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INTRODUCTION

Alphaviruses are a group of RNA viruses with a single-stranded positive-sense
genome. Best studied members of the genus alphavirus (family Togaviridae)
include Semliki Forest virus (SFV), Sindbis virus (SIN) and lately also the
Chinkungunya virus (CHIKV). While the first two viruses have been widely
investigated mainly because of their responsiveness and ease of handling, then
the latter has emerged as a prominent pathogen with multiple outbreaks during
the last years, causing the researchers to increase the effort in understanding the
virus and in developing a treatment or a vaccine.

Since the construction of the first alphavirus-based vectors in 1980’s, numer-
ous practical applications have been demonstrated for them, both for laboratory
and for medical purposes. Alphavirus vectors can be characterised by their
small size, allowing for fast and simple propagation, and high levels of intro-
duced transgene expression in addition to the numerous copies of the genome
which can be created in a small time frame. One of the interesting properties of
alphaviruses is the destruction of their host cells through guiding them to apop-
tosis. Although this feature does not seem perspective for any long-term appli-
cations, it has, instead, been utilised for the treatment of tumours, allowing the
destruction of malignant growths together with the release of previously synthe-
sised beneficial proteins upon the destruction of the cell. These proteins are
encoded by the vector itself as corresponding sequence(s) can be inserted into
the genome of the vector.

The work at hand tries to investigate the possibility of the creation of a tu-
mour-specific alphavirus-based therapeutic system through the co-application of
cell-penetrating peptides (CPPs) as delivery mediators. For this, an inducible
virus vector system is studied, determining the suitability of defective introns
for the inhibition of virus replication and the efficiency of splice correction oli-
gonucleotides (SCOs) in reversing the suppressive effect of these insertions in
order to fully restore the functionality of the vectors. Next, the suitability of
PepFect6, a peptide-based transfection system was assessed in combination
with an assortment of DNA and RNA-based virus vectors to ensure the suita-
bility of such delivery system for virus-related applications; more specifically,
we were interested in its efficacy and in the prevention of the unexpected emer-
gence of an inhibitory effect, often derived from the use of different types of
delivery systems or methods. Finally, a possible approach for the deactivation
of a previously efficient cell-penetrating peptide was studied with a goal of cre-
ating a tumour-selective inducible peptide through the introduction of a protec-
tion group, cleavable by the enzymes present in the tumour microenvironment.



REVIEW OF LITERATURE
Alphaviruses

Alphaviruses are small viruses, with positive-sense RNA genomes, belonging to
the Togaviridae family. This family consists of two genera: Alphavirus and
Rubivirus. While the Rubivirus genus contains only one species, the Rubella
virus, the 30 known members of the Alphavirus genus include virus species
with varying degrees of pathogenicity. Alphaviruses, infecting terrestrial verte-
brates can be further classified as Old World and New World alphaviruses, de-
pending on their native geographical habitat (Alam et al. 2014, Hyde et al.
2015). Alphavirus infections in vivo usually last around 5 to 7 days and are pri-
marily controlled by IFNo/f response (Ryman and Klimstra 2008). There have
been various contradictory reports about the role of T- and NK cells during the
infection process, making their role in the regulation of infection still unclear
(Peck et al. 1979, Singh et al. 1987, Alsharifi et al. 2006, Chu et al. 2013, Teo et
al. 2013). Antibodies are known to neutralize infectious alphaviruses and play
role in the clearance and prevention of alphavirus infection (Griffin 2010, Kam
etal. 2012, Lum et al. 2013)

Infection with Old World alphaviruses is often associated with several clini-
cal symptoms such as rheumatic disease, primarily polyarthralgia and poly-
arthritis (Suhrbier et al. 2012). Neurotropic alphaviruses (more common in
group of New World alphaviruses) are reported to replicate to a high titer in the
central nervous system cells (Steele and Twenhafel 2010). For Western-,
Eastern- and Venezuelan Equine Encephalitis viruses (VEEV), which are neu-
rotropic and cause severe inflammation of central nervous system, there have
been reports of mortality rates reaching up to 70% with survivors having long-
term side effects (Delekta et al. 2014).

Although the infection with “milder” arthritogenic members of the genus
from Old World, such as the SFV or SIN, tends to cause only minor side effects
like headaches and muscle pains, the infection with CHIKV virus can lead to
much more severe consequences including high fever, painful swelling of joints
and, on the rare occasions, the emergence of large blisters (Enserink 2007).
There have also been reports of changes in bone structure in relation to arthrito-
genic alphavirus infections (Chen et al. 2015). Such side effects can be ac-
counted to a persistent post-viraemia infection which is common for many
alphaviruses and is believed to be the cause of persistent symptoms such as
chronic arthritis (Suhrbier and Mahalingam 2009).

The earlier research on alphaviruses was conducted mainly on SFV and SIN
models due to their ability to replicate to a high titer in a cell culture environ-
ment and availability of convenient mice models. However, lately the focus of
research has shifted more towards to the work with CHIKV as this virus had
demonstrated itself to be a high-profile human pathogen with several massive
outbreaks during this century (Leung et al. 2011). The basic features of alpha-
virus genomes have been researched quite thoroughly. There is not much more



to learn about their genome organisation; in contrast even the basics of their
replication cycles are not so well understood and lot of contradictory data exists.
Even less is known about alphavirus-host interactions and mechanisms, how
and why alphaviruses cause diseases in their vertebrate hosts. Correspondingly,
there are numerous laboratories dedicated to the research of various processes
and interactions taking place during the infection cycle of alphavirus in order to
gain insight into specific molecular mechanisms that play an important role for
these viruses. Such research might eventually lead to the development of effi-
cient anti-alphavirus vaccines or therapies (Kaur and Chu 2013, Khan et al.
2014). Less pathogenic alphaviruses, such as SFV and SIN, have also been
widely applied in an attempt to further understand viral neuropathogenicity
(though both of these viruses are from Old World alphavirus group, they do
cause encephalitis in mouse model) and to conduct research aiming to under-
stand several aspects of neurodegenerative diseases. This is achieved through
the application of neuropathogenic strains of these viruses, such as the L10,
SFV4 and SFV6 strains, all of which are capable of replicating to a high titer in
the central nervous system cells (Rheme et al. 2005, Ferguson et al. 2015).

As stated above, the genomes of different alphaviruses have a similar organi-
zation. This has led to attempts to transfer the knowledge obtained about one
type of virus to the other members of the genus. In a certain degree, it has been
successful, especially concerning the basic enzymatic functions of closely re-
lated viruses. In the case of more distantly related alphaviruses such generaliza-
tions are often misleading. Furthermore, some of the viruses have specific prop-
erties that are often confined within the limits of one specific strain. Such dif-
ferences might either be innate or caused by mutations during the replication by
viral polymerases with high error rates. Many of the single-nucleotide mutations
will not have any effect on the structure of the virus proteins but there is always
a chance to have a mutation that results in a change in the encoded amino acid.
Most of such cases result in a defective virus that is either unable to replicate or
does not form virions correctly, but the occurrence of such mutations can also
lead to increased infectivity, resulting in a chance that a more viable virus will
emerge (Jones et al. 2008). This is probably best illustrated by the example of
CHIKYV adaptation to alternative mosquito vector, dedes albopictus (Halstead
2015, Higgs and Vanlandingham 2015, Lee and Chu 2015, Vega-Rua et al.
2015).

While the specific symptoms of alphavirus infection might vary, the host
range and transmission routes are conserved in most cases (Hyde et al. 2015).
Large majority of alphaviruses infect vertebrate hosts and are transmitted be-
tween hosts by mosquitoes. However, few exceptions, such as the Eilat virus,
which has been found to infect mosquitos but not vertebrates (Nasar et al.
2012), and salmonide alphavirus, clearly lacking insect vector, are known.
Thus, in general, alphaviruses are capable of infecting vertebrate hosts such as
primates, small rodents or birds and they do require mosquitos (or other blood-
feeding arthropods) as their intermediate vectors (Hyde et al. 2015). The alpha-
viruses replicate in their vectors and should reach to a high titer before being
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transferred to a new host. There have been no reports about a vertical transmis-
sion in mosquitos for some alphaviruses, such as SIN, which gives reason to
believe that this step is not crucial for their infection cycle. In case of better
studied (in this regard) CHIKYV, the results are contradictory: most researchers
have documented the presence of viral RNA in the mosquito larvae but have,
with one exception, failed to isolate an infectious virus (Mourya 1987, Vazeille
et al. 2009, Zayed et al. 2012, Agarwal et al. 2014). What makes the infection of
insect vectors especially interesting is the fact that such replication in the
arthropod host does not affect considerably the viability of insect vectors (Ciano
etal. 2014).

The emergence of alphaviruses, similar to other arthropod-borne viruses, is
closely related to various environmental changes which allow their vectors to
occupy new habitats, resulting in wider spread of the viruses (Figueiredo and
Figueiredo 2014). This has become especially problematic in various urban
areas that facilitate the expansion and reproduction of mosquito populations
(Barraza et al. 2015). This, in turn, has led to various measures, such as the
reduction of the number of mosquitoes by the introduction of infertile males to
the population, in order to control the spread of the more severe viruses such as
CHIKYV (Enserink 2007).

Semliki Forest virus.

SFV was one of the first alphaviruses ever to be described after its isolation
from mosquitoes collected from the Semliki forest in Uganda in 1944 (Ketola et
al. 2008). Its natural habitat is the sub-Saharan area and the spread of the virus
is mostly restricted to densely forested areas. Due to this fact, its natural host is
still unknown. Nonetheless, it is one of the most thoroughly researched alpha-
viruses, probably second only to SIN. Like other arboviruses in the alphavirus
genus, SFV spreads with the help of mosquitoes, which enable the transmission
to the vertebrate host or hosts. Although SFV is capable of infecting humans, it
does not cause any severe side effects apart from a mild headache and muscle
pain (Ketola et al. 2008), and even these are not clearly documented. In rodents,
however, SFV is highly pathogenic and has therefore become a model system in
viral encephalitis research (Atkins et al. 1985, Atkins et al. 1990). The
capability of the virus to replicate to a high titer in rodents supports idea that the
natural vertebrate host for SFV might indeed be small rodents. SFV wild-type
isolates, such as the L10 isolate, cause fatal encephalitis in laboratory mice.
However, there are also multiple other laboratory strains of SFV in existence,
the most common examples include A7, A7(74) and M9. These viruses origi-
nate from a different isolation of SFV and are generally non-lethal for labora-
tory mice. Curiously, the lack of neurovirulence is not unconditional: for exam-
ple the SFV A7(74) strain has been known to cause lethality in mice which
were younger than 11 days during the moment of infection (Fragkoudis et al.
2009). The age-dependent virulence is actually common for many, if not all,
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alphaviruses: they cause disease (often encephalitis, even if the virus originates
from the Old World alphaviruses) in neonatal mice but often fail to do this in
older mice (Couderc et al. 2008, Ziegler et al. 2008). The main difference be-
tween the more virulent strains of SFV and the non-virulent ones is the ability
of the first group to induce severe neuronal damage while the latter are incapa-
ble of causing any substantial damage to their hosts, with the exception of cen-
tral nervous system demyelination, which is the result from SFV’s capability to
infect oligodendrocytes in addition to neuronal cells (Mokhtarian et al. 2003).
However, at such cases, the host is usually capable of clearing the virus from its
organism within approximately one week (Atkins et al. 1990). Clearance is
assisted by the adaptive immune response as in its absence the virus can persist
in central nervous system for a long period of time without producing any dis-
ease (Metcalf and Griffin 2011, Priya et al. 2014). This property has led to
attempts to develop alphavirus vectors for long-term expression of target genes
in neuronal cells (Lundstrom 2005, Ehrengruber and Goldin 2007, Lundstrém
2012, Lundstrom 2015).

Alphavirus virion and genome organization

The virion of alphaviruses is 70 nm in diameter (Figueiredo and Figueiredo
2014) and is regular and spherical in shape. 240 subunits of the capsid protein C
form a shell with a T=4 icosahedral symmetry which is responsible for the
encapsulation of viral RNA. This protein shell is further surrounded by a lipid
bilayer originating from the cell membrane of its host (Rheme et al. 2005,
Fragkoudis et al. 2009). On the surface of the enveloped viral capsid, exactly 80
glycoprotein spikes are displayed, representing trimers of the E1-E2 heterodi-
meric glycoproteins of the virus. E1 and E2 are transmembrane type I triplicate
membrane-anchored proteins; similarly to the capsid protein they are also ar-
ranged in a T=4 icosahedral symmetry and correspond to the orientation of C
protein (Strauss and Strauss 1994, Smith et al. 1995, Ferlenghi et al. 1998,
Mukhopadhyay et al. 2006). The glycoproteins are responsible for recognising
the host cell receptors and facilitate the entry process by membrane fusion
(Strauss and Strauss 1994). In addition, they are both antigenic, allowing the
infected host to produce antibodies to combat the infection. The antigenicity of
E2 and E1 proteins could be exploited for the development of effective vaccines
against alphaviruses (Khan et al. 2014).

The alphavirus ssSRNA genome is non-segmented and 11-12kb in length.
The 5° end of the genome has a type O cap structure and there is a polyA
sequence present at the 3’ end of genome. These features make the cellular
factors recognise the viral genome as a messenger RNA, resulting in immediate
translation after the entry to cytoplasm has taken place (Strauss and Strauss
1994). Cap 0 structure makes the RNA unrecognisable for the cellular RIG-I
receptors while specific secondary structures of 5’ region of genome prevent its
recognition by IFIT1 system (Iwasaki 2012, Reynaud et al. 2015). The genomic

12



RNA encodes nine or ten proteins in total and can be divided into two coding
regions. First open reading frame (ORF), corresponding to the first two thirds of
genome, encodes the non-structural (ns) proteins 1—4 that are required for the
replication of the genome. The latter one third of genome contains the ORF
encoding for structural proteins, which are needed for the formation and the exit
of the virions (Hyde et al. 2015). Both ns- and structural proteins are expressed
in the form of polyprotein precursors; former directly from the RNA genome
and the latter from the subgenomic RNA synthesised in infected cells. There are
also untranslated regions (UTR-s) present on the both ends of the genome
which contain conserved regions acting as parts of the promoters and are
recognized by alphavirus replication complex (Frolov et al. 2001, Kulasegaran-
Shylini et al. 2009, Arias-Goeta et al. 2014, Figueiredo and Figueiredo 2014).
The 5° UTR generally consists of slightly less than 100 nucleotides while the
length of the 3° UTR is more variable and is generally between 200 and 700
nucleotides. The 5> UTR together with the various non-structural proteins and
the E2 glycoprotein can be regarded as the source for determining the virulency
of the alphaviruses. Additionally, there is a short non-translated region (around
50 nucleotides in length) present between the two ORF-s (Figueiredo and
Figueiredo 2014).

The non-structural protein 1 (nsP1) is an anchoring molecule for viral repli-
case complexes as, in contrast to other nsPs, it is capable of attaching itself to
cellular membranes (Perdnen et al. 1995). It also plays an important role in the
synthesis of minus-stand RNA (Wang et al. 1991) and possesses guanine-7-
methyltransferase and guanylyl transferase activities that facilitate the capping
of the genomic and subgenomic RNA molecules (Mi and Stollar 1991, Ahola
and Kééaridinen 1995).

The C-terminal region (approximately half of the protein) of nsP2 is a
papain-like cystein protease that is required for the processing of the P1234
polyprotein into intermediate and final components of viral replicase. The N-
terminal part of nsP2 possesses basal NTPase and RNA triphosphatase activities
(Hardy and Strauss 1988, Rikkonen et al. 1994, Gomez de Cedron et al. 1999,
Vasiljeva et al. 2000). At least the NTPase activity of nsP2 is greatly activated
by the presence of protease domain, conversely, some of the protease activity
requires the presence of the N-terminal domain (Lulla et al. 2012, Das et al.
2014). RNA helicase activity of nsP2 strictly requires the presence of all parts
of the protein as an individual N-terminal region completely lacks this activity.
Finally, the full-length nsP2 also has RNA winding activity (Das et al. 2014). In
infected cells, nearly 50% of the protein ends up inside the nucleus (Peranen et
al. 1990), where it is involved in the suppression of type-I interferon signalling
(Breakwell et al. 2007, Fros et al. 2010) and in the suppression of cellular tran-
scription by the induction of host RNA polymerase II degradation (Akhrymuk
et al. 2012). This localization pattern has led to the hypothesis that the nsP2
may have nuclear localization signal (NLS). Indeed, a SV40-like putative NLS
signal has been found in nsP2; its disruption leads to a reduced replication effi-
ciency and cytotoxicity, in addition to the generation of a avirulent phenotype of
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virus (Kaariainen and Ahola 2002, Tamm et al. 2008). However, none of NLS-
es predicted for the nsP2 of SIN have any role for nuclear transport of the pro-
tein (Frolov et al. 2009). Furthermore, the nsP2 of CHIKV lacks the putative
NLS and insertions in region, corresponding to the NLS of SFV, have no effect
on nuclear localization of nsP2 of CHIKYV (Utt et al. 2015). Thus, the functional
significance of nuclear localization of nsP2 is clear but the role of classical
NLS’es in this process is unclear.

