pharmaceutical ingredients used for interfering with
gene expression are based on nucleic acids and synthetic oligonucleotides and such molecules do not readily reach their
intracellular targets due to their physicochemical properties and therefore they require delivery vectors to cross the cell
membrane.

Cell-penetrating peptides (CPPs) is one such class of delivery vectors that comprise excellent potential for transporting
bioactive cargo molecules across cellular membranes, both in vitro and in vivo conditions. CPPs have shown to be very
versatile carriers for various types of bioactive cargo, including different nucleic acids such as plasmids (pDNA), splice-
correcting oligonucleotides (SCOs), small interfering RNAs (siRNA) and mRNA, or peptides and proteins or even small
molecules.

This thesis focuses on characterizing the delivery of various nucleic acids-based molecules with a variety of novel fatty
acid modified CPPs. In order to achieve this we utilize the ability of a family of CPPs called PepFects to non-covalently
formulate nucleic acids into nanoparticles. More particularly the aim of the thesis is to find and characterize the key
parameters of these peptide/nucleic nanoparticles that would improve their potential applicability as a drug formulation
and delivery system for future gene therapies.

By simultaneously characterizing the role of N-terminal fatty acid modification and the peptide/nucleic acid ratio in
the nanoparticles we were able to show in Papers I and II that increasing the hydrophobicity and reducing unbound free
fraction of the peptide improves delivery efficiency and decreases toxicity of these nanoparticles both in vitro and in vivo.

Based on the findings from Paper I regarding the ability of these amphiphilic peptides to self-associate into
supramolecular structures we went deeper in Paper III to study the formation, composition and live cell association of
these peptide/nucleic acid complexes at single molecule sensitivity.

And finally in Paper IV we enhanced the specificity of these nanoparticles towards in vivo xenograft tumors by
incorporating the capacity to be specifically activated in the tumor microenvironment.

Conclusively, these findings contribute to the field with identifying and characterizing some of the key factors in
developing efficient and safe peptide-based delivery vectors for gene modulating therapeutics.
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Abstract

Recent advances with techniques used for manipulating gene expression have brought
us to an era where various gene therapeutic approaches are becoming common
therapeutic tools for many previously incurable diseases. The main factor impeding
the wider translation of gene therapy is that the active pharmaceutical ingredients used
for interfering with gene expression are based on nucleic acids and synthetic
oligonucleotides and such molecules do not readily reach their intracellular targets
due to their physicochemical properties and therefore they require delivery vectors to
cross the cell membrane.

Cell-penetrating peptides (CPPs) is one such class of delivery vectors that
comprise excellent potential for transporting bioactive cargo molecules across cellular
membranes, both in vitro and in vivo conditions. CPPs have shown to be very versatile
carriers for various types of bioactive cargo, including different nucleic acids such as
plasmids (pDNA), splice-correcting oligonucleotides (SCOs), small interfering RNAs
(siRNA) and mRNA, or peptides and proteins or even small molecules.

This thesis focuses on characterizing the delivery of various nucleic acids-based
molecules with a variety of novel fatty acid modified CPPs. In order to achieve this
we utilize the ability of a family of CPPs called PepFects to non-covalently formulate
nucleic acids into nanoparticles. More particularly the aim of the thesis is to find and
characterize the key parameters of these peptide/nucleic nanoparticles that would
improve their potential applicability as a drug formulation and delivery system for
future gene therapies.

By simultaneously characterizing the role of N-terminal fatty acid modification
and the peptide/nucleic acid ratio in the nanoparticles we were able to show in Papers
I and II that increasing the hydrophobicity and reducing unbound free fraction of the
peptide improves delivery efficiency and decreases toxicity of these nanoparticles
both in vitro and in vivo.

Based on the findings from Paper I regarding the ability of these amphiphilic
peptides to self-associate into supramolecular structures we went deeper in Paper III
to study the formation, composition and live cell association of these peptide/nucleic
acid complexes at single molecule sensitivity.

And finally in Paper IV we enhanced the specificity of these nanoparticles towards
in vivo xenograft tumors by incorporating the capacity to be specifically activated in
the tumor microenvironment.

Conclusively, these findings contribute to the field with identifying and
characterizing some of the key factors in developing efficient and safe peptide-based
delivery vectors for gene modulating therapeutics.
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1. Introduction

1.1 Gene therapy

One of the main corner stones in the rational design of modern medicinal
products is our increased ability to understand diseases on a molecular level.
Especially the event of full human genome sequencing [1] has had a
phenomenal impact on identifying the underlying causes of the diseases on a
genetic level. While conventional drugs usually treat the symptoms of the
disease, interrupting with the cause of the diseases at genetic level would in
principle offer an opportunity for curative treatment; something which thus
far in conventional medical practice has only been achieved by surgery.
European Medicines Agency (EMA) defines gene therapy and its products as
“biological medicinal products that contain an active substance which
contains or consists of a recombinant nucleic acid used in or administrated to
human to regulate, repair, replace, add or delete genetic sequence and its
therapeutic, prophylactic or diagnostic effect relates directly to the
recombinant nucleic acid sequence it contains, or to the product of genetic
expression of this sequence” [2]. Since the first human gene therapy trial in
1989, intense clinical investigations have seen a number of gene therapy
products being approved by EMA and US Food and Drug administration
(FDA) in the recent years with many more currently under clinical
investigation [3] (see Figure 1).

Gene therapy was initially developed as a gene replacement therapy,
however, scientific progress over the last couple of decades has seen a wide
range of novel methods appear that allow to interfere and correct gene
expression patterns on various levels. The common denominator between
these approaches is that they are based on nucleic acids (NAs) or their
synthetic oligonucleotide (ON) analogs as active compounds. There are
classical approaches that boost the expression of specific genes/proteins, such
as plasmid DNA and mRNA; short interfering RNA (siRNA) and antisense
oligonucleotides (ASOs), which can very specifically suppress the expression
of genes on a mRNA level; splice-correcting oligonucleotides (SCOs), which
can correct for example normal pre-mRNA splicing patterns, and many more.
One of the latest promising additions to this list is a technology called
CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeats/CRISPR-associated nuclease 9), which allows specific genome
editing via cut-and-paste approach [4–7]. While collectively comprising
enormous potential, all these molecules suffer in similar feat: namely, their
inability to be effectively taken up by the cells, which is attributed to their
large size and usually high net negative charge. Therefore, translation of such
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approaches means that they need to rely on effective delivery means to
improve their intracellular transport.

Figure 1. Number of gene therapy trials approved worldwide 1989-2017.
Reprinted with permission [3].

1.1.1 Antisense oligonucleotides
Antisense oligonucleotides (ASOs) are short, 8-50 base long molecules that
can specifically bind to complementary mRNA sequences through standard
Watson-Crick base pairing. The binding of ASOs leads to translational arrest
of the mRNA either through target mRNA degradation by endogenous RNase
H or through functional blockade of the mRNA through steric hindrance [8,9].
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As the ASOs can be easily designed to be complementary to any mRNA
sequence this approach potentially enables regulation of any single gene in the
human genome. Furthermore, recent advances in the chemical modification of
ASOs have led to improved stability to degradation by nucleases, binding
strength and specificity [10]. For example, modifications on the
oligonucleotide backbone and ribose components, such as replacing the
phosphorodiester bonds with phosphorothioates [11] or modification of ribose
sugar at 2’ position with methyl or methoxyethyl groups [12], to name a few,
have been used with great effect.

The application of ASOs has been widely studied for many genetic
disorders, including for a variety of neurodegenerative diseases, for example
such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
amyotrophic lateral sclerosis (ALS), among others [13,14]. Intense pre-
clinical and clinical development of ASOs has thus far resulted in two ASO
drugs to be clinically approved by FDA. First, Fomivirsen, developed by Ionis
Pharmaceuticals (previously ISIS Pharmaceuticals), was approved in 1998 for
the management of cytomegalovirus renititis in the eye [15,16], but as the
antiretroviral drugs for human immunodeficiency virus management gave
higher benefits it was later withdrawn from the market [17]. Second ASO
drug, Mipomersen, is targeting homozygous familial hypercholesterolemia.
Mipomersen inhibits apolipoprotein B-100 synthesis that is essential
component in low- and very-low-density lipoproteins [18]. Despite recent
success stories, progress of clinical ASOs development has been slow, which
is mainly attributed to the low bioavailability of ASOs due to limited
intracellular delivery of these molecules. To overcome this issue, several
covalent and non-covalent vectorization methods are being developed [19].

1.1.2 Splice-switching oligonucleotides
Splice-switching oligonucleotides (SSOs, also known as splice-correcting
oligonucleotides (SCOs)) are a subclass of antisense oligonucleotides which
are designed to interfere with and regulate the process called pre-mRNA
alternative splicing. During this process the non-coding regions called introns
are removed from the pre-mRNA sequence to join together the coding regions
into mRNA. The differences in the exon composition of the final mRNA are
responsible for the production of different isoforms of proteins [20,21]. SSOs
regulate this process by binding at the conserved region in either end of the
intron called splicing sites, thus redirecting the splicing process by
spliceosome, a multiprotein complex, most prominently by inducing either
inclusion or exclusion of specific exons.

Like all antisense oligonucleotides, SSOs have poor bioavailability upon
intravenous administration due to poor uptake by recipient cells. While the
fast excretion of SSOs through kidneys has been overcome by modifications
in the backbone chemistry [14], it is assumed that less than 1% of the injected
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dose reaches to correct cellular compartment [22]. Despite these drawbacks,
up to date, two SSO based therapies have been approved by the FDA.

Eteplirsen, a neutral phosphorodiamidate morpholino (PMO)-based SSO
by Sarepta Therapeutics, was developed for neuromuscular disorder called
Duchenne muscular dystrophy (DMD). DMD is caused by a mutation in the
dystrophin gene that shifts the reading frame on the pre-mRNA downstream
the mutation and leads to the complete lack of dystrophin protein expression.
Eteplirsen is designed to force skipping of the mutated exon, thereby restoring
the downstream reading frame of dystrophin, providing translation of a shorter
but partially functional protein. [23]. While considerable breakthrough,
Eteplirsen can target approximately 13% of DMD cases and would have to
subsequently be tailored to other mutations in separate clinical trials.
Nevertheless, also concerns have been raised, since early generation PMO
chemistry shows only limited benefits for the patients and at approximately
$400 000 annual cost per patient comes at heavy price for health insurance
companies [24].

Nusinersen is a recently developed medication for another rare
neuromuscular disorder called spinal muscular atrophy (SMA). SMA is
caused by deletions or loss-of-function mutations in the survival motor neuron
(SMN1) gene. However, humans also have a homologue SMN2 gene, which
carries a point mutation that affects the alternative splicing and results in
production of mRNA with a missing exon that translates to unstable SMN
protein. Interestingly, a proportion of SMN2 transcript still undergoes normal
splicing, and therefore, small amount of full-length SMN protein is still
produced [25]. This phenomena makes the SMN2 a good candidate as a
disease modifying gene. Nusinersen is an intrathecally administered 2ʹ-O-
methoxyethyl phosphorothioate SSO that forces the exon inclusion in the
splicing of the SMN2 pre-mRNA and thereby increasing the full-length SMN
protein levels [26]. Recent successful clinical trials demonstrated significant
improvement in motor symptoms for both infantile- and later-onset SMA.
Nusinersen therefore is an excellent breakthrough for antisense and splice
switching technology based medicines and provides a proof-of-concept for
using SSO/ASOs in treating predominantly genetic neurodegenerative
disorders, such as SMA and Huntington’s disease and autosomal dominant
ALS.

1.1.3 RNA interference
RNA interference (RNAi) was discovered in 1998 in nematode
Caenorhabditis elegans [27] for which Andrew Fire and Craig Mello received
a Nobel Prize in 2006 [28]. RNAi is a common process in cells for
posttranscriptional gene silencing. The natural function of RNAi is believed
to be the protection of genome from exogenous genetic material such as
contained in RNA viruses [29]. There are two main pathways in the RNAi:
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repression and degradation of mRNA with imperfect complementarity by
endogenous microRNAs (miRNAs), and through cleavage of perfectly
complementary mRNAs by synthetic small interfering RNAs (siRNAs)
through Watson-Crick base-pairing.

siRNAs, the mediators of RNAi, are short 21-23 nucleotide long double-
stranded RNA molecules which are incorporated into multiprotein complex
called RNA-induced silencing complex (RISC) [30,31]. In the RISC complex
the siRNA is unwound by Argonaut 2 protein that removes the passenger
strand. On the other hand the guide strand in the activated RISC complex binds
to the target mRNA through base pair complementarity which leads to
cleavage and degradation of mRNA and therefore leads to a specific gene
silencing [32]. The major advantage of RNAi is that it can be readily designed
to silence any gene of interest and the therapeutic potential of this approach
has been widely studied in numerous clinical trials [33]. Interestingly, as
RNAi occurs in the cytosol it should be more readily accessible than for
example nuclear targets. However, in reality siRNA delivery can be very
challenging and in their free form they suffer severely from very low systemic
half-life and limited bioavailability in target tissues [34].

Despite all the setbacks, the field of RNAi therapeutics has just had a major
breakthrough as the first RNAi drug, Patisiran, obtained market authorization
by the FDA in the summer 2018. The key to the success of Patisiran has been
the incorporation of the bioactive siRNA into lipid nanoparticle (LNP) based
delivery vector. Patisiran is a drug for a rare, multisystem, rapidly progressive,
life-threatening neurodegenerative disease called hereditary transthyretin-
mediated (hATTR) amyloidosis, which is caused by a mutations in the TTR
gene. The mutations cause abnormal aggregation of TTR protein to amyloids
and their deposition in different parts of nervous system leads sensory and
motor symptoms, autonomic dysfunction and organ failure in later stages.
Patisiran significantly reduces the production of the mutated and wild-type
TTR proteins through robust and sustained knockdown of gene expression,
thereby significantly improving the symptoms of the patients [35].

1.1.4 Plasmid DNA
Plasmids (pDNA) are circular double-stranded DNA molecules with over
1000 base pairs that are commonly present in bacteria in addition to
chromosomal DNA. In bacteria plasmids usually carry genes that are
autonomously expressed under certain circumstances, such as genes necessary
for the survival in the presence of antibiotics. As plasmid DNA can be
artificially modified to express genes of interest in variety of host cells,
including eukaryotic cells, they are commonly used in molecular biology
while holding an enormous potential in gene therapy as an alternative to viral
gene delivery [36].
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A typical plasmid DNA molecule contains several genetic regions,
including, origin of replication (ori) and an antibiotic resistance (AR) gene for
plasmid replication and controlled production in bacteria, promoter for
regulating the level of expression and cell type specificity and a multiple
cloning site for the insertion of gene of interest. When this molecule is
introduced to the nucleus of mammalian cell, the gene inserted into multiple
cloning site can be transcribed into RNA and translated into a protein [37].
For example, pDNA can be used for boosting gene expression when there is a
lack of expression or as a replacement therapy when genes are expressed as
dysfunctional proteins [36]. As plasmids allow continuous transcription, only
couple of copies of pDNA are needed per cell for reaching sufficient gene
expression levels [38]. Furthermore, they integrate into host cell genome at
relatively low levels and therefore, are considered safe for utilization in gene
transfer [39]. Although, for the application of plasmids in gene therapy, the
amount of DNA sequences with bacterial origin have to be minimized due to
possible immune system activation and risk of transferring antibiotic
resistance genes to the hosts microbiota. To overcome this several approaches,
such as removal of AR gene in antibiotic-free miniplasmids or removal of both
AR and ori segments in minicircle DNA, have been utilized [40].

However, similarly to therapeutic oligonucleotides, plasmids also suffer
from poor bioavailability due to large size and high density of negative
charges which limit their uptake into recipient cells. Therefore, they require
delivery vectors for successful application in gene therapy.

Nevertheless, the utilization of plasmids as an approach for gene therapy
has high potential in the treatment of many genetic disorders and diseases
which are either hereditary or caused by the combination of factors such as
environment and genetic predisposition [41]. The currently ongoing clinical
trials involve use of plasmids in the treatment of many different diseases,
including: cystic fibrosis, cancer, diabetes, heart diseases, and as vaccines
against infectious diseases, such as HIV, hepatitis B, influenza to name a few
[40].

1.2 Barriers for non-viral nucleic acid delivery

Non-viral delivery of nucleic acids (NAs) is a process full of challenges. To
reach their target tissues/cells in the body the carrier/NA nanoparticles (NPs)
have to overcome several extra- and intracellular barriers to deliver the thera-
peutic material to their active site, while being in a very hostile environment.
Therefore, efficient delivery of nucleic acids starts from packing them into
NPs that are stable to factors such as enzymatic degradation, heat and pressure
when administrated into the blood circulation. The fate of the NPs in the host
organism is to high extent dependent on their physicochemical properties such
as, size, size distribution, surface charge and colloidal stability.
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First of all, as NPs are generally recognized as foreign bodies, organisms
have developed several defense systems to clear them from the body. For
example, when foreign material enters the blood circulation it adsorbs variety
of molecules, proteins and antigens on its surface. Such molecules also include
opsonins, which are recognized by the phagocytic cells of the mononuclear
phagocyte system (MPS) in liver, spleen and lymph nodes. MPS is a part of
immune system that is responsible for clearance of dead cells and foreign
material from the blood circulation and also participates in the clearance NPs
[42,43]. Opsonization by MPS is known to be more effective for the NPs with
higher surface charge [44]. Moreover, NPs with higher cationic charge are
known to interact with blood cells and can therefore cause blood clotting and
thrombosis which in worst case could be fatal [45].

