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1. Introduction

Whilst small interfering RNA (siRNA, also known as short interfering RNA) has a somewhat
chequered history with regard to its discovery and initial usage, the “mammalian” research
community singularly neither reading nor citing the output from the “plant” research
community, it is now recognised in terms of $bn being invested and spent that RNA interfer-
ence (RNAi), sequence specific post-transcriptional gene silencing (PTGS) by siRNA, has many
potential therapeutic applications [1] as well as being an important tool in the study of
functional genomics. The site and mechanism of action of siRNA requires that these short
double-stranded nucleic acids are delivered to the cytosol of target cells. Therefore, formula-
tion is required in a strategy similar to that for gene therapy, although not requiring access to
the nucleus. Efficient medicines design should come with an understanding of the problem at
the molecular level. Our contributions are aimed at the use of non-viral gene therapy and this
Chapter therefore has such a focus.

2. RNA interference

2.1. History and mechanism of RNA interference

siRNA is a double-stranded RNA (dsRNA) typically of 21-25 nucleotides per strand. siRNA
operates as a part of the cellular mechanism called RNAi, which was first noticed in petunia
flowers (Petunia hybrida) which showed reduced pigmentation on the introduction of exoge-
nous genes that were meant to increase pigmentation [2, 3]. These experiments aimed at
increasing the pigmentation of the petunia flowers by means of introducing additional gene
constructs expressing either chalcone synthase [2, 3] or dihydroflavonol-4-reductase [2].
However, the resultant plants produced completely white flowers and/or flowers with white
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or pale sectors on a pigmented background. The exact mechanism was not identified at the
time and was simply termed co-suppression. The transcription level of the suppressed
chalcone synthase genes in petunia flowers was found to be similar to that of the non-
suppressed genes, and thus the co-suppression must have been at the post-transcriptional level
[4]. Later in 1997, the suppression of chalcone synthase endogene in petunia flowers was
suggested to be related to formation of RNA duplexes by intermolecular pairing of comple-
mentary sequences between the coding sequence and the 3’-UTR sequence of the transgene
mRNA [5]. Indeed, the seminal contributions the plant RNAi community have made to this
RNAI field are also reflected in the research of Hamilton and Sir David C. Baulcombe in the
Sainsbury Laboratory, Norwich, UK, on PTGS as a nucleotide sequence-specific defence
mechanism that can target both cellular and viral mRNAs with RNA molecules of a uniform
length, ~25 nucleotides [6]. That RNA silencing involves the processing of dsRNA into 21-26
long siRNA to mediate gene suppression (correspondingly complementary to the dsSRNA) was
demonstrated in Arabidopsis, “RNA silencing pathways in plants that may also apply in
animals” [7]. That Arabidopsis ARGONAUTE1 RNA-binding protein is an RNA slicer that
selectively recruits microRNAs and siRNAs was shown to be by a key mechanism similar to
but different from that found in animals [8]. In 1998, Fire, Mello and co-workers reported the
reduction or inhibition (hence genetic “interference”) of the expression of the unc-22 gene in
Caenorhabditis elegans by means of dsRNA that is homologous to 742 nucleotides in the targeted
gene [9], a discovery that was awarded the Nobel Prize in medicine or physiology in 2006. The
target gene expresses an abundant although nonessential myofilament protein. Decreasing
unc-22 activity resulted in an increasingly severe twitching phenotype, while complete
inhibition resulted in impaired motility and muscle structural defects. The target gene
inhibition was best achieved with dsRNA, while using the individual sense or anti-sense RNA
strands resulted only in modest silencing. The authors also noticed that only few copies of the
dsRNA are required per cell to initiate a potent and specific response, rejecting the hypothesis
that the mechanism of interaction with target gene mRNA is stoichiometric in nature, and thus
the role of the dsRNA in the interference machinery must be catalytic or amplifying.

Elbashir et al. reported in 2001 that sequence-specific gene silencing of endogenous and
heterologous genes with 21 nucleotide siRNA occurs in mammalian cell cultures [10]. The
reporter genes coding for sea pansy (Renilla reniformis) and firefly (Photinus pyralis)
luciferases were silenced successfully in different cell lines including human embryonic
kidney cells (293) and the cervix cancer cells (HeLa cell line, the first human cell line grown
in vitro with success [11]), as well as the endogenous gene coding for the nuclear enve-
lope proteins lamin A and lamin C in HeLa cells. The authors used dsRNA of length 21
or 22 nucleotides with 3'-symmetrical 2-nucleotide overhangs on each strand, as dsRNA
with length >30 nucleotides initiates an immune response e.g. inducing interferon synthe-
sis) that leads to non-specific mRNA degradation, which was evident from non-specific
silencing of luciferase with 50 and 500 nucleotides dsRNA in HeLa S3 cells, COS-7 cells
(kidney cells of the African green monkey), and NIH/3T3 cells (mouse fibroblasts) [10]. The
RNAi mechanism of action continues to be investigated in detail and reviewed thorough-
ly [12-17]. The RNAi mechanism involves the incorporation of dsRNA segments (e.g.
siRNA) that have a sequence complementary to the targeted mRNA in a protein com-
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plex. This core complex which carries-out mRNA degradation is the RNA induced silencing
complex (RISC) [18-20]. The degradation process requires the key argonaute family of
proteins, which contain a domain with RNase H (endonuclease) type of activity that
catalyse cleavage of the phosphodiester bonds of the targeted mRNA. RISC assembly and
subsequently its function to mediate sequence specific mRNA degradation occur in the
cytoplasm of the cell [16]. The source of the dsSRNA segments incorporated in RISC can be
endogenously processed microRNA (miRNA), short hairpin RNA (shRNA), or synthetic
siRNA. miRNA is produced from endogenous DNA through the action of RNA polymer-
ase II resulting in the formation of non-coding RNA called primary miRNA (pri-miR-
NA), which is processed in the nucleus by a protein complex containing an enzyme known
as Drosha and a dsRNA binding protein cofactor called Pasha (DGCRS8). Drosha cleaves
pri-miRNA to produce (pre-miRNA), a dsRNA of 70-90 nucleotides and having a hairpin
loop, which binds to Exportin 5 protein and is transferred from the nucleus into the
cytoplasm. Pre-miRNA is processed by Dicer (RNase III enzyme) in the cytoplasm to give
miRNA, typically of 22 nucleotides in length and having two nucleotide overhangs at the
3'-position [16, 21], shRNA is produced by transcription from an exogenous DNA that is
delivered to the nucleus, and codes for a hairpin shaped RNA with segments of length
19-29 nucleotides and loop of 9 nucleotides [22, 23] which can then be processed by Dicer
and incorporated in the RNAi machinery.

Once in the cytoplasm, the processed dsRNA (miRNA, processed shRNA, or siRNA) is
then incorporated into a protein complex (RISC-loading complex, RLC). In Drosophila the
RLC is composed of the dsRNA, heterodimer protein DCR2 (Dicer variant)/R2D2, possi-
bly including the catalytic argonaute proteins as well in this complex. The active RISC is
formed when one of the RNA strands in the complex is cleaved (the passenger strand) and
the strand with the less thermodynamic stable 5'-end (guide/anti-sense strand) remains in
the complex. The mRNA with complementary sequence to the guide strand binds to the
active RISC and is cleaved by the endoribonuclease activity of the argonaute component
of the complex (Figure 1).

2.2. RNA duplex structure

RNA is a polymer of ribonucleotides. Each RNA nucleotide is composed of one nucleo-
base, the monosaccharide pentose ribose, and one phosphate group. The nucleobases in
RNA are adenine (purine base), guanine (purine base), uracil (pyrimidine base), and
cytosine (pyrimidine base) (Figure 2). A nucleoside is formed when each base is connect-
ed via a glycosidic bond to the anomeric carbon 1' of ribose, thus when glycosylated,
adenine, guanine, uracil, and cytosine nucleobases give adenosine, guanosine, uridine, and
cytidine nucleosides. Each two nucleosides are connected via a phosphate diester bond
between the 3' of one nucleoside and 5' of the next nucleoside to form the RNA polynucleo-
tide strand. The main differences in the primary structure of RNA and DNA are that RNA
pentose is ribose while DNA pentose is 2'-deoxyribose, and the RNA incorporates the
nucleobase uracil instead of thymine.

137



138 Gene Therapy - Tools and Potential Applications

miRNA

—7

Sense ——
strand
cleavage ‘ — mRNA
m _, cleavage

Figure 1. RNAi mechanism in a eukaryotic cell. The source of the antisense strand incorporated in RISC can be miRNA,
processed exogenous long dsRNA, or synthetic siRNA delivered to the cell.
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Figure 2. Nucleobases and pentoses of RNA and DNA.
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Figure 3. siRNA duplex 22-mer targeting the enhanced green fluorescent protein (EGFP) mRNA. The two deoxythymi-
dine residues at the 3'-end of the sense strand are not shown. Sense strand: 5'-GCAAGCUGACCCUGAAGUUCAUTT-3'
Anti-sense strand: 5'-AUGAACUUCAGGGUCAGCUUGCCG-3' Target DNA sequence: 5'-CGGCAAGCTGACCCTGAAGTT-
CAT-3'

In order to form an RNA duplex (Figure 3), the strands with complementary nucleotide
sequence bind together by hydrogen bonds. Adenine is bound to uracil with two hydrogen
bonds while guanine is bound to cytosine with three hydrogen bonds, thus forming what is
known as Watson-Crick base pairs. RNA duplexes under normal physiological conditions are
in the form of A-helix. This type of duplex is a right-handed helix [24-26].

The presence of the 2'-hydroxyl group of the ribose and the lack of the methyl group on the
nucleotide uridine (in contrast to the methylated thymidine) results in structural differences
between RNA and DNA, with the 2'-hydroxyl group of RNA being the major cause of the
differences. The sugar phosphate backbone of RNA duplexes is stabilized by the 2'-hydroxyl
in the C3'-endo position, while DNA adopts the C2'-endo position (Figure 4). Thus, the RNA
duplex takes the A-helix form while the DNA helix takes the B-form. The A-helix form is
suggested to have a greater hydration shell, giving RNA duplexes more thermodynamic
stability and more rigidity compared to DNA duplexes [24-26]. RNA A-helix completes one
complete rotation in 11-12 base pair (bp) compared to 10 bp for DNA, with a rise of 2.7 A per
bp of RNA [27]. The A-helix geometry has been suggested to be the major factor explaining
why dsRNA and not dsDNA is involved in the RNAi machinery [28], where the A-helix
geometry between the guide strand and the complementary target mRNA is essential for the
catalytic activity of the argonaute 2 protein in the RISC.

As a result of the presence of a hydroxyl group in the 2'-position of the ribose in the RNA
backbone, the RNA phosphodiester backbone is more susceptible to hydrolysis by nucleases
compared to the DNA which lacks the 2'-hydroxyl in its 2'-deoxyribose [29]. Incubation of
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Figure 4. 3'-endo ribose configuration of RNA (left) vs 2'-endo (right) of 2'-deoxyribose in DNA. Shown is cytidine
(RNA) and deoxycytidine (DNA) with the 3'-hydroxyl phosphorylated. The hydrogen atoms at C2' and C3' are not dis-
played for clarity.

siRNA in fetal bovine or human serum at 37 °C resulted in the degradation and partial or
complete loss of activity [30]. When incubated in human plasma at 37 °C, more than 50% of
the unmodified siRNA was degraded within one minute, and practically all siRNA was
completely degraded within 4 hours [31]. Although Ribonuclease A (RNase A, an endoribo-
nuclease) cleaves single stranded RNA, siRNA degradation in serum was reported to be
mainly due to RNase-like activity[32], which is suggested to occur during transient breaking
of the hydrogen bonds joining the two siRNA strands. In addition to the RNase A family of
enzymes, blood serum contains phosphatases and exoribonucleases which can also affect
degradation of siRNA at nuclease-sensitive sites on both strands [33].

2.3. Therapeutic potential of RNAi based therapies

RNAi based therapies emerged in the period following its discovery in 1998 in plants, and are
promising therapeutic candidates to treat various types of diseases, ranging from age related
macular oedema to respiratory tract infections to various types of cancer [34-36]. In addition
to siRNA based therapies, shRNA [37, 38] and miRNA [39] are potential therapeutic tools.
siRNA based therapeutics are already in phase I and phase II clinical trials; representative
examples of clinical trials involving siRNA are shown in Table 1. The basic concept is the
reduction or inhibition of the expression of a protein that is involved in the pathophysiological
pathway of the target disease (silencing/knocking-down the target gene). This concept is
evident from using Cand5 siRNA targeting the mRNA translating the vascular endothelial
growth factor (VEGF), thus reducing/inhibiting angiogenesis and preventing progression of
wet age related macular oedema (Table 1) [40]. Atu027 siRNA targets the biosynthesis of
protein kinase N3 which plays a role in cancer metastasis [41].
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. . Vector/
siRNA Disease Phase Sponsor
Route
Cand5/ Diabetic macular None/ ohase | Opko Health
ase
Bevasiranib oedema Intravitreal (Miami, USA)
Cand5/ Age-related macular None/ Phase Il Opko Health
Bevasiranib degeneration Intravitreal (Phase Il halted) (Miami, USA)
Respiratory syncytial None/ Alnylam Pharmaceuticals
ALN-RSVO1 Phase Il
virus infection Intranasal (Cambridge, USA)
Cyclodextrin
Calando
CALAA-01 Solid tumour/melanoma  nanoparticles/ Phase |
(Pasadena, CA, USA)
Intravenous
AtuPlex-
Colorectal cancer ) Silence Therapeutics
Atu027 o ) Liposome/ Phase |
metastasizing to the liver (London, UK)
Intravenous
Two siRNA
against ) Nanoparticles/ Sirnaomics
Wound healing Phase | )
TGFBIl and COX-2 Intravenous (Gaithersburg, MD, USA)
STP705
Protection from acute )
None/ Quark Pharmaceuticals
ISNP kidney injury after Phase |
) Intravenous (Fremont, USA)
cardiac bypass surgery
Lipid
Against PLK1 gene nanoparticles/ N
TKM-080301 product in patients with Hepatic intra- Phase |

hepatic cancer

arterial

(Maryland, USA)

administration

Table 1. Representative clinical trials using siRNA (http://clinicaltrials.gov/ct2/home, accessed on 5/8/2012).