The specific functions of nsP3 are harder to determine as the protein lacks
enzymatic functions, except the ADP-ribose 1-phosphate phosphatase activity
(Malet et al. 2009) which is difficult to link to alphavirus replication. There is,
however, increasing evidence that nsP3 represents a platform through which the
RNA is able to bind to the replication complex (Malet et al. 2009). Coherently,
it is also a required component for the minus-strand and subgenomic RNA
synthesis (Lemm et al. 1994). Another studies have determined the nsP3 to be
an important component for pathogenicity, especially in mice where the muta-
tions in this protein changed the profile of virus behaviour (Tuittila and
Hinkkanen 2003, Park and Griffin 2009). For some reason, a significant part of
the total nsP3 protein has been found to be separate from the replication com-
plexes and localised onto the nuclear envelope (Gorchakov et al. 2008). This
may reflect another important property of nsP3 — the protein possesses hyper-
variable and intrinsically disordered C-terminal region, which has been shown
to be crucial for numerous virus-cell interactions (Neuvonen et al. 2011, Foy et
al. 2013, Panas et al. 2014) and believed to be involved in interactions with
many more cellular proteins and pathways (unpublished data from our labora-
tory).

The nsP4 is a RNA dependent RNA polymerase of alphaviruses (Rubach et
al. 2009). It also has adenylyl transferase activity which is required for the
synthesis of polyA tails in template-independent fashion (Tomar et al. 2006).
Compared to other ns-proteins, the amount of nsP4 in the infected cell is much
lower. This is because, in some alphaviruses (but not in SFV4 or SFVL10), the
coding region of nsP4 is preceded by a leaking opal codon system which allows
to synthesise a polyprotein containing nsP4 with a relatively low efficiency (Li
and Rice 1993). The second reason for the low amounts of nsP4 is its rapid
degradation by proteasomes according to the N-end rule (de Groot et al. 1991).
NsP4 becomes stable only when it interacts with other ns-proteins. Thus, it has
been hypothesized that the nsP4 protein acts as an integral part of the replication
complex as it provides a base onto which the other non-structural proteins can
attach through their N-terminal regions. The N-terminus of the nsP2 can also be
used for interactions with the host proteins (Shirako et al. 2000).

The structural polyprotein is divided into five separate proteins — C, E3, E2,
6K and El. The capsid protein, as the name indicates, is used for capsid for-
mation during the late stages of the infection and contains a RNA-binding sig-
nal through its Arg, Pro and Lys residues, located in the N-terminus, which are
used to initiate the RNA packaging (Owen and Kuhn 1996). This region inter-
acts with the packaging signal present in the viral genomic RNA (but not in the
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subgenomic RNA). The formation of packaging complexes is possibly mediated
by a leucine zipper structure, which drives the aggregation of capsid proteins to
form dimeric complexes (Perera et al. 2003). The C-terminal region of capsid
protein is a serine protease which cleaves itself off from the rest of the poly-
protein. The C-terminal end of the capsid protein allows the binding of viral
glycoproteins through the hydrophobic pocket located near the substrate binding
site (Leung et al. 2011).

The functionality of the E3 protein has been reported to vary between alpha-
viruses. Although the specific properties are poorly understood, it is believed
that the E3 protein is somehow related to virion formation while not being pre-
sent in a fully formed virion of SIN (Leung et al. 2011). At the same time, in the
case of some alphaviruses, such as SFV, the mature E3 protein is present in
virons as abundantly as the E1 and E2 proteins (240 copies) (Riezebos-Brilman
et al. 2006).

The structure of the E2 protein contains three domains which resemble
immunoglobulin. When in a complex, the E2 protein forms a roughly 2500 A*
contact surface with the E1 protein and is located on the outer surface of the
particle which results in the heightened exposure to the surrounding solvents
when compared to E1 (Xiong et al. 1989, Berglund et al. 1993, Rausalu et al.
2009, Voss et al. 2010). It has been established that alphaviruses are capable of
infecting a wide range of hosts, possibly due to the characteristic of the E2 gly-
coprotein to interact with a large number of cellular receptors. This is possibly
the reason why the E2 protein is considered to be a determining factor for neuro-
virulence (Davis et al. 1986, Tucker et al. 1997, Ferguson et al. 2015). Although
beneficial for entering the cell, this property also results in heightened levels of
host antibody response towards the E2 protein, reducing the chances of the virus
particles to carry out a successful infection in an immunocompetent host
(Atkins et al. 1990). Thus, the E2 protein is a viral antireceptor and a major
antigen.

The role of the 6K protein is to facilitate the transport of various components
to the sites in which the virion particles are to be assembled. The part played by
this protein during the replication is not vital, but still of great importance, as
the lack of this protein does not block the release of infectious viruses
(Liljestrom et al. 1991, Loewy et al. 1995). After fulfilling the essential role of
transport arrangement, the palmitoylated protein then becomes a part of the
virion in small parts (Gaedigk-Nitschko and Schlesinger 1990). Although the
specific characteristics for this protein are also yet to be fully determined, it has
been demonstrated that the 6K protein is capable of influencing the transporta-
tion of the glycoproteins and affecting the assembly process of the virion itself
(Loewy et al. 1995). Being a part of virion, the protein is believed to intervene
with the membrane integrity of bacterial and mammalian cells, in addition to its
capability to form cation-selective ion channels (Melton et al. 2002, Sanz et al.
2003). The region, encoding 6K, encodes also for another protein via ribosomal
frame-shift. As the protein is encoded by different reading frames it was named
as TF, short for trans-frame. It was discovered relatively recently (Firth et al.
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2008) and has been shown to be essential (though not crucial) for alphavirus
infection (Snyder et al. 2013). It is possible that some of the functions, previ-
ously attributed to 6K protein, are actually the functions of TF.

The E1 protein is a fusion protein of alphavirus virions. As described above
it is incorporated into the E2-E1 spike structures. Upon the dissociation of
spikes at low pH, the E1 forms homotrimers. E1 facilitates various interactions
between the virus particle and the cell. Monomers of the E1 protein are usually
located at the base of the surface glycoprotein spikes and they form a uniform
coating on the surface of the virion (Mukhopadhyay et al. 2006). In its trimeric
form, the E1 protein is responsible for the fusion of the viral envelope with the
target cell upon entry and facilitates the transition of the surface proteins into
ion-permeable pores (Wengler et al. 2003). Like the E2 protein, the E1 has a
transmembrane helix which is used to anchor the protein to the lipid bilayer
(Schmidt et al. 1979).

Alphavirus infection-replication cycle

Alphavirus replication is a term often used to designate two different processes:
the replication of virus RNA and the process of virus multiplication. Further-
more, the replication taking place in the cells of a vertebrate host and the repli-
cation inside the cells of its arthropod vector are rather different. In the case of
infection taking place in a vertebrate host, alphaviruses are able to enter the cell
through receptor-mediated endocytosis facilitated by the interactions between
the host cell and the exposed E2-E1 spikes (Figueiredo and Figueiredo 2014).
A number of proteins can be bound by E2, including the major histocompati-
bility complex I, high-affinity laminin receptors (Rheme et al. 2005) and many
others. This route is preferred even on the occasions upon which direct access to
cytoplasm is available to the virion (Mercer et al. 2010). Once inside the cell,
alphaviruses use the endocytotic vesicles as a means of transportation to reach
the desired sites and to maximise the potential of replication — in addition to the
correct placement of complexes, this strategy allows the prevention of the early
immune response signals, which are triggered when the virus moves freely in
the cytoplasm of the cell (Marsh and Helenius 2006, Mercer et al. 2010). In
order to exit the vesicular compartments, a membrane fusion between the virus
envelope and the vesicle wall takes place. This process is common to a wide
range of viruses that use endocytosis as the preferred method of entry. The
fusion of the vesicle and viral envelope is facilitated by the low pH levels (5 or
lower) inside the vesicle which allows the E1 to form fusogenic homotrimers
(Tuittila et al. 2000, Wu et al. 2007). These complexes, in turn, allow the merg-
ing of the virion membrane with that of endosome (Zhong et al. 2008, Kielian et
al. 2010, Zeng et al. 2014).
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Figure 1. The cleavage process of alphavirus non-structural (P1234) and structural
(C-p62-6K-E1) polyproteins. The non-structural polyprotein is first cleaved between
the nsP3 and nsP4, allowing the formation of P123+nsp4 (early replication complex)
which is able to produce negative-strand RNA. The P123 polyprotein is then further
cleaved from the cleavage site after nsP1, after which the site between nsP2 and nsP3 is
also cleaved. The process is tightly regulated and allows the conversion of the early
replication complex to late replication complex capable of synthesizing genomic and
subgenomic RNAs.

Through its autoproteolytic activity the C protein is co-translationally released from
the rest of structural polyprotein. The remaining polyprotein is further cleaved in ER by
cellular factors into p62, 6K and E1 proteins, of which the p62 is further cleaved into E2
and E3 proteins during the later stages of the structural protein maturation.

After the escape of the virus capsid from endosome has taken place, the capsid
itself is dissolved through the interactions with the ribosomes, allowing the
release of virus genome. The replication and protein production (Figure 1) takes
place in cytoplasm where the virus replication organelles are formed. These
organelles are called cytoplasmic vacuoles type I, which represent modified
endosomes and lysosomes. (Froshauer et al. 1988). From the first ORF, a non-
structural polyprotein P1234 and, in case of viruses having an in-fame opal
codon, also P123, are translated. The efficiency of read-through is roughly 10—
20% (Takkinen 1986, Li and Rice 1993). Polyproteins are then processed with
the help of a protease domain located in nsP2 region. First, P1234 is cleaved to
form P123 and a separate nsP4 protein. These proteins interact with each other,
cellular plasma membrane and viral RNA genome and form an early replication
complex that allows the synthesis of the negative-polarity RNA, using genomic
RNA as a template. Next, the P123 polyprotein is further cleaved in an orga-
nized manner into nsP1 and P23. After the cleavage of the latter, all 4 non-
structural proteins (nsP1, nsP2, nsP3 and nsP4) are formed. These proteins form
a different replication complex, which cannot perform the synthesis of the nega-
tive-sense RNA (Strauss and Strauss 1994, Kim et al. 2004). Instead, the com-
plex, termed as late (or positive-strand) replicase, is used for the transcription
and replication of viral RNA (Figueiredo and Figueiredo 2014). To do this, the
negative-sense RNA (almost certainly in the form of double-stranded replica-
tion intermediate) is used as a template for the synthesis of numerous new posi-
tive-sense RNA-s, which can be divided as genomic (42S for SFV) and subge-
nomic (26S) RNAs. The synthesis process for these RNAs is very active, re-
sulting in hundreds of thousands of RNA molecules with the genomic to subge-
nomic RNA ratio of 1:2-3. The 26S subgenomic mRNA acts as a template for
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the translation of the structural polyprotein. The processing of the structural
polyprotein C-p62-6K-E1 starts with the co-translational removal of capsid
protein by its own serine protease activity. This re-directs the translation to cel-
lular membranes and, concurrently with the synthesis process, the rest of the
polyprotein is transported to the lumen of endoplasmatic reticulum. In this
compartment, its co- and post-translational processing occurs; first resulting in
three surface proteins p62 (a precursor for E2 and E3), 6K and E1). At the final
stage of the processing, p62 protein is cleaved to E3 and E2; this process occurs
during the transport of glycoprotein complexes in the trans-Golgi compartment.
Thus, the processing results in the five (or 6) structural proteins — capsid, E3,
E2, 6K (TF) and E1 (Suomalainen et al. 1992, Khan et al. 2002, Garcia-Moreno
et al. 2015). The processing is well regulated, for example, the p62 first (co-
translationally, concurrently with the process of protein folding in ER) forms a
dimer with the E1 protein to ensure the proper folding (Atasheva et al. 2010).
As the E1 protein plays an important role in the exit process of the virion (Kim
et al. 2000), it is important for the p62 to protect it from the low-pH conditions
in order to retain the full functionality of the protein. This stage is also believed
to be the responsible for the initial creation of the single trimeric viral spikes
(Garmashova et al. 2007). Cleavage of E1-p62 by furin allows the formation of
mature trimers of E2-E1 heterodimers (Zhang et al. 2003, Rheme et al. 2005,
Fields and Kielian 2013).

At the late stages of infection, the formation of new virus particles takes
place. In order for this to happen, the virus RNA is packed densely inside the
virus capsid. For SIN (and most of alphaviruses), the packaging signal, required
for this process, is located inside the region of viral RNA encoding for nsP1
(Strauss and Strauss 1994); for SFV, however, the packaging signal is located in
nsP2 and has different structure (Kim et al. 2011). In this step, only the com-
plete virus genome will be packaged into the capsid, as neither the negative-
strand RNA nor the subgenomic RNA possess the signal required to initiate the
packaging process. At the same time, the mature glycoproteins accumulate to
the cell plasma membrane and once the virus genome has been packed inside
the capsid protein, an interaction between the cytoplasmic tail of E2 glycopro-
tein and the RNA-containing capsid takes place, resulting in the budding of
mature virions (Barry et al. 2010).

The infection with alphaviruses induces various changes, both functional and
structural, inside the host cell. These changes can best be observed in a cell
culture environment. From the structural side, infected cells become more round
in appearance and have a bloated look. From the molecular perspective, there
are high levels of virus RNA replication taking place. In turn, the synthesis of
host RNA and proteins becomes inhibited. In part, it occurs due to the cytotoxic
properties of nsP2, however the effects are further amplified by the endoplas-
matic reticulum stress caused by the synthesis of virus membrane proteins
(Barry et al. 2010). Although all the underlying mechanisms of this inhibition
are not yet fully understood, it has become clear that, at the cases of Old- and
New World alphaviruses, it is caused through the action of different viral pro-
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teins. Indeed, in case of Old World alphaviruses the nsP2 has major role
(Garmashova et al. 2007, Akhrymuk et al. 2012); however, the effect is
enhanced by the action of capsid protein and the RNA replication process. In
the case of New World alphaviruses the capsid protein has major role (Atasheva
et al. 2010). Regardless of the exact mechanism(s), the shutdown of the host
cell allows the virus to divert resources from cellular pathways (which may also
be anti-viral) into those more beneficial for the virus. As a result, such reas-
signing of cellular systems, through the inhibition of host transcription, transla-
tion and the transportation of various molecular building blocks between the
nucleus and cytoplasm, leads to the death of the infected cells which is reported
to occur by apoptosis (Glasgow et al. 1998). Furthermore, cells respond to virus
replication by activating innate immune responses. Apparently, these processes
are aiming to block the virus infection; however they too can be diverted by
virus to fulfil its goals. Thus, the replication of virulent strains of SFV in cells
of central nervous system triggers the production of type-I interferons and
inflammatory cytokines; in contrast no such immune response has been regis-
tered during the infection with non-virulent strains (Tuittila et al. 2000). The
molecular bases of this phenomenon remained unknown for long time; only
recently it has been discovered that the ability to induce cytokine production is
not related to viral RNA replication; instead it is a novel property of replicase
complex of virulent, but not avirulent, strains of SFV (Utt et al. 2015), un-
published data from our lab).

At first, the infection in invertebrate hosts follows the similar route as in in-
fected vertebrate cells. Again, high-level synthesis of viral RNA and protein
takes place and new generation of virions are released (though this occurs via
exocytosis as virions bud from intracellular membranes). For some reason,
however, these processes are far less damaging to the host cell when compared
with a similar infection in vertebrate hosts, enabling the infected cell to continue
its normal functions and, in some cases, even to replicate. In most cases the
molecular bases of these differences are unknown. However, it has been
demonstrated that the nsP2 of Old World alphaviruses does not cause the deg-
radation of cellular RNA polymerase II in insect cells (Akhrymuk et al. 2012).

Roughly 24 hours post-infection, rapid and effective suppression of virus
production occurs and cell culture becomes persistently infected. Virus produc-
tion is not completely eliminated, probably because the replication still occurs
in small fraction of cells. Although the full set of mechanisms involved in the
emergence of this persistent infection have not yet been determined, it has been
suggested that inhibitory molecules are synthesised by the host cells. Multiple
studies have revealed that siRNAs and RNAi play the most important role in
controlling the alphavirus infection in insect cells (Cirimotich et al. 2009,
Nogueira et al. 2011, Siu et al. 2011, Ratnik et al. 2013). Other mechanisms,
like piRNAs, pro-phenol-oxydase system and mosquito antiviral signalling have
also shown to play a role (Fragkoudis et al. 2008, Rodriguez-Andres et al. 2012,
Schnettler et al. 2013). Interestingly, these mechanisms are not really needed to
protect the hosts from the harmful effects associated with the replication of the
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virus: in their absence, the replication is enhanced and a persistent infection
may not occur, nonetheless, the cells experience minimal damage form a high-
level long-lasting virus infection. In part, it may be due to the fact that in insect
cells the virus affects the vital biosynthesis processes only in a minor way,
allowing most of the infected insect cells to remain viable, although there is
always the presence of some levels of cell death, not as a result of apoptosis, but
rather because of cell necrosis (Fragkoudis et al. 2009).

