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INTRODUCTION

Nucleic acids (NAs) and synthetic oligonucleotides (ONs) hold great promise in
medical perspective to treat variety of genetic or acquired diseases due to their
high affinity and specificity towards the target. However, the plasma membrane
of the cells poses an impermeable barrier that prevents the large and highly
negatively charged molecules to pass into cells. Since the vast majority of NA
and ON targets locate inside the cells, their access to the cell interior is
inevitable perquisite for exhibiting their functionality. To overcome the issue,
various viral- and non-viral delivery vector systems have been designed and
introduced. One class of such promising non-viral vectors is cell penetrating
peptides (CPP), which according to the name are able to efficiently cross the
barrier of the plasma membrane. Most importantly, CPPs have the ability to
transduce other molecules into cells, when coupled with either covalently or
non-covalently.

Currently, CPPs have been harnessed in highly diverse applications, how-
ever, their wider utilization in vivo and for biomedical purposes has been
limited due to the incomplete knowledge of their functioning. Quite recently it
was believed that due to the positive charge, CPPs form with negatively charged
ONs complexes carrying positive charge that associate with cell surface and
deliver the payload into the cells by taking advantage of the distinct endocytic
pathways. Contrary to expectation, it was recently discovered that the PepFect
family peptide PepFectl4 (PF14) forms negatively charged complexes with
splice-switching oligonucleotides (SSO). Such negatively charged complexes
should instead of association repel from the plasma membrane, however, these
complexes are highly active in correcting the splicing within cells. This
surprising finding suggests that the uptake of such complexes might be receptor
mediated, even though it has been speculated that CPPs function independently
of receptors.

The main objective of the current thesis was to unravel the cellular uptake
mechanism of PF14 complexes with splice-correcting oligonucleotide (SCO),
and in more detail we focused on the role and regulation of class A scavenger
receptors (cA-SRs). We demonstrate the contribution of two members of cA-
SRs- SR-A3 and SR-AS5 in the cellular uptake of the nanocomplexes. More pre-
cisely, we show that the respective receptors are not present on the plasma
membrane of HeLLa pLuc705 cells constantly, but are recruited there in response
to the exposure of cells to the nanocomplexes with the help of calcium and
phosphatidylinositol 3-kinase (PI3K) dependent process. In addition, we also
aim to determine the uptake mechanisms that nanocomplexes use for entering
the cells, and analyze their subsequent intracellular fate. We demonstrate that
binding of nanocomplexes to respective receptors induces the uptake by cells
mainly via macropinocytosis and caveolae-dependent endocytosis, and after
internalization the nanocomplexes are trafficked into rather non-acidic vesicles
where nanocompelexes can induce their escape to the cytosol.

10



1. LITERATURE OVERVIEW

1.1 Nucleic acid based gene therapy approaches

Majority of NA- and ON-based therapies act through antisense mechanism to
block the gene expression or to restore its normal function. Antisense
approaches can be divided into RNA interference, antisense therapy and splice-
switching approach.

RNA interference (RNAi) was discovered in 1998 in the nematode C. elegans
(Fire and others 1998), and to date, it has turned to the most powerful post-
transcriptional gene regulation mechanism. RNAi response is initiated in response
to long double-stranded RNA (dsRNA) that is cut into small (21-25 nucleotides)
interfering RNA (siRNA) sequences by cytosolic RNase Ill-like enzyme Dicer
(Bernstein and others 2001; Kole and others 2012), and subsequently, siRNA is
incorporated into RNA induced silencing complex (RISC) (Sontheimer 2005).
Within the RISC complex, siRNA strands are separated, the antisense strand
remains associated with RISC, and the sense strand is cleaved and released. Within
the RISC complex, the antisense strand recognizes and binds in a sequence-specific
manner to the target messenger RNA (mRNA), and the endonuclease Argonaut 2
guides the degradation of target mRNA (Kole and others 2012).

Antisense therapy is based on short (15-20 nucleotides) single stranded
antisense oligonucleotides that bind to target mRNA via Watson-Crick hybridi-
zation and modulate the target mRNA translation in sequence specific manner.
Antisense effect can be achieved either by inducing enzymatic cleavage of the
target mRNA by RNase H, or by inhibition of translation by steric blockage of
the ribosome (Kurreck 2004; Kole and others 2012).

Splice-switching approach is a method to correct mutations caused by aberrant
splicing, or to redirect splicing (Bauman and others 2009). Majority of human genes
undergo alternative splicing, a post-transcriptional regulation mechanism by which
different forms of mRNAs are produced from one gene, and results in production of
structurally and functionally different protein variants (Siva and others 2014).
However, alterations in splicing may lead to various genetic disorders, like
Duchenne muscular dystrophy (DMD) or cystic fibrosis. DMD is a severe genetic
neuromuscular disorder caused by mutations in dystrophin gene open-reading
frame, and by loss of functional dystrophin protein (Wood 2010). Targeting of
splice-switching oligonucleotides (SCO) complementary to the mutation site, gives
an opportunity to correct the reading-frame and production of semi-functional
dystrophin via exon-skipping mechanism (Lu and others 2003).

mRNA-based therapeutics comprise a new class of drugs to introduce
genetic material into cells (Sahin and others 2014). Once the mRNA is reached
to the cell cytoplasm, it will be immediately translated by cellular translation
machinery into functional protein. Basically, there are two options to introduce
the mRNA into cells- the first approach is to deliver the mRNA into patients
through ex vivo transfection, or secondly via direct delivery using various trans-
fection methods (Sahin and others 2014).
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1.2 Delivery methods for therapeutic molecules

Delivery of ONs into target cells or tissues is extremely challenging. The large
size and hydrophilic nature impedes ONs to transverse across the protective cell
plasma membrane. Therefore an efficient and safe delivery vectors are required.
A suitable delivery vector must overcome several of extra- and intracellular
barriers, enable to condense ONs into stable complex to avoid the degradation,
provide the access to the target cell/tissue, facilitate an efficient endosomal
release, and allow cargo dissociation from the vector to ensure the delivery of
the gene of interest to its target site in the cytoplasm or nucleus.

Delivery vectors can be divided into two major classes: viral vectors and
non-viral synthetic vectors. Viral vectors have been exploited in numerous gene
delivery applications due to their natural property to invade host cells and carry
their genetic material from cell to cell. In drug delivery purposes, the viral
genome is replaced with therapeutic gene/drug in order to avoid viral replication
and pathogenicity. To date, the vast majority of ongoing clinical trials are based
on viral vectors (Ginn and others 2013). Although, viral vectors have high
transfection efficiency, still their wider usage is impeded mainly because of
safety concerns associated with their immunogenicity, and insertional muta-
genesis and tumorigenesis (Donsante and others 2001; Thomas and others 2003;
Russell 2007).

The aforementioned issues related to viral vectors have prompted to seek for
less toxic non-viral vectors. Non-viral gene delivery vectors are mainly based
on synthetic cationic lipids and polymers, or peptides. Due to the cationic
charge, lipids and polymers bind ONs via electrostatic interactions, and con-
dense them into nanosized particles, lipoplexes and polyplexes, respectively.

Cationic lipids have been extensively exploited in plenty of applications
since their first utilization as gene delivery vector for plasmid DNA (pDNA) in
1987 (Felgner and others 1987). To date, hundreds of lipids have been devel-
oped, all of which have common structural features: a positively charged head
group, one or two hydrophobic tails, and a linker between the polar and hydro-
phobic regions (Lv and others 2006; Mintzer and Simanek 2009). In addition to
cationic lipids, some helper lipids, like cholesterol or 1, 2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE), are incorporated into lipoplex formulation to
improve their transfection efficiencies and promote endosomal escape (Zuhorn
and others 2005). Among the cationic polymers, polyethylenimine (PEI) is one
of the most widely used polymers (Boussif and others 1995; Pack and others
2005; Mintzer and Simanek 2009). PEI is synthetic polymer with high cationic
charge density and protonable amino groups (Werth and others 2006). Due to
the polymeric nature, PEI as well as other polymers, can be synthesized with
different lengths, geometries and molecular weights, e.g. with branched or lin-
ear structure (Godbey and others 1999; Elouahabi and Ruysschaert 2005). Other
widely used polymers are polyornithines (PLO), polyamidoamidine dendrimers
and chitosan (Pack and others 2005; Mintzer and Simanek 2009).

12



Cationic polyplexes and lipoplexes are mainly taken up via endocytic path-
ways initiated by electrostatic interactions between the positively charged poly-
plexes/lipoplexes and negatively charged cell surface components (Mislick and
Baldeschwieler 1996; Mounkes and others 1998; Wiethoff and others 2001).
However, the induction of endosomal escape and release of cargo from endo-
somes is fundamentally different (Elouahabi and Ruysschaert 2005). Endosomal
release of lipoplexes is mainly driven by hydrophobic interactions assisted by
fusogenic helper lipids, e.g. DOPE (Zuhorn and others 2005). Endosomal
escape of cationic polymers, e.g. PEI and dendrimers, is believed to rely on
their intrinsic endosomolytic activity (Patil and others 2009). Due to the high
amount of tertiary amine groups, cationic polymers can act as “proton sponges”
to raise the endosomal pH by promoting influx of ions and water, rupture of
endosomal membrane and release of sequestered material into the cytosol.
However, recent experimental data suggests that the “proton sponge” effect is
not the dominant mechanism of how PEI induces the endosomal leakage
(Benjaminsen and others 2013).

Still, the polyplexes and lipoplexes suffer from relatively poor transfection
efficiency, especially in vivo, caused by their highly charged nature and due to
the adsorption of serum proteins (Li and Szoka 2007; Gao and others 2007). On
the other hand, polyplexes and lipoplexes are easily modified in order to
improve their targeting capabilities or endosomal escape. For example, addition
of targeting ligand, e.g. ligands of nutrient receptors for folate or transferrin,
improves their uptake into cancer cells that often express high amount of folate
or transferrin receptors (Biswal and others 2010; Kircheis and others 2001). In
order to improve the endosomal escape, incorporation of fusogenic peptides
such as KALA or GALA into lipoplex/polyplex have been described (Kakudo
and others 2004). To overcome their poor serum stability, covering the surface
of the nanoparticles with polyethylene glycol (PEG) reduce interactions with
serum components and prolong the circulation time (Petersen and others 2002;
Huang and others 2010a).

1.3 Cell penetrating peptides

Cell penetrating peptides (CPP) compromise another class of non-viral delivery
vectors with membrane penetrating properties. The research field of CPPs was
established nearly 30 years ago when two independent groups discovered the
membrane translocation property of human deficiency virus 1 (HIV-1) trans-
activator protein TAT (Frankel and Pabo 1988; Green and Loewenstein 1988).
A couple of years later, in 1991, a 60 amino acid region of the Drosophila
antennapedia homeobox protein was demonstrated to be capable of penetrating
nervous cells (Joliot and others 1991), and few years later, the same group
identified that only a 16 amino acid long sequence from the third helix of the
full-length protein is sufficient for membrane penetration, and was named as
penetratin (Derossi and others 1994). Subsequently, the minimal sequence

13



responsible for the uptake of TAT-protein was determined and named as Tat
peptide (Vives and others 1997). Soon after the discovery of “natural” CPPs,
the synthetic model amphipathic peptide MAP (Oechlke and others 1998), the
first chimerical CPP transportan (TP) (Pooga and others 1998), and fully
synthetic sequences composed of arginines (Mitchell and others 2000) with cell
penetrating ability were designed. Ever since, the family of CPPs has been
increasingly expanded and up to date hundreds of CPPs with different chemis-
tries and properties have been discovered or designed. Due to their great
sequence variety and different physio-chemical properties, it is difficult to
define the uniform concept for all CPPs, however they still share some common
features: they are relatively short sequences, usually 540 amino acids long,
with the capacity to promote the intracellular delivery of bioactive cargos by
means of different mechanism, mainly via endocytosis (Langel 2015).

1.3.1 Classification of CPPs

CPPs can be divided by their physical-chemical properties into three classes:
amphipathic, hydrophobic and cationic (Milletti 2012; Pooga and Langel 2015).

Amphipathicity corresponds to the partitioning of hydrophilic and hydro-
phobic parts into opposite side of the molecule (Hristova and others 1999), and
such property on the one hand favors the interactions with negatively charged
membrane components via electrostatic interactions, and the hydrophobic
domain on the other hand is responsible for insertion into lipid membrane.
Amphipathic CPPs, in turn are split into two, the primary and secondary amphi-
pathic CPPs. Primary amphipathic CPPs comprises hydrophobic and hydro-
philic domains in their primary structure, often after folding to a-helices (Song
and others 2011). Experiments with model membranes have revealed that the
primary amphipathic CPPs bind equally efficiently to both anionic and neutral
lipids, suggesting that hydrophobic interactions with membranes dominate over
the electrostatic interactions (Magzoub and others 2001). CPPs belonging to this
class are usually composed of more than 20 amino acids, however, only a few
of them are reported to be basic. The long enough sequence is thought to allow
the peptides to submerge into lipid bilayer, and therefore potentially destabilize
the membranes (Ziegler 2008). A prototypical primary amphipathic CPP is chi-
meric TP consisting of 27 amino acids, of which the first 12 amino acids are
derived from neuropeptide galanin, and linked via lysine residues to 14 amino
acid long mastoparan peptide from wasp venom (Pooga and others 1998). Stud-
ies on model membrane systems have demonstrated that the amphipathic a-
helix of the peptide is provided by C-terminal mastoparan (Barany-Wallje and
others 2004). In order to diminish the inhibitory effect of TP to GTPase activity,
a shorter TP analogue TP10 was introduced (Soomets and others 2000). TP10
lacks 6 amino acids in the N-terminal part of TP, however, deletion of these
amino acids did not affect the uptake of the peptide (Soomets and others 2000).
Introduction of further chemical modifications to the TP10 backbone lead to the
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development of PepFect (PF) and NickFect (NF) family CPPs (El Andaloussi
and others 2011; Ezzat and others 2011; Oskolkov and others 2011). Other
well-known primary amphipathic CPPs are MPG (Morris and others 1997) and
Pep-1 (Morris and others 2001) (Table 1).

In secondary amphipathic CPPs, the hydrophobic and hydrophilic domains
are not segregated in their primary structure, however, after binding to
membranes, peptides undergo a conformational change to adopt either a-helical
(Lamaziere and others 2007; Crombez and others 2009) or B-strand (Magzoub
and others 2001) structure, which allows positioning of hydrophobic amino
acids on the one side and cationic parts on the opposite side. Secondary
amphipathic CPPs are generally shorter than primary amphipathic CPPs, and
unlike primary amphipathic CPPs, secondary amphipathic CPPs bind prefer-
entially with membranes containing high amount of anionic lipids, however,
affinity to neutral lipids has been reported to be rather low (Ziegler 2008;
Binder and Lindblom 2003). Penetratin (Derossi and others 1994), CADY
(Crombez and others 2009) and MAP (Ochlke and others 1998) are examples of
secondary amphipathic CPPs (Table 1).

Cationic CPPs, also referred as non-amphipathic CPPs, contain high
number of positively charged amino acids, most often arginines or lysines. In
analogy to secondary amphipathic CPPs, cationic CPPs associate only with
membranes that contain high amount of anionic lipids (Ziegler 2008). However,
due to the highly cationic nature, the association with membranes is predom-
inantly forced by electrostatic interactions with negatively charged plasma
membrane components. Nevertheless, not all cationic amino acids exhibit
similar binding and internalization efficiency; arginines are considered to be by
far more effective at entering the cells than other basic amino acids, for example
lysine, histidin or ornithine (Mitchell and others 2000). The phenomenon of
arginine relies on the guanidinum headgroups that form stable hydrogen bonds
after interactions with anionic membrane components (Mitchell and others
2000). Interestingly, the rate of cellular entry of cationic CPPs is also dependent
on the number of arginine residues in the sequence. Peptide sequences with
more than 6 arginine residues possessed significantly higher uptake rate than
shorter ones, however, the optimal length for delivery purposes have been
proposed to possess 89 arginine residues. The longer sequences lead to toxic
side effects and lower uptake rates (Mitchell and others 2000; Futaki and others
2001; Suzuki and others 2002). In addition to polyarginines, also Tat peptide
(Vives and others 1997) and M918 (El-Andaloussi and others 2007) belong to this
group (Table 1).

Hydrophobic CPPs comprise the smallest number of CPPs. They are
predominantly composed of nonpolar amino acids with no or few basic amino
acids (Milletti 2012). Hydrophobic CPPs are for example anionic and cationic
pentapeptides (Gomez and others 2010), and stapled peptides (Bernal and others
2007; Brown and others 2013; Milletti 2012).
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Table 1. Selection of the most often used CPPs and their sequences.

CPP Sequence Reference

Primary amphipathic CPPs
Transportan GWTLNSAGYLLGKINLKALAALAKKIL-NH2 Pooga and

(TP) others 1998
TP10 AGYLLGKINLKALAALAKKIL-NH2 Soomets and
others 2000
MPG GALFLGWLGAAGSTMGAPKKKRKYV-cysteamide |Morris and
others 1997
PF14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 Ezzat and
others 2011

Secondary amphipathic CPPs

Penetratin RQIKIWFQNRRMKWKK-NH2 Derossi and
others 1994

MAP KLALKLALKALKAALKLA-NH2 Ochlke and
others 1998

CADY GLWRALWRLLRSLWRLLWRA-cysteamide Crombez and
others 2009

Cationic CPPs

Oligoarginines | (R)n Mitchell and
others 2000
Tat GRKKRRQRRRPPQ-NH2 Vives and

others 1997

1.3.2 Coupling of cargo molecules with CPPs

In principal, there are two main strategies to attach cargo molecules to CPPs: a
covalent linkage, or a non-covalent complex formation strategy. The covalent
linkage is based on chemical crosslinking, e.g. disulfide bridges, to couple CPPs
with cargo molecules (Pooga and others 1998; Turner and others 2005). The
disulfide bridge in general, is cleavable in the reducing environment of the
cytosol, and thus allows the dissociation of the cargo from delivery vector.
Chemical linkage results in conjugates with well-defined structural character-
istics, however, this strategy is not beneficial for large and charged molecules
like pDNA, SCO and siRNA. Covalent strategy has been mainly exploited for
non-charged or neutral cargo molecules, like peptide nucleic acids (PNA) and
phosphorodiamidate morpholino oligonucleotides (PMO). As the covalent strat-
egy relies on chemical linkage, it may have also an impact on cargo function-
ality.
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The non-covalent strategy was introduced by the group of Divita and Heitz
in 1997, and this approach relies on electrostatic and hydrophobic interactions
associating highly positively charged CPPs and negatively charged nucleic
acids (Morris and others 1997). Unlike covalent-linkage, non-covalent strategy
is less laborious and time-consuming as complexes are formed by simple
mixing. However, the formed nanoparticles might be heterogeneous in terms of
size and shape, therefore their exact characterization is complicated.

1.4 CPP mediated oligonucleotide delivery

CPPs have extensively been utilized for delivery of different of ONs, including
PNAs, PMOs, siRNAs, SCOs, and pDNAs, both via covalent or non-covalent
strategy in multiple of applications.

The first successful CPP-based ON delivery study was introduced in 1997 by
a group of G. Divita (Morris and others 1997). The authors demonstrated that
the chimeric peptide MPG efficiently condensed short single- or double-
stranded ONs into nanoparticles that entered the cells mainly via non-endocytic
pathway (Morris and others 1997). Soon after this, the very first successful
CPP-based in vivo experiment was conducted (Pooga and others 1998). In this
study, PNA complementary to human galanin receptor | mRNA was covalently
coupled with transportan and penetratin, and such conjugates were readily able
to down-regulate galanin receptors in rat brain (Pooga and others 1998).
Thereafter, numerous of CPP-based in vivo ON delivery approaches have been
reported. The first in vivo experiment with non-covalent nanocomplexes was
demonstrated in 2007 by using PNA analogue, negatively charged HypNA-
pPNA targeting the cyclin B1, and Pep-3 peptide (Morris and others 2007).
HypNA-pPNA-Pep3 showed high activity in cell culture, unfortunately, these
nanocomplexes were found to be rather inefficient in in vivo models. After
intravenous administration, only 20% of reduction in tumor growth was
observed, suggesting that the stability of the complexes in the presence of serum
is severely affected. To solve this issue, nanoparticles were modified with PEG
molecules, and such modification substantially improved the stability and
delivery of complexes, yielding in 90% of reduction of tumor growth (Morris
and others 2007).

Majority of the splice-switching applications in vitro are based on using
HeLa pLuc705 reporter cells introduced by Prof. R. Kole (Kang and others
1998). These cells carry a luciferase gene interrupted by mutated B-globin
intron 2 that leads to production of nonfunctional protein. However, admin-
istration of SCOs complementary to this site, masks the mutation, redirects the
splicing machinery and leads to production of a functional protein. One of the
first most potent SCO delivery vector was (RxR)4, an oligoarginine analogue in
which arginine residues are linked with 6-aminohexanoic acid linker (Abes and
others 2006). Covalent conjugates of (RxR)4 and PMO or PNA against mutated
site have been shown to induce efficient splice redirection and production of
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functional protein in HeLa pLuc705 cells, as well as in the mdx DMD mice
model (Said Hassane and others 2010; Fletcher and others 2006; Ivanova and
others 2008); however, such complexes were frequently found to be sequestered
into endosomes. Further, modifying the (RxR)4 with stearyl moiety substan-
tially increased the splice-correction activity of SCOs compared to unmodified
RxR4 in both, cell culture and in DMD models in vivo, probably due to the
positive effect of fatty acid moiety on endosomal escape. Although, the
efficiency of stearylated and un-modified (RxR)4 to deliver PMO was quite
comparable, still in case of stearylated-(RxR)4, 10-times lower PMO concen-
tration was required (Lehto and others 2010). Recently, new chemically
modified stearyl-TP10, and its analogues PepFects were designed for ON
delivery (El Andaloussi and others 2011; Hassane and others 2011; Ezzat and
others 2011). PepFect14 (PF14) is stearylated TP10 analogue, in which iso-
leucines are substituted with leucines, and ornithines are introduced instead of
lysines as a source of positive charges (Ezzat and others 2011). The design of
PF14 was based on earlier reports where poly-L-ornithines were found to
possess superior transfection efficiency compared to poly-L-lysine based
systems, mainly due to the higher affinity for DNA and formation of more
stable complexes (Ramsay and Gumbleton 2002). Indeed, PF14-SCO nano-
particles exceeded the transfection efficiency of stearyl-TP10 in HeLa pLuc705
cells, and exhibited high splice-correction activity even in mdx mouse myo-
tubes, a cell culture model of DMD (Ezzat and others 2011). Importantly, PF14
exceeded the delivery efficiency of commercially used transfection reagents
Lipofectamine 2000 (LF2000), RNAIMAX™ and jetPEI™ (Ezzat and others
2011). During the recent years, a great progress has made in the field of SCO
delivery in terms of DMD therapy. The PNA/PMO internalization peptide (Pip),
designed on basis of (RxR)4 and R6-Penetratin, has been confirmed to be the
most intriguing delivery vector for ONs in numerous of therapeutic applications
of DMD (Yin and others 2011; Betts and others 2012) and spinal muscular
atrophy (SMA) (Hammond and others 2016). The most prominent peptides of
this group are Pip5 and Pip6, and conjugated with PMO, are capable of
restoring dystrophin expression at high level in nearly all muscle types, include-
ing cardiac muscles (Yin and others 2011; Betts and others 2012 and 2015), as
well as restoration of survival moto neuron protein in SMA disease models
(Hammond and others 2016).

The first successful CPP-mediated siRNA delivery was achieved with MPG
peptide (Simeoni and others 2003). The noncovalent complexes of MPG and
siRNA against luciferase yielded in about 80% of reduction in luciferase
production, in both HeLa and Cos-7 cells. In 2007, it was reported that the
fusion peptide of R9 and rabies virus glycoprotein (RVGQ) is able to transport
siRNA across the blood-brain-barrier (Kumar and others 2007). Upon intra-
venous injection of RVG-R9-siRNA complexes against GFP into mice, the
complexes were readily detectable in the brain where a 50% reduction in GFP
expression was observed, concurrently no significant uptake was seen in the
liver or spleen (Kumar and others 2007). Soon after this, a new potent siRNA
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delivery vector, CADY was introduced (Crombez and others 2009). CADY is a
secondary amphipathic CPP with C-terminal cysteamide modification to
improve the interactions with membranes and to stabilize formed complexes
(Morris and others 2001; Simeoni and others 2003). Indeed, CADY formed
stable complexes with siRNA that in high efficiency mediated the down-
regulation of glyceralderhyde-3-phosphate dehydrogenase (GAPDH) in suspen-
sion and primary cells. Importantly, the uptake of CADY-siRNA nanocom-
plexes was independent of endocytosis (Crombez and others 2009; Rydstrom
and others 2011); however, very recent experimental data revealed that CADY-
siRNA nanoparticles enter the cells mainly via receptor-mediated endocytosis
(Lindberg and others 2015). At the same time, a group of S. Dowdy introduced
an interesting strategy for siRNA delivery that relies on double-stranded RNA
binding domain (DRBD) and Tat peptide (Eguchi and others 2009). Tat-DRBD-
siRNA against GFP or GAPDH was shown to induce efficient gene knock-
down in primary cell-lines without notable toxic side effects. Tat-DRBD also
exhibited efficient RNAIi response against luciferase upon intranasal adminis-
tration in vivo (Eguchi and others 2009). To improve the endosomal escape of
siRNA, a group of Prof. U. Langel developed another stearyl-TP10 based
peptide, PF6, which has an extra modification, an endosomolytic trifluoro-
methylquinoline moiety (El Andaloussi and others 2011). PF6-siRNA nano-
complexes targeting the hypoxanthine phosphoribosyltransferase 1 (HPRT1) or
GAPDH exceeded the transfection efficiency of stearyl-TP10-siRNA and
yielded in high RNAi response in even hard-to-transfect cells, including
primary mouse embryonal fibroblasts, human umbilical vein endothelial cells,
mouse embryonic stem cells and Jurkat cells. Moreover, systemic admin-
istration of PF16-siRNA nanocomplexes against HPRT1 in vivo, yielded in high
RNAI responses in variety of organs, but more than 60% of knock-down was
achieved in liver, lung and kidney, notably, without any acute toxicity for mice.
Additionally, PF6-siRNA nanoparticles at the dose of 1mg/kg siRNA substan-
tially silenced the luciferase expression in mice liver, and the effect lasted more
than a week (El Andaloussi and others 2011). Recently, it was introduced that
the SPACE peptide is able to penetrate across the defensive skin barrier (Hsu
and Mitragotri 2011). The SPACE peptide was discovered through in vitro
phage display assay, and it shows excellent penetration through upper stratum
corneum as well as into deeper dermis. Covalently coupled SPACE-siRNA
conjugates induced high RNAIi response in cell culture and in in vivo mice
models to silence GAPDH and IL-2 (Hsu and Mitragotri 2011).

1.5 Uptake mechanisms of CPP-cargo complexes

In general there exist two main mechanisms to cross the protective lipid bilayer
of the plasma membrane: endocytosis, and direct penetration across the plasma
membrane. However, to date there is no consensus at which extent either of
these entry mechanisms contributes to the uptake of CPPs. Direct penetration
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across the plasma membrane is considered to occur at relatively high peptide
concentration (Duchardt and others 2007; Kosuge and others 2008), and in the
presence of small hydrophobic cargos, such as fluorescent dyes (e.g
AlexaFluor488) (Tiinnemann and others 2006; Hirose and others 2012). How-
ever, when CPPs are coupled with high molecular weight cargos, including
ONs, the switch from direct penetration to endocytosis occurs (Tiinnemann and
others 2006). Nevertheless, direct penetration cannot be exclusively eliminated,
as it has been described to be a prevalent entry route for amphipathic CPPs such
as MPG, CADY, and Pep-1 even with large cargo molecules (Deshayes and
others 2006; Konate and others 2010; Rydstrom and others 2011). Still, the
majority of studies, mainly based on pharmacological inhibitors or RNAI,
highlight the role of endocytosis as primary mechanism for the uptake of CPP-
cargo complexes (Richard and others 2003 and 2005; Khalil and others 2004;
Eguchi and others 2009; Saélik and others 2009; Al Soraj and others 2012). Cell
entry via endocytosis includes clathrin-mediated endocytosis, caveolin-depend-
ent endocytosis, macropinocytosis, and clathrin- and caveolin independent
pathways (Figure 1), and frequently, CPPs may utilize different mechanisms
simultaneously (Duchardt and others 2007; Séilik and others 2009; Arukuusk
and others 2013; Juks and others 2015), making the understanding of action of
CPPs more complicated.

