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FOREWORD

FOREWORD

The mechanism of RNA silencing has first been evidenced in plants [1]. Then, studies on the
nematode Caenorhabditis elegans identified a similar phenomenon, called RNA interference (RNAI).
RNAi was described as a naturally occurring mechanism that induced sequence-specific post-
transcriptional gene silencing and that was mediated by long double stranded RNAs [2]. Few years
later, the administration of exogenous small interfering RNA (siRNA) of 21-22 nucleotides in
mammalian cells successfully induced the silencing of endogenous and heterologous genes [3].

This discovery has created new perspectives for the development of gene medicines, especially for
the treatment of diseases that are characterized by an overexpression of specific proteins. The RNAI
technology promised the rapid development of highly specific therapeutics that could theoretically
silence any gene, thus overcoming the issue of undruggable targets. However, after the initial
enthusiasm, it clearly appeared that the delivery of small RNAs molecules required precisely
engineered nanosystems. Although recent progresses have been made in the understanding of the
siRNA delivery modalities, as well as in the design of siRNA delivery systems, the translational
development of RNAi-based drugs remains challenging and researchers are still looking for powerful
delivery approaches.

This work investigated the biopolymer chitosan as the basis material for the elaboration of a siRNA
delivery system and was done in collaboration with different academic and industrial partners. The
group of the Professor Marchand-Brynaert (Molecules, Solid and Reactivity, Institute of Condensed
Matter and Nanosciences, Université Catholique de Louvain) was involved in the synthesis and the
characterization of the targeting moieties. The synthesis of the copolymer i.e. the PEGylated chitosan
was performed in the laboratory of the Professor Jérome (Center for Education and Research on
Macromolecules, Université de Liége). The industrial company Kitozyme was in charge of providing
chitosan batches derived from fungal sources.

Our work was first to formulate the nanoparticles for the delivery of siRNA based on the copolymer.
This implies the physico-chemical characterization of the nanoparticles as well as their optimization
in order to meet the requirements of a potential future I.V. administration. Secondly, we investigated
and characterized the in vitro biological activity of the nanoparticles, especially in terms of their gene
silencing efficiency and their cellular internalization. We worked in close collaboration with the group
of the Professor Feron (Angiogenesis and Cancer Research Lab, Pole of Pharmacology and
Therapeutics, Université Catholique de Louvain), for its expertise in tumor models and therapeutic
targets.

[1] C. Napoli, C. Lemieux, and R. Jorgensen, Introduction of a Chimeric Chalcone Synthase Gene into Petunia
Results in Reversible Co-Suppression of Homologous Genes in trans, Plant Cell, 2 (1990) 279-289.

[2] A. Fire, S. Xu, M. K. Montgomery, S. A. Kostas, S. E. Driver, and C. C. Mello, Potent and specific genetic
interference by double-stranded RNA in Caenorhabditis elegans, Nature, 391 (1998) 806-811.

[3] S. M. Elbashir, J. Harborth, W. Lendeckel, A. Yalcin, K. Weber, and T. Tuschl, Duplexes of 21-nucleotide
RNAs mediate RNA interference in cultured mammalian cells, Nature, 411 (2001) 494-498.
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I. RNA INTERFERENCE

1.1. AN INTRINSIC NATURAL MECHANISM

The discovery of RNA interference (RNAi) in 1998 revolutionized the understanding of gene
regulation. RNAI is a fundamental pathway in eukaryotic cells in which a short piece of RNA blocks
the translation or induces the destruction of mMRNA with sequence complementarities, inhibiting the
production of the corresponding protein [1]. This mechanism allows the regulation of gene networks
and biological processes and is mediated by small RNAs. In animals, three types of small RNA have

been described: micro RNA (miRNA), small interfering RNA (siRNA) and piwi-interacting RNA (piRNA).

Higher eukaryotes contain a few hundred genes that encode miRNAs. In the cell nucleus, long
primary hairpin miRNA transcripts (pri-miRNA) are processed by an RNase class Il nuclease Drosha
into a 70 nucleotide (nt) stem-loop structure called the pre-miRNA that lacks perfect Watson-Crick
complementarity. Subsequently, the pre-miRNA are exported by exportin-5 to the cell cytoplasm,
where RNase Il Dicer removes the loop, producing mature double-stranded miRNA of 21-23 nt with
2 nt 3’-overhangs. The miRNA binds to a multifunctional protein complex called RNA-induced
silencing complex (RISC) and guides the complex to a specific region in the targeted messenger RNA
(mRNA), called the 3’ untranslated region (UTR) (Fig. 1). The antisense strand (or guide strand) is
implicated in mRNA binding, while the sense strand (or passenger strand) is cleaved following RISC
binding by a helicase associated with RISC. Nucleotides 2-7 from the 5’-end of the antisense strand,
also called the seed region, are responsible for hybridizing to target mRNA with partial
complementarity. As a result, translation arrest or mRNA destabilization occurs [2]. Each miRNA
possesses multiple mRNA targets and leads to the silencing of a large variety of genes. The miRNA
have been found in all tissues and regulate more than 30% of the genes in mammals. Some genes are
more susceptible to miRNA regulation than others. For example, genes implicated in basic cellular
processes exhibit short 3° UTRs or the loss of miRNA-binding sites, thus avoiding or limiting miRNA
regulation. In contrast, enrichment for miRNA sites has been shown in genes involved in
developmental processes, suggesting that miRNAs may improve the fitness of the organism [3].
Furthermore, the expression of miRNAs is disturbed in cancers, with some being downregulated in
tumor tissues, suggesting that they function as tumor suppressors. Conversely, other miRNAs, called