The therapeutic application of siRNA requires overcoming several barriers (Figure 5) for its
intracellular delivery and the subsequent functional gene silencing activity [42-44]. Those
barriers are mainly due to siRNA specific characteristics, most important are having a highly
negative charge due to their phosphate backbone (on average 40-50 negative charges per
siRNA), being susceptible to degradation by nucleases, and having relatively large molecular
weight (13-15 kDa) compared to conventional small drug molecules. First, local delivery (such
as intravitreal) is different from intravenous delivery, where the latter will subject the siRNA
to the serum ribonucleases, which results in degrading non-modified siRNA within time
periods that vary from minutes to hours [31]. siRNA injected intravenously in rats was
reported to be cleared rapidly from circulation and accumulates in kidneys within minutes of
injection [45], making it useful only if the target organ is the kidney.

In order to gain access into the cytoplasm where siRNA can exert its biological activity, the
polyribonucleotide must pass first through the interstitial space then through the target cell
membrane. This will be a difficult task, since both the extracellular matrix in many tissue types
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and the cell membrane incorporate negatively charged glycosaminoglycans (e.g. heparan
sulfate) [46]. In addition, cell membranes contain negatively charged phospholipids (e.g.
phosphatidyl serine) therefore the membrane is negatively charged [46, 47]. The net result is
an unfavourable repulsive interaction with naked siRNA. As a result, different strategies are
being developed to overcome the barriers to reproducible and functional siRNA delivery, and
these approaches fall into two general categories. One category is modifying the siRNA, the
other is deploying a vector to protect the siRNA and increase its efficiency of delivery.
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Figure 5. Summary of barriers to successful gene-silencing mediated by siRNA after intravenous injection, whether
delivered naked or incorporated in nanoparticles.

3. Strategies to achieve efficient siRNA delivery and gene silencing

3.1. siRNA modifications

siRNA modifications include those carried out at the ribose residue, at the phosphate back-
bone, at the RNA nucleotides, the siRNA termini, and/or by conjugation of other molecules to
the siRNA molecule. Modifications to the ribose at the 2'-position are common [48], and include
2'-O-alkylation (e.g. 2'-O-methyl and 2'-O-methylethoxy) modifications. 2'-Fluoro RNA is
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another common modification. Locked nucleic acids (LNAs) have a methylene bridge
connecting the 2'-O to the 4'-C of the ribose unit, locking the sugar in the 3'-endo conformation.
These modifications led to increased ribonuclease resistance [48, 49]. Modifications at the
phosphate backbone include phosphorthioate, boranophosphate, and methylphosphonate
linkages [48, 49] and is reported to increase siRNA stability against various ribonucleases and
phophodiesterases [50]. siRNA nucleotides can be substituted with DNA nucleotides to
increase stability and/or decrease unwanted siRNA off-target effects [51]. Modifications of the
3'-overhangs (usually two nucleotides in length) include incorporating deoxyribonucleotides
to reduce costs and increase stability towards 3-exoribonucleases. The 5'-terminus chemical
phosphorylation of the antisense strand results in higher gene silencing efficiency, while blunt
ended duplexes were reported to be more resistant to exonucleases. The advantages of each
of the aforementioned techniques, other modification strategies, as well as the considerations
related to the degree of modification and its effect on gene silencing efficiency and associated
cytotoxic effects have been reviewed thoroughly [48, 52-54].

The conjugation of drug molecules, aptamers, lipids, polymers, and peptides/proteins to
siRNA could enhance in vivo delivery [55]. The main aims of such conjugations are: to enhance
siRNA stability, increase in vivo half-life, control biodistribution, increase efficiency of
intracellular delivery, while maintaining the gene silencing activity.

One strategy is to increase the hydrophobicity of the siRNA. Cholesterol was conjugated to
the 5'-terminus of siRNA, the cholesterol-siRNA conjugate (chol-siRNA) resulted in better
intracellular delivery compared to unmodified siRNA and retained gene silencing activity in
vitro in f-galactosidase expressing liver cells [56]. When cholesterol was conjugated to the 3'-
terminus of the sense (passenger) strand of siRNA, the conjugate had improved in vivo
pharmacokinetics as the intravenous administration of chol-siRNA in mice resulted in its
distribution and detection in the fat tissues, heart, kidneys, liver, and lungs, even 24 h after
intravenous injection [57]. No significant amounts of unmodified siRNA were detected in the
tissues 24 h after the intravenous injection. Conjugation of siRNA to bile acids and long-chain
fatty acids, in addition to cholesterol, mediates siRNA uptake into cells and gene silencing in
vivo [58]. The medium chain fatty-acid conjugates, namely lauroyl (C12), myristoyl (C14) and
palmitoyl (C16), did not silence the target apolipoprotein B mRNA levels in mouse livers after
intravenous injection. However, siRNA fatty-acid conjugates having long saturated chains,
stearoyl (C18) and docosanoyl (C22), significantly reduced apolipoprotein B mRNA levels.

Cell penetrating peptides (CPPs) are used to facilitate cellular membrane crossing of many
molecules displaying various properties such as antisense oligonucleotides, peptides, and
proteins and are already being tested in vivo [59]. siRNA was conjugated to penetratin and
transportin, to silence luciferase and green fluorescent protein (GFP) in different types of
mammalian cells [60]. However, in vivo lung delivery in mouse of siRNA conjugated to
penetratin and TAT(48-60), targeting p38 MAP kinase mRNA showed that the reduction in
gene expression was peptide induced and the penetratin conjugated siRNA resulted in innate
immunity response [61].

siRNA functioning against the VEGF mRNA was conjugated to poly(ethylene glycol) (PEG,
25 kDa) via a disulfide bond at the 3'-terminus of the sense strand [62]. The siRNA-PEG
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conjugate formed polyelectrolyte complex (PEC) micelles by electrostatic interaction with the
cationic polymer polyethylenimine (PEI). The formed VEGF siRNA-PEG/PEI PEC micelles
showed enhanced stability against nuclease degradation compared to the unmodified siRNA.
These micelles efficiently silenced VEGF gene expression in prostate carcinoma cells (PC-3)
and showed superior VEGF gene silencing compared to VEGF siRNA/PEI complexes in the
presence of serum. PEG conjugation on its own enhanced the stability of the siRNA in serum
containing medium. The prolonged stability of the PEC micelles was suggested to be due to
the presence of PEG chains in the outer micellar shell layer, thus sterically hindering nuclease
access into the siRNA in the micelle core [62]. Targeting molecules such as antibodies [63] and
aptamers (peptides or single stranded DNA or RNA that have selective affinities toward target
proteins) [64] have also been conjugated to siRNA, with the aim of increasing the efficiency of
siRNA delivery to the target tissues.

Conjugating molecules to siRNA requires specific considerations. First, the site of conjugation
(3'- and/or 5'-terminus, on sense and/or antisense strand) should be chosen such that it does
not affect the activity of the siRNA and its ability to be incorporated in the RISC, or its ability
to bind the target mRNA in the correct helix conformation. Second, the conjugated siRNA
might have new properties that were not present in the unmodified parent siRNA. An example
is the in vivo immune response resulting from the penetratin-siRNA conjugate [61]. Third, the
conjugation process is multi-step, and the chemical reaction intermediates and products
require efficient purification in order to meet the specifications of in vivo applications. These
steps need to be repeated for each siRNA under investigation, which can be costly and time
consuming. Thus, although there are clear advantages to synthesize siRNA conjugates, there
are also disadvantages, and conjugation is therefore only one of two valuable approaches in
the toolbox for preparing siRNA based therapies. The other valuable tool is complexation or
incorporating the siRNA in a vector.

3.2. Viral vectors for shRNA delivery

Vectors for RNAi based therapies are either viral or non-viral vectors. Viral vectors (Table
2) are used to deliver genes encoding hairpin RNA structures such as shRNA and miRNA,
which are then processed by the cellular RNAi machinery to the functional silencing
dsRNA [65, 66].

Viral vectors offer two main advantages, the first is the very high efficiency compared to non-
viral vectors [68], which can reach few orders of magnitude more than that achieved with non-
viral vectors, and the second is the potential of long term expression of the delivered RNAi
therapeutic, which is very useful in the treatment of chronic diseases such as HIV infection
and viral hepatitis [69, 70]. Retroviruses are enveloped, single stranded RNA viruses and have
a genome capacity of 7-10 kilobases (kb). They preferentially target dividing cells which limits
their use to mitotic tissues (thus for example excluding brain and neurons). Retroviruses
integrate their DNA in the host genome using an integrase enzyme, which provides the
advantage of stable long term expression of the delivered transgene in the host cell and its
descendants. However, integrating new DNA sequences into host genome carries the risk of
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Retrovirus/ . Adeno- Herpes
. Adenovirus . . .
Lentivirus associated virus virus
_g Genome sSRNA dsDNA ssDNA dsDNA
2 Capsid Icosahedral Icosahedral Icosahedral Icosahedral
o
s Envelope Enveloped None None Enveloped
g Viral Polymerase Positive Negative Negative Negative
E Diameter (nm) 80-130 70-90 18-26 150-200
©
-’>= Genome size (kb) 7-10 38 5 120-200
| . \. Dividing/ Dividing/ Dividing/
Infection tropism Dividing* N0 T -
° Non-dividing Non-dividing Non-dividing
T -
o Virus genome . ) . ) ) .
- . . Integrating Non-integrating Integrating Non-integrating
2 integration
©
] Transgene ] ) ) )
S . Lasting Transient Lasting Transient
P expression
<
o Packaging capacit
© ging capacty 7-8 8 45 >30

(kb)

* Lentiviral vectors can infect non-dividing cells as their pre-integration complex can traverse the nuclear membrane
pores (NMP), in contrast to retrovirus pre-integration complex which does not traverse NMP, requiring the host-cell
division to integrate the retroviral genome [67].

Table 2. Summary of properties of viral vectors that are commonly used in gene therapy (adapted from http://
www.genetherapynet.com/viral-vectors.html, accessed on 5/8/2012).

insertional mutagenesis [68, 71]. sShRNA expression cassette delivered by a retroviral vector
was used in rats to silence a RAS oncogene in order to suppress tumour growth [72]. Herpes
virus was used successfully to deliver shRNA targeting exogenous p-galactosidase or endog-
enous trpvl gene mRNA in the peripheral neurons in mice by injecting once directly into the
sciatic nerve of the animals [73].

Unlike other retroviruses, lentiviruses can infect dividing as well as differentiated and non-
dividing cells. The lentiviral genome can accommodate 7.5 kb [66], and their genome is
integrated in the host cell genome, lentiviral vectors are generally preferred for long-term
expression of transgenes, and efficient delivery in vivo to the brain, eye, and liver to induce
long-term transgene expression as reported [74]. A lentiviral vector was used to deliver shRNA
targeting Smad3 gene mRNA, and enhanced myogenesis of old and injured muscles [75].

Adenoviruses are non-enveloped viruses, with linear double stranded DNA. They preferably
infect the upper respiratory tract and the ocular tissue. Their genome can accommodate up to
8 kb which can be extended to >25 kb in modified viruses that have their viral genes deleted
[68]. These viruses can infect post mitotic cells and thus are good candidates for neurological
diseases. Unless delivering genes that can exist as episomes in host cells, adenoviruses result
only in transient expression of their cargo. However, although the host cells with the episome
can express the delivered genes for the cell life time, these cells will eventually be removed by
the host immune system [68]. shRNA targeting VEGF that was delivered by an adenoviral
vector resulted in potent inhibition of angiogenesis and tumour growth in mice [76].
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Adeno-associated virus (AAV) is a single stranded DNA non-pathogenic virus that can
accommodate a 4.7 kb genome. They can infect dividing or non-dividing cells. The replication
of AAV requires co-infection with adenovirus. The viral genome integrates into the host cell
genome at a specificlocation on chromosome 19 [68]. Direct intracerebellar injection in a mouse
model of spinocerebellar ataxia of an AAV vector delivering a cargo expressing shRNA
targeting polyglutamine induced neurodegeneration significantly restored cerebellar mor-
phology and improved motor coordination in mice [77].

Although highly efficient in delivering their cargo, viral vectors have their disadvantages.
Adenoviral vectors have the disadvantage of triggering a strong immune (adaptive and innate)
response by repeated administration, in addition to target organ immunotoxicity, specially
hepatotoxicity [78-80], which resulted in 1999 in the death of one 18-year-old male who
received high dose of adenovirus that was delivered directly in the hepatic artery in a clinical
gene therapy safety study [81]. Clonal T-cell acute lymphoblastic leukemia caused by inser-
tional mutagenesis in a gene therapy completed clinical trial involving patients suffering X-
linked severe combined immunodeficiency (SCID-X1) was reported in one out of the 10
patients using a retroviral vector [82]. Integration of the vector genome material in the antisense
orientation 35 kb upstream of the protooncogene (LMO2) caused over expression of the gene
in the leukemic cells. In a similar study, 4 out of 9 patients developed leukemia within 3-6 years
post-treatment mainly due to vector-mediated upregulation of host cellular oncogenes [83,
84].In addition, immune responses (whether adaptive or innate) of varying degrees depending
on the type of vector, dose, and target organs were reported for lentiviral, adenoviral, adeno-
associated viral vectors [80].