Whether it is endocytosis or direct penetration, the internalization of CPP-
cargo complexes is initiated by binding to cells. Due to the cationic nature of
CPPs, it is believed that association with cells is triggered by electrostatic inter-
actions with negatively charged cell surface components, e.g. glygosamin-
glycans or phospholipids (Nakase and others 2007; Lundin and others 2008;
Ziegler and Seelig 2011). Contrarily, group of S. Dowdy demonstrated that the
entry of Tat-Cre fusion protein via macropinocytosis is not triggered through
interactions with cell surface heparan sulfates or sialic acids, since the
internalization of the fusion-protein was not affected in cells lacking glycans.
Instead, the binding and uptake was found to be dependent on cell surface
proteins (Gump and others 2010). Analogously, Ezzat et al discovered that
PF14 nanocomplexes with SCOs obtain negative surface charge in transfection
medium (Ezzat and others 2011), and thus, binding of such complexes to cell
proteoglycans on the cell surface is not favorable, and requires specific receptor.
Recently, we demonstrated that such complexes are recognized by class A
scavenger receptors (CA-SR), which efficiently promote their entry into cells by
means of different endocytic mechanisms (Ezzat and others 2012; Juks and
others 2015). Now it is clear that cA-SR dependent endocytosis is more general
mechanism among PF and NF family peptides in complex with ONs (Arukuusk
and others 2013; Veiman and others 2013; Lindberg and others 2013 and 2015).
However, harnessing of cA-SR for internalization into cells is not only
restricted to this type of peptides, but also CADY-siRNA nanoparticles, earlier
believed to enter cells independently of endocytosis, engage cA-SRs to gain
access into cells (Lindberg and others 2015). As the majority of CPP-ON
complexes acquire negative zeta-potential in transfection media (van Asbeck
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and others 2013), therefore it is feasible to speculate that scavenger receptors
with promiscuous binding of anionic molecules (Pearson and others 1993),
might contribute to the uptake of other CPP-ON complexes as well. Moreover,
the transfection of commercial transfection regent’s PEI and PLO relies on cA-
SR dependent endocytosis (Lindberg and others 2015). Scavenger receptors will
be discussed in more detail below.
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Figure 1. Schematic representation of endosomal entry routes and intracellular
trafficking pathways for CPP-cargo complexes. MVB- multivesicular body, ER-
endoplasmic reticulum.



1.5.1 Clathrin-mediated endocytosis

Clathrin-mediated endocytosis (CME) is by far the most extensively studied
endocytic entry route that is constitutively active in all mammalian cells.
Through the CME cells internalize nutrients, regulate the number of cell surface
proteins, and participate in receptor endocytosis (Schmid 1997; Kirchhausen
2000). Moreover, CME also contribute to generation of transport vesicles
derived from trans-Golgi network (TGN) (Griffiths and others 1988). Clathrin
coated vesicles (CCV) are relatively small, 100-150 nm in diameter, and
characterized by the presence of coat formed by three-legged protein (triskelion)
clathrin (Kirchhausen 2000). However, clathrin itself is unable to directly bind
the membrane, and requires a coordinated assembly of adaptor and accessory
proteins (Kaksonen and others 2005; McPherson 2010). It has been speculated
that at least more than fifty different proteins contribute to CME and formation
of clathrin coated pit (CCP). The assembly of CCP is thought to be initiated in
phosphatidylinositol (4,5) bisphosphate (PI(4,5)P,) rich regions of the inner
leaflet on the plasma membrane (Antonescu and others 2010), where PI1(4,5)P,
is specifically required for docking the main CME regulatory protein adaptor
protein 2 (AP2) to the membrane (Abe and others 2008). Abe and colleagues
demonstrated that after depletion of PI(4,5)P, from the plasma membrane, AP2
showed diffusive distribution, and the internalization of transferrin receptor was
reduced. However, in control cell, AP2 was found to be clustered to the distinct
plasma membrane regions that also contained tranferrin receptors, suggesting
that P1(4,5)P, is the main regulator of AP2 (Abe and others 2008). AP2 can bind
with both, PI(4,5)P, and specific motifs in the cytoplasmic domain of the
receptors, and thus participate in cargo selection to the nascent site of the pit.
Subsequently, clathrin is recruited to the membrane via AP2, followed by its
polymerization and conversion of the flat plasma membrane into highly curved
CCP (Ungewickell and Hinrichsen 2007). The budding of CCP depends on
small cytoplasmic GTPase dynamin that polymerizes around the nascent vesicle
neck and assist the membrane scission and budding of the vesicle (Stowell and
others 1999). Subsequently, upon release into cytosol and before fusion with
endosomal compartments, clathrin coat is quickly dissociated by ATPase heat
shock cognate 70 and its cofactor auxilin (Kirchhausen 2000).

Transferrin is prototypical cargo that enters the cells via CME. Its binding to
transferrin receptor induces rapid entry within few minutes (Ciechanover and
others 1983), followed by targeting to classical endo-lysosomal pathway, along
which vesicles undergo progressive maturation with gradual drop in pH of
vesicles from early- to late endosomes, and finally, the pathway terminates in
lysosomes where transferrin is degraded.

Engagement of CME for internalization have been demonstrated for Tat-
PNA complexes (Richard and others 2005), for conjugates of TP or TP10 with
PNA (Lundin and others 2008), and for nanocomplexes of PF6 and SCO
(Hassane and others 2011).
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1.5.2 Caveolin-dependent endocytosis

Caveolae are small, 50-100 nm in diameter, bulb-shaped invaginations of the
plasma membrane, where major constituent is a cholesterol-binding protein
caveolin (Cav) (Pelkmans and others 2001; Cheng and Nichols 2016). There are
three mammalian caveolins, Cav-1, Cav-2 and Cav-3. Cav-1 and Cav-2 are
expressed in non-muscle cells (Scherer and others 1997), whereas expression of
Cav-3 is restricted to muscle cells (Tang and others 1996), however, only Cav-1
and Cav-3 share the capacity to induce caveolae (Hayer and others 2010). Each
of the caveola is estimated to contain 140—150 copies of caveolin proteins
(Pelkmans and Zerial 2005). The caveolae rise from distinct plasma membrane
regions, called rafts, that are rich in cholesterol, sphingolipids and glyco-
phosphatidylinositol (GPI) linked proteins (Pelkmans and others 2001; Harris
and others 2002). In addition to caveolin, caveolae are also enriched in cavin
family proteins (Briand and others 2011), recruited to stabilize caveolin
oligomers (Liu and Pilch 2008), and to regulate the dynamics and budding of
caveolae (Hill and others 2008). High cholesterol content during caveolae
formation is essential, since its depletion has yielded in dissociation of cavin
proteins from the membrane and subsequent flattening of the invaginations (Hill
and others 2008). In analogy to CME, dynamin is recruited for fission of
caveolae from the plasma membrane (Henley and others 1998).

Caveolae are present in most of eukaryotic cells, but are considered to be
essentially abundant in endothelial cell, adipocytes and muscle cells (Chidlow
and Sessa 2010). Caveolae have been implicated in numerous cellular pro-
cesses, including cholesterol- and lipid metabolism, calcium signaling, endo-
cytosis and transcytosis (Parton and del Pozo 2013; Cheng and Nichols 2016).
Since the raft domains contain enormous amount of signaling molecules
(Okamoto and others 1998; Shaul and Anderson 1998), caveolae also contribute
to numerous signal transduction pathways. Caveolae are also responsible for
uptake of some pathogens and their associated molecules, such as cholera toxin
(CT) and simian virus SV40 (Pelkmans and others 2001).

Unlike CCPs that are rapidly internalized into cells, caveolae are considered
to be long-lived structures, which can be associated with the plasma membrane
for long time periods without being internalized (Kirkham and others 2005;
Tagawa and others 2005; Pelkmans and Zerial 2005; Hayer and others 2010).
However, upon stimulation, e.g. simian virus SV40, caveolae are pinched-off
from the membrane and enter the cells. The early reports have proposed that
budding of caveolae leads to the formation of distinct vesicular structure, the
caveosomes that lack classical endosomal markers and possess neutral pH
(Pelkmans and others 2001). However, subsequent studies have disproved the
existence of such vesicles, and claimed that caveolae still fuse with early
endosomes, and follow the trafficking through the endo-lysosomal system
(Pelkmans and others 2004; Hayer and others 2010). Still, several experiments
have revealed that the uptake via caveolae is not degradative, mainly because of
the slow trafficking/maturation of vesicles aroused from caveolae (Harris and
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others 2002; Fittipaldi and others 2003; Tagawa and others 2005; Kirkham and
others 2005). Entry through caveolae may also address the material directly to
Golgi apparatus or ER (Pelkmans and others 2001; Le and Nabi 2003).

Cholesterol depletion by methyl-B-cyclodextrin has revealed that caveolin-
dependent endocytosis is the main entry pathway for Tat-protein construct
(Fittipaldi and others 2003). Knock-down of caveolin-1 with siRNA signific-
antly reduced the uptake of TP- and TP10-protein conjugates as well (Sadlik
and others 2009). Also, the uptake of NFs and PFs complexed with ONs occurs
partially via caveolae-dependent manner (Arukuusk and others 2013; Veiman
and others 2013; Juks and others 2015). Recently, by using a nystatin, an
inhibitor of caveolin-dependent endocytosis, or RNAi to deplete Cav-1, we
demonstrated that the uptake of PF14-SCO complexes was reduced to 30 and
40% level, respectively (Juks and others 2015), suggesting that PF14-SCO com-
plexes are partially internalized via caveolin-dependent pathway.

1.5.3 Macropinocytosis

Macropinocytosis is highly regulated form of endocytosis, that leads to
internalization of extracellular fluids and membrane bound bulk cargo (Lim and
Gleeson 2011). Macropinocytosis is initiated by extensive actin rearrangement
that results in formation of membrane ruffles, which subsequently collapse back
to the plasma membrane and fuse with it to form large macropinosomes
(Swanson and Watts 1995). Unlike to caveolae and clathrin-coated vesicles,
macropinosomes lack an apparent coat structure, and are considerably larger in
their size ranging from 0.2-5 pM (Swanson and Watts 1995). Macropinocytosis
occur in many cell types, but is constitutively active only in dendritic cells to
capture antigens (West and others 2000), however, in many other cell types it is
considered to be a transient response to external stimulation, most commonly a
growth-factor stimulated process (Falcone and others 2006; Commisso and
others 2013; Kamphorst and others 2015). Binding of growth-factors to respect-
ive receptor-tyrosine kinase, cause activation of multiple signaling events
initiated by activation of small GTPases like Racl and Cdc42. Racl and CdC42
contribute to excessive actin-cytoskeleton reorganization, formation of plasma
membrane ruffles and eventually macropinosome formation (West and others
2000; Garrett and others 2000). Racl and CdC42, in turn activate and recruit
kinases such as p21-activated kinase 1 (Pak1) and phosphatidylinositol-3-kinase
(PI3K) to the plasma membrane ruffling areas, that are involved in regulation of
actin-cytoskeleton dynamics (Dharmawardhane and others 2000), and mac-
ropinosome closure (Araki and others 1996), respectively. In addition, the
reorganization of actin cytoskeleton and subsequent membrane ruffling is
highly sensitive to cholesterol and PI(4,5)P, depletion from the membrane
(Grimmer and others 2002; Kwik and others 2003). Unlike CME and caveolae,
fission of macropinosomes from the plasma membrane is independent of
dynamin activity; instead, it recruits C-terminal-binding protein-1/brefeldinA-
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ADP ribosylated substrate that associates around the neck of forming mac-
ropinosome (Liberali and others 2008).

Once the macropinosomes are formed and entered the cells, they are
believed to undergo classical endo-lysosomal pathway from early endosomes
towards the lysosomes (Racoosin and Swanson 1993). However, in human
epidermoid A431 cells, a somewhat different trafficking has been described
(Hewlett and others 1994). In these cells, after epidermal growth factor (EGF)
stimulation, macropinosomes remained as a distinct population of vesicles that
failed to fuse with conventional endosomes, and did not mature into late
endosomes/lysosomes (Hewlett and others 1994). Instead, macropinosomes
were directed to recycling pathway.

Macropinocytosis has been pointed out to be the major entry route for
arginine-rich CPPs and their complexes with ONs (Nakase and others 2004; Al
Soraj and others 2012). Nakase et al demonstrated that binding of TAT and R8
with plasma membrane heparan sulfates can induce Racl-dependent actin cyto-
skeleton remodeling and induction of macropinocytosis (Nakase and others
2004). Macropinocytosis also contributes to the biological activity of PF14-SCO
and NF-pDNA nanocomplexes (Juks and others 2015; Arukuusk and others 2013).

1.5.4 Clathrin- and caveolin-independent uptake routes

Inhibition of CME or caveolin-dependent endocytosis does not arrest the endo-
cytosis from the plasma membrane, and along with the three major pathways
described above, there are also alternative pathways that are distinct from
clathrin- and caveolin coated vesicles, e.g. CLIC (clathrin independent carrier)/
GEEC (GPI-anchored protein-enriched early endocytic compartment), flotillin-
and Arf6-dependent entry routes (Sandvig and others 2011; Mayor and others
2014). Similarly to caveolae, all these alternative pathways are associated with
lipid-raft domains and are sensitive to cholesterol depletion (Lamaze and others
2001; Howes and others 2010). These pathways are further divided by their
recruitment of dynamin into dynamin-dependent or -independent routes (Mayor
and Pagano 2007).

For example, the entry of interleukin-2 receptor (IL-2) and EGF at high
concentration have been proposed to occur via dynamin-dependent but clathrin-
independent way (Lamaze and others 2001; Sigismund and others 2005). Both,
the IL-2 and EGF accumulate in raft domains before being internalized via
uncoated vesicles.

The most studied dynamin-independent pathway is CLIC/GEEC pathway,
which is involved in the uptake of GPI-anchored proteins, extracellular fluid,
bacteria and toxins (for example CT and SV40) (Kirkham and others 2005;
Howes and others 2010). Internalization of GPI-anchored proteins induces
formation of tubular invaginations, CLICs, from the plasma membrane that
further mature into early endosomal compartments GEECs (Sabharanjak and
others 2002). CLIC/GEEC pathway recruits small GTPases Cdc42 and GTPase
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regulator associated with focal adhesion kinase 1 (GRAF1) to regulate the actin
polymerization, and to give rise to tube-shaped membrane invaginations,
respectively (Lundmark and others 2008). Another pathway for GPI-anchored
proteins is dependent on raft-associated proteins flotillins/reggie, but do not
require dynamin (Glebov and others 2006). There are two types of flotillins,
flotillin-1 and flotillin-2, and their co-assembly on the plasma membrane lipid-
raft domain induces plasma membrane invaginations in similar shape and size
range as caveolae, but lack the caveolin proteins (Glebov and others 2006; Frick
and others 2007).

1.5.5 Endosomal trafficking

After being endocytosed, the internalized material is subsequently directed to
endosomal network, a complex vesicular system which main function is to
receive and sort the internalized material to the final destination. Basically, two
main intracellular trafficking pathways exist; a recycling pathway to direct
internalized material back to the plasma membrane, and endo-lysosomal path-
way for degradation. There are four major endocytic compartments: early
endosomes (EE), recycling endosomes, late endosomes (LE) and lysosomes
(Figure 1), which undergo multiple of fission and fusion steps in order to sort
cargo to appropriate destination. The key regulators in endosomal membrane
trafficking are the small GTP-binding Rab family proteins that can exist in
active GTP-bound state or inactive GDP-bound state (Zerial and McBride 2001;
Lee and others 2009). At active state, Rab-proteins are localized to vesicle
membrane, and in association with specific effector proteins guide endosomal
maturation. For example, Rab5 is present on EEs (Gorvel and others 1991),
Rab4 and Rabll are main markers of recycling endosomes (Sonnichsen and
others 2000), and Rab7 and Rab9 for LEs (Rink and others 2005).

No matter along which pathway the materials enter the cells; they are firstly
converged into early endosomes (EEs) that act as initial cargo-sorting stations.
EEs are complex structures that consist of tubular domains and large intralu-
minal vesicles (~400 nm in diameter) (Gruenberg 2001; Jovic and others 2010),
both of which give rise to vesicles with discrete function. The material, that is
destined to recycle back to the plasma membrane, is sorted into tubular region
of EEs, and is subsequently targeted to the cell surface directly or through
recycling endosomes (Figure 1). On the other hand, the material that is destined
for degradation accumulates in vesicle part of EEs (Sonnichsen and others
2000). Importantly, different regions of EEs are also characterized by different
Rab regulatory proteins. Rab5 that is considered to be the key regulatory factor
of EE fusion (Gorvel and others 1991), is mainly localized to vesicular part of
EEs; however the tubular part of EEs lack Rab5, but it is rich in Rab4
(Sonnichsen and others 2000). In addition, the lumen of early endosomes is
mildly acidic with pH~6, which is an appropriate environment for dissociation
of many receptor-ligand complexes.
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The cargo entrapped into intraluminal vesicles of EEs follows further traf-
ficking towards lysosomes. During endosomal maturation from EEs to LEs, the
composition of the endosomal membrane changes and Rab5 is substituted with
Rab7 (Rink and others 2005; Vonderheit and Helenius 2005). In comparison
with EEs, the environment of LEs is more acidic (pH~5), and LEs are generally
bigger with round or oval shape. LEs also contain numeral intraluminal ves-
icles, and therefore are often called as multivesicular bodies (MVB) (Miller and
others 1986) (Figure 1). The pH of endosomes during their maturation is con-
trolled by the concentration of endosomal membrane bound proton pump
ATPases (Forgac 2007). Finally, the internalized material terminates in more
acidic lysosomes (pH 4.5-5), where it is being degraded by lysosomal
hydrolases.

1.5.6 Endosomal release of CPP-cargo complexes

CPPs are promising tools to deliver ONs into cells, however, being mainly
internalized via endocytosis, the main limiting obstacle in CPP-mediated ON
delivery is their entrapment into endosomal vesicle; however, to be functionally
active, cargo needs to escape into cytosol or reach the nucleus. The exact
mechanism, how CPP-cargo complexes promote the endosomal escape, and at
which state and extent it occurs, remains to unknown yet, mainly because of
lack of suitable methods to follow this explicitly.

Recently, a couple of groundbreaking studies conducted by two separate
groups provided new insights into endosomal release of siRNA-lipid nano-
particles (LNP) (Gilleron and others 2013; Wittrup and others 2015). Using a
combination of confocal laser scanning and electron microscopy, Gilleron et al
revealed that the endosomal escape of LNPs occurs from maturing endosomes
with characteristics of both early and late endosomes, and carrying respective
markers. Moreover, only a very small fraction of siRNA was found to be
released from endosomes, accounting only 1-2% of the total amount of
internalized siRNA (Gilleron and others 2013). Similar conclusions were also
made by Wittrup and his colleagues (Wittrup and others 2015). Furthermore,
the authors did not detect endosomal release from late endosomes or lysosome,
showing that endosomal escape occurs during a very narrow time window.
Moreover, only few siRNA molecules per single endosome reached the cytosol,
suggesting that endosomal escape is not achieved through entire endosome
burst, but rather as a consequence of slight permeabilization of the limiting
membrane of endosome (Wittrup and others 2015). Whether the CPP-ON
complexes also act in a similar way, needs further studies.

To increase the rate of endosomal escape of CPP-cargo complexes, several
approaches have been introduced. One possible strategy is to increase the
hydrophobicity of CPPs by attachment of fatty acids to CPP sequence, and
thereby promoting their interactions with membranes. Futaki and coworkers
showed that attachment of N-terminal stearyl moiety to R8 increased its
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efficiency to transfect plasmid DNA into cells by almost 2 orders of magnitude
compared to unmodified R8 (Futaki and others 2001). Later, stearylated-R8 was
also used to improve siRNA delivery (Tonges and others 2006). In addition,
modifying the N-terminus of TP10 with stearyl moiety showed positive effect
on SCO delivery and yielded in transfection efficiency comparable to the
commercial reagent LF2000 without toxicity (Mie and others 2009). Likewise,
addition of hydrophobic amino acid sequences composed of tryptophan or
phenylalanine, have shown to increase the transfection efficiency and endo-
somal release of CPP-cargo complexes (Takayama and others 2009; Rydberg
and others 2012; Lonn and others 2016). For example, attachment of hydro-
phobic penetration accelerating sequence (PAS) to R8 enhanced its intern-
alization as well as widespread cytosolic distribution (Takayama and others
2009). The hydrophobic PAS sequence inserts into the lipid membrane of endo-
somes, leads to membrane destabilization and thereby enhances the endosomal
escape of sequestered material into the cytoplasm. Recently, Lonn et al intro-
duced a tryptophane rich synthetic endosomal escape domain (EED) to improve
the endosomal escape of Tat peptide (Lonn and others 2016). Conjugation of
EED to GFPB11-TAT significantly improved the cytoplasmic delivery com-
pared to the parent peptide without the modification.

Another strategy to overcome endosomal entrapment is attachment of
fusogenic peptides to CPP sequences. One of such peptides is derived from the
influenza virus hemagglutinin protein HA2 that at low pH undergoes conform-
ational change and adopts hydrophobic helical structure that inserts into lipid
membrane, and promotes fusion of viral membrane with endosomal membrane
(Han and others 2001). Attachment of fusogenic peptide HA2 to TAT peptide
drastically improved its transduction properties (Wadia and others 2004).
Increasing the endosomolytic properties of CPPs with incorporation of histidine
residues in the CPP sequence is a third strategy to induce endosomal escape via
“proton sponge effect”. The imidazole group of histidine has a pK, of ~6.0,
which allows absorbing protons in the acidic environment of the endosome,
leads to osmotic swelling, membrane disruption and eventually endosomal
escape (Lo and Wang 2008). Incorporation of histidine residues to arginine-rich
CPPs such as Tat and R9 significantly improved their efficiency to deliver
plasmid DNA into cells (Lo and Wang 2008; Liu and others 2013). Similarly,
replacement of certain amino acids in penetratin sequence by histidine yielded
in endosomolytic a-helical EB1 peptide that exhibited superior siRNA delivery
efficiency over the parent peptide penetratin (Lundberg and others 2007).

Alternative approach for provoking the endosomal escape is to apply
endosomolytic agents, e.g chloroquine. Chloroquine is weak base that accu-
mulates in acidic endosomes or lysosomes, and depending on its concentration,
it can interfere with the acidification of endosomes by preventing accumulation
of protons into endosomes (at low concentrations), or induce influx of ions and
water, and subsequent rapture of endosomes (at high concentrations) (Ciftci and
Levy 2001). Wadia et al demonstrated that Tat-Cre fusion protein internaliza-
tion into nucleus was significantly improved in the presence of chloroquine
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(Wadia and others 2004). Analogously, stearyl-TP10 mediated SCO delivery
and splice-correction activity was drastically enhanced when chloroquine was
included into transfection medium (Méde and others 2009). Despite of its posi-
tive effect on endosomal release, chloroquine is toxic to cells, and its applica-
tion in gene therapy or clinical trials is questionable. Recently, a chloroquine
analogue, trifluoromethylquinoline incorporation into steary-TP10 sequence
resulted in a new peptide PF6 (El Andaloussi and others 2011). PF6 drastically
improved the siRNA delivery and its functionality compared to its parent pep-
tide stearyl-TP10, moreover, PF6 did not exhibit any significant cytotoxic
effects (E1 Andaloussi and others 2011). In addition, PF15, an analogue of PF14
with trifluoromethylquinoline, exceeds the SCO induced splice-correction effi-
ciency mediated by PF14 by almost two-fold (Lindberg and others 2013).

1.6 Scavenger receptors

Scavenger receptors (SR) are transmembrane proteins that were discovered by
Brown and Goldstein in 1979, who originally defined SRs by their ability to
bind and endocytose modified low density lipoproteins (LDL) (e.g. acetylated
and oxidized LDLs), but not native LDL molecules (Goldstein and others
1979). Therefore the early studies on SRs were mainly concentrated on their
role in lipid metabolism and progression of atherosclerosis. However, since
their first discovery nearly four decades ago, the family of SRs has expanded
and now it is clear that SRs comprise a large supergroup of receptors with a
range of physiological and pathological functions. The receptors of this family
are divided into 10 classes, from A-J, based on their structural characteristics
(Figure 2) (Prabhudas and others 2014; Zani and others 2015). Interestingly,
comprising structurally very diverse family with barely no or little structural
homology between the classes, they all share similar function to bind poly-
anionic ligands, including acetylated or oxidized LDLs, high density lipo-
proteins, apolipoproteins, lipopolysaccharides, polyribonucleotides, apoptotic
cells, double stranded (ds) RNA and -DNA, and synthetic nanoparticles
(Pearson and others 1993; Kanno and others 2007; Patel and others 2010;
Lunov and others 2011; Yu and others 2012). Exhibiting such an unusually
broad ligand binding specificity, it is not surprising that SRs participate in
multiple cellular processes, including endocytosis and phagocytosis (Thomas
and others 2000; Peiser and others 2002) cellular adhesion (Cholewa and others
2010), antigen presentation (Abraham and others 1995 and 1997; Nicoletti and
others 1999). SRs also participate in activation of diverse cellular signaling
events (Jozefowski and Kobzik 2004; Baranova and others 2008; Huang and
others 2010b; Zani and others 2015), as well as contribute to the progression of
Alzheimer diseases (El Khoury and others 1996; Husemann and others 2002).
SRs belong to the class of pattern recognition receptors (PPR), and contribute to
innate immune responses by recognizing intact bacteria and viruses, or
pathogen-associated molecules (Hampton and others 1991; Dunne and others
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1994), which is why they are so abundantly expressed in macrophages and other
myeloid cells (Hughes and others 1995). However, SRs are not restricted to
these types of cells, but are also found on numerous other cell types, including
epithelial and endothelial cells, fibroblasts and smooth muscle cells (Pliidde-
mann and others 2007; Prabhudas and others 2014). Recently it was speculated
that due to their wide ligand binding repertoire, SRs do not function alone but
rather belong to heteromultimeric signaling complexes together with Toll-like
receptors (TLR), integrins and tetraspanins (Canton and others 2013). In line of
this, members of SRs have been shown to cooperate with TLR2, TLR3, TLR4
and TLRY (Peiser and others 2002; DeWitte-Orr and others 2010; Yu and others
2012). Furthermore, TLRs and SRs often exhibit overlapping ligand-binding
specificity.
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Figure 2. Illustrative figure of scavenger receptors (adopted from Zani and others
2015). SRs constitute a large family of receptors, which according to the structural
domains are divided into 10 classes, from A-J. The specific domains of class A recep-
tors are indicated in the figure.
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1.6.1 Class A scavenger receptors

Class A scavenger receptors (CA-SR or SCARA) belong to a group of type two
transmembrane glycoproteins with heterotrimeric structure (Kodama and others
1990). To date, five members of this class have been identified: SR-A1, and its
splice variants SR-A II and SR-A III; MARCO; SR-A3; SR-A4 and SR-A5
(Figure 2), where all monomers have a short cytoplasmic tail, single trans-
membrane domain, spacer region, and long extracellular domain (Pliiddemann
and others 2007). A unique structural feature among the members of cA-SR is
the collagenous domain in extracellular domain of receptors (Figure 2). Addi-
tionally, SR-A1, MARCO and SR-A5 have a cysteine-rich domain in the
extracellular part (Pliiddemann and others 2007). Nevertheless, being under
investigation for years, only a few aspects about the multi-domain organization
are known. By far, the best studied cA-SR receptors are SR-A1 and MARCO,
and it has been proposed that positively charged regions in the extracellular
domain are responsible for ligand binding. MARCO binds ligands mainly via
the cysteine-rich domain (Ojala and others 2007); however, recognition of
acetylated and oxidized LDLs by SR-AT1 is believed to be assisted rather by
collagenous domain (Doi and others 1993). The cytoplasmic domain of cA-SR
receptors regulates their membrane localization and internalization (Kosswig
and others 2003; Chen and others 2006).

SR-A1l and MARCO are generally expressed in macrophages and other
myeloid cells (Hughes and others 1995) with main function to endocytose
modified LDLs, but also bacteria and other pathogen associated proteins, and
thus provide innate defense against pathogens (Elomaa and others 1995;
Limmon and others 2008; Zhu and others 2011). SR-A1 has also been
implicated in lipid metabolism by its ability to bind apolipoproteins (Gao and
others 2003). In addition to macrophages, SR-A1 receptors are also present on
endothelial and smooth-muscle cells (Pitas 1990; Mietus-Snyder and others
2000). SR-A3, also known as cellular stress-response protein (CSR), is
upregulated under oxidative stress conditions (UV irradiation), and thus protects
cells against oxidative stress by scavenging reactive oxygen species (Han and
others 1998). Unlike to SR-A1 and MARCO, SR-A3 was found to localize in
the cell cytoplasm of HeLa cells near the endoplasmic reticulum (ER)/Golgi
complex (Han and others 1998). SR-A4, a scavenger receptor with C-type
lectin, is mainly expressed on endothelial cells, and contributes to innate
immunity responses by recognizing microbes (Nakamura and others 2001).
Importantly, SR-A4 binds only with oxidized LDLs, not acetylated LDLs
(Ohtani and others 2001). SR-A5 is mainly expressed on fibroblasts and
epithelial cells, and its expression was found to be particularly high in testis,
lung, bladder, and small intestine (Jiang and others 2006; Li and others 2009;
DeWitte-Orr and others 2010). In analogy to SR-A3, SR-AS localizes to the
regions near the ER and TGN in CHO cells (Jiang and others 2006). SR-AS5 has
the capacity to bind bacteria, viral dsSRNA, but not modified LDLs (Jiang and
others 2006; DeWitte-Orr and others 2010). SR-AS also functions as a receptor
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of serum ferritin, and thus participates in transferrin-independent iron uptake (Li
and others 2009). Recent studies have identified the possible role of SR-A3 and
SR-AS5 to act as tumor-suppressor genes. Low SR-AS5 levels in human hepato-
cellular carcinoma (HCC) have been linked with the progression of the disease
(Huang and others 2010b). In contrary, elevating the SR-AS levels in HCC cells
in vitro or in vivo mice model significantly suppressed the colony formation of
the cells and tumor growth in mice. The molecular mechanism by which SR-AS5
inhibit tumorigenesis was found to rely on its ability to bind focal adhesion
kinase, and to suppress its phosphorylation (Huang and others 2010b). Thera-
peutic potential of SR-A5 was also confirmed in glioma and lung cancer models
in vivo (Yan and others 2012). Over-expression of SR-A3 in mice with induced
prostate cancer has resulted in decreased metastasis and inhibition of tumor
growth (Yu and others 2006; Zhu and others 2009). In contrary, high SR-A3
levels in ovarian cancer are related with the progression of cancer (Bock and
others 2012).