Alphavirus based expression and gene therapy vectors

Since the construction of the first alphavirus vectors based on SIN and VEEV in
1989 (Davis et al. 1989, Xiong et al. 1989) and on SFV in 1991 (Liljestrom et
al. 1991), alphaviruses are becoming an increasingly important part of the field
of genetic engineering and gene delivery vectors. Alphaviruses, such as SFV
and SIN, are able to replicate in a wide selection of cells and are also capable of
high levels of protein expression in a short period of time: these properties are
among the reasons why they are considered to be promising vector systems.
Alphaviruses can be used to deliver protein-coding sequences into cells which
are either non-transfectable under normal conditions or into non-dividing cells,
which are resistant to infection with other virus-based vector systems. The
second advantage of alphavirus-based vectors is the size of their genome, which
is rather small when compared with many other viruses. This feature allows the
researchers to reconstruct, manipulate and apply the vectors in a laboratory
setting with a relative ease; during the recent years the methods of synthetic
biology (gene synthesis) are frequently used for this purpose. However, such
manipulations do not come without its consequences — the insertion of a foreign
sequence into the viral genome leads to an increase in its length, resulting in
problems like the decrease of the replication rates, changes in the regulation of
gene expression and possible difficulties relating to genetic instability when
packaging the lengthened genome into the capsid (Rausalu et al. 2009). The
third advantage of using alphaviruses as vectors is that their RNA is active
when transfected into cell, therefore being capable of establishing a viral
infection, resulting in the production and release of new generations of virus
particles. In addition to these general advantages there are also numerous more
specific (sometimes restricted to specific virus) but no less attractive properties
including natural tropism to cancer cells of SIN (Suzme et al. 2012), ability of
SFV to break immunotolerance to cancer cells (Riezebos-Brilman et al. 2005)
and ability of SFV to prime immune response possibly due to its superior ability
to trigger production of cytokines (Naslund et al. 2011, Nikonov et al. 2013).
The ability of alphaviruses to successfully and rapidly carry out their infec-
tion-replication process in a wide selection of cells is also one of their down-
sides. As the life cycle of the virus is relatively short and results in the death of
the host cell through the apoptotic pathways (Barry et al. 2010), un-modified
alphaviruses are not ideal for the generation of long-lasting expression systems.
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Another inhibitory property for these vectors is the possibility to insert only
relatively short foreign sequence as the complete genomes with inserts signifi-
cantly longer than 2kb will have problems completely fitting into the virus cap-
sid during the packaging process. Finally, a set of limitations originates from
the basic properties of alphaviruses. As their replication depends on the interac-
tions with host components (proteins, membranes) these cannot be eliminated.
As RNA viruses, alphaviruses replicate with high error rate and are prone for
recombination — both of these factors reduce stability of inserted sequences.

Cap| non-structural region |—| structural region |poly(A)

Cap | non-structural region | poly(A)

Cap fansA— structural region | poly(A)

|CMV|—| non-structural region |—| structural region |po|y(A)

|CMV|—| non-structural region |poly(A)
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Figure 2. Common vector types based on alphavirus genomes.

A. Full-length genomic RNA vector, essentially identical to the wild-type virus (can
contain point mutations and/or small mutations altering its properties).

B. RNA-based replicon vector that has its structural region removed and therefore is
not able to form virus particles for exiting the cell.

C. Helper vector for RNA-based replicon vector, which contains a coding region for
structural proteins required for virion formation.

D. Full-length DNA/RNA-layered vector, structurally similar to the wild-type virus but
in a DNA plasmid form and containing a CMV promoter for the start of cDNA tran-
scription and the initiation of the replication process.

E. DNA/RNA-layered replicon vector, similar to the RNA-based replicon vector but in
the form of a DNA plasmid (same principle as for E).

F. Helper vector for DNA/RNA-layered replicon vector.

At cases A, B, D and E genes of interest (GOI) can be inserted either into existing
reading frame(s), under duplicated subgenomic promoter or inserted IRES element. At
cases B and E the duplication of subgenomic promoter (and/or IRES insertion) is not
strictly required as GOI can be inserted under control of existing subgenomic promoter.

As alphavirus vectors have been in use for more than 25 years, very large varie-
ties of different designs have been tested and used; the set is too extensive and
diverse to be reviewed comprehensively. Hence, a somewhat simplified classi-
fication of vectors has been provided below. Although the various types of
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alphavirus-based vectors (Figure 2) can be classified according to numerous
criteria, such as the expressed marker of interest or their pathogenicity, in this
work, the vectors will be classified according to their genomic structure. Fol-
lowing this strategy, four distinct main types of vectors can be identified — the
RNA based full-length genomic vector, the DNA based full-length DNA-RNA
layered vector and the replicon vectors, in the form of either DNA or RNA,
which are devoid of their structural ORF region and therefore are not capable
for virion formation and release.

Full length genomic alphavirus RNA vectors became possible after the suc-
cessful transition of the RNA based virus genome into a cDNA molecule and its
insertion into a plasmid, downstream of a promoter from DNA bacteriophages
(such as SP6 or T7). This approach would allow the in vitro transcription of
infectious RNA transcripts using the corresponding RNA polymerase. The main
advantage of this approach is its ability to enable the insertion of mutations or
the introduction of foreign sequences into the virus genome, effectively turning
them into gene delivery vectors. Since then, these vectors have been widely
used and their main advantage is their tendency to behave in a similar fashion to
the unmodified virus from which they were derived (Rice 1992) and the high
infectivity of in vitro synthesised RNAs allowing the construction of repre-
sentative libraries and/or the insertion of mutations compromising virus replica-
tion. This is due to the fact that these vectors have no protein-encoding se-
quences of their original genome removed; instead they often contain an in-
serted gene of interest (GOI) or a regulatory sequence. This allows the vectors
to replicate and to form new virions which contain the same genome which was
originally delivered to the cell, allowing the formation of novel generations of
genetically engineered virus genomes. The inserted sequences can commonly
be found either in the non-structural region of the alphavirus genome (in most
cases inside the nsP3 protein coding sequence), in their structural region (for
example between the C/E3 protein sequences) or placed under a separate sub-
genomic promoter which is often located at the end of the genome between the
region encoding the El protein and 3’ UTR; alternatively the GOI can be
inserted under the control of the native subgenomic promoter and the duplicated
promoter is used for the synthesis of subgenomic RNA for structural proteins.

The similarities between the full-length vector and the wild-type virus allow
the vector to express proteins in a highly efficient manner; furthermore, in
theory, such vectors could repeatedly be amplified in susceptible cells without
the need to repeat the virus rescue process. However, the similarities to the wild
type virus can also be a source for problems, especially when it comes to the
practical applications of the virus-based vectors. By far the most prominent of
these problems is the stability of recombinant genomes; this is followed by con-
cern over safety of such vectors (Vdhéd-Koskela et al. 2003). The issues relating
the safety are, unfortunately, not completely avoidable for a full-length genomic
vector as it is capable of producing infectious virions as a result of its infection-
replication cycle. However, numerous approaches can be used to alleviate the
safety concerns including miRNA based regulation of vectors (Bhomia et al.
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2013, Ratnik et al. 2013), engineering of conditional lethality of alphavirus vec-
tors (Sawicki and Sawicki 1993) and introduction of mutations reducing patho-
genicity of virus (Tamm et al. 2008). The stability issues, which are mostly
reflected by the poor expression of the foreign transgene and low viability of the
correct constructs, originate from the basics of alphavirus molecular biology
and are therefore impossible to address completely. No matter what, alphavirus
replication will always be carried out by the error-prone replicase (even if the
recently discovered high-fidelity mutations are used (Coffey et al. 2011, Rozen-
Gagnon et al. 2014)), which is capable for a copy-choice recombination be-
tween two different RNA molecules or between the different regions of one and
the same molecule. Similarly, the spherical capsid will always limit the maxi-
mal size of the genome which can be packed into the virions. Nevertheless,
some aspects of the stability problem can be solved using a few specific strate-
gies. This includes the introduction of GOIs only into the few pre-determined
positions, which will result in a minimal effect on the virus. As obtained results
have demonstrated, viruses are able to express the insert as a fusion protein
together with its own native ns-proteins or as an individual protein, if protease
sites are included into design (Tamberg et al. 2007). The regulation of GOI
expression can also be achieved: it occurs early, but at low level, if the insertion
is made into the ns-region or it can occur later, but at a higher level, if the inser-
tion is made into the structural region. Alternatively, a relatively stable and effi-
cient expression of the foreign sequence can be achieved by the insertion of the
GOI under the control of a subgenomic promoter positioned in the viral genome
as described above. In addition to the consistent expression of the GOI, vectors
with such design can also be used in research to determine the exact function
and efficiency of subgenomic promoters and have even been reported to be used
in determining the localisation and transportation pathways of the genomic
material of the virus inside the infected cell (Cook and Griffin 2003, Rausalu et
al. 2009). It should be noted, however, that alphaviruses are highly individual
and an approach, which leads to a stable vector for one virus, will result in un-
stable vectors in the case of another. Thus, SIN with EGFP inserted between C
and E3 was reported to be stable (Thomas et al. 2003) while SFV of similar
design was unstable with compromised replication (Fragkoudis et al. 2009). For
SFV, the most stable vectors contain duplicated subgenomic promoter down-
stream of the structural region (Rausalu et al. 2009) while in the case of CHIKV
more stable vectors are obtained by inserting duplicated promoter upstream of
structural region (Vanlandingham et al. 2005). There is no theory capable of
explaining these inconsistencies, thus the selection of optimal design is largely
based on a trial and error approach.

A structurally similar construct to the RNA-based genomic vector is the full-
length DNA/RNA layered vector. While having a similar genome organisation
as the corresponding RNA vector, these DNA based vectors are somewhat
easier to manipulate and do not require transcription prior to the transfection of
susceptible cells. As it can be seen from the name, the main difference between
these two types of vectors is that one of them, like the virus itself, is based on
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the infectious RNA molecule while the other is delivered to the cells in the form
of DNA. As the in vitro transcription is be quite costly and RNA is difficult to
handle (prone to degrade easily) molecule, the use of DNA instead significantly
decreases the workload. In addition, DNA is much easier to produce in large
amounts and with GMP (good manufacture practice) quality, which is the pre-
requirement of any use on human subjects. However, DNA/RNA layered vec-
tors require a more complex activation system from the cell: just the delivery of
DNA to the cytoplasm of cells is insufficient; instead the molecule must first be
transported into the nucleus of the cell where it can be used as a template to
synthesise a RNA molecule with the help of a specific promoter placed up-
stream of the virus cDNA sequence, which is recognised by the transcription
factors in the eukaryotic cell. The first alphavirus-based layered DNA-RNA
vectors, which were based on SIN, took advantage of either Rous sarcoma virus
LTR or a CMV promoter, but most of the following alphavirus constructs have
utilised the CMV promoter (Berglund et al. 1998). However, not all transfection
methods and reagents allow efficient nuclear entry of the DNA. The CMV pro-
moter is a strong and immediate early promoter of virus, the RNA synthesis
process starts relatively fast and occurs using cellular RNA polymerase II. The
primary transcript must be terminated correctly (therefore the DNA/RNA lay-
ered vectors also contain an eukaryotic termination signal), spliced (if introns
are inserted to the construct, see paper I for the details of such technology) and
transported to the cytoplasm where it will behave in a similar way as a normal
RNA-based genomic vector (Dubensky et al. 1996, Berglund et al. 1998,
Rheme et al. 2005). All this is somewhat time-consuming (in a range of an hour
or so0) and different hurdles reduce efficiency of virus rescue (which is consid-
erably, often 10-fold or more, lower than in case of in vitro RNA transcripts). In
the context of full-length constructs, it is generally not regarded as a problem as
the rescued recombinant viruses can subsequently be propagated (in theory as
many times as needed).

One approach to combat the previously mentioned safety and stability issues
is to use a viral replicon vector. In case of alphaviruses, replicon is a vector
which does not contain any region encoding for structural proteins, making it
unable to exit the cell, which means that the infection will not be able to spread
inside of a cell culture or in a living organism, effectively reducing the biologi-
cal hazard originating from the virus-based construct. Replicons are derived
from the full-length vectors and can also be based either on DNA (layered vec-
tor) or RNA (Figure 2). The first of such alphavirus vectors was created in 1989
by Xiong through the modification of SIN genome, during which the region
coding for the structural proteins was replaced with a gene encoding chloram-
phenicol acetyltransferase (Xiong et al. 1989). Since then the replicon versions
of various viruses such as SFV, VEEV and CHIKV have been created, all of
which follow a similar design and therefore possess similar properties
(Berglund et al. 1993). In these vectors the non-structural part of the viral ge-
nome is left intact (though it may contain mutation or mutations aiming to im-
prove efficiency of replicon) to allow the construct to replicate to a high copy
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number through the first phases of the virus life cycle. As in the case of native
virus, only the non-structural proteins (replicase) are translated directly from
replicon RNA (unless it contains an IRES element upstream of the GOI). In
transfected cells the replicase synthesises the negative strand and, after the con-
version into its late form, multiple new copies of replicon genome as well as an
extreme abundance of subgenomic RNAs (in general, they are more abundant
than the subgenomic RNAs of the full virus, often outnumbering the replicon
genomes by the value of 10 or more). The reduced size of the replicon genome
and the limited rounds of replication also reduce the issues related to stability of
these vectors — genomes which have a smaller size also have less problems with
packaging. The single-round nature of replicons eliminates the main mechanism
behind of instability of full-length genomes — outcompeting of original vector
genomes by more rapidly replicating mutant ones which have growth advantage
due the loss of GOI and/or inserted control sequences (Rausalu et al. 2009,
Ratnik et al. 2013). The inability to produce new generations of the virions can
be very helpful when developing virus-based vaccines. Such vectors do not
express the major viral antigens and thus the immune response against vector is
weak or non-existent, allowing the patient to receive multiple doses of the same
vector (Berglund et al. 1998, Rodriguez-Madoz et al. 2007).

Although the results obtained with replicon vectors can be very promising,
there are several downsides. If used in the basic studies, one needs to remember
that as the replicon vectors do not mimic the whole alphavirus life cycle, the
results obtained from such vectors might not be reflective of processes taking
place during the real infection (Delekta et al. 2014). Furthermore, these vectors
are not able to infect the cells by themselves, making them dependant on vari-
ous transfection methods, which might possess adverse effects on cellular via-
bility and seriously limit their in vivo applicability. One of the methods de-
signed to overcome this problem is known as the construction of virus replicon
particles (VRPs). At this case, the region, encoding for the structural proteins of
the virus, is placed between the 5° and 3’ UTRs (and most typically also under
the control of a subgenomic promoter; Figure 2) and co-delivered to susceptible
cells together with the replicon. In these cells the replication of both the repli-
con RNA and the helper vector RNA is facilitated by the virus replicase com-
plex, which is able to recognise the replication signals on both sequences. Sub-
genomic RNA (if the helper vector has a subgenomic promoter) is produced and
the structural proteins will be expressed. Such co-incubation allows the for-
mation of VRPs which, however, contain only the replicon RNA as the helper is
not packed due to the absence of a packaging signal. Another approach for the
construction of VRPs requires the creation of a stable packaging cell line stably
producing low-level helper-RNA from the integrated DNA copy in the cell ge-
nome. Structural proteins, which require the synthesis of subgenomic RNA, are
not produced in such cells until the cells are transfected by replicon RNA. This
approach removes the need to transfect cell with two separate molecules — every
cell already contains the sequence of the helper vector in its genome. Further-
more, in the culture of such packaging cells the replicon vectors are no longer
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restricted to initially transfected cells: released VRPs can infect neighbouring
cells (or fresh culture of packaging cells) and produce new VRPs. This property
compensates for the fact that the VRP titers, obtained through the use of this
method, do not reach the levels obtained by the co-transfection of cells by the
replicon and helper RNAs. This effect is possibly resulting from the lower gene
expression efficiency of the integrated sequence when compared with a separate
molecule which is able to replicate to a high copy number (Polo et al. 1999).

When a normal cell is infected with a VRP particle, the first stages of the
infection take place in a similar fashion as during a full-length virus infection.
The only difference is that no secondary infectious virus particles will be pro-
duced, rendering the construct as harmless as a normal (non-packed) replicon
vector (Delekta et al. 2014). However, if VRPs are based on the Old World
alphaviruses, the replication of such vectors still results in cell death as the vital
mechanisms, through which these viruses supress cellular metabolism and
induce cell death, are intact. Due to this property, VRPs are also known as the
suicide vectors: they kill the cell and die with it without being able to continue
their existence through progeny (Smerdou and Liljestrom 1999). Such approach
might also be used to research the various aspects of viral entry without the
need of a higher-risk fully functioning virus (especially important for the studies
on alphaviruses which are pathogenic for humans such as CHIKV). The prob-
lem with this method is the risk of recombination which can happen during the
period where the replicon and its helper are co-incubated inside the cell. Such
copy-choice recombination results in a wild type virus genomes or, in full-
length genomic virus vectors, depending on the presence of any artificially
inserted sequences (Weiss and Schlesinger 1991). In order to decrease the
chances of unwanted recombination taking place, further modifications of this
system have been developed — for example, it is possible to create conditional
helper systems, which are dependent on some external stimulus in order to be
active or to split sequence encoding for structural protein between two separate
helper vectors, which would ensure additional safety, as the reversion back to
the wild type genome would require the recombination to take place both be-
tween the replicon and its two helper vectors (Berglund et al. 1993, Frolov et al.
1997). However, this split-helper system might not always be very efficient as
there have been reports on some types of replicon vectors which have been
unable to transcribe helper-RNA in a correct fashion, resulting in an extremely
low yield of replicon particles from the process (Tamm et al. 2008). Therefore,
alternative approaches to reduce recombination, such as the development of
promoterless helper vectors (Kamrud et al. 2010) or the elimination of the
viability of recombinant full-length genomes by inserting target sequences for
cellular miRNAs (Ratnik et al. 2013), have been developed.
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Examples of practical applications of alphavirus vectors

The most common application of alphavirus vectors is to use them for basic
research, often to study the corresponding alphavirus. Replicons are used to
increase the safety of such studies and are also useful if the events of an infec-
tion in a single cell are analysed (thus, in the conditions where the release of
infectious progeny is unwanted). However, the field that has gained much more
attention nowadays is the use of alphaviruses for a more patient-related (directly
or indirectly) purposes. Thus, alphavirus vectors have emerged as efficient tools
with potential for the treatment and prevention of medical conditions. As an
example of indirect usage, alphavirus vectors can be used for recombinant pro-
tein production. Several alphavirus-based genetic vectors have even entered the
first phases of clinical trials during the last 10 years and many more have been
used in preclinical studies. Lately, however, the focus has shifted towards using
alphaviruses in antitumor treatment and they significant advantages have been
made in the field. Additionally, the vectors have been applied to target central
nervous system which is extremely difficult to reach by other means (Atkins et
al. 2008).