Current research on viral vectors for gene therapy is focussed on approaches such as vector
engineering e.g. modifying the viral capsid or pseuodotyping the envelope, different delivery
strategies, and administration to immune-privileged sites that can tolerate the delivered viral
vectors without responding with an inflammatory response [80, 85]. Other research focusses
on the essential scaling-up process of vector production and increasing the packaging effi-
ciency of the vectors [85], the processes without which, the wide spread and successful
therapeutic use of the viral vectors will be very difficult to achieve.

3.3. Non-viral vectors

Non-viral vectors for gene and siRNA delivery are an alternative to viral vectors, as they do
not suffer many of the disadvantages of the viral vectors, especially immunogenicity and
tumourigenicity. The non-viral vectors can be classified generally as peptides, polymeric based
vectors, carbohydrate based, and lipid based [86]. CPPs, also known as peptide transduction
domains (PTDs), have shown the ability to cross the cellular membrane despite their relatively
high molecular weight and size (Table 3).

PTDs generally are short amphipathic and/or cationic peptides that can transport many
hydrophilic molecules across the cell membrane. A wide range of molecules including
liposomes [87, 88], peptides, proteins [89], peptide nucleic acids [90] and polynucleotides [91]
are delivered intracellularly using PTDs and they have also been applied in vivo [59, 92, 93].
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Type of
CPP Sequence of CPP association Target mRNA
with siRNA
CADY GLWRALWRLLRSLWRLLWRA Non-covalent GAPDH, p53 [94]
EB1 LIRLWSHLIHIWFQNRRLKWKKK Non-covalent Luc [95]
MPG GALFLGFLGAAGSTMGAWSQPKKKRKYV Non-covalent Luc, GAPDH [96] Oct-3/4 [97]
Poly-arginine RRRRRRRRR Non-covalent VEGF [98]
Covalent Luciferase (Luc), EGFP [60]
Penetratin RQIKIWFQNRRMKWKK Covalent SOD1, caspase-3 [99]
Covalent Luc, p38 MAP kinase [61, 100]
Transportan LIKKALAALAKLNIKLLYGASNLTWG Covalent Luc, EGFP[100]
TAT GRKKRRQRRRPPQ Covalent EGFP, CDK9 [101]

Table 3. Selected CPPs used for siRNA delivery [59].

It was reported by Frankel and Pabo in 1988 that the HIV-1 derived TAT protein could be taken
up by cells growing in tissue culture [102], and that a small basic region of TAT (48-60) was
essential for uptake by the cells [103]. PTDs include antennapedia homeodomain protein
(Antp, penetratin), mitogen-activated protein (MAP), poly-arginine, transportan, VP22 [59,
92]. Two major pathways are involved in the uptake of PTDs and PTD-cargos: direct translo-
cation at 4 °C and 37 °C and endocytosis-translocation at 37 °C. These mechanisms depend on
many factors: cargo size, cell line, PTD concentration, and the type of PTD [59, 104, 105]. siRNA
can be conjugated covalently to the CPP or can be complexed with the cationic groups of basic
amino acids that are present in the backbone of the CPP. As a representative example of non-
covalent complexation, CADY [94], which is basic due to its five arginine residues can complex
with the negatively charged siRNA. Another example of non-covalent complexation is the
poly-arginine CPP [98].

PEI (Figure 6) is an efficient, but toxic, plasmid DNA delivery vector. However, as a siRNA
delivery vector PEI is reported to be much less efficient [106, 107]. This decreased efficiency is
due to the dissociation of the siRNA/PEI complex upon interaction with the negatively charged
cell membrane, which is suggested to be because of the short length of siRNA and the
associated weak electrostatic interaction with PEI [108, 109]. Another drawback of PEI is its
relatively high toxicity [110]. Thus, in addition to linear PEI, PEI polymers with a wide range
of molecular weights were developed to increase PEI efficiency and/or decrease toxicity,
although not all PEI are suitable for siRNA delivery [111]. The main advantage of PEI is the
ability of its variety of amino groups to be protonated at lower pH (inside endosomes) leading
to what is known as the “proton-sponge effect” [112], and efficient escape of the nucleic acid
cargo from endosomes.

One approach to enhance siRNA delivery with PEI is increasing the hydrophobicity of PEI by
covalently conjugating alkyl chains [113], where increasing the hydrophobic alkyl chain length
generally improved the stability of the PEI/siRNA complex. In a similar strategy, cholesterol
was conjugated to PEI with decreased toxicity of the conjugates [114]. Low molecular weight
PEI (MW <5 kDa) is less toxic than the higher molecular weight PEI (=25 kDa), but less efficient
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Figure 6. Representative examples of polyamines used in siRNA delivery either as in lipid conjugates of polyamine al-
kaloids e.g. spermine and spermidine, or as in polyethylenimine (PEIl), a cationic polymer.
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in polynucleotide delivery, thus, cross-linking of the low molecular weight PEI with disulfide
bonds which are cleaved in the reducing environment of the cytoplasm increased the efficiency
of siRNA delivery through the enhanced release of siRNA in the cytoplasm [115].

Chitosan is a biocompatible and biodegradable polysaccharide that is a copolymer of N-acetyl-
D-glucosamine and D-glucosamine. Chitosan has weakly basic properties due to the presence
of the D-glucosamine residue with a pKa value 6.2-7.0. The molecular weight of chitosan affects
the complex stability, size, zeta-potential and in vitro gene knock-down of siRNA/chitosan
nanoparticles [116]. High molecular weight (64.8-170 kDa) chitosan formed stable complexes
with siRNA and resulted in high gene knock-down efficiency in human lung carcinoma
(H1299) cells, while low molecular weight (10 kDa) chitosan could not complex the siRNA into
stable nanoparticles and showed almost no knock-down [117]. The method of association
affects gene silencing efficiency, where chitosan-TPP/siRNA nanoparticles (siRNA entrapped
inside the nanoparticles, and TPP is sodium tripolyphosphate and used as a polyanion to cross-
link with the cationic chitosan groups by electrostatic interactions) showed high siRNA
binding and better gene silencing in vitro compared to siRNA/chitosan particles prepared by
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simple complexation and adsorption of siRNA onto chitosan [118]. Although chitosan has
good potential as a non-viral gene delivery vector, widespread use is largely limited by its
poor solubility (because of their pKa, chitosan amino groups are only partially protonated at
the physiological pH 7.4), poor stability of its siRNA complexes at the physiological pH, and
low transfection efficiency. Various strategies have been adopted to overcome these draw-
backs, such as covalently conjugating PEG to chitosan and binding targeting ligands to enhance
cell specificity [116].

Cyclodextrins (CD) are cyclic oligosaccharides composed of 6, 7, or 8 D-(+)-glucose units,
known as a-CD, 3-CD, y-CD respectively, bound through a-1,4-linkages. Polymers conjugated
to 3-CD lack immunogenicity and hence are attractive vectors for polynucleotide delivery. 3-
CD have a hydrophilic outer surface and a hydrophobic inner cavity which enable them to
form inclusion complexes. Efficient cellular transfection of siRNA labelled with a fluorescent
tag into human embryonic lung fibroblasts (MRC-5 cells) was observed by siRNA complexes
with the B-CD guanidine derivatized bis-(guanidinium)-tetrakis-(3-cyclodextrin) tetrapod
(having four 3-CD units) [119]. The ability of 3-CD to form inclusion complexes was used to
develop a siRNA delivery vector. 3-CD was covalently bound to a polycationic segment (to
electrostatically bind siRNA), while adamantane-PEG-transferrin (adamantane can fit in the
-CD cavity) formed an inclusion complex which can enhance the stability of siRNA nano-
particles in vivo [120]. This system was used to deliver siRNA silencing the EWS-FLI1 gene
thus inhibiting tumour growth in a murine model of metastatic Ewing's sarcoma. The first
experimental siRNA therapeutic to provide targeted delivery in humans was reported by
Davis and co-workers [121]. siRNA was formulated into a nanoparticle (CALAA-01), which
consisted of a cyclodextrin-containing polymer that contains amidine and primary amine
functional groups, a PEG for steric stabilization in the in vivo environment (via inclusion
complexes of 3-CD with adamantine-PEG conjugate), and human transferrin (Tf) as the
targeting ligand to binds to the transferrin receptors that are over-expressed on cancer cells.
The siRNA/nanoparticles components self-assembled in the pharmacy. CALAA-01 was
administered intravenously to the first patient with a solid cancer in a phase I clinical trial
(safety study) in May 2008 [121]. Tumour biopsies from patients’ melanoma after treatment
(phase I clinical trial) showed the presence of intracellular nanoparticles. Reductions in the
levels of both the specific mRNA (M2 subunit of ribonucleotide reductase, RRM2) and the
protein (RRM2) were found when compared to levels in pre-dosing tissues. These results
demonstrated that siRNA nanoparticles administered systemically to a human patient can
produce a specific gene knock-down via an RNAi mechanism of action [122]. A recent and
novel approach to the synthesis of cationic or neutral PEGylated amphiphilic f-CD used
copper-catalysed “click” chemistry to modify selectively the secondary 2-hydroxyl group of
the B-CD. The 6-position of these 3-CD conjugates was conjugated to a dodecane alkyl chain.
Complexation of cationic 3-CD alone with siRNA resulted in good silencing of the luciferase
reporter gene in Caco?2 cells in culture. Co-formulation of cationic 3-CD with a PEGylated 3-
CD and siRNA resulted in lower surface charges and reduced aggregation. The transfection
efficiency of the cationic 3-CD vector was lowered by co-formulation with the PEGylated (-
CD, although the siRNA binding was not affected and the surface charge of the complexes did
not reach complete neutrality [123].
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Dendrimers have a central core to which are connected several branched arms in a manner
that can be symmetrical or asymmetrical. During the synthesis of dendrimers, arms (branches)
are added to the core structure. Each addition is called a generation and increases the previous
generation number by one. Due to their unique structure, dendrimers can have a planar,
elliptical, or spherical shape depending on generation number. Among the most widely used
dendrimers are polyamidoamine (PAMAM) and polypropylenimine (PPI) dendrimers [124].
Dendrimers which have positively charged cationic groups on their outer surface are com-
monly used for polynucleotide delivery. The transfection efficiency of dendrimers increases
with increasing the charge density or generation number [125]. However, dendrimers with
high generation number are generally more cytotoxic compared to dendrimers with low
generation number [126]. Usually the inner space near the core is larger compared to outer
space near the surface due to the lower density of molecules (less number of arms) near the
core, which allow small molecules to be incorporated in the inner space. Owing to the relatively
large molecular weight of polynucleotides, they are usually bound to the surface of cationic
dendrimers and not in the inner space of the dendrimer. Generally, the toxicity of dendrimers
is lower than that of PEI or poly-L-lysine (PLL) [127]. One advantage of dendrimers is that
they have pH buffering capacity (proton-sponge effect), an important feature for endosomal
escape and enhancing the release of polynucleotides [125, 128].

PPI dendrimers with high generation numbers (4 and 5) were more efficient in forming discrete
nanoparticles with siRNA and in gene silencing in human lung cancer (A549) cells than lower
generation dendrimers (2 and 3). Generation 5 PPI dendrimers were more toxic, probably due
to the increased positive charge density per dendrimer, than generation 4 dendrimers [129].
Complex formation between PAMAM dendrimers with an ethylenediamine core and siRNA
as a function of three variables has been reported [130]. The ionic strength of the medium
(without or with 150 mM NaCl), the generation number (4, 5, 6 and 7) and the N/P ratio (ratio
of positively charged amine groups per negative phosphate) were varied. The size of the
complexes depended on the ionic strength of the media, with the strong electrostatic interac-
tions in medium without NaCl making siRNA/dendrimer complexes smaller than those
obtained in 150 mM NaCl. Both the intracellular delivery and the silencing of EGFP expression
in cell culture was dependent on complex size, with smaller complexes efficiently delivered,
and resulting in the highest silencing of EGFP expression. siRNA complexed with generation
7 dendrimers resulted in the highest silencing of EGFP expression both in human brain tumour
cell line T98G-EGEFP (35%) and mouse macrophage cell line J-774-EGFP (45%) cells, in spite of
having lower protection of siRNA against degradation with RNase A, showing the importance
of formulation procedures on the efficiency of transfection [130].

4. Cationic lipids as non-viral vectors for siRNA and DNA delivery

4.1. Gene delivery by cationic lipids

Gene delivery (DNA transfection) with cationic lipids (Figure 7) dates back to 1987 when it
was reported by Felgner et al. [131], and the term “lipofection” was coined. Small unilamellar
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liposomes containing the cationic lipid N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethyl ammo-
nium chloride (DOTMA) was reported to spontaneously complex DNA completely entrapping
the DNA, and enhanced fusion with the cell membrane in vitro in cell cultures, resulting in
efficient delivery and expression of the delivered DNA. The lipofection was 5-100-fold more
effective than the commonly used transfection techniques at the time by either calcium
phosphate or DEAE-dextran (diethylaminoethyl-dextran), depending on the cell line used
[131]. Cationic lipids have polar and non-polar domains and thus are amphiphilic in nature,
with three general structural domains: (a) a cationic hydrophilic head-group (positively
charged). The head-group can carry a permanent positive charge as in quaternary ammonium
groups, or can be protonated at the physiological pH 7.4, such as primary and secondary amine
groups. There can be one cationic group per lipid molecule (monovalent cationic lipids) or
more than one cationic group per lipid molecule (multivalent cationic lipids); (b) a hydropho-
bic domain covalently attached by a linker to the cationic head-group. This domain can be in
the form of either alkyl chains (commonly 2 chains) of various chain lengths (with various
oxidation states) or can be a steroid such as cholesterol; (c) the linker between the head-group
and the hydrophobic domain [132, 133]. This linker controls the biodegradation of the cationic
lipid and its stability under different conditions according to the type of chemical bonds (e.g.
ester, ether, or amide). Each domain can be controlled to change a specific character of the
cationic lipid, e.g. using a disulfide functional group as a bioresponsive linker [134] which is
reduced in the intracellular environment by glutathione/glutathione reductase and enhance
biodegradation characters of the lipid and decrease its cytotoxicity.