Secondly, the size of the NPs is known to play an important role in their
biodistribution and circulation half-life through several biological
phenomena. As the NPs circulate with the blood in the vasculature they can
enter different tissues only by extravasating across the endothelia of the
vasculature. For example small particles, under 10 nm, typically undergo rapid
first-pass renal clearance and can have very limited half-life in the circulation.
Therefore, to enhance the blood circulation time and improve the
accumulation and therapeutic effect of NPs, it is usually considered that they
should have a size that would exceed 10 nm [42]. Also, NPs with too large
size (>2000 nm) are not optimal, since they accumulate non-specifically in
spleen, liver and in the capillaries of the lungs. NPs with >200 nm size are
known to undergo splenic filtration as the fenestrations there are around 200-
500 nm. In general, nanoparticles with average size around 100 nm show
longest circulation times and should therefore be preferred for long-lasting
therapeutic effect. NPs with ~100 nm size are also able to avoid the cut-off
limit in liver where the vascular endothelial fenestrations are around 50-100
nm. As most of the utilized NPs lie within this size range, liver accounts for
the main portion of non-specific accumulation of NPs. Lastly, a major
contributor to the non-specific uptake of NPs are the macrophages residing in
liver, spleen and lungs [46].

In contrast to healthy organs, tumor are highly vascularized and have been
shown to have larger fenestrations (380-780 nm) and considered to be more
leaky than normal vasculature [47]. Consequently, the accumulation of
nanoparticles is usually higher in the tumor tissue and the corresponding
phenomena is called enhance permeability and retention (EPR) effect [48].
The downside of exploiting the EPR effect is that it varies dramatically with
the degree of tumor vascularization and is mostly present in highly permeable
tumors. For low permeability tumors with low vascularity such as human
pancreatic cancer NPs with <50 nm have shown accumulation. Taken
together, the optimal size range for nanoparticles remains in the range
between 20-200 nm and is highly dependent on the specific application [46].
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Finally, when the NPs have extravasated across the endothelial barrier and
migrated across the extracellular matrix they then face yet another barrier –
the target cell membrane. To gain access to the cells, NPs have to first
associate with the cell membrane and trigger different types of endocytosis,
which could include macropinocytosis, clathrin- or caveolin dependent
endocytosis and clathrin- and caveolin-independent endocytosis for
internalization [19,46,49].

Upon being endocytosed, NPs are engulfed into cell membrane
invaginations which lead to formation of membranous vesicles called
endosomes, which are released to the intracellular milieu. In order for the
nucleic acids to reach their sight of action the NPs have to be released from
the endosomes. Otherwise the endosomes can undergo maturation or fusion
with lysosomes, during which the pH inside the endosomes drops from 6.0-
6.5 in early endosomes to 4.9-6.0 in late endosomes to 4.5-5.5 in lysosomes.
The lowered pH in the lysosomes activates hydrolytic enzymes which can
degrade the bioactive cargo before it reaches to the site of action inside the
cell, thereby reducing its bioavailability [50]. Therefore, the NPs have to be
released from the endosomes before the degradation of cargo begins.

Endosomal entrapment/escape is considered one of the key factors limiting
the bioavailability of nanoparticle formulated nucleic acids [51]. Dependent
on active site of the nucleic acid in question, the NP has to release the cargo
either in cytosol (siRNA, mRNA) or cross additional membranes such as
nuclear envelope (pDNA, SCO) before the release. The uptake and
intracellular trafficking of the NPs is discussed in more detail in the following
paragraphs describing peptide/nucleic acid complexes. While it is commonly
agreed for non-viral delivery that large molecules such as pDNA gain access
to nucleus during the cell division [52,53], it is not understood how they gain
access in non-dividing cells which are usually the main target in living
organisms in clinical pathologies. In summary, the non-viral delivery of
nucleic acids with NPs is an extremely complex multistep process where NPs
have to be optimized for each step separately while maintaining all the other
functionalities needed for successful delivery.

1.3 Overcoming the barriers by modifying the delivery vehicles

As mentioned above the physicochemical properties of the nucleic
acid/delivery vector nanoparticles determine their in vivo biodistribution. One
of the key problems with NPs in the blood circulation is the adsorption of
proteins and antigens to the NP surface and consequent clearance of NPs from
the circulation. One of the methods to overcome this is to modify the surface
of nanoparticles with hydrophilic polymers such as polyethylene glycol
(PEG). Hydrophilic PEG chains on the surface of the NPs are hydrated by
water molecules and therefore generate a hydrate layer on the surface, which
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neutralizes the surface charge of the NP. PEGylation has been shown to
strongly reduce charge and hydrophobic interactions with blood components
(reported to be up to 80%) [54] and consequently PEGylation allows to
prolong their circulation half-life. Variety of studies indicate PEG chains with
molecular weight in the range of 500-5000 Da to be optimal for efficient
shielding in relation to maintaining the biological activity. An important factor
to consider when using PEGylation is that in the same way it prevents
interactions with blood components it also prevents other biological
interactions that are necessary for the association and internalization of NPs
in to the target cells and also escape from the endosomes (so-called PEG
dilemma) [51,55]. Therefore, the amount of PEG chains on the NP surface has
to be carefully optimized. To overcome this PEG modification can be
introduced reversibly either by chemical or physical approaches. One way this
has been achieved is when PEG chains are coupled over pH-sensitive linkers
that are cleaved by the lower pH in inflamed tissue, tumor microenvironment
or also in the endosomes, which undergo acidification during the maturation
[56].

In a variation to this strategy – and an approach that we also use in this
thesis – is to attach the PEG molecules on NPs over enzyme cleavable linker.
One such possibility is to use matrix metalloproteinase (MMP) sensitive
linkers that can be cleaved in the tumor extracellular matrix where MMPs are
known to be present in high concentrations [57]. Several types of MMPs, such
as MMP2, 7 and 9 have been found to be abundant in cancers. In particular,
MMP2 is known to be overexpressed in different stages of human cancers.
The MMPs can recognize and cleave certain peptide sequences, such as for
example GPLGIAGQ (but not only) for MMP2, that can be synthetically
easily incorporated and used as linkers for the attachment of PEG molecules
[58]. The major advantage of this approach is that it allows deshielding of NPs
from the PEG in the close proximity of MMP expressing tumors, enhancing
the NP uptake by tumor tissue and reducing the unspecific accumulation of
NPs in other organs/tissues [56].

Another approach which has been successfully deployed for lipid
nanoparticles (LNPs) is to use PEG conjugated lipids that can be released over
time in the blood circulation due to diffusion of these conjugates out from NPs
[59–61]. Taken together, in order to successfully use PEGylation of NPs for
enhancing the biodistribution and -availability of NPs, both PEG chain length
and PEGylation rate have to be carefully optimized and it is important to find
right balance for obtaining long circulation half-life while maintaining cellular
delivery efficacy.

As discussed before, it would be important that the NPs would be
preferentially taken up mostly by the organs/tissues that are affected by the
disease. One way to do that is to introduce various receptor specific ligands
on the surface of NPs. Ligands that have been used for such purposes include
small molecules, peptides, proteins or antibodies, and more. Unfortunately,
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the attachment of ligands to the close proximity of NP surface does not give
enough spatial flexibility for the ligands to bind to their target receptor(s) and
additionally the PEG chains can sterically hinder these interactions, therefore
coupling them on the PEG chains which are more flexible and further away
from NP surface is commonly used. It is also important to consider that
ligands, depending on their properties, can also influence the physicochemical
properties of the NPs and this in turn can influence their biodistribution
unrelated to the targeting [62].

When the NPs have finally reached their target tissue and are internalized
to the target cells by endocytosis they have to be released with their respective
nucleic acid cargo from the endosomes. For that several strategies have been
utilized, which mostly harness the lowering pH during the maturation of
endosomes through different endosomolytic chemical moieties that can be
incorporated into the NPs [63]. The examples of utilized approaches will be
described in more detail for different non-viral delivery vectors in their
respective context in the following paragraphs.

1.4 Vectorization of nucleic acids

Nucleic acids and various synthetic oligonucleotide analogs are biopolymers
that come with high molecular weight and usually high charge distribution and
as a class of molecules they have very poor bioavailability. As mentioned
already above, there is a general consensus that in most cases such compounds
would need delivery vectors that would enable them to be effectively
conveyed to their active site inside the cells. In broad terms, delivery vectors
can be divided into to two main categories: viral and non-viral vectors. Nature
has shaped the viruses to be highly effective vectors for carrying genetic
material inside the cells for their replication/reproduction. Consequently,
many types of viruses have been genetically engineered to carry therapeutic
nucleic acids within their genome for gene therapy purposes. Yet, viruses have
historically also come with many inherent weaknesses, such as pre-existing
antibodies/immune response to the virus, insertional
mutagenicity/genotoxicity, and more, which has limited their application and
efficacy [64]. Improving the safety profile of viral vectors has also been an
intense subject of studies and considerable advances in this area have been
made in recent years. One way or another, viruses are only useful vectors for
nucleic acid-based molecules that could be encoded from their genome and
therefore they are not compatible for example with the delivery of synthetic
analogs of nucleic acids or oligonucleotides. For both improved safety and to
provide formulation strategy for many synthetic oligonucleotides, variety of
so-called non-viral delivery approaches have been explored and developed.

Non-viral approaches in general divide into two categories: chemical and
physical methods. Most common physical methods include for example
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microinjection and electroporation, which are usually applied in the cell
culture models and for ex vivo gene transduction, but in certain cases could
also be utilized in vivo. For example, electroporation has been used for
transducing T lymphocytes for pDNA delivery and recently also for delivering
the CRISPR/Cas9 system components to mediate genome editing [65].
Furthermore, this method has been used in several advanced clinical trials
treating cervical dysplasia [3]. In general the in vivo application of these
methods is limited to skeletal muscle and skin and therefore chemical methods
are required.

Chemical non-viral vectors are usually based on cationic lipids (lipoplexes)
[34], liposomes [66], natural and synthetic polymers (polyplexes) [67],
peptides [49], inorganic nanoparticles [68], that are able to non-covalently
condense nucleic acids into nanoparticles through electrostatic and/or
hydrophobic interactions. In some cases, especially for shorter
oligonucleotides (ONs), also covalent approaches have been used where
chemical vectors, like peptides or targeting ligands, are directly conjugated to
the ON molecules to enhance their cell membrane permeability or specificity
towards specific tissue (see section 1.6.2). Important advantages of synthetic
vectors are that they are relatively easy and cheap to produce, they could be
manufactured in large quantities with high reproducibility, and they can be
further chemically modified, for example to fine-tune their properties for
improving their bioavailability in specific tissues.

1.4.1 Cationic lipids
First report describing cationic lipids as potential carriers for genetic material
was published in 1987 [69]. In this study, lipid mixture composed of positively
charged lipid DOTMA (N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trime-
thylammonium chloride) and ‘helper lipid’ DOPE
(dioleoylphosphatidylethanolamine) was used to condense  negatively
charged pDNA to complexes, which were later termed lipoplexes. These
lipoplexes were able to mediate pDNA uptake and induce expression of the
targeted gene in the transfected cells. These hugely exciting experiments at
the time, encouraged researches to take lipoplexes quickly to first animal and
human experiments [70,71]. However, it became apparent that such lipoplexes
were not well suited for in vivo applications. Further analysis revealed that
such lipoplex formulation were quite unstable and had large size (up to several
microns) and were also very heterogeneous in their nature. Furthermore, high
positive charge and size contributed to their rapid plasma clearance, immune
activation and overall toxicity [72,73]. Nevertheless, lipoplexes such as
produced by using Lipofectamine® reagents have found wide application as
a robust transfection reagent in cell culture models.

Attempts to improve lipoplex formulation led to changing the cationic lipid
to DODAC (dioctadecyl-dimethyl-ammonium chloride), which was further
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complemented by phosphatidylcholine (PC)-lipids and polyethylene glycol
(PEG)-lipid, yielding in a stabilized-plasmid-lipid-particles (SPLPs).
Although, SPLPs exhibited long circulation times and provided strong
accumulation to the distal tumors, this approach was discontinued due to low
DNA encapsulation efficiency and tedious manufacturing process [74].

Recently, many novel lipid-based platforms have been developed with
much improved properties. Since initially, LNP formulation were suffering
from high cationic charge, which strongly impacted their fast clearance,
several modifications were made to the lipid composition/formulations.

As high amount of cationic lipids is required for efficient pDNA encapsu-
lation the consequent LNPs will always carry a positive surface charge. Also,
cationic lipids are known to strongly interact and disrupt negatively charged
cell membranes, which can be a cause for considerable toxicity. To address
this problem, ionizable cationic lipids with pKa values ranging from 5.6 to 6.9
have been developed that remain neutral under physiological pH, while ac-
quiring cationic charge in the acidic environment of the endosomes. Conse-
quently, LNPs formulated with such lipids should have near neutral surface
charge in blood circulation, which should reduce complement binding and
recognition by the immune system, while facilitating endosomal disruption
and drug release in acidic endosomes.

In order to facilitate the charge interactions between these lipids and
nucleic acids, which are needed for LNP formulation, they can be mixed
together under slightly acidic conditions in solvent such as ethanol and
dialyzed against aqueous buffer at physiological pH. The scanning of these
different LNPs in in vivo led to a lipid called MC3 that improves the hepatic
delivery of siRNA by 8000-fold over previous best LNP formulation,
suggesting clinical utility. The MC3 lipid has pKa ~6.5 [75] and the further
development MC3-LNP formulation with siRNA against mutated
transthyretin (TTR) lead in 2018 to the FDA approval of the first RNAi
therapeutic, Patisiran [76].

1.4.2 Cationic polymers
Classically, the charge of cationic polymers comes from different nitrogen
containing groups which can have different protonation properties dependent
on the pKa. For nucleic acid delivery both linear branched polymer with
different molecular weights have been used. The examples include synthetic
polymers such as polyethyleneimine (PEI) [77,78], poly L-lysine (PLL) [79],
poly(amidoamine) (PAMAM dendrimers) [80] and nature-derived polymers
such as chitosan (poly-D-glucosamine derived from chitin) [81], to name a
few.

One of the most widely used class of polymers are PEIs. PEIs are usually
synthesized in linear and branched form and can come with varying molecular
weights and charge distributions. The tuning of these parameters enables to
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vary polyplex stability, delivery efficiency and toxicity [77,82]. It is known
that polyplexes made of linear PEI (LPEI) are more easily disintegrated as
compared to branched PEI (BPEI) and are known to provide higher
transfection efficiency. PEIs, both linear and branched, are also known to
induce endosomal escape [78]. It is believed that amine groups in PEIs are
protonated during the acidification of the endosomes, thereby buffering the
endosomes through so-called ‘proton sponge’ effect. This in turn leads to
ATPase mediated influx of protons accompanied by chloride ions, which is
followed by osmotic influx of water and consequent swelling of the
endosomes. During this phase the endosomal membranes are destabilized
while the higher cationization of the polymer is hypothesized to trigger
electrostatic interactions with the phospholipids in the endosomal membrane
which can lead to disruption or leakage of the endosomal membranes and
release of the polyplexes from the endosomal compartment [67].

Despite being efficient transfection reagents, use of PEI, PAMAM and PLL
is generally associated with cytotoxicity and immune activation in both in
vitro and in vivo conditions [83,84]. However, these effects can be reduced by
masking the cationic charge of the polyplexes via PEGylation [83,84] and
purification of the polyplexes from excess unbound polymer. Interestingly,
removal of free PEI from the polyplexes has been shown to reduce their
bioactivity significantly, indicating that ‘free fraction’ of PEI plays an
important role in their mechanism of action and potential toxicity [85,86].

Although the above described polymers can facilitate efficient nucleic acid
complexation and delivery the chemical composition of the polymers is usu-
ally ill-defined, which is not favorable from clinical perspective. Moreover,
high polydispersity of the polymers means that the platform is not specific for
further chemical functionalization (e.g. statistical number of targeting ligands
or PEG molecules at undefined conjugation site on the polymer). Therefore,
as an alternative, more defined synthetic approaches have lately been pursued.

Inspired by the defined nature of peptides and nucleic acids another class
of polymer called sequence-defined oligo(amidoamines) has recently
emerged. Taking advantage of the solid phase peptide synthesis, a variety of
different building blocks with different functionalities can be combined into
polymers with controlled structure and subunit compositions. The building
blocks that can be used include both natural amino acids and lipids which are
combined with synthetic compounds such as diamines and diacids [87]. The
combination of different building blocks allows to separately address key
aspects of nucleic acid delivery, such as nucleic acid complexation, tissue
targeting, shielding from complement binding, cell association, endosomal
escape and nuclear import (if needed). Moreover, such high spatial control
over the chemical composition of the vectors make this platform well suited
for structure-activity relationships.

To emphasize this, Klein and colleagues designed highly efficient siRNA
lipooligomers (lipopolyplexes), which combined functionalities such as high
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extracellular stability, lytic activity in the endosomal pH, redox-sensitive
cytosolic release of the siRNA and low toxicity [88]. Further modification of
similar lipoplexes with PEGylation and folic acid receptor targeting led to
extended blood circulation and distal tumor accumulation. Moreover,
systemic administration of these lipopolyplexes with siRNA against kinesin
spindle motor protein EG5 led to ~60% EG5 mRNA knockdown in the tumor.
Furthermore, in combination with tubulin-binding anticancer drug
pretubulysin, the survival of mice bearing aggressive leukemia model was
significantly prolonged [89].