The paths leading to the immunisation against a disease through the use of
alphavirus-based vectors can broadly be divided into two distinct categories.
The first approach resembles the most common vaccination strategies and its
purpose is to stimulate the immune system of the host with a foreign antigen in
order to achieve a heightened immune response and an increase in the number
of respective antigens. The second approach is the fortification of the immune
system by the expression of such proteins which would help to protect the cell
against the pathogen of interest. The common feature for both of these strategies
is that the antigen-coding sequences are introduced inside the vector sequence
in order to achieve high-level expression once the vector has been delivered to
the target organism. As described above, the construction and application of
alphavirus vectors can result in many different forms through which they can be
used, this is also the case in vaccine development. The vectors used for such
applications can be based on either full length RNA or DNA/RNA layered sys-
tems or they can be built upon replicon vector technologies (Berglund et al.
1998, Fleeton et al. 2001, Ljungberg et al. 2007). Though promising in cell cul-
ture, most of these approaches have, however, yielded low efficiency when
applied in an in vivo condition. The only approaches that have shown real
promise are the use of VRPs, through which the immunity against many differ-
ent diseases has been achieved in model test systems (Berglund et al. 1998,
Atkins et al. 2008) and the use of DREPs (DNA/RNA layered replicons), which
are much more immunogenic than the standard DNA based vaccines (Naslund
etal. 2011).

The main focus for the virus-based vaccine development has been to combat
such widespread viruses like HIV. At this case, it is not correct to say that
alphavirus systems have performed worse than the alternatives — no anti-HIV
vaccine has ever produced good results (and some, such as the vaccines based
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on adenovirus vectors, have produced results opposite to the desired ones). In
fact, several in vivo experiments, where alphavirus VRPs have been applied in
order to prevent the infection by HIV itself or its primate-based model system,
SIV, have shown promise. Thus, the repeated inoculations of primates with
virus-based vectors (multiple vaccine carriers are often used, as the first inocu-
lation might result in an immune response towards the virus upon which the
first construct was based) have been successful in reducing the initial spread of
the virus, or in producing high immune responses. However, the vaccines were
not able to completely prevent the infection of the host (Nilsson et al. 2001, Xu
et al. 2006). In mice, the obtained results were even more promising: upon the
immunisation of mice with the vectors there was a significant increase in
observed anti-HIV T-cell responses and even a protective response was
achieved on the mucosal surfaces, which efficiently prevented the entry of the
virus into the immunised host (Vajdy et al. 2001, Sundback et al. 2005). How-
ever, it is still unclear how it would translate to applicable results in primates
and humans. As mentioned above, the lack of clear success in case of HIV is
more likely due to the difficult nature of the target rather than the shortcomings
of any vector system (including the ones based on alphaviruses).

Another vaccine-like application for alphavirus-based vectors is the devel-
opment of antiviral molecules which could then be used to combat virus infec-
tions. For this purpose, replicon vectors have been exploited to determine the
specific effect of various substances in relation to the replication of the virus.
Once such molecules have been isolated, it is possible to incorporate them into
vaccine shots, providing that they possess no significantly adverse effects on
living organisms, which would render the application of these molecules impos-
sible. One of such examples is the use of WEEV replicons for the discovery of
viral RNA replication inhibitors (Peng et al. 2009, Delekta et al. 2014).

It has been theorised that due to the ability of alphaviruses to infect neuronal
cells, the vectors based on these viruses could be used to deliver foreign genes
into the central nervous system. This capability has been demonstrated to be
rather efficient in tissue culture but the first in vivo assays have been conducted
using a non-virulent SFV-based vector in mice. This test resulted in the success-
ful initial expression of EGFP in glial cells, however the vector failed to infect
neuronal cells as efficiently (Ehrengruber et al. 2003). The direct introduction of
a virus construct to the central nervous system cells has also been attempted but
it has resulted in cytotoxic side effects in the infected area, making this ap-
proach non-efficient for any clinical purpose. Thus, alphaviruses can still be
considered as an efficient means for applications which do not require an ex-
tended survivability period such as the labelling of certain brain regions (Furuta
et al. 2001, Graham et al. 2006). There have been reports of using non-
neuropathogenic alphavirus-based vectors for the attempts of treatment of mul-
tiple sclerosis. The results obtained from mouse models have been quite prom-
ising. The used vector, based on an avirulent SFV A7(74) virus, where a
sequence coding for a component of immune system, able to reduce the pro-
gress of the disease and to inhibit the clinical symptoms, was inserted. This
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vector was then introduced through the olfactory bulb (approach allowing to
bypass the blood-brain barrier). To note, this route of infection would result in
lethal consequences if the neurovirulent SFV4 or SFV6 virus would have been
used as bases of the vector. As A7(74) is significantly less pathogenic, it was
able to reach directly the central nervous system without causing lethal disease
(Jerusalmi et al. 2003, Vahi-Koskela et al. 2007).

The application of alphaviruses to combat various types of tumours, includ-
ing glioma, papillomavirus-associated carcinoma, prostate cancer, melanoma
and breast cancer has received increasing amounts of attention as the insight
into the genetic background and the treatment of tumours is considered to be a
high-priority field in medical research. This has resulted in two distinct, but in
some ways interconnected, approaches for anti-tumour applications of these
vectors. One of the approaches is somewhat similar to vaccinations — the main
purpose of the alphavirus vector is to increase the potential immune response to
tumours by introducing sequences coding for various antigens and/or immunity-
boosting molecules which would prevent the emergence of tumour cells alto-
gether. The common problem with alphavirus-based expression systems, how-
ever, is their low duration of expression, especially when working in in vivo
systems, which makes any application, that requires a consistent expression of
transgene, highly dependent on the reintroduction of the virus to the system.
This, however, is not a limitation in anti-cancer therapy. Thus, the second
approach does not attempt to express something for extended periods. For anti-
cancer treatment to be effective it is more efficient to have the construct repli-
cate in a way which would allow the creation of high amounts of virus particles
and once the infection has reached the final stages, the cells become apoptotic
(Atkins et al. 2008, Quetglas et al. 2010).

The idea to use alphaviruses as anti-cancer vaccines first surfaced in the
1970’s when it was observed that once SFV-infected tumour cells were intro-
duced to mice, they were able to prevent the emergence of the same tumour
type (Griffith et al. 1975). This property of the alphaviruses has, since then,
been studied further. It has been discovered that the use of alphavirus vectors to
combat tumour is a much more efficient method when compared to the use of a
DNA plasmid-based transgene vectors for the same purpose; furthermore, in the
case of using alphavirus VRPs there is no risk of genome integration (Leitner et
al. 2000). An additional benefit of applying alphaviruses for this purpose is their
tendency not to affect the general immune responses, a feature which allows the
expressed protein to be fully efficient (Rayner et al. 2002). Although the expres-
sion levels of the foreign protein do not differ that much between the standard
and alphavirus-based vectors, the ability of alphaviruses to induce the synthesis
of different cytokines and ultimately apoptotic cell death is where the difference
is most prominent. As the idea of such vaccination is to target the immune sys-
tem against tumours and the destruction of the tumour cells with the help of the
virus vector is not a goal by itself, it is interesting to find out that the induced
apoptosis still plays an important role in enhancing the efficiency of produced
antigens. It is proposed that once the cell is destroyed, various antigen-interact-
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ing cells of the immune system are able to recognise remains of the apoptotic
cell, and through this, also come in contact with the antigens or cytokines pro-
duced by the vector. This interaction results in greatly increased immune re-
sponse when compared to the production of antigens inside the healthy cells. In
addition to the produced molecules, which will be exposed during the process, a
significant amount of genomic material originating from the alphavirus vectors
is also released, resulting in a general state of alarm in the host and further acti-
vating the internal defence mechanisms (Ying et al. 1999, Leitner et al. 2006).
Indeed, it was found that the anti-tumour effect of such vaccine candidates de-
pends on the ability of vector to induce apoptosis. When the apoptosis rates of
the alphavirus-infected cells were decreased, the resulting immunogenicity
against tumours was decreased by a significant rate, clearly indicating the im-
portant role of cell death induced by alphavirus vectors (Leitner et al. 2004).
Another proposed mechanism for efficient vaccine-like activity is the ability of
alphaviruses to directly infect the dendritic cells (major antigen presenting
cells). This can lead to a direct antigen presentation without the need of the cell
to enter apoptosis (Quetglas et al. 2010).

As already indicated above, not all alphavirus vectors, expressing a sequence
of interest, are aimed to function as anti-cancer vaccines. It is also possible to
use these vectors in a context where the purpose of the transgene is to limit the
growth of tumours; for this, vectors, expressing various inhibitory molecules,
have been constructed. The usefulness of such approach is further emphasized
by the ability of some alphaviruses to preferentially infect tumour tissue. For
example, SIN has been reported naturally to accumulate in tumours in an
experimental setup designed to inhibit their growth by systemic injection of the
virus (Tseng et al. 2002, Tseng et al. 2004). This selectivity is assumed to be the
result of an altered signalling profile present on tumorous cells but can also
result from the over-expression of receptors with a high affinity towards SIN on
tumour cells and/or from leaky tumour vasculature. At the cases of alphaviruses
lacking natural affinity to tumours, this property can be engineered by modi-
fying the E2 envelope glycoprotein and changing the ability of the virus to be
recognised by receptors (lijima et al. 1999, Tseng et al. 2007). Another
approach is to modify the vector so it would be able to initiate replication only
in tumour cells — a tumour-specific promoter can be included to a DNA/RNA
layered vector instead of a CMV or some other similar promoter, making the
vector viable only in cells which would be able to recognise the sequence (Guan
et al. 2006). The obvious limitation of this approach is that only the virus res-
cue, but not its subsequent spread, can be controlled using this approach. The
fact that tumour cells are highly dependent on blood supply and that growing
tumours induce the development of novel blood vessels from the pre-existing
ones, in order to continue growing and to receive valuable substances (a process
known as angiogenesis), can also be used to develop anti-tumour alphavirus-
based vectors. Thus, if a virus construct expresses an antiangiogenic protein, the
resulting release of the molecules could inhibit, and possibly block, the progres-
sion of tumour tissue. Such experiments have been indeed conducted by the use
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of wvectors expressing various angiogenesis-inhibiting molecules such as
endostatin, a fragment of collagen-18a which has displayed antiangiogenic pro-
perties and angiostatin, a fragment of plasminogen. As a result, various degrees
of tumour reduction and increase of mouse survivability were observed
(Yamanaka et al. 2001, Lee et al. 2006). Fusing the tumour cells together would
also be beneficial in reducing the tumour size as the cells, which have been
affected by the fusion process, will enter the apoptosis. The fusion process can
be induced by expressing the hyperfusogenic version of the gibbon ape leuke-
mia virus envelope glycoprotein or hemaglutinin-neuraminidase and a fusion
protein from Newecastle disease virus, expression of which is shown to result in
the aggregation of the target cells (Galanis et al. 2001, Zeng et al. 2004). The
coding sequences for such proteins have been introduced to the alphavirus vec-
tors but so far most of these approaches have been tested only in cell culture and
the number of corresponding in vivo studies is still rather low (Quetglas et al.
2010).

It has also been determined that, if delivered intratumourally, alphavirus
vectors with no transgene expression, or expressing only a marker protein, are
also capable of reducing tumour growth, most probably through the extensive
apoptotic effect induced by the vectors on tumour tissues (Véhéa-Koskela et al.
2006). The tumour reduction has been observed both in a cell culture environ-
ment and in in vivo nude mice models. As was to be expected, the ability of the
vector to reduce the growth of malignant tissue was somewhat reduced in a
living animal (Murphy et al. 2000, Murphy et al. 2001). The efficiency of this
approach can be further increased through the co-application of apoptosis-in-
ducing alphavirus vectors and cancer vaccines which are injected directly into
tumour (Smyth et al. 2005). The use of full length vectors, capable of inducing
the generation of novel virions, however, is not always the best choice as, in
some cases, they might cause lethal side effects. To overcome this problem, the
application of VRPs containing replicon vectors has been proposed (Atkins et
al. 2008). This does, however, result in reduced anti-tumour activity. As an
alternative, an interesting approach, also capable of magnifying the apoptotic
effect of alphavirus vectors in tumour tissues, has been developed. It is based on
the inclusion of a gene, the product of which would be able to induce cell death
under certain conditions, to the alphavirus genome, thus creating a double-lethal
system. This has been achieved through the use of herpes simplex virus type-1
thymidine kinase, which is not apoptosis-inducing by itself but rather trans-
forms the cell to be susceptible to nucleoside analogues (ganciclovir and similar
anti-herpesvirus drugs) which, when modified, are capable of inducing cyto-
toxicity (Tseng et al. 2006). In addition to the increased efficacy, such vectors
also have increased safety, as any cell, infected by a runaway virus, would be
killed by the drug, preventing any further amplification and the spread of the
virus. Similarly, the number of target cells, available for therapeutic virus, can
be narrowed down by introducing miRNA target sites into the virus genome.
The selection of targets is based on these miRNAs, under-expressed in targeted
tumours but present in high levels in normal cells or, at least in the cells, the
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infection of which is associated with viral disease (such as neurons in case of
SFV and SIN). Several viruses of this type have been tested; results have shown
that while it is rather difficult to keep the virus restricted to cancer cells (Ratnik
et al. 2013), it is relatively easy to keep it away from its normal target cells
(Ylosmaki et al. 2013).

Fortunately, the application of alphaviruses as anti-tumour agents has not
remained only a laboratory perspective. Although numerous candidates have
been suggested as perspective drugs for clinical trials, not all of them have
made it so far. Nevertheless, there are some promising vaccine-type drugs based
on such vectors which have passed the preclinical phase and entered the first
phases of clinical trials. The safety and possible anti-drug immune response of
virus particles based on VEEV, which expressed carcinoembryonic antigen
CEA(6D), also known as AVX701, was evaluated in a small number of ad-
vanced-stage cancer patients in a phase I/II trial by Alphavax (Morse et al.
2010). The aim of the treatment was to induce host immune response against
the tumour-associated antigens. The results obtained from the trial revealed that
no significant harm was caused by the recombinant virus, indicating its possible
usefulness in anti-cancer treatment. It was also observed that the drug induced
heightened levels of antibodies respective to the expressed foreign antigen.
However, as the goal of the test was to determine the presence of possible im-
mune responses in patients that had already developed malignant growths, it is
not possible to say to what extent the drug is effective against the emergence of
novel tumours and how it might behave when applied to broader test groups.
Answers to these questions can possibly be achieved through the ongoing trial
expected to end in 2017. Another upcoming phase I test of an alphavirus-based
drug AVX901, to be performed by the same company, is targeting breast cancer
and the study is designed to observe both the efficiency and safety of this drug.
This drug is also based on VEEV which has been modified to be unable to
cause active infection, instead it expresses human epidermal growth factor
receptor 2, which should boost the immune response towards the cancer cells
expressing the same protein. The basic idea behind this vaccine was demon-
strated to be viable already in 2005, where it was shown that replicon particles
containing this transgene were successful in the inhibition of the growth of the
tumour model (Wang et al. 2005). VEEV VRPs, expressing membrane antigens
characteristic of prostate tumour cells, have also been applied in combating
prostate cancer in a phase | trial. Again, no adverse cytotoxic effects were ob-
served; however there was also no significant improvement of the general con-
dition of the treated patients (Slovin et al. 2013).

Non-viral transfection methods

Gene delivery systems can broadly be classified as viral- and non-viral vectors.
Although the virus-based systems often provide high replication rates and are
not easily supressed by the host’s immune system, there is a downside to their
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application — with virus-based delivery systems, there is an increased risk of an
viral infection taking place in the target organism and the personnel handling
these vectors need to be previously trained in the virus-related biosafety in order
to ensure the proper exploitation of the system. Non-viral vectors, on the other
hand, can be applied with relative ease as they are not based on a pathogen and
possess no risk of spreading uncontrollably into the healthy tissues of the
patient or between individuals. This fact has greatly boosted the research in the
field of the vectors to create efficient tools for either laboratory or therapeutic
use.