4.2. The cationic head-group

The cationic head-group’s main function is to bind electrostatically the negatively charged
phosphates of the polynucleotides. The complexes of cationic lipids with polynucleotides such
as DNA and siRNA are called lipoplexes. This requires the presence of a positive charge on
the head-group at the physiological pH 7.4, i.e. the pKa of the head-group is ideally at least
one unit higher than the physiological pH. The most commonly used head-groups contain
nitrogen (e.g. amines or guanidines). However other head-groups, e.g. arsonium and phos-
phonium have been reported [135]. Arsonium is less toxic than arsenic (III), and in vitro
cytotoxicity evaluation showed that arsonium and phosphonium are surprisingly less toxic
than the ammonium group [135, 136].

One property that can be changed by controlling the type of the head-group is the head-group
cross-sectional area. The greater the difference between the cross-sectional area of the polar
head-group and that of the hydrophobic domain, when the former is designed to be smaller
than the latter, the greater is the ability of the cationic lipid to fuse with the cell membrane and
endosomal membrane and the greater is the release of polynucleotides from their complex
with the cationic lipid due to the decreased structural stability of the lipid assembly [133,
137]. The hydration of the head-group affects its cross-sectional area, thus, the conjugation of
groups which decrease the hydration state (such as hydroxyalkyl groups that form intermo-
lecular H-bonds) decreases the head-group cross-sectional area.

Thus, gene delivery by DOTMA and DOTAP (1,2-dioleoyloxy-3-(trimethylammonio)-
propane) was enhanced by incorporation of a hydroxyethyl group to yield the lipids DORIE
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(1,2-dioleyloxypropyl-3-dimethyl-hydroxyethyl ammonium bromide) and DORI (N-[1-(2,3-
dioleoyloxy)propyl-N-[1-(2-hydroxy)ethyl]-N,N-dimethyl ammonium iodide) respectively
[138, 139]. The head-group cross-sectional area can be also controlled by subtle changes to the
head-group structure. The DC-Chol (33(N-(N',N'-dimethylaminoethane)carbamoyl)cholester-
ol) with dimethylamino head-group resulted in more efficient transfection compared to DC-
Chol with diethylamino or diisopropylamino head-groups, probably due to increased steric
repulsion of the head-groups.

The in vitro gene transfer with six non-cholesterol-based cationic lipids (each having two alkyl
chains) with a single guanidinium head-group in Chinese hamster ovary (CHO), COS-1,
MCF-7, A549, and HepG2 cells has been reported [140]. These lipids were able to form
lipoplexes with size-range 200-600 nm and C-potential +3.4 to -34 mV. The efficiencies of the
lipids which had an extra quaternized cationic centre were 2-4-fold more than that of the
commercially available reagent Lipofectamine in transfecting COS-1, CHO, A-549, and MCF-7
cells. MTT viability assay in CHO cells showed high (>75%) cell viabilities at the lipid/DNA
charge ratios used. DNase I protection assays showed that the lipids having the extra quater-
nized centre protected DNA better against enzyme catalysed hydrolysis. These results shed
light on the importance of choosing the type of head-group and number of cationic centres in
designing cationic lipids [140].

A series of cationic cholesterol derivatives were synthesized by covalently attaching the
heterocycles imidazole, piperazine, pyridine, and morpholine groups (the head-groups) to the
parent cholesterol via a biodegradable carbamoyl linker [141]. These lipids were compared
with the parent DC-Chol with the linear amine head-group, and they generally showed better
or comparable transfection efficiency of pCMV-luciferase into human HepG2 cells (a human
liver cancer cell line) in the presence or absence of FCS. The most efficient two of these lipids
were with morpholine and piperazine head-groups, and they gave higher levels of gene
expression in HepG2 and human melanoma cell line (KZ2) which are generally very hard to
transfect with the commonly used reagents e.g. DC-Chol, Lipofectamine, and PEI In vivo
studies with lipids having morpholine and piperazine head-groups resulted in successful
delivery of the reporter gene to the target cells through intrasplenic injection [141]. Cationic
lipids which have more than one cationic head-group (multivalent cationic lipids) have more
surface charge density than their monovalent (with one head-group) analogues, and they are
generally expected to better bind and complex polynucleotides. Many multivalent cationic
lipids contain a natural occurring polyamine such as spermidine and spermine, which are
believed to interact with the minor groove of B-DNA [142].

The triamine spermidine and the tetramine spermine (Figure 6), and their diamine precursor
putrescine, are organic polycations that are widely but unevenly distributed in both mamma-
lian and non-mammalian cells and tissues. They have an essential role in controlling DNA,
RNA and protein synthesis during normal and neoplastic growth, in cell differentiation, and
tissue regeneration [143]. These polyamines exhibit many metabolic and neurophysiological
effects in the nervous system, and are important for the developing and mature nervous system
and affect modulation of ionic channels and calcium-dependent transmitter release [143-149].
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Spermineisincorporated in the cationic polymer polyspermineimidazole-4,5-imine (PSI)and in
dioctadecylamidoglycyl-spermine (DOGS) [150] (Figure 7); spermidine is bound in cholesteryl-
spermidine [151]. The free amine groups of spermine in cholesteryl-spermine conjugates have
different pKa values and provide a buffering effect in the endosomes facilitating the escape of
lipoplex from theendosomes[152]. Thelength of thelinear polyamine attached to the hydropho-
bicdomain and the charge distribution onit affects the transfection efficiency of the cationiclipid
[153]. Addition of amine groups separated by methylene groups to the linear polyamine attach-
ed toacholesterolresidue did notautomatically increase transfection efficiency regardless of the
increased charge density. Molecular modelling simulations suggested that increasing chain
length led to an increased number of folded conformations due to greater flexibility of the
conjugates, whichis unfavourable for interaction with DNA [132, 153].

The central tetramethylene motif of spermine was reported to be essential in conferring high
transfection efficiency in a series of cholesterol-polyamine conjugates [152]. It was suggested
that the tetramethylene segment of spermine can bridge between the DNA complementary
strands, while the polyamine with a central trimethylene segment would only bind with the
adjacent phosphates on the same DNA strand. These results point to the importance of the
structure of the polyamine head-group and the relation between its amine groups, and also
point to the fact that increasing efficiency of transfection is not only a matter of increasing the
number of positive charges per head-group.

4.3. The hydrophobic domain

The length, saturation state and type of the hydrophobic chains conjugated to cationic lipids
affect their transfection efficiency [154-156]. Although these factors were studied extensively
for the effect on transfection, and although the majority of studies accepted that the type of
alkyl chains influence the outcome of transfection, it is difficult to set a definitive set of rules
to describe the best type of alkyl chains to be conjugated to the polar head-groups. The
contribution of the alkyl chains (and the hydrophobic domain) to the cationic lipid properties
as a whole is what determines the transfection efficiency of the lipid.

Results obtained with DMRIE (1,2-dimyristyloxypropyl-3-dimethylhydroxyethyl-ammonium
bromide) [157], glycine betaine conjugates [138] with two alkyl chains, alkyl acyl carnitine
esters having chains of length C12 to C18 [158], lactic acid conjugates of N,N-dialkyl amine
group [159], lipids related to DOTAP with two alkyl chains (C12-C18) linked to the head-group
through ether bonds [160], and cationic lipids with different hydroxyethyl or dihydroxypropyl
ammonium backbones and esterified hydrocarbon chains and hydroxyl substituents [161]
showed that a comparison of the cationic lipids based only on the lengths of the two saturated
aliphatic chains led to the observation of the superior transfection efficiency of C14 chains over
the longer C16 and C18 chains [132, 133]. It was proposed that a shorter chain length facilitates
mixing with cellular membranes [138] which is important for endosomal escape [162].

In another set of experiments, we showed the longer chain C18 oleoyl (with one cis-double
bond) to be more efficient than cationic lipids with shorter chain lengths. Varying the chain
length in N*,N°-diacyl spermines from C10 to C18, for plasmid DNA delivery, resulted in us
establishing that the conjugate with C18 oleoyl chains is both more efficient and less toxic than
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the shorter chain conjugates [163]. A series of multivalent Gemini-surfactants with the
hydrophobic chains systematically varied resulted in the conjugates with C18 oleoyl chains to
be better in transfection than the C16 and C14 alkyl chains [164]. Chain saturation was also
shown to affect the efficiency of transfection. The results of studies on a set of cationic triester
phosphatidyl choline derivatives (each having two alkyl chains) show a strong dependence of
their transfection efficiency on the lipid hydrocarbon chain characteristics, where transfection
activity increases with increasing chain unsaturation from fully saturated to having two double
bonds. Transfection efficiency decreased with increasing chain length (increasing the total
number of carbons per lipid molecule ~30-50). Maximum transfection was with monounsatu-
rated myristoleoyl 14:1 chains [156]. The data obtained from transfection experiments with 20
cationic phosphatidylcholine (PC) derivatives show that hydrocarbon chain variations results
in transfection efficiencies that varies by more than 2 orders of magnitude. The most important
variables were chain saturation state and total number of carbon atoms in the lipid chains.
Transfection increased with decreasing chain length and increasing chain unsaturation. Best
transfection efficiency was found for cationic lipids with monounsaturated (myristoleoyl) 14:1
chains [154]. Higher levels of transfection were also reported with lipids having oleoyl chains
in comparison with stearoyl chains [157, 158]. Unsaturated chains promote lipid fusion
between the lipoplexes and the various cellular membranes, which is essential for delivery and
endosomal escape [133, 154, 165].

Cholesterol derivatives with various cationic head-groups were synthesized to investigate
their efficiency as siRNA delivery vectors. The transfection efficiencies of siRNA lipoplexes
prepared with the cationic cholesterol derivatives DC-Chol, cholesteryl-3[3-carboxyamido-
ethylene-N-hydroxyethylamine (OH-Chol), and N-hydroxyethylaminopropane carbamoyl
cholesterol (HAPC) was investigated in human prostate tumour cells that stably express the
luciferase gene (PC-3-Luc). When lipoplexes were prepared in water, HAPC was more
effective in knocking-down luciferase activity than OH-Chol and DC-Chol [166]. The presence
of NaCl while preparing the lipoplexes increased the gene silencing efficiency of luciferase,
while it did not affect efficiency of HAPC. The commercially available transfection reagent,
Lipofectamine 2000 (a cationic lipid liposomal preparation) resulted in strong gene silencing
by siRNA, but exhibited increased toxicity (~40% cell viability), in contrast to OH-Chol, DC-
Chol, and HAPC lipoplexes (~80-100% cell viability). These results indicated that siRNA
lipoplexes prepared with OH-Chol, and HAPC can efficiently suppress gene expression
without increased cytotoxicity [166].

4.4. The linker

The linker is dependent upon the type (hence properties) of the functional group and its length
(number of carbon atoms). The linker has two main functions: (a) to conjugate covalently the
polar head-group to the hydrophobic domain; (b) to control the biodegradability of the cationic
lipid and/or introduce a new property to the cationic lipid, e.g. responding to the intracellular
reducing environment [133, 167]. The most commonly used linker functional groups are:
amide, carbamate, ester, ether, ortho ester, and disulfide.
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Both amides and ester bonds are biodegradable and hence are hypothesized to be less toxic
than other non-biodegradable bonds (e.g. ethers) [168]. Lipids with a pyridinium head-group
(with palmitoyl 16:0 hydrophobic domains and with ester and amide linkers) were used to
prepare liposomes with either DOPE or cholesterol at the cationic lipid/helper-lipid molar ratio
of 1:1. Following transfection of CHO cells with lipoplexes delivering plasmids expressing
EGEFP, the cationic lipids having amide linkers significantly increased transfection efficiency
in all liposomal formulations compared to their counterparts having the ester linker [169]. The
high transfection efficiency of lipids with amide linker was suggested to be due to their lower
phase-transition temperature which makes the liposome’s bilayer structure more stable in
aqueous media during the transfection process as well as liposome storage. The phase-
transition temperature of a lipid is the temperature at which there is a change in the lipid’s
physical state from the ordered gel phase (where the hydrocarbon chains are closely packed
and fully extended) to the disordered liquid crystalline phase (where the hydrocarbon chains
are fluid and randomly orientated) [169].

Depending on the structure of the cationic lipid, the linker influence on transfection efficiency
can be more than on cytotoxicity. Cholesterol-based cationic lipids that have different nitro-
genous heterocyclic head-groups (N-methylimidazole, N-methylmorpholine, and pyridine)
and acid-labile linkers (carbamate, ester, and N,O-acetal ether) were used to transfect human
embryonic kidney 293 (HEK 293) cells with EGFP plasmid [170]. Choosing those linkers was
based on the concept that incorporation of acid-labile bonds in the cationic lipid structure
enhances the release of polynucleotides from the endosomes, therefore increasing the trans-
fection efficiency [171]. N,O-Acetals are known to undergo hydrolysis in acidic environment
[170, 171]. The results showed that the structure of these lipids only slightly affected their
cytotoxicity but largely changes the efficiency of intracellular accumulation of the polynu-
cleotides. The lipids having the cationic head-groups pyridine and/or methylimidazole head-
groups with either an ester or a carbamate linker resulted in better transfection efficiency as
compared with the cationic lipids with either the N-methylmorpholine head-groups and/or
an ether linker. The lipid that has a pyridine head-group and a carbamate linker to deliver
EGFP plasmid resulted in comparable transfection efficiency with that achieved with com-
mercially available Lipofectamine 2000.