Although, the clinical translation of polyplexes is still in its infancy with
only handful early stage clinical trials completed in humans [67] the polyplex
science is evolving quickly together with methods for their synthesis,
characterization and biological evaluation.

1.5 Cell-penetrating peptides (CPPs)

Another class of drug delivery vectors that has been extensively studied in
recent decades is cell-penetrating peptides (CPPs). CPPs (sometimes also
termed protein transduction domains (PTDs)) are short usually cationic and/or
amphipathic peptide sequences of 4-40 amino acids. What distinguishes CPPs
from other peptides is their unique ability to transport various cargo
molecules, like small molecules, proteins and nucleic acids, into cells.

The field of CPPs started in 1988 when two different groups
simultaneously showed that 86 amino acid long transcription activator (Tat)
protein from human immune deficiency virus is able to translocate through
the cell membrane [90,91]. This discovery was truly sensational, since it was
previously considered that peptides and proteins are incapable of crossing
cellular membranes due to their large molecular weight and hydrophilic
nature. Couple of years later it was shown that also 60 amino acid region of
the Drosophila antennapedia homeobox protein (Antp) comprised similar
ability to traverse into the cells [92]. Furthermore, in the follow up studies it
was later demonstrated that only a truncated 16-mer peptide sequence from
the third α-helix of antennapedia protein was required for the internalization
[93]. This peptide was named penetratin (pAntp(43-58)) and its discovery
opened the field of CPPs. Since then, hundreds of CPPs have been discovered,
with both natural and synthetic origin.

1.5.1 Classification of CPPs
CPPs can be classified in different ways either by their origin or based on their
individual properties. The most common classification system is based on
their origin, which divides CPPs into three categories: 1) protein derived, such
as penetratin [93] and Tat [94]; 2) chimeric – includes peptides which are
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combined from sequences of two different naturally occurring proteins, such
as transportan [95] and MPG [96]; and 3) synthetic – which are designed with
a purpose of high cell permeability, such as polyarginines [97] and model
amphipathic peptide (MAP) [98]. While this classification system is useful for
the understanding the phenomenon of cell-penetration and the mechanisms
behind that, it does not allow the correlation between physicochemical
properties of peptides and their working principles [99].

Considering the high diversity of the CPPs nowadays, an alternative
classification system has been proposed [100], which is based on
physicochemical properties of the peptides, such as charge, hydrophobicity
and the distribution of these factors along the peptide sequence (see Table 1).
By this classification CPPs divide into three categories: 1) cationic – peptides
rich in basic residues such as Arg, Lys and His, e.g. polyarginine, Tat and
penetratin; 2) amphipathic – are further divided into two categories: 2.1)
primary amphipathic – which are composed of charged and amphipathic
domain, e.g. MPG, transportan, TP10 [101] and Pep-1 [102]; 2.2) secondary
amphipathic – which become amphipathic trough adapting secondary
structures such as α-helices [97,103] and β-sheets [104] upon interaction with
lipid membranes, including MAP, pVEc [105], CADY [106], M918 [107].
And finally, 3) hydrophobic – peptides which contain mostly hydrophobic
residues and very few charged residues, e.g. TP2 [108], C105Y [109] Bip
peptides [110]. As the number CPPs with different properties and applications
is constantly increasing so are evolving their classification systems.
Table 1. Classification of CPPs
Name Sequence Origin Ref.

Cationic
polyarginine Rn-NH2 Synthetic [97]
Tat (48-60) RKKRRQRRR Natural [94]
Penetratin RQIKIWFQNRRMKWKK Natural [93]

Primary amphipathic
MPG GALFLGFLGAAGSTMGA-Cya Chimeric [96]
TP10 AGYLLGKINLKALAALAKKIL- NH2 Chimeric [101]
Pep-1 KETWWETWWTEWSQPKKKRKV-Cya Chimeric [102]

Secondary amphipathic
MAP KLALKALKALKAALKLA-NH2 Synthetic [98]
pVec LLIILRRRIRKQAHAHSK-NH2 Natural [105]
CADY GLWRALWRLLRSLWRLLWRA-Cya Synthetic [106]
M918 MVTVLFRRLRIRRACGPPRVRV-NH2 Natural [107]

Hydrophobic
TP2 PLIYLRLLRGQF-NH2 Synthetic [108]
C105Y PFVYLI Natural [109]
Bip VPMLK, PMLKE, VPTLK, VPALR Natural [110]
Cya – cysteamide,
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1.5.2 Uptake mechanisms
Broadly, the way how CPPs permeate the cell membrane divides into two:
uptake by endocytosis and/or direct translocation/penetration. Despite the
earlier studies with fluorescently labelled CPPs showing that CPPs enter cells
by simple diffusion, it is now, with the improvement of the methods, believed
that CPPs gain access to the cells by various types of energy-dependent
endocytic pathways. In this context a number of pathways have been
implicated, including macropinocytosis, clathrin- or caveolin dependent
endocytosis and clathrin- and caveolin-independent endocytosis [99].
Importantly, CPPs follow similar uptake routes also when formulated with
cargo molecules, either when directly conjugated to the nucleic acid molecules
[111] or when in the nanoparticulate formulations, such as upon non-covalent
complexation [112–115] (see Figure 2).

As shown by several studies, uptake mechanism of CPPs can be strongly
dependent on attached cargo molecule. This has been shown for example in
the case of Tat-fused proteins which in some studies have been characterized
to be taken up by lipid raft-mediated caveolar endocytosis [116] and lipid raft
macropinocytosis [117], while unconjugated Tat has been reported to be taken
up by clathrin-dependent endocytosis [118]. Additionally, it has been shown
that CPPs can be endocytosed by several mechanisms simultaneously [119–
121]. One possible explanation to this could be the concentration of the CPP.
For example, increasing the concentration of pTat and R8 leads to change
from endocytic uptake to direct translocation [120]. Another factor, which has
also been studied in this thesis, is the aggregation/self-association of peptide
molecules before and/or after the interaction with the cell membranes [122].
Such peptide aggregates can have very heterogeneous composition which can
lead to simultaneous uptake by several mechanism as particle size has been
shown to affect by which endocytic pathway different nanoparticles are taken
into the cells, as recently reviewed by Sadat et al [123].

Due to the fact that D-analogs of CPPs have similar uptake efficiency it has
been generally believed that CPPs do not use receptor mediated uptake
pathways [93,94,124]. However, it is commonly believed that the cellular
uptake of CPPs starts from interactions between cationic CPPs and negatively
charged cell surface proteoglycans like highly sulfated glycosaminoglycans
(GAGs), such as heparan sulfates [125–128], while also the overall amount of
polysaccharides has been shown to play role [129]. Also involvement of
receptors such as chemokine receptor type 4 has been reported in the uptake
of arginine rich peptides [130]. Additionally, our group has recently shown
the involvement of class A scavenger receptor (SCARA) types 3 and 5 in the
uptake of both PepFect14 peptide and PepFepFect14/nucleic acid complexes
[131,132], which will be described in more detail in the following paragraphs.
Furthermore, the involvement of different classes of scavenger or scavenger-
related receptors, such as scavenger receptor cysteine-rich type I (M160) and
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SR-BI have been reported for NicFects, CADY, and even PEI polymers
[124,133].

To summarize, the uptake mechanisms used by the CPPs depend on
multiple factors, including the properties of the CPP, used concentrations, cell
line, cargo, cargo attachment method, experimental conditions and more.

Figure 2. Uptake mechanisms of CPPs, CPP-drug conjugates and
nanoparticles. CPPs use mainly different types of endocytosis to gain access
into the cells, including macropinocytosis, clathrin- or caveolin dependent
endocytosis and clathrin- and caveolin-independent endocytosis. The
endocytosis is followed by intracellular trafficking of the CPP and/or cargo
containing endosomes into early endosomes, late endosomes/multivesicular
bodies (MVBs), lysosomes or Golgi network. During the endosomal
maturation from early to late endosomes/lysosomes the endosomes are
gradually being acidified. The cargo contained in late endosomes/MVBs can
also undergo recycling during which the cargo containing endosomes can
undergo exocytosis and possible uptake by other recipient cells. Additionally
to endocytic uptake routes also direct penetration/translocation has been
reported for some CPPs. Reprinted with permission [49].

1.5.3 Endosomal escape of CPPs
As a result of using endocytic pathways to gain access to the cells, CPPs and
associated cargo molecules are subjected to endosomal entrapment. Since
internalized material cannot easily escape from the endosomal system this
endosomal entrapment serves as the main limiting step in the bioavailability
of most therapeutic macromolecules [63], including CPPs and relevant cargo.
To overcome this limiting factor for efficient delivery, variety of approaches
have been devised to facilitate endosomal escape. Most common ways include
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harnessing the acidification of endosomes during their maturation, use of
fusogenic peptides or lipids and other endosomolytic agents, such as
chloroquine.

For example, inclusion of peptides such as GALA [134], pHLIP [135] and
HA2 subunit of hemagglutinin (HA) protein from influenza virus [136] have
been shown to facilitate endosomal escape of CPPs through pH-sensitive
membrane insertion and permeabilization. Also modifying Tat with domains
containing tryptophan and phenylalanine residues, which both are known to
destabilize cellular membranes by insertion into to the lipid bilayer, has been
shown to increase intracellular delivery of covalently conjugated peptides
[137]. Similarly, incorporation of histidines to induce α-helical structure under
acidic conditions in early/late endosomes to promote endosomal escape of
CPP/siRNA complexes has been used [138]. For example, incorporation of
histidines has been used to enhance pH-responsiveness of Tat and PepFect3
to improve non-covalent nucleic acid delivery in vitro [139] and in vivo [140].
Histidines, similarly to PEI, are believed to escape endosomes through
becoming protonated (pKa ~6.0) during the acidification of endosomes,
thereby facilitating ‘proton sponge’ effect. Consequently, the endosomal
membranes are destabilized which is further enhanced by the electrostatic
interactions with the now positively charged molecule, thus leading to the
disruption or leakage of the endosomes [63,141].

Alternatively, peptides with known fusogenic properties can be used for
improving CPPs. For example, influenza virus is known to enable its
endosomal escape through HA2 protein, which adopts α-helical conformation
at endosomal pH and thereby facilitates disruption of the endosomes.
Combination of the HA2 peptide with Tat-Cre fusion protein has been shown
to enhance the uptake of this fusion protein [117]. Similarly, incorporation of
fusogenic lipids such as dioleoylphosphatidylethanolamine (DOPE) have
been used in nucleic acid delivery with octaarginine based multifunctional
envelope-type nanodevices (MENDs) to enhance endosomal escape
[142,143].

Another strategy to enhance the endosomal escape is by incorporation of
endosomolytic moieties such as chloroquine in the peptide structure. Our
group has used this approach on PepFect6 peptide, where four
trifluoromethylquinoline moieties (chloroquine analogs) were coupled over a
lysine tree on one of the lysine side chains on the peptide. The consequent
peptide in complex with siRNA showed improved endosomal escape and
efficient gene knockdown both in vitro and in vivo [112]. Despite the
developments endosomal entrapment still remains one of the main limiting
factor in CPP-mediated delivery of cargo molecules [144].
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1.6 CPPs as delivery vectors for different cargoes

As already mentioned above, CPPs are defined by their inherent ability to
facilitate intracellular delivery of cargo molecules. Therefore, these peptides
have raised interest in variety of biomedical applications that require access
to the cells, including enhancing the delivery of imaging/contrast agents, drug
carriers and bioactive cargoes. Examples of cargoes for which CPPs have
shown enhancement of intracellular delivery include: different nanoparticles
(NPs), such as silica and gold NPs, quantum dots, paramagnetic lanthanide
ions, dextran-coated superparamagnetic-iron oxide NPs, which can be used as
contrast agents; drug carriers - polymeric particles, liposomes, solid lipid NPs,
micelles, which can be used for efficient drug encapsulation; and for the
delivery of bioactive molecules, such as small molecule drugs, peptides,
proteins or for different nucleic acids and their synthetic oligonucleotide
analogs used in gene therapy. The cargoes are usually attached to the CPPs
via covalent conjugation or by using non-covalent encapsulation or physical
adsorption (Figure 3) [145].

Figure 3. Cell-penetrating peptides can facilitate the intracellular
delivery of variety of different cargoes. Reprinted with permission [145].
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1.6.1 Vectorization of nucleic acids with CPPs
CPPs can be used for vectorizing cargo molecules either by direct covalent
conjugation or by non-covalent formulation into nanoparticles. In case of
nucleic acid delivery the covalent approach only applies for shorter neutral
synthetic oligonucleotides, e.g. certain types of ASOs. For larger nucleic acids
such as pDNA, mRNA and siRNA non-covalent approach is used. From
clinical perspective the covalent approach is preferred as it provides well-
defined chemical entities, but it is not applicable in the case of variety of
molecules, which include pDNA, mRNA or siRNA, where non-covalent
strategy would have to be used.

The non-covalent strategy was first introduced in 1997 for nucleic acids
with MPG peptide [96]. The non-covalent strategy is based on the ability of
cationic and/or amphipathic peptides to neutralize negatively charged nucleic
acids and form polyelectrolyte complexes. This strategy relies mainly on the
electrostatic interactions which are further stabilized by the hydrophobic
interactions between the peptide molecules and hydrogen bonds inside the
complexes. This strategy has been successfully deployed with many CPPs and
also forms the key formulation strategy that is used in the context of this thesis.

1.6.2 Covalent oligonucleotide delivery with CPPs
First CPP-ON conjugates were based on peptide nucleic acids (PNAs), which
allowed continuous synthesis of the conjugates by using peptide synthesis. In
PNA chemistry the nucleobases are attached to each other via peptide bonds
instead of deoxyribose phosphate backbone [146]. Therefore the PNAs have
neutral charge and can be coupled to positively charged CPPs. Variety of
different lysine and arginine containing peptides have been used deliver
PNAs. For example coupling of four lysine residues to the PNA has been
shown to mediate the splice switching activity of the PNA in cell cultures
[147]. In an early study by our group Pooga and colleagues demonstrated that
conjugation of CPPs such as transportan and penetratin to PNA against
galanin receptor type 1 were able to block expression of respective receptors
in cell cultures. Furthermore, when administered intrathecally to rats, these
CPP-PNA conjugates were able to decrease also galanin receptor expression
in rats, which led to inhibition of C-fiber stimulation and modified pain
response [148].

In a comparative study using a wide variety of different CPPs, such as
oligoarginine, pTat, Penetratin, TP10 and several others, TP10 was shown to
be the most efficient in the cellular splice switching reporter model [149]. In
a similar study our group compared a battery of CPP-PNA conjugates to
explore how the CPP properties influence their uptake mechanisms. The tested
CPPs included highly cationic M918, penetratin, and Tat as well as
amphipathic TP10, pVec, MAP and Transportan. While the M918, TP10,



21

transportan and penetratin conjugates showed most efficient splice-correction
activity in the HeLa pLuc luciferase reporter cell line, little or no correlation
was found between the chemical properties of CPPs and their biological
activity. However, differences were found in their uptake mechanisms, as
conjugates with amphipathic CPPs were mainly taken up by clathrin-mediated
endocytosis, while macropinocytosis was primarily observed for cationic
CPPs [121]. More recently, CPP-PNA conjugates targeting mir-155 in
lymphoma have shown successful delivery also in vivo [150].

Alternatively, CPP conjugation has been used for enhancing delivery of
clinically more successful neutral phosphorodiamidate morpholino
oligonucleotides (PMOs). For example, conjugation of 6-aminohexanoic acid
(X) spaced arginine rich peptide (RXR)4 to PMO has demonstrated exon
skipping in several tissues in a Duchenne muscular dystrophy (DMD) mouse
model [151]. Further development of similar arginine rich CPP-PMO
conjugates, such as addition of hydrophobic sequences and muscle targeting
sequences, have led to improved exon skipping in various tissues, including
heart in the same DMD model [152–155]. The success of the CPP-PMO
conjugates in DMD disease models has led to the application of these
conjugates also in other disease models. For example, RXR-based PMO
conjugates targeting human respiratory syncytial virus have shown to block
viral replication in mouse and porcine disease models [156,157]. Similar
conjugates have demonstrated blocking of viral replication for other viruses
such as murine hepatitis virus, dengue 2 virus and West Nile virus [158–160].
Interestingly, Sarepta Therapeutics has recently presented data on nonhuman
primate studies with novel exon-skipping CPP-PMO conjugate (SRP-5051) in
DMD. The results showed high efficacy in exon-skipping while being well
tolerated and the compound is now in a phase 1/2a clinical trial, which is
expected to be finished by early 2019 (NCT03375255 ClinicalTrials.gov)
[161]. Short overview of CPPs used in covalent delivery of antisense
oligonucleotides is provided in Table 2.
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Table 2. Examples of CPP sequences used in covalent ASO delivery
Name Sequence Application Ref.
TP-PNA GWTLNSAGYLLGKINLKALAALAKKIL Downregulation

of galanin
receptors in
vitro and in vivo

[148]
Pen-PNA RQIKIWFQNRRMKWKK [148]

TP10-PNA AGYLLGKINLKALAALAKKIL Splice-
correction in
luciferase
reporter cell
line

[121,
149]

M918-PNA MVTVLFRRLRIRRASGPPRVRV [121]

(RXR)4-
PMO

RXRRXRRXRRXR DMD [151]

Pip5e-PMO RXRRBRRXRILFQYRXRBRXRB DMD [153]
Pip6a-PMO RXRRBRRXRYQFLIRXRBRXRB DMD [152]
B–beta alanine, X–6-aminohexanoic acid, TP–transportan, Pen–penetratin, DMD –
Duchenne muscular dystrophy, PNA – peptide nucleic acid, PMO –
phosphorodiamidate morpholino oligonucleotide

1.6.3 Non-covalent delivery of nucleic acids with CPPs
The non-covalent formulation of nucleic acids with CPPs into nanoparticles
originates from similar works with cationic lipids and polymers. In the
pioneering studies by the group of Gilles Divita it was reported that 27 amino
acid long MPG peptide was able to complex nucleic acids such as pDNA,
short DNA and oligonucleotides into nanoparticles. Furthermore, the
MPG/pDNA complexes containing luciferase encoding plasmid were shown
to efficiently transfect mammalian cells [96]. Later, the same group reported
that an analog of MPG called MPG-8 was able to mediate siRNA knockdown
both in vitro and in tumor xenograft model in vivo. Furthermore, when injected
intratumorally, the complexes carrying siRNA targeting cell cycle regulator
cyclin B1, where able to reduce tumor growth. However, when the MPG-
8/siRNA complexes were injected intravenously they remained inactive. In
order to enhance the stability of the complexes the peptide was modified with
cholesterol moiety. Consequently, the Chol-MPG/MPG-8/siRNA complexes
had increased serum half-life and enhanced tumor tissue penetration which led
to increased activity in xenograft tumor models when administered
intravenously [162].