oncomiRs, have been shown to act as oncogenes.

Endogenous siRNA (endo-siRNA) are double stranded RNAs that are 19-23 nt in length (7,5 nm) with
a 2-base 3’-overhang on each strand [4]. They originate from different genomic sites, such as

transposons, pseudogenes or endo-siRNA clusters [5]. Unlike miRNA, their biogenesis does not
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involve Drosha [6]. Long double stranded RNA (dsRNA) or hairpin-type dsRNA that are perfectly base-
paired are processed by Dicer to produce endo-siRNA. They utilize a similar mechanism to that of
miRNA in their binding to the transcript. However, due to the perfect complementarity between the
siRNA seed region and the 3’UTR of the target, the catalytic part of RISC, Argonaute 2, is activated,
thus leading to the enzymatic cleavage of the target transcript [1]. In contrast to ubiquitous miRNAs,
endo-siRNAs are found in specific tissues, such as ovary and somatic tissues. They act as gene

regulators and transposon suppressors in the soma and germline [6,7].

The final class of endogenous small RNA are the piwi-interacting RNA (piRNA), which are 24-32 nt in
length. They are encoded within cellular genomes and their biogenesis remains unclear. However, it
has been demonstrated that they bind to a subtype of Ago proteins called Piwi. They possess an
essential role during gametogenesis by suppressing the potentially hazardous mobility of
transposons [3]. They were found to collaborate with endo-siRNA to repress transposons in the

germline. Mutations of the piwi pathway results in severe effects on fertility [7].
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Figure 1: Schematic representation of endogenous and exogenous RNAi mechanisms
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1.2. RNAI AS A THERAPEUTIC TOOL: EXOGENOUS STRATEGIES

a. Actors

It was found that synthetic exogenous siRNA can be used to effectively silence mRNA in mammalian
cells [8]. This discovery opened the way for new therapeutic applications. Since then, the number of

publications has continuously increased (Fig. 2).

5000+ _
=  RNAI

40004 +  sSiRNA
3000 A

2000- . . .

number of publications

1000+ -

> |

0 : T T T T T 1
2000 2002 2004 2006 2008 2010 2012

Year

Figure 2: Number of publications for RNAi and siRNA from 2000 to 2012 (Pubmed search in title/abstract)

As the endo-siRNA, synthetic siRNA duplexes are typically 19-23 nt long with 2-base 3’-overhangs.
The antisense strand of siRNA is designed to perfectly match the targeted mRNA sequence. As a
result, the production of the protein encoded by the mRNA is inhibited. The duration of the inhibition
ranges from 3 to 7 days in dividing cells and 3 to 4 weeks in non-dividing cells [4]. SIRNA is designed

for one mRNA target. The antisense strand can be recycled and re-used [9].

RNAi can also be mediated by agents other than 19-23-mer synthetic siRNA. These mediation
strategies can occur at different levels of the RNAi machinery (Fig. 1). Some studies have
demonstrated that longer double stranded (dsRNA) are more efficient mediators than siRNA. In the
cell cytoplasm, long dsRNA are first processed by Dicer to generate siRNA. They are also called dicer-
substrate siRNA (DsiRNA). The processing by Dicer enhances the loading into RISC, improving the rate
and efficiency of the duplex entry into RISC and resulting in more efficient RNAi [10]. However,
dsRNA longer than 30 nt are thought to mediate a stronger immune response than smaller duplexes.
DsiRNA of 27 nt have demonstrated higher or similar gene silencing compared with conventional 19-

23-mer siRNA, depending on the target [11,12]. Furthermore, 27-mer duplexes were more resistant
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to nuclease degradation compared with 21-mers [13]. By using an asymmetric duplex with a 25-nt
sense strand and a 27-nt antisense strand with a 2-base 3’-overhang, it is possible to generate a
predictable 21-mer siRNA following Dicer cleavage. Moreover, the presence of two DNA residues at

the 3’end of the sense strand was shown to improve the reliability of Dicer cleavage [14].