Two cleavable cationic lipids having a linear or a cyclic ortho-ester linker between the cationic
head-group and the unsaturated hydrophobic domain (two oleoyl chains) were previously
reported [172]. Itishypothesized that the acidic pH in the endosomes catalyzes the hydrolysis of
the linker group to result in fragmentation products that destabilize the endosomal mem-
branes. AtpH 7.4, thelipids (with DOPE) formed stable lipoplexes with plasmid DNA. Decreas-
ing the pH enhanced the hydrolysis of the ortho ester linkers which removed the cationic head-
groups and caused lipoplex aggregation. At pH 5.5, the cationic lipid N-[2-methyl-2-(1',2'-
dioleylglyceroxy)dioxolan-4-ylJmethyl-N,N,N-trimethylammonium iodide that have a cyclic
ortho-ester linker showed increased pH-sensitivity and caused the permeation of its lipoplexes
to model biomembranes within the time span of endosomal processing before the lysosomal
degradation. This lipid markedly increased gene transfection (~3-50-fold) of the luciferase
reporter protein in monkey kidney fibroblast (CV-1) and human breast cancer (HTB-129) cellsin
culture compared to the pH-insensitive control lipid DOTAP lipoplexes [172].
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Transfection with DNA lipoplexes of three thiocholesterol-derived gemini cationic lipids
possessing disulfide linkages incorporated between the cationic head-group and the thiocho-
lesterol backbone in order to render the lipids biodegradable has been reported [173]. Com-
paring transfection in a prostate cancer line (PC3AR) and a human keratinocyte cell line
(HaCat) with two commercially available reagents showed comparable or better expression
of GFP in the transfected cells. Cytotoxicity studies showed the nontoxic property of these
lipid-DNA complexes at different N/P ratios used for transfection studies. The rationale behind
this design was to ensure the destabilization of the lipid-polynucleotide lipoplexes in the
cytoplasm after reduction of the disulfide linker by the intracellular glutathione (GSH), which
is the most abundant low molecular weight thiol present in cells and is involved in controlling
cellular redox environment. GSH is found at very high intracellular concentrations and at
comparatively low extracellular concentrations e.g. blood plasma concentrations (2 uM) are
1000-fold less than concentration in erythrocytes (2 mM). This large difference between intra-
and extracellular environments provides a potential mechanism for release of polynucleotides
from lipoplexes of lipids that have a disulfide functional group linker and is now a well-
trodden research path [115, 134, 173].

5. Conclusions and future avenues

In our research, symmetrical and asymmetrical acyl polyamine derivatives (fatty acid amides
of spermine) [152] have been synthesized, characterized, and evaluated as non-viral vectors
for siRNA [163, 174-177]. The intracellular delivery of siRNA and the subsequent sequence
specific gene silencing has been quantified by flow cytometry techniques (FACS analysis)
[163]. The ability of the spermine conjugates to bind siRNA and form nanoparticles has been
investigated and the effect of the complexes of siRNA lipoplexes on the cell viability 48 h post-
transfection has been quantified. Our SAR studies allow the identification of the most efficient
fatty acids in terms of high gene-silencing efficiency and high cell viability [174-178].

Whilst we were completing this Chapter, four interesting papers, each one on a different aspect
of this topic, were published. Langer, Anderson and co-workers at MIT reported on the
delivery of immunostimulatory RNA (isRNA) to Toll-like receptor (TLR)-expressing cells to
drive innate and adaptive immune responses. The specific activation of TLRs has potential for
a variety of therapeutic indications including antiviral immunotherapy and as vaccine
adjuvants. Effective lipidoid-isRNA nanoparticles, when tested in mice, stimulated strong
IFN-a responses following subcutaneous injection, had robust antiviral activity that sup-
pressed influenza virus replication, and enhanced antiovalbumin humoral and cell-mediated
responses when used as a vaccine adjuvant. Their lipidoid formulations, designed specifically
for the delivery of isSRNA to TLRs, were superior to the commonly used N-[1-(2,3-dioleoy-
loxy)propyl]-N,N,N-trimethylammonium methylsulfate-RNA delivery system and may
provide new tools for the manipulation of TLR responses in vitro and in vivo [179]. This paper
follows after their other recent major contribution on delivering naked siRNA as part of a self-
assembled (due to DNA complementarity) tetrahedral nanoparticle construct considering the
presentation of folate as a cancer targeting ligand [180]. These monodisperse nanoparticles of
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essentially naked DNA, carrying siRNA as the cargo, have a defined size of only a few nm.
They show that at least three folate molecules per nanoparticle are required for optimal
delivery of the siRNA into cells and that gene silencing only occurs when the ligands are
appropriately orientated. In vivo, these naked DNA nanoparticles showed a longer blood
circulation time than the parent siRNA [180]. In another exciting development, Geall and co-
workers at Novartis have also advanced the field of nucleic acid vaccines by taking advantage
of the recent innovations in non-viral systemic delivery of siRNA using lipid nanoparticles
(LNPs) to develop a self-amplifying RNA vaccine. This technology elicited broad, potent, and
protective immune responses, comparable with those achieved by a viral delivery system, but
without the inherent limitations of viral vectors [181]. Even today, a biologically responsive
cationic polymer system based on spermine has been reported for the intracellular delivery of
siRNA [182]. This polyspermine imidazole-4,5-imine (PSI) (Figure 7) carrier is designed to be
hydrolysed at the mildly acidic pH found in the endosome.

It is clear that both ssSRNA to activate the immune system and RNAi brought about by siRNA
delivery have high therapeutic potential. The major remaining barrier, that of efficient and
potentially selective delivery to target cells in now being addressed. The non-viral delivery of
siRNAisamajortoolinmodernfunctionalgenomics.Medicinesdesign, theformulationofdrugs,
in this case siRNA and plasmid DNA, is an essential requirement for efficient gene therapy.

Acknowledgements

We thank the Egyptian Government for a fully-funded studentship to AAM.

Author details

Ian S. Blagbrough' and Abdelkader A. Metwally'?
*Address all correspondence to: prsisb@bath.ac.uk
1 Department of Pharmacy and Pharmacology, University of Bath, Bath BA2 7AY, UK

2 Department of Pharmaceutics and Industrial Pharmacy, Faculty of Pharmacy, Ain Shams
University, Abbasya, Cairo, Egypt
References

[1] Blagbrough IS, Zara C. Animal Models for Target Diseases in Gene Therapy - Using
DNA and siRNA Delivery Strategies. Pharmaceutical Research 2009;26(1) 1-18.



[3]

[5]

[6]

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

siRNA and Gene Formulation for Efficient Gene Therapy
http://dx.doi.org/10.5772/55518

van der Krol AR, Mur LA, Beld M, Mol ], Stuitje AR. Flavonoid Genes in Petunia:
Addition of a Limited Number of Gene Copies May Lead to a Suppression of Gene
Expression. The Plant Cell Online 1990;2(4) 291-299.

Napoli C, Lemieux C, Jorgensen R. Introduction of a Chimeric Chalcone Synthase
Gene into Petunia Results in Reversible Co-Suppression of Homologous Genes in
Trans. The Plant Cell Online 1990;2(4) 279-289.

Vanblokland R, Vandergeest N, Mol JNM, Kooter JM. Transgene-Mediated Suppres-
sion of Chalcone Synthase Expression in Petunia Hybrida Results from an Increase in
RNA Turnover. Plant Journal 1994;6(6) 861-877.

Metzlaff M, Odell M, Cluster PD, Flavell RB. RNA-Mediated RNA Degradation and
Chalcone Synthase a Silencing in Petunia. Cell 1997;88(6) 845-854.

Hamilton AJ, Baulcombe DC. A Species of Small Antisense RNA in Posttranscrip-
tional Gene Silencing in Plants. Science 1999;286(5441) 950-952. DOI: 10.1126/science.
286.5441.950.

Hamilton A, Voinnet O, Chappell L, Baulcombe D. Two Classes of Short Interfering
RNA in RNA Silencing. EMBO Journal 2002;21(17) 4671-4679. DOI: 10.1093/emboj/
cdf464.

Baumberger N, Baulcombe DC. Arabidopsis Argonautel Is an RNA Slicer That Selec-
tively Recruits microRNAs and Short Interfering RNAs. Proceedings of the National
Academy of Sciences of the United States of America 2005;102(33) 11928-11933. DOI:
10.1073/pnas.0505461102.

Fire A, Xu SQ, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and Specif-
ic Genetic Interference by Double-Stranded RNA in Caenorhabditis Elegans. Nature
1998;391(6669) 806-811.

Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T. Duplexes of 21-
Nucleotide RNAs Mediate RNA Interference in Cultured Mammalian Cells. Nature
2001;411(6836) 494-498.

Skloot R. The Immortal Life of Henrietta Lacks. London, UK: Macmillan; 2010.

Cogoni C, Macino G. Post-Transcriptional Gene Silencing across Kingdoms. Current
Opinion in Genetics and Development 2000;10(6) 638-643.

Sontheimer EJ. Assembly and Function of RNA Silencing Complexes. Nature Re-
views Molecular Cell Biology 2005;6(2) 127-138.

Collins RE, Cheng XD. Structural and Biochemical Advances in Mammalian RNAI.
Journal of Cellular Biochemistry 2006;99(5) 1251-1266.

Hutvagner G, Simard MJ. Argonaute Proteins: Key Players in RNA Silencing. Nature
Reviews Molecular Cell Biology 2008;9(1) 22-32.

159



160 Gene Therapy - Tools and Potential Applications

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Gaynor JW, Campbell BJ, Cosstick R. RNA Interference: A Chemist's Perspective.
Chemical Society Reviews 2010;39(11) 4169-4184.

Liu QH, Paroo Z. Biochemical Principles of Small RNA Pathways. Annual Review of
Biochemistry 2010;79 295-319.

Haley B, Zamore PD. Kinetic Analysis of the RNAi Enzyme Complex. Nature Struc-
tural & Molecular Biology 2004;11(7) 599-606.

Hutvagner G. Small RNA Asymmetry in RNAi: Function in Risc Assembly and Gene
Regulation. FEBS Letters 2005;579(26) 5850-5857.

Wang HW, Noland C, Siridechadilok B, Taylor DW, Ma EB, Felderer K, Doudna JA,
Nogales E. Structural Insights into RNA Processing by the Human Risc-Loading
Complex. Nature Structural & Molecular Biology 2009;16(11) 1148-1153.

Wahid F, Shehzad A, Khan T, Kim YY. MicroRNAs: Synthesis, Mechanism, Function,
and Recent Clinical Trials. Biochimica et Biophysica Acta (BBA) - Molecular Cell Re-
search 2010;1803(11) 1231-1243.

Paddison PJ, Caudy AA, Bernstein E, Hannon GJ, Conklin DS. Short Hairpin RNAs
(shRNAs) Induce Sequence-Specific Silencing in Mammalian Cells. Genes & Devel-
opment 2002;16(8) 948-958.

Rao DD, Vorhies JS, Senzer N, Nemunaitis J. sSiRNA Vs. shRNA: Similarities and Dif-
ferences. Advanced Drug Delivery Reviews 2009;61(9) 746-759.

Freier SM, Kierzek R, Jaeger JA, Sugimoto N, Caruthers MH, Neilson T, Turner DH.
Improved Free-Energy Parameters for Predictions of RNA Duplex Stability. Proceed-
ings of the National Academy of Sciences of the United States of America 1986;83(24)
9373-9377.

Freier SM, Altmann KH. The Ups and Downs of Nucleic Acid Duplex Stability:
Structure-Stability Studies on Chemically-Modified DNA:RNA Duplexes. Nucleic
Acids Research 1997;25(22) 4429-4443.

Beverly MB. Applications of Mass Spectrometry to the Study of siRNA. Mass Spec-
trometry Reviews 2010; 10.1002/mas.20260.

Shah SA, Brunger AT. The 1.8 Angstrom Crystal Structure of a Statically Disordered
17 Base-Pair RNA Duplex: Principles of RNA Crystal Packing and Its Effect on Nu-
cleic Acid Structure. Journal of Molecular Biology 1999;285(4) 1577-1588.

Rana TM. llluminating the Silence: Understanding the Structure and Function of
Small RNAs. Nature Reviews Molecular Cell Biology 2007;8(1) 23-36.

Banan M, Puri N. The Ins and Outs of RNAi in Mammalian Cells. Current Pharma-
ceutical Biotechnology 2004;5(5) 441-450.



[30]

[31]

[32]

[33]

[35]

[36]

[37]

[38]

siRNA and Gene Formulation for Efficient Gene Therapy
http://dx.doi.org/10.5772/55518

Hickerson RP, Vlassov AV, Wang Q, Leake D, Ilves H, Gonzalez-Gonzalez E, Contag
CH, Johnston BH, Kaspar RL. Stability Study of Unmodified siRNA and Relevance to
Clinical Use. Oligonucleotides 2008;18(4) 345-354.

Layzer JM, McCaffrey AP, Tanner AK, Huang Z, Kay MA, Sullenger BA. In Vivo Ac-
tivity of Nuclease-Resistant siRNA. RNA-a Publication of the Rna Society 2004;10(5)
766-771.

Turner JJ, Jones SW, Moschos SA, Lindsay MA, Gait MJ. Maldi-Tof Mass Spectral
Analysis of siRNA Degradation in Serum Confirms an RNase a-Like Activity. Molec-
ular Biosystems 2007;3(1) 43-50.