CADY is another interesting vector that has shown strong potential for
siRNA delivery in wide variety of cellular models [106]. To enhance the
protease stability of the CADY-K peptide (an analog of CADY), recently a
retro-inverso version of CADY-K termed RICK was developed. In the RICK
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peptide all amino acids are substituted with D-amino acids in reverse order, as
D-amino acids are known to be less susceptible to proteolytic degradation.
Subsequently, the RICK peptide showed similar or better siRNA delivery
efficiency, but with improved protease and nuclease stability for the siRNA
cargo [163].

Also branched histidine-lysine rich peptides have been previously shown
to mediate efficient nucleic acid delivery [164]. In these peptides the histidine
part is believed to be responsible for the buffering and lysing of the
endosomes, while the lysine part mediates the efficient complexation of
nucleic acid through electrostatic interactions. In a study by Leng et al, they
utilized non-covalent complexation of similar peptide with antiangiogenic
Raf-1 siRNA, and demonstrated ~50% tumor reduction in mice with no
apparent toxicity [165]. In another study, Kumar and colleagues developed a
chimeric peptide for transvascular siRNA delivery to the central nervous
system. To achieve that they derived a short peptide sequence from rabies
virus glycoprotein (RVG) that is known to specifically bind acetylcholine
receptors on neuronal cells. The RVG peptide was further modified with
nonaarginine (R9) for siRNA complexation and delivery. The resulting RVG-
R9/siRNA complexes were able to cause 50% reduction of Cu-Zn superoxide
dismutase (SOD1) levels in the brain but not in liver and spleen. Furthermore,
in a fatal flaviviral encephalitis model in mice, same construct with antiviral
siRNA showed 80% survival compared to the control group [166]. Examples
of CPPs utilized in non-covalent nucleic acid delivery are summarized in
Table 3.

Lately, another line of CPPs that can effectively vectorize nucleic acid-
based molecules as nanoparticle-based formulation has emerged. The
common denominator between these CPPs is that they are chemically
modified with hydrophobic fatty acid-based molecules, which drastically
improve their ability to form stable nanoparticles and improve the potential
for nucleic acid delivery. As this group of peptides is an integral part of this
thesis, these peptides will be discussed separately in the next paragraphs.

Table 3. Examples of CPPs utilized in non-covalent delivery of nucleic
acids
Name Cargo Application Ref.
MPG pDNA Luciferase expression in cell culture [96]
Chol-MPG-8 siRNA In vivo tumor reduction [162]
CADY siRNA GAPDH knockdown in cell culture [106]
RICK siRNA Luciferase knockdown in cell culture [163]
RVG-R9 siRNA Cu-Zn superoxide dismutase (SOD1) knockdown in

brain. Protection against lethal viral encephalitis
infection in mice.

[166]
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1.7 Fatty acid-modified CPPs

Fatty acid modified CPPs are a class of peptides considered to belong to the
so-called “second-generation CPPs”. They are distinguished from classical
CPPs due to the reason that they contain modifications such as non-coded
amino acids, non-peptide bonds, small organic molecules or that they have
been rigidified by stapling [99].

Modification of CPPs with fatty acids was first successfully introduced in
2001 by Futaki and colleagues for arginine-rich peptides like Tat, R8 among
others. Coupling fatty acids such as stearic acid, lauric acid or cholesterol to
the N-terminus of these peptides was shown to significantly improve the
plasmid transfection efficiency of these CPPs. Among them stearic acid
(C18:0) showed the highest up to 100-fold improvement, while lauryl and
cholesteryl groups showed modest increase in transfection efficiency in COS-
7 cells [167]. It was not until couple of years later when Khalil and colleagues
showed that the improved efficiency of N-terminal stearylation comes mainly
from the enhanced cellular association [113]. Later, Kim and colleagues have
shown that cholesteryl modified R9 can mediate efficient siRNA knockdown
in vitro while intratumoral injection of these complexes with siRNA against
vascular endothelial growth factor (VEGF) led to significant reduction of
tumor growth in mouse model [168]. Interestingly, when N-terminal fatty acid
modification with carbon chains up to 16 carbons was used for CPP called
mastoparan only modest increase in plasmid transfection efficiency was
observed [169], emphasizing also the importance of the physicochemical
properties of the peptide sequence as well as the fatty acid in this kind of
vectors.

Since stearic acid was so successful, it has subsequently been used to
modify many different CPPs. For example, in a study by our group, Mäe et al
did a comparative study where they stearylated CPPs TP10, Pen and R9 for
improving their ability to non-covalently deliver splice-correcting
oligonucleotides (SCO) in cell culture. The results showed that only stearyl-
TP10 was able to induce significant up to 30-fold enhancement in splice-
correction when compared to unmodified TP10. For stearyl-Pen and stearyl-
R9 only modest increase in splice-correction activity was observed when
compared to parent peptides. The unmodified peptides showed negligible
splice-correcting activity when compared to the oligonucleotide alone [170].
In a follow up study, it was later confirmed that stearyl-TP10 (now called
PepFect3) can be successfully used also for plasmid delivery both in vitro and
after local administration to skin or muscle in mice [171].

In another study, stearylation was used to improve (RXR)4 peptide in SCO
delivery. The results showed that while cellular uptake for both unmodified
and modified (RXR)4 were similar, the stearyl-(RXR)4 peptide showed
significantly higher splice-correction activity in HeLa luciferase reporter cell
line. Furthermore, when compared to pre-clinically used covalent (RXR)4-
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SCO conjugates, stearyl-(RXR)4/SCO complexes required approximately 10-
fold lower dose of SCO to reach the same splice-correction activity [114]
emphasizing the high potential of this approach. Similarly, to previous study
the stearyl-R9, which was used as a control, showed only modest increase in
splice-correction activity. The reason why stearylation works for some
peptides but not for others is assumed to be due the physicochemical
properties of the peptides as in both of these studies it is the amphipathic
peptides (TP10 and (RXR)4) which benefited most from the stearylation. At
the same time cationic peptides such as R9 and Pen showed only modest
improvement when modified with stearic acid. Interestingly, properties of the
cargo molecules also seem to have profound influence on the effectivity of
stearic acid modification. For example as shown in the latter study, both
stearyl-(RXR)4 and stearyl-R9 were able to formulate and deliver plasmid
molecules, while stearyl-R9 had very limited effect on SCO delivery [114].

Another factor to consider when using fatty acid modification is the level
of unsaturated bonds. Lately, Li and colleagues observed while comparing R8
peptide modified with stearic acid (completely saturated), oleic acid (one
unsaturated bond) and linoleic acid (two unsaturated bonds) no differences  in
siRNA complexation. However, the stearic acid modification led to highest
uptake of siRNA complexes while it had similar siRNA knockdown efficiency
against survivin gene in A549 cells with oleic acid. For the linoleic acid both
lower uptake and knockdown efficiency were observed [172].

In summary, as seen from Table 4, variety of fatty acid modification have
been studied with considerable success for vectorizing nucleic acids with
CPPs in the form of nanoparticles. Nevertheless, majority of the studies utilize
rather one specific hydrophobic modification on one CPP carrier and therefore
systematic studies on the influence of various fatty acid modification with
CPPs would be highly warranted.
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Table 4. Structures of some fatty acid modified CPPs used in non-covalent
nucleic acid delivery
Name Sequence Cargo Ref.
12-MS (C12:0)-INLKALAALAKKIL-NH2 pDNA [169]
Chol-MPG-8 Cholesteryl-

BFLGWLGAWGTMGWSPKKKRK-Cya
siRNA [162]

Chol-R9 Cholesteryl-NH-RRRRRRRRR-OH siRNA, pDNA [168]
Stearyl-R8
StA-R8

(C18:0)-RRRRRRRR-NH2

(C18:0)-RRRRRRRR-OH
pDNA
siRNA

[167]
[172]

OA-R8 (C18:1)-RRRRRRRR-OH siRNA [172]
LA-R8 (C18:2)-RRRRRRRR-OH siRNA [172]
Stearyl-(RXR)4 (C18:0)-RXRRXRRXRRXR-NH2 SCO, pDNA [114]
Stearl-TP10
(PepFect3)

(C18:0)-AGYLLGKINLKALAALAKKIL-
NH2

SCO
pDNA

[170]
[171]

B – beta alanine, Cya – cysteamide, X – 6-aminohexanoic acid, OA – oleic acid, LA
– linoleic acid,

1.8 PepFects & NickFects

Inspired by the success of PepFect3 as a nucleic acid delivery vector, our
laboratories in Stockholm and Tartu have developed two new families of
stearic acid modified peptides called PepFects and NickFects. Both of these
peptide families originate from a CPP called transportan (TP) [95], which is
a 27 amino acid-long chimeric CPP composed of N-terminal fragment from
neuropeptide galanin and a membrane active fragment from wasp venom
mastoparan. The transportan sequence was later optimized by creating various
N-terminally truncated analogs. Consequently, TP analog number 10 (TP10),
which is shortened from N-terminus by 6 amino acids, showed efficient cell
penetration as these amino acids were found unnecessary for efficient cellular
uptake. Furthermore, the removal of these amino acids from galanin part
abolished the GTPase activity through decreased binding to galanin receptors,
which is essential for avoiding possible side-effects [101]. TP10 was later N-
terminally modified with stearic acid to improve its capacity to complex and
deliver oligonucleotide cargo [170] as stearylation had been previously shown
for polyarginines to enhance their nucleic acid delivery by up to 100-fold
[167]. The stearylated TP10 (or stearyl-TP10) was later renamed as PepFect3
and different modifications to this peptide have led to two families of CPPs
called PepFect and NickFects. In all these derivatives the stearic acid
modification is generally conserved, while the modifications occur in the
peptide part. The utilized modifications include addition of endosomolytic
trifluoromethylquinoline moieties in PepFect6 [112], use of ornithines instead
of lysines for enhanced proteolytic stability in PepFect14 [173],
phosphorylation of tyrosine in NickFect1 [174], introduction of kink into the
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peptide backbone in NickFect51 [175] and while also reducing the charge in
NickFect57 [176] to name a few. Examples of the structures of these peptides
are described in Table 5.

From the above mentioned examples some of the PepFects and NickFects
have shown promising results in vivo. For example, PepFect3 in complex with
pDNA has shown efficient gene delivery in mice when administered locally
to skin or muscle [171]. On the other hand, when PepFect3 was complexed
with siRNA the consequent RNAi response was strongly hampered by
insufficient endosomal release. To overcome this issue PepFect3 was
modified with pH titratable trifluoromethylquinoline (QN) moieties that
would facilitate proton sponge effect and consequently enhance its endosomal
escape properties to improve siRNA delivery. In order to allow improved
buffering capacity it was hypothesized that coupling of several QN moieties
was required. For that PepFect3 was first modified with a lysine tree on Lys7

which was followed by succinylation of the four amino groups to which the
QN moieties were coupled (see Table 5). The resultant PepFect6
peptide/siRNA nanoparticles promoted rapid endosomal escape and robust
gene knockdown in various cell types. Furthermore, upon systemic
administration in mice these nanoparticles were able to induce efficient gene
knockdown in several tissues without any associated toxicity [112].

In another study where NickFects were optimized for systemic
administration of pDNA in vivo it was found that modifications to the peptide
which rendered it more α-helical and reduced its charge led to more efficient
delivery vector. Namely, pDNA formulated with NickFect55 was found to
have comparable or better gene induction in several tissues, including liver
and lungs when compared to commercial in vivo delivery reagents in vivo-
jetPEI® and TurboFect™. Interestingly, NickFect55 nanoparticles were able
to induce significant luciferase expression levels even in the brain tissue with
high expression in cerebellum. Furthermore, in mice bearing intracranial U87-
MG tumor model, NickFect55 was able to induce significant luciferase
expression in the tumor tissue upon systemic administration, while pDNA
formulated with NickFect51 did not induce significant luciferase expressions
in any of the tissues. Interestingly, the NickFect55 did not show any benefits
over NickFect51 in cell culture transfection experiments [177]. Recently, the
formulation procedure of NickFect55/pDNA complexes for in vivo
application has been optimized. For that, the complexes were formulated at
lower concentration, such as for in vitro experiments but at in vivo doses, and
the consequent NP solution was cryo-concentrated by freeze-drying. The NPs
manufactured in such way were enzymatically more stable and uniformly
sized while allowing long-time storage and maintaining their high in vivo
bioactivity [178].
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Table 5. Structures of some PepFects and NickFects and their application
in nucleic acid delivery. (*Adapted with permission [112].)
Name Sequence Cargo Ref.

PepFect3 Stearyl-AGYLLGKINLKALAALAKKIL-NH2
SCO
pDNA

[170]
[171]

PepFect6 Stearyl-AGYLLGK*INLKALAALAKKIL-NH2 siRNA [112]

PepFect14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2

SCO
siRNA
pDNA
PMO
mRNA

[173]
[179]
[180]
[181]

Paper II

NickFect1 Strearyl-
AGY(PO3)LLGKTNLKALAALAKKIL-NH2

pDNA [174]

NickFect51 (Stearyl-
AGYLLG)δOINLKALAALAKKIL-NH2

SCO,
pDNA,
siRNA

[175]

NickFect55 (Stearyl-
AGYLLG)δOINLKALAALAKAIL-NH2

pDNA [177]

NickFect57 (Stearyl-
AGYLLG)δOINLKALAALAKAIL-NH2

siRNA [176]

*
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1.9 PepFect14

PepFect14 (PF14) was first designed for the delivery of short splice-
correcting oligonucleotides [173] and is one of the most extensively studied
peptides among the PepFect series with more than 20 studies. The use of PF14
in these studies varies from being used as the main subject of the study or as
a positive control for comparing with other CPPs, namely new PepFects and
NickFects. The common theme of all these studies is non-covalent
complexation and delivery of nucleic acids either in vitro or in vivo. The used
nucleic acids vary in their size and intracellular target, including single-
stranded SCO [173] (18 bases) and double stranded pDNA [180] (4700 base-
pairs), which have to be delivered into nucleus, while also cytosolic delivery
of siRNA [179], anti-miRNA [182] (~20 base-pairs) and mRNA (1921 bases,
Paper II) has successfully been achieved. Interestingly, Järver et al showed
that PF14 is even able to deliver charge-neutral morpholino SCOs in non-
covalent formulation [181]. In another study closely related study to this
thesis, PepFect14 was further optimized for intravenous pDNA delivery. It
was found that adding two extra charges to PepFect14 and increasing the N-
terminal carbon chain length to 22 carbons resulted in peptide (PepFect1452)
with improved protease stability and more efficient luciferase gene expression
in liver than PepFect14, when in complex with pDNA. Furthermore, the gene
expression in lungs was reduced compared to PepFect14. Conclusively, the
replacement of two uncharged alanine residues with charged ornithines
allowed to reduce the amount of peptide required for the efficient formulation
of pDNA. Altogether, these findings show the versatility of PepFect14 as a
transfection reagent in variety of cell lines [180,181] being on par with
commercial transfection reagents such as Lipofectamine 2000TM, while also
being translatable to in vivo context which with commercial transfection
reagents usually is not possible.

Because the studies with PepFect14 focus on many different aspects of
nucleic acid delivery, including physicochemical and biophysical
characterization of PF14/nucleic acid complexes (nanoparticles)
[139,176,183] and cellular uptake mechanisms and intracellular trafficking
[124,131,132,184], we have summarized the key findings below.

1.9.1 Physicochemical characteristics of PF14/nucleic
acid complexes

First, the nucleic acids need delivery vectors due to two reasons, first due to
high negative net charge and large size that prevents them from crossing cell
membranes, but also because their susceptibility to degradation by nucleases.
Therefore, role of delivery vectors is to neutralize their charge and condense
them into stable nanoparticles, which in turn would prevent the degradation
of nucleic acids while facilitating efficient delivery.
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Nucleic acid delivery process with PepFects starts from complex formation
between the negatively charged nucleic acid and positively charged peptide
which are electrostatically attracted to each other. In addition, the complexes
are further stabilized by hydrophobic interactions, which originate from the
N-terminal stearic acid modification and hydrophobic amino acids. The stearic
acid modification has been shown to be responsible for maintaining the
complex stability towards counter polyanion treatment, but also for defending
the complexes from both nucleases and proteases [185].