Non-viral delivery systems can be further characterised as physical and
chemical transfection methods (Kaestner et al. 2015). This classification reflects
on the underlying mechanisms which are in use while transporting the genetic
material into cells with either of the approaches. While the physical methods
entail the use of some type of a physical force, either a physical contact with an
injector needle or an electric field, which is applied to the cells, then the chemi-
cal approaches can be summarised as methods which require the presence of a
transporting molecule which facilitates the creation of a biological interaction
between the transfection complex and the host cells, resulting in a successful
delivery across the plasma membrane.

One example of physical methods is microinjection, which consists of fixing
the cell between microscopic tweezers which hold the cell in place while the
injection is carried out (Zhang and Yu 2008). Although this method guarantees
the successful delivery of genomic material of interest into the target cell, the
process itself can be rather time consuming, especially as the injection takes
place one cell at a time, making this method more useful in approaches, where
there is no need for the transfection of whole cell populations, such as the in
vitro fertilisation. Another example in this field is electroporation — an ap-
proach, which is widely used both in laboratory settings and even on living
subjects. This method entails the creation of an electrical field for a short period
of time. Such field creates disruptions in the molecular connections of the cell
membrane, allowing the genetic material to be internalised by the cell (Gehl
2003). In contrast to microinjection, this approach allows the transfection of
larger cell populations in a short time period but at the cost of cell viability —
usually a significant number of cells does not survive the procedure, resulting in
the reduction of the number of cells possessed by the end of the experiment.
Another approach for electroporation is the transfection of living tissue with the
help of electrostatic field. This procedure is often carried out in the outer layers
of the organism, such as skin and requires the target area to contain the genetic
material and to be placed between the electrodes, which are then used to create
an electric pulse (Matsuda and Cepko 2007).

Chemical transfection methods can vary greatly from the more robust
approaches such as the calcium phosphate method to the more refined ones such
as the cationic liposomes or cell-penetrating peptides. The main problem here is
that negatively charged genomic material must be transported across the exte-
rior membrane of the cell, which is composed of phospholipids and also has a

33



negative charge (Vasconcelos et al. 2013). Therefore the molecule facilitating
this process must possess either charge-shielding properties or have a positive
charge on its own, to balance out the charge originating from the cargo mole-
cule. Perhaps one of the best known chemical approaches to transfection is the
use of cationic liposomes, namely the Lipofectamine series, which has proved
itself to be rather reliable all-round transfection reagent, working in nearly every
possible in vitro scenario possible. Such broad applicability has lead this rea-
gent to become a kind of a positive control or a benchmark in many laborato-
ries, conducting research in the field of transfection, against which to compare
the efficiency of other chemical transfection approaches.

Various cationic lipid based reagents are often mixtures of various liposomal
components, among which some carry out the interaction with the cargo, while
others act as helper lipids and help to further stabilise the nanocomplexes and
facilitate the interaction between the transfection complex and the cell. As a
result, positively charged liposomal compartments are formed, with a diameter
of roughly 100 nm, which interact with the genomic material and allow it to
pass through the phospholipid bilayer while the negative charges are being
shielded from the cell (Dalby et al. 2004). However, this method is not without
its downsides — although the transfection in cell culture is a rather reliable pro-
cess, the lipid-based reagents are not very suitable for situations where one re-
quires the conduction of transfections with a large amount of genomic material
or to carry out multiple transfections on the same cell population, as large doses
of the liposomes result in a decrease in cell viability, making many liposome-
based reagents, like Lipofectamine 2000, unusable in live animal models
(Zhong et al. 2008). The reagent has also been demonstrated to inhibit the capa-
bility of the virus to infect the cell and to begin its replication cycle, leading to
unreliable data in some virus-related experiments which require the prior trans-
fection of the cell (Parn et al. 2013).

Cell-penetrating peptides (CPPs)

Cell-penetrating peptides are small molecules, roughly 540 amino acids in
length, which are capable of translocation across the cell plasma membrane and,
in doing so, enabling the internalisation of genetic material. The emergence of
CPPs first started in the end on 1980’s when it was discovered that the HIV-1
trans-activating transcriptional activator (Tat) protein was capable of entering
eukaryotic cells without any additional help (Frankel and Pabo 1988). Further
research narrowed the focus down to a single region of the protein, now known
as the Tat-peptide (Vives et al. 1997). During the same period, it was discov-
ered that the third helix of Antennapedia protein homeodomain was also capa-
ble of translocation across the plasma membrane, leading to the emergence of
the penetratin peptide (Joliot et al. 1991, Derossi et al. 1994). Since then, the
field of CPPs has received a great amount of attention, resulting in the advent of

34



numerous new CPPs and delivery approaches both for in vitro and in vivo set-
tings.

The main advantage of using CPP-based transfection systems over other
transfection methods is the relatively low cytotoxicity of such peptides. Unless
used at an extremely high concentration, CPPs have displayed almost negligible
adverse side effects when used in a cell culture environment. Similar lack of
cytotoxicity can also be observed in in vivo animal models, however this does
not apply to every type of CPP, as some of them might be more harmful than
others, depending on their molecular characteristics (Bechara and Sagan 2013).
Another positive feature is the suitability of CPPs for the use with different
kinds of genomic cargo. The main limiting factor with many chemical transfec-
tion approaches is the observance that although the transporter molecules seem
to be efficient with some type of cargo, they might be completely inefficient
when transporting something else. This does not seem to be an issue with CPPs
as they are capable of transporting both smaller molecules, such as siRNAs and
SCOs while also being extremely efficient in delivering larger DNA or RNA
based constructs, such as plasmid-based expression systems (Péarn et al. 2013,
Trabulo et al. 2013).

CPPs can be classified on the basis of many different parameters: one of
these is the classification according to the origin of the CPP. The first group is
known as natural CPPs. These peptides are derived directly from a natural
source, such as a parent protein, and do not contain any modifications in their
amino acid sequence. Examples of this group are the Tat and penetratin peptides
(Vives et al. 1997, Derossi et al. 1998). The second group, called chimeric pep-
tides, is based on the combination of sequence parts originating from different
parent molecules. This approach allows the combination of positive properties
from mixed backgrounds and makes it possible to discard such parts of the
sequence, which might not play a very important role in the transfection pro-
cess. An example of this group is the peptide transportan, in which the research-
ers have combined the peptide sequences from the neuropeptide galanin and
wasp venom mastorpan in order to achieve a potent transfection vector (Pooga
et al. 1998). The third group is known as synthetic peptides. This group consists
of peptides which possess significant sequence modifications compared to their
peptides of origin or are completely synthetic, without the use of any molecule
as a template, often using repeats of similar amino acids (Wang et al. 2015).

Another approach to CPP classification is to differentiate them according to
the type of the interaction taking place between the peptide and its cargo. Such
interactions can be classified into two distinct subgroups: covalent and non-
covalent. The covalent approach is used rather widely and while it ensures that
each CPP molecule transports an additional cargo molecule across the plasma
membrane, the use of such interactions results in a rather significant increase in
the workload related to the transfection process as the cargo molecule must be
conjugated to the peptide during the synthesis and for every different type of
cargo, a whole new molecule must be created. Non-covalent strategy, on the
other hand, allows for an increased flexibility as the formation of complexes
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takes place once the peptide and transported genetic material have been mixed
together and incubated for a short period of time. In addition to being suitable
for various cargo molecules without additional synthesis, this approach allows
to adjust the ratio of peptide and cargo molecules, to ensure optimal transfection
parameters in a specific setting (Deshayes et al. 2008, Vasconcelos et al. 2013).

One of the classifications takes the molecular characteristics of the peptides
into account. Chemically, a distinction can be made between various CPP-s
which are classified as either cationic, hydrophobic or amphipathic peptides
(Vasconcelos et al. 2013). The cationic peptides can be identified with ease as
they feature a number of positively charged amino acids in their sequence, such
as lysine, arginine and histidine, resulting in a positive net charge of the peptide,
hydrophobic and amphipathic CPP-s, on the other hand, are recognised by the
presence of hydrophobic amino acids and a low net charge or by the presence of
lipophilic and hydrophilic blocks respectively (Madani et al. 2011).

Internalisation mechanisms of CPPs

The pathways which are utilised by CPPs in order to cross the plasma mem-
brane of a eukaryotic cell are still subject to a considerable debate and contro-
versy. Even if some reports try to establish a commonly used pathway for CPP
entry, there is always a contradicting paper present, further contributing to the
uncertainty. Due to these issues, a definite final viewpoint cannot be established
in the work at hand, but in order to shed some light into this issue, a few of the
viewpoints, which have gathered significant support from the research commu-
nity, will hereby be explained (Figure 3).

Figure 3. The demonstrated endosomal internalisation routes for the peptide nano-
complexes. Four proposed routes of entry among the numerous strategies suggested for
the entry of peptide transfection complexes.

1. Macropinocytosis

2. Clathrin-dependent endocytosis

3. Caveolae-mediated endocytosis

4. Caveolae/clathrin-independent endocytosis
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In some cases the internalisation of CPPs is regarded to take place via the direct
translocation across the cell membrane. This approach is considered to be more
“physical” in nature as the translocation occurs using the energy-independent
routes. Some groups have suggested that this pathway does not affect cell mem-
brane in any way and the peptide molecule together with its cargo flips across
the membrane from the extracellular environment into the cytoplasm of the cell.
Other papers claim that the peptides create miniature disruptions in the lipid
bilayer which allow the passing of extracellular molecules such as the peptide
and the genomic material, resulting in a successfully transfected cell. This final
viewpoint is supported by numerous cytotoxicity experiments which determine
the viability of cell populations through membrane leakage, demonstrating that,
in many cases, membrane leakage can be observed during the earlier points of
measurement and cannot be observed later during the experiments (Jobin et al.
2013, Vasconcelos et al. 2014).

A more common suggestion claims that the entry of CPPs is an energy-
dependent process instead. Supporters of this concept believe that the main
route which leads the peptide inside the cell takes place through the endocyto-
sis-related pathways. Most authors supporting this viewpoint agree that the
interaction with cell membrane and its receptors is crucial for the internalisation
but their opinions differ on the specific endocytosis route utilised by the CPP.
Such pathways include, but are not limited to: clathrin-mediated endocytosis,
macropinocytosis, and caveolae/lipid-raft-mediated endocytosis (Figure 3).
Once inside the cell via the endocytosis uptake route, the complexes must find a
strategy to escape from the endosomes in order to be able to release their cargo
into the cytoplasm. The escape is usually facilitated by the acidic conditions
present inside the endosomes, however other strategies, such as the addition of
some special molecules to the peptide sequence in order to facilitate endosomal
exit or membrane disruption, have been suggested (Koren and Torchilin 2012,
Wang et al. 2014).

Finally there are some, who believe that the internalisation of the peptide
molecule can be a result of both of the abovementioned strategies. The defining
viewpoint in this case is that the specific route of entry is dependent on the type
of the peptide itself and the cargo it is transporting. But once again conflicting
opinions can be found — while some authors claim that when transporting a
smaller cargo, CPPs enter the cell through direct translocation and the complex
formation with a larger payload forces the peptide to use endocytotic pathways,
there are authors who believe the exact opposite, claiming that endocytosis
facilitates the entry in the case of smaller complexes and larger ones pass
directly through the cell wall (Jiao et al. 2009, Vasconcelos et al. 2013).

Regardless of the specific strategy used to cross the plasma membrane, there
is a final step which is common for all the peptides — the release of the cargo
molecule. In many cases the complexes just dissociate when exposed to the
intracellular environment, this is prevalent when using non-covalent binding
strategy but when using a covalent bond, the molecule often stays in one piece
as there is no differentiation between the peptide motif and its cargo. In some
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cases, the peptide can contain a linker sequence which can be cleaved by vari-
ous enzymes (such as the MM2 linker described in the following chapter) or
some features of the molecule can be attached through a disulfide bridge which
can be cleaved upon entering the cell (Méger et al. 2012).

While the characterisation of the overall transfection efficiency might be suf-
ficient for the in vitro cell culture systems, using an in vivo animal model re-
quires much more thorough development and analysis of the peptide. The main
difference between the two systems is that while the cells on a cell culture dish
all originate from the same source, and are genetically identical, then a living
organism is essentially a collection of different interconnected types of tissues
that have varying molecular characteristics and also display an organ-specific
affinity for the uptake of transfection complexes. /n vivo biodistribution can
vary greatly between the peptides originating from a different background, also
there have been different reports on the preferred organs for the CPP class as a
whole, but peptides generally tend to accumulate in the metabolism-related
organs such as liver, lungs, kidney and spleen, which can be characterised as
organs, which are either functioning to clean up the body from various foreign
substances or possess high levels of blood supply, leading to an increased
chance of interaction with the peptide (Hayashi et al. 2011, Kim et al. 2015).
There are also some organs which are not as easy to reach when compared to
the previously mentioned ones, such as the brain and heart. The delivery to
these organs has been unsuccessful or with a low efficiency for a long time
however, during the last few years there has been an increasing number of re-
ports describing successful delivery into these tissue types (Bechara and Sagan
2013). Rat cardiomyocytes (cardiac muscles) have been successfully targeted
by the cell-penetrating peptides, resulting in a future perspective for heart
failure treatment and the exon-skipping therapy required for the treatment of
Duchenne muscular dystrophy (Betts et al. 2012, Chien et al. 2014, Lehto et al.
2014). Delivery to brain tissue is considered a demanding task as the peptide
complexes must first cross the blood-brain barrier. Although there are examples
of intranasal introduction or direct injection of the delivery systems, allowing to
bypass the barrier (Kanazawa et al. 2011, Kizil et al. 2015), there have also been
reports of peptide complexes capable of enhancing the delivery of cargo mole-
cules across the blood-brain barrier (Liu et al. 2014, Yao et al. 2015).

Tissue-specific delivery of CPPs

The lack of tissue-specificity and the common tendency of CPPs to accumulate
either in the major organs which require constant and high levels of blood sup-
ply, such as the lung or liver, or in the tissues located in the region of the place
of injection, has made the use of CPPs somewhat problematic when trying to
apply them for the treatment of specific tissue-specific genetic diseases. To
overcome this problem, modifications have been introduced into the structures
and functionalities of CPPs in an attempt to achieve higher tissue-selectivity. In
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this section a short overview of such approaches will be given in order to
demonstrate the diversity of this field.

One of the possibilities for achieving high transfection rates into tumour tis-
sues would be to use a targeting sequence. For this, a specific amino acid motif
is integrated into the sequence of the CPPs, often located in the terminus, as
such location has minimal chances of disturbing the secondary structure of the
peptide, which often plays an important part in ensuring the successful entry of
the peptide into a cell. Such sequences are usually recognised by the specific
molecules overexpressed on the surface of the tumour cells, such as the epider-
mal growth factor receptor, which is a common tumour-associated target for
many strategies involving the reduction of tumour growth. It has been even
suggested that the inhibition of this gene will result in positive outcomes in
relation to tumour progression. A CPP has been fused with an EGFR-interacting
domain derived from vaccinia virus growth factor, enabling significant increase
in uptake levels of the fusion peptide when compared to the unmodified peptide
(Nguyen et al. 2015). Another example of a targeting sequence is the addition of
a CREKA sequence to a peptide. CREKA was identified by the screening of
peptide libraries in order to find sequences capable of binding to tumour recep-
tors (Zanuy et al. 2008, Karmali et al. 2009). Since then, it has been applied in
combination with a peptide pVEC, resulting in improvement in cargo transloca-
tion rates into tumour cells (Regberg et al. 2012). Not all peptides require the
addition of the specific targeting region, some of them already contain it in their
sequence. Such CPPs might reveal their affinity towards tumour tissues in gen-
eral or some certain types of tumours once a screening process has been
applied, allowing to filter out peptides binding to some specific extracellular
marker present in tumour tissues (Higa et al. 2015). Another interesting finding
is a peptide with its sequence derived from the oligomerisation domain of
Hsp70, a membrane-bound protein which is expressed on the cell surface of
tumour cells, which enables the targeting of the tumour cells expressing Hsp70
in their membrane. The potential of this system lies in the fact that this protein
is expressed only on the surface of tumour cells, while their healthy counter-
parts possess no such binding site (Gehrmann et al. 2014). Although the ability
of this sequence to facilitate binding to a nucleic acid cargo and to ensure its
internalisation to cell has not been demonstrated, the sequence could prove to
be, not unlike the CREKA sequence, a potential component of a tumour-target-
ing chimeric delivery peptide.

An approach somewhat similar to the addition of a targeting sequence is the
attachment of a targeting molecule to the formed transfection complex to ensure
the correct delivery of the peptide and its cargo. Such molecules must display
similar characteristics to other targeting mechanisms and be able to conduct
specific binding to the unique cell surface profile of the tumours. One elimina-
tion strategy of tumours is to target the cancer-associated fibroplasts, which
provide a supporting scaffold to promote tumour growth and development
(Stylianopoulos et al. 2012). For this purpose, mouse monoclonal antibody
molecules capable of binding to human fibroblast activation protein-a have
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been bound to the surface of the delivery complexes through electrostatic bind-
ing, resulting in the successful interactions with the tissue and in the reduction
of tumour sizes in mice through the anti-tumour drug, doxorubicin, included in
the complex as a cargo molecule (Ji et al. 2015). A similar route was taken in
another experiment, where the peptide-toxin complex intended for the neutrali-
sation of tumour cells was targeted to the specific tissue by mixing an antibody
for the anti-carcinoembryonic antigen and heparin conjugate with the transfec-
tion complexes, also resulting in electrostatic interactions between the two
components. This allowed to achieve specific binding to the carcinoembryonic
antigen over-expressing tumour cells in a mouse model system, resulting in the
significant inhibition of tumour growth without a noticeable systemic toxicity
(Shin et al. 2014).