Volkov AA, Kruglova NyS, Meschaninova MI, Venyaminova AG, Zenkova MA,
Vlassov VV, Chernolovskaya EL. Selective Protection of Nuclease-Sensitive Sites in
siRNA Prolongs Silencing Effect. Oligonucleotides 2009;19(2) 191-202.

Melnikova I. RNA-Based Therapies. Nature Reviews Drug Discovery 2007;6(11)
863-864.

Skoblov M. Prospects of Antisense Therapy Technologies. Molecular Biology
2009;43(6) 917-929.

Ghosal A, Kabir AH, Mandal A. RNA Interference and Its Therapeutic Potential.
Central European Journal of Medicine 2011;6(2) 137-147.

Cheng H, Luo C, Wu X, Zhang Y, He Y, Wu Q, Xia Y, Zhang J. shRNA Targeting Plce
Inhibits Bladder Cancer Growth in Vitro and in Vivo. Urology 2011;78(2).

Qin X-J, Dai D-J, Gao Z-G, Huan J-L, Zhu L. Effect of Lentivirus-Mediated shRNA
Targeting Vegfr-3 on Proliferation, Apoptosis and Invasion of Gastric Cancer Cells.
International Journal of Molecular Medicine 2011;28(5) 761-768.

Liu Q-S, Zhang J, Liu M, Dong W-G. Lentiviral-Mediated miRNA against Liver-In-
testine Cadherin Suppresses Tumor Growth and Invasiveness of Human Gastric
Cancer. Cancer Science 2010;101(8) 1807-1812.

Bumcrot D, Manoharan M, Koteliansky V, Sah DWY. RNAi Therapeutics: A Potential
New Class of Pharmaceutical Drugs. Nature Chemical Biology 2006;2(12) 711-719.

Aleku M, Schulz P, Keil O, Santel A, Schaeper U, Dieckhoff B, Janke O, Endruschat J,
Durieux B, Roeder N, Loeffler K, Lange C, Fechtner M, Moepert K, Fisch G, Dames S,
Arnold W, Jochims K, Giese K, Wiedenmann B, Scholz A, Kaufmann J. Atu027, a Lip-
osomal Small Interfering RNA Formulation Targeting Protein Kinase N3, Inhibits
Cancer Progression. Cancer Research 2008;68(23) 9788-9798.

Behlke MA. Progress Towards in Vivo Use of siRNA. Molecular Therapy 2006;13(4)
644-670.

Whitehead KA, Langer R, Anderson DG. Knocking Down Barriers: Advances in siR-
NA Delivery. Nature Reviews Drug Discovery 2009;8(2) 129-138.

161



162 Gene Therapy - Tools and Potential Applications

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[54]

[55]

[56]

Reischl D, Zimmer A. Drug Delivery of siRNA Therapeutics: Potentials and Limits of
Nanosystems. Nanomedicine: Nanotechnology, Biology and Medicine 2009;5(1) 8-20.

van de Water FM, Boerman OC, Wouterse AC, Peters JGP, Russel FGM, Masereeuw
R. Intravenously Administered Short Interfering RNA Accumulates in the Kidney
and Selectively Suppresses Gene Function in Renal Proximal Tubules. Drug Metabo-
lism and Disposition 2006;34(8) 1393-1397.

Ruponen M, Ronkko S, Honkakoski P, Pelkonen J, Tammi M, Urtti A. Extracellular
Glycosaminoglycans Modify Cellular Trafficking of Lipoplexes and Polyplexes. Jour-
nal of Biological Chemistry 2001;276(36) 33875-33880.

Singh AK, Kasinath BS, Lewis EJ. Interaction of Polycations with Cell-Surface Nega-
tive Charges of Epithelial-Cells. Biochimica et Biophysica Acta 1992;1120(3) 337-342.

Watts JK, Deleavey GF, Damha MJ. Chemically Modified siRNA: Tools and Applica-
tions. Drug Discovery Today 2008;13(19-20) 842-855.

Behlke MA. Chemical Modification of siRNAs for in Vivo Use. Oligonucleotides
2008;18(4) 305-319.

Hall AHS, Wan ], Shaughnessy EE, Shaw BR, Alexander KA. RNA Interference Us-
ing Boranophosphate siRNAs: Structure-Activity Relationships. Nucleic Acids Re-
search 2004;32(20) 5991-6000.

Ui-Tei K, Naito Y, Zenno S, Nishi K, Yamato K, Takahashi F, Juni A, Saigo K. Func-
tional Dissection of siRNA Sequence by Systematic DNA Substitution: Modified siR-
NA with a DNA Seed Arm Is a Powerful Tool for Mammalian Gene Silencing with
Significantly Reduced Off-Target Effect. Nucleic Acids Research 2008;36(7)
2136-2151.

Chiu YL, Rana TM. siRNA Function in RNAi: A Chemical Modification Analysis.
RNA-a Publication of the Rna Society 2003;9(9) 1034-1048.

Bell NM, Micklefield J. Chemical Modification of Oligonucleotides for Therapeutic,
Bioanalytical and Other Applications. ChemBioChem 2009;10(17) 2691-2703.

Corey DR. Chemical Modification: The Key to Clinical Application of RNA Interfer-
ence? Journal of Clinical Investigation 2007;117(12) 3615-3622.

Nishina K, Unno T, Uno Y, Kubodera T, Kanouchi T, Mizusawa H, Yokota T. Effi-
cient in Vivo Delivery of siRNA to the Liver by Conjugation of Alpha-Tocopherol.
Molecular Therapy 2008;16(4) 734-740.

Lorenz C, Hadwiger P, John M, Vornlocher HP, Unverzagt C. Steroid and Lipid Con-
jugates of siRNAs to Enhance Cellular Uptake and Gene Silencing in Liver Cells. Bio-
organic & Medicinal Chemistry Letters 2004;14(19) 4975-4977.

Soutschek J, Akinc A, Bramlage B, Charisse K, Constien R, Donoghue M, Elbashir S,
Geick A, Hadwiger P, Harborth J, John M, Kesavan V, Lavine G, Pandey RK, Racie T,



[58]

[60]

[61]

[62]

[63]

[64]

[65]

[68]

[69]

siRNA and Gene Formulation for Efficient Gene Therapy
http://dx.doi.org/10.5772/55518

Rajeev KG, Rohl I, Toudjarska I, Wang G, Wuschko S, Bumcrot D, Koteliansky V,
Limmer S, Manoharan M, Vornlocher HP. Therapeutic Silencing of an Endogenous
Gene by Systemic Administration of Modified siRNAs. Nature 2004;432(7014)
173-178.

Wolfrum C, Shi S, Jayaprakash KN, Jayaraman M, Wang G, Pandey RK, Rajeev KG,
Nakayama T, Charrise K, Ndungo EM, Zimmermann T, Koteliansky V, Manoharan
M, Stoffel M. Mechanisms and Optimization of in Vivo Delivery of Lipophilic siR-
NAs. Nature Biotechnology 2007;25(10) 1149-1157.

Eguchi A, Dowdy SF. siRNA Delivery Using Peptide Transduction Domains. Trends
in Pharmacological Sciences 2009;30(7) 341-345.

Muratovska A, Eccles MR. Conjugate for Efficient Delivery of Short Interfering RNA
(siRNA) into Mammalian Cells. FEBS Letters 2004;558(1-3) 63-68.

Moschos SA, Jones SW, Perry MM, Williams AE, Erjefalt JS, Turner JJ, Barnes PJ,
Sproat BS, Gait MJ, Lindsay MA. Lung Delivery Studies Using siRNA Conjugated to
Tat(48-60) and Penetratin Reveal Peptide Induced Reduction in Gene Expression and
Induction of Innate Immunity. Bioconjugate Chemistry 2007;18(5) 1450-1459.

Kim SH, Jeong JH, Lee SH, Kim SW, Park TG. Peg Conjugated Vegf siRNA for Anti-
Angiogenic Gene Therapy. Journal of Controlled Release 2006;116(2) 123-129.

Xia CF, Zhang Y, Boado RJ, Pardridge WM. Intravenous siRNA of Brain Cancer with
Receptor Targeting and Avidin-Biotin Technology. Pharmaceutical Research
2007;24(12) 2309-2316.

Chu TC, Twu KY, Ellington AD, Levy M. Aptamer Mediated siRNA Delivery. Nucle-
ic Acids Research 2006;34(10).

Li MJ, Bauer G, Michienzi A, Yee JK, Lee NS, Kim J, Li S, Castanotto D, Zaia J, Rossi
JJ. Inhibition of HIV-1 Infection by Lentiviral Vectors Expressing Pol lii-Promoted
Anti-HIV RNAs. Molecular Therapy 2003;8(2) 196-206.

Sliva K, Schnierle BS. Selective Gene Silencing by Viral Delivery of Short Hairpin
RNA. Virology Journal 2010;7 248.

Berkowitz R, Ilves H, Lin WY, Eckert K, Coward A, Tamaki S, Veres G, Plavec I. Con-
struction and Molecular Analysis of Gene Transfer Systems Derived from Bovine Im-
munodeficiency Virus. Journal of Virology 2001;75(7) 3371-3382.

Atkinson H, Chalmers R. Delivering the Goods: Viral and Non-Viral Gene Therapy
Systems and the Inherent Limits on Cargo DNA and Internal Sequences. Genetica
2010;138(5) 485-498.

Chen Y, Du D, Wu J, Chan CP, Tan Y, Kung HF, He ML. Inhibition of Hepatitis B
Virus Replication by Stably Expressed shRNA. Biochemical and Biophysical Re-
search Communications 2003;311(2) 398-404.

163



164  Gene Therapy - Tools and Potential Applications

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

Kumar A, Panda SK, Durgapal H, Acharya SK, Rehman S, Kar UK. Inhibition of
Hepatitis E Virus Replication Using Short Hairpin RNA (shRNA). Antiviral Research
2010;85(3) 541-550.

Bushman FD. Retroviral Integration and Human Gene Therapy. Journal of Clinical
Investigation 2007;117(8) 2083-2086.

Brummelkamp TR, Bernards R, Agami R. Stable Suppression of Tumorigenicity by
Virus-Mediated RNA Interference. Cancer Cell 2002;2(3) 243-247.

Anesti AM, Peeters PJ, Royaux I, Coffin RS. Efficient Delivery of RNA Interference to
Peripheral Neurons in Vivo Using Herpes Simplex Virus. Nucleic Acids Research
2008;36(14).

Manjunath N, Wu H, Subramanya S, Shankar P. Lentiviral Delivery of Short Hairpin
RNAs. Advanced Drug Delivery Reviews 2009;61(9) 732-745.

Carlson ME, Hsu M, Conboy IM. Imbalance between Psmad3 and Notch Induces
Cdk Inhibitors in Old Muscle Stem Cells. Nature 2008;454(7203) 528-532.

Yoo JY, Kim JH, Kwon YG, Kim EC, Kim NK, Choi HJ, Yun CO. Vegf-Specific Short
Hairpin RNA-Expressing Oncolytic Adenovirus Elicits Potent Inhibition of Angio-
genesis and Tumor Growth. Molecular Therapy 2007;15(2) 295-302.

Xia H, Mao Q, Eliason SL, Harper SQ, Martins IH, Orr HT, Paulson HL, Yang L, Ko-
tin RM, Davidson BL. RNAi Suppresses Polyglutamine-Induced Neurodegeneration
in a Model of Spinocerebellar Ataxia. Nature Medicine 2004;10(8) 816-820.

Kuhlmann KF, Gouma DJ, Wesseling JG. Adenoviral Gene Therapy for Pancreatic
Cancer: Where Do We Stand? Digestive Surgery 2008;25(4) 278-292.

Descamps D, Benihoud K. Two Key Challenges for Effective Adenovirus-Mediated
Liver Gene Therapy: Innate Immune Responses and Hepatocyte-Specific Transduc-
tion. Current Gene Therapy 2009;9(2) 115-127.

Nayak S, Herzog RW. Progress and Prospects: Immune Responses to Viral Vectors.
Gene Therapy 2010;17(3) 295-304.

Raper SE, Chirmule N, Lee FS, Wivel NA, Bagg A, Gao GP, Wilson JM, Batshaw ML.
Fatal Systemic Inflammatory Response Syndrome in a Ornithine Transcarbamylase
Deficient Patient Following Adenoviral Gene Transfer. Molecular Genetics and Me-
tabolism 2003;80(1-2) 148-158.

Howe SJ, Mansour MR, Schwarzwaelder K, Bartholomae C, Hubank M, Kempski H,
Brugman MH, Pike-Overzet K, Chatters SJ, de Ridder D, Gilmour KC, Adams S,
Thornhill SI, Parsley KL, Staal FJ, Gale RE, Linch DC, Bayford J, Brown L, Quaye M,
Kinnon C, Ancliff P, Webb DK, Schmidt M, von Kalle C, Gaspar HB, Thrasher AJ.
Insertional Mutagenesis Combined with Acquired Somatic Mutations Causes Leuke-



[83]

[84]

[85]
[86]

[87]

[89]

[90]

[91]

siRNA and Gene Formulation for Efficient Gene Therapy
http://dx.doi.org/10.5772/55518

mogenesis Following Gene Therapy of Scid-X1 Patients. Journal of Clinical Investiga-
tion 2008;118(9) 3143-3150.

Hacein-Bey-Abina S, von Kalle C, Schmidt M, Le Deist F, Wulffraat N, McIntyre E,
Radford I, Villeval JL, Fraser CC, Cavazzana-Calvo M, Fischer A. A Serious Adverse
Event after Successful Gene Therapy for X-Linked Severe Combined Immunodefi-
ciency. New England Journal of Medicine 2003;348(3) 255-256.