The ability of cA-SR receptors to bind NAs made them an exceptionally
important in regard of this thesis. Members of cA-SRs have been shown to bind
polyribonucleotides (Pearson and others 1993), unmethylated CpG oligonucle-
otides (Jozefowski and others 2006), dsDNA (DeWitte-Orr and others 2010),
dsRNA (Limmon and others 2008; Dieudonne and others 2012), synthetic
dsRNA (Nellimarla and others 2015), polyvalent oligonucleotide-functionalized
gold nanoparticles (Patel and others 2010), and spherical nucleic acid nano-
particles (SNA) (Choi and others 2013). Importantly, we demonstrated the
involvement of two members of cA-SR, SR-A3 and SR-AS, in the uptake of
PF14-SCO nanocomplexes (Ezzat and others 2012). Pre-treatment of HeLa
pLuc705 cells with cA-SR competitive ligands poly-I and dextran sulfate, or
simultaneous down-regulation of SR-A3 and SR-AS5 with siRNAs, substantially
decreased the binding and internalization as well as the biological effect of
PF14-SCO nanoparticles (Ezzat and others 2012). Furthermore, using trans-
mission electron microscopy (TEM), we demonstrated that both cA-SRs can
directly bind PF14-SCO nanocomplexes on the plasma membrane, and the col-
ocalization was retained even after internalization inside the vesicles (Juks and
others 2015).

SRs are known to bind anionic ligands, however, the negative charge is not
the only feature necessary for binding to cA-SRs. Prof. M. Krieger and his
workgroup showed that cA-SRs bind and internalize with high efficiency
negatively charged polyribonucleotides poly-I and poly-G. However, negatively
charged but structurally distinct molecules poly-A and poly-C are not recog-
nized by cA-SRs (Pearson and others 1993). It was found that poly-I and poly-
G aggregate under physiological conditions and acquire a four-stranded helical
structure. Poly-C and poly-A, in contrary, cannot assemble into such structures,
suggesting that only aggregated forms of polyribonucleotides can bind cA-SRs
(Pearson and others 1993). The requirement for distinct ligand structure was
recently demonstrated by Choi and coworkers when studying the uptake of
negatively charged SNAs (Choi and others 2013). The authors demonstrated
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that SNA with three-dimensional architecture are efficiently recognized and
endocytosed by cA-SRs, however, their linear counterparts did not show any
affinity to cA-SRs (Choi and others 2013), demonstrating that in addition to
negative charge the structure of the ligand is also a decisive feature to be
recognized by cA-SRs.

The mechanism by which SRs gain access into cells relies mainly on
endocytosis, and all the major endocytic pathways have been implicated in their
uptake, i.e clathrin-mediated endocytosis (Chen and others 2006; Lunov and
others 2011), caveolin-mediated endocytosis (Zhu and others 2011; Choi and
others 2013), and macropinocytosis (Yao and others 2009). Following the inter-
nalization, receptor-ligand complex is thought to be dissociated under low-pH
of endosomes, and the ligands are destined for degradation. Receptors are
probably targeted to the plasma membrane through TGN to aid in further ligand
bindings (Murphy and others 2005).
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2. AIMS OF THE STUDY

The aim of the current thesis was to examine the cellular uptake and intra-
cellular trafficking of negatively charged PF14-SCO nanocomplexes with
emphasis to class A scavenger receptors.

Specific aims:

1.

To study the potential role of scavenger receptors in the uptake of
PF14-SCO nanocomplexes, by utilizing pharmacological inhibitors and
RNAI in combination with microscopic approaches (Paper I, II and III).

In order to provide more insight into role of cA-SRs, to determine
whether the PF14-SCO nanocomplexes can directly interact with
respective cA-SRs receptors on the plasma membrane (Paper II and I1I).
To elucidate the particular endocytosis mechanism(s) responsible for
the uptake and functionality of PF14-SCO nanocomplexes, as well as to
examine the intracellular trafficking of the nanocomplexes (Paper II
and III).

Since SR-A3 and SR-AS5 are not present on the cell surface of control
cells, to unravel the mechanisms that trigger the recruitment of SR-A3 and
SR-AS from the cell cytoplasm to the plasma membrane (Paper IV).
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3. METHODOLOGICAL CONSIDERATION

The methods used in the current thesis are described in detail in the respective
papers included in the current thesis, and the following section only provides a
brief overview of selected methods.

3.1 Cell lines

Throughout the current thesis, the majority of the experiments were conducted
on human cervical cancer cells, HeLLa pLuc705 cell line, a kind gift from Prof.
R. Kole (Kang and others 1998). HeLLa pLuc705 cells are stably transfected with
luciferase encoding plasmid that contains a mutated p-globin intron. The muta-
tion causes aberrant splicing of luciferase mRNA and loss of functional lucifer-
ase. However, targeting of splice-correcting oligonucleotides (SCOs) comple-
mentary to the mutated region redirects the splicing-machinery and restores the
production of the protein (Figure 3) (Kang and others 1998). HeLa pLuc705 cell
line is a commonly used in vitro model to evaluate the delivery efficiency of
SCOs by CPPs in terms of splice-correction. In order to place our results in the
broader context and to enable comparison with previously published results, the
respective cell line was used in current study. Additionally, the human T lym-
phocyte cell line, Jurkat cells were included into Paper IV as control for
recruitment of receptors to the plasma membrane.

All the cell-lines were grown at 37°C in humidified atmosphere containing
5% CO, with the appropriate culture media supplemented with 10% fetal
bovine serum, and 200 U/mL penicillin and 200 pg/mL streptomycin.
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Figure 3. Schematic illustration of splice-correction assay (adopted from Said Hassane
and others 2010). Luciferase reporter gene is interrupted by insertion of human -
globine intron (blue) that carries point mutation at nucleotide position 705. This
mutation causes abberant splicing and loss of functional protein. Nuclear delivery of
specific oligonucleotide, ON~ys, aigainst the mutated region redirects splicing-machin-
ery and restores production of functional luciferase protein.
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3.2 Used CPPs and oligonucleotides

The current thesis aimed to elucidate the mechanisms of one of the effective
SCO delivery vector, PepFect14 in more detail. The design of PF14 is based on
stearyl-TP10 in which the lysines are replaced by ornithines and isoleucines are
substituted with leucines. The idea of such modifications was based on earlier
reports where the poly-L-ornithines possessed superior transfection efficiency
over the poly-L-lysine based systems in terms of better nucleic acid binding and
stable nanoparticle formation (Ramsay and Gumbleton 2002). Furthermore, as
ornithine is a nonstandard amino acid, thus it would be less prone to degrad-
ation by serum proteases, and therefore would also improve the stability of the
nanocomplexes in the presence of serum.

Additionally, in Paper IV also other amphipathic CPPs TP10, PF6, CADY
and pepnetratin, and cationic R9 (Table 2) were included to the study to assess
their potency to recruit SR-A3 and SR-AS to the plasma membrane.

The phosphorothioate 2° OMe (PS-2'-OMe, 5'-CCU CUU ACC UCA GUU
ACA-3") SCO was used as a nucleic acid cargo molecule whose effect can be
quantified in HeLa pLuc705 cells. Depending on the assay, the 5 end of the
oligonucleotide was labeled either with CyS5 or nanogold tag (d=1.4 nm), or was
left unmodified.

Table 2. Examined CPPs and their sequences.

CPP Sequence Reference

PF14 Stearyl-AGYLLGKLLOOLAAAALOOLL-NH2 |Ezzat and others 2011

TP10 AGYLLGKINLKALAALAKKIL- NH2 Soomets and others
2000

PF6 Stearyl-AGYLLGK*INLKALAALAKKIL-NH2 |El Andaloussi and
others 2011

CADY GLWRALWRLLRSLWRLLWRA-cysteamide | Crombez and others
2009

Penetratin | RQIKIWFQNRRMKWKK- NH2 Derossi and others
1994

R9 RRRRRRRRR Mitchell and others
2000

* Four molecules of chloroquine analogue coupled at this position via lysine tree.

3.3 Formation of non-covalent nanocomplexes

There are two main strategies to couple ONs with delivery vectors: a covalent
conjugation and non-covalent complexation. The non-covalent strategy is suit-
able for negatively charged ONs, and therefore throughout the studies presented
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in the current thesis, we used the non-covalent association strategy that relies on
electrostatic and hydrophobic interactions of positively charged CPPs and neg-
atively charged ONs to spontaneously form nanocomplexes.

The noncovalent complexes were formed in a similar manner throughout the
study. Briefly, PF14 and PS-2"- OMe SCOs were co-incubated in MilliQ water
at molar ratio (MR) 5 to achieve 1 uM and 200 nM final concentrations, re-
spectively. Complexes were formed at room temperature for 30—60 min, and
subsequently, nanocomplexes were directly added to the cells grown in the
presence or absence of serum and incubated for appropriate time periods.

3.4 Methods to study the involvement of cA-SRs in
the cellular uptake of PF14-SCO nanocomplexes

3.4.1 Pharmacological inhibition of SR-A3 and SR-A5, and RNAI

Scavenger receptors comprise a large supergroup of receptors with the ability to
bind poly-anionic ligands (Pearson and others 1993). In order to assess whether
the cA-SRs participate in the uptake of negatively charged PF14-SCO nano-
complexes, the effect of cA-SRs specific inhibitory ligands polyinosinic acid
(poly-I), dextran sulfate and fucoidan was examined on the cellular uptake and
functionality of the nanocomplexes. The respective controls, polycytidylic acid
(poly-C), chondroitin sulfate and galactose are structurally similar to inhibitory
ligands, although with no affinity against cA-SRs. The effect of the inhibitors
on the association with cells and cellular uptake, or splice-correction activity and
luciferase expression was examined with TEM or luminometer, respectively.

Since the aforementioned inhibitors are not exclusively selective, we also
used RNAI to down-regulate SR-A3 and SR-AS. siRNAs for respective recep-
tors were used as a mixture at 25 nM concentration of each, and were trans-
fected into cells using Lipofectamine RNAIMAX. 24 or 48 h after the
transfection with siRNAs, unlabeled or Cy5 labeled PF14-SCO nancomplexes
were added to the cells and the enzymatic activity of luciferase, or cellular
uptake of the nanocomplexes was examined with luminometer, or FACS or
fluorescence plate reader, respectively.

3.4.2 Confocal laser scanning microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) is quick and informative approach
to examine the colocalization of the molecules of interest, and follow the
trafficking and cellular localization of the nanoparticles in relation to cellular
structures by using fluorescently labeled probes in both live and fixed cells.
Therefore, in the current thesis CLSM was exploited for immunofluorescence
experiments with specific antibodies in fixed cells, or to follow the trafficking
of the nanocomplexes in relation to intracellular organelles in live cells. For
immunofluorescence experiments, after treatment of cells with nanocomplexes
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or SCOs for appropriate time, the cells were fixed with 4% paraformaldehyde
(PFA) fixative in PBS and permeabilized with Triton X-100 to allow the anti-
bodies to reach their intracellular antigen. Thereafter, the cells were treated with
respective primary and secondary antibody carrying fluorescent dyes. Finally, to
preserve the morphology of the cells, cells were mounted with Fluoromount G.

In order to retain the integrity of the plasma membrane and to visualize
receptors only on the plasma membrane, cells were fixed with non-permeab-
ilizing fixative by using 3% PFA in 0.1 M phosphate buffer (pH 7.4). The
intactness of the plasma membrane after fixation was controlled either by DNA-
stain DAPI or lysosomal protein LAMP-2 staining. If the cells were intact,
DAPI could not pass the plasma membrane and stain the nucleus, and the inte-
gral LAMP-2 was not targeted to the plasma membrane.

The CLSM images were captured with Olympus FluoView FV1000 confocal
laser scanning microscope (Olympus, Japan).

3.4.3 Transmission electron microscopy (TEM)

Although, CLSM is powerful and informative method for following the cellular
localization and trafficking of the fluorescent molecules, the method still has
some limitations. The resolution of optical microscopy does not allow to study
the cellular structures and interactions of molecules in detailed manner. More-
over, fluorescent dyes are susceptible for photobleaching that might decrease
the signal. The high magnification and resolution provided by TEM can solve
the issues related with CLSM, and therefore in order to provide more detailed
data about the interactions with cells, i.e. cellular localization and interactions
with receptors, this technique was used throughout the current study. In the cur-
rent thesis, we utilized two different TEM methodologies- “classical” TEM and
immuno-TEM. For classical TEM analysis, we used nanocomplexes of PF14
with nanogold-labeled (d=1.4 nm) SCO. After the transfection of the cells with
the nanocomplexes for appropriate time, cells were fixed with 2.5% glutaralde-
hyde. Due to the small size of the gold-tag (1.4 nm) it is not readily detectable
by TEM, and thus the gold tag was enlarged by silver deposition for better visu-
alization. After the silver enhancement, specimens were post-fixed with 1%
050, and dehydrated with ethanol series. Finally, specimens were flat-embed-
ded in epoxy resin and ultrathin sections from the resin were cut. Images were
captured at 100 kV accelerating voltage on JEM-100S (JEOL, Japan) TEM.

To confirm the results obtained with confocal microscopy and in order to
examine the interactions of SR-A3/SR-AS5 and PF14-SCO nanocomplexes more
precisely, we used the immuno-TEM and labeled the receptors and nano-
complexes with colloidal gold tags with different sizes. Such labeling allowed
us to simultaneously detect the nanocomplexes and receptors, map their cellular
distribution, and ascertain whether the nanocomplexes can associate with
respective receptors directly, i.e. whether they reside in close proximity. Briefly,
SCOs labeled with 10 nm colloidal gold were complexed with PF14, and the
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receptors were labeled with the respective primary antibodies and secondary
antibodies labeled with 6 nm colloidal gold particle. As 6 and 10 nm labels can
be easily distinguished under TEM, no silver enhancement is required. In order
to preserve the ultrastructure of the cells and the antigenicity of the antibodies,
instead of classical fixation for TEM with 2.5% glutaraldehyde, we used milder
PLP (paraformaldehyde-lysine-periodate) fixative and permeabilization with
0.01% saponin. Images were captured at 120 kV accelerating voltage on FEI
Tecnai G2 Spirit (FEI, The Netherlands) TEM.

3.5 Methods to study the cellular uptake mechanism and
intracellular trafficking of PF14-SCO nanocomplexes

3.5.1 Cellular uptake experiments

The most common methods to study the cellular uptake of nanocomplexes are
the inhibition of respective pathways by pharmacological inhibition of endo-
cytosis, or RNAI. In the current thesis we used the both methods. Among the
pharmacological inhibitors, nystatin was used to inhibit the caveolin-dependent
endocytosis, amiloride or EIPA to interfere with macropinocytosis and chlor-
promazine to inhibit CME. The effect of the endocytosis inhibitors on the
splice-correction activity of the nanocomplexes was examined by measuring the
luciferase expression with luminometer. The effect of down-regulation of
cavoeolin-1 with specific siRNA on the cellular uptake of Cy5 labeled PF14-
SCO nanocomplexes was examined by using fluorescence plate reader.

In order to better visualize the induction of macropinocytosis and caveolin-
dependent endocytosis, we analyzed the colocalization of Cy5-labeled PF14-
SCO nanocomplexes with fluorescently tagged 70 kDa dextran in live cells; or
staining caveolin-1 in fixed cells by specific antibody, respectively. All the
images were captured with CLSM and quantified with FluoView1000 program
(Olympus).

3.5.2 Intracellular trafficking of PF14-SCO nanocomplexes

In order to unravel the intracellular trafficking and destination of PF14-SCO
nanocomplexes after internalization, we mapped the localization of nano-
complexes in relation to acidic/degradative vesicles, Golgi network and endo-
plasmic reticulum (ER) by fluorescence microscopy.

Trafficking of nanocomplexes or SCOs along the endo-lysosomal pathway
was examined with pH sensitive probe LysoSensor DND. The fluorescence
intensity of the probe rises gradually as the pH of the vesicle drops, and thus the
change in fluorescence intensity allows us to estimate the acidity of the vesicles
containing PF14-SCO nanocomplexes. Additionally, to assess whether the
nanocomplexes are targeted to lysosomes, final destinations in endo-lysosomal
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pathway, immunofluorescence experiment against lysosomal membrane protein
LAMP-2 was conducted.

In order to determine whether the PF14-SCO nanocomplexes enter the
recycling pathway for being exocytosed, we mapped their localization in
relation to trans-Golgi network with a TGN46 specific antibody or fluorescently
labeled ceramide in fixed and live cells, respectively. Localization of complexes
to ER was mapped with fluorescently labeled ER marker Blue-White DPX.
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4. RESULTS AND DISCUSSION

4.1 Involvement of scavenger receptors in the cellular
uptake of PF14-SCO nanocomplexes (Paper I, 11I)

It has been expected that due to the cationic nature of the CPPs and its molar
excess over ONs in nanoparticle formulation, the CPP-ON nanoparticles pos-
sess positive charge that enables interactions with negatively charged plasma
membrane components and subsequent entry into cells in analogy with “naked”
CPPs. Nevertheless, recently it was demonstrated that PF14-SCO nanocom-
plexes have negative zeta potential (Ezzat and others 2011). The anionic nature
of the nanocomplexes should repel them from the plasma membrane, however,
PF14-SCO nanocomplexes still exhibit high splice-correcting activity. This
finding hints that the internalization of PF14-SCO might be assisted by some
receptors. Therefore, in Paper I we aimed to elucidate the possible receptor/
binding partners that facilitate the internalization of PF14-SCO nanocomplexes.

At first we aimed to examine the changes in zeta-potential in more detail in
different environments. We found that in MilliQ water, where the nanoparticles
are initially formed, the zeta-potential was highly dependent on the molar ratio
of the nanocomplexes. At MR3 nanocomplexes were negatively charged, but at
MRS5 or MR10, nanocomplexes acquired nearly neutral or positive charge,
respectively. However, in the presence of serum or in NaCl solution, nanoparti-
cles were negatively charged at all MRs tested in this paper, suggesting that the
negative zeta potential is not barely determined by negatively charged serum
components, but rather by the salts and pH of the environment.

Further, we shifted our focus on the elucidation of the possible receptors that
might contribute to the uptake of PF14-SCO nanocomplexes. One of the prob-
able candidates were class A scavenger receptors with their ability to bind poly-
anionic ligands (Pearson and others 1993). Importantly, cA-SRs also exhibit
promiscuous binding of variety of nucleic acids (Pearson and others 1993;
DeWitte-Orr and others 2010; Patel and others 2010). First, we conducted a
pilot experiment with well-known cA-SR inhibitory ligands poly-1, dextran sul-
fate and fucoidan, which binding to receptors should interfere with the associa-
tion of other possible ligands. Poly-C, chondroitin sulfate and galactose were
used as respective negative controls. These molecules are chemically related
with inhibitory ligands, however, have no affinity for cA-SRs. Pre-incubation of
HeLa pLuc705 cells with inhibitory ligands substantially decreased the splice-
correction activity of PF14-SCO in a concentration-dependent manner. Poly-I
and fucoidan at 25 pg/mL and 5 pg/mL concentration, respectively, almost
completely blocked the activity of PF14-SCO nanocomplexes. The most potent
inhibitory ligand was dextran sulfate, yielded in more than 80% of reduction in
luciferase expression already as low as at 0.5 pg/mL concentrations, and at 5
ug/mL concentration the activity of PF14-SCO was completely abolished. Con-
versely, respective negative control compounds did not affect the uptake and
functionality of the nanaocomplexes. Furthermore, to confirm the effect of the
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cA-SR inhibitors on the cellular association and uptake of nanocomplexes, we
used TEM. In control cells, PF14-SCO complexes were abundantly associated
with cells and already after 1 h, nanocomplexes had entered the cells where they
located mainly in endosomal vesicles. However, in concordance with splice-
correction assay, pre-treatment of cells with dextran-sulfate almost completely
blocked the association and internalization of the complexes to cells, whereas
the pre-treatment with chondroitin sulfate did not affect the ability of complexes
to bind and internalize to cells. Collectively, these results demonstrate that when
cA-SRs are not available for ligand binding at the cell surface, i.e. the sites for
ligand docking on the receptor are already occupied; association of PF14-SCO
nanoparticles with cells and subsequent entry into cells are abolished.

4.1.1 SR-A3 and SR-A5 are the binding
partners for PF14-SCO nanoparticles

After verifying that the cA-SR inhibitory ligands compete with and block the
binding of nanocomplexes to cA-SRs, our next aim was to identify whether the
HeLa pLuc705 cells express the cA-SRs at all, and if they do so, which type of
cA-SRs participate in the uptake of PF14-SCO nanocomplexes. Using the real-
time PCR, we found that only two members of cA-SRs, SR-A3 and SR-AS, are
expressed in HeLa pLuc705 cells. The participation of the respective receptors
in functionality of nanocomplexes was further verified by RNAi experiment.
We found that simultaneous knock-down of SR-A3 and SR-AS5 substantially
decreased the splice-correcting activity of the complexes, yielding in slightly
more than 50% of reduction in luciferase expression. However, the pharmaco-
logical cA-SR inhibitors yielded in substantially higher inhibition rates. Such
moderate effect of cA-SR downregulation to cell entry of ONs has also been
observed in earlier studies (Patel and others 2010; Saleh and others 2006), and
might suggest that multiple receptors with overlapping functions participate in
uptake of nanocomplexes. We speculate that the residual activity of nanocom-
plexes after RNAi might be due to rapid regeneration of the receptors pool after
down-regulation, or other scavenger or pattern recognition receptors might par-
ticipate in the uptake. Recently, it was found that the uptake of PF14 analogue,
PF32, into brain endothelial cells and across the blood-brain barrier model
besides to SR-A3 and SR-AS5, is also dependent on SR-B1 receptors (Srimanee
and others 2016). The possible involvement of SRs form other classes during
the uptake of PF14-SCO needs still to be further tested.

In brief, the results from inhibition assay and RNAIi strongly support the
involvement of SR-A3 and SR-AS in the uptake of PF14-SCO nanocomplexes.

42



4.1.2 PF14-SCO nanocomplexes colocalize with SR-A3 and SR-A5

In order to assess whether the nanoparticles can associate with respective
receptors, we analyzed the colocalization of SR-A3/-A5 and PF14-SCO nano-
complexes by immunofluorescence assay. Here, the Cy5 labeled SCOs were
complexed with PF14, and SR-A3 and SR-AS were visualized with SCARA3
and SCARAS antibodies and respective fluorescently-labeled secondary anti-
bodies. After 1 h of incubation, the nanocomplexes showed prevalent colocali-
zation with SR-A3 and SR-AS5 on the plasma membrane, however, the colocali-
zation was found to be more prominent under 4°C, a condition that avoids the
endocytosis. Moreover, the colocalization was retained even inside the cells in
vesicles, corroborating the fact that SR-A3 and SR-AS5 participate in the uptake
of the nanocomplexes. Still, the overlap was not complete and the SR-A’s sig-
nal appeared only at the edges of the nanoparticles that might be due to the large
size of the complexes and localization of receptors in one site.

Surprisingly, the naked SCO at high concentration (1 uM), but not at nano-
molar range (200 nM), showed also a substantial colocalization with both
receptors. Moreover, the naked SCO at as high as 5 uM concentration induced
more than 3-fold increase in luciferase expression compared to untreated cells.
However, the naked SCO is still by far less efficient in switching splicing than
in complexes with PF14 that induced more that 120-fold increase in luciferase
activity compared to untreated cells. As the binding with cA-SRs is also
dependent on the structure of the ligand, it is likely that at higher concentrations
SCOs starts to form aggregates (Ezzat and others 2015), which is an essential
structural feature for binding to cA-SRs (Pearson and others 1993).

Still the question remains, what gives the overall negative charge of the
nanocomplexes? The nanoparticles obtained negative zeta-potential also in the
absence of serum, thus, the negative charge is not a result of adsorption of
anionic serum proteins, but must be determined by other factors. Previously, it
has been shown that the binding of oligonucleotide-functionalized gold nano-
particles (DNA-Au-NP) to cA-SRs is highly dependent on the density of DNA
exposed on the surface of nanoparticles (Patel and others 2010). During the
examination of the effect of SR inhibitory ligands on nanoparticles with differ-
ent amount of DNA molecules, the authors revealed that reducing the density of
DNA on nanoparticles reduced the inhibitory effect as well as the uptake of the
nanocomplexes. They suggested that the dense monolayer of DNA around the
nanoparticle mimics the helical structure of cA-SR inhibitory ligands, i.e. poly-I
(Pearson and others 1993), and thus facilitates association with scavenger recep-
tors (Patel and others 2010). Similarly, the dense oligonucleotide shell of
spherical nucleic acids (SNAs) contributes to the uptake via cA-SRs (Choi and
others 2013). According to published papers and our results, it is tempting to
speculate that during the nanoparticle formulation, SCOs are partially exposed
on the surface of the nanoparticles that gives the overall negative charge and
facilitates recognition by SR-A3 and SR-AS5 receptors.
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4.2 Cell entry mechanism and intracellular trafficking
of PF14-SCO nanocomplexes (Paper I, IlI)

In paper II, we focused on the uptake mechanisms and intracellular trafficking
of PF14-SCO nanocomplexes. There is no unique or universal mechanism for
cellular uptake of CPPs, and frequently more than one internalization pathway
is exploited simultaneously. Moreover, SRs can induce their internalization via
all common endocytic pathways. In order to elucidate the exact uptake mecha-
nism and subsequent cellular destination for PF14-SCO nanocomplexes, we
used a combination of confocal- and electron microscopy techniques to map
their localization in relation to cellular structures.

4.2.1 Binding to SR-A3 and SR-A5 induces uptake via
macropinocytosis and caveolin-dependent endocytosis

In Paper I, using TEM, we demonstrated that after internalization the PF14-
SCO nanocomplexes reside mainly in vesicular structures, suggesting that the
internalization of the nanocomplexes occurs mainly via endocytosis, however,
we did not elucidate the exact mechanism. The most common methods to
determine the endocytic pathway(s) along which the material is internalized into
cells relies mainly on different pharmacological inhibitors of endocytosis, or
RNAI to knock-down specific proteins involved in respective pathways. Since
SRs can induce their entry into cells via all endocytic pathways described so far,
i.e. CME, caveolin-dependent endocytosis and macropinocytosis, and in order
to determine which one(s) contribute the activity of PF14-SCO nancomplexes,
we first utilized a set of pharmacological inhibitors. We ascertained that the
inhibition of macropinocytosis with EIPA reduced the splice-correction activity
of nanocomplexes by about 80%, and nystatin, an inhibitor of caveolin-depend-
ent endocytosis, yielded in 30% drop of luciferase activity. However, inhibition
of CME, the main entry route for receptor-mediated endocytosis, did not affect
the activity of the nanocomplexes at all. To further confirm the minor role of
caveolin-dependent entry route, we knocked down caveolin-1 and assessed its
effect on the uptake of PF14-SCO nanocomplexes. In concordance with inhibi-
tory assay, down-regulation of caveolin-1 substantially reduced the uptake of
the nanocomplexes of PF14 and Cy5 labeled SCOs, and yielded in 40% of
reduction compared to untreated cells, or cells treated with non-targeted siRNA.
Since the inhibition of endocytic routes with pharmacological inhibitors is not
very specific, and in order to further validate the results, colocalization of PF14-
SCO nanoparticles with 70 kDa dextran and caveolin-1, markers for
macropinocytosis and caveolae respectively, was examined. The nanocom-
plexes showed substantial colocalization with both markers at the plasma mem-
brane as well as inside the cells in vesicular structures, corroborating the
involvement of macropinocytosis and caveolin-dependent endocytosis in their
uptake.
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Macropinocytosis and caveolin-dependent endocytosis are also prevalent
uptake routes for PF14-pDNA nanocomplexes (Veiman and others 2013), as
well as for other TP10 analogue, NickFects with pDNA (Arukuusk and others
2013).