An efficient strategy to keep the CPPs from targeting unwanted tissue types
is the construction of such peptides, which would be activated at the location of
interest through an external stimulus. Such activation requires the peptide to be
in conjugation with molecules which are capable of inhibiting the interactions
between the peptide complex and the target cell. These molecules are receptive
to a specific signal, which can be in the form of pH, temperature or light, upon
receiving which they will detach themselves from the peptide, allowing it to
carry out its internalisation process as intended. Such approach has been utilised
by Yang et al, who used the triggered caged peptide as a guidance system for
their lipid-based delivery mechanism (Yang et al. 2015). Their system involved
activating the peptide using a near-infrared light, which they considered to be
able to ensure site-specific activation, which could be harder to accomplish
through the other approaches aiming to change the tumour microenvironment,
and to penetrate deeper compared with other types of light impulses, in addition
to possessing no considerable side effects, which might be present for UV acti-
vation. Another approach for site-specific delivery through activation is to use a
strategy, which would allow the interaction of inactive transfection complexes
with the tumour-specific components and, through such interactions, to restore
the full activity of the peptide. A system consisting of a CPP and an inhibitory
peptide has been devised, using an MMP (matrix metalloprotease)-specific sub-
strate to bind the two sequences together. As growing tumours require the
remodelling of the extracellular matrix, achieved through the product of MMP,
this gene is upregulated in tumour cells, allowing its product to interact with the
substrate introduced in the peptide complex and to cleave the inhibitory peptide
attached to the delivery system (Olson et al. 2009). Lately, the use of such
cleavage system has received growing attention, having been applied on multi-
ple occasions (Gao et al. 2014, Mei et al. 2014). A similar tumour-dependent
de-shielding has also been utilised in our work, which involves the shielding of
the peptide complex through the use of polyethylene glycol (PEG) particles
(Veiman et al. 2015). Although the in vivo results are rather promising, there are
some minor concerns about the tumour-specificity of this transportation system,
as there have been reports of a premature activation taking place in the vascu-
lature system instead of the tumour tissue (van Duijnhoven et al. 2011, van

40



Duijnhoven et al. 2015). Regardless of this unwanted de-shielding taking place
outside the tumour tissue, the practical evidence indicates the ability of these
particles to be internalised by tumours to a great extent and therefore assures the
potential of this method. However, further specificity might be achieved
through the selection of a similar, but more tumour-specific enzyme which
would be able to ensure the cleavage of the shield when located in the correct
tissue (van Duijnhoven et al. 2015).
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RESULTS AND DISCUSSION
Aims of the present study

The thesis at hand presents three different but yet interconnected studies with a

general goal of developing the tools for efficient approach for combating

tumours. The specific goals related to each of the separate studies were the fol-
lowing:

(I) To develop an original inducible alphavirus-based DNA/RNA layered
vector system where the rescue of infectious virus genomes could be
controlled by the combination of introduction of aberrantly spliced introns
and application of specific molecules, such as SCOs, capable of correct-
ing the introduced defects

(I) To test the capabilities of a CPP-based transfection system to deliver
larger nucleic acid constructs, such as the alphavirus DNA/RNA layered
vectors and infectious in vitro transcripts into eukaryotic cells. To esti-
mate the efficiency of this delivery and to compare it with the delivery
achieved by the use of cationic lipid based reagents. To observe the
potential adverse effects which might inhibit the replication of rescued
viruses. Based on the obtained data to estimate the applicability of CPP
based transfection regents for the transfection of cells with alphavirus
vectors and for the studies of alphavirus biology;

(Il To develop a peptide-based transfection system which would be able to
facilitate preferential delivery into tumour cells through the application of
tumour-specific de-shielding of the transport molecules

A method for controlling the rescue of infectious
full-length RNAs from DNA/RNA layered
alphavirus-based expression vectors (I)

The efficiency of virus-based approaches as tools for the treatment and preven-
tion of various diseases, such as tumours, has previously been extensively
demonstrated (Barber 2004, Atkins et al. 2008, Harrington et al. 2010, Kanai et
al. 2010, Rommelaere et al. 2010, Toth et al. 2010). However, such application
of viruses does not come without its cost as the vectors contain an inherent risk
for damaging their host cells and spreading the infection (Ehrengruber and
Lundstrom 2007). A possibility to overcome the occurrence of a widespread
unwanted infection is to use truncated versions of the viruses, such as the alpha-
virus-based replicon vectors (Liljestrom and Garoff 1991). Such vectors are
incapable of virion production but are still able to facilitate high levels of
transgene expression and replication inside the cell and to terminate it by induc-
ing apoptotic death (Urban et al. 2008). Though such vectors are safe and useful
for applications where apoptosis is a desired effect (such as the termination of
the diseased tissue and/or to produce immune response-inducing molecules),
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they may be not efficient enough to combat aggressive (and metastatic) forms
of the cancer. Another shortcoming of these vectors is that due to their non-
propagative nature, they must be produced and applied in large amounts and the
production of VRPs, RNAs or even GMP quality plasmid DNA is rather expen-
sive (Steel et al. 2011). Finally, such vectors have limited specificity — either
natural specificity intrinsic for the original virus or artificial specificity created
by researchers. Given the difficulties to regulate the replication of RNA viruses,
it may be not sufficient to ensure the replication of virus genomes in cancer
cells and to leave the other types of cells unharmed (Piver et al. 2005).

Why are RNA viruses difficult to regulate? The problem is that the huge
arsenal of regulatory elements, known for scientists, is almost exclusively
designed (or found in nature) for the regulation of gene expression starting from
the transcription of mRNA from a DNA template. Alphaviruses do not use this
process at all and hence all promoters, transcription factors, enhancers, termi-
nators, etc., have absolutely no meaning for them (Strauss and Strauss 1994).
Only the elements functioning on the level of RNA can be used directly in their
genomes and there are not so many of such elements. MiRNAs and their targets
are relatively new thing — when this study was first designed back in 2009, we
did not know if miRNAs could be used (in fact, our lab initiated a specific study
to investigate this topic, the results are published by Ratnik (Ratnik et al. 2013))
in alphavirus vectors. There are riboswitches and aptamers — however the previ-
ous studies in our lab had already shown that these elements are not effective in
an alphavirus context. There are specific RNA secondary structures which can
be used to supress the gene expression, but it is not trivial (though not likely
completely impossible) to make them work in some specific cells and, at the
same time, not in the other cell types. In short, the tools for generating cell
specificity directly at the RNA level seemed to be (with exception of miRNASs)
rather inadequate.

To overcome these difficulties, a novel type of a control mechanism was re-
quired. Ideally, is should result in the virus remaining unable to successfully
replicate unless it is activated through a specific external stimulus. As indicated
above it is hard to achieve on the level of virus itself as the suitable tools do not
exist (now there is evidence that miRNA targeting can be used but not without
limitations). Thus, it leaves the option to regulate the release of the virus from a
layered DNA/RNA vector. It is not the same thing — once released, the virus
cannot be controlled by the engineered mechanisms — but at least this approach
allows to achieve virus rescue in the specific, targeted sites (for anti-cancer
therapy that would be the cancer cell).

One approach for the regulation of gene expression in biotechnology is to
use aberrant introns, which are not spliced according to the correct splicing
pattern under the normal conditions (Sazani and Kole 2003). While the non-
defective introns are used as regulatory mechanisms which may inhibit or en-
hance the expression of genes, depending on the specific situation, then the
introns with an aberrant splice site block the gene expression as the splicing
activity is diverted away from the original location and the resulting mRNA
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encodes for a protein which will be distorted and will most likely contain incor-
rect amino acid sequence after the splice site due to a shift in the translational
reading frame (Ladomery 2013). The introduction of introns directly to a posi-
tive-stand RNA virus, such as SFV, makes no sense: these viruses are strictly
cytoplasmic. The elements can, however, be inserted into the DNA/RNA lay-
ered vectors (Johansen 1996, Yang et al. 1998). One of these vectors, the
pCMV-SFV4, previously constructed by our workgroup, which already con-
tains an intron (normal intron from the rabbit beta-globin gene) in the region
encoding for capsid protein (Ulper et al. 2008), was therefore taken for the
bases of the new vector construction. Suitable aberrantly spliced intron
sequences used for this purpose originated from humans suffering from B-tha-
lassemia, a disorder related to haemoglobin production. In these people, the
expression of B-globin is altered by the presence of various mutations, two of
which, the point mutations located at positions 654 and 705 of the second intron
of the gene, were used as examples of naturally occurring splice-altering muta-
tions (Busslinger et al. 1981, Finotti et al. 2015). Third defective intron, used in
the study, represented an artificial construct encompassing both of the mutated
sites; the idea was to gain more efficient suppression of correct splicing. In
order to allow the release of the replication competent RNA from the vectors to
resume, a strategy which would allow to deactivate the negative effect of the
defective introns must be present. It is possible to revert effect on aberrantly
spliced introns through the intracellular delivery of splice-correcting oligonu-
cleotides (SCOs) which are capable of binding to the mutated site in the intron
sequence and, in doing so, they are able to shield the location from being
spliced, resulting in the production of correct mRNA and, consequently, repli-
cation-competent virus vector (Zeng et al. 1999, El-Beshlawy et al. 2008).

The approach to use defective introns to affect the replicative capabilities of
viruses was first shown to be efficient on adenovirus-based vector systems
(Figure 2, paper I). This was an expected result, however, the demonstration of
the application and potency of such mechanism in relation to alphavirus con-
structs was more challenging. Namely, as only the rescue of the virus is con-
trolled, the control must be as efficient as possible — a single successful rescue
event can lead to a spread of replicating alphavirus vector in cell culture. To
exclude the possibility of the spread of infection, DNA/RNA layered replicon
vectors were first constructed and analysed. In order to fully evaluate the poten-
tial of the selected and constructed introns, a set of alphavirus replicon vectors
was constructed, containing either a wild-type intron, intron 654, intron 705 or
the artificially constructed double-mutant intron 654+705. As the specific loca-
tion of these introns is also of utmost importance, they were to be placed in a
region which plays an important role in the replication process of the virus,
otherwise it would have been impossible to observe the effect they play on the
rescue of the replicon or the virus. Keeping this in mind, two locations were
selected as suitable targets for the intron placement, both located in the non-
structural protein encoding region. Within this region, it does not matter where
exactly the introns are placed — any mistake leading to the disruption of the
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reading frame is fatal. Furthermore, the introns can also be inserted into the
sequences of reporter genes inserted in the frame of non-structural proteins to
achieve the same effect. The latter property allowed us to use firefly luciferase
reporter gene, located in the nsP3 region of the base genome, as one site for
intron insertion, while an additional site, inside the nsP4 region, was used as the
second position for intron insertion (Figure. 1, Table 1, paper I). To note, this
selection had more to do with convenience because, as indicted above, it does
not matter where exactly these elements are located. The resulting vector sys-
tem would allow to analyse two key issues which are of interest in relation to
the designed system. Firstly, the insertions would allow to assess the overall
functionality of the defective introns as aberrant splicing in either or both of the
locations would result in the inability of the virus systems to produce functional
nsP4, which is required for the genome replication. To measure if the construct
is capable of replication, the EGFP sequence was placed under the subgenomic
promoter. Thus, the expression of EGFP marker is strictly dependent on the
replication of vector. The problem with this approach was, however, that it is
not very well quantifiable: it will produce either a yes (virus replicates and
EGFP is produced) or no (replication does not occur and EGFP is not produced)
as the answer. As, in some cases, this is a limitation, a second method, which
includes the more specific determination of the intron mediated suppression and
SCO mediated activation efficiency, was used. It takes advantage of the pres-
ence of Luc-marker. In constructs, where the defective intron is placed only in
the nsP4 region, Luc is expressed both from the replicating and non-replicating
transcripts. In contrast, if the intron is located in the Luc sequence itself, only
the transcripts, which are correctly spliced, express luciferase and can become
replicating replicon-vector RNAs. To note, the situation is actually somewhat
more complicated: it is unlikely that the incorrect splicing or its correction by
SCOs can occur at 100% efficiency in any cell. It is more likely that each cell
has pool of correct and incorrect transcripts and the presence of SCOs shifts
their balance in the favour of correct ones. Given the ability of alphavirus repli-
case to replicate the templates in trans (replicase made on the basis of correct
RNA can bind and replicate the incorrect ones as well), it can blur the results;
therefore both activities (the production of EGFP and Luc activity) were always
monitored.

At first, the efficiencies of the introns were evaluated separately at both posi-
tions. Although the effect obtained from different introns varied, it was clear
that a single intron in either location was not sufficient to inhibit the replication
process to a great extent; even the strongest (double-mutant) intron allowed a
quite efficient replicon rescue. This contrasted to the data obtained for the
adenovirus vector and most likely reflected the fact that production of very
small amounts (possibly a single copy per cell) of correctly spliced RNA was
sufficient to initiate the replication. This data led to the introduction of two in-
trons in different positions of the DNA/RNA layered vector. This resulted in
drastic (nearly tenfold) improvement in the reduction of infectivity levels when
compared to the approach utilising a single defective intron. This indicated that,
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in the large majority of transfected cells, no RNA transcripts, capable of initi-
ating replicase synthesis and entering into the replication cycle, were produced.

Another approach, enabling to determine the efficiency of the intron-based
inhibition strategy, is to look into the reduction of the capability of the vectors
to spread the infection across the cells. This is even more demanding as infec-
tious RNA rescue must be supressed not only in an individual cell but in all
transfected cells of the transfected culture — any rescued virus will sooner or
later infect all the cells. As this is something which is not obtainable through the
previously used replicon vectors, a set of full-length vectors, containing introns
in the same positions as their replicon counterparts, had to be constructed. To
quantify the results, an infectious center assay, which enables the determination
of the number of cells where rescue of infectious virus occurs (rescued viruses
are then capable of infecting cells adjacent to them and form plaques), was per-
formed. As expected, the results obtained were consistent with those predicted
based on the observations made from the replicon experiment. Again, the intro-
duction of a single intron did not influence the emergence of virions to a great
extent, however the presence of two introns produced a significant inhibition.
The inhibition of the rescue was greatest for the vector containing two double-
defective introns; the infectivity of such construct was close to background in
HeLa cells (not reliably detected due small values (Figure 4, paper I)) and
reduced nearly 50-fold in more sensitive BHK-21 cells. Similar reduction was
also observed for Luc expression, and as this is much more convenient to quan-
tify (compared with the performance of ICA), subsequent analysis were based
on use of this approach. It should be mentioned, however, that complete inhibi-
tion (at least in BHK-21 cells) was still not achieved. It could be speculated that
the insertion of additional aberrantly spliced introns would have been needed to
achieve this goal. Nevertheless, based on the obtained data, the method for con-
trolling the infectious replicon/virus rescue (exploitation of two aberrantly
spliced introns, both of which preferably containing two aberrantly spliced
sites) was quite efficient and provides the proof-of-principle of applicability of
this approach.

Thus far, however, we have provided an elegant method to inactivate
DNA/RNA layered vector. In order for this system to have any practical value
for research or in developing medical tools, a method, allowing vectors to
regain their original infectivity and replication capabilities, is required. This
means that such vectors must respond positively to the SCOs introduced to the
system. Such SCOs have been designed to reverse the effect of the defective
introns by blocking either the 654 or the 705 aberrant splicing site and forcing
the use of correct one at the end of intron. It was soon determined that the two
SCOs (SCO705 and SCO654) were not equal in their functionality; the SCO654
showed significantly greater activation levels and was, to the extent capable
also to rescue the constructs containing intron with mutation in position 705.
This effect, most probably, originated from the splice-enhancing activity of
SCO654 — a property which has not previously been noted for this specific
molecule, but has been known to be present in a small number of other SCOs
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(Resina et al. 2007, Svasti et al. 2009) In a similar fashion to the two different
splice-switching mutations, the two SCOs also acted in synergy, resulting in
increased efficiency when both of them were applied. The ability of the nucleo-
tide sequences to rescue the release of replication-competent RNA from alpha-
virus constructs containing aberrantly spliced introns was observed for replicon
and full length vectors alike, demonstrating the broad applicability of this sys-
tem. As previously stated, the inhibition levels obtained from the combination
of different introns varied between the different types of vectors, allowing for
speculation in regards to the possible variations in the activation efficiencies for
these constructs. To our relief, the introduction of the mixture containing both
SCOs returned the infectivity all of the intron-containing vectors to levels com-
parable to vectors without a splice-deficient intron. The effect was especially
prominent for the vector containing two double defective introns as the activa-
tion levels reached more than one hundred fold, proving that this system is via-
ble regardless of the levels of previous inhibition. Though it was not experi-
mentally tested, it could be speculated that the presence of larger number of
aberrantly spliced introns could also be compensated by the use of mixture of
corresponding SCOs.