The PF14/nucleic acid complexes are usually formulated in MilliQ water
where they mainly show nanoparticles with polydisperse hydrodynamic size
around 100-200 nm (see Figure 4) and positive surface charge (zeta potential)
[186,187].

Figure 4. PF14/nucleic acid complexes have wide hydrodynamic size
distribution. PF14/pDNA complexes at charge ratio CR3, PF14/SCO
complexes at molar ratio MR10. Adapted with permission [183].

In the morphology studies, PepFect14 complexes with different nucleic acids
show mainly non-spherical nanoparticles (see Table 6). The positive zeta
potential of these NPs can be related to the excess of cationic peptides required
for the complete neutralization of all the phosphate backbone charges, which
is common also for other cationic delivery reagents such as polymers [82] and
lipids [72]. When the complexes are dispersed in serum they increase in size
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whereas the zeta potential goes negative because of the negatively charged
proteins (e.g. albumin), amino acids and ions that adsorb to the cationic
surface [186]. Opsonization of plasma proteins to the nanoparticle surface is
known to activate the mononuclear phagocyte system which is followed by
rapid clearance of particles from the blood stream and therefore it should be
avoided [66]. The influence of environment such as buffers and cell media
with and without serum on the size of the PF14/pDNA complexes is described
in Paper II.

Table 6. Characterization of PepFect14/nucleic acid complexes with
negative staining TEM. Adapted with permission [183].
Cargo CPP/nucleic

acid charge
ratio

Mean size
from TEM

images
(nm)

Aspect
ratio

Negative staining
TEM image

pDNA CR3.0 56.0 1.4

siRNA CR1.9 33.0 1.3

SCO CR2.8 26.1 1.3

The complexes were imaged at 18500× magnification. The scale bar for
siRNA and SCO complexes is 200 nm, for pDNA complexes 300 nm.
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1.9.2 Uptake mechanisms
Common way for nanoparticles to gain access to the intracellular milieu is by
endocytic mechanism [46]. Same has been found for PF14/nucleic acid
complexes. Based on the negative surface charge of these complexes in serum
containing cell media it has been hypothesized that the uptake could be
mediated by receptors which bind negatively charged molecules. Therefore,
involvement of receptors called class-A scavenger receptor (SCARA), which
are known to be involved in nucleic acid recognition and uptake [188–190],
was studied. First, Ezzat et al showed that pharmacological inhibitors of
scavenger receptors such as fucoidan, polyinosinic acid and dextran sulfate
were able to completely abolish the splice-correcting activity of PF14/SCO
complexes [131]. To exclude the possibility of these negatively charged
inhibitors interacting with the complexes and therefore influencing their
uptake, combined knockdown of SCARA receptor types 3 and 5 with siRNA
was carried out. Knockdown of receptors reduced the transfection of the same
PF14/SCO complexes by around 50%. The same effect has been confirmed
also for stearic acid-modified NickFect family peptides [191], whereas
overexpression of the receptors led to increased transfection by PF14/pDNA
compexes [124]. Interestingly, in the latter study by Lindberg et al the PF14
composed of D-amino acids showed the same plasmid transfection efficiency
as PF14, while similarly receptor knockdown led to ~50% reduction in
transfection efficiency, indicating that the peptide part is not responsible for
the interaction with receptor. Surprisingly, in the same study, pharmacological
inhibition of SCARAs also blocked the uptake fluorescently labelled PF14
alone emphasizing that these receptors might not be selective only towards
negatively charged molecules and particles. The other explanation could be
that PF14 forms a complex with nucleic acids or other negatively charged
macromolecules present in serum, and the cellular uptake of these complexes
is strongly suppressed by the used inhibitors [124].

To bring more light to the mechanisms of how SCARA receptor are
involved in the uptake of PF14/nucleic acid complexes, group of Margus
Pooga studied this phenomena in more detail. They were able to conclude that
SCARA receptors only become recruited to the cell surface upon association
PF14/SCO complexes with the cell membrane to further mediate the uptake
of the complexes mainly through macropinocytosis and caveolin-dependent
endocytosis. On the contrary, clathrin-dependent endocytosis did not seem to
contribute to the uptake. Moreover, before the incubation the receptors were
shown to localize in vesicles in the close proximity of the cell membrane.
After the internalization by cells, the PF14/SCO complexes mostly localized
in early endosomes and multivesicular bodies where the colocalization with
the SCARA receptors was retained at least for an hour [184].

In a follow up study, the same group showed in different cell lines that, like
PF14/SCO complexes, variety of structurally different CPPs including TP10,
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PF6, CADY, nonaarginine and penetratin are able to trigger the sensitization
of SCARA receptors to the cell membrane, which is essential for their uptake.
Furthermore, they showed that PF14/SCO complexes did not induce
membrane repair response nor inward leakage of propidium iodide. Finally,
they were able to identify that the biological activity and uptake of the
complexes is controlled by several factors including intra- and extracellular
calcium ions, actin cytoskeleton, PI3K kinase activity and the presence of
serum proteins in media [132]. Recently, our group has also shown the
involvement of autophagy during the early stages of PF14/SCO transfection
[192]. In conclusion, the mechanism of uptake for these PF14/nucleic acid
complexes is a complicated subject and multiple factors such as involvement
of unspecific hydrophobic interactions (physical interactions) in the
association of complexes to the cell membrane; and the heterogeneity of
complexes in means of size distribution and composition make it even more
multifactorial. Therefore, methods that enable the formulation of PF/nucleic
acid complexes into uniform well-defined nanoparticles would simplify the
studies on their uptake mechanism both in vitro and in vivo conditions, which
in the long run should lead to major advancements in nanoparticle mediated
gene therapies.

Overall, while PF14 has been shown to successfully mediate effective
delivery of variety of nucleic acid-based cargo molecules in vitro and in
certain cases also in vivo, it would be of high interest to understand in a
systematic manner how other fatty acid modifications, additionally to stearic
acid, would mechanistically influence the delivery properties of such peptides.
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2. Aims of the study

The main aim of this thesis was to systematically characterize the key
parameters behind safe and efficient delivery of nucleic acids with various
fatty acid modified cell-penetrating peptide nanoparticle formulations in vitro
and in vivo.

Paper I

The aim of Paper I was to design a library of peptides that would allow to
study the role hydrophobicity in N-terminally fatty acid-modified CPPs in
nanoparticle formation, delivery of splice-correcting oligonucleotides and
their impact on the cellular uptake and toxicity.

Paper II

The aim of this paper was to further investigate the fatty acid-modified peptide
library from Paper I in pDNA delivery in vitro and in vivo. Further aim was to
study if there are different requirements for effective vectorization of short
splice-correcting oligonucleotides and larger pDNA molecules with such
vectors.

Paper III

In this paper the aim was to characterize the nanoparticle formation process,
composition and live cell association of PF14/siRNA nanoparticles with
fluorescence-correlation spectroscopy at single molecule sensitivity.

Paper IV

The aim of this study was to design tumor microenvironment responsive
PF14/pDNA nanoparticles that would improve the specificity of the delivery
system towards tumors upon systemic administration in tumor-bearing mice.
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3. Methodological considerations
The detailed description of all methods used for this thesis can be found in the
included papers. In this section theoretical background of the methods will be
provided.

3.1 Solid phase peptide synthesis

All the peptide used in this thesis (see Table 7) were synthesized by solid
phase peptide synthesis (SPPS). SPPS was developed in 1963 by Robert Bruce
Merrifield for which he was in 1984 awarded a Nobel prize in Chemistry
[193]. Thanks to its broad range of application of SPPS it is the main method
for the synthesis of peptides and proteins that can’t be expressed in bacteria.
Another advantage of this method is that it is compatible with modified and
D-amino acids, plus it allows modifications on the side chains during the
synthesis.
In principle, SPPS is an iterative process where amino acids are coupled one-
by-one to a polymeric insoluble resin-based solid support until the desired
product is obtained. More specifically the process is divided into several steps:
amino acid coupling, removal of excess reagents, removal of temporary N-
terminal protecting groups, wash and coupling of the next amino acid. The
synthesis is carried out from C-terminus towards N-terminus and finally the
desired peptide is cleaved from the resin with a strong acid such as
trifluoroacetic acid (TFA). During the final cleavage also the permanent
amino acid sidechain protecting groups are removed yielding a mixture of
desired peptide and side-products, like protecting groups and peptides lacking
some amino acids. The protecting groups can be removed via extraction. The
deletion analogs of the desired peptide can be separated from the main product
by reverse-phase HPLC where they are separated by an increasing gradient of
organic solvent in water under acidified conditions. While the acidity takes
care of the complete protonation of the compounds in the column the
increasing gradient allows the separation of different molecules based on their
hydrophobicity as more hydrophobic compounds have longer retention time
in hydrophobically modified reverse phase column. After the fractionation of
the products based on their hydrophobicity the products can be confirmed by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF) or electrospray ionization mass spectrometry (ESI-MS). In
this study 9-fluorenylmethyloxycarbonyl (Fmoc) SPPS was used [194], where
temporary protecting group is removed by a base, piperidine, and final
cleavage is carried out with trifluoroacetic acid (TFA).
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Table 7. Peptides used in this thesis
Name Sequence Paper
C0-14 NH2-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C2-14 CH3-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C4-14 CH3-(CH2)2-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C6-14 CH3-(CH2)4-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C8-14 CH3-(CH2)6-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C10-14 CH3-(CH2)8-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C12-14 CH3-(CH2)10-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C14-14 CH3-(CH2)12-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C16-14 CH3-(CH2)14-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C18-14
/PF14 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-NH2

I, II,
III, IV

C20-14 CH3-(CH2)18-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II
C22-14 CH3-(CH2)20-CONH-AGYLLGKLLOOLAAAALOOLL-NH2 I, II

PF14K-
CR6G

CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-
K(εNH-CR6G)-NH2

III

PF141 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-X-
PEG600-NH2

IV

PF142 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-X-
PEG1000-NH2

IV

PF143 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-X-
PEG2000-NH2

IV

PF144 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-X-
PLGLAG-PEG600-NH2

IV

PF145 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-X-
PLGLAG-PEG1000-NH2

IV

PF146 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-X-
PLGLAG-PEG2000-NH2

IV

PF147 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-X-
LALGPG-PEG600-NH2

IV

PF148 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-X-
LALGPG-PEG1000-NH2

IV

PF149 CH3-(CH2)16-CONH-AGYLLGKLLOOLAAAALOOLL-X-
LALGPG-PEG2000-NH2

IV

PF – PepFect, CR6G – 5(6)-carboxyrhodamine 6G, X – 6-aminohexanoic acid,
PEG600 – monodisperse polyethylene glycol dodecamer (number indicates molecular
weight), PEG1000 and PEG2000 – polydisperse PEG (number indicates average
molecular weight). All peptides are C-terminally amidated.
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3.2 Circular dichroism spectroscopy

Circular dichroism spectroscopy (CD) is a spectroscopical method for
determining the secondary structure of proteins and peptides in solution.
Since the secondary structure is responsible for the biological activity of
proteins and peptides CD is a very important method in structural biology as
it also allows to study the changes that occur in structure under varying
conditions of the environment such as temperature, pH or solution
composition.
The method works based on the ability of different secondary structures in
proteins and peptides to absorb right- and left-handed circularly polarized light
differently. Different structures have characteristic absorbance spectra when
measured in the far UV region (190-250 nm) with specific curve shapes and
peak absorbances at specific wavelengths [195,196]. The most common
secondary structures are described in Figure 5.

Figure 5. CD spectra of typical secondary structures found in peptides.
Reprinted with permission [197].

3.3 Non-covalent complex formation

In order to evaluate the delivery efficiency of different CPPs, the peptides
were formulated with nucleic acids in non-covalent manner into nano-sized
polyelectrolyte complexes. The non-covalent complexation has been widely
used for cationic lipids and polymers but for CPPs the concept was not used
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till the end of 90’s. Formation of complexes is driven by electrostatic
interactions between the positive charges of the peptides and negative charges
of nucleic acids and further stabilized by hydrophobic interactions [96]. In
studies subject to this thesis complexes were formed by mixing the peptides
and nucleic acids in MilliQ water at different peptide/nucleic acid ratios based
either on the charge or molar excess and incubated for the complex formation
at room temperature.
The ratios between the peptide and nucleic acids are presented differently for
paper I and II. In paper I simple peptide/SCO molar ratio (MR) was used, in
paper II peptide/pDNA charge ratio (CR) was used. The CR is calculated
based on the positively charged amino groups on the peptide and nucleic acid
negative charges in phosphate backbone. Table 8 describes the conversion
between MR and CR for PepFect14, which has 5 positive charges, with
different nucleic acids. In the supplementary information of paper II a 1921
base long luciferase mRNA was complexed at CR2 which corresponds to
~MR768. Whereas siRNA (21 base pairs) was complexed at MR30
corresponding to ~CR3.6.

Table 8. CR to MR conversion table for PepFect14 nanoparticles with
different nucleic acids

SCO pDNA siRNA
MR CR MR CR MR CR

3 0.8 1880 1 10 1.2
5 1.4 3760 2 20 2.4
7 1.9 5640 3 30 3.6
10 2.8 7520 4 40 4.8

MR – molar ratio, CR – charge ratio

3.4 Alexa568-SCO quenching assay

Alexa568-SCO quenching assay was developed in our lab with the aim to
characterize complex formation between peptides and short single stranded
oligonucleotides (e.g. SCO). The method is inspired by fluorescent dye based
critical micelle concentration (CMC) measurement assays where the
fluorescent dye is bound to the hydrophobic microenvironment inside the
micelles, thereby, changing its spectral properties that can be measured
[198,199].

In this assay a SCO with Alexa568 fluorescent label is complexed with
peptide at different molar ratios. Similarly, to the CMC assay, due to the
sensitivity of the Alexa dye to its environment the fluorescence emission
changes, which in turn can be measured. Upon complex formation the labelled
SCO is bound by the peptide via electrostatic and hydrophobic interactions
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together with the dye, as the dye also has hydrophobic nature and negative
charges, which causes the quenching and/or spectral shift of Alexa568
fluorescence (Figure 6). The key advantage of this method is its high-
throughput screening capability compared to tedious and time-consuming gel
shift assays.

Figure 6. Working principle of Alexa568-SCO quenching assay.

3.5 Heparin displacement assay

Heparin displacement assay is a classical method for evaluating the stability
of formed peptide/nucleic acid complexes via measuring the release of nucleic
acid from the complexes over time. In this assay pre-formed complexes are
treated with various concentrations of heparin, which is a highly negatively
charged sulfated glycosaminoglycan and thus competes with the negatively
charged nucleic acid for the positive charges of the peptide, therefore,
releasing the nucleic acid from the complexes. Release of nucleic acid can be
quantified over time with fluorescent dyes like EtBr or PicoGreen that produce
fluorescence upon intercalating between the base pairs of pDNA. The release
of pDNA can be thereafter evaluated with gel electrophoresis, which gives a
single time point measurement, or measured by fluorometer, which if done
over time gives more information regarding release kinetics.

3.6 Dynamic light scattering (DLS)

Particle size, size distribution and zeta potential are important parameters that
have strong influence on the fate of nanoparticles both in vitro and in vivo.
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Dynamic light scattering (DLS) is method that enables studying size and
zeta potential of particles dispersed in solution. The working principle of DLS
is that particles in a solution undergo random motion called Brownian motion
where particles with different sizes move with different speeds, smaller
particles faster and bigger slower. When exposed to monochromatic light the
moving particles will scatter the light with fluctuating intensity. As the smaller
particles move faster the fluctuation intensity is with higher frequency,
whereas larger and slower particles give lower frequency. Based on the
intensity fluctuations it is possible to calculate the size and the size distribution
of particles in solution [200]. One of the key limitation to that technique is that
larger particles will overshadow the smaller ones which will yield in incorrect
size distribution calculation. Another limitation is the assumption that the
particles are spherical.
Additionally to size, DLS allows also the measurement of zeta potential of the
particles. This can be done by applying the current to the solution in a u-shaped
cuvette leading to the movement of the charged particles. This movement can
be measured based on Doppler velocimetry and the charge on the solvent and
particle interface referred as zeta potential can be calculated. Particles with
zeta potentials between -30 and +30 mV are considered to have low colloidal
stability and thus are prone to aggregation [201]. On the contrary, from a
clinical perspective, too high zeta potential values will lead to many
interactions with blood components and consequent opsonization and
clearance from the circulation [44]. This technique has been used in all four
papers.

3.7 Negative staining TEM

To study the morphology, size and structure of peptide and peptide/nucleic
acid particles negative staining transmission electrons microscopy (TEM) was
used. TEM allows to study the structure of nano-sized objects with resolution
reaching close to 50 pm. Unfortunately this method can’t be used for live
imaging of cells and for materials with lower electron density. For the latter
staining with heavy metal salts has to be used to increase the contrast of the
image.
The key to successful negative staining TEM analysis lies in the sample
preparation. The sample is added to the carbon coated copper grid in a very
thin layer followed by staining with heavy metal salt solution (e.g. uranyl
acetate). When the grid is exposed to coherent electron beam the differences
in the staining thickness will cause differences in the electron scattering. The
sample particles that are located on the holes of the grid will be penetrated by
the electrons while the differences in the scattering of electrons cause the light
contrast on the projected image. This projected image replicates the sample as
in classical light microscopy. Heavy metal salts stain mainly the grid surface
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and leave the sample particles mostly unstained. Due to that the sample
particles look brighter on the projected image than the background and hence
it’s called negative staining TEM.