Collectively, our results demonstrate that at least two cell entry mechanisms,
macropinocytosis and caveolin-mediated endocytosis, are active in parallel
during the uptake of PF14-SCO.

4.2.2 PF14-SCO nanocomplexes do not enter the recycling pathway

After being internalized, endocytosed material is being subsequently sorted and
directed to its final destination mainly via two major intracellular pathways:
endosomal recycling pathway that directs the cargo back to the plasma mem-
brane, or endo-lysosomal pathway to target the material to lysosomes for degra-
dation. The exact internalization pathway might also influence the final destina-
tion of the payload. For example, CT and SV40 that are internalized via caveo-
lae are directly trafficked to the Golgi apparatus and ER (Pelkmans and others
2001; Le and Nabi 2003). An interesting finding was recently published by
Sahay et al, who showed that after internalization via macropinocytosis siRNA-
LNP nanoparticles are directly targeted to late endosomes where siRNA is dis-
sociated from the LNP, and is subsequently recycled back to the plasma mem-
brane (Sahay and others 2013). Moreover, after internalization, cA-SRs reach
the TGN, where they are packed into secretory vesicles and are trafficked to the
plasma membrane (Mori and others 1994). In order to assess the role of re-
cycling pathway, the localization of CyS5 labeled SCO and PF14 nanocomplexes
were mapped in relation to Golgi apparatus either with antibody-staining against
TGN46 (trans-Golgi network protein), or fluorescently labeled ceramide in time
dependent manner. Here, we found that only a negligible fraction of internalized
nanocomplexes colocalized with TGN46 or ceramide after 30 min, and in time
after 1 h, the number was even decreased, and only about 1% of the total inter-
nalized complexes showed colocalization with Golgi markers. Thus, PF14-SCO
nanocomplexes avoid targeting to Golgi apparatus and recycling pathway after
internalization, and other pathways might contribute to the cellular trafficking
of the nanocomplexes. Additionally, we also did not observe any colocalization
of nanocomplexes with ER marker.

4.2.3. PF14-SCO nanocomplexes avoid targeting to lysosomes

The other major intracellular route is the endo-lysosomal pathway that targets
the endocytosed material through gradually acidified vesicles, and it finally
terminates in lysosomes where the payload is degraded. The acidity of the intra-
cellular vesicles can be monitored with pH sensitive probe LysoSensor. Lyso-
Sensor enters the cells via endocytosis and its fluorescence intensity depends on
the pH of the vesicles, i.e. the more acidic vesicles emit brighter fluorescence
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signal than vesicles with neutral or slightly acidic pH. Trafficking of the Cy5
labeled PF14-SCO nanocomplexes through endo-lysosomal pathway was mon-
itored in time and the results were compared with the naked SCO. After 1 h,
majority of the internalized complexes were mainly located in cell periphery in
rather non-acidic vesicles that lacked LysoSensor signal. However, further in
time, the complexes-containing vesicles had increased in size and moved deeper
into the cells, but still the majority of them did not colocalize with LysoSensor,
and only very rare colocalization with LysoSensor-positive vesicles was
observed after 4 h. Moreover, no significant colocalization was detected for
lysosomal protein LAMP-1 and PF14-SCO nanocomplexes over 4 h examina-
tion time, suggesting that PF14-SCO avoid targeting to acidic lysosomes, and
they are mainly retained in non-acidic or slightly acidic early/late endosomes, at
least during the time window examined in the current thesis. This result is also
in good concordance with the results obtained with pharmacological inhibitors
of endocytosis. The endocytic vesicles derived from caveolae are considered to
give rise to intracellular vesicles with rather neutral pH due to the slower matu-
ration rate; and thus, this might provide an opportunity to retain the functional-
ity of the SCO and promote the endosomal escape before reaching the highly
acidic lysosomes. These results are also well in line with earlier results from our
laboratory. Rédgel et al showed that the internalization of CPP-protein com-
plexes, specifically TP-avidin constructs are partially sequestered into non- or
slightly acidic vesicles (Réddgel and others 2009). Here, the authors also sug-
gested that the vesicles with slightly acidic interior were probably derived from
caveolae-dependent pathway, as the caveolin-dependent entry route is the main
uptake mechanism for TP-protein complexes (Sdilik and others 2009). In anal-
ogy with this and our current results, also spherical nucleic acids (SNA) that
enter the cells via cA-SR and caveolin-dependent manner (Choi and others
2013) are not targeted to acidic lysosomes, but rather reside in slightly acidic
early/late endosomes, even over 24 h study-time (Wu and others 2014).

However, unlike to nanocomplexes, naked SCOs at 1 uM concentration
were trafficked to acidic vesicles already within 2 h, as confirmed by LysoSen-
sor and LAMP-1 staining. Further in time, even higher proportion of the SCOs
were sequestered into acidic vesicles, and after 4 h the majority of internalized
SCOs showed intense colocalization with LAMP-1.

In order to pinpoint the time frame after which the nanoparticles start to
escape from endososomes, we mapped their cellular localization in time by
using TEM. We found out that already after 30 min of incubation, some of the
nanocomplexes had entered the cells and located in endosomal vesicles, most
commonly in MVBs. Further in time, the number of the nanocomplexes that
had entered the cells was even increased, and starting from 1 h we could also
detect vesicles with discontinuous membranes and escape of the nanocomplexes
to the cytosol. However, over 4 h of incubation time only few gold-labeled
SCOs had reached the nucleus where they can redirect splicing. In order to
estimate the efficiency of endosomal escape, we counted the number of total
internalized nanocomplexes and the fraction that reached the cytosol. We found
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that the vast majority of the nanocomplexes remain entrapped in endosomes,
and the cytosolic fraction accounts only for 8% of the total internalized nano-
complexes, corroborating data from earlier reports and suggesting that only tiny
amount of nanocomplexes could reach the cytosol, and the endosomal escape is
still the major hurdle in ON-based therapies (Gilleron and others 2013; Sahay
and others 2013; Wittrup and others 2015). Even though, in Paper I we deline-
ated that naked SCO at as high as 5 uM concentration is able to promote splice-
switching and restoration of luciferase expression, still the small amount of
SCO that reached the cell interior remained entrapped in endosomes and no
endosomal escape or nuclear localization was detected by TEM after 4 h.

Collectively, these results suggest that PF14 helps to interfere with the acidi-
fication of the endosomes and promotes endosomal escape of the SCO.

4.2.4 SR-A3 and SR-AS5 are recruited to the plasma
membrane after exposure to PF14-SCO nanocomplexes

In parallel with the examination of the uptake and intracellular trafficking of
PF14-SCO nanocomplexes, we also aimed to analyze their interactions with
receptors more precisely, i.e. we aimed to find out whether the nanocomplexes
can directly bind with SR-A3 and SR-AS5. Although, in Paper I we already
demonstrated the colocalization between the receptors and nanocomplexes by
confocal microscopy, however, the resolution provided by fluorescence micros-
copy is by far too low to provide detailed information about their actual inter-
actions. Therefore, to solve the issue, we used high resolution TEM to examine
the interactions in more detail. For the analysis we used two gold labels with
different sizes: the receptors were labeled with respective primary antibodies
and secondary antibodies that carried 6 nm colloidal gold tag, and nanocom-
plexes with 10 nm gold tag. After 1 h of incubation, we found that both, SR-A3
and SR-A5 reside in close proximity to nanocomplexes on the plasma mem-
brane as well as after internalization in endosomal vesicles, suggesting that
nanocomplexes can directly interact with respective receptors. Moreover, we
could detect only 2-3 gold-labeled receptors near the complexes. This result is
in good concordance with confocal microscopy results from Paper I where we
detected only partial overlap of nanocomplexes with receptors, suggesting that
only a few receptors are required for efficient association and internalization of
the PF14-SCO nanocomplexes.

To our surprise, we discovered that SR-A3 and SR-A5 are not exposed on
the plasma membrane of uninduced control cells, but are recruited there after
exposure to PF14-SCO nanocomplexes. Still, their intracellular concentration in
control cells is rather high, where receptors are mainly found in small vesicles
near the plasma membrane, or more centrally in the cell cytoplasm. This phe-
nomenon was also confirmed by confocal microscopy. Two of the earlier
reports have shown that in addition to the temporal presence on the plasma
membrane, SR-A3 and SR-AS5 are mostly localized inside the cells near the ER-
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Golgi complex region in HeLa and CHO cells, respectively (Han and others
1998; Jiang and others 2006). Many other reports have also demonstrated that in
the presence of ligands, cA-SRs are overexpressed (Mietus-Snyder and others
2000; Fukuhara-Takaki and others 2005). However, these papers do not shed
light to their initial localization, i.e. whether the receptors were constantly
present on the plasma membrane and the presence of ligands just recruits more
of them there, or receptors are absent from the plasma membrane and are
recruited there after ligand induction. In the present study we showed for the
first time that PF14-SCO nanocomplexes induce the translocation of SR-A3 and
SR-AS5 from their cytoplasmic localization to the plasma membrane of HeLa
pLuc705 cells to assist in binding and internalization of the nanocomplexes.

4.3 Mechanisms behind cell surface
recruitment of SR-A3 and SR-A5 (Paper IV)

In Paper IV, we aimed to further delineate the mechanisms behind the cell sur-
face recruitment of SR-A3 and SR-AS5. The majority of the papers published in
the field of SRs are mainly concentrated on their ability to bind and internalize
different ligands, or the consequences of their down or up-regulation. Still, only
few studies have addressed the mechanisms that regulate the cellular localiz-
ation of SR-As. In this paper we concentrated on the role of calcium and PI3K,
well-known regulators of vesicular trafficking and exocytosis, in the cell surface
recruitment of SR-A3 and SR-AS.

4.3.1 SR-A3 and SR-A5 are recruited to the plasma membrane by CPPs

Recently, an interesting discovery was made by Lindberg and co-workers, who
demonstrated that when the binding sites of SR-A3 and SR-AS5 are blocked with
inhibitory ligands, the uptake of fluorescently labeled PF14 is diminished
(Lindberg and others 2015), suggesting that PF14 on its own can interact with
these receptors. To our surprise, we found that PF14 alone is also able to trigger
the translocation of receptors from the cytoplasm to the cell surface, contra-
dicting the fact that SRs can bind only anionic ligands. Moreover, similar phe-
nomenon was also observed with other amphipathic CPPs like TP10, PF6,
CADY and penetratin, as well as with cationic CPP R9. Our workgroup has
previously demonstrated that during the cellular uptake of amphipathic CPPs
such as MAP and TP, the plasma membrane is temporarily reorganized at the
level that enables the influx of calcium ions into cells which in turn activate the
membrane repair responses (Lorents and others 2012). Since TP10, the parent
peptide of PF14, and PF14 itself are membrane-active peptides, we investigated,
whether the mobilization of SR-A3 and SR-AS from their intracellular locations
to the cell surface is caused by the temporal breaches of the lipid bilayer
induced by PF14. Moreover, recently we showed that not all the CPP molecules
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are associated with ONs into nanoparticles (Arukuusk and others 2013), but
there is also a fraction of free peptide that might concentrate on the plasma
membrane and cause its permeabilization. In order to assess the effect of PF14
to the integrity of the plasma membrane, we examined whether PF14 is able to
induce the plasma membrane repair response. Plasma membrane repair response
is activated by influx of calcium ions through the damaged site of the plasma
membrane that increases the cytosolic calcium concentration, and subsequently
induces the exocytosis of intracellular vesicles, and usually the membranes of
lysosomes are used for the replacement of damaged regions of the plasma
membrane (Jaiswal and others 2002). Thus, detection of the lysosomal protein
LAMP-2 on the plasma membrane allowed us to estimate the integrity of the
plasma membrane. As a result, we confirmed that PF14 did not interfere with
the integrity of the plasma membrane at the level to induce influx of calcium
ions and subsequent recruitment of LAMP-2 to the plasma membrane, even at
as high as 4 uM peptide concentration. Collectively, this excludes the possibil-
ity that SR-A3 and SR-AS5 are mobilized to the plasma membrane as a result of
the damaged membrane, but rather is more indirectly regulated process.

4.3.2 Extra- and intracellular calcium ions are essential for both,
the cell surface recruitment of SR-A3 and SR-A5 and
internalization of PF14-SCO nanoparticles

Still, the calcium ions are ubiquitous intracellular signaling molecules that have
central role in a multiple signal transduction pathways that control a variety of
cellular processes, among which the regulation of intracellular membrane traf-
ficking is the most relevant regarding this study. Calcium concentration is kept
relatively low in intracellular environment, however, its effect on multiple of
processes reveals when its concentration increases. The most well-studied cal-
cium-dependent membrane fusion process is regulated exocytosis that occurs in
neuronal cells in response to high intracellular calcium concentration to target
the receptors to the plasma membrane, or to secrete hormones and neurotrans-
mitters into extracellular space (Burgoyne and Morgan 1998). However, cal-
cium-dependent exocytosis also occurs in non-secreting cells (Jaiswal and
others 2002; Coorssen and others 1996; Burgoyne and Clague 2003). For exam-
ple, calmodulin, a calcium-binding protein, is required for transferrin receptor
recycling (Apodaca and others 1994; Hunziker 1994), suggesting the role of
calcium to trigger the trafficking of the receptors between the cell interior and
the plasma membrane. Since calcium plays an essential role in intracellular
membrane trafficking, we hypothesized that the calcium ions could also trigger
the trafficking of SR-A3 and SR-AS5 and their insertion into the plasma mem-
brane. The requirement for calcium ions for the cell surface recruitment of
receptors and biological activity of the nanocomplexes was analyzed by
depletion of calcium ions from the extra- or intracellular environment with
calcium chelators EGTA or BAPTA-AM, respectively. Indeed, pre-treatment of
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HeLa pLuc705 cells with EGTA or BAPAT-AM before the addition of PF14-
SCO nanocomplexes substantially impeded the trafficking of receptors form
intracellular pool to the plasma membrane. This effect was even higher under
conditions where extra- and intracellular calcium ions were depleted simultane-
ously. Depletion of calcium not only reduced the number of cell surface recep-
tors, but also decreased the number of nanoparticles interacting with the cells, as
well as reduced the luciferase activity of PF14-SCO nanocomplexes. EGTA and
BAPTA-AM treatment reduced the luciferase activity by about 60% and 30%,
respectively. These results demonstrate that calcium ions are critical regulators
that control the cellular localization of SR-A3 and SR-AS5. Still, elevation of
intracellular calcium concentration with ionophore on its own was not sufficient
to trigger the translocation of SR-A3 and SR-A5 to the plasma membrane, sug-
gesting that rather quick and local increase in calcium concentration triggers the
mobilization of receptors to the plasma membrane. It is also possible that cal-
cium ions are not the sole players in this process, and probably other regulators
are necessary as well.

4.3.3 Recruitment of SR-A3 and SR-AS5 to cell surface
is dependent on PI3K and actin cytoskeleton

Phosphatidylinositol-3 kinase (PI3K) activity is required for regulation of vari-
ous cellular processes, including endocytosis, intracellular vesicle trafficking,
and exocytosis (Corvera 2001; Lindmo and Stenmark 2006). Numerous studies
have demonstrated that PI3K activity is crucial for cell surface localization of
various transmembrane receptors, for example GLUT-4 and transferrin recep-
tors (Yang and others 1996; Spiro and others 1996; van Dam and others 2002).
Moreover, the activity of PI3K is necessary for SR-A1 localization to the cell
surface during macrophage adhesion, as demonstrated by using PI3K specific
inhibitors wortmannin and LY294002 treatment (Nikolic and others 2007,
Cholewa and others 2010). Furthermore recruitment of class B scavenger recep-
tor SR-B1 from cytoplasmic pool to the plasma membrane in adipocytes and
hepatocytes requires active PI3K (Tondu and others 2005; Shetty and others
2006), suggesting that PI3K activity is crucial for targeting of different SRs to
the plasma membrane. Inspired by these results, we hypothesized that the activ-
ity of PI3K is also essential for regulation of SR-A3 and SR-AS5 levels on cell
surface. Treatment of cells with wortmannin or LY294002 significantly de-
creased the cell surface recruitment of respective receptors as well as reduced
the splice-correction activity of the nanocomplexes, yielding in about 20% and
30% reduction of luciferase activity, respectively. These results demonstrate
that activation of PI3K is also required for the regulation of SR-A3 and SR-AS5
receptors localization. Moreover, PI3K activity in cells can be controlled by
calcium ions (Danciu and others 2003; Liu and others 2007) that we also
discovered to be crucial for the trafficking of SR-A3 and SR-AS5 from cyto-
plasm to cell surface. PI3K is also an important regulator of actin cytoskeleton
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and one of the key regulators in macropinocytosis (Clague and others 1995;
Araki and others 1996), the latter of which is the major internalization mecha-
nism for PF14-SCO nanocomplexes.

In addition to calcium ions and PI3K activity, we delineated that the efficient
translocation of SR-A3 and SR-AS to the plasma membrane relies on intact
actin cytoskeleton- disruption of the actin cytoskeleton with Lantruculin B or
Cytochalasin D exerted a negative effect on the cell surface recruitment of the
receptors. However, microtubules did not seem to be important, since their
destabilization did not decrease the number of SR-A3 and SR-AS5 on the plasma
membrane. Collectively, our results demonstrate that the recruitment of SR-A3
and SR-AS5 to the cell surface is highly regulated process that requires calcium
ions, active PI3K and intact actin cytoskeleton.

4.3.4 Localization of SR-A3 and SR-A5 to cell surface, but not
internalization is dependent on serum proteins

To our surprise we also found that in the presence of serum higher amount of
the SR-A3 and SR-AS receptors are targeted to the plasma membrane after
nanoparticle treatment compared to the serum-free conditions. Negatively
charged molecules are abundant in serum and could be possible ligands for SRs,
and thus, this might help to explain why in the presence of serum more of SR-
A3 and SR-AS5 are found on the plasma membrane. However, with or without
the serum, in Paper I we showed that PF14-SCO nanoparticles possess a nega-
tive net charge, —12.1 + 1.41 in serum-containing media, and —14.62 + 1.49 in
the absence of serum (Ezzat and others 2012), suggesting that the negative
charge is not determined by anionic serum components. Besides, nanoparticles
in serum-free media produced slightly higher splice-correction effect than in
serum containing media. However, the size of the nanocomplexes differs greatly
depending on the used media. In the absence of serum, nanoparticles are much
bigger than in serum-containing media (623.16 £79.69 in the absence of serum
and 363.8 + 52 in the presence of serum as measured by dynamic light scatter-
ing), suggesting that adsorption of serum proteins onto nanoparticles prevents
the formation of agglomerates and thus, might help to pack the PF14-SCO
nanocomplexes into smaller particles and mask their surface. Thus, one might
speculate that the bigger particles are more prone to interfere with the integrity
of cellular membranes, and thereby promote their internalization/endosomal
escape more ecasily. Additionally, we also determined that independently of the
presence or absence of serum, the nanocomplexes follow the same cell-entry
routes: macropinocytosis and caveolae-mediated endocytosis. Although, less
receptors were targeted to the plasma membrane by PF14-SCO nanocomplexes
under serum-free conditions, knock-down of SR-A3 and SR-AS5 by siRNA sup-
pressed the uptake of the nanocomplexes in both media. Still, in the presence of
serum the down-regulation of both receptors lead to stronger reduction in cel-
lular uptake of nanocomplexes than in serum-free media.
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One important factor that affects the biological fate of the nanoparticles is
the protein corona. Upon administration of the nanocomplexes to biorelevant
media, proteins of body fluid start to quickly adsorb onto the nanoparticles by
forming a protein corona that strongly influences the interactions with cell,
organs and immune system (Monopoli and others 2012; Kelly and others 2015).
Generally, it is believed that protein corona hinders the binding of the nano-
complexes to specific target receptors (Mirshafiee and others 2013; Salvati and
others 2013), but there are also some contradictive claims (Caracciolo and
others 2013; Mortimer and others 2014; Fleischer and Payne 2014; Pozzi and
others 2015; Palchetti and others 2016). For example, apolipoproteins (APO)
such as APOAI1 and -A2, APOB, APOC2/3, APOH, vitamin K dependent pro-
tein, integrin beta3, Ig heavy chain V-III regions are considered to promote the
association of different nanoparticles with cells (Palchetti and others 2016;
Pozzi and others 2014 and 2015). APOs are the main components of lipopro-
teins such as LDLs and high density lipoproteins, and thus are recognizable by
several lipoprotein receptors on the cell surface (Pozzi and others 2014).
Additionally, APOC3 can promote also interactions with class B scavenger
receptors (Pozzi and others 2015). Inter-alpha trypsin inhibitor is a hyaluronan
binding protein, a major constituent of the extracellular matrix that might pro-
mote interactions with cells, and thereby also facilitate the interaction of nano-
particles with cell surface receptors and their internalization into cells (Pozzi
and others 2015). As already mentioned, in addition to the negative charge,
ligand binding to cA-SRs also requires a specific structure: a four stranded
helix. The growing number of papers in the field of protein corona has pointed
to the fact that proteins might undergo a conformational change during
adsorption of serum components onto nanoparticles, and thereby expose new
binding motifs for specific receptors. For example, albumin is the major serum
protein that upon adsorption to nanoparticles can undergo conformational
changes and thereby be recognizable by SRs (Yan and others 2013; Mortimer
and others 2014; Fleischer and Payne 2014). Moreover, considering that SRs
may function as a signalosome complex with other receptors, it is possible that
adsorbed proteins promote interactions with other possible receptors to promote
interactions with cell surface and endocytosis of the nanoparticles. Indeed, cells
plasma membrane contains a myriad of different receptors, e.g. folate and
transferrin receptors, integrins and multiple of growth factor receptors, there-
fore, it has been recently hypothesized that numerous epitopes on different
protein corona proteins could target multiple receptors simultaneously (Palchetti
and others 2016). Thus, it is highly essential to map the exact composition of
the protein corona of nanoparticles to be able to predict their interactions with
cells.
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CONCLUSIONS

Cell penetrating peptides hold great potential as vehicles for oligonucleotide
delivery in the fields of biotechnology and biomedicine. However, their appli-
cation is limited by incomplete understating of their action mechanisms, i.e.
how CPP-ON nanoparticles internalize, where they are sorted in cells after the
internalization, and whether and how efficiently they can promote endosomal
escape in order to ensure the functionality of the payload.

The main goal of the current research was to examine the cellular uptake
mechanisms of one of the most effective delivery vectors for ONs, PepFect14 in
complex with SCO, with special focus on the possible involvement of class A
scavenger receptors. By using a combination of biochemical assays with confo-
cal and transmission electron microscopy, we specifically aimed to delineate the
role of cA-SRs in the cellular uptake of PF14-SCO nanocomplexes, and to elu-
cidate the endocytic pathways and intracellular destiny of the nanocomplexes
after they bind to the receptors. The knowledge obtained from the current
research expands the understanding of how CPPs function, as well as provides
new insights into the action SR-A3 and SR-AS, a field that is currently poorly
explored.

The main results of the current thesis are:

e Negatively charged PF14-SCO nanocomplexes are recognized and
internalized by class A scavenger receptors SR-A3 and SR-AS. (Paper |
and Paper 1)

e SR-A3 and SR-AS are not constantly present on the plasma membrane
of HeLa pLuc705 cells, but are recruited there only after treatment with
nanocomplexes. Moreover, in addition to nanocomplexes, PF14 itself
can promote the cell surface mobilization of the receptors. Although at
lower efficiency, similar phenomenon is also characteristic for other
amphipathic CPPs, like TP10, PF6 and CADY, and penetratin, and even
for cationic R9. (Paper II and Paper 1V)

e The cell surface recruitment of the receptors is highly regulated process
that in addition to nanocomplexes is also dependent on intra- and extra-
cellular calcium ions, PI3K activity, and actin cytoskeleton. (Paper IV)

e The number of the receptors on the plasma membrane is also controlled
by serum proteins. However, the number of the receptors is not directly
correlated with the efficiency to induce the internalization and function-
ality of PF14-SCO complexes, since the uptake and splice-correction
activity of the nanocomplexes in serum-containing and serum-free cul-
ture media appeared to be rather equal. (Paper IV)

e Association of PF14-SCO nanocomplexes with SR-A3 and SR-AS5
induces their internalization by cells mainly via macropinocytosis and
caveolin-dependent endocytosis. (Paper II)

e After internalization, PF14-SCO nanocomplexes avoid targeting to low-
acidic vesicles, but instead are rather located in non- or slightly acidic
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vesicles. In contrary, the naked SCO is quickly targeted to lysosomes
for degradation. (Paper II)

Only a small portion of PF14-SCO nanocomplexes are able to escape
from endosomes to the cytosol, indicating that the major limitation in
cellular delivery of oligonucleotides by CPPs in the form of nanocom-
plexes is their entrapment into endosomes. (Paper II)

54



SUMMARY IN ESTONIA

Puudurretseptorid kui peptiididega nukleiinhapete
rakku transportimise sihtmargid

Oligonukleotiididel (ON) pohinevad geeniregulatsiooni muutmise mehhanismid
on piilidnud iiha enam téhelepanu biotehnoloogias ja biomeditsiinis nii kaasa-
siindinud kui omandatud haiguste raviks. Paraku suure molekulmassi ning nega-
tiivse laengu tottu ei ole sellised molekulid vdimelised iseseisvalt ldbima raku
plasmamembraani. Kuna enamik ON sihtmaérkidest asuvad rakus sees tsiito-
plasmas vdi raku tuumas, on vaja kasutada transportvektorit, mis iiheltpoolt
peab kaitsma ON lagundamise eest ning teisalt tagama selle joudmise toime-
kohani. Uhed potentsiaalseimad transportvektorid on rakku sisenevad peptiidid
(RSP). RSPd on lithikesed, kuni 40 aminohappe pikkused ning enamasti posi-
tiivset laengut kandvad peptiidid, mis on vdimelised ldbima raku membraane
ning rakkudesse suunama erineva suuruse ja omadusega bioaktiivseid molekule,
kasutades selleks kovalentset voi mitte-kovalentset strateegiat. Vaatamata sel-
lele, et RSP-sid kui transportvektoreid on aktiivselt uuritud iile 20 aastat, on
nende laiem rakendamine konkreetse ravimina piiratud peamiselt puudulike
ning tihti vastukdivate teadmistega nende toimimise mehhanismide kohta.
Varem arvati, et RSPd moodustavad ON-ga positiivse laenguga komplekse, mis
interakteerudes rakupinna negatiivselt laectud komponentidega indutseerivad
rakkudesse sisenemise kasutades selleks peamiselt erinevaid endotsiitootilisi
mehhanisme. Hiljuti aga tuvastati, et vastupidiselt eeldatule moodustuvad teise
pOlvkonna RSP PepFectl4 (PF14) ja splaissingut korrigeeriva oligonukleotiidi
(SKO) wvahel hoopis negatiivse laenuga nanokompleksid (Ezzat and others
2011), mistottu selliste komplekside seondumine rakkudega peaks olema véhe-
efektiivne. Vaatamata sellele endotsiiteeritake PF14-SKO kompleksid rakkude
poolt viga efektiivselt ning nad omavad korget bioloogilist aktiivsust. Praegu-
seks on teada, et enamik RSP-ON komplekse omavad negatiivset laengut bio-
loogilises keskkonnas (van Asbeck and others 2013; Arukuusk and others 2013;
Veiman and others 2013; Lindberg and others 2015). Kuna otsene interaktsioon
raku negatiivselt lactud struktuuridega on ebasoodne, vajavad sellised komp-
leksid rakkudesse sisenemiseks tdenioliselt retseptorit. Uhed potentsiaalsed
retseptori-kandidaadid on piilidurretseptorid (i. k. scavenger receptors), mille
omaduseks on siduda ja endotsiiteerida negatiivse laenguga ligande.

Kéesolev uurimust6o eesmargiks oli uurida piitidurretseptorite toimimismeh-
hanisme PF14 ja SKO komplekside sisenemisel rakkudesse, sealhulgas kesken-
dusime komplekside endotsiitoosi mehhanismide selgitamisele ning nende raku-
sisesele suunamisele ja paiknemisele. Samuti analiiiisisime komplekside voimet
indutseerida endosoomidest vabanemist, mis on ddrmiselt oluline ON funktsio-
naalsuse tagamiseks.

Esimeses artiklis me tuvastasime, et PF14-SKO kompleksid kasutavad
rakkudesse sisenemiseks klass A piitidurretseptoreid SR-A3 ja SR-AS. Rakkude
tootlemine klass A piilidurretseptoreid inhibeerivate ligandide poliiinosiinhappe,
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dekstraan sulfaadi ja fukoidaaniga, voi kasutades RNA interferentsi, et maha
suruda SR-A3 ja SR-AS5 ekspressioon, blokeeris nanopartiklite seondumise
plasmamembraaniga, nende sisenemise rakkudesse ja SKO funktsionaalse
aktiivsuse. Lisaks me kasutasime immunofluorestsents analiiiisi ning tuvasta-
sime, et vastavad retseptorid kolokaliseeruvad kompleksidega nii rakkude pin-
nal kui rakus sees vesiikulites, kinnitades et PF14-SKO kompleksid sisenevad
rakkudesse SR-A3 ja SR-AS retseptorite vahendusel.