Plasmid-encoding short hairpin RNA (shRNA) can be introduced into cells to generate siRNA. The
primary transcript is processed into pre-shRNA by Drosha then exported to the cell cytoplasm by
exportin-5, where it is further processed into siRNA (Fig. 1). Plasmids encoding shRNA are easy to
produce and manipulate. Moreover, they are lower in cost than siRNA. Once inside the cell, the
plasmid can produce large numbers of shRNA molecules, producing a potentially longer-lasting effect
compared with siRNA, which is 99% eliminated after 48 h [15]. Furthermore, compared with siRNA,
the loading of shRNA onto RISC is more efficient, and the potency was demonstrated to increase 250-
fold in a luciferase model [15]. However, it has been shown that the overexpression of shRNA
induces the saturation of exportin-5, which ensures transport out of the nucleus. Consequently, the
endogenous pre-miRNA pathway can be repressed, leading to lethality. For example, the transfection
of plasmid-encoding shRNA using viral vectors caused morbidity in mice and was related to the
down-regulation of two liver-derived miRNA [16]. However, when shRNA are produced in lower
quantities, neither oversaturation nor lethality occurs [17] and in general non-viral vectors are not
efficient enough to promote an overexpression of shRNA. Nevertheless, the initiation of gene
silencing can be delayed due to nuclear processing, and some of the essential processes to generate
mi/siRNA are saturable [18,19]. Moreover, the efficient delivery of shRNA necessitates an additional

step, i.e., the nucleus delivery.

b. Importance of siRNA and mRNA properties

The efficiency of RNAIi is primarily dependent on the molecules implicated in the pathway. The
sequence of the siRNA duplex as well as the target mRNA characteristics play an important role and
must be considered to maximize efficiency. The siRNA sequence determines the duplex conformation
and its stability. A number of guidelines and design criteria have been described to increase the
potency of siRNA duplexes. Moreover, algorithms compiling most of the criteria can be used for

duplex selection [20].

Of primary importance in determining efficiency is the selection of a strand presenting a 5’ end with
the lowest hybridization stability that will be loaded into RISC, namely the antisense strand (Fig. 3).
Therefore, a thermodynamic asymmetry between the two strands is required. To achieve such
asymmetry, A-U base pairs in the 5’end of the antisense strand are recommended along with

unlocked nucleic acids that are known to induce local destabilization [20]. In all cases, a 5’phosphate
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on the antisense strand is mandatory for activity. It is also possible to modify the 3’end of the sense

strand with a 2’-O-aminoethyl or a methyl group to obtain the same effect [21].

The global stability of the duplex, characterized by its free enthalpy, is a predictive factor for activity.
Destructured siRNA containing wobble links instead of van der Waals links has demonstrated higher
potency. Moreover, the sum of the guanine and cytosine (GC) content should be between 36-52%. At
higher contents the inhibition of RISC can occur, and at lower contents the hybridization between the

duplex and mRNA is weakened [20].

Finally, the presence of nucleotides in specific positions is required. For example, the presence of A
or U at position 1 of the antisense strand is recommended for asymmetry as well as at position 10,
which is the substrate cleavage site [20]. Generally, the 3’end of the antisense strand is more G/C

rich.

5 0T T TTTTTTTO 3 sense/ passenger
3 QA8 000 000000080008 000800 5 antisense / guide
I

cleavage site  “seed region” 1

weak base pairing
increases RNAi-potency

thermodynamical stability

Figure 3: 21-mer siRNA from [21].

SiRNA efficiency is also influenced by inherent parameters of the target mRNA, such as its
accessibility, structure and half-life. For example, it has been reported that increasing the
accessibility of the mRNA target leads to a 40% increase in efficiency. In comparison, siRNA sequence
optimization produces only a 26% increase [22]. Self-folding of the mRNA 3’end can be an issue, as
this region is responsible for siRNA fixation and because activated RISC cannot unfold the mRNA
secondary structures. A structural analysis of the target mRNA has been proposed along with a more
precise screen for the absence of alternative foldings that could occlude the 3’end [23,24].

Algorithms such as Oligo Walk are also available to predict the self-folding of mRNA.

The mRNA turnover rate, which can be extremely variable in mammalian cells, with half-lives ranging
from minutes to days, is also a necessary consideration. It has been demonstrated that mRNA
transcripts with high turnover rates (< 200 min) are poorly silenced by exogenous siRNA [25].
Therefore, in theory, metabolic-related genes could be more easily repressed than apoptosis-related

genes or transcription factors, which typically exhibit shorter half-lives. This study suggests that the

10
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half-life of the targeted mRNA could be a supplementary factor in choosing the therapeutic target

[25].