3.8 Fluorescence microscopy

Fluorescence microscopy is an essential technique in studying cellular
processes on a molecular level in real time. It uses fluorescent probes such as
fluorescent dyes and proteins which can be introduced either exogenously or
by recombinant techniques. The probes are then excited and the localization
of the probe can be then detected by the emitted light.
In paper I epifluorescence microscopy was used to study how hydrophobicity
of the peptides in labelled peptide/SCO complexes influence the association
of complexes to the cell membrane. The labelling of the complexes was
achieved by simply using Alexa568-SCO to form the complexes. Association
of complexes to the cells was quantified only in the close proximity of the
nucleus to exclude the complexes which were bound to the cell culture plastic.
This was achieved by labelling the cell nucleus with Hoechst and using
automatic processing of the images with a software called CellProfiler to
quantify the number of fluorescent aggregates associated with the cells.

3.9 FCS

In Paper III we used fluorescence correlation spectroscopy (FCS) for
characterizing the formation, composition and cell interactions of
PF14/siRNA complexes.

The working principle of FCS is similar to DLS which is also known as
photon correlation spectroscopy. As it can be derived from the name in FCS
it is the fluorescence intensity fluctuations caused by the fluorescence emitting
particles that are analyzed. The advantage of this method is that it allows to
focus on particles in a very small volume of approximately 1 femtoliter. This
is achieved by focusing the exciting laser beam through a microscope
objective onto the particles in the focal volume called observation volume
element (OVE), and collecting the emitted fluorescence through the same
objective and detecting them with single photon sensitivity. Therefore, it can
be used to detect fluorescence fluctuations induced by low numbers of
diffusing labelled particles or molecules to analyze their number
(concentration) and diffusion times (size). The fluctuation in the fluorescence
intensity signal can be quantified in their duration and strength by
mathematical procedure called temporal autocorrelation analysis. The
description of FCS setup is described in Figure 7.
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Figure 7. Working principle of FCS and FCCS. Reprinted with permission
[202].

The typical working concentrations with FCS are due to its high sensitivity
in the low nanomolar to micromolar range [202]. Another major advantage is
that this method can be used in live cells which opens up a door for studying
biochemical processes on molecular level in real time.

To study the complex formation and composition we used fluorescence
cross-correlation spectroscopy (FCCS), which allows simultaneous detection
of two different fluorophores. FCCS is a commonly used method for
characterizing molecular interactions, enzymatic reactions and colocalization
of molecules. The interactions can be detected by comparing the
autocorrelation curves from two different fluorophores as when the two
different fluorophores are interacting they yield simultaneous fluctuations in
fluorescent signal detected from the OVE and therefore give positive cross-
correlation [203]. In our case we used Rhodamine 6G and Cy5 to label peptide
and the siRNA, respectively.

The autocorrelation function (see Equation 1) is defined as

where ⟨ ( )⟩ is average fluorescence intensity; ( ) and ( + )
represent fluctuation intensity around mean value at timepoint t and after short
lag time τ also called correlation time (t + τ). Therefore, the autocorrelation
function provides a measure of self-similarity of the signal in time. From the
autocorrelation curve G(τ) it is possible to calculate the diffusion coefficient
(D) and concentration (C) of the labelled molecules or particles. Based on the
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diffusion coefficient (D) and lateral radius of the observation volume (ωxy) it
is possible to calculate the diffusion time (τD) of the labelled particle (see
Equation 2). From the amplitude of the autocorrelation curve G(τ) at 10 μs the
average number of labelled particles in the focal volume can be calculated (see
Equation 3). More detailed description of the theory used for the FCS
measurements can be found from Paper III.

3.10 Cell cultures

For the cell experiments in the thesis several different cell lines were used (see
Table 9). All cells were cultivated under humidified conditions at 37 °C in 5
% CO2 and maintained in serum and antibiotics containing cell media. More
detailed descriptions of the conditions and procedures can be found from the
attached papers.

In Paper I HeLa pLuc705 cells were used. The HeLa cells originate from
a cervical tumor biopsy taken from a patient named Henrietta Lacks in 1950’s
and it is the oldest most commonly used cell line in biomedical research [204].
Due to rapid growth and easy transfectability this cell line can be easily
modified. HeLa pLuc705 cells were developed by Prof. Ryszard Kole in
University of North Carolina (Chapel Hill, NC, USA) and provided to us as a
kind gift. This cell line is stably transfected with luciferase reporter system
that has a mutation in one of the introns that interrupts with the correct splicing
of the protein [205]. Upon successful delivery of splice-correcting
oligonucleotide the splicing is restored and a functional luciferase expression
can be measured with high sensitivity by bioluminescence. The reporter
system is described in more detail under splice-correction assay.

In Paper II and IV we used CHO cells derived from Chinese hamster ovary
for most of the cell experiments. This cell line was developed in 1950’s at
Boston Cancer Research Foundation and due to their fast growth and robust
handling these adherent cells are commonly used for transfection testing and
making transgenic cells lines [206].

In Paper III for the FCS studies we used PC12 cells which were first
derived and cultured in 1970’s from rat pheochromocytoma, an adrenal gland
tumor [207]. Due to the vast amount of information regarding their
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proliferation and differentiation these cells are extensively used as model in
studying brain diseases. Additionally, to confirm if the fluorescently labelled
PF14 peptide is still able to effectively deliver siRNA we used U87 MG Luc
cells for knockdown experiments. The U87 MG cells (Uppsala 87 Malignant
Glioma) were initially derived from human glioblastoma in the 1960’s [208]
which have later been transfected to stably express luciferase. Therefore, they
serve as a reporter cell line for studying siRNA delivery.

In Paper IV U87 MG and Neuro2a cells were used to induce subcutaneous
tumor xenograft model in mice for testing tumor targeting ability of the
delivery systems. The Neuro2a are another cancer cell line initially derived
from mouse neuroblastoma in the 1970’s [209] which can additionally to
transfection be used for studying brain diseases due to their ability to
differentiate.

Table 9. List of cell lines used in this thesis
Cell line Origin Application Paper

HeLa
pLuc705

Aberrantly spliced luciferase
expressing human cervical cancer
cells

SCO delivery I

CHO Chinese hamster ovary cells pDNA delivery II, IV

PC12 Rat adrenal gland
pheochromocytoma cells

FCS studies with
siRNA III

U87 MG
Luc

Luciferase expressing human
glioblastoma cells siRNA delivery III

U87 Human glioblastoma cells pDNA delivery and
tumor induction IV

Neuro2a Mouse neuroblastoma cells pDNA delivery and
tumor induction IV

3.10.1 Splice-correction assay
In paper II we evaluated how fatty acid modification length influences the
SCO delivery capacity of PepFect14. For that we used a reporter cell line
called HeLa pLuc705. This cell line is stably transfected with luciferase-
encoding gene which has a mutation in the beta-globin intron 2 at nucleotide
position 705 that causes aberrant splicing of luciferase pre-mRNA. This pre-
mRNA is biologically dysfunctional but when the cells are successfully
transfected with splice-correcting oligonucleotide that binds to the nucleotide
705 the splicing will be restored and functional luciferase protein will be
expressed [205]. (Figure 8) The luciferase expression can be measured with
luminometer through the bioluminescence produced upon addition of
substrate luciferin to the cell lysate. During the enzymatic reaction luciferase
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converts luciferin into oxyluciferin and a photon is emitted per each
conversion which can be measured with high sensitivity. Therefore, this
reporter cell line serves as an excellent model for testing and comparing SCO
delivery platforms.

For evaluating the SCO delivery the SCO was complexed with peptides at
different molar ratios (MR) and the cells were treated with the complexes for
24 h if not stated otherwise. Then the cells were lysed and the luciferase
expression was measured from the lysate.

Figure 8. Splice-correction luciferase reporter assay in Hela pLuc705 cell
line. Reprinted with permission [210].

3.10.2 Plasmid delivery assay
In Paper II and IV plasmid delivery assay was used to compare different
peptide/pDNA complexes in the delivery efficiency. For that cells were
transfected with luciferase encoding pGL3 plasmid for 24 h, if not stated
otherwise, and measured as described above.

3.10.3 siRNA delivery assay
In Paper III U87 MG Luc cells were transfected with peptide/siRNA
complexes to evaluate siRNA delivery efficiency. As these cells are stably
expressing luciferase successfully delivering siRNA against luciferase will
knock down the luciferase gene expression which can be quantified by above
mentioned luciferase assay and normalized to the untreated control cells.

3.10.4 Cell viability assays (MTT, MTS)
Cell viability is a very important parameter in transfection process as it gives
information mainly about the toxicity of the formulation used for the treatment
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but also it gives information regarding optimal dosing of the formulations for
being able to compare them.
To evaluate the influence of different peptides and peptide/nucleic acid
complexes on the viability of the cells we used two different tetrazolium salt
based metabolic activity measuring assays. In Paper I and II MTT assay and
in Paper IV MTS assay. The difference between those two assays is that in the
former insoluble formazan crystals are formed when converted by cellular
reductases inside the cell while in latter the formed formazan salts will be
soluble. The advantage of MTS assay is that formazan salts don not need to
be solubilized and therefore, it can be used in combination with other assays,
if needed. Whereas in the MTT assay the crystals are dissolved with acidified
10% SDS solution over night at 37 °C, which makes it more time-consuming
but on the other hand the reagents are cheaper. The formazan formation which
is related to the metabolic activity of the cells can in both cases be measured
with spectrophotometer [211].

3.10.5 Hemolysis assay
In hemolysis assay red blood cells (RBCs) are treated with different
compounds. If the compounds are membrane active they rupture the RBCs
and the cytoplasmic contents including hemoglobin are released. The release
of hemoglobin which has red color can be measured with spectrophotometer
from the supernatant as an increase of absorbance at 450 nm and normalized
to the maximal release upon full hemolysis with detergent. The major
advantage of this method is the compatibility with high-throughput screening
and the possibility to change the buffers and pH where the cells are treated in.
Therefore, providing a robust model with real cell membrane for studying the
endosomal release of pH sensitive delivery vehicles, if needed [212].

In paper I this method was used in two different ways. First, to dose
dependently evaluate the role of N-terminal acyl chain length in the membrane
activity of PepFect14 peptide. In second case the RBCs were treated with
peptide/SCO complexes at different molar ratios to evaluate the ability of the
unbound peptide fraction termed ‘free fraction’ to cause cell lysis.

3.11 Evaluation of in vivo bioactivity of CPP/pDNA complexes

All the animal experiments and procedures presented in this thesis were
approved by the Estonian Laboratory Animal Ethics Committee (approval
nos. 69 and 70, dated Feb 9, 2011).
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3.11.1 Induction of xenograft tumors
In Paper IV the biodistribution of CPP/pDNA complexes was studied in
subcutanous (s.c.) tumor models. The mouse Neuro2a tumors were induced in
BALB/c mice while human tumor xenografts of U87 cells were induced in
nude animals (Hsd: Athymic Nude-Foxn1nu female, 4–6 week old).
For the tumor induction cells were first resuspended (1 × 106 cells) in 100 μl
volume of ice-cold DMEM without any supplements. The xenografting was
performed by implanting the cell suspension via subcutaneous injection to the
right flank. For the biodistribution studies the tumors were let to grow
approximately up to 100 mm3 and after that the mice were injected i.v. (via
tail vein) with the peptide/pDNA complexes.

3.11.2 Pharmacokinetic profiling in blood
The blood half-life of the complexes was studied by using Cy5-labelled pDNA
for mixing the CPP/pDNA complexes. The fluorescence from the Cy5 was
measured from the blood at different time points (0.5 h–6 h). Blood was
collected from the saphenous vein. For data analysis, fluorescence from the
untreated blood samples was subtracted from the other samples. The resulting
fluorescence values were normalized to the pDNA concentration which was
determined using either naked pDNA or peptide/pDNA complex calibration
curves.

3.11.3 Biodistribution evaluation
Throughout Papers II and IV the animals were injected with CPP/pDNA
complexes formed at different charge ratios and at different doses of pDNA,
which are described in the papers. The corresponding luciferase gene
expressions were measured in different tissues. For that, mice were sacrificed
24 hours after administration of complexes using cervical dislocation. After
that the organs were harvested and snap-frozen on dry ice. The tissues were
homogenized using a Precellys®24-Dual homogenization system and lysed
using 1 × Promega lysis buffer. The detailed description of luciferase content
analysis is described in the papers. Briefly, homogenized tissues were thawed
and 500 μl of Promega Reporter 1 × lysis buffer was added. The samples were
subsequently vortexed for 15 minutes, subjected to 3 consecutive freeze–thaw
cycles (liquid nitrogen and 37 °C water bath), centrifuged for 3 min at 10 000
g, at 4 °C; followed by the removal of supernatant, which was saved for later
analysis. Thereafter, 500 μl of lysis buffer was again added to the pellet and
the extraction process repeated (without freeze – thaw cycles). The second
supernatant was combined with the first one and was subjected to luciferase
activity measurements by luminometer. After measuring luciferase, the
obtained RLUs (relative light units) out of three technical replicates were
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normalized to the protein content of the sample. Finally, the resultant RLU/mg
were further normalized to the corresponding tissue luminescence values from
animals injected with pDNA alone.
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4. Results and Discussion

4.1 Paper I

N-Terminal stearylation of CPPs is a common modification to improve the
non-covalent nucleic acid delivery used by many research groups over the
years, including our’s [162,167,170]. Despite the extensive research on the
topic the underlying mechanism(s) how this modification improves the
delivery efficiency up to 100-fold compared to the unmodified peptides [167].
To shed light on this subject we used a systematic structure-activity
relationship approach to study the role of N-terminal fatty acid modification
in the delivery of short oligonucleotides by varying the carbon chain length
from 2 to 22 carbons.
To accomplish this we chose our most well-studied stearylated CPP,
PepFect14 (named C18-14 in Paper I and II) as our basis and synthesized a
library of 12 peptides by acylating the N-terminus with linear saturated fatty
acids with varying lengths from 2-22 carbons (see Table 7), including N-
terminally free peptide (C0-14) and PepFect14 (C18-14) as internal controls,
which have previously been studied for delivery of a variety of nucleic acids
in different cell lines [173,179,180].

To investigate the reasons behind how hydrophobicity plays role in SCO
delivery, we first divided the transfection process into separate steps where it
could have a role: (1) complex formation, (2) physicochemical properties like
size and zeta potential of the peptide/SCO complexes, (3) membrane activity,
(4) endosomal release, (5) association of complexes with the cells and (6) the
actual transfection efficiency.

Due to the amphiphilic nature of PepFect peptides we expected them to
show, similarly to lipids or for example fatty acid modified antimicrobial
peptides, a tendency to self-associate into supramolecular structures [213] that
would later influence their ability to form peptide/SCO complexes. By
measuring the size and zeta potential of these peptides at pH4.0, 6.0, 8.0 and
in MilliQ water at 10 µM concentration, we found that all peptides formed
particles/aggregates at all conditions, whereas, only at pH4.0 the peptide
particles started to dissolve. We confirmed this also by negative staining TEM
for some of the peptides (and in Paper III for PepFect14), where we found
asymmetrical aggregates, sometimes even fibrils, with a wide size
distribution.

Keeping in mind the propensity of these peptides to self-associate, we then
characterized their ability to form complexes with SCO. For that we
formulated the complexes in MilliQ water at different peptide/SCO molar
ratios to characterize how the excess of peptide influences the complex
formation and their physicochemical properties. To confirm the complex
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formation we developed a new fluorescence-based high-throughput plate
reader assay, which works based on the ability of the peptides to quench the
fluorescence from the Alexa568 dye labelled SCO when in complex. First, we
found that at MR3 all peptides formed complexes with 100-200 nm size and
negative zeta potential, whereas, the nucleic acid binding assay showed that
around 20-30% of the oligonucleotide was still not sufficiently complexed. At
MR5 almost complete complexation could be achieved as increasing the MR
did not significantly increase the complex binding or zeta potential of the
complexes, nor did it influence the size. Interestingly, at MR5, the increasing
hydrophobicity was found to contribute to the increasing zeta potential of the
complexes (~0 mV to +22 mV). Missing charge repulsion could explain the
large micrometer size of the less hydrophobic peptides, while peptides with
acyl chains 6 carbons and longer all formed similarly sized nanoparticles. In
summary, we were able to show that above certain MR all oligonucleotide
was bound by the peptides, whereas the less hydrophobic analogs formed
larger aggregates, while more hydrophobic analogs were able to form
nanoparticles with increasing zeta potential.

Modification of cationic peptide such as C0-14 changes them from
secondary amphipathic towards more primary amphipathic structure, where
the charges of the peptides can serve as head group while the rest serves as
hydrophobic tail group. Primary amphiphiles can be highly membrane active
which can lead to unwanted toxicity. To evaluate this, we studied the
membrane activity of both peptides and complexes on red blood cells, which
also is a good toxicity model for potential hemolysis after intravenous
injection of these complexes into animals. As expected, the hemolytic activity
of the peptides was dose dependent and maximized with carbon chain length
at 14 carbons, while C0-14 didn’t show any hemolytic activity at any given
dose. Interestingly, when same assay was done with complexes at different
molar ratios the peptides showed similar hemolytic activity profile while it
increased from 0% hemolysis at MR3 to almost 100% for more hydrophobic
analogs. Knowing that above MR5 most of the oligonucleotide is bound to the
complexes we hypothesized that the rest of the peptides stays in solution as a
free fraction. To confirm this, we treated the cells with complexes formed at
different molar ratios at a fixed peptide dose and found that the hemolytic
activity of the peptide (C18-14) could be abolished with increasing
concentration of oligonucleotide.