Teises artiklis suunasime oma fookuse konkreetsete endotsiitoosi mehhanis-
mide ja rakusisese paiknemise selgitamiseks. Selleks, et uurida, milline endo-
tsiitoosirada indutseeritakse parast komplekside seondumist retseptoritele, me
kasutasime farmakoloogilisi endotsiitoosi inhibiitoreid: amiloriidi, niistatiini ja
kloorpromasiini, mis inhibeerivad vastavalt makropinotsiitoosi, kaveoliin-sol-
tuva endotsiitoosi ning klatriin-soltuva endotsiitoosi rajad. Me tuvastasime, et
interaktsioon rakupinna retseptoritega indutseerib PF14-SKO komplekside sise-
nemise rakkudesse peamiselt makropinotsiitoosi ja kaveoliin-sdltuva endotsii-
toosi teel. Seevastu klatriin-sdltuva raja inhibeerimine komplekside vdimet
indutseerida splaissingu korrektsiooni ei mdjutanud ning seega ei ole see rada
oluline komplekside sisenemisel ja funktsionaalsuse avaldumisel. Parast sisene-
mist rakku, suunatakse endotsiiteeritud materjal méoda erinevaid radasid erine-
vatesse rakusisestesse organellidesse, mis médravad dra endotsiiteeritud mater-
jali edasise saatuse. Rakkudele on iseloomulikud kaks peamist rada: esiteks
ringlusrada, mille kaudu endotsiiteeritud materjal suunatakse tagasi raku
plasmamembraanile. Teiseks peamiseks rajaks on endo-liisosomaalne rada,
modda mida endotsiiteeritav materjal suunatakse happelistesse liisosoomidesse,
kus toimub selle 16plik lagundamine. Rakusisene saatus v4ib olla mairatud ka
kindla endotsiitoosiraja poolt. Néiteks on teada, et sisenemine rakkudesse 14bi
kaveoliin-soltuva raja voib suunata endotsiiteeritava materjali otse Golgi komp-
leksi vOi endoplasmaatilisse retiikulumi (ER). Antud komplekside rakusisese
suunamise uurimine néitas, et PF14-SKO komplekse ei suunata trans-Golgi
vorgustiku sekretoorsetesse vesiikulitesse ning ei seega ei saadeta neid rakust
vélja. Samuti ei tdheldanud me komplekside paiknemist ERi. Me tuvastasime, et
PF14-SKO komplekse ei suunata ka klassikalisse endo-liisosomaalsesse ratta,
vaid enamik rakku sisenenud PF14-SKO kompleksidest paiknesid pigem neut-
raalse pH-ga vesiikulites ning ainult vdike hulk PF14-SKO komplekse suunati
happelistesse liisosoomidesse, isegi parast 4-tunnist inkubatsiooni. Vastupidiselt
kompleksidele, vaba SKO suunati juba 2-tunni jooksul happelisesse vesiikuli-
tesse, viidates sellele, et PF14 takistab endosoomide hapustumist ja kiipsemist
lisosoomideks. Saadud tulemused on hésti kooskolas endotsiitoosi inhibiitori-
tega ldbi viidud katsetega, kuna arvatakse, et kaveoliin-sdltuv rada suunab
endotsiiteeritud materjali ndrgalt happelistesse vesiikulitesse, kust osaliselt
indutseeritakse endosoomidest vabanemist ning paiknemist tsiitoplasmasse.
Siiski, valdav osa rakku sisenenud PF14-SKO kompleksidest jadb endosoomi-
desse kinni ning vaid umbes 8% nendest joudis raku tsiitoplasmasse, mis viitab
sellele, et endosoomidesse kinnijadimine on peamine limiteeriv faktor ON-de
rakendamisel rakus toimuvate protsesside mojutamiseks ja biomeditsiinis.
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Esimeses artiklis me tuvastasime retseptorite ja komplekside koospaikne-
mise rakkude pinnal ja sees fluorestsents mikroskoopia abil, kuid selleks et
uurida nende interaktisoone detailsemalt, kaasasime ka elektronmikroskoopilise
analiilisi antud uurimustodsse. Margistades kompleksid ja retseptorid erineva
suurusega kullamirgisega, me niitasime, et kompleksid paiknevad retseptorite
vahetus ldheduses, mistottu voib arvata, et nende interaktsioon on otsene. Seal-
juures me tuvastasime, et efektiivseks sisenemiseks rakku on vajalik vaid
viheste retseptorite osalus. Ullatavalt me tuvastasime, et antud retseptorid ei ole
rakkude pinnale eksponeeritud pidevalt, vaid need suunatakse plasmamemb-
raanile komplekside toimel nende lisamisel rakkude kasvulahusesse. Samas,
vastavate retseptorite hulk raku tsiitoplasmas oli markimisvéaérne.

T66 kolmandas artiklis me keskendusime detailsemalt mehhanismidele, mis
voiksid osaleda retseptorite pinnale toomisel. Toetudes juba avaldatud tulemus-
tele, keskendusime kaltsiumi ioonide ning fosfoinositool-3-kinaasi (PI3K) rol-
lile selles protsessis. Mdlemad eelnimetatud on vajalikud erinevate rakuliste
protsesside reguleerimises, sealhulgas mitmete retseptorite regulatsioonis. Me
tuvastasime, et nii rakuvilise kui -sisese kaltsiumi eemaldamine vastavalt
EGTA vo6i BAPTA-AM-ga pérsib retseptorite translokatsiooni rakkude pinnale,
kus neid vorreldes inhibeerimata kontroll-rakkudega oli oluliselt vihem. Lisaks
me tuvastasime, et nii rakuvéline kui -sisene kaltsium on olulised ka komp-
lekside toime avaldumiseks, kuna kaltsiumi eemaldamine inhibeeris oluliselt
SKO bioloogilist aktiivsust. Sarnased tulemused saime ka PI3K inhibeerimisel
wortmannini voi LY294002-ga, mis vidhendasid oluliselt raku pinnale suunatud
retseptorite hulka kui ka splaissingu korrektsiooni taset. Saadud tulemused
nditavad, et SR-A3 ja SR-A5 iimberpaiknemine raku tsiitoplasmast rakkude
pinnale on korgelt reguleeritud protsess, mis lisaks nanokompleksidele vajab ka
kaltsiumioone ja PI3K aktiivsust.

Erinevate nanopartiklite kasutamisel biomeditsiinis on hakatud itha enam
uurima ka nende interaktsioone bioloogilise keskkonnaga, mis voib oluliselt
mdjutada nanopartiklite eluiga ning joudmist sihtmérgini. Seetdttu me uurisime,
kas retseptorite translokatsioon rakkude vilismembraanile voib soltuda rakkude
kasvulahuse koostisest, st. kas seerumiga ja seerumvabas so6tmes on see prot-
sess sarnane. Me tuvastasime, et seerumvabas so0tmes suunatakse SR-A3 ja
SR-AS5 retseptoreid rakkude pinnale vdga vdhesel mairal. Sellest jareldub, et
SR-A3 ja SR-AS translokatsioonil rakkude pinnale on lisaks RSP-ON komp-
leksidele ning kaltsiumioonidele ja PI3K aktiivsusele vajalikud ka rakus6otmes
oleva vereseerumi komponendid. Samas me leidsime, et retseptorite koguarv
raku pinnal ei ole otseses seoses komplekside rakkudesse sisenemise ja splais-
singu korrektsiooni efektiivsusega, kuna nii seerumvabas kui ka seerumit sisal-
davas sootmes oli SKO indutseeritud splaissingu korrektsiooni tase iisna
sarnane.

To6sse on kaasatud ka metodoloogiline artikkel oligonukleotiidide mérgista-
misest rakutranspordi uurimiseks ultrastruktuuri tasemel.

57



REFERENCES

Abe N, Inoue T, Galvez T, Klein L, Meyer T. 2008. Dissecting the role of PtdIns(4,5)P2 in
endocytosis and recycling of the transferrin receptor. J Cell Sci 121(Pt 9):1488-94.

Abes S, Moulton HM, Clair P, Prevot P, Youngblood DS, Wu RP, Iversen PL, Lebleu
B. 2006. Vectorization of morpholino oligomers by the (R-Ahx-R)4 peptide allows
efficient splicing correction in the absence of endosomolytic agents. J Control Re-
lease 116(3):304—13.

Abraham R, Choudhury A, Basu SK, Bal V, Rath S. 1997. Disruption of T cell toler-
ance by directing a self antigen to macrophage-specific scavenger receptors. J
Immunol 158(9):4029-35.

Abraham R, Singh N, Mukhopadhyay A, Basu SK, Bal V, Rath S. 1995. Modulation of
immunogenicity and antigenicity of proteins by maleylation to target scavenger
receptors on macrophages. J Immunol 154(1):1-8.

Al Soraj M, He L, Peynshaert K, Cousaert J, Vercauteren D, Bracckmans K, De Smedt
SC, Jones AT. 2012. siRNA and pharmacological inhibition of endocytic pathways
to characterize the differential role of macropinocytosis and the actin cytoskeleton
on cellular uptake of dextran and cationic cell penetrating peptides octaarginine (RS8)
and HIV-Tat. Journal of Controlled Release 161(1):132—141.

Antonescu CN, Danuser G, Schmid SL. 2010. Phosphatidic acid plays a regulatory role
in clathrin-mediated endocytosis. Mol Biol Cell 21(16):2944-52.

Apodaca G, Enrich C, Mostov KE. 1994. The calmodulin antagonist, W-13, alters
transcytosis, recycling, and the morphology of the endocytic pathway in Madin-
Darby canine kidney cells. J Biol Chem 269(29):19005-13.

Araki N, Johnson MT, Swanson JA. 1996. A role for phosphoinositide 3-kinase in the
completion of macropinocytosis and phagocytosis by macrophages. J Cell Biol
135(5):1249-60.

Arukuusk P, Parnaste L, Margus H, Eriksson NKJ, Vasconcelos L, Padari K, Pooga M,
Langel U. 2013. Differential Endosomal Pathways for Radically Modified Peptide
Vectors. Bioconjugate Chemistry 24(10):1721-1732.

Baranova IN, Kurlander R, Bocharov AV, Vishnyakova TG, Chen Z, Remaley AT,
Csako G, Patterson AP, Eggerman TL. 2008. Role of human CD36 in bacterial re-
cognition, phagocytosis, and pathogen-induced JNK-mediated signaling. J Immunol
181(10):7147-56.

Barany-Wallje E, Andersson A, Graslund A, Maler L. 2004. NMR solution structure
and position of transportan in neutral phospholipid bicelles. FEBS Lett 567(2-3):
265-9.

Bauman J, Jearawiriyapaisarn N, Kole R. 2009. Therapeutic Potential of Splice-Switch-
ing Oligonucleotides. Oligonucleotides. p. 1-13.

Benjaminsen RV, Mattebjerg MA, Henriksen JR, Moghimi SM, Andresen TL. 2013.
The Possible “Proton Sponge ” Effect of Polyethylenimine (PEI) Does Not Include
Change in Lysosomal pH. Molecular Therapy 21(1):149-157.

Bernal F, Tyler AF, Korsmeyer SJ, Walensky LD, Verdine GL. 2007. Reactivation of
the p53 Tumor Suppressor Pathway by a Stapled p53 Peptide. Journal of the
American Chemical Society 129(9):2456-2457.

Bernstein E, Caudy AA, Hammond SM, Hannon GJ. 2001. Role for a bidentate ribo-
nuclease in the initiation step of RNA interference. Nature 409(6818):363—6.

Betts C, Saleh AF, Arzumanov AA, Hammond SM, Godfrey C, Coursindel T, Gait MJ,
Wood MIJ. 2012. Pip6-PMO, A New Generation of Peptide-oligonucleotide Con-

58



jugates With Improved Cardiac Exon Skipping Activity for DMD Treatment. Mol
Ther Nucleic Acids 1:e38.

Betts CA, Saleh AF, Carr CA, Muses S, Wells KE, Hammond SM, Godfrey C,
McClorey G, Woffindale C, Clarke K et al. . 2015. Implications for Cardiac
Function Following Rescue of the Dystrophic Diaphragm in a Mouse Model of
Duchenne Muscular Dystrophy. Sci Rep 5:11632.

Binder H, Lindblom G. 2003. Charge-dependent translocation of the Trojan peptide
penetratin across lipid membranes. Biophys J 85(2):982-95.

Biswal BK, Debata NB, Verma RS. 2010. Development of a targeted siRNA delivery
system using FOL-PEG-PEI conjugate. Mol Biol Rep 37(6):2919-26.

Bock AJ, Nymoen DA, Brenne K, Kaern J, Davidson B. 2012. SCARA3 mRNA is
overexpressed in ovarian carcinoma compared with breast carcinoma effusions.
Hum Pathol 43(5):669-74.

Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, Behr JP.
1995. A versatile vector for gene and oligonucleotide transfer into cells in culture
and in vivo: polyethylenimine. Proc Natl Acad Sci U S A 92(16):7297-301.

Briand N, Dugail I, Le Lay S. 2011. Cavin proteins: New players in the caveolae field.
Biochimie 93(1):71-7.

Brown CJ, Quah ST, Jong J, Goh AM, Chiam PC, Khoo KH, Choong ML, Lee MA,
Yurlova L, Zolghadr K et al. . 2013. Stapled peptides with improved potency and
specificity that activate p53. ACS Chem Biol 8(3):506—12.

Burgoyne RD, Clague MJ. 2003. Calcium and calmodulin in membrane fusion. Bio-
chim Biophys Acta 1641(2-3):137-43.

Burgoyne RD, Morgan A. 1998. Calcium sensors in regulated exocytosis. Cell Calcium
24(5-6):367-76.

Canton J, Neculai D, Grinstein S. 2013. Scavenger receptors in homeostasis and
immunity. Nat Rev Immunol 13(9):621-34.

Caracciolo G, Cardarelli F, Pozzi D, Salomone F, Maccari G, Bardi G, Capriotti AL,
Cavaliere C, Papi M, Lagana A. 2013. Selective targeting capability acquired with a
protein corona adsorbed on the surface of 1,2-dioleoyl-3-trimethylammonium
propane/DNA nanoparticles. ACS Appl Mater Interfaces 5(24):13171-9.

Chen Y, Wang X, Ben J, Yue S, Bai H, Guan X, Bai X, Jiang L, Ji Y, Fan L et al. .
2006. The di-leucine motif contributes to class a scavenger receptor-mediated intern-
alization of acetylated lipoproteins. Arterioscler Thromb Vasc Biol 26(6):1317-22.

Cheng JP, Nichols BJ. 2016. Caveolae: One Function or Many? Trends Cell Biol 26(3):
177-89.

Chidlow JH, Jr., Sessa WC. 2010. Caveolae, caveolins, and cavins: complex control of
cellular signalling and inflammation. Cardiovasc Res 86(2):219-25.

Choi CHJ, Hao L, Narayan SP, Auyeung E, Mirkin CA. 2013. Mechanism for the endo-
cytosis of spherical nucleic acid nanoparticle conjugates. Proceedings of the
National Academy of Sciences 110(19):7625-7630.

Cholewa J, Nikolic D, Post SR. 2010. Regulation of Class A scavenger receptor-medi-
ated cell adhesion and surface localization by PI3K: identification of a regulatory
cytoplasmic motif. Journal of Leukocyte Biology 87(3):443—449.

Ciechanover A, Schwartz AL, Lodish HF. 1983. The asialoglycoprotein receptor intern-
alizes and recycles independently of the transferrin and insulin receptors. Cell 32(1):
267-75.

Ciftci K, Levy RJ. 2001. Enhanced plasmid DNA transfection with lysosomotropic
agents in cultured fibroblasts. Int J Pharm 218(1-2):81-92.

59



Clague MJ, Thorpe C, Jones AT. 1995. Phosphatidylinositol 3-kinase regulation of fluid
phase endocytosis. FEBS Lett 367(3):272—4.

Commisso C, Davidson SM, Soydaner-Azeloglu RG, Parker SJ, Kamphorst JJ, Hackett
S, Grabocka E, Nofal M, Drebin JA, Thompson CB et al. . 2013. Macropinocytosis
of protein is an amino acid supply route in Ras-transformed cells. Nature 497(7451):
633-7.

Coorssen JR, Schmitt H, Almers W. 1996. Ca2+ triggers massive exocytosis in Chinese
hamster ovary cells. The EMBO Journal 15(15):3787-3791.

Corvera S. 2001. Phosphatidylinositol 3-kinase and the control of endosome dynamics:
new players defined by structural motifs. Traffic 2(12):859-66.

Crombez L, Aldrian-Herrada G, Konate K, Nguyen QN, McMaster GK, Brasseur R,
Heitz F, Divita G. 2009. A New Potent Secondary Amphipathic Cell-penetrating
Peptide for siRNA Delivery Into Mammalian Cells. Molecular Therapy: the Journal
of the American Society of Gene Therapy 17(1):95-103.

Danciu TE, Adam RM, Naruse K, Freeman MR, Hauschka PV. 2003. Calcium regu-
lates the PI3K-Akt pathway in stretched osteoblasts. FEBS Lett 536(1-3):193-7.
Derossi D, Joliot AH, Chassaing G, Prochiantz A. 1994. The third helix of the Anten-
napedia homeodomain translocates through biological membranes. J Biol Chem

269(14):10444-50.

Deshayes S, Morris MC, Divita G, Heitz F. 2006. Interactions of amphipathic carrier
peptides with membrane components in relation with their ability to deliver thera-
peutics. J Pept Sci 12(12):758-65.

DeWitte-Orr SJ, Collins SE, Bauer CMT, Bowdish DM, Mossman KL. 2010. An Ac-
cessory to the ‘Trinity’: SR-As Are Essential Pathogen Sensors of Extracellular
dsRNA, Mediating Entry and Leading to Subsequent Type I IFN Responses. PLoS
Pathog 6(3):¢1000829.

Dharmawardhane S, Schurmann A, Sells MA, Chernoff J, Schmid SL, Bokoch GM.
2000. Regulation of macropinocytosis by p2l-activated kinase-1. Mol Biol Cell
11(10):3341-52.

Dieudonne A, Torres D, Blanchard S, Taront S, Jeannin P, Delneste Y, Pichavant M,
Trottein F, Gosset P. 2012. Scavenger receptors in human airway epithelial cells:
role in response to double-stranded RNA. PLoS One 7(8):e41952.

Doi T, Higashino K, Kurihara Y, Wada Y, Miyazaki T, Nakamura H, Uesugi S,
Imanishi T, Kawabe Y, Itakura H et al. . 1993. Charged collagen structure mediates
the recognition of negatively charged macromolecules by macrophage scavenger
receptors. J Biol Chem 268(3):2126-33.

Donsante A, Vogler C, Muzyczka N, Crawford JM, Barker J, Flotte T, Campbell-
Thompson M, Daly T, Sands MS. 2001. Observed incidence of tumorigenesis in
long-term rodent studies of rAAV vectors. Gene Ther 8(17):1343—6.

Duchardt F, Fotin-Mleczek M, Schwarz H, Fischer R, Brock R. 2007. A Compre-
hensive Model for the Cellular Uptake of Cationic Cell-penetrating Peptides. Traffic
8(7):848-866.

Dunne DW, Resnick D, Greenberg J, Krieger M, Joiner KA. 1994. The type I macro-
phage scavenger receptor binds to gram-positive bacteria and recognizes lipoteichoic
acid. Proc Natl Acad SciU S A 91(5):1863-7.

Eguchi A, Meade BR, Chang YC, Fredrickson CT, Willert K, Puri N, Dowdy SF. 2009.
Efficient siRNA delivery into primary cells by a peptide transduction domain-
dsRNA binding domain fusion protein. Nat Biotechnol 27(6):567-71.

60



El Andaloussi S, Lehto T, Mager I, Rosenthal-Aizman K, Oprea II, Simonson OE, Sork
H, Ezzat K, Copolovici DM, Kurrikoff K et al. . 2011. Design of a peptide-based
vector, PepFect6, for efficient delivery of siRNA in cell culture and systemically in
vivo. Nucleic Acids Research 39(9):3972-3987.

El Khoury J, Hickman SE, Thomas CA, Cao L, Silverstein SC, Loike JD. 1996. Scav-
enger receptor-mediated adhesion of microglia to beta-amyloid fibrils. Nature 382
(6593):716-9.

El-Andaloussi S, Johansson HJ, Holm T, Langel U. 2007. A novel cell-penetrating
peptide, M918, for efficient delivery of proteins and peptide nucleic acids. Mol Ther
15(10):1820-6.

Elomaa O, Kangas M, Sahlberg C, Tuukkanen J, Sormunen R, Liakka A, Thesleff I,
Kraal G, Tryggvason K. 1995. Cloning of a novel bacteria-binding receptor struc-
turally related to scavenger receptors and expressed in a subset of macrophages. Cell
80(4):603-9.

Elouahabi A, Ruysschaert JM. 2005. Formation and intracellular trafficking of lipo-
plexes and polyplexes. Mol Ther 11(3):336-47.

Ezzat K, Aoki Y, Koo T, McClorey G, Benner L, Coenen-Stass A, O'Donovan L, Lehto
T, Garcia-Guerra A, Nordin J et al. . 2015. Self-Assembly into Nanoparticles Is
Essential for Receptor Mediated Uptake of Therapeutic Antisense Oligonucleotides.
Nano Lett 15(7):4364-73.

Ezzat K, El Andaloussi S, Zaghloul EM, Lehto T, Lindberg S, Moreno PMD, Viola JR,
Magdy T, Abdo R, Guterstam P et al. . 2011. PepFect 14, a novel cell-penetrating
peptide for oligonucleotide delivery in solution and as solid formulation. Nucleic
Acids Research 39(12):5284-5298.

Ezzat K, Helmfors H, Tudoran O, Juks C, Lindberg S, Padari K, El-Andaloussi S,
Pooga M, Langel U. 2012. Scavenger receptor-mediated uptake of cell-penetrating
peptide nanocomplexes with oligonucleotides. FASEB J 26(3):1172—-1180.

Falcone S, Cocucci E, Podini P, Kirchhausen T, Clementi E, Meldolesi J. 2006. Macro-
pinocytosis: regulated coordination of endocytic and exocytic membrane traffic
events. J Cell Sci 119(Pt 22):4758-69.

Felgner PL, Gadek TR, Holm M, Roman R, Chan HW, Wenz M, Northrop JP, Ringold
GM, Danielsen M. 1987. Lipofection: a highly efficient, lipid-mediated DNA-trans-
fection procedure. Proc Natl Acad Sci U S A 84(21):7413-7.

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. 1998. Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans.
Nature 391(6669):806—11.

Fittipaldi A, Ferrari A, Zoppé M, Arcangeli C, Pellegrini V, Beltram F, Giacca M.
2003. Cell Membrane Lipid Rafts Mediate Caveolar Endocytosis of HIV-1 Tat
Fusion Proteins. Journal of Biological Chemistry 278(36):34141-34149.

Fleischer CC, Payne CK. 2014. Nanoparticle-cell interactions: molecular structure of
the protein corona and cellular outcomes. Acc Chem Res 47(8):2651-9.

Fletcher S, Honeyman K, Fall AM, Harding PL, Johnsen RD, Wilton SD. 2006.
Dystrophin expression in the mdx mouse after localised and systemic administration
of a morpholino antisense oligonucleotide. J Gene Med 8(2):207-16.

Forgac M. 2007. Vacuolar ATPases: rotary proton pumps in physiology and patho-
physiology. Nat Rev Mol Cell Biol 8(11):917-29.

Frankel AD, Pabo CO. 1988. Cellular uptake of the tat protein from human immuno-
deficiency virus. Cell 55(6):1189-93.

61



Frick M, Bright NA, Riento K, Bray A, Merrified C, Nichols BJ. 2007. Coassembly of
flotillins induces formation of membrane microdomains, membrane curvature, and
vesicle budding. Curr Biol 17(13):1151-6.

Fukuhara-Takaki K, Sakai M, Sakamoto Y-i, Takeya M, Horiuchi S. 2005. Expression
of Class A Scavenger Receptor Is Enhanced by High Glucose in Vitro and under
Diabetic Conditions in Vivo: ONE MECHANISM FOR AN INCREASED RATE
OF ATHEROSCLEROSIS IN DIABETES. Journal of Biological Chemistry 280(5):
3355-3364.

Futaki S, Suzuki T, Ohashi W, Yagami T, Tanaka S, Ueda K, Sugiura Y. 2001.
Arginine-rich peptides. An abundant source of membrane-permeable peptides
having potential as carriers for intracellular protein delivery. J Biol Chem 276(8):
5836-40.

Gao J, Liu DP, Huang Y, Dong WJ, Wu M, Feng DX, Liang CC. 2003. Excessive
expression of the scavenger receptor class A type I can significantly affect the serum
lipids. Sheng Wu Hua Xue Yu Sheng Wu Wu Li Xue Bao (Shanghai) 35(2):117-21.

Gao X, Kim KS, Liu D. 2007. Nonviral gene delivery: what we know and what is next.
Aaps j 9(1):E92-104.

Garrett WS, Chen LM, Kroschewski R, Ebersold M, Turley S, Trombetta S, Galan JE,
Mellman 1. 2000. Developmental control of endocytosis in dendritic cells by Cdc42.
Cell 102(3):325-34.

Gilleron J, Querbes W, Zeigerer A, Borodovsky A, Marsico G, Schubert U, Manygoats
K, Seifert S, Andree C, Stoter M et al. . 2013. Image-based analysis of lipid nano-
particle-mediated siRNA delivery, intracellular trafficking and endosomal escape.
Nat Biotech 31(7):638—646.

Ginn SL, Alexander IE, Edelstein ML, Abedi MR, Wixon J. 2013. Gene therapy clinical
trials worldwide to 2012 - an update. J Gene Med 15(2):65-77.

Glebov OO, Bright NA, Nichols BJ. 2006. Flotillin-1 defines a clathrin-independent
endocytic pathway in mammalian cells. Nat Cell Biol 8(1):46-54.

Godbey WT, Wu KK, Mikos AG. 1999. Size matters: molecular weight affects the effi-
ciency of poly(ethylenimine) as a gene delivery vehicle. J Biomed Mater Res
45(3):268-75.

Goldstein JL, Ho YK, Basu SK, Brown MS. 1979. Binding site on macrophages that
mediates uptake and degradation of acetylated low density lipoprotein, producing
massive cholesterol deposition. Proc Natl Acad Sci U S A 76(1):333-7.

Gomez JA, Chen J, Ngo J, Hajkova D, Yeh 1J, Gama V, Miyagi M, Matsuyama S.
2010. Cell-Penetrating Penta-Peptides (CPP5s): Measurement of Cell Entry and
Protein-Transduction Activity. Pharmaceuticals (Basel) 3(12):3594-3613.

Gorvel JP, Chavrier P, Zerial M, Gruenberg J. 1991. rab5 controls early endosome
fusion in vitro. Cell 64(5):915-25.

Green M, Loewenstein PM. 1988. Autonomous functional domains of chemically
synthesized human immunodeficiency virus tat trans-activator protein. Cell 55(6):
1179-88.

Griffiths G, Hoflack B, Simons K, Mellman I, Kornfeld S. 1988. The mannose 6-phos-
phate receptor and the biogenesis of lysosomes. Cell 52(3):329-41.

Grimmer S, van Deurs B, Sandvig K. 2002. Membrane ruffling and macropinocytosis in
A431 cells require cholesterol. J Cell Sci 115(Pt 14):2953-62.

Gruenberg J. 2001. The endocytic pathway: a mosaic of domains. Nat Rev Mol Cell
Biol 2(10):721-30.

62



Gump JM, June RK, Dowdy SF. 2010. Revised role of glycosaminoglycans in TAT
protein transduction domain-mediated cellular transduction. J Biol Chem 285(2):
1500-7.

Hammond SM, Hazell G, Shabanpoor F, Saleh AF, Bowerman M, Sleigh JN,
Meijboom KE, Zhou H, Muntoni F, Talbot K et al. . 2016. Systemic peptide-medi-
ated oligonucleotide therapy improves long-term survival in spinal muscular
atrophy. Proc Natl Acad Sci U S A 113(39):10962-7.

Hampton RY, Golenbock DT, Penman M, Krieger M, Raetz CR. 1991. Recognition and
plasma clearance of endotoxin by scavenger receptors. Nature 352(6333):342—4.

Han HJ, Tokino T, Nakamura Y. 1998. CSR, a scavenger receptor-like protein with a
protective role against cellular damage causedby UV irradiation and oxidative stress.
Hum Mol Genet 7(6):1039—46.

Han X, Bushweller JH, Cafiso DS, Tamm LK. 2001. Membrane structure and fusion-
triggering conformational change of the fusion domain from influenza hemag-
glutinin. Nat Struct Biol 8(8):715-20.