1.3. LiMITATIONS OF SIRNA-MEDIATED SILENCING

RNAi has been reported to induce side-effects. These include specific off-target effects (OTE) that
silence non-target genes and non-specific OTEs, such as the induction of an innate immune response

and the saturation of the RNAi pathway.

Specific OTEs, also called miRNA-like OTEs, are gene perturbations due to unintended interactions
between siRNA and mRNA transcripts. More precisely, they are due to a partial sequence homology
between the seed region of the siRNA and the 3’UTR region of mRNA transcripts. Both the sense and
antisense strands of siRNA duplexes can be involved if poorly designed. OTEs result in undesirable
gene knockdown. As a consequence, changes in gene expression as well as toxicity may occur [26]
[18]. In general, the silencing efficiency induced by OTEs is approximately two-fold lower than that
observed for the targeted gene. Nevertheless, in some cases this reduction can have important
consequences [27]. Predictive bioinformatic approaches can be used to design highly effective and
selective siRNA, thus avoiding or limiting OTEs. Chemical modifications have been shown to avoid

complementarity with mRNA and thus decrease OTEs as well.

Synthetic siRNA duplexes are potent activators of the innate immune response, which is
characterized by the release of pro-inflammatory cytokines, including interleukins (IL), type |
interferons (IFN) and tumor necrosis factor-a (TNF-a). The immune response to siRNA can be induced
either by a toll-like receptor (TLR) or cytoplasmic receptor pathways (Fig. 4). TLRs are a family of
receptors involved in identifying pathogens, including TLR3, TLR7 and TLR8, which are implicated in
the immune response to siRNA [26]. TLR7/8 are the most involved in the siRNA immune response
and are located in intracellular vesicles, especially endosomes. They recognize single-stranded siRNA
(ssRNA), unlike TLR3, which identifies double-stranded RNA (dsRNA). It has been reported that
TLR7/8 activation is determined by the siRNA sequence and ribonucleotide structure. For example,
the ‘danger motif’ (5’-GUCCUUCAA-3’) and similar GU-rich sequences often mediate activation,
resulting in the induction of IFN-a and IFN-y as well as IL-6 or TNF-a. Therefore, the careful design of
siRNA is crucial in avoiding the occurrence of sequences that induce TLR7/8 activation. TLR3 is
located both in the endosomes and on the cell surface, is implicated in the siRNA-mediated immune
response to a smaller extent, and its activation is less dependent on the siRNA sequence. However,

during the phase | clinical trials of the first RNAi molecule (bevasiranib, against age-related macular

11
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degeneration), TLR3 activation was responsible for anti-angiogenic effects through the release of IFN-

v and IL-12, necessitating the termination of the clinical trial.

Cytoplasmic receptors are involved in the immune response to siRNA as well: protein kinase PKR and
helicase RIG-1 (retinoic acid-inducible gene 1) can cause a strong IFN response when activated [20].
These receptors recognize particular dsRNA that are longer than the classic 21-mer, and, more

specifically, longer than 30 for PKR [14].

TLR-depenadni pathways TLR-indepenednt pathways
sRNA RVAVAVAY RN

S A

Transcription factor activation

Type | interfercns
and cytokines

Figure 4 : Immune responses induced by siRNA (from [20])

As shRNA are expressed in the nucleus and processed by the endogenous RNAi machinery, they
become less potent activators of the innate immune response compared with siRNA. However, they
can activate TLR9 if they have an unmethylated CpG motif, which is typically found in bacterial DNA.

The careful design of plasmid-encoding shRNA can prevent TLR9 activation [15].

Another notable limitation of exogenous RNAI is its potential competition with endogenous small
RNA pathways. Some studies have reported the deleterious effects of RNAi saturability, which
resulted in the disruption of potentially critical regulatory functions [16]. For example, shRNA
processing is closely related to miRNA genesis, and both mechanisms involve exportin-5 for nucleus
export, which is a saturable transport pathway [28]. The overexpression of shRNA can inhibit gene
regulation by competing with miRNA for exportin-5, resulting in morbidity [26]. Saturation can also

occur downstream from exportin-5. Indeed, the co-administration of multiple synthetic siRNA has
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been shown to decrease the efficacy of each individual siRNA and to inhibit miRNA functions. The
same effect was reported for the co-administration of shRNA and siRNA. As siRNA processing does
not rely on exportin-5, these results suggested saturation at the level of incorporation into RISC [28].
Apparently, the competition of exogenous si/shRNA with each other is correlated with their potency
and therefore sequence. Moreover, it has been suggested that the lack of competition of
endogenous miRNA may be due to their slower kinetic incorporation into RISC compared with

exogenous nucleic acids [28].

A new generation of RNA silencing actors has recently been demonstrated to overcome the
limitations of the commonly used RNAi mediators [2]. To reduce OTEs