Judging by the results, it can be concluded that the construction of the con-
trollable release systems based on the DNA/RNA layered vectors of alpha-
viruses was achieved and it leads the way to various potential applications
where a selective expression is required. However the system is not without its
setbacks as it only provides a strategy for influencing the first step in the intro-
duction of a layered vector, but once activated, the further control will be lost.
Nevertheless, this method provides an excellent approach for applications
where the beginning of the infection must be contained to a specific type of
tissue for the replication competent vectors and when using replicon vectors, the
infection will be localised only to the SCO-containing cells. Also, as this gen-
eral system has been successfully transferred from adenoviruses to alphaviruses,
it is only logical that the specific and highly efficient activation system de-
scribed here can also be applied to other types of viruses, especially to those
based on DNA, allowing an increase in the control period which is not obtaina-
ble for viruses with a RNA genome.

Another problem which must be solved, for this method to be truly efficient,
is the method of delivery. First of all, the intron-containing vectors are in the
form of DNA-RNA layered vectors (in practical terms they are plasmids),
which indicates that the constructs are not capable of entering the cells through
the pathways normally used by the virus. Instead, they must rely on the external
factors and be transported with the help of an efficient transfection method.
Same problem can be applied to the delivery of SCOs, which must also be able
to reach the same cells occupied by the vector. While a much easier task to
accomplish in a cell culture environment, the real problem arises in an in vivo
model system, where the delivery needs to be much more efficient and much
more specific. The main problem encountered here is that the method of
delivery must not have any harmful effects on the cells — at least not any effects
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which would prevent virus rescue from the vector and its replication. Additional
important aspect to consider is the site-specific delivery of SCOs as their role is
to activate the constructs. While the correct delivery of vectors themselves is
important as well, it does not, at least, pose a significant threat as, in the absence
of SCOs, the virus is not rescued and even if this occurs at very low level it is
unlikely sufficient enough to start an infection (though debated, the infectious
dose of human-infecting alphavirus in around 100 plaque forming units if deliv-
ered by mosquito and higher than that if delivered by injection). Though this
approach increases the safety of the system, it also emphasizes that the focused
delivery of SCOs is very important. First, the activation of the virus in the target
tissue must be efficient. Second, the activation of the vectors outside the target
tissue would abolish or reduce the usefulness of this system: incorrect rescue
can activate unwanted immune response. Finally, if SCOs and alphavirus vec-
tors never meet at the correct location, no activation can take place.

With the goal of finding a suitable transfection method for the purpose of
practical application of the controllable vectors, study Il was undertaken. Its aim
was to determine if a widely published class of transfection molecules, CPPs,
would be able to facilitate the entry of virus genomes and smaller molecules
(siRNAs, comparable with size of SCOs) into eukaryotic cells without harming
the viability of target cells and negatively affecting infection capabilities of the
virus constructs and infectious virions.

Studies on the properties and virus interactions of the
CPP-based transfection reagent PepFecté6 (Il)

Due to the inability of DNA and RNA to efficiently cross the cell plasma mem-
brane, a method of transfection must be used for a successful delivery of nucleic
acids into cells. Keeping the practical application of therapeutic drug develop-
ment and in vivo applications in mind, most of the common transfection ap-
proaches become obsolete as they are either too damaging for the recipient cell
and exert general toxicity on the organism or do not allow to achieve high trans-
fection rates in a reasonable time scale to be efficient enough for the treatment
of medical conditions. This is the reason why, in most cases, physical transfec-
tion methods have been filtered out for animal studies as well as many chemical
approaches, such as the widely used Lipofectamine series, which is based on
cationic liposomes and is commercially available throughout the world. Alt-
hough efficient and rather consistent in its transfection profile, it has displayed
inherent toxicity, as a result of which the viability of the cell is decreased in a
cell culture setting. Due to these effects, multiple transfections on the same cell
population cannot be conducted by the same lipid-based approach, not to men-
tion any possible application in a live animal model system, where the resulting
adverse effects usually result in fatal consequences.

In an attempt to find a solution to this problem, the attention has been shifted
towards another class of chemical reagents which have been previously demon-
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strated to be without any cytotoxic side effects when used for transfection either
in the cell culture or for molecule delivery in an in vivo setting. These reagents
are CPPs, short peptide sequences which are efficient in nearly every possible
setting and which have demonstrated such proficiency in delivering its cargo
without causing harm, that many of the therapeutic systems based on this
approach have entered clinical trials. Another positive aspect of these peptides
is that many of the impressive traits related to them can be extrapolated to the
whole molecule group: many characteristics observed on one occasion can usu-
ally be seen in other CPPs designed in a similar fashion, and in many cases, in
all of the peptides with cargo delivery capability. Based on this knowledge, a
CPP, PepFect6, which is an improvement derived from a chimeric transfection
system, transportan 10 (Andaloussi et al. 2011), was selected in order to assess
its delivery capabilities and any possible side effects related to the use of this
substance.

As the PepFect6 was developed about the time when the work, described in
paper 11, was initiated, not much was known about its specific properties. There-
fore it was essential to determine the exact transfection parameters which could
be used for the delivery of virus-based vector plasmids and in vitro generated
RNA transcripts. Although the peptide had been used before on multiple occa-
sions, it had always been applied (and has still been applied in every other pub-
lication to date) for the delivery of smaller nucleic acid based cargo molecules:
siRNAs and, on some occasions, smaller reporter plasmids (unpublished data).
However, the length of the alphavirus genomes (ca 12 kb RNA) and corre-
sponding DNA/RNA layered vectors (roughly 16 kbp for a full-length
DNA/RNA layered vector containing an integrated sequence for expression of
fluorescent marker) are significantly longer than the length of siRNAs or even
that of the simple reporter plasmids. This raised the question if the peptide
would still be able to efficiently deliver such large cargo molecules into cell.
Indeed, other reagents meant for siRNA delivery (such as the commercial
Lipofectamine RNAiMax reagent), do not generally display such universal
adaptive properties. What is even more interesting is that, up to this date, it is
hard to find publications on the topic of the delivery of larger plasmid
sequences, especially those which are related to viruses, with the help of CPPs,
making the insights gained from this specific study rather unique.

At first, it was important to determine the exact amount of the reagent to be
used for the transfection and the time required for the successful delivery of
cargo molecules. The results obtained from this step formed a basis for the con-
duction of the following experiments, for which the selected optimal conditions
could then be applied. The realisation that the amount of PepFect6, required for
the successful transfection, was nearly the same in all cases (charge ratio of 1:5,
with one notable exception of 1:3 for RNA transfection into BHK-21 cells, Fig-
ure 2, paper II), was quite interesting, meaning that the target cell line does not
influence the uptake to a great extent. A far more surprising result was obtained
in regards to the incubation period required for a successful delivery. It was
found that even upon the immediate removal of the media containing the trans-
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fection mixture, still a large percentage of the total population of the cells was
transfected and the transfection efficiency peaked as early as at 20 minutes of
incubation (Figure 3, paper II). These results leave some room for speculation:
would the peak levels have appeared sooner if there had been intermediate time
points included in the experimental setup, perhaps it would be enough to incu-
bate the cells only for 5 or 10 minutes, which would noticeably reduce the time
required for any experimental setup. An additional concern is that although the
cells were transfected at the maximum level possible, it is highly unlikely that
the complexes were able to enter the cell during such a short period. This is
especially relevant for the first experimental time point, therefore it could be
deducted that one of the properties of peptide-based transfection complexes is
their ability to attach themselves the outer membrane of the cell in such a fash-
ion that they will not be removed by the external stimuli which are accompanied
with the changing of the culture media.

Previous observations had demonstrated the presence of a certain delay in
the emergence of the florescent signal when applying the two reagents under the
similar conditions during the transfection of DNA/RNA layered vectors but not
for the RNA transcripts. This occurrence was verified through the measurement
of the increase in the luciferase levels in time; this experiment confirmed that
there was nearly 2-hour delay in marker protein accumulation in the case of
using the PepFect6 reagent for the delivery of DNA/RNA layered vector com-
pared to delivery of RNA transcripts (Figure 4, paper II). Further insight about
the intracellular fate of the delivered plasmids was gained through the use of
actinomycin D, an inhibitor supressing synthesis of infectious RNA transcripts
from a plasmid but not the replication of the already released viral (vector)
RNA genomes. A corresponding experiment allowed to confirm the previously
raised hypothesis that the difference in the accumulation of the marker protein
was the result of a delay in the release of the cargo molecule delivered by the
peptide-based transfection reagent (Figure 4, paper II). Thus, inside the cell,
DNA molecules are released and transported into the nucleus at a relatively
slow manner. This results in a delay of approximately 1.5 hours, during which
time the replicating vector RNAs appear in cytoplasm and their replication
becomes insensitive to the actinomycin D treatment. Although this delay is
apparently not harmful for the virus life cycle, it is certainly something that
should be taken into account when designing experimental or treatment proce-
dures containing DNA-based sequences; among other things this allows to
avoid false interpretation of the data related to the ability of different (RNA
versus DNA) vectors to enter into their productive phase.

For a system likely to be successfully applied in a more practical setting, it is
vital to ensure that it would not cause adverse effects on the transfected cells.
Although the class of CPPs is regarded to be safe for a number of applications,
there was not any information available about the specific context in which
these reagents were used in this study. The problem is that alphavirus infection
is, by definition, damaging for the cells and virus-induced damage may be
affected (increased, decreased or modified) by the effects caused by transfection
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reagent. Typically, when a reagent starts to affect the integrity of the transfected
cell, some specific visual changes can be observed which indicate a deviation of
cells from their normal conditions. However, it is not always enough to rely
only on the visual signs of cytotoxicity as they might not always be recognised
by the observing party and, if virus vectors are involved, the cytotoxic effects of
reagent might overlap with the changes induced by the replication of the virus.
In addition, some cytotoxic effects might not be visually detectable. Thus, to
ensure the safety of the peptide-based delivery system, the effect of the trans-
fection complexes on the cell viability had to be measured. The corresponding
experiment resulted in a more specific determination of cellular viability under
the optimal and near-optimal transfection conditions; to eliminate the effects
caused by virus infection, constructs, which are unable to release replication
competent viral vectors, were used. Such experiments demonstrated that, under
the applied conditions, there was no inhibitory effect of transfection rea-
gent/procedure on the viability of the cell populations and neither did the trans-
fection affect the replicative capabilities of the cells (Figure 2, paper II).

The final issue which needed clarification was to determine if and to what
extent does the transfection reagent affect the properties of the virus, its replica-
tion and capability to infect cells. If a virus-based controllable vector described
in the study I were to be used for medical applications, such as the inhibition of
the growth of tumours, it must be ensured that using a CPP-based delivery agent
does not undo the potential benefits obtained by this proposed therapeutic sys-
tem. Furthermore, the lack of effect on the part of transfection reagent is essen-
tial for studies of the viruses as well. If the infection proceeds differently in
reagent treated cells (compared to non-treated cells) the reagent/procedure is of
a limited value for such studies. To note, the lipid based reagents often have
such problems, not only because of the cytotoxic effects, but also because the
virus replicase complexes are formed and are anchored to lipid membranes. To
reveal such properties (or their absence) of PepFect6 reagent, the morphology
of the transfected cells and the localisation of viral replication organelles inside
the cells was observed after the transfection of the viral RNA or corresponding
DNA/RNA layered vectors. This experiment did not reveal any deviations,
attributable to transfection reagent/procedure, from the results obtained by pre-
vious studies on alphaviruses and their effects on the cellular structure (Figure
5, paper II). In another setup PepFect6 was used to transfect cells with siRNAs
and then transfected cells were infected with SFV. It was found that the infec-
tion profile of the cells transfected with a peptide-based reagent remained close
to that in non-treated cells; importantly the spatial arrangement of the replica-
tion organelles also did not deviate from the expected pattern. In contrast, when
the cells were previously transfected with a liposomal reagent, the transfection
procedure affected subsequent virus infection, if the two events (transfection
and infection) took place in a short time frame. It should be noted, however, that
24 h post-transfection neither reagent (PepFect6 or Lipofectamine 2000) had
any detectable effect on SFV infection in transfected cells (Figure 6, paper II).
Finally, it was observed that while PepFect6 was certainly able to deliver both
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SFV RNA and corresponding DNA/RNA layered vector to transfected cells, the
transfection occurred at moderate efficiency which was generally lower than in
case of use of Lipofectamine 2000 reagent (Figure 3, paper II).

Taken together, this study revealed that there are certain aspects which must
be considered when applying PepFect6 to deliver a DNA-based cargo, which
must reach nucleus (moderate efficiency, delay in infectious genome rescue).
The positive effects, observed in relation to this reagent, were mostly associated
with the lack of transfection induced cell damage and the lack of effect on virus
replication process. These observations encourage the further applications of
peptide-based reagents in the systems related to alphavirus (and likely other
viruses) based vectors. An especially useful feature of the CPP was its lack of
interference with the infection-replication cycle of the virus itself, which was
something that could have been expected, as the entry mechanisms of the
viruses and the proposed route of entry for the peptide complexes overlap, cre-
ating a possibility for the inhibition of virus entry or incorrect placement of
replication complexes. These results give reason to believe that this transfection
approach might not affect the functionality of other virus-based systems. This
may extend to the potentially efficient use of a controllable system based on an
intron-containing DNA virus vectors (paper I) as CPPs could be used to deliver
both vectors and SCOs to targeted cells. In these cells, viruses can be produced,
released and then spread further; in case these vectors are based on DNA
viruses, they will be able to successfully replicate only in the specific cells
where the correcting molecule has been transported. To achieve tumour inhibi-
tion without the threat of a systematic infection for the RNA viruses, only
DNA-RNA layered replicon vectors can be used at this point, as the application
of a full-length RNA virus would result in a new generation of virus particles
which lack the engineered control mechanisms.

To conclude this part of study, nearly all CPP-s have displayed the capabili-
ties of transporting smaller cargo molecules such as siRNAs and SCOs. In con-
trast, transfection of large plasmid molecules and long RNA transcripts has not
been so widely assessed. Results obtained in this study give reason to believe
that CPPs are capable of the delivery of such molecules. In turn, it means that if
CPPs can be used for site-specific delivery of such molecules, the same system
would probably have no restrictions regarding the transport of smaller cargo
molecules as well. One of such tumour-targeting delivery systems is assessed in
study III, where a tumour-dependent de-shielding mechanism was applied in
order to prevent the transfection complexes becoming active prior to reaching
the tissue of interest.
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The development of a tumour-specific nucleic acid
delivery strategy for in vivo applications (lll)

The ultimate goal for the development of various delivery mechanisms is to find
an efficient system which could be used for the purposes related to the treatment
and inhibition of severe medical conditions which are not responsive to com-
mon treatment procedures or persistently tend to reoccur after a successful pro-
cedure. This is the reason why it is important to develop delivery vectors which
would not display any toxic properties on the patients, even on the occasions
when repeated administration is required to reach the full potential of the treat-
ment. One of the possibilities for achieving this is to use targeting mechanisms,
which would enable the carrier system to differentiate between the healthy and
the diseased tissue and only interact with the latter. Such systems are especially
potent when a clear difference can be made between the tissues, either through
the secreted molecules present in the microenvironment or through the altered
receptor profile. A good example of such tissues are the growths formed by the
abnormal cells which make up the tumour tissue, a common medical problem
for which an efficient and selective treatment procedure has still not been estab-
lished. In this study, a potential delivery system is proposed and investigated,
which could be used for the delivery of treatment-related molecules into tumour
cells. Although these molecules can include such members which induce a spe-
cific effect immediately after the administration, the focus of the current re-
search project is the delivery of plasmid-based sequences inside the tumour
cells in order to create an intracellular expression strategy.

Keeping the general purpose of virus-based tumour delivery in mind, it was
important to formulate a tumour-specific delivery which would be efficient in
mediating the transportation of larger plasmids across the cell plasma mem-
brane. Unfortunately, using a virus-based expression system at this point would
have proven to be a challenge, both in the regards of biosafety and the measura-
ble result, as a virus-based replicon vector would have resulted in cell apoptosis
— a desirable effect for the purpose of tumour treatment but an obstacle for the
determination of transfection system capabilities. This is one of the reasons why
it was beneficial to include a plasmid expression vector with a noticeably longer
(roughly 10kbp) nucleotide base pair sequence than the sequences of common
reporter systems, allowing the experiments to closely mimic the delivery of
alphavirus-based replicon DNA-RNA layered vectors and still enable the quan-
tification of the results through transgene expression.

The CPP chosen for this delivery purpose was PepFectl4, a transportanl0
analogue, not unlike the PepFect6 transfection system used in the previous
study assessing the suitability of CPPs for virology-related applications (Ezzat
et al. 2011). Based on its promising performance facilitating in vitro plasmid
delivery, it was believed that similar characteristics would also be present when
applying the peptide as the basis for the development of an in vivo tissue spe-
cific delivery system. First, it was necessary to determine the behaviour of the
peptide in a live animal setting, as the biological distribution and the specific
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effects on the animals cannot be predicted solely based on the results obtained
from the cell culture. As a result of the transfection, greatest accumulation of
the peptide and its cargo was seen in lungs but minor increases in luciferase
activities were also recorded in other tissues indicating a broad delivery spec-
trum for this reagent (Figure 1, paper III). The most efficient charge ratio be-
tween the peptide and its cargo appeared to be 1:4 while transporting 20 pg of
genomic material, however the introduction of the complexes to the circulatory
system resulted in acute toxic effects observed in some of the mice and, in some
more severe cases, even leading to the death of the subject.