In the next step we studied how hydrophobicity affects the ability of these
peptide/SCO complexes to transfect cells. The transfection results in the HeLa
pLuc 705 reporter cell line, done at different molar ratios as described before,
showed that the transfection started to increase from 12 carbons while there
was no detectable transfection with less hydrophobic peptides at any given
MR. MR5 was found to be the most efficient the delivering SCO while
transfection started to decrease again at higher MRs most probably due to
increased toxicity coming from the free fraction of the peptides. To further
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assess if this threshold of hydrophobicity above which the complexes start to
transfect cells is related to the endosomal entrapment of the complexes we
induced the release of complexes from endosomes by chloroquine. The results
showed that the peptides below the threshold hydrophobicity were not
entrapped in the endosomes, while the complexes which showed higher
transfection without chloroquine showed also higher transfection after
endosomal release, indicating that there were more complexes in the
endosomes. Therefore, we concluded that the influence of the hydrophobicity
has to come into play before the complexes enter the cells and most probably
it takes place in the interaction with the cell membrane.

To do that we treated the cells with fluorescently labelled peptide/SCO
complexes and visualized the cells under the fluorescence microscope. The
quantification of the fluorescent clusters associated with the cells showed
clearly that the complexes below the hydrophobicity threshold did not
associate with cells, while the number of clusters increased with the
hydrophobicity above the threshold. Therefore, we concluded that one of the
most important roles of the hydrophobicity in efficient non-covalent delivery
of oligonucleotides is in the interaction with the cell membrane, as above the
hydrophobicity threshold all the complexes showed similar physicochemical
properties and membrane activity.

4.2 Paper II

Paper II was a follow up to Paper I to evaluate how the hydrophobicity of the
peptides plays role in systemic administration of peptide/nucleic acid
complexes. For that we used the same library of peptides as in Paper I to study
the complexation and delivery efficiency of plasmid DNA both in vitro and in
vivo. pDNA was chosen as a cargo molecule because it doesn’t require disease
models to study its biological activity from different tissues, and therefore the
delivery efficiency for different compounds can easily be measured. Secondly,
the choice of large double stranded pDNA allowed us to study if the
hydrophobic properties of the peptides play similar role in the complex
formation and delivery as they do with single stranded oligonucleotides, thus
allowing us to make more general conclusions.

First, the role of hydrophobic modification was studied in complex
formation, stability and how it influences the morphology of the
peptide/pDNA complexes. The complexes were formed similarly to Paper I,
in MilliQ water at different peptide/pDNA charge ratios (CR1-4) based on the
number positive charges of the added peptide over negative charges of the
phosphates of the pDNA. Similarly to Paper I we were able to conclude from
the DLS results that maximal complexation of pDNA was achieved at CR2
after which the physicochemical properties of the complexes didn’t change
much. In more detail, the shorter acyl chain analogs (C0-14 to C6-14) were
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not able to sufficiently condense the pDNA into nanoparticles and formed
loose aggregates as shown by negative staining TEM. The sizes for these
particle were over 1 µm and they had near neutral zeta potential which could
explain their propensity to aggregate. The formation of nanoparticles with
sizes around 100 nm started at 8-carbon fatty acid chain length and was
consistent for all the more hydrophobic analogs. Similarly to findings in Paper
I, the zeta potential increased with hydrophobicity of the peptides from ~0 mV
to around +40 mV while the percent of accessible DNA decreased from 30%
to 0%. The TEM images of the complexes for peptides C12-14, C18-14 and
C22-14 showed similar elongated non-spherical nanoparticle structures with
approximately 50 nm diameter. To emphasize the role of hydrophobic
interactions in the colloidal stability of the complex we showed that release of
pDNA from the complexes with competitive polyanion binder decreased with
the increasing hydrophobicity.

To evaluate if the influence of N-terminal acyl chain in pDNA transfection
was similar to SCO delivery we went further to conduct transfection
experiments in cell cultures at different charge ratios (CR1-4). In general, the
transfection results show similar dependence on the hydrophobicity of the
complexes as in Paper I but with some important differences. First, the
threshold acyl chain length above which the complexes start to mediate
luciferase expression was shifted from 12 carbons for SCO to 6 carbons for
pDNA transfection. Second, acyl chain increase from 8 to 14 carbons lead to
logarithmic increase in luciferase activity for corresponding peptide/pDNA
complexes while further increase of acyl chain length resulted only in modest
increase in transfection efficiency. This was contrary to Paper I where the
transfection efficiency of the SCO complexes started to increase linearly from
12 carbons. Furthermore, when the acyl chain analogs were used for
transfection of siRNA and mRNA a similar plateauing effect in transfection
efficiency was found for the more hydrophobic analogs. Additionally, we
found that the transfection efficiency decreased at higher CRs than CR2, most
likely due to increased toxicity from the free fraction of peptide which was
also observed in Paper I.

Another factor that plays integral part in efficient transfection in cell
cultures is the sedimentation of nucleic acid containing complexes, which
increases the local concentration of bioactive material in close proximity to
the cells [214,215]. To assess if there were any differences in sedimentation
involvement in the transfection efficiency of functionally active complexes
with different hydrophobicity we used a previously described method where
the sedimentation is induced by centrifugation at 500×g [215]. For the
experiments, complexes were formed in MilliQ water at CR2 with peptides
with 10, 14, 18 and 22 carbon acyl chain lengths. As a control we formulated
the complexes in phosphate buffers at pH6.0 and pH7.0 where they form large
micron sized particles that should not benefit that much from centrifugation
due to their high rate of sedimentation. As expected, the larger micron-sized
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particles did not show any significant improvement with centrifugation while
the nanoparticles formed in MilliQ showed 15 to 30-fold increase in
transfection for all the tested peptides, when compared to transfection at
normal gravity. As a side note, the complexes formed with C18-14 peptide
were confirmed to be able to maintain their size over time in serum containing
cell media while in case of the removal of serum they started to aggregate,
indicating that serum proteins help to stabilize these nanocomplexes in cell
culture media. Additionally, we found that commercial transfection reagent
Lipofectamine2000 showed only modest 3-fold increase in transfection after
centrifugation, indicating that sedimentation plays important role in its
bioactivity. In conclusion, we did not see any major difference between the
sedimentation of peptide/pDNA nanocomplexes with different length acyl
chains.

In summary these results suggest that maximizing the acyl chain length of
the peptides in the nucleic acid complexes does not always lead to highest
transfection as is for splice-correcting oligonucleotides but can also give no
major benefits when necessary hydrophobicity is reached for nucleic acids
such as pDNA, siRNA or mRNA. Altogether, this has to be confirmed by in
vivo experiments whether the highest hydrophobicity leads to highest gene
induction.

To do that, we examined how peptide hydrophobicity of the peptide/pDNA
complexes influences the in vivo biodistribution after intravenous
administration. The treatment of animals was conducted with 50 µg of
luciferase encoding plasmid formulated at CR2 with peptides C6-14, C10-14,
C14-14, C18-14 and C22-14 and luciferase activity was measured from the
homogenized tissues after 24 h. The results showed higher luciferase
expression for the more hydrophobic analogs in tissues such as liver, lungs,
heart and thymus. Surprisingly, compared to other peptides the most
hydrophobic peptide C22-14 showed superior gene induction in liver and lung
tissues (up to 60-fold and 80-fold over the pDNA treated animals,
respectively) while the least hydrophobic peptide remained on the baseline
level. This finding illustrates that there does not always have to be a clear
correlation between in vitro and in vivo experiments, as different factors play
role in cell culture transfection, which occurs in static environment, and in
blood circulation, which is a very dynamic environment. Interestingly,
peptides with intermediate hydrophobicity (C10-14 and C14-14) lead to acute
death of up to 50% of the animals while in case of other peptides all animals
survived without any signs of acute toxicity. Major increase in lethality was
noticed when animals were treated at CR4 with 20 µg of plasmid, which was
most probably caused by the uncomplexed free fraction of peptide as is noted
also for other cationic delivery vectors [85,86].

As fatty acid chains with 8 to 14 carbons in length are commonly used
modifications to improve bioavailability of peptide/nucleic acid complexes,
but also peptide alone, we assessed the in vivo toxicity of all the 12 peptides
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used in the study. For the toxicity evaluation complexes were formed at CR2
at 50 µg of pDNA as in the previous experiment. Upon visual inspection of
the complexes before injection four of the least hydrophobic analogs (C0-14
to C6-14) underwent phase separation whereas other peptides formed stable
complexes. The phase separation can be explained by the lack of colloidal
stability of the complexes due to their large size, neutral zeta potential, loose
structure and low stability to competitive polyanion treatment as mentioned
above. When the complexes were administered to animals only the peptides
with intermediate hydrophobicity (C8-14 to C14-14) showed acute toxicity
(down to 33,3% survival), while both with the least and most hydrophobic
analogs all animals survived without any visual sign of acute toxicity. We
hypothesize that the increased toxicity for the peptides with intermediate
hydrophobicity comes from their membrane active nature (as shown in Paper
I) which is enforced by the easy release of the peptides from the complexes
due to insufficient hydrophobic interactions that stabilize the complexes.

To summarize the findings from Papers I, II and III, we propose a
mechanism of peptide/nucleic acid complex formation with acylated peptides
where we also show the limitations to their use in vitro and in vivo. The
scheme is based on the key aspects of fatty acid modified peptides covered in
Papers I, II and III, such as peptide self-association and its role in complex
formation and size distribution; role of free peptide in toxicity; enhancing the
bioavailability in vitro with large aggregates; and finally optimal complexes.

4.3 Paper III

As described in the introduction, PepFect peptides, when complexed with
nucleic acids, form heterogeneous particles with wide size and zeta potential
distribution. The polydisperse nature of these complexes can lead to
unspecific outcomes in their biological interactions, uptake mechanisms
and/or biodistribution in vivo. For example, it has been shown that
PF14/nucleic acid complexes generally show involvement of several uptake
pathways to gain access into cells [132,184]. Secondly, it is known that
nanoparticles with different physicochemical properties have different
biodistribution when intravenously administered to animals. Consequently,
the heterogeneity of these complexes makes it very difficult to understand why
even modest modifications of peptides lead to different biological outcomes,
while the average physicochemical properties of the complexes are seemingly
the same. In that light, Paper III aimed to characterize complex formation
process and composition between acylated CPP PepFect14 and siRNA, while
also assessing how their heterogeneity plays role in the interactions with cell
membrane.

To address the issue of peptide self-association in complex formation with
nucleic acids, and the role of heterogeneity of these complexes in the
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interactions with cell membrane, we used fluorescence correlation
spectroscopy (FCS). FCS allows to study the fluorescent and diffusional
properties of molecules and particles with single molecule sensitivity even in
live cells and therefore is very well suited for characterizing PepFect/nucleic
acid complexes.

To do that the PF14 peptide sequence was first modified with a lysine on
the C-terminal end, which was further modified on the side chain with
rhodamine fluorescent dye (see Table 7) to enable the detection by FCS. To
ensure that the rhodamine label did not diminish the biological activity of
PF14, the siRNA delivery efficiency was confirmed in cell culture to be
similar to the unmodified PF14.

As FCS has very high sensitivity, it requires low and stable concentrations
(130 nM in our case) of fluorescently labelled molecules in the sample. In that
light the first finding was the high adsorption of the peptide to the to the glass
and plastic surfaces within minutes, which is a common problem for
amphipathic peptides when used at low concentrations [216]. Fortunately, we
were able to reduce and delay this effect by pre-treating the chamber slides
with bovine serum albumin. From there on the optimal conditions for FCS
measurements were established and parameters such particle diffusion time,
concentration and brightness could be calculated.

As we had previously shown in Paper I that fatty acid analogs of PepFect14
peptide have a high tendency to pH-dependently self-associate into
heterogeneous aggregates we assessed this phenomena in more detail with
FCS. For that we first characterized the self-association of PF14 in MilliQ
where we were able to detect some self-association already at 100 nM
concentration. Furthermore, the largest peptide aggregates were calculated to
contain approximately 10 000 molecules of peptide. The measurements at
different pH showed that the number and size of the aggregates increased from
15 % with a maximum of 30 peptides per particle at pH2.0 to 80% of
aggregates with up to billion molecules per particle at pH7.0 indicating the
role of protonation in self-association.

In order to evaluate the role of concentration in self-association we used a
dye inclusion based assay which is commonly used for evaluation of critical
micelle concentration (CMC) of surfactants [198,199]. A constant amount of
rhodamine dye was mixed with the peptide at pH2.0 to avoid aggregation,
which was followed by buffering the solution to pH7.4 where the ‘CMC’ was
measured. The measured diffusion time for the rhodamine started to
consistently increase at above 1 μM concentration, which indicated that the
dye was interacting with the peptide aggregates and was considered as the
CMC for PF14. Our results suggest that PF14 aggregation followed the same
principle as micelle forming detergents but with a key difference: the peptide
aggregates are very polydisperse in size.

After characterizing the self-association of PF14 we went further to study
how it influences the formation and composition of complexes with siRNA.
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The complex formation was studied by adding increasing amounts of
unlabeled PF14 to Cy5 labeled siRNA (Cy5-siRNA). By measuring the
variation in Cy5 diffusion time we could detect that complex formation started
already at peptide/siRNA molar ratio MR0.3 and continued with the gradual
increase of the complex size up to MR30. Further addition of peptide did not
influence the diffusion time of the complexes, indicating that it remained free
in solution confirming the hypothesis proposed in Paper I that above certain
MR where all nucleic acid is bound the excess peptide stays in solution as free
fraction.

Finally, we studied how the heterogeneous and polydisperse PF14/siRNA
complexes behave when added to live cells. To do that we employed dual
color fluorescence cross-correlation spectroscopy (FCCS) with complexes
composed of rhodamine labeled PF14 and Cy5-siRNA allowing the detection
of both species simultaneously. First we found that the size of peptide particles
increases over time both in cell media and at the plasma membrane (PM) when
treated with peptide alone. Furthermore, the association of peptide monomers
and aggregates to the PM was rapid and reached maximum in 60 minutes.
When the cells were treated with dual-labeled PF14/siRNA complexes we
could see that the polydisperse peptide fraction interacted with the PM first,
followed by the increasing accumulation of complexes over time.  The
composition of the PF14/siRNA complexes was shown to be polydisperse and
dynamic in nature both in cell media and at the plasma membrane.

In summary, amphipathic peptide PF14 shows similar behavior to ionic
lipids in terms of its property to self-associate while unlike the lipids it can
form into larger polydisperse aggregates with dynamic structure. Furthermore,
when complexed with siRNA, the polydispersity of the peptide solution can
lead to complexes with wide size distribution and composition, which all can
simultaneously contribute to the biological activity of PF14.

4.4 Paper IV

As observed in Paper II, when administered intravenously to mice, the
PF14/pDNA nanoparticles have wide biodistribution across the tissues. This,
however, is not preferable from the clinical point-of-view as it can lead to
side-effects, which are further enforced by the use of high doses to reach
clinical effect. Therefore, more tissue specific delivery systems need to be
developed in order to provide safer drugs for diseases such as cancer.

In Paper IV our aim was to design modified PF14/pDNA nanoparticles
(NPs) that would allow cancer tissue specific activation and delivery of pDNA
after intravenous administration in mice. In order to achieve this two major
approaches were utilized in the design of the NPs: 1) PEGylation – to prevent
unspecific interaction, and 2) matrix metalloproteinase (MMP) sensitivity – to
provide tumor tissue specific activation of NPs.
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First, PEGylation is a common clinically used modification to enhance the
bioavailability of different types of drugs including NPs such as sterically
stabilized PEGylated liposomal cancer drug Doxil® [217]. The main reason
behind it is that PEGylation reduces unwanted interactions with blood
components and immune system and thereby increases circulation time of the
NPs [218]. This, in turn, leads to higher probability of the NPs reaching to the
diseased tissue and consequently, the therapeutic activity is improved.

To study how PEGylation affects the ability of PF14/pDNA nanoparticles
to transfect cells we synthesized three C-terminally PEGylated PF14
analogues with different PEG chain molecular weights (PEG600, 1000 and
2000 corresponding to peptides PF141, PF142 and PF143, respectively) (see
Table 7). The C-terminal PEGylation was chosen based on the reasoning that
it would leave the N-terminal hydrophobic part, which is known to be
important for efficient nucleic acid delivery, unaffected. Additionally, we
hypothesized that, if PF14 forms micelle-like structures with hydrophobic
core, the PEG chains would favorably stay on the surface of the nanoparticles.
In order to study how the PEGylation with different PEG chains affects the
complex formation with pDNA we formed the complexes at peptide/nucleic
acid charge ratio 2 (CR2), while varying the amount of PF14-PEG/PF14 ratio
(stated as ‘PEGylation rate’) in the complexes. The results showed that the
PF141 and PF143 alone (at 100% PEGylation rate) were able to complex
pDNA, while the PF142 needed higher CRs or lower PEGylation rate to
achieve efficient complexation. Furthermore, the sizes of the complexes with
different PEGylation rate showed similar sizes around 100-200 nm, while the
zeta potential of the complexes decreased with increasing PEGylation rate.
Interestingly, when the PEGylated complexes were studied for the plasmid
transfection, the transfection abolished together with the increasing
PEGylation rate for all the 3 analogs, indicating that PEGylation could prevent
the complexes from interacting with the cells. Similar findings have been
recently reported for PEGylated RICK peptide and siRNA complexes,
whereas they also observed that higher PEGylation rates prevented the
fluorescently labelled nanoparticles from interacting with the cells [219].