Harris J, Werling D, Hope JC, Taylor G, Howard CJ. 2002. Caveolae and caveolin in
immune cells: distribution and functions. Trends Immunol 23(3):158—64.

Hassane FS, Abes R, El Andaloussi S, Lehto T, Sillard R, Langel U, Lebleu B. 2011.
Insights into the cellular trafficking of splice redirecting oligonucleotides complexed
with chemically modified cell-penetrating peptides. J Control Release 153(2):163—
72.

Hayer A, Stoeber M, Bissig C, Helenius A. 2010. Biogenesis of caveolae: stepwise
assembly of large caveolin and cavin complexes. Traffic 11(3):361-82.

Henley JR, Krueger EW, Oswald BJ, McNiven MA. 1998. Dynamin-mediated
internalization of caveolae. J Cell Biol 141(1):85-99.

Hewlett LJ, Prescott AR, Watts C. 1994. The coated pit and macropinocytic pathways
serve distinct endosome populations. J Cell Biol 124(5):689-703.

Hill MM, Bastiani M, Luetterforst R, Kirkham M, Kirkham A, Nixon SJ, Walser P,
Abankwa D, Oorschot VM, Martin S et al. . 2008. PTRF-Cavin, a conserved cyto-
plasmic protein required for caveola formation and function. Cell 132(1):113-24.

Hirose H, Takeuchi T, Osakada H, Pujals S, Katayama S, Nakase I, Kobayashi S,
Haraguchi T, Futaki S. 2012. Transient focal membrane deformation induced by
arginine-rich peptides leads to their direct penetration into cells. Mol Ther
20(5):984-93.

Howes MT, Mayor S, Parton RG. 2010. Molecules, mechanisms, and cellular roles of
clathrin-independent endocytosis. Curr Opin Cell Biol 22(4):519-27.

Hristova K, Wimley WC, Mishra VK, Anantharamiah GM, Segrest JP, White SH. 1999.
An amphipathic alpha-helix at a membrane interface: a structural study using a
novel X-ray diffraction method. J Mol Biol 290(1):99-117.

Hsu T, Mitragotri S. 2011. Delivery of siRNA and other macromolecules into skin and
cells using a peptide enhancer. Proc Natl Acad Sci U S A 108(38):15816-21.

Huang FW, Wang HY, Li C, Wang HF, Sun YX, Feng J, Zhang XZ, Zhuo RX. 2010a.
PEGylated PEI-based biodegradable polymers as non-viral gene vectors. Acta
Biomater 6(11):4285-95.

Huang J, Zheng DL, Qin FS, Cheng N, Chen H, Wan BB, Wang YP, Xiao HS, Han ZG.
2010b. Genetic and epigenetic silencing of SCARAS may contribute to human
hepatocellular carcinoma by activating FAK signaling. J Clin Invest 120(1):223-41.

63



Hughes DA, Fraser IP, Gordon S. 1995. Murine macrophage scavenger receptor: in
vivo expression and function as receptor for macrophage adhesion in lymphoid and
non-lymphoid organs. Eur J Immunol 25(2):466-73.

Hunziker W. 1994. The calmodulin antagonist W-7 affects transcytosis, lysosomal
transport, and recycling but not endocytosis. J Biol Chem 269(46):29003-9.

Husemann J, Loike JD, Anankov R, Febbraio M, Silverstein SC. 2002. Scavenger
receptors in neurobiology and neuropathology: their role on microglia and other
cells of the nervous system. Glia 40(2):195-205.

Ivanova GD, Arzumanov A, Abes R, Yin H, Wood MJ, Lebleu B, Gait MJ. 2008.
Improved cell-penetrating peptide-PNA conjugates for splicing redirection in HeLa
cells and exon skipping in mdx mouse muscle. Nucleic Acids Res 36(20):6418-28.

Jaiswal JK, Andrews NW, Simon SM. 2002. Membrane proximal lysosomes are the
major vesicles responsible for calcium-dependent exocytosis in nonsecretory cells. J
Cell Biol 159(4):625-35.

Jiang Y, Oliver P, Davies KE, Platt N. 2006. Identification and characterization of
murine SCARAS, a novel class A scavenger receptor that is expressed by popu-
lations of epithelial cells. J Biol Chem 281(17):11834-45.

Joliot A, Pernelle C, Deagostini-Bazin H, Prochiantz A. 1991. Antennapedia homeobox
peptide regulates neural morphogenesis. Proc Natl Acad Sci U S A 88(5):1864-8.
Jovic M, Sharma M, Rahajeng J, Caplan S. 2010. The early endosome: a busy sorting

station for proteins at the crossroads. Histol Histopathol 25(1):99-112.

Jozefowski S, Kobzik L. 2004. Scavenger receptor A mediates H202 production and
suppression of IL-12 release in murine macrophages. J Leukoc Biol 76(5):1066—74.

Jozefowski S, Sulahian TH, Arredouani M, Kobzik L. 2006. Role of scavenger receptor
MARCO in macrophage responses to CpG oligodeoxynucleotides. J Leukoc Biol
80(4):870-9.

Juks C, Padari K, Margus H, Kriiska A, Etverk I, Arukuusk P, Koppel K, Ezzat K,
Langel U, Pooga M. 2015. The role of endocytosis in the uptake and intracellular
trafficking of PepFectl4—nucleic acid nanocomplexes via class A scavenger recept-
ors. Biochimica et Biophysica Acta (BBA) — Biomembranes 1848(12):3205-3216.

Kaksonen M, Toret CP, Drubin DG. 2005. A modular design for the clathrin- and actin-
mediated endocytosis machinery. Cell 123(2):305-20.

Kakudo T, Chaki S, Futaki S, Nakase I, Akaji K, Kawakami T, Maruyama K, Kamiya
H, Harashima H. 2004. Transferrin-modified liposomes equipped with a pH-sensit-
ive fusogenic peptide: an artificial viral-like delivery system. Biochemistry 43(19):
5618-28.

Kamphorst JJ, Nofal M, Commisso C, Hackett SR, Lu W, Grabocka E, Vander Heiden
MG, Miller G, Drebin JA, Bar-Sagi D et al. . 2015. Human pancreatic cancer tumors
are nutrient poor and tumor cells actively scavenge extracellular protein. Cancer Res
75(3):544-53.

Kang S-H, Cho M-J, Kole R. 1998. Up-Regulation of Luciferase Gene Expression with
Antisense Oligonucleotides: Implications and Applications in Functional Assay
Developmentf. Biochemistry 37(18):6235-6239.

Kanno S, Furuyama A, Hirano S. 2007. A murine scavenger receptor MARCO recog-
nizes polystyrene nanoparticles. Toxicol Sci 97(2):398—406.

Kelly PM, Aberg C, Polo E, O'Connell A, Cookman J, Fallon J, Krpetic Z, Dawson KA.
2015. Mapping protein binding sites on the biomolecular corona of nanoparticles.
Nat Nanotechnol 10(5):472-9.

64



Khalil IA, Futaki S, Niwa M, Baba Y, Kaji N, Kamiya H, Harashima H. 2004. Mechan-
ism of improved gene transfer by the N-terminal stearylation of octaarginine: en-
hanced cellular association by hydrophobic core formation. Gene Ther 11(7):
636-44.

Kircheis R, Wightman L, Schreiber A, Robitza B, Rossler V, Kursa M, Wagner E.
2001. Polyethylenimine/DNA complexes shielded by transferrin target gene expres-
sion to tumors after systemic application. Gene Ther 8(1):28—40.

Kirchhausen T. 2000. Clathrin. Annu Rev Biochem 69:699-727.

Kirkham M, Fujita A, Chadda R, Nixon SJ, Kurzchalia TV, Sharma DK, Pagano RE,
Hancock JF, Mayor S, Parton RG. 2005. Ultrastructural identification of uncoated
caveolin-independent early endocytic vehicles. J Cell Biol 168(3):465-76.

Kodama T, Freeman M, Rohrer L, Zabrecky J, Matsudaira P, Krieger M. 1990. Type |
macrophage scavenger receptor contains alpha-helical and collagen-like coiled coils.
Nature 343(6258):531-5.

Kole R, Krainer AR, Altman S. 2012. RNA therapeutics: Beyond RNA interference and
antisense oligonucleotides. Nat Rev Drug Discov 11(2):125-40.

Konate K, Crombez L, Deshayes S, Decaffmeyer M, Thomas A, Brasseur R, Aldrian G,
Heitz F, Divita G. 2010. Insight into the cellular uptake mechanism of a secondary
amphipathic cell-penetrating peptide for siRNA delivery. Biochemistry 49(16):
3393-402.

Kosswig N, Rice S, Daugherty A, Post SR. 2003. Class A Scavenger Receptor-mediated
Adhesion and Internalization Require Distinct Cytoplasmic Domains. Journal of
Biological Chemistry 278(36):34219-34225.

Kosuge M, Takeuchi T, Nakase I, Jones AT, Futaki S. 2008. Cellular internalization and
distribution of arginine-rich peptides as a function of extracellular peptide concen-
tration, serum, and plasma membrane associated proteoglycans. Bioconjug Chem
19(3):656-64.

Kumar P, Wu H, McBride JL, Jung KE, Kim MH, Davidson BL, Lee SK, Shankar P,
Manjunath N. 2007. Transvascular delivery of small interfering RNA to the central
nervous system. Nature 448(7149):39—43.

Kurreck J. 2004. Antisense and RNA interference approaches to target validation in
pain research. Curr Opin Drug Discov Devel 7(2):179-87.

Kwik J, Boyle S, Fooksman D, Margolis L, Sheetz MP, Edidin M. 2003. Membrane
cholesterol, lateral mobility, and the phosphatidylinositol 4,5-bisphosphate-depend-
ent organization of cell actin. Proc Natl Acad Sci U S A 100(24):13964-9.

Lamaze C, Dujeancourt A, Baba T, Lo CG, Benmerah A, Dautry-Varsat A. 2001. Inter-
leukin 2 receptors and detergent-resistant membrane domains define a clathrin-inde-
pendent endocytic pathway. Mol Cell 7(3):661-71.

Lamaziere A, Burlina F, Wolf C, Chassaing G, Trugnan G, Ayala-Sanmartin J. 2007.
Non-metabolic membrane tubulation and permeability induced by bioactive
peptides. PLoS One 2(2):e201.

Langel U. Cell-penetrating peptides: methods and protocols — NLM Catalog — NCBI
[Internet]. :. Available from: https://www.ncbi.nlm.nih.gov/pubmed/

Le PU, Nabi IR. 2003. Distinct caveolae-mediated endocytic pathways target the Golgi
apparatus and the endoplasmic reticulum. Journal of Cell Science 116(6):1059—
1071.

Lee MT, Mishra A, Lambright DG. 2009. Structural mechanisms for regulation of
membrane traffic by rab GTPases. Traffic 10(10):1377-89.

65



Lehto T, Abes R, Oskolkov N, Suhorutsenko J, Copolovici DM, Mager I, Viola JR,
Simonson OE, Ezzat K, Guterstam P et al. . 2010. Delivery of nucleic acids with a
stearylated (RxR)4 peptide using a non-covalent co-incubation strategy. J Control
Release 141(1):42-51.

Li JY, Paragas N, Ned RM, Qiu A, Viltard M, Leete T, Drexler IR, Chen X, Sanna-
Cherchi S, Mohammed F et al. . 2009. Scara5 is a ferritin receptor mediating non-
transferrin iron delivery. Dev Cell 16(1):35-46.

Li W, Szoka FC, Jr. 2007. Lipid-based nanoparticles for nucleic acid delivery. Pharm
Res 24(3):438-49.

Liberali P, Kakkonen E, Turacchio G, Valente C, Spaar A, Perinetti G, Bockmann RA,
Corda D, Colanzi A, Marjomaki V et al. . 2008. The closure of Pak1-dependent macro-
pinosomes requires the phosphorylation of CtBP1/BARS. Embo j 27(7):970-81.

Lim JP, Gleeson PA. 2011. Macropinocytosis: an endocytic pathway for internalising
large gulps. Immunol Cell Biol 89(8):836—43.

Limmon GV, Arredouani M, McCann KL, Minor RAC, Kobzik L, Imani F. 2008.
Scavenger receptor class-A is a novel cell surface receptor for double-stranded
RNA. The FASEB Journal 22(1):159-167.

Lindberg S, Munoz-Alarcon A, Helmfors H, Mosqueira D, Gyllborg D, Tudoran O,
Langel U. 2013. PepFectl5, a novel endosomolytic cell-penetrating peptide for
oligonucleotide delivery via scavenger receptors. Int J Pharm 441(1-2):242-7.

Lindberg S, Regberg J, Eriksson J, Helmfors H, Muifloz-Alarcén A, Srimanee A,
Figueroa RA, Hallberg E, Ezzat K, Langel U. 2015. A convergent uptake route for
peptide- and polymer-based nucleotide delivery systems. Journal of Controlled
Release 206(0):58—66.

Lindmo K, Stenmark H. 2006. Regulation of membrane traffic by phosphoinositide 3-
kinases. J Cell Sci 119(Pt 4):605-14.

Liu BR, Liou JS, Chen YJ, Huang YW, Lee HJ. 2013. Delivery of nucleic acids, pro-
teins, and nanoparticles by arginine-rich cell-penetrating peptides in rotifers. Mar
Biotechnol (NY) 15(5):584-95.

Liu L, Pilch PF. 2008. A critical role of cavin (polymerase I and transcript release
factor) in caveolae formation and organization. J Biol Chem 283(7):4314-22.

Liu ZM, Chen GG, Vlantis AC, Tse GM, Shum CKY, van Hasselt CA. 2007. Calcium-
mediated activation of PI3K and p53 leads to apoptosis in thyroid carcinoma cells.
Cellular and Molecular Life Sciences 64(11):1428—1436.

Lo SL, Wang S. 2008. An endosomolytic Tat peptide produced by incorporation of his-
tidine and cysteine residues as a nonviral vector for DNA transfection. Biomaterials
29(15):2408-14.

Lonn P, Kacsinta AD, Cui XS, Hamil AS, Kaulich M, Gogoi K, Dowdy SF. 2016. En-
hancing Endosomal Escape for Intracellular Delivery of Macromolecular Biologic
Therapeutics. Sci Rep 6:32301.

Lorents A, Kodavali PK, Oskolkov N, Langel U, Hillbrink M, Pooga M. 2012. Cell-
penetrating Peptides Split into Two Groups Based on Modulation of Intracellular
Calcium Concentration. Journal of Biological Chemistry 287(20):16880—-16889.

Lu QL, Mann CJ, Lou F, Bou-Gharios G, Morris GE, Xue S-a, Fletcher S, Partridge
TA, Wilton SD. 2003. Functional amounts of dystrophin produced by skipping the
mutated exon in the mdx dystrophic mouse. Nature Medicine 9(8):1009-1014.

Lundberg P, El-Andaloussi S, Sutlu T, Johansson H, Langel U. 2007. Delivery of short
interfering RNA using endosomolytic cell-penetrating peptides. Faseb j 21(11):
2664-71.

66



Lundin P, Johansson H, Guterstam P, Holm T, Hansen M, Langel U, El Andaloussi S.
2008. Distinct Uptake Routes of Cell-Penetrating Peptide Conjugates. Bioconjugate
Chemistry 19(12):2535-2542.

Lundmark R, Doherty GJ, Howes MT, Cortese K, Vallis Y, Parton RG, McMahon HT.
2008. The GTPase-activating protein GRAF1 regulates the CLIC/GEEC endocytic
pathway. Curr Biol 18(22):1802-8.

Lunov O, Syrovets T, Loos C, Beil J, Delacher M, Tron K, Nienhaus GU, Musya-
novych A, Mailander V, Landfester K et al. . 2011. Differential uptake of function-
alized polystyrene nanoparticles by human macrophages and a monocytic cell line.
ACS Nano 5(3):1657-69.

Lv H, Zhang S, Wang B, Cui S, Yan J. 2006. Toxicity of cationic lipids and cationic
polymers in gene delivery. J Control Release 114(1):100-9.

Magzoub M, Kilk K, Eriksson LE, Langel U, Graslund A. 2001. Interaction and
structure induction of cell-penetrating peptides in the presence of phospholipid ves-
icles. Biochim Biophys Acta 1512(1):77-89.

Mayor S, Pagano RE. 2007. Pathways of clathrin-independent endocytosis. Nat Rev
Mol Cell Biol 8(8):603—12.

Mayor S, Parton RG, Donaldson JG. 2014. Clathrin-independent pathways of endo-
cytosis. Cold Spring Harb Perspect Biol 6(6).

McPherson PS. 2010. Proteomic analysis of clathrin-coated vesicles. Proteomics
10(22):4025-39.

Mietus-Snyder M, Gowri MS, Pitas RE. 2000. Class A Scavenger Receptor Up-regu-
lation in Smooth Muscle Cells by Oxidized Low Density Lipoprotein: ENHANCE-
MENT BY CALCIUM FLUX AND CONCURRENT CYCLOOXYGENASE-2
UP-REGULATION. Journal of Biological Chemistry 275(23):17661-17670.

Miller K, Beardmore J, Kanety H, Schlessinger J, Hopkins CR. 1986. Localization of
the epidermal growth factor (EGF) receptor within the endosome of EGF-stimulated
epidermoid carcinoma (A431) cells. J Cell Biol 102(2):500-9.

Milletti F. 2012. Cell-penetrating peptides: classes, origin, and current landscape. Drug
Discov Today 17(15-16):850-60.

Mintzer MA, Simanek EE. 2009. Nonviral vectors for gene delivery. Chem Rev 109(2):
259-302.

Mirshafiee V, Mahmoudi M, Lou K, Cheng J, Kraft ML. 2013. Protein corona signi-
ficantly reduces active targeting yield. Chem Commun (Camb) 49(25):2557-9.

Mislick KA, Baldeschwieler JD. 1996. Evidence for the role of proteoglycans in cation-
mediated gene transfer. Proc Natl Acad Sci U S A 93(22):12349-54.

Mitchell DJ, Kim DT, Steinman L, Fathman CG, Rothbard JB. 2000. Polyarginine
enters cells more efficiently than other polycationic homopolymers. J Pept Res
56(5):318-25.

Monopoli MP, Aberg C, Salvati A, Dawson KA. 2012. Biomolecular coronas provide
the biological identity of nanosized materials. Nat Nanotechnol 7(12):779-86.

Mori T, Takahashi K, Naito M, Kodama T, Hakamata H, Sakai M, Miyazaki A,
Horiuchi S, Ando M. 1994. Endocytic pathway of scavenger receptors via trans-
Golgi system in bovine alveolar macrophages. Lab Invest 71(3):409-16.

Morris MC, Depollier J, Mery J, Heitz F, Divita G. 2001. A peptide carrier for the de-
livery of biologically active proteins into mammalian cells. Nat Biotechnol 19(12):
1173-6.

67



Morris MC, Gros E, Aldrian-Herrada G, Choob M, Archdeacon J, Heitz F, Divita G.
2007. A non-covalent peptide-based carrier for in vivo delivery of DNA mimics.
Nucleic Acids Res 35(7):e49.

Morris MC, Vidal P, Chaloin L, Heitz F, Divita G. 1997. A new peptide vector for
efficient delivery of oligonucleotides into mammalian cells. Nucleic Acids Res
25(14):2730-6.

Mortimer GM, Butcher NJ, Musumeci AW, Deng ZJ, Martin DJ, Minchin RF. 2014.
Cryptic epitopes of albumin determine mononuclear phagocyte system clearance of
nanomaterials. ACS Nano 8(4):3357-66.

Mounkes LC, Zhong W, Cipres-Palacin G, Heath TD, Debs RJ. 1998. Proteoglycans
mediate cationic liposome-DNA complex-based gene delivery in vitro and in vivo. J
Biol Chem 273(40):26164-70.

Murphy JE, Tedbury PR, Homer-Vanniasinkam S, Walker JH, Ponnambalam S. 2005.
Biochemistry and cell biology of mammalian scavenger receptors. Atherosclerosis
182(1):1-15.

Mie M, El Andaloussi S, Lundin P, Oskolkov N, Johansson HJ, Guterstam P, Langel U.
2009. A stearylated CPP for delivery of splice correcting oligonucleotides using a
non-covalent co-incubation strategy. Journal of Controlled Release 134(3):221-227.

Nakamura K, Funakoshi H, Miyamoto K, Tokunaga F, Nakamura T. 2001. Molecular
cloning and functional characterization of a human scavenger receptor with C-type
lectin (SRCL), a novel member of a scavenger receptor family. Biochem Biophys
Res Commun 280(4):1028-35.

Nakase I, Niwa M, Takeuchi T, Sonomura K, Kawabata N, Koike Y, Takehashi M,
Tanaka S, Ueda K, Simpson JC et al. . 2004. Cellular uptake of arginine-rich pep-
tides: roles for macropinocytosis and actin rearrangement. Mol Ther 10(6):1011-22.

Nakase I, Tadokoro A, Kawabata N, Takeuchi T, Katoh H, Hiramoto K, Negishi M,
Nomizu M, Sugiura Y, Futaki S. 2007. Interaction of arginine-rich peptides with
membrane-associated proteoglycans is crucial for induction of actin organization
and macropinocytosis. Biochemistry 46(2):492—501.

Nellimarla S, Baid K, Loo YM, Gale M, Jr., Bowdish DM, Mossman KL. 2015. Class
A Scavenger Receptor-Mediated Double-Stranded RNA Internalization Is Inde-
pendent of Innate Antiviral Signaling and Does Not Require Phosphatidylinositol
3-Kinase Activity. J Immunol 195(8):3858-65.

Nicoletti A, Caligiuri G, Tornberg I, Kodama T, Stemme S, Hansson GK. 1999. The
macrophage scavenger receptor type A directs modified proteins to antigen present-
ation. Eur J Immunol 29(2):512-21.

Nikolic DM, Cholewa J, Gass C, Gong MC, Post SR. 2007. Class A scavenger receptor-
mediated cell adhesion requires the sequential activation of Lyn and PI3-kinase. Am
J Physiol Cell Physiol 292(4):C1450-8.

Ochlke J, Scheller A, Wiesner B, Krause E, Beyermann M, Klauschenz E, Melzig M,
Bienert M. 1998. Cellular uptake of an alpha-helical amphipathic model peptide
with the potential to deliver polar compounds into the cell interior non-endocytic-
ally. Biochim Biophys Acta 1414(1-2):127-39.

Ohtani K, Suzuki Y, Eda S, Kawai T, Kase T, Keshi H, Sakai Y, Fukuoh A, Sakamoto
T, Itabe H et al. . 2001. The membrane-type collectin CL-P1 is a scavenger receptor
on vascular endothelial cells. J Biol Chem 276(47):44222-8.

Ojala JR, Pikkarainen T, Tuuttila A, Sandalova T, Tryggvason K. 2007. Crystal struc-
ture of the cysteine-rich domain of scavenger receptor MARCO reveals the presence

68



of a basic and an acidic cluster that both contribute to ligand recognition. J Biol
Chem 282(22):16654-66.

Okamoto T, Schlegel A, Scherer PE, Lisanti MP. 1998. Caveolins, a family of scaf-
folding proteins for organizing "preassembled signaling complexes" at the plasma
membrane. J Biol Chem 273(10):5419-22.

Oskolkov N, Arukuusk P, Copolovici D-M, Lindberg S, Margus H, Padari K, Pooga M,
Langel U. 2011. NickFects, Phosphorylated Derivatives of Transportan 10 for
Cellular Delivery of Oligonucleotides. International Journal of Peptide Research and
Therapeutics 17(2):147-157.

Pack DW, Hoffman AS, Pun S, Stayton PS. 2005. Design and development of polymers
for gene delivery. Nat Rev Drug Discov 4(7):581-93.

Palchetti S, Digiacomo L, Pozzi D, Peruzzi G, Micarelli E, Mahmoudi M, Caracciolo G.
2016. Nanoparticles-cell association predicted by protein corona fingerprints. Nano-
scale 8(25):12755-63.

Parton RG, del Pozo MA. 2013. Caveolae as plasma membrane sensors, protectors and
organizers. Nat Rev Mol Cell Biol 14(2):98-112.

Patel PC, Giljohann DA, Daniel WL, Zheng D, Prigodich AE, Mirkin CA. 2010. Scav-
enger Receptors Mediate Cellular Uptake of Polyvalent Oligonucleotide-Function-
alized Gold Nanoparticles. Bioconjugate Chemistry 21(12):2250-2256.

Patil ML, Zhang M, Taratula O, Garbuzenko OB, He H, Minko T. 2009. Internally
cationic polyamidoamine PAMAM-OH dendrimers for siRNA delivery: effect of
the degree of quaternization and cancer targeting. Biomacromolecules 10(2):258—66.

Pearson AM, Rich A, Krieger M. 1993. Polynucleotide binding to macrophage scav-
enger receptors depends on the formation of base-quartet-stabilized four-stranded
helices. Journal of Biological Chemistry 268(5):3546—3554.

Peiser L, De Winther MP, Makepeace K, Hollinshead M, Coull P, Plested J, Kodama T,
Moxon ER, Gordon S. 2002. The class A macrophage scavenger receptor is a major
pattern recognition receptor for Neisseria meningitidis which is independent of
lipopolysaccharide and not required for secretory responses. Infect Immun 70(10):
5346-54.

Pelkmans L, Burli T, Zerial M, Helenius A. 2004. Caveolin-stabilized membrane
domains as multifunctional transport and sorting devices in endocytic membrane
traffic. Cell 118(6):767-80.

Pelkmans L, Kartenbeck J, Helenius A. 2001. Caveolar endocytosis of simian virus 40
reveals a new two-step vesicular-transport pathway to the ER. Nat Cell Biol 3(5):
473-483.

Pelkmans L, Zerial M. 2005. Kinase-regulated quantal assemblies and kiss-and-run
recycling of caveolae. Nature 436(7047):128-33.

Petersen H, Fechner PM, Martin AL, Kunath K, Stolnik S, Roberts CJ, Fischer D,
Davies MC, Kissel T. 2002. Polyethylenimine-graft-poly(ethylene glycol) copoly-
mers: influence of copolymer block structure on DNA complexation and biological
activities as gene delivery system. Bioconjug Chem 13(4):845-54.

Pitas RE. 1990. Expression of the acetyl low density lipoprotein receptor by rabbit
fibroblasts and smooth muscle cells. Up-regulation by phorbol esters. J Biol Chem
265(21):12722-17.

Pliiddemann A, Neyen C, Gordon S. 2007. Macrophage scavenger receptors and host-
derived ligands. Methods 43(3):207-17.

Pooga M, Hallbrink M, Zorko M, Langel U. 1998. Cell penetration by transportan.
Faseb j 12(1):67-77.

69



Pooga M, Langel U. 2015. Classes of Cell-Penetrating Peptides. Methods Mol Biol
1324:3-28.

Pozzi D, Caracciolo G, Capriotti AL, Cavaliere C, Piovesana S, Colapicchioni V, Pal-
chetti S, Riccioli A, Lagana A. 2014. A proteomics-based methodology to investig-
ate the protein corona effect for targeted drug delivery. Mol Biosyst 10(11):2815-9.

Pozzi D, Caracciolo G, Digiacomo L, Colapicchioni V, Palchetti S, Capriotti AL,
Cavaliere C, Zenezini Chiozzi R, Puglisi A, Lagana A. 2015. The biomolecular
corona of nanoparticles in circulating biological media. Nanoscale 7(33):13958-66.

Prabhudas M, Bowdish D, Drickamer K, Febbraio M, Herz J, Kobzik L, Krieger M,
Loike J, Means TK, Moestrup SK et al. . 2014. Standardizing scavenger receptor
nomenclature. J Immunol 192(5):1997-2006.

Racoosin EL, Swanson JA. 1993. Macropinosome maturation and fusion with tubular
lysosomes in macrophages. J Cell Biol 121(5):1011-20.

Ramsay E, Gumbleton M. 2002. Polylysine and polyornithine gene transfer complexes:
a study of complex stability and cellular uptake as a basis for their differential in-
vitro transfection efficiency. J Drug Target 10(1):1-9.

Richard JP, Melikov K, Brooks H, Prevot P, Lebleu B, Chernomordik LV. 2005.
Cellular Uptake of Unconjugated TAT Peptide Involves Clathrin-dependent Endo-
cytosis and Heparan Sulfate Receptors. Journal of Biological Chemistry 280(15):
15300-15306.

Richard JP, Melikov K, Vives E, Ramos C, Verbeure B, Gait MJ, Chernomordik LV,
Lebleu B. 2003. Cell-penetrating peptides — A reevaluation of the mechanism of
cellular uptake. Journal of Biological Chemistry 278(1):585-590.

Rink J, Ghigo E, Kalaidzidis Y, Zerial M. 2005. Rab conversion as a mechanism of
progression from early to late endosomes. Cell 122(5):735-49.

Russell DW. 2007. AAV vectors, insertional mutagenesis, and cancer. Mol Ther 15(10):
1740-3.

Rydberg HA, Matson M, Amand HL, Esbjorner EK, Norden B. 2012. Effects of trypto-
phan content and backbone spacing on the uptake efficiency of cell-penetrating
peptides. Biochemistry 51(27):5531-9.