Qasim W, Gaspar HB, Thrasher A]J. Progress and Prospects: Gene Therapy for Inher-
ited Immunodeficiencies. Gene Therapy 2009;16(11) 1285-1291.

Sheridan C. Gene Therapy Finds Its Niche. Nature Biotechnology 2011;29(2) 121-128.

Mintzer MA, Simanek EE. Nonviral Vectors for Gene Delivery. Chemical Reviews
2009;109(2) 259-302.

Torchilin VP, Rammohan R, Weissig V, Levchenko TS. Tat Peptide on the Surface of
Liposomes Affords Their Efficient Intracellular Delivery Even at Low Temperature

and in the Presence of Metabolic Inhibitors. Proceedings of the National Academy of
Sciences of the United States of America 2001;98(15) 8786-8791.

Torchilin VP, Levchenko TS, Rammohan R, Volodina N, Papahadjopoulos-Sternberg
B, D'Souza GG. Cell Transfection in Vitro and in Vivo with Nontoxic Tat Peptide-
Liposome-DNA Complexes. Proceedings of the National Academy of Sciences of the
United States of America 2003;100(4) 1972-1977.

Snyder EL, Dowdy SF. Cell Penetrating Peptides in Drug Delivery. Pharmaceutical
Research 2004;21(3) 389-393.

Gait M]J. Peptide-Mediated Cellular Delivery of Antisense Oligonucleotides and
Their Analogues. Cellular and Molecular Life Sciences 2003;60(5) 844-853.

Eguchi A, Akuta T, Okuyama H, Senda T, Yokoi H, Inokuchi H, Fujita S, Hayakawa
T, Takeda K, Hasegawa M, Nakanishi M. Protein Transduction Domain of HIV-1 Tat

Protein Promotes Efficient Delivery of DNA into Mammalian Cells. Journal of Bio-
logical Chemistry 2001;276(28) 26204-26210.

Foerg C, Merkle HP. On the Biomedical Promise of Cell Penetrating Peptides: Limits
Versus Prospects. Journal of Pharmaceutical Sciences 2008;97(1) 144-162.

Maie M, Andaloussi SE, Lehto T, Langel U. Chemically Modified Cell-Penetrating
Peptides for the Delivery of Nucleic Acids. Expert Opinion on Drug Delivery
2009;6(11) 1195-1205.

Crombez L, Aldrian-Herrada G, Konate K, Nguyen QN, McMaster GK, Brasseur R,
Heitz F, Divita G. A New Potent Secondary Amphipathic Cell-Penetrating Peptide
for siRNA Delivery into Mammalian Cells. Molecular Therapy 2009;17(1) 95-103.

165



166 Gene Therapy - Tools and Potential Applications

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Lundberg P, El-Andaloussi S, Sutlu T, Johansson H, Langel U. Delivery of Short In-
terfering RNA Using Endosomolytic Cell-Penetrating Peptides. FASEB Journal
2007;21(11) 2664-2671.

Simeoni F, Morris MC, Heitz F, Divita G. Insight into the Mechanism of the Peptide-
Based Gene Delivery System Mpg: Implications for Delivery of siRNA into Mamma-
lian Cells. Nucleic Acids Research 2003;31(11) 2717-2724.

Zeineddine D, Papadimou E, Chebli K, Gineste M, Liu J, Grey C, Thurig S, Behfar A,
Wallace VA, Skerjanc IS, Puceat M. Oct-3/4 Dose Dependently Regulates Specifica-
tion of Embryonic Stem Cells toward a Cardiac Lineage and Early Heart Develop-
ment. Developmental Cell 2006;11(4) 535-546.

Kim W], Christensen LV, Jo S, Yockman JW, Jeong JH, Kim YH, Kim SW. Cholesteryl
Oligoarginine Delivering Vascular Endothelial Growth Factor siRNA Effectively In-
hibits Tumor Growth in Colon Adenocarcinoma. Molecular Therapy 2006;14(3)
343-350.

Davidson TJ, Harel S, Arboleda VA, Prunell GF, Shelanski ML, Greene LA, Troy CM.
Highly Efficient Small Interfering RNA Delivery to Primary Mammalian Neurons In-

duces microRNA-Like Effects before mRNA Degradation. Journal of Neuroscience
2004;24(45) 10040-10046.

Turner JJ, Jones S, Fabani MM, Ivanova G, Arzumanov AA, Gait MJ. RNA Targeting
with Peptide Conjugates of Oligonucleotides, siRNA and Pna. Blood Cells, Mole-
cules, and Diseases 2007;38(1) 1-7.

Chiu YL, Ali A, Chu CY, Cao H, Rana TM. Visualizing a Correlation between siRNA
Localization, Cellular Uptake, and RNAi in Living Cells. Chemistry and Biology
2004;11(8) 1165-1175.

Frankel AD, Pabo CO. Cellular Uptake of the Tat Protein from Human Immunodefi-
ciency Virus. Cell 1988;55(6) 1189-1193.

Vives E, Brodin P, Lebleu B. A Truncated HIV-1 Tat Protein Basic Domain Rapidly
Translocates through the Plasma Membrane and Accumulates in the Cell Nucleus.
Journal of Biological Chemistry 1997;272(25) 16010-16017.

Jones AT. Macropinocytosis: Searching for an Endocytic Identity and Role in the Up-
take of Cell Penetrating Peptides. Journal of Cellular and Molecular Medicine
2007;11(4) 670-684.

Patel LN, Zaro JL, Shen WC. Cell Penetrating Peptides: Intracellular Pathways and
Pharmaceutical Perspectives. Pharmaceutical Research 2007;24(11) 1977-1992.

Hassani Z, Lemkine GF, Erbacher P, Palmier K, Alfama G, Giovannangeli C, Behr JP,
Demeneix BA. Lipid-Mediated siRNA Delivery Down-Regulates Exogenous Gene
Expression in the Mouse Brain at Picomolar Levels. The Journal of Gene Medicine
2005;7(2) 198-207.



[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

siRNA and Gene Formulation for Efficient Gene Therapy
http://dx.doi.org/10.5772/55518

Grayson AC, Doody AM, Putnam D. Biophysical and Structural Characterization of
Polyethylenimine-Mediated siRNA Delivery in Vitro. Pharmaceutical Research
2006;23(8) 1868-1876.

Spagnou S, Miller AD, Keller M. Lipidic Carriers of siRNA: Differences in the Formu-
lation, Cellular Uptake, and Delivery with Plasmid DNA. Biochemistry 2004;43(42)
13348-13356.

Bolcato-Bellemin AL, Bonnet ME, Creusatt G, Erbacher P, Behr JP. Sticky Overhangs
Enhance siRNA-Mediated Gene Silencing. Proceedings of the National Academy of
Sciences of the United States of America 2007;104 16050-16055.

Moghimi SM, Symonds P, Murray JC, Hunter AC, Debska G, Szewczyk A. A Two-
Stage Poly(Ethylenimine)-Mediated Cytotoxicity: Implications for Gene Transfer/
Therapy. Molecular Therapy 2005;11(6) 990-995.

Werth S, Urban-Klein B, Dai L, Hobel S, Grzelinski M, Bakowsky U, Czubayko F,
Aigner A. A Low Molecular Weight Fraction of Polyethylenimine (PEI) Displays In-
creased Transfection Efficiency of DNA and siRNA in Fresh or Lyophilized Com-
plexes. Journal of Controlled Release 2006;112(2) 257-270. DOI: 10.1016/j.jconrel.
2006.02.0009.

Boussif O, Lezoualc'h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, Behr JP.
A Versatile Vector for Gene and Oligonucleotide Transfer into Cells in Culture and in
Vivo: Polyethylenimine. Proceedings of the National Academy of Sciences of the
United States of America 1995;92(16) 7297-7301.

Philipp A, Zhao X, Tarcha P, Wagner E, Zintchenko A. Hydrophobically Modified
Oligoethylenimines as Highly Efficient Transfection Agents for siRNA Delivery. Bio-
conjugate Chemistry 2009;20(11) 2055-2061.

Bajaj A, Kondaiah P, Bhattacharya S. Synthesis and Gene Transfection Efficacies of
PEI-Cholesterol-Based Lipopolymers. Bioconjugate Chemistry 2008;19(8) 1640-1651.

Breunig M, Hozsa C, Lungwitz U, Watanabe K, Umeda I, Kato H, Goepferich A.
Mechanistic Investigation of Poly(Ethyleneimine)-Based siRNA Delivery: Disulfide
Bonds Boost Intracellular Release of the Cargo. Journal of Controlled Release
2008;130(1) 57-63.

Mao S, Sun W, Kissel T. Chitosan-Based Formulations for Delivery of DNA and siR-
NA. Advanced Drug Delivery Reviews 2010;62(1) 12-27.

Liu X, Howard KA, Dong M, Andersen MO, Rahbek UL, Johnsen MG, Hansen OC,
Besenbacher F, Kjems J. The Influence of Polymeric Properties on Chitosan/siRNA
Nanoparticle Formulation and Gene Silencing. Biomaterials 2007;28(6) 1280-1288.

Katas H, Alpar HO. Development and Characterisation of Chitosan Nanoparticles
for siRNA Delivery. Journal of Controlled Release 2006;115(2) 216-225.

167



168 Gene Therapy - Tools and Potential Applications

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Menuel S, Fontanay S, Clarot I, Duval RE, Diez L, Marsura A. Synthesis and Com-
plexation Ability of a Novel Bis-(Guanidinium)-Tetrakis-(Beta-Cyclodextrin) Dendri-
meric Tetrapod as a Potential Gene Delivery (DNA and siRNA) System. Study of
Cellular siRNA Transfection. Bioconjugate Chemistry 2008;19(12) 2357-2362.

Hu-Lieskovan S, Heidel JD, Bartlett DW, Davis ME, Triche TJ. Sequence-Specific
Knockdown of Ews-Flil by Targeted, Nonviral Delivery of Small Interfering RNA In-

hibits Tumor Growth in a Murine Model of Metastatic Ewing's Sarcoma. Cancer Re-
search 2005;65(19) 8984-8992.

Davis ME. The First Targeted Delivery of siRNA in Humans Via a Self-Assembling,
Cyclodextrin Polymer-Based Nanoparticle: From Concept to Clinic. Molecular Phar-
maceutics 2009;6(3) 659-668.

Davis ME, Zuckerman JE, Choi CH, Seligson D, Tolcher A, Alabi CA, Yen Y, Heidel
JD, Ribas A. Evidence of RNAi in Humans from Systemically Administered siRNA
Via Targeted Nanoparticles. Nature 2010;464(7291) 1067-1070.

O'Mahony AM, Ogier ], Desgranges S, Cryan JF, Darcy R, O'Driscoll CM. A Click
Chemistry Route to 2-Functionalised Pegylated and Cationic Beta-Cyclodextrins: Co-

Formulation Opportunities for siRNA Delivery. Organic and Biomolecular Chemis-
try 2012;10(25) 4954-4960.

Zhu L, Mahato RI. Lipid and Polymeric Carrier-Mediated Nucleic Acid Delivery. Ex-
pert Opinion on Drug Delivery 2010;7(10) 1209-1226.

Dufes C, Uchegbu IF, Schitzlein AG. Dendrimers in Gene Delivery. Advanced Drug
Delivery Reviews 2005;57(15) 2177-2202.

Zinselmeyer BH, Mackay SP, Schatzlein AG, Uchegbu IF. The Lower-Generation Pol-
ypropylenimine Dendrimers Are Effective Gene-Transfer Agents. Pharmaceutical
Research 2002;19(7) 960-967.

Fischer D, Li Y, Ahlemeyer B, Krieglstein ], Kissel T. In Vitro Cytotoxicity Testing of
Polycations: Influence of Polymer Structure on Cell Viability and Hemolysis. Bioma-
terials 2003;24(7) 1121-1131.

Sonawane ND, Szoka FC, Verkman AS. Chloride Accumulation and Swelling in En-
dosomes Enhances DNA Transfer by Polyamine-DNA Polyplexes. Journal of Biologi-
cal Chemistry 2003;278(45) 44826-44831.

Taratula O, Savla R, He HX, Minko T. Poly(Propyleneimine) Dendrimers as Potential
siRNA Delivery Nanocarrier: From Structure to Function. International Journal of
Nanotechnology 2011;8(1-2) 36-52.

Perez AP, Romero EL, Morilla MJ. Ethylendiamine Core PAMAM Dendrimers/
siRNA Complexes as in Vitro Silencing Agents. International Journal of Pharmaceu-
tics 2009;380(1-2) 189-200.



[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

siRNA and Gene Formulation for Efficient Gene Therapy
http://dx.doi.org/10.5772/55518

Felgner PL, Gadek TR, Holm M, Roman R, Chan HW, Wenz M, Northrop JP, Ring-
old GM, Danielsen M. Lipofection: A Highly Efficient, Lipid-Mediated DNA-Trans-
fection Procedure. Proceedings of the National Academy of Sciences of the United
States of America 1987;84(21) 7413-7417.

Martin B, Sainlos M, Aissaoui A, Oudrhiri N, Hauchecorne M, Vigneron JP, Lehn JM,
Lehn P. The Design of Cationic Lipids for Gene Delivery. Current Pharmaceutical
Design 2005;11(3) 375-394.

Bhattacharya S, Bajaj A. Advances in Gene Delivery through Molecular Design of
Cationic Lipids. Chemical Communications 2009;(31) 4632-4656.

Shirazi RS, Ewert KK, Leal C, Majzoub RN, Bouxsein NF, Safinya CR. Synthesis and
Characterization of Degradable Multivalent Cationic Lipids with Disulfide-Bond
Spacers for Gene Delivery. Biochimica et Biophysica Acta-Biomembranes
2011;1808(9) 2156-2166.