After confirming the delivery capabilities of the unmodified peptide, it was
important to develop an approach for the inhibition of the activity to keep the
complexes from interacting with possible targets throughout the host organism.
While a selection of inhibitory strategies can be applied, the use of PEG mole-
cules to shield the peptides was considered to be the best solution in this situa-
tion as it has been known to prevent the complexes from coming into contact
with cells and, hopefully, prevent the DNA from being degraded by intracellular
enzymes encountered in blood. As the behaviour of PEG-coupled peptides was
previously unknown, three different types of shielding molecules (PEG600,
PEG1000 and PEG2000) were used to determine if the CPP retained its ability
to form complexes with its cargo and if the shielding strategy would be able to
efficiently inhibit the activity of the particles. While the exact behaviour of spe-
cific peptides was shown to differ in the amount of the peptide required for
complex formation, it was clear that all of the constructed molecules possessed
molecular characteristics similar to PepFect14 and were able to interact with
their cargo and bond with it (Figure 2, paper III), being incorporated either
partly in the particle core (smaller PEG molecules) or forming a stable outer
layer (PEG 2000). Similar characteristics could also be observed when com-
plexes were tested for resistance to degradation, leading to the theory that the
resistance to enzymes is can mostly be accounted to the peptide itself and the
presence of PEG does not have a positive effect on the stability of the com-
plexes. Interestingly, the ability of some constructs to interact with the core of
the formed nanoparticle greatly enhanced the stability and binding strength of
the complexes when compared to the larger molecules which were not able to
do so. Nevertheless, the presence of any length of PEG used in the experimental
setup was enough to cause a general weakening of the complex structures in
comparison with the unmodified parent peptide, a problem which could be
solved by the introduction of the same peptide into the reagent mixture, result-
ing in a cocktail of peptides to be used for particle formation.

Functional in vitro testing of the constructs indicated a significant inhibition
of internalisation of the transportation complexes, however upon applying a
mixture of modified and unmodified peptides to the plasmid, a concentration
dependent increase in cell penetration activity could be observed, displaying the
suitability of PEG as an inhibitor of molecular interactions which, in addition to
efficient inhibition, allows for the adjustment of transfection rates through a
simple mixing procedure. The results obtained from in vivo displayed a similar
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efficiency when compared to the results obtained from cultured cells (Figure 4,
paper IlI), indicating a decrease in the uptake levels and a longer blood circula-
tion time for the molecules, allowing for a reduction in lung accumulation for
the peptide-DNA nanocomplexes, as a result of which, a significant increase in
passive accumulation to other tissue types was observed, however the molecules
which were not internalised soon after the introduction were, with high proba-
bility, excreted from the organism as no delayed induction of reporter activity
could be observed. The uptake profiles of the mixtures of protected and unpro-
tected peptides also followed the previously obtained results rather closely, as
the internalisation process seemed to be dependent on the peptide rations in-
cluded in the complexes. One of the main differences between the original and
the modified CPP was that through the reduction of general transfection effi-
ciency through the application of an activity inhibitor, the viability of test sub-
jects increased significantly as the shielding effect decreased the mortality rates
to none.

Although the shielding strategy can be considered as a success, it is not
enough just to shield the molecule and prevent it from interacting with the cell
to create a potential medically efficient treatment system. Although there is a
tendency for the complexes to accumulate in various types of tissue, including
tumours, the accumulation rates are not sufficient for achieving any noticeable
affinity over the other possible targets and even if such preference existed, the
presence of the shield would negate all possible entry. To access the full poten-
tial of particle shielding, it must somehow be possible to neutralise the inhibi-
tory effect achieved through the introduction of the PEG group. One approach
for making the shield conditional is to introduce a linker which would allow the
shield to detach at a suitable moment. Such linkers can be activated by an array
of methods, varying from the presence of specific physical conditions to the
more specific reactions with enzymes. An especially beneficial possibility
would be to utilise a linker which would allow the detachment of shielding
group directly at the site of tumour tissue, therefore enabling a type of site-spe-
cific delivery to be achieved. One of such molecules is a MMP2-cleavable
linker, which interacts with the matrix metalloprotease enzyme present in many
of the tumour tissues but not to a great extent in normal cells. One of the obsta-
cles with similar approaches has always been the possibility of inefficient
cleavage, leading to the reduced internalisation levels when compared with
unmodified transporter molecule. Fortunately, this is not the case for this
experimental strategy as the preliminary tests indicate a near-complete activa-
tion of the previously inactive peptide by the MMP2 enzyme, which was further
confirmed by in vitro assays, through which the most efficient ratio of cleavable
and parent peptide was found to be 50%. As the particle including the smallest
of the tested PEGs proved itself to be the most efficient, it was selected to
undergo in vivo testing to further explore the functionality of the delivery mech-
anism when other possible target organs are also available. While the previously
efficient ratio of 50% was able to facilitate significant tumour delivery, minor
levels of reporter activity were still present in other tissues where the peptide
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complexes typically tend to accumulate. However, once the ratio of protected
peptide was increased to 70%, a nearly complete tumour-specific delivery effi-
ciency could be observed, indicating the success of this approach (Figure 5,
paper III). While the application of peptide constructs containing larger PEG
molecules also resulted in increased reporter levels measured from tumour tis-
sues, their capability to inhibit the overall interaction with tissues was not as
complete as the one observed by the PEG 600-containing PepFect144 and there-
fore can be considered of a little practical value in the practical medicine-related
situations where minimal side effects are desired.

Based on the conducted experiments, it was demonstrated that the conver-
sion of an efficient delivery vector into one with the properties of a tissue-spe-
cific activation was possible through the introduction of an interaction-inhibit-
ing shield attached to the complexes by a tumour-cleavable linker. What makes
this achievement more special is the fact that the molecules delivered into the
tumour cells were not limited to small siRNAs or SCOs with a fluorescent tag,
but rather longer than usual plasmid-based expression systems which, as a result
of the delivery, managed to reach the nucleus of the cell and retain their func-
tionality of expressing a measurable marker. This knowledge provides grounds
for the expectations that plasmid vectors encoding virus replicon genomes, such
as the ones described in studies I and II, could also be delivered specifically to
tumour tissues with high efficiency without the threat of affecting the sur-
rounding tissues or other organs present in the host. The development of this
strategy also opens up countless possibilities for further practical applications
regarding the treatment of these types of tumours which are capable of ex-
pressing MMP2, such as the high-level development of chemotherapy com-
plexes to be used on patients with malignant growths or even for more basic
research on tumour-inhibitory strategies. A possible development on the basis
of this work is to apply a similar approach of tissue-selective activation to other
CPPs in order to achieve even greater delivery efficiency, also it would theo-
retically be possible to use a similar system for the targeting other tissues, pro-
vided that an enzyme is identified which is characteristic only of the desired
target.

Future perspectives

All of the systems, described in the studies listed here, have their own applica-
tions and possess numerous potential uses on their own or when combined with
each other and/or with other strategies not described in the work at hand. How-
ever, the combination and the practical application of the knowledge obtained
through this work would be of great benefit and therefore also a logical direc-
tion to take as a next step. As the reason for undertaking this project was to
offer a mechanism for tumour treatment through an approach which had not yet
been described, it is important to continue with the practical demonstration of
the co-application of these systems which would allow the researchers to move
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a step closer to an efficient tumour-treatment strategy through the virus-induced
apoptosis, which can also be combined with the production of therapeutic mole-
cules, such as tumour inhibitors or anti-cancer vaccines designed to prevent the
further growth of malignancies already present and the emergence of novel
tumours. Although the perspective of clinical trials is still out of reach, it is still
the envisioned goal and therefore something that should be kept in mind when
designing the experiments and conducting the work with the aim of perfecting
the components included in the proposed system. As mentioned before, the
virus activation system achieved through the aberrant splicing of introns could,
in theory, be transferred to other types of viruses and possibly even more effi-
ciently to those having DNA genomes. This would allow the application of
vectors based on full-length viruses, capable of leaving their host cells and re-
infecting others, in the service of tumour treatment; when coupled with efficient
and target tissue specific delivery of SCOs, it should enable the virus replication
only in the tissues of interest. Also the CPPs, used for the delivery, must not
always remain to be the same. As the field of drug delivery is changing with an
immense speed, it is only logical to assume that within a relatively small time
period, novel peptide builds will be proposed, which offer even further possi-
bilities for delivery of the components of the developed systems and which then
could be used as a basis for the therapeutic system proposed in this thesis.
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CONCLUSION

The current state of tumour treatment is not perfect. The existing treatment pro-
cedures rely heavily on surgery, as a result of which the malignant mass is re-
moved but still has a risk of recurrence. In addition, radiation or chemotherapy
approaches can be applied, however both of these approaches often result in
unwanted side effects in the patient without ensuring the complete neutralisa-
tion of the tumour cells. This is the reason why it is important to continue with
the development of novel anti-tumour approaches which would enable to offer
the patients fresh solutions to their health problems, allowing for higher treat-
ment rate and the possibility of reduction in unwanted symptoms.

The work at hand has approached the issue of tumour therapy by exploring
three systems which have been linked with each other through the potential
practical application which involves the creation of an efficient and safe tumour
inhibition system with a perspective for future clinical applications. In the first
study, a control mechanism was proposed for alphavirus-based DNA/RNA-
layered vectors, which would allow the system to be controlled via the intro-
duction of one or more defective intron sequences placed in region correspond-
ing to the non-structural ORF of virus genome. Based on the obtained results, it
can be concluded that the rescue of infectious RNAs from these constructs was
successfully inhibited to a great extent with the possibility to reverse the situa-
tion by the introduction of SCOs, which would allow to correct the aberrant
splicing profile. As the intron-containing sequence must be based on a
DNA/RNA-layered vector, rather than on RNA genomes, packed into a virus
particle, an efficient method for transfection using these constructs is required.
This issue was addressed in a study, where a promising class of delivery agents,
CPPs (exemplified by the novel PepFect6 reagent), was evaluated for such
application. The main goal for this research was to determine the properties of
the peptide-based delivery system when in interaction with virus-based
sequences. It was demonstrated that the application of CPPs for the delivery of
virus-based constructs has significant potential, as the reagent managed to
induce high levels of intracellular delivery together with the lack of detectable
interference with the infection process or without the suppression of replication
capabilities of the virus vectors and virus particles. Based on this knowledge, a
CPP-based tumour-specific delivery strategy was devised for large plasmid
delivery into malignant tissues. This approach entailed constructing a peptide
which would be completely inactivated by a shielding molecule PEG, connected
to the CPP through a MMP2-cleavable linker. This allows the transfection com-
plexes to lay dormant upon entering the blood circulation and only be activated
once encountering the specific protease, MMP2, which is greatly upregulated in
tumour cells, effectively creating a tissue-specific delivery system.

Based on this research, a safe and tumour-selective approach for chemo-
therapy can be proposed, consisting of a controllable DNA virus and/or
DNA/RNA-layered replicon vector, expressing a therapeutic transgene, which
would be selectively delivered into tumour cells by the tumour-targeting CPP
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complexes together with the SCOs required for the activation of the vectors.
Such system would enable the tissue-specific induction of cell apoptosis; in
addition, enhanced resistance or inhibitory effect towards the tumour tissues can
be exerted by the expression of therapeutic proteins, which will be released to
organism after the termination of the transfected/infected tumour cells.
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SUMMARY IN ESTONIAN

Uurimus indutseeritava alfaviirusel péhineva
kasvajavastase strateegia kohta, mis on vahendatud labi
aktiveeritavate rakku sisenevate peptiidide poolt
voimaldatava kohtspetsiifilise kohaletoimetamise.

Alfaviirused on grupp lithikesi positiivse polaarsusega iiheahelalisel RNA-1
pOhinevaid viiruseid, mille enimtuntud liikmete hulgas on Semliki Forest viirus,
Sindbis viirus ning viimasel ajal ka Chikungunya viirus. Esimest kahte on tdnu
nende kiirele paljunemisele ja vdiksele patogeensusele kasutatud juba aastaid,
kuid tdnu hiljutistele Chikungunya viiruse epideemiatele on intensiivsem uuri-
mist6o laienenud ka selle viiruse valdkonda.

Alates esimeste alfaviirustel pohinevate vektorite loomisest on neid rakenda-
tud mitmete praktiliste iilesannete jaoks nii laboratoorseks uurimistddks kui ka
meditsiinilistel eesmérkidel. Kuna alfaviiruste itheks omaduseks on oma pere-
meesrakk viiruse paljunemise tagajirjel apoptoosi suunata, on see omadus
ravimitodstuses laialdast rakendust leidnud. Kuigi see omadus tundub esma-
pilgul kahjulikuna, saab seda rakendada kasvajate vastases ravis, lastes viirusel
tuumorirakke hivitada ning samas véljutada nendest terapeutilisi molekule, mis
on siinteesitud viiruse genoomi integreeritud transgeense jarjestuse baasil.

Kéesoleva t00 eesmérgiks ongi tegeleda kasvajate ravimise valdkonnaga,
mis on praegu kaugel ideaalsest. Hetkel olemasolevad raviprotseduurid pdhine-
vad peamiselt kirurgial, mille tagajirjel eemaldatakse kiill kahjulik kude, kuid
jéab piisima kasvaja uuesti tekkimise oht. Selle lisaks saab rakendada ka kiiri-
tus- vOi kemoteraapiat, kuid molemad ldhenemised vdivad endaga kaasa tuua
soovimatuid korvalndhte, mistottu on oluline jitkata uuringutega uute kasvaja-
vastaste ldhenemiste vilja arendamiseks, mis pakuksid patsientidele uusi voima-
lusi oma tervise taastamiseks ning lubaksid saavutada suurema raviefektiivsuse
ja soovimatute kdrvalndhtude vihenemise.

Antud t66s uuritakse ldhemalt kolme siisteemi, mis on iiksteisega iihendatud
1abi potentsiaalse praktilise rakenduse, mis kujutab endast efektiivse tuumori-
teraapia siisteemi, millel on perspektiivi jouda ka kliinilise rakenduseni. Esime-
ses uurimustoos pakuti vélja kontrollmehhanism alfaviirustel pohinevate DNA/
RNA-kihtvektorite jaoks, mis lubaks siisteemi kontrollida ldbi ithe v3i enama
defektse introni sisestamise regiooni, mis vastab viiruse genoomi mittestruk-
tuursele lugemisraamile. Nakatamisvoimeliste RNA-de avaldumine nendelt
konstruktidelt suruti edukalt maha, samas oli voimalik seda protsessi taastada
labi splaissingut korrigeerivate oligonukleotiidide rakendamise, mis vdimal-
davad ebakorrektse splaissingumustri korrigeerimist. Kuna intronit sisaldavad
jarjestused peavad pohinema DNA/RNA-kihtvektoril, mitte tavaparasel RNA
genoomil, mis on viiruseosakesse pakitud, esineb nende konstruktide rakenda-
miseks suur vajadus efektiivse transfektsioonisiisteemi jarele. Sellele problee-
mile keskenduti jargmises t00s, milles hinnati paljulubava transfektsioonisiis-
teemi klassi, rakku sisenevate peptiidide, esindaja, PepFect6-e, sobivust
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sellisteks rakendusteks. Uurimuse peamiseks eesmérgiks oli peptiidipdhise iile-
kandesiisteemi omaduste hindamine kokkupuutel viirusel pohinevate jirjes-
tustega. Néaidati, et rakku sisenevate peptiidide rakendamine viirusel pohinevate
konstruktide rakku toimetamiseks omab mérgatavat potentsiaali, kuna antud
molekul suutis saavutada korgetasemelist rakkudesse toimetamise efektiivsust,
omamata samal ajal mingit mdju viiruse nakatamisprotsessile ning mojutamata
viirusosakeste ning viirusel pohinevate vektorite paljunemise voimekust. Pohi-
nedes sellel teadmisel, loodi rakku sisenevatel peptiididel pohinev tuumori-
spetsiifiline transpordistrateegia, mis oleks suuteline toimetama suuri plasmiide
kasvajakudedesse. Selleks konstrueeriti peptiid, mis inaktiveeriti tdielikult
varjestusmolekuli PEG poolt, mis on rakku siseneva peptiidiga iihendatud 1ébi
MMP2 geeniprodukti poolt 16igatava motiivi. Kuna MMP2 on geen, mis on
kasvajarakkudes iileekspresseeritud, voimaldab see transfektsioonikompleksidel
jadada inaktiivseks kehasse sisenemisel ning ainult muutuda aktiivseks juhul, kui
nad puutuvad kokku spetsiiflise proteaasiga, mida leidub kasvajarakkudes,
luues sedaviisi koespetsiifilise transpordisiisteemi.

PShinedes antud uurimistdole, saab vélja pakkuda ohutu ning kasvajaspet-
siifilise 1dhenemise kemoteraapiaks, mis koosneb kontrollitavast DNA viirusest
ja/vdoi DNA/RNA-kihtvektorist, mis ekspresseerib terapeutilist valku, mida
oleks voimalik koos neid aktiveerivate splaissingut korrigeerivate oligonukleo-
tiididega, tuumorispetsiifilise rakku siseneva peptiidi abil, selektiivselt tuumori-
rakkudesse toimetada. Selline siisteem vdimaldaks koespetsiifilist rakkude
apoptoosi viimist, mille lisandub ekspresseeritavatest terapeutilistest valkudest,
mis vabanevad eelnevalt transfekteeritud/nakatunud rakkude hukkumise taga-
jérjel peremeesorganismi, tulenev resistentsus voi kasvaja arengut pidurdav
efekt.
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