Rydstrom A, Deshayes S, Konate K, Crombez L, Padari K, Boukhaddaoui H, Aldrian
G, Pooga M, Divita G. 2011. Direct Translocation as Major Cellular Uptake for
CADY Self-Assembling Peptide-Based Nanoparticles. PLoS ONE 6(10):¢25924.

Ridgel H, Sailik P, Hansen M, Langel U, Pooga M. 2009. CPP—protein constructs
induce a population of non-acidic vesicles during trafficking through endo-lyso-
somal pathway. Journal of Controlled Release 139(2):108-117.

Sabharanjak S, Sharma P, Parton RG, Mayor S. 2002. GPI-anchored proteins are
delivered to recycling endosomes via a distinct cdc42-regulated, clathrin-inde-
pendent pinocytic pathway. Dev Cell 2(4):411-23.

Sahay G, Querbes W, Alabi C, Eltoukhy A, Sarkar S, Zurenko C, Karagiannis E, Love
K, Chen D, Zoncu R et al. . 2013. Efficiency of siRNA delivery by lipid nano-
particles is limited by endocytic recycling. Nat Biotechnol 31(7):653-8.

Sahin U, Kariké K, Tiireci O. 2014. mRNA-based therapeutics [mdash] developing a
new class of drugs. Nature Reviews Drug Discovery 13:759-780.

Said Hassane F, Saleh AF, Abes R, Gait MJ, Lebleu B. 2010. Cell penetrating peptides:
overview and applications to the delivery of oligonucleotides. Cellular and Mole-
cular Life Sciences 67(5):715-726.

70



Saleh MC, van Rij RP, Hekele A, Gillis A, Foley E, O'Farrell PH, Andino R. 2006. The
endocytic pathway mediates cell entry of dsSRNA to induce RNA1 silencing. Nat Cell
Biol 8(8):793-802.

Salvati A, Pitek AS, Monopoli MP, Prapainop K, Bombelli FB, Hristov DR, Kelly PM,
Aberg C, Mahon E, Dawson KA. 2013. Transferrin-functionalized nanoparticles
lose their targeting capabilities when a biomolecule corona adsorbs on the surface.
Nat Nanotechnol 8(2):137-43.

Sandvig K, Pust S, Skotland T, van Deurs B. 2011. Clathrin-independent endocytosis:
mechanisms and function. Curr Opin Cell Biol 23(4):413-20.

Scherer PE, Lewis RY, Volonte D, Engelman JA, Galbiati F, Couet J, Kohtz DS, van
Donselaar E, Peters P, Lisanti MP. 1997. Cell-type and tissue-specific expression of
caveolin-2. Caveolins 1 and 2 co-localize and form a stable hetero-oligomeric com-
plex in vivo. J Biol Chem 272(46):29337—46.

Schmid SL. 1997. Clathrin-coated vesicle formation and protein sorting: an integrated
process. Annu Rev Biochem 66:511-48.

Shaul PW, Anderson RG. 1998. Role of plasmalemmal caveolae in signal transduction.
Am J Physiol 275(5 Pt 1):L843-51.

Shetty S, Eckhardt ERM, Post SR, van der Westhuyzen DR. 2006. Phosphatidylino-
sitol-3-Kinase Regulates Scavenger Receptor Class B Type I Subcellular Localiz-
ation and Selective Lipid Uptake in Hepatocytes. Arteriosclerosis, Thrombosis, and
Vascular Biology 26(9):2125-2131.

Sigismund S, Woelk T, Puri C, Maspero E, Tacchetti C, Transidico P, Di Fiore PP, Polo
S. 2005. Clathrin-independent endocytosis of ubiquitinated cargos. Proc Natl Acad
Sci U S A 102(8):2760-5.

Simeoni F, Morris MC, Heitz F, Divita G. 2003. Insight into the mechanism of the
peptide-based gene delivery system MPG: implications for delivery of siRNA into
mammalian cells. Nucleic Acids Res 31(11):2717-24.

Siva K, Covello G, Denti MA. 2014. Exon-skipping antisense oligonucleotides to cor-
rect missplicing in neurogenetic diseases. Nucleic Acid Ther 24(1):69—86.

Song J, Kai M, Zhang W, Zhang J, Liu L, Zhang B, Liu X, Wang R. 2011. Cellular
uptake of transportan 10 and its analogs in live cells: Selectivity and structure-
activity relationship studies. Peptides 32(9):1934—41.

Sonnichsen B, De Renzis S, Nielsen E, Rietdorf J, Zerial M. 2000. Distinct membrane
domains on endosomes in the recycling pathway visualized by multicolor imaging
of Rab4, Rab5, and Rab11. J Cell Biol 149(4):901-14.

Sontheimer EJ. 2005. Assembly and function of RNA silencing complexes. Nature
Reviews Molecular Cell Biology 6(2):127-138.

Soomets U, Lindgren M, Gallet X, Hallbrink M, Elmquist A, Balaspiri L, Zorko M,
Pooga M, Brasseur R, Langel U. 2000. Deletion analogues of transportan. Bio-
chimica et Biophysica Acta (BBA) — Biomembranes 1467(1):165-176.

Spiro DJ, Boll W, Kirchhausen T, Wessling-Resnick M. 1996. Wortmannin alters the
transferrin receptor endocytic pathway in vivo and in vitro. Mol Biol Cell 7(3):
355-67.

Srimanee A, Regberg J, Hallbrink M, Vajragupta O, Langel U. 2016. Role of scavenger
receptors in peptide-based delivery of plasmid DNA across a blood-brain barrier
model. Int J Pharm 500(1-2):128-35.

Stowell MH, Marks B, Wigge P, McMahon HT. 1999. Nucleotide-dependent conform-
ational changes in dynamin: evidence for a mechanochemical molecular spring. Nat
Cell Biol 1(1):27-32.

71



Suzuki T, Futaki S, Niwa M, Tanaka S, Ueda K, Sugiura Y. 2002. Possible existence of
common internalization mechanisms among arginine-rich peptides. J Biol Chem
277(4):2437-43.

Swanson JA, Watts C. 1995. Macropinocytosis. Trends Cell Biol 5(11):424-8.

Sailik P, Padari K, Niinep A, Lorents A, Hansen M, Jokitalo E, Langel U, Pooga M.
2009. Protein Delivery with Transportans Is Mediated by Caveolae Rather Than
Flotillin-Dependent Pathways. Bioconjugate Chemistry 20(5):877—-887.

Tagawa A, Mezzacasa A, Hayer A, Longatti A, Pelkmans L, Helenius A. 2005.
Assembly and trafficking of caveolar domains in the cell: caveolae as stable, cargo-
triggered, vesicular transporters. J Cell Biol 170(5):769-79.

Takayama K, Nakase I, Michiue H, Takeuchi T, Tomizawa K, Matsui H, Futaki S.
2009. Enhanced intracellular delivery using arginine-rich peptides by the addition of
penetration accelerating sequences (Pas). J Control Release 138(2):128-33.

Tang Z, Scherer PE, Okamoto T, Song K, Chu C, Kohtz DS, Nishimoto I, Lodish HF,
Lisanti MP. 1996. Molecular cloning of caveolin-3, a novel member of the caveolin
gene family expressed predominantly in muscle. J Biol Chem 271(4):2255-61.

Thomas CA, Li Y, Kodama T, Suzuki H, Silverstein SC, El Khoury J. 2000. Protection
from lethal gram-positive infection by macrophage scavenger receptor-dependent
phagocytosis. J Exp Med 191(1):147-56.

Thomas CE, Ehrhardt A, Kay MA. 2003. Progress and problems with the use of viral
vectors for gene therapy. Nature Reviews Genetics 4(5):346-358.

Tondu AL, Robichon C, Yvan-Charvet L, Donne N, Le Liepvre X, Hajduch E, Ferre P,
Dugail I, Dagher G. 2005. Insulin and angiotensin II induce the translocation of
scavenger receptor class B, type I from intracellular sites to the plasma membrane of
adipocytes. J Biol Chem 280(39):33536—40.

Tonges L, Lingor P, Egle R, Dietz GP, Fahr A, Bahr M. 2006. Stearylated octaarginine
and artificial virus-like particles for transfection of siRNA into primary rat neurons.
Rna 12(7):1431-8.

Tiinnemann G, Martin RM, Haupt S, Patsch C, Edenhofer F, Cardoso MC. 2006.
Cargo-dependent mode of uptake and bioavailability of TAT-containing proteins
and peptides in living cells. Faseb j 20(11):1775-84.

Turner JJ, Arzumanov AA, Gait MJ. 2005. Synthesis, cellular uptake and HIV-1 Tat-
dependent trans-activation inhibition activity of oligonucleotide analogues disulph-
ide-conjugated to cell-penetrating peptides. Nucleic Acids Res 33(1):27-42.

Ungewickell EJ, Hinrichsen L. 2007. Endocytosis: clathrin-mediated membrane
budding. Curr Opin Cell Biol 19(4):417-25.

van Asbeck AH, Beyerle A, McNeill H, Bovee-Geurts PHM, Lindberg S, Verdurmen
WPR, Hallbrink M, Lange U, Heidenreich O, Brock R. 2013. Molecular Parameters
of siRNA-Cell Penetrating Peptide Nanocomplexes for Efficient Cellular Delivery.
Acs Nano 7(5):3797-3807.

van Dam EM, Ten Broeke T, Jansen K, Spijkers P, Stoorvogel W. 2002. Endocytosed
transferrin receptors recycle via distinct dynamin and phosphatidylinositol 3-kinase-
dependent pathways. J Biol Chem 277(50):48876-83.

Veiman KL, Mager I, Ezzat K, Margus H, Lehto T, Langel K, Kurrikoff K, Arukuusk P,
Suhorutsenko J, Padari K et al. . 2013. PepFect14 Peptide Vector for Efficient Gene
Delivery in Cell Cultures. MOLECULAR PHARMACEUTICS 10(1):199-210.

Vives E, Brodin P, Lebleu B. 1997. A truncated HIV-1 Tat protein basic domain rapidly
translocates through the plasma membrane and accumulates in the cell nucleus. J
Biol Chem 272(25):16010-7.

72



Vonderheit A, Helenius A. 2005. Rab7 associates with early endosomes to mediate
sorting and transport of Semliki forest virus to late endosomes. PLoS Biol 3(7):e233.

Wadia JS, Stan RV, Dowdy SF. 2004. Transducible TAT-HA fusogenic peptide
enhances escape of TAT-fusion proteins after lipid raft macropinocytosis. Nat Med
10(3):310-5.

Werth S, Urban-Klein B, Dai L, Hobel S, Grzelinski M, Bakowsky U, Czubayko F,
Aigner A. 2006. A low molecular weight fraction of polyethylenimine (PEI) dis-
plays increased transfection efficiency of DNA and siRNA in fresh or lyophilized
complexes. J Control Release 112(2):257-70.

West MA, Prescott AR, Eskelinen EL, Ridley AJ, Watts C. 2000. Rac is required for
constitutive macropinocytosis by dendritic cells but does not control its down-
regulation. Curr Biol 10(14):839-48.

Wiethoff CM, Smith JG, Koe GS, Middaugh CR. 2001. The potential role of proteo-
glycans in cationic lipid-mediated gene delivery. Studies of the interaction of
cationic lipid-DNA complexes with model glycosaminoglycans. J Biol Chem
276(35):32806-13.

Wittrup A, Ai A, Liu X, Hamar P, Trifonova R, Charisse K, Manoharan M, Kirch-
hausen T, Lieberman J. 2015. Visualizing lipid-formulated siRNA release from
endosomes and target gene knockdown. Nat Biotechnol 33(8):870-6.

Wood MJ. 2010. Toward an oligonucleotide therapy for Duchenne muscular dystrophy:
a complex development challenge. Sci Transl Med 2(25):25ps15.

Wu XA, Choi CHJ, Zhang C, Hao L, Mirkin CA. 2014. Intracellular Fate of Spherical
Nucleic Acid Nanoparticle Conjugates. Journal of the American Chemical Society
136(21):7726-7733.

Yan N, Zhang S, Yang Y, Cheng L, Li C, Dai L, Zhang X, Fan P, Tian H, Wang R et al. .
2012. Therapeutic upregulation of Class A scavenger receptor member 5 inhibits
tumor growth and metastasis. Cancer Sci 103(9):1631-9.

Yan Y, Gause KT, Kamphuis MM, Ang CS, O'Brien-Simpson NM, Lenzo JC,
Reynolds EC, Nice EC, Caruso F. 2013. Differential roles of the protein corona in
the cellular uptake of nanoporous polymer particles by monocyte and macrophage
cell lines. ACS Nano 7(12):10960-70.

Yang J, Clarke JF, Ester CJ, Young PW, Kasuga M, Holman GD. 1996. Phosphatidylin-
ositol 3-kinase acts at an intracellular membrane site to enhance GLUT4 exocytosis
in 3T3-L1 cells. Biochem J 313 ( Pt 1):125-31.

Yao W, Li K, Liao K. 2009. Macropinocytosis contributes to the macrophage foam cell
formation in RAW264.7 cells. Acta Biochimica et Biophysica Sinica 41(9):773—
780.

Yin H, Saleh AF, Betts C, Camelliti P, Seow Y, Ashraf S, Arzumanov A, Hammond S,
Merritt T, Gait MJ et al. . 2011. Pip5 transduction peptides direct high efficiency
oligonucleotide-mediated dystrophin exon skipping in heart and phenotypic
correction in mdx mice. Mol Ther 19(7):1295-303.

Yu G, Tseng GC, Yu YP, Gavel T, Nelson J, Wells A, Michalopoulos G, Kokkinakis D,
Luo JH. 2006. CSR1 suppresses tumor growth and metastasis of prostate cancer.
Am J Pathol 168(2):597-607.

Yu H, Ha T, Liu L, Wang X, Gao M, Kelley J, Kao R, Williams D, Li C. 2012.
Scavenger receptor A (SR-A) is required for LPS-induced TLR4 mediated NF-kB
activation in macrophages. Biochimica et Biophysica Acta (BBA) — Molecular Cell
Research 1823(7):1192-1198.

73



Zani 1A, Stephen SL, Mughal NA, Russell D, Homer-Vanniasinkam S, Wheatcroft SB,
Ponnambalam S. 2015. Scavenger receptor structure and function in health and
disease. Cells 4(2):178-201.

Zerial M, McBride H. 2001. Rab proteins as membrane organizers. Nat Rev Mol Cell
Biol 2(2):107-17.

Zhu X-D, Zhuang Y, Ben J-J, Qian L-L, Huang H-P, Bai H, Sha J-H, He Z-G, Chen Q.
2011. Caveolae-dependent Endocytosis Is Required for Class A Macrophage
Scavenger Receptor-mediated Apoptosis in Macrophages. Journal of Biological
Chemistry 286(10):8231-8239.

Zhu ZH, Yu YP, Shi YK, Nelson JB, Luo JH. 2009. CSR1 induces cell death through
inactivation of CPSF3. Oncogene 28(1):41-51.

Ziegler A. 2008. Thermodynamic studies and binding mechanisms of cell-penetrating
peptides with lipids and glycosaminoglycans. Adv Drug Deliv Rev 60(4-5):580-97.

Ziegler A, Seelig J. 2011. Contributions of glycosaminoglycan binding and clustering to
the biological uptake of the nonamphipathic cell-penetrating peptide WR9. Bio-
chemistry 50(21):4650—64.

Zuhorn IS, Bakowsky U, Polushkin E, Visser WH, Stuart MC, Engberts JB, Hoekstra
D. 2005. Nonbilayer phase of lipoplex-membrane mixture determines endosomal
escape of genetic cargo and transfection efficiency. Mol Ther 11(5):801-10.

74



ACKNOWLEDGEMENTS

First and foremost, I want to express my deepest gratitude to my supervisor,
Margus Pooga for introducing me the world of CPPs, sharing his knowledge
and providing encouragement during my studies. I am also very thankful to Kért
Padari for her guidance during my BSc and MSc studies, and for introducing
me the secrets of electron microscopy.

I am also thankful to my colleagues from the Institute of Technology, espe-
cially Prof. Ulo Langel for welcoming me to his group and for introducing me
the peptide synthesis.

Additionally, I want to express my gratitude towards the present and former
labmates from the department of Developmental Biology, especially Janely,
Helerin, and Annely for invaluable help in everyday lab work and for being
such a great colleagues. It has been a pleasure to work with you.

I am also thankful to Viljar Jaks for proofreading my thesis, and for his help-
ful comments and suggestions on the thesis.

Finally, I would like to thank all of my closest friends who have inspired and
motivated me. Eva, and Maia, Tuuli, Regina, Kertu, Madli and Holar from
“Ruuni gang” — this gratitude goes to you!

Above all, I am grateful to my family, especially my mother and brother for
all the support and encouragement. My special thanks go to my dear husband
Karmo for always being there for me and appreciating my achievements.

75






CURRICULUM VITAE

Name: Carmen Tali (born: Juks)
Date of Birth: 11.10.1988
Nationality:  Estonian

Address: University of Tartu, Institute of Molecular and Cell Biology, 23
Riia Street, 51010, Tartu, Estonia

E-mail: carmen.juks@gmail.com

Education:

2012—... University of Tartu, PhD student at the Institute of Molecular
and Cell Biology

20102012 University of Tartu, MSc in gene technology
2007-2010 University of Tartu, BSc in gene technology
2004-2007 Polva Co-Educational Gymnasium

Special courses:

2015 The international symposium “From Cell-Penetrating Peptides
to Nanoparticles for Cellular Delivery”, Paris, France
2011 University of Tartu conference “Peptide Vectors and Delivery

of Therapeutics”, Tallinn, Estonia

Main research interests:
To examine the mechanisms of scavenger receptors at recognition of extracel-
lular nucleic acid molecules or their complexes with cell penetrating peptides.

List of publications:

Ezzat, K., Helmfors, H., Tudoran, O., Juks, C., Lindberg, S., Padari, K., El-
Andaloussi, S., Pooga, M., and Langel, U. (2012) Scavenger receptor-medi-
ated uptake of cell-penetrating peptide nanocomplexes with oligonucleo-
tides. FASEB J 26(3): 1172-1180

Juks, C., Pooga, M. (2013). Scavenger receptors in the cellular uptake of
nucleic acids A new tool for bioinspired nanotechnology. Chimica Oggi-
Chemistry Today, 31 (2), 24-26.

Juks, C., Padari, K., Margus, H., Kriiska, A., Etverk I, Arukuusk, P., Koppel,
K., Ezzat, K., Langel, U., Pooga, M. (2015) The role of endocytosis in the
uptake and intracellular trafficking of PepFectl4-nucleic acid nanocom-
plexes via class A scavenger receptors. Biochim. Biophys. Acta 1848(12):
3205-3216.

Margus, H., Juks, C., Pooga, M. (2015) Unraveling the mechanisms of peptide-
mediated delivery of nucleic acids using electron microscopy. Methods Mol.
Biol. 1324: 149-62.

Juks, C., Lorents A., S., Arukuusk P., Langel U., and Pooga M. (2017). Cell
penetrating peptides recruit type A scavenger receptors to the plasma mem-
brane for cellular delivery of nucleic acids. FASEB J 31(3): 975-988.

137



ELULOOKIRJELDUS

Nimi: Carmen Tali (siind. Juks)

Siinniaeg: 11.10.1988

Kodakondsus: Eesti

Aadress: Molekulaar- ja rakubioloogia instituut, Tartu Ulikool Riia 23,
51010 Tartu, Eesti

E-mail: carmen.juks@gmail.com

Hariduskiik

2012— ... Tartu Ulikool, doktorantuuridpingud rakubioloogia erialal,

molekulaar- ja rakubioloogia ppekaval

20102012 Tartu Ulikool, Loodusteaduste magister (MSc) geenitehno-
loogia erialal

2007-2010 Tartu Ulikool, Loodusteaduste bakalaureus (BSc) geenitehno-
loogia erialal

2004-2007  Pdlva Uhisgiimnaasium

Erialane enesetidiendus:

2015 Rahvusvaheline stimpoosium “From Cell-Penetrating Peptides
to Nanoparticles for Cellular Delivery”, Pariis, Prantsusmaa
2011 Tartu Ulikooli konverents “Peptide Vectors and Delivery of

Therapeutics”, Tallinn, Eesti

Peamised uurimisvaldkonnad:

Piitidurretseptorite (ing.k. scavenger receptors) toimimismehhanismide uuri-
mine rakku sisenevate peptiidide ja nukleiinhappe komplekside omastamisel
keskkonnast ja nende sisestamisel rakkudesse.

Publikatsioonid:

Ezzat, K., Helmfors, H., Tudoran, O., Juks, C., Lindberg, S., Padari, K., El-
Andaloussi, S., Pooga, M., and Langel, U. (2012) Scavenger receptor-medi-
ated uptake of cell-penetrating peptide nanocomplexes with oligonucleo-
tides. FASEB J 26(3): 1172-1180

Juks, C., Pooga, M. (2013). Scavenger receptors in the cellular uptake of
nucleic acids A new tool for bioinspired nanotechnology. Chimica Oggi-
Chemistry Today, 31 (2), 24-26.

Juks, C., Padari, K., Margus, H., Kriiska, A., Etverk I, Arukuusk, P., Koppel,
K., Ezzat, K., Langel, U., Pooga, M. (2015) The role of endocytosis in the
uptake and intracellular trafficking of PepFectl4-nucleic acid nanocom-
plexes via class A scavenger receptors. Biochim. Biophys. Acta 1848(12):
3205-3216.

Margus, H., Juks, C., Pooga, M. (2015) Unraveling the mechanisms of peptide-
mediated delivery of nucleic acids using electron microscopy. Methods Mol.
Biol. 1324: 149-62.

138



Juks, C., Lorents A., S., Arukuusk P., Langel U., and Pooga M. (2017). Cell
penetrating peptides recruit type A scavenger receptors to the plasma mem-
brane for cellular delivery of nucleic acids. FASEB J 31(3): 975-988.

139



11.

12.

13.

13.

14.
15.

16.

17.

18.

19.

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS

. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.
. Enn K. Seppet. Thyroid state control over energy metabolism, ion trans-

port and contractile functions in rat heart. Tartu, 1991, 135 p.

. Kristjan Zobel. Epifiilitsete makrosamblike véértus dhu saastuse indikaa-

toritena Hamar-Dobani boreaalsetes mégimetsades. Tartu, 1992, 131 lk.

. Andres Mie. Conjugal mobilization of catabolic plasmids by transpos-

able elements in helper plasmids. Tartu, 1992, 91 p.

. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.

strain EST 1001. Tartu, 1992, 61 p.

. Allan Nurk. Nucleotide sequences of phenol degradative genes from

Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.

. Ulo Tamm. The genus Populus L. in Estonia: variation of the species bio-

logy and introduction. Tartu, 1993, 91 p.

. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli

ribosome. Tartu, 1993, 68 p.

. Ulo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
. Arvo Kiéird. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.
Lilian Jirvekiilg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p.

Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.

Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.

Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.

Ulo Puurand. The complete nucleotide sequence and infections in vitro
transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
Peeter Horak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit
(Parus major). Tartu, 1995, 118 p.

Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.

Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.

Ulo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody
taxa. Tartu, 1996, 150 p.

140



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.
36.

37.

38.

39.

40.

41.

Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.

Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.

Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor
transcription factors in neurogenesis. Tartu, 1996, 109 p.

Maido Remm. Human papillomavirus type 18: replication, transforma-
tion and gene expression. Tartu, 1997, 117 p.

Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.

Kalle Olli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p.

Meelis Pirtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.

Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania:
distribution, morphology and taxonomy. Tartu, 1997, 186 p.

Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.

Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.

Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of
23S rRNA. Tartu, 1997, 134 p.

Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of
Riga ecosystem. Tartu, 1997, 138 p.

Lembi Lougas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.

. Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,

galanin-based chimeric peptides. Tartu, 1998, 110 p.

Andres Saag. Evolutionary relationships in some cetrarioid genera
(Lichenized Ascomycota). Tartu, 1998, 196 p.

Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.
Tatjana Qja. [soenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.

Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis
on the competition and coexistence of calcareous grassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Keropla-
tidae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae). Tartu,
1998, 200 p.

Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.

Arnold Kristjuhan. Studies on transcriptional activator properties of
tumor suppressor protein p53. Tartu, 1998, 86 p.

Sulev Ingerpuu. Characterization of some human myeloid cell surface
and nuclear differentiation antigens. Tartu, 1998, 163 p.

141



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Vortsjarv. Tartu, 1998, 118 p.

Kadri Poldmaa. Studies in the systematics of hypomyces and allied
genera (Hypocreales, Ascomycota). Tartu, 1998, 178 p.

Markus Vetemaa. Reproduction parameters of fish as indicators in en-
vironmental monitoring. Tartu, 1998, 117 p.

Heli Talvik. Prepatent periods and species composition of different Oeso-
phagostomum spp. populations in Estonia and Denmark. Tartu, 1998,
104 p.

Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.

Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.

Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.
Juan Jose Cantero. Plant community diversity and habitat relationships in
central Argentina grasslands. Tartu, 1999, 161 p.

Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.

Sulev Koks. Cholecystokinin (CCK) — induced anxiety in rats: influence
of environmental stimuli and involvement of endopioid mechanisms and
serotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of O; and CO, on wheat,
clover and pasture. Tartu, 1999, 123 p.

Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p.

Andres Valkna. Interactions of galanin receptor with ligands and
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p.

Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.

Ana Rebane. Mammalian ribosomal protein S3a genes and intron-
encoded small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.

Tiina Tamm. Cocksfoot mottle virus: the genome organisation and trans-
lational strategies. Tartu, 2000, 101 p.

Reet Kurg. Structure-function relationship of the bovine papilloma virus
E2 protein. Tartu, 2000, 89 p.

Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p.

Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS.
Tartu, 2000, 88 p.

Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu, 2000, 106 p.

142



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

Kai Vellak. Influence of different factors on the diversity of the bryo-
phyte vegetation in forest and wooded meadow communities. Tartu, 2000,
122 p.

Jonne Kotta. Impact of eutrophication and biological invasionas on the
structure and functions of benthic macrofauna. Tartu, 2000, 160 p.

Georg Martin. Phytobenthic communities of the Gulf of Riga and the
inner sea the West-Estonian archipelago. Tartu, 2000, 139 p.

Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.

Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000, 96 p.

Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu,
2001, 111 p.

Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu, 2001, 122 p.

Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu, 2001, 80 p.

Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu, 2001, 112 p.

Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus
major, breeding in Nothern temperate forests. Tartu, 2002, 126 p.

Rita Horak. Regulation of transposition of transposon Tn4652 in Pseudo-
monas putida. Tartu, 2002, 108 p.

Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community.
Tartu, 2002, 74 p.

Kro6ot Aasamaa. Shoot hydraulic conductance and stomatal conductance
of six temperate deciduous tree species. Tartu, 2002, 110 p.

Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002,
112 p.

Neeme Tonisson. Mutation detection by primer extension on oligonucleo-
tide microarrays. Tartu, 2002, 124 p.

Margus Pensa. Variation in needle retention of Scots pine in relation to
leaf morphology, nitrogen conservation and tree age. Tartu, 2003, 110 p.
Asko Lohmus. Habitat preferences and quality for birds of prey: from
principles to applications. Tartu, 2003, 168 p.

Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003, 160 p.

Jaana Minnik. Characterization and genetic studies of four ATP-binding
cassette (ABC) transporters. Tartu, 2003, 140 p.

Marek Sammul. Competition and coexistence of clonal plants in relation
to productivity. Tartu, 2003, 159 p

Ivar Ilves. Virus-cell interactions in the replication cycle of bovine
papillomavirus type 1. Tartu, 2003, 89 p.

143



83.

&4.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Andres Minnik. Design and characterization of a novel vector system
based on the stable replicator of bovine papillomavirus type 1. Tartu,
2003, 109 p.

Ivika Ostonen. Fine root structure, dynamics and proportion in net pri-
mary production of Norway spruce forest ecosystem in relation to site
conditions. Tartu, 2003, 158 p.

Gudrun Veldre. Somatic status of 12—15-year-old Tartu schoolchildren.
Tartu, 2003, 199 p.

Ulo Vili. The greater spotted eagle Aquila clanga and the lesser spotted
eagle A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004,
159 p.

Aare Abroi. The determinants for the native activities of the bovine
papillomavirus type 1 E2 protein are separable. Tartu, 2004, 135 p.

Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004, 116 p.

Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspension
feeders and mesograzers in the northern Baltic Sea. Tartu, 2004, 117 p.
Maarja Opik. Diversity of arbuscular mycorrhizal fungi in the roots of
perennial plants and their effect on plant performance. Tartu, 2004, 175 p.
Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004, 109 p.
Kristiina Tambets. Towards the understanding of post-glacial spread of
human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004, 163 p.

Arvi Joers. Regulation of p53-dependent transcription. Tartu, 2004,
103 p.

Lilian Kadaja. Studies on modulation of the activity of tumor suppressor
protein p53. Tartu, 2004, 103 p.

Jaak Truu. Oil shale industry wastewater: impact on river microbial
community and possibilities for bioremediation. Tartu, 2004, 128 p.
Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu,
2004, 105 p.