Guenin E, Herve AC, Floch V, Loisel S, Yaouanc JJ, Clement JC, Ferec C, des Abbayes
H. Cationic Phosphonolipids Containing Quaternary Phosphonium and Arsonium
Groups for DNA Transfection with Good Efficiency and Low Cellular Toxicity. An-
gewandte Chemie International Edition 2000;39(3) 629-631.

Floch V, Loisel S, Guenin E, Herve AC, Clement JC, Yaouanc JJ, des Abbayes H, Fer-
ec C. Cation Substitution in Cationic Phosphonolipids: A New Concept to Improve
Transfection Activity and Decrease Cellular Toxicity. Journal of Medicinal Chemistry
2000;43(24) 4617-4628.

Hasegawa S, Hirashima N, Nakanishi M. Comparative Study of Transfection Effi-
ciency of Cationic Cholesterols Mediated by Liposomes-Based Gene Delivery. Bioor-
ganic and Medicinal Chemistry Letters 2002;12(9) 1299-1302.

Felgner JH, Kumar R, Sridhar CN, Wheeler CJ, Tsai Y], Border R, Ramsey P, Martin
M, Felgner PL. Enhanced Gene Delivery and Mechanism Studies with a Novel Series
of Cationic Lipid Formulations. Journal of Biological Chemistry 1994;269(4)
2550-2561.

Bennett MJ, Aberle AM, Balasubramaniam RP, Malone JG, Malone RW, Nantz MH.
Cationic Lipid-Mediated Gene Delivery to Murine Lung: Correlation of Lipid Hydra-
tion with in Vivo Transfection Activity. Journal of Medicinal Chemistry 1997;40(25)
4069-4078.

Sen J, Chaudhuri A. Design, Syntheses, and Transfection Biology of Novel Non-Cho-
lesterol-Based Guanidinylated Cationic Lipids. Journal of Medicinal Chemistry
2005;48(3) 812-820.

Gao H, Hui KM. Synthesis of a Novel Series of Cationic Lipids That Can Act as Effi-
cient Gene Delivery Vehicles through Systematic Heterocyclic Substitution of Choles-
terol Derivatives. Gene Therapy 2001;8(11) 855-863.

169



170 Gene Therapy - Tools and Potential Applications

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

Schmid N, Behr JP. Location of Spermine and Other Polyamines on DNA as Re-
vealed by Photoaffinity Cleavage with Polyaminobenzenediazonium Salts. Biochem-
istry 1991;30(17) 4357-4361.

Bernstein H-G, Miiller M. The Cellular Localization of the L-Ornithine Decarboxy-
lase/Polyamine System in Normal and Diseased Central Nervous Systems. Progress
in Neurobiology 1999;57(5) 485-505.

Janne ], Poso H, Raina A. Polyamines in Rapid Growth and Cancer. Biochimica et Bi-
ophysica Acta 1978;473(3-4) 241-293.

Fozard JR, Part ML, Prakash NJ, Grove ], Schechter PJ, Sjoerdsma A, Koch-Weser ].
L-Ornithine Decarboxylase: An Essential Role in Early Mammalian Embryogenesis.
Science 1980;208(4443) 505-508.

Pegg AE, Seely JE, Poso H, della Ragione F, Zagon IA. Polyamine Biosynthesis and
Interconversion in Rodent Tissues. Federation Proceedings 1982;41(14) 3065-3072.

Pegg AE, McCann PP. Polyamine Metabolism and Function. American Journal of
Physiology 1982;243(5) C212-221.

Janne J, Alhonen L, Leinonen P. Polyamines - from Molecular-Biology to Clinical-Ap-
plications. Annals of Medicine 1991;23(3) 241-259.

Hougaard DM. Polyamine Cytochemistry: Localization and Possible Functions of
Polyamines. International Review of Cytology 1992;138 51-88.

Behr JP, Demeneix B, Loeffler JP, Perez-Mutul ]. Efficient Gene Transfer into Mam-
malian Primary Endocrine Cells with Lipopolyamine-Coated DNA. Proceedings of
the National Academy of Sciences of the United States of America 1989;86(18)
6982-6986.

Moradpour D, Schauer JI, Zurawski VR, Wands JR, Boutin RH. Efficient Gene Trans-
fer into Mammalian Cells with Cholesteryl-Spermidine. Biochemical and Biophysical
Research Communications 1996;221(1) 82-88.

Geall AJ, Eaton MAW, Baker T, Catterall C, Blagbrough IS. The Regiochemical Distri-
bution of Positive Charges Along Cholesterol Polyamine Carbamates Plays Signifi-
cant Roles in Modulating DNA Binding Affinity and Lipofection. FEBS Letters
1999;459(3) 337-342.

Fujiwara T, Hasegawa S, Hirashima N, Nakanishi M, Ohwada T. Gene Transfection
Activities of Amphiphilic Steroid-Polyamine Conjugates. Biochimica et Biophysica
Acta-Biomembranes 2000;1468(1-2) 396-402.

Koynova R, Tenchov B, Wang L, MacDonald RC. Hydrophobic Moiety of Cationic
Lipids Strongly Modulates Their Transfection Activity. Molecular Pharmaceutics
2009;6(3) 951-958.



[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

siRNA and Gene Formulation for Efficient Gene Therapy
http://dx.doi.org/10.5772/55518

Incani V, Lavasanifar A, Uludag H. Lipid and Hydrophobic Modification of Cationic
Carriers on Route to Superior Gene Vectors. Soft Matter 2010;6(10) 2124-2138.

Koynova R, Tenchov B. Cationic Phospholipids: Structure-Transfection Activity Rela-
tionships. Soft Matter 2009;5(17) 3187-3200.

Floch V, Legros N, Loisel S, Guillaume C, Guilbot ], Benvegnu T, Ferrieres V, Plus-
quellec D, Ferec C. New Biocompatible Cationic Amphiphiles Derivative from Gly-
cine Betaine: A Novel Family of Efficient Nonviral Gene Transfer Agents.
Biochemical and Biophysical Research Communications 1998;251(1) 360-365.

Wang J, Guo X, Xu Y, Barron L, Szoka FC, Jr. Synthesis and Characterization of Long
Chain Alkyl Acyl Carnitine Esters. Potentially Biodegradable Cationic Lipids for Use
in Gene Delivery. Journal of Medicinal Chemistry 1998;41(13) 2207-2215.

Laxmi AA, Vijayalakshmi P, Kaimal TN, Chaudhuri A, Ramadas Y, Rao NM. Novel
Non-Glycerol-Based Cytofectins with Lactic Acid-Derived Head Groups. Biochem:i-
cal and Biophysical Research Communications 2001;289(5) 1057-1062.

Heyes JA, Niculescu-Duvaz D, Cooper RG, Springer CJ. Synthesis of Novel Cationic
Lipids: Effect of Structural Modification on the Efficiency of Gene Transfer. Journal
of Medicinal Chemistry 2002;45(1) 99-114.

Lindner LH, Brock R, Arndt-Jovin D, Eibl H. Structural Variation of Cationic Lipids:
Minimum Requirement for Improved Oligonucleotide Delivery into Cells. Journal of
Controlled Release 2006;110(2) 444-456.

Xu YH, Szoka FC. Mechanism of DNA Release from Cationic Liposome/DNA Com-
plexes Used in Cell Transfection. Biochemistry 1996;35(18) 5616-5623.

Ghonaim HM, Ahmed OAA, Pourzand C, Blagbrough IS. Varying the Chain Length
in N*,N°-Diacyl Spermines: Non-Viral Lipopolyamine Vectors for Efficient Plasmid
DNA Formulation. Molecular Pharmaceutics 2008;5(6) 1111-1121.

McGregor C, Perrin C, Monck M, Camilleri P, Kirby AJ. Rational Approaches to the
Design of Cationic Gemini Surfactants for Gene Delivery. Journal of the American
Chemical Society 2001;123(26) 6215-6220.

Heyes J, Palmer L, Bremner K, MacLachlan I. Cationic Lipid Saturation Influences In-
tracellular Delivery of Encapsulated Nucleic Acids. Journal of Controlled Release
2005;107(2) 276-287.

Hattori Y, Hagiwara A, Ding W, Maitani Y. Nacl Improves siRNA Delivery Mediated
by Nanoparticles of Hydroxyethylated Cationic Cholesterol with Amido-Linker. Bio-
organic and Medicinal Chemistry Letters 2008;18(19) 5228-5232.

Rao NM, Gopal V. Cationic Lipids for Gene Delivery in Vitro and in Vivo. Expert
Opinion on Therapeutic Patents 2006;16(6) 825-844.

Ilies MA, Seitz WA, Johnson BH, Ezell EL, Miller AL, Thompson EB, Balaban AT.
Lipophilic Pyrylium Salts in the Synthesis of Efficient Pyridinium-Based Cationic

171



172 Gene Therapy - Tools and Potential Applications

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

Lipids, Gemini Surfactants, and Lipophilic Oligomers for Gene Delivery. Journal of
Medicinal Chemistry 2006;49(13) 3872-3887.

Zhu L, Lu Y, Miller DD, Mahato RI. Structural and Formulation Factors Influencing
Pyridinium Lipid-Based Gene Transfer. Bioconjugate Chemistry 2008;19(12)
2499-2512.

Medvedeva DA, Maslov MA, Serikov RN, Morozova NG, Serebrenikova GA, She-
glov DV, Latyshev AV, Vlassov VV, Zenkova MA. Novel Cholesterol-Based Cationic
Lipids for Gene Delivery. Journal of Medicinal Chemistry 2009;52(21) 6558-6568.

Guo X, Szoka FC. Chemical Approaches to Triggerable Lipid Vesicles for Drug and
Gene Delivery. Accounts of Chemical Research 2003;36(5) 335-341.

Chen HG, Zhang HZ, McCallum CM, Szoka FC, Guo X. Unsaturated Cationic Ortho
Esters for Endosome Permeation in Gene Delivery. Journal of Medicinal Chemistry
2007;50(18) 4269-4278.

Bajaj A, Kondaiah P, Bhattacharya S. Effect of the Nature of the Spacer on Gene
Transfer Efficacies of Novel Thiocholesterol Derived Gemini Lipids in Different Cell
Lines: A Structure-Activity Investigation. Journal of Medicinal Chemistry 2008;51(8)
2533-2540.

Metwally AA, Pourzand C, Blagbrough IS. Efficient Gene Silencing by Self-assem-
bled Complexes of siRNA and Symmetrical Fatty Acid Amides of Spermine, Phar-
maceutics 2011;3 125-140. DOI: 10.3390/pharmaceutics3020125.

Metwally AA, Blagbrough IS. Self-assembled Lipoplexes of Short Interfering RNA
(siRNA) Using Spermine-based Fatty Acid Amide Guanidines: Effect on Gene Silenc-
ing Efficiency, Pharmaceutics 2011;3 406-424. DOI: 10.3390/pharmaceutics3030406.

Blagbrough IS, Metwally AA, Ghonaim HM, Asymmetrical N4,N9-Diacyl Sper-
mines: SAR studies of Nonviral Lipopolyamine Vectors for Efficient siRNA Delivery
with Silencing of EGFP Reporter Gene, Molecular Pharmaceutics 2012;9 1853-1861.

Metwally AA, Reelfs O, Pourzand C, Blagbrough IS, Efficient Silencing of EGFP Re-
porter Gene with siRNA Delivered by Asymmetrical N4,N9-Diacyl Spermines, Mo-
lecular Pharmaceutics 2012;9 1862-1876.

Metwally AA, Blagbrough IS, Mantell JM, Quantitative Silencing of EGFP Reporter
Gene by Self-assembled siRNA Lipoplexes of LinOS and Cholesterol, Molecular
Pharmaceutics, 2012;9 3384-3395. DOI: 10.1021/mp300435x.

Nguyen DN, Mahon KP, Chikh G, Kim P, Chung H, Vicari AP, Love KT, Goldberg
M, Chen S, Krieg AM, Chen JZ, Langer R, Anderson DG. Lipid-derived Nanoparti-
cles for Immunostimulatory RNA Adjuvant Delivery. Proceedings of the National
Academy of Sciences of the United States of America 2012;109(14) E797-E803. DOI:
10.1073/pnas.1121423109.



[180]

[181]

[182]

siRNA and Gene Formulation for Efficient Gene Therapy
http://dx.doi.org/10.5772/55518

Lee H, Lytton-Jean AKR, Chen Y, Love KT, Park Al, Karagiannis ED, Sehgal A,
Querbes W, Zurenko CS, Jayaraman M, Peng CG, Charisse K, Borodovsky A, Mano-
haran M, Donahoe JS, Truelove ], Nahrendorf M, Langer R, Anderson DG. Molecu-
larly Self-assembled Nucleic Acid Nanoparticles for Targeted in Vivo siRNA
Delivery. Nature Nanotechnology 2012;7(6) 389-393. DOI: 10.1038/NNANO.2012.73.

Geall AJ, Verma A, Otten GR, Shaw CA, Hekele A, Banerjee K, Cu Y, Beard CW, Bri-
to LA, Krucker T, O'Hagan DT, Singh M, Mason PW, Valiante NM, Dormitzer PR,
Barnett SW, Rappuoli R, Ulmer JB, Mandl CW. Nonviral Delivery of Self-amplifying
RNA Vaccines. Proceedings of the National Academy of Sciences of the United States
of America 2012;109(36) 14604-14609. DOI: 10.1073/pnas.1209367109.

Duan S, Yuan W, Wu F, Jin T. Polyspermine Imidazole-4,5-imine, a Chemically Dy-
namic and Biologically Responsive Carrier System for Intracellular Delivery of siR-
NA. Angewandte Chemie International Edition 2012;51(32), 7938-7941. DOI: 10.1002/
anie.201201793.

173



ntechOpen

ntechOpen