As PEGylation is mainly used to improve the pharmacokinetic properties
of intravenously administered drugs we went on to study how PEGylation of
PF14/pDNA complexes affects their biodistribution and circulation times. For
that the mice were injected intravenously and luciferase reporter gene
expression was measured from homogenized tissues after 24 h. The
PEGylated complexes showed PEGylation rate dependent reduction of
luciferase expression in lungs, while in liver the gene expressions stayed close
to basal level in all the cases. Interestingly, there was no major difference in
tissue accumulation of fluorescently labelled PF14/pDNA and PEGylated
complexes at 50% PEGylation rate after 24 h. When the concentration of
fluorescently labelled complexes were measured from the blood the PF141
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and PF142 complexes showed approximately 2-fold higher amount (~2% of
ID) at 30 minutes compared to PF14 and PF143 complexes.

After confirming that PEGylation is able to effectively shield the
complexes from mediating gene expression while still accumulating in distal
tumors we went further with the design of the NPs. To achieve the tumor
specific activation of the NPs we took inspiration from work of Roger Y. Tsien
and colleagues who utilized activatable CPPs, which were activated in the
presence of the tumor tissue specific matrix metalloproteinases for imaging
guided tumor surgery [220]. In this case the active part of the conjugate was a
cationic fluorescently labelled CPP which was coupled over a MMP sensitive
peptide linker to inactivating anionic peptide. However, in our case, the
inactivating part was represented by PEG moiety, thus yielding a prodrug-like
nanoparticle [57].

As the PEG shield can prevent biological interactions it can also prevent
the MMPs from cleaving the PEG chains from the PF14/pDNA nanoparticles.
Therefore, we first optimized the PEGylated pDNA complexes for highest
possible PEGylation rate to reduce unspecific interactions while maintaining
the maximum MMP enzyme sensitivity. For that the PF14-MMP2-PEG
conjugates in complex with pDNA at different PEGylation rates were pre-
treated with MMP enzyme followed by cell culture transfection. At the 100%
PEGylation rate complexes with all studied PEG lengths showed MMP
treatment dependent transfection when compared to complexes where the
MMP sequences were scrambled and therefore were not possible to activate.
As the optimization of PEGylation rate on the example of PF144 (PF14-
MMP2-PEG600) led to the conclusion that regardless of the PEGylation rate
the complexes remain MMP sensitive, thus, we proceeded with 50%
PEGylation to subsequent in vivo experiments

According to the reporter gene expression results from the tissues, 24 h
after administration the MMP sensitive PF144 showed significantly increased
gene expression in distal tumor, while in lungs the expression was reduced
compared to PF14/pDNA complexes alone. However, when the PEGylation
rate was increased to 70% gene induction was almost exclusively observed in
tumor tissue, while in other tissues the gene expression remained on basal
level.

To summarize, the MMP sensitive prodrug approach can be used for PF14
mediated intravenous plasmid delivery with high specificity to tumor tissue.
Although, it should be noted that this approach is not applicable for tumors
which do not over-express MMPs. The anti-tumor activity of this approach
still remains to be elucidated.
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5. Conclusions
The key findings of the papers are described below.

Paper I
In this study we designed a library of N-terminally fatty acid modified

PepFect14 peptide analogs which allowed us to study the role of
hydrophobicity in the delivery of splice-correcting oligonucleotides. By
varying the carbon chain length and peptide/SCO molar ratio we were able
to conclude that the toxicity of the peptides/SCO complexes comes mainly
from the unbound free fraction of the peptide. Furthermore, the enhanced
splice correcting activity with the increasing hydrophobicity was found to
correlate with the improved association of the complexes with the cells.

Paper II
In this paper we extrapolated the peptide library used in Paper I for

studying the complexation and delivery of plasmid DNA in vitro and in
vivo. By increasing hydrophobicity of the peptides we were able to
demonstrate that hydrophobic interactions are the major contributor in
condensing the pDNA into stable nanoparticles. Similarly to findings in
Paper I, the free fraction of peptide was found to cause in vivo toxicity upon
intravenous administration, while in vivo biodistribution was enhanced
with increasing hydrophobicity of the peptides.

Paper III
In this study we characterized the formation, composition and live cell

association of PF14/siRNA complexes with photon-correlation
spectroscopy. As indicated in Paper I, the amphipathic PF14 peptide was
found to self-associate already at sub-micromolar concentrations into
aggregates, which was found to be main contributor to the heterogeneity
and wide size distribution of the formed PF14/siRNA complexes.
Furthermore, all these components were found to simultaneously interact
with the cell membranes.

Paper IV
In this study the aim was to narrow done the wide biodistribution of

PF14/pDNA complexes upon systemic administration and make these
nanoparticles specifically activated in tumor tissue. By introducing
PEGylation together with tumor tissue specific matrix metalloproteinase
sensitivity we were able to construct prodrug-like nanoparticles that
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induced gene expression specifically in tumor tissue, while remaining
inactive in other tissues.

In conclusion, the findings presented in this thesis lay a strong foundation for
the future development of simple and safe peptide/nucleic acid nanoparticle
formulations with high delivery efficiency and tumor tissue specificity.
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6. Popular scientific summary
With scientific advances our understanding of the architecture of human
genome, how it is expressed and its expression regulated, but also its role in
disease development, has grown enormously. This knowledge has led to the
development of novel techniques that provide therapeutic tools to specifically
interfere with the expression of genes and have provided a potential treatment
option for many debilitating genetic disorders. Importantly, a number of such
gene therapeutic drugs have progressed well in the trials and first pioneering
drugs have entered the clinic lately. Large part of our genome is composed of
different genes that are translated into molecules like proteins and peptides,
which make up the structure and functions of cells that make up our body.
Small mistakes in genetic information, like mutations, can influence how
genes are transcribed and translated into proteins. For example, in many cases
they lead to the complete absence or production of dysfunctional proteins,
which can cause genetic disorders, for example muscular dystrophies. Most
of the known diseases to date have some genetic component and gene therapy
can, in contrast to classical medications, provide cure by fixing the cause of
the diseases at its source. Consequently, novel therapeutic approaches to
tackle diseases on genetic level are highly anticipated.

Most of the molecules used in gene therapy are based on smaller fragments
of genetic material (DNA, RNA), such as nucleic acids and their shorter
synthetic analogs, oligonucleotides. To interfere with the gene expression
these molecules have to reach to their site of action inside the cells.
Unfortunately, these molecules have properties which do not allow them to
enter the cells on their own. To make the matters even worse, our immune
system is built to recognize and remove foreign genetic material from our
body to avoid genetic mutations. Therefore, nucleic acids need Trojan horse
like carriers/vectors that make them unrecognizable, help them inside the cells
and releases them in the site of action.

One such highly effective Trojan horse is provided to us by nature in the
shape of viruses. These natural nanoparticles cause disease by carrying their
genetic material inside the cells where they can multiply and start infecting
other cells. Viruses can be genetically modified to carry genetic material of
our interest to cure diseases, but due to their nature and the need to keep some
of their own genome there are risks of activating the immune system and
causing genetic mutations. To avoid these side-effects the process of synthetic
virus production has to be extremely well controlled and thus can be
expensive. Therefore, alternative ‘non-viral’ synthetic approaches have been
developed.

Non-viral delivery systems can be of different origins, but are most often
based  on various lipids, polymers or peptides and are characterized by the
their ability to both spontaneously form very small nano-sized particles with
nucleic acid/oligonucleotide-based compounds and mediate their cellular
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delivery. These nanoparticle systems are relatively easy to produce and can be
made in large quantities, all of which makes them very attractive for
pharmaceutical industry.

Very often these carriers are modified with different chemical compounds
to enhance their pharmacological properties such as stability and therapeutic
efficacy. One type of such compounds is hydrophobic lipids and fatty acids,
which enhance nanoparticle stability and association with cell membranes
through hydrophobic interactions. More hydrophobic nanoparticles are known
to interact better with cell membranes, which are mainly composed of lipids,
thus leading to enhanced access into the cells. As a consequence, the
concentration of drug (nucleic acid) containing nanoparticles at the site of
action inside the cells increases and the therapeutic efficacy of the nucleic acid
is improved.

In this thesis we have studied this effect in the context of nucleic acid
delivery with a class of carriers called cell-penetrating peptides. In more
detail, in Paper I and II, by varying the hydrophobicity of these peptides, we
found, that hydrophobic interactions strongly influence the physicochemical
properties of the nanoparticles, such as size, size distribution, surface charge,
structure and stability. Secondly, we observed that hydrophobic interactions
enhance the interaction of nanoparticles with cell membranes and therefore
induce the delivery of the genetic material inside the cells. Furthermore, by
introducing these nanoparticles intravenously to mice, we were able to show
that more hydrophobic peptides delivered a gene of interest more efficiently
into different tissues, whereas peptides with intermediate hydrophobicity
showed high toxicity in animals. Together these findings provide a set of
constraints for designing safe and efficacious fatty acid modified cell-
penetrating peptides for delivering genetic material as really subtle
modifications can lead to drastically different outcomes.

In Paper III we looked in more detail into the composition of these
peptide/nucleic acid nanoparticles on the example of one of the most studied
hydrophobic peptides in our group called PepFect14 (also used in the Papers
I and II and as the basis of Paper IV). We were able to find with a state-of-
the-art technique called fluorescence correlation spectroscopy that these
peptides form associates with themselves to form a complex mixture of
monomers, oligomers and aggregates which when mixed with nucleic acids
form an even more complex mixture of peptide/nucleic acid particles and
peptide particles. These particles were found to simultaneously interact with
cell membranes and their wide size-distribution can be expected to be
responsible for the wide variety of biological uptake mechanism they use for
entering the cells.

As shown in Paper II the PepFect14/nucleic acid nanoparticles mainly
distribute in variety of tissues lungs, liver, spleen and kidneys, when
introduced intravenously. This, however, is not suitable, when diseases
localized in specific parts of the body, such as cancer, are to be treated.
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Therefore, the aim of Paper IV was to introduce specificity towards tumors
to this delivery system. This was achieved by first inactivating the
nanoparticles by modifying them with polyethylene glycol (PEG) polymer
that prevents particles from interacting with other biological surfaces and
particles. After confirming this, we introduced a linker between the
inactivating PEG polymer and PepFect14 peptide which is specifically
cleaved by enzymes over-expressed in the tumors called matrix-
metalloproteinases. Altogether, this approach yielded with nanoparticles that
can be activated in the tumor site and therefore deliver their nucleic acid cargo
into tumors with high specificity, while avoiding other organs.

Altogether these findings provide solid ground work on how to develop
fatty acid modified cell-penetrating peptides for safe, efficient and/or tumor
specific delivery of nucleic acids.
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7. Populärvetenskaplig Sammanfattning
Under de senaste årtiondena har förståelsen för hur den mänskliga genomet är
uppbyggt, hur genuttryck regleras och vilken roll gener har i utvecklingen av
sjukdomar vuxit enormt mycket. Den här kunskapen har lett till nya tekniker
som i sin tur lett till verktyg specifikt anpassade för att styra hur gener uttrycks,
verktygen skulle kunna användas för behandling av flera allvarliga sjukdomar.
Den genetiska koden innehåller instruktionerna bland annat för hur proteiner
och peptider ska uttryckas av cellerna i kroppen, proteiner utför en stor andel
av alla cellens funktioner. Genetiska sjukdomar leder till icke-funktionell
proteiner vilket gör att kroppen inte fungerar normalt, till exempel i fallet med
muskeldystrofi. Förutom de sjukdomar som har en direkt genetisk koppling
har de flesta kända sjukdomar en genetisk komponent. De flesta klassiska
mediciner mildrar symptomen av en sjukdom, genterapi har potentialen att
permanent bota en sjukdom, därför behövs tekniker som tar sig an sjukdom
på den genetiska nivån. De första terapierna baserade på reglering av
genuttryck prövas redan i kliniska studier.

De flesta molekyler som används som genterapi är baserad på mindre
fragment av genetiskt material (DNA, RNA), så som nukleinsyror och
oligonukleotider. För att dessa molekyler ska kunna påverka genuttryck
behöver de nå sina mål på insidan av cellen. Olyckligtvis har dessa molekyler
egenskaper som gör att de inte själva kan ta sig igenom cellmembranet, celler
är helt enkelt bra på att hålla genetiska material på endera sidan av
cellmembranet. Dessutom är en av immunförsvaret viktigaste uppgifter att
förstöra främmande genetiskt material för att skydda organismen mot
mutationer.  Eftersom cellen och immunförsvaret samverkar för att hindra
genetiskt material från att komma in och påverka genuttryck, behöver
molekyler som kan åstadkomma förändring i genuttryck hjälp för att ta sig in
i cellen.

En sådan trojansk häst finns naturligt: Virus är nanopartiklar med genetisk
material, virus orsakar sjukdom genom att föra sitt genetiska material in i
cellen vilket leder till att viruset multiplicerar sig och infekterar kringliggande
celler. Virus kan manipuleras för att bära ett annat genetiskt material, som
istället kan behandla sjukdom. Men virus behöver behålla endel av sitt eget
genom vilket kan leda till mutationer och immunförsvaret riskerar att bli
aktiverat med allvarliga konsekvenser som följd. För att undvika dessa
potentiella biverkningar behöver produktionen av syntetiska virus vara
extremt noggrant kontrollerad, vilket leder till mycket höga kostnader. Därför
har alternativa “icke-virala” syntetiska metoder utvecklats.

Icke-virala system för genterapi är oftast baserade på lipider, polymerer
eller peptider. De har gemensamt att de bildar partiklar i nanometer-skala
tillsammans med oligonukleotider, samt tillför egenskaper som tillåter
partiklarna att tas upp av celler. Till skillnad från virus är dessa syntetiska
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bärarmolekyler enkla att tillverka, vilket gör dem attraktiva för
läkemedelsindustrin.

Ofta är dessa bärare modifierade för att förbättra farmakologiska
egenskaper, så som stabilitet och terapeutiskt effekt. Exempel på sådan
modifiering är fettsyror eller hydrofoba lipider som stabiliserar nanopartiklar
och gör att de interagerar med cellmembran genom hydrofob-interaktioner,
vilket leder till ett högre upptag i cellen. Vilket i sin tur leder till att
koncentrationen av oligonukleotider inne i cellen blir högre och den
terapeutiska effekten större.

I den här avhandlingen har den hydrofoba effekten undersökts för införsel
av nukleotider med hjälp av cell-penetrerande peptider. I Artikel I och Artikel
II visas genom att variera graden av hydrofobicitet hos de cell-penetrerande
peptiderna. Att hydrofob-interaktioner starkt påverkar nano-partiklarnas
storlek, partikel-storleksfördelning, laddning, struktur och stabilitet. Vidare
visas att hydrofob-interaktioner med cellmembranet inducerar ett ökat upptag.
Dessutom visas, genom djurförsök med möss, att mer hydrofoba peptider
levererar en specifik gen mer effektivt till olika vävnader, medan peptider med
medelstor hydrofobicitet är toxiska i djurförsök. Tillsammans ger dessa
resultat riktlinjer för designen av säkra och effektiva fettsyre-modifierade cell-
penetrerande peptider, små skillnader kan ha drastiska effekter.

I Artikel III undersöktes kompositionen av peptid/oligonukleotid-
nanopartiklarna i mer detalj, PepFect14 är en av de mest studerade cell-
penetrerande peptiderna i gruppen (användes t.ex. avhandling i Artikel I,
Artikel II och som utgångspunkt i Artikel IV). Med hjälp av den nya tekniken:
fluorescens korrelations spektroskopi visas att PepFect14 associerar med sig
självt och bildar en komplex blandning av monomerer, peptid/nukleotid-
partiklar och peptid-partiklar. Dessa interagerar alla med cell-membranet och
deras vida partikel-storleksfördelning är sannolikt anledningen till att
PepFect14 uppvisar olika upptags-mekanismer, i celler, samtidigt.

I Artikel II visas att PepFect14/oligonukleotid-partiklar tas upp i flera olika
vävnader så som lunga lever mjälte och njurar när de injiceras intravenöst. Det
är inte önskvärt ifall sjukdomen som man vill behandla är lokaliserad på en
specifik plats, som i fallet med en cancertumör. Målet med Artikel IV var
därför att selektivt söka upp tumörer. Detta uppnåddes genom att först
inaktivera nanopartiklarna genom en modifikation med en polyetylenglykol
(PEG)-polymer som förhindrar att partiklarna interagerar med vävnad. Efter
att bekräftat inaktivering introducerades en klyvbar länk mellan PEG
modifikationen och peptiden. Länken klyvs specifikt av ett enzym (matrix-
metalloprotease) som övertrycks i tumörer. När länken bryts aktiveras
peptiden, vilket leder till upptag i celler på eller nära tumörer. Tillsammans
ger dessa upptäckter en grund för hur fett-syra modifierade cell-penetrerande
peptider kan designas för säker, effektiv och tumör-specifik nano-partikel-
medierad leverans av oligonukleotider.
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