Ulo Maivili. Studies on the structure-function relationship of the bacterial
ribosome. Tartu, 2004, 130 p.

Merit Otsus. Plant community regeneration and species diversity in dry
calcareous grasslands. Tartu, 2004, 103 p.

Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus,
Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004, 167 p.
Ilmar Ténno. The impact of nitrogen and phosphorus concentration and
N/P ratio on cyanobacterial dominance and N, fixation in some Estonian
lakes. Tartu, 2004, 111 p.

Lauri Saks. Immune function, parasites, and carotenoid-based ornaments
in greenfinches. Tartu, 2004, 144 p.

Siiri Rootsi. Human Y-chromosomal variation in European populations.
Tartu, 2004, 142 p.

Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative
plasmid pEST4011. Tartu, 2005. 106 p.

144



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Andres Tover. Regulation of transcription of the phenol degradation
pheBA operon in Pseudomonas putida. Tartu, 2005, 126 p.

Helen Udras. Hexose kinases and glucose transport in the yeast Han-
senula polymorpha. Tartu, 2005, 100 p.

Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005, 162 p.

Piret Lohmus. Forest lichens and their substrata in Estonia. Tartu, 2005,
162 p.

Inga Lips. Abiotic factors controlling the cyanobacterial bloom occur-
rence in the Gulf of Finland. Tartu, 2005, 156 p.

Kaasik, Krista. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005, 121 p.

Juhan Javois. The effects of experience on host acceptance in ovipositing
moths. Tartu, 2005, 112 p.

Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae
mitochondrial DNA helicase Hmil. Tartu, 2005, 103 p.

Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae):
distribution, population structure and ecology. Tartu, 2005, 112 p.

Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA
operon in Pseudomonas putida. Tartu, 2005, 106 p.

Mait Metspalu. Through the course of prehistory in india: tracing the
mtDNA trail. Tartu, 2005, 138 p.

Elin Lohmussaar. The comparative patterns of linkage disequilibrium in
European populations and its implication for genetic association studies.
Tartu, 2006, 124 p.

Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006, 126 p.

Heili Ilves. Stress-induced transposition of Tn4652 in Pseudomonas
Putida. Tartu, 2006, 120 p.

Silja Kuusk. Biochemical properties of Hmilp, a DNA helicase from
Saccharomyces cerevisiae mitochondria. Tartu, 2006, 126 p.

Kersti Piissa. Forest edges on medium resolution landsat thematic mapper
satellite images. Tartu, 2006, 90 p.

Lea Tummeleht. Physiological condition and immune function in great
tits (Parus major 1.): Sources of variation and trade-offs in relation to
growth. Tartu, 2006, 94 p.

Toomas Esperk. Larval instar as a key element of insect growth sche-
dules. Tartu, 2006, 186 p.

Harri Valdmann. Lynx (Lynx lynx) and wolf (Canis lupus) in the Baltic
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p.

Priit Joers. Studies of the mitochondrial helicase Hmilp in Candida albi-
cans and Saccharomyces cerevisia. Tartu, 2006. 113 p.

Kersti Lillevili. Gata3 and Gata2 in inner ear development. Tartu, 2007,
123 p.

145



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

Kai Riink. Comparative ecology of three fern species: Dryopteris carthu-
siana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007, 143 p.
Aveliina Helm. Formation and persistence of dry grassland diversity: role
of human history and landscape structure. Tartu, 2007, 89 p.

Leho Tedersoo. Ectomycorrhizal fungi: diversity and community struc-
ture in Estonia, Seychelles and Australia. Tartu, 2007, 233 p.

Marko Migi. The habitat-related variation of reproductive performance of
great tits in a deciduous-coniferous forest mosaic: looking for causes and
consequences. Tartu, 2007, 135 p.

Valeria Lulla. Replication strategies and applications of Semliki Forest
virus. Tartu, 2007, 109 p.

Ulle Reier. Estonian threatened vascular plant species: causes of rarity and
conservation. Tartu, 2007, 79 p.

Inga Jiiriado. Diversity of lichen species in Estonia: influence of regional
and local factors. Tartu, 2007, 171 p.

Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based
cooperation. Tartu, 2007, 112 p.

Signe Saumaa. The role of DNA mismatch repair and oxidative DNA
damage defense systems in avoidance of stationary phase mutations in
Pseudomonas putida. Tartu, 2007, 172 p.

Reedik Maigi. The linkage disequilibrium and the selection of genetic
markers for association studies in european populations. Tartu, 2007, 96 p.
Priit Kilgas. Blood parameters as indicators of physiological condition
and skeletal development in great tits (Parus major): natural variation and
application in the reproductive ecology of birds. Tartu, 2007, 129 p.

Anu Albert. The role of water salinity in structuring eastern Baltic coastal
fish communities. Tartu, 2007, 95 p.

Kirt Padari. Protein transduction mechanisms of transportans. Tartu, 2008,
128 p.

Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu,
2008, 125 p.

Ulle Jogar. Conservation and restoration of semi-natural floodplain mea-
dows and their rare plant species. Tartu, 2008, 99 p.

Lauri Laanisto. Macroecological approach in vegetation science: gene-
rality of ecological relationships at the global scale. Tartu, 2008, 133 p.
Reidar Andreson. Methods and software for predicting PCR failure rate
in large genomes. Tartu, 2008, 105 p.

Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008, 175 p.
Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea.
Tartu, 2008, 98 p.

Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008,
190 p.

Daima Ord. Studies on the stress-inducible pseudokinase TRB3, a novel
inhibitor of transcription factor ATF4. Tartu, 2008, 108 p.

146



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria
(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p.

Ulvi Karu. Antioxidant protection, carotenoids and coccidians in green-
finches — assessment of the costs of immune activation and mechanisms of
parasite resistance in a passerine with carotenoid-based ornaments. Tartu,
2008, 124 p.

Jaanus Remm. Tree-cavities in forests: density, characteristics and occu-
pancy by animals. Tartu, 2008, 128 p.

Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. gra-
nulosus in Estonia: phylogenetic relationships and occurrence in wild
carnivores and ungulates. Tartu, 2008, 82 p.

Eve Eensalu. Acclimation of stomatal structure and function in tree ca-
nopy: effect of light and CO, concentration. Tartu, 2008, 108 p.

Janne Pullat. Design, functionlization and application of an in situ synthe-
sized oligonucleotide microarray. Tartu, 2008, 108 p.

Marta PutrinS. Responses of Pseudomonas putida to phenol-induced
metabolic and stress signals. Tartu, 2008, 142 p.

Marina SemtSenko. Plant root behaviour: responses to neighbours and
physical obstructions. Tartu, 2008, 106 p.

Marge Starast. Influence of cultivation techniques on productivity and
fruit quality of some Vaccinium and Rubus taxa. Tartu, 2008, 154 p.

Age Tats. Sequence motifs influencing the efficiency of translation. Tartu,
2009, 104 p.

Radi Tegova. The role of specialized DNA polymerases in mutagenesis in
Pseudomonas putida. Tartu, 2009, 124 p.

Tsipe Aavik. Plant species richness, composition and functional trait
pattern in agricultural landscapes — the role of land use intensity and land-
scape structure. Tartu, 2009, 112 p.

Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying
the replication and interactions of alphaviruses and hepaciviruses. Tartu,
2009, 104 p.

Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic
Instability in its Host Cell. Tartu, 2009, 126 p.

Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of
young duplicated genes. Tartu, 2009, 168 p.

Ain Vellak. Spatial and temporal aspects of plant species conservation.
Tartu, 2009, 86 p.

Triinu Remmel. Body size evolution in insects with different colouration
strategies: the role of predation risk. Tartu, 2009, 168 p.

Jaana Salujée. Zooplankton as the indicator of ecological quality and fish
predation in lake ecosystems. Tartu, 2009, 129 p.

Ele Vahtméie. Mapping benthic habitat with remote sensing in optically
complex coastal environments. Tartu, 2009, 109 p.

147



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Liisa Metsamaa. Model-based assessment to improve the use of remote
sensing in recognition and quantitative mapping of cyanobacteria. Tartu,
2009, 114 p.

Pille Séilik. The role of endocytosis in the protein transduction by cell-
penetrating peptides. Tartu, 2009, 155 p.

Lauri Peil. Ribosome assembly factors in Escherichia coli. Tartu, 2009,
147 p.

Lea Hallik. Generality and specificity in light harvesting, carbon gain
capacity and shade tolerance among plant functional groups. Tartu, 2009,
99 p.

Mariliis Tark. Mutagenic potential of DNA damage repair and tolerance
mechanisms under starvation stress. Tartu, 2009, 191 p.

Riinu Rannap. Impacts of habitat loss and restoration on amphibian po-
pulations. Tartu, 2009, 117 p.

Maarja Adojaan. Molecular variation of HIV-1 and the use of this know-
ledge in vaccine development. Tartu, 2009, 95 p.

Signe Altméie. Genomics and transcriptomics of human induced ovarian
folliculogenesis. Tartu, 2010, 179 p.

Triin Suvi. Mycorrhizal fungi of native and introduced trees in the
Seychelles Islands. Tartu, 2010, 107 p.

Velda Lauringson. Role of suspension feeding in a brackish-water coastal
sea. Tartu, 2010, 123 p.

Eero Talts. Photosynthetic cyclic electron transport — measurement and
variably proton-coupled mechanism. Tartu, 2010, 121 p.

Mari Nelis. Genetic structure of the Estonian population and genetic
distance from other populations of European descent. Tartu, 2010, 97 p.
Kaarel KrjutSkov. Arrayed Primer Extension-2 as a multiplex PCR-based
method for nucleic acid variation analysis: method and applications. Tartu,
2010, 129 p.

Egle Koster. Morphological and genetical variation within species comp-
lexes: Anthyllis vulneraria s. 1. and Alchemilla vulgaris (coll.). Tartu, 2010,
101 p.

Erki Ounap. Systematic studies on the subfamily Sterrhinae (Lepidoptera:
Geometridae). Tartu, 2010, 111 p.

Merike Jéesaar. Diversity of key catabolic genes at degradation of phenol
and p-cresol in pseudomonads. Tartu, 2010, 125 p.

Kristjan Herkiil. Effects of physical disturbance and habitat-modifying
species on sediment properties and benthic communities in the northern
Baltic Sea. Tartu, 2010, 123 p.

Arto Pulk. Studies on bacterial ribosomes by chemical modification
approaches. Tartu, 2010, 161 p.

Maria Pollupiiii. Ecological relations of cladocerans in a brackish-water
ecosystem. Tartu, 2010, 126 p.

Toomas Silla. Study of the segregation mechanism of the Bovine
Papillomavirus Type 1. Tartu, 2010, 188 p.

148



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Gyaneshwer Chaubey. The demographic history of India: A perspective
based on genetic evidence. Tartu, 2010, 184 p.

Katrin Kepp. Genes involved in cardiovascular traits: detection of genetic
variation in Estonian and Czech populations. Tartu, 2010, 164 p.

Virve Séber. The role of biotic interactions in plant reproductive per-
formance. Tartu, 2010, 92 p.

Kersti Kangro. The response of phytoplankton community to the changes
in nutrient loading. Tartu, 2010, 144 p.

Joachim M. Gerhold. Replication and Recombination of mitochondrial
DNA in Yeast. Tartu, 2010, 120 p.

Helen Tammert. Ecological role of physiological and phylogenetic diver-
sity in aquatic bacterial communities. Tartu, 2010, 140 p.

Elle Rajandu. Factors determining plant and lichen species diversity and
composition in Estonian Calamagrostis and Hepatica site type forests.
Tartu, 2010, 123 p.

Paula Ann Kivistik. ColR-ColS signalling system and transposition of
Tn4652 in the adaptation of Pseudomonas putida. Tartu, 2010, 118 p.

Siim Séber. Blood pressure genetics: from candidate genes to genome-
wide association studies. Tartu, 2011, 120 p.

Kalle Kipper. Studies on the role of helix 69 of 23S rRNA in the factor-
dependent stages of translation initiation, elongation, and termination.
Tartu, 2011, 178 p.

Triinu Siibak. Effect of antibiotics on ribosome assembly is indirect.
Tartu, 2011, 134 p.

Tambet Tonissoo. Identification and molecular analysis of the role of
guanine nucleotide exchange factor RIC-8 in mouse development and
neural function. Tartu, 2011, 110 p.

Helin Réigel. Multiple faces of cell-penetrating peptides — their intra-
cellular trafficking, stability and endosomal escape during protein trans-
duction. Tartu, 2011, 161 p.

Andres Jaanus. Phytoplankton in Estonian coastal waters — variability,
trends and response to environmental pressures. Tartu, 2011, 157 p.

Tiit Nikopensius. Genetic predisposition to nonsyndromic orofacial clefts.
Tartu, 2011, 152 p.

Signe Virv. Studies on the mechanisms of RNA polymerase II-dependent
transcription elongation. Tartu, 2011, 108 p.

Kristjan Vilk. Gene expression profiling and genome-wide association
studies of non-small cell lung cancer. Tartu, 2011, 98 p.

Arno Pollumie. Spatio-temporal patterns of native and invasive zoo-
plankton species under changing climate and eutrophication conditions.
Tartu, 2011, 153 p.

Egle Tammeleht. Brown bear (Ursus arctos) population structure, demo-
graphic processes and variations in diet in northern Eurasia. Tartu, 2011,
143 p.

149



205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Teele Jairus. Species composition and host preference among ectomy-
corrhizal fungi in Australian and African ecosystems. Tartu, 2011, 106 p.
Kessy Abarenkov. PlutoF — cloud database and computing services
supporting biological research. Tartu, 2011, 125 p.

Marina Grigorova. Fine-scale genetic variation of follicle-stimulating
hormone beta-subunit coding gene (FSHB) and its association with repro-
ductive health. Tartu, 2011, 184 p.

Anu Tiitsaar. The effects of predation risk and habitat history on butterfly
communities. Tartu, 2011, 97 p.

Elin Sild. Oxidative defences in immunoecological context: validation and
application of assays for nitric oxide production and oxidative burst in a
wild passerine. Tartu, 2011, 105 p.

Irja Saar. The taxonomy and phylogeny of the genera Cystoderma and
Cystodermella (Agaricales, Fungi). Tartu, 2012, 167 p.

Pauli Saag. Natural variation in plumage bacterial assemblages in two
wild breeding passerines. Tartu, 2012, 113 p.

Aleksei Lulla. Alphaviral nonstructural protease and its polyprotein sub-
strate: arrangements for the perfect marriage. Tartu, 2012, 143 p.

Mari Jirve. Different genetic perspectives on human history in Europe
and the Caucasus: the stories told by uniparental and autosomal markers.
Tartu, 2012, 119 p.

Ott Scheler. The application of tmRNA as a marker molecule in bacterial
diagnostics using microarray and biosensor technology. Tartu, 2012, 93 p.
Anna Balikova. Studies on the functions of tumor-associated mucin-like
leukosialin (CD43) in human cancer cells. Tartu, 2012, 129 p.

Triinu Koressaar. Improvement of PCR primer design for detection of
prokaryotic species. Tartu, 2012, 83 p.

Tuul Sepp. Hematological health state indices of greenfinches: sources of
individual variation and responses to immune system manipulation. Tartu,
2012, 117 p.

Rya Ero. Modifier view of the bacterial ribosome. Tartu, 2012, 146 p.
Mohammad Bahram. Biogeography of ectomycorrhizal fungi across dif-
ferent spatial scales. Tartu, 2012, 165 p.

Annely Lorents. Overcoming the plasma membrane barrier: uptake of
amphipathic cell-penetrating peptides induces influx of calcium ions and
downstream responses. Tartu, 2012, 113 p.

Katrin Minnik. Exploring the genomics of cognitive impairment: whole-
genome SNP genotyping experience in Estonian patients and general
population. Tartu, 2012, 171 p.

Marko Prous. Taxonomy and phylogeny of the sawfly genus Empria
(Hymenoptera, Tenthredinidae). Tartu, 2012, 192 p.

Triinu Visnapuu. Levansucrases encoded in the genome of Pseudomonas
syringae pv. tomato DC3000: heterologous expression, biochemical
characterization, mutational analysis and spectrum of polymerization pro-
ducts. Tartu, 2012, 160 p.

150



224.

225.

226.

227.

228.

220.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

Nele Tamberg. Studies on Semliki Forest virus replication and patho-
genesis. Tartu, 2012, 109 p.

Tonu Esko. Novel applications of SNP array data in the analysis of the ge-
netic structure of Europeans and in genetic association studies. Tartu,
2012, 149 p.

Timo Arula. Ecology of early life-history stages of herring Clupea haren-
gus membras in the northeastern Baltic Sea. Tartu, 2012, 143 p.

Inga Hiiesalu. Belowground plant diversity and coexistence patterns in
grassland ecosystems. Tartu, 2012, 130 p.

Kadri Koorem. The influence of abiotic and biotic factors on small-scale
plant community patterns and regeneration in boreonemoral forest. Tartu,
2012, 114 p.

Liis Andresen. Regulation of virulence in plant-pathogenic pectobacteria.
Tartu, 2012, 122 p.

Kaupo Kohv. The direct and indirect effects of management on boreal
forest structure and field layer vegetation. Tartu, 2012, 124 p.

Mart Jiissi. Living on an edge: landlocked seals in changing climate.
Tartu, 2012, 114 p.

Riina Klais. Phytoplankton trends in the Baltic Sea. Tartu, 2012, 136 p.
Rauno Veeroja. Effects of winter weather, population density and timing
of reproduction on life-history traits and population dynamics of moose
(Alces alces) in Estonia. Tartu, 2012, 92 p.

Marju Keis. Brown bear (Ursus arctos) phylogeography in northern Eura-
sia. Tartu, 2013, 142 p.

Sergei Pélme. Biogeography and ecology of alnus- associated ecto-
mycorrhizal fungi — from regional to global scale. Tartu, 2013, 90 p.

Liis Uuskiila. Placental gene expression in normal and complicated
pregnancy. Tartu, 2013, 173 p.

Marko Looke. Studies on DNA replication initiation in Saccharomyces
cerevisiae. Tartu, 2013, 112 p.

Anne Aan. Light- and nitrogen-use and biomass allocation along pro-
ductivity gradients in multilayer plant communities. Tartu, 2013, 127 p.
Heidi Tamm. Comprehending phylogenetic diversity — case studies in
three groups of ascomycetes. Tartu, 2013, 136 p.

Liina Kangur. High-Pressure Spectroscopy Study of Chromophore-
Binding Hydrogen Bonds in Light-Harvesting Complexes of Photo-
synthetic Bacteria. Tartu, 2013, 150 p.

Margus Leppik. Substrate specificity of the multisite specific pseudo-
uridine synthase RluD. Tartu, 2013, 111 p.

Lauris Kaplinski. The application of oligonucleotide hybridization model
for PCR and microarray optimization. Tartu, 2013, 103 p.

Merli Pédrnoja. Patterns of macrophyte distribution and productivity in
coastal ecosystems: effect of abiotic and biotic forcing. Tartu, 2013, 155 p.
Tonu Margus. Distribution and phylogeny of the bacterial translational
GTPases and the Mqsr/YgiT regulatory system. Tartu, 2013, 126 p.

151



245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Pille Miind. Light use capacity and carbon and nitrogen budget of plants:
remote assessment and physiological determinants. Tartu, 2013, 128 p.
Mario Plaas. Animal model of Wolfram Syndrome in mice: behavioural,
biochemical and psychopharmacological characterization. Tartu, 2013,
144 p.

Georgi HudjaSov. Maps of mitochondrial DNA, Y-chromosome and tyro-
sinase variation in Eurasian and Oceanian populations. Tartu, 2013,
115 p.

Mari Lepik. Plasticity to light in herbaceous plants and its importance for
community structure and diversity. Tartu, 2013, 102 p.

Ede Leppik. Diversity of lichens in semi-natural habitats of Estonia.
Tartu, 2013, 151 p.

Ulle Saks. Arbuscular mycorrhizal fungal diversity patterns in boreo-
nemoral forest ecosystems. Tartu, 2013, 151 p.

Eneli Oitmaa. Development of arrayed primer extension microarray
assays for molecular diagnostic applications. Tartu, 2013, 147 p.
Jekaterina Jutkina. The horizontal gene pool for aromatics degradation:
bacterial catabolic plasmids of the Baltic Sea aquatic system. Tartu, 2013,
121 p.

Helen Vellau. Reaction norms for size and age at maturity in insects: rules
and exceptions. Tartu, 2014, 132 p.

Randel Kreitsberg. Using biomarkers in assessment of environmental
contamination in fish — new perspectives. Tartu, 2014, 107 p.

Krista Takkis. Changes in plant species richness and population per-
formance in response to habitat loss and fragmentation.Tartu, 2014, 141 p.
Liina Nagirnaja. Global and fine-scale genetic determinants of recurrent
pregnancy loss. Tartu, 2014, 211 p.

Triin Triisberg. Factors influencing the re-vegetation of abandoned
extracted peatlands in Estonia. Tartu, 2014, 133 p.

Villu Soon. A phylogenetic revision of the Chrysis ignita species group
(Hymenoptera: Chrysididae) with emphasis on the northern European
fauna. Tartu, 2014, 211 p.

Andrei Nikonov. RNA-Dependent RNA Polymerase Activity as a Basis
for the Detection of Positive-Strand RNA Viruses by Vertebrate Host
Cells. Tartu, 2014, 207 p.

Eele Ounapuu-Pikas. Spatio-temporal variability of leaf hydraulic con-
ductance in woody plants: ecophysiological consequences. Tartu, 2014,
135 p.

Marju Minniste. Physiological ecology of greenfinches: information con-
tent of feathers in relation to immune function and behavior. Tartu, 2014,
121 p.

Katre Kets. Effects of elevated concentrations of CO, and O; on leaf
photosynthetic parameters in Populus tremuloides: diurnal, seasonal and
interannual patterns. Tartu, 2014, 115 p.

152



263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

Kiilli Lokko. Seasonal and spatial variability of zoopsammon commu-
nities in relation to environmental parameters. Tartu, 2014, 129 p.

Olga Zilina. Chromosomal microarray analysis as diagnostic tool: Esto-
nian experience. Tartu, 2014, 152 p.

Kertu Lohmus. Colonisation ecology of forest-dwelling vascular plants
and the conservation value of rural manor parks. Tartu, 2014, 111 p.

Anu Aun. Mitochondria as integral modulators of cellular signaling. Tartu,
2014, 167 p.

Chandana Basu Mallick. Genetics of adaptive traits and gender-specific
demographic processes in South Asian populations. Tartu, 2014, 160 p.
Riin Tamme. The relationship between small-scale environmental hetero-
geneity and plant species diversity. Tartu, 2014, 130 p.

Liina Remm. Impacts of forest drainage on biodiversity and habitat qua-
lity: implications for sustainable management and conservation. Tartu,
2015, 126 p.

Tiina Talve. Genetic diversity and taxonomy within the genus Rhinanthus.
Tartu, 2015, 106 p.

Mehis Rohtla. Otolith sclerochronological studies on migrations, spawning
habitat preferences and age of freshwater fishes inhabiting the Baltic Sea.
Tartu, 2015, 137 p.

Alexey Reshchikov. The world fauna of the genus Lathrolestes (Hyme-
noptera, Ichneumonidae). Tartu, 2015, 247 p.

Martin Pook. Studies on artificial and extracellular matrix protein-rich
surfaces as regulators of cell growth and differentiation. Tartu, 2015, 142 p.
Mai Kukumigi. Factors affecting soil respiration and its components in
silver birch and Norway spruce stands. Tartu, 2015, 155 p.

Helen Karu. Development of ecosystems under human activity in the
North-East Estonian industrial region: forests on post-mining sites and
bogs. Tartu, 2015, 152 p.

Hedi Peterson. Exploiting high-throughput data for establishing relation-
ships between genes. Tartu, 2015, 186 p.

Priit Adler. Analysis and visualisation of large scale microarray data,
Tartu, 2015, 126 p.

Aigar Niglas. Effects of environmental factors on gas exchange in deci-
duous trees: focus on photosynthetic water-use efficiency. Tartu, 2015,
152 p.

Silja Laht. Classification and identification of conopeptides using profile
hidden Markov models and position-specific scoring matrices. Tartu, 2015,
100 p.

Martin Kesler. Biological characteristics and restoration of Atlantic
salmon Salmo salar populations in the Rivers of Northern Estonia. Tartu,
2015, 97 p.

Pratyush Kumar Das. Biochemical perspective on alphaviral nonstruc-
tural protein 2: a tale from multiple domains to enzymatic profiling. Tartu,
2015,205p

153



282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

Priit Palta. Computational methods for DNA copy number detection.
Tartu, 2015, 130 p.

Julia Sidorenko. Combating DNA damage and maintenance of genome
integrity in pseudomonads. Tartu, 2015, 174 p.

Anastasiia Kovtun-Kante. Charophytes of Estonian inland and coastal
waters: distribution and environmental preferences. Tartu, 2015, 97 p.

Ly Lindman. The ecology of protected butterfly species in Estonia. Tartu,
2015, 171 p.

Jaanis Lodjak. Association of Insulin-like Growth Factor I and Corti-
costerone with Nestling Growth and Fledging Success in Wild Passerines.
Tartu, 2016, 113 p.

Ann Kraut. Conservation of Wood-Inhabiting Biodiversity — Semi-Natural
Forests as an Opportunity. Tartu, 2016, 141 p.

Tiit Ord. Functions and regulation of the mammalian pseudokinase TRIB3.
Tartu, 2016, 182. p.

Kairi Kiiro. Biological Quality According to Macroinvertebrates in
Streams of Estonia (Baltic Ecoregion of Europe): Effects of Human-induced
Hydromorphological Changes. Tartu, 2016, 126 p.

Leidi Laurimaa. Echinococcus multilocularis and other zoonotic parasites
in Estonian canids. Tartu, 2016, 144 p.

Helerin Margus. Characterization of cell-penetrating peptide/nucleic acid
nanocomplexes and their cell-entry mechanisms. Tartu, 2016, 173 p.
Kadri Runnel. Fungal targets and tools for forest conservation. Tartu,
2016, 157 p.

Urmo Vosa. MicroRNAs in disease and health: aberrant regulation in lung
cancer and association with genomic variation. Tartu, 2016, 163 p.
Kristina Miemets-Allas. Studies on cell growth promoting AKT signa-
ling pathway — a promising anti-cancer drug target. Tartu, 2016, 146 p.
Janeli Viil. Studies on cellular and molecular mechanisms that drive
normal and regenerative processes in the liver and pathological processes
in Dupuytren’s contracture. Tartu, 2016, 175 p.

Ene Kook. Genetic diversity and evolution of Pulmonaria angustifolia L.
and Myosotis laxa sensu lato (Boraginaceae). Tartu, 2016, 106 p.

Kadri Peil. RNA polymerase II-dependent transcription elongation in
Saccharomyces cerevisiae. Tartu, 2016, 113 p.

Katrin Ruisu. The role of RIC8A in mouse development and its function
in cell-matrix adhesion and actin cytoskeletal organisation. Tartu, 2016,
129 p.

Janely Pae. Translocation of cell-penetrating peptides across biological
membranes and interactions with plasma membrane constituents. Tartu,
2016, 126 p.

Argo Ronk. Plant diversity patterns across Europe: observed and dark
diversity. Tartu, 2016, 153 p.

154



301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

Kristiina Mark. Diversification and species delimitation of lichenized
fungi in selected groups of the family Parmeliaceae (Ascomycota). Tartu,
2016, 181 p.

Jaak-Albert Metsoja. Vegetation dynamics in floodplain meadows:
influence of mowing and sediment application. Tartu, 2016, 140 p.

Hedvig Tamman. The GraTA toxin-antitoxin system of Pseudomonas
putida: regulation and role in stress tolerance. Tartu, 2016, 154 p.

Kadri Pirtel. Application of ultrastructural and molecular data in the
taxonomy of helotialean fungi. Tartu, 2016, 183 p.

Maris Hindrikson. Grey wolf (Canis lupus) populations in Estonia and
Europe: genetic diversity, population structure and -processes, and hybridi-
zation between wolves and dogs. Tartu, 2016, 121 p.

Polina Degtjarenko. Impacts of alkaline dust pollution on biodiversity of
plants and lichens: from communities to genetic diversity. Tartu, 2016,
126 p.

Liina Pajusalu. The effect of CO, enrichment on net photosynthesis of
macrophytes in a brackish water environment. Tartu, 2016, 126 p.

Stoyan Tankov. Random walks in the stringent response. Tartu, 2016,
94 p.

Liis Leitsalu. Communicating genomic research results to population-
based biobank participants. Tartu, 2016, 158 p.

Richard Meitern. Redox physiology of wild birds: validation and appli-
cation of techniques for detecting oxidative stress. Tartu, 2016, 134 p.
Kaie Lokk. Comparative genome-wide DNA methylation studies of healthy
human tissues and non-small cell lung cancer tissue. Tartu, 2016, 127 p.
Mihhail KuraSin. Processivity of cellulases and chitinases. Tartu, 2017,
132 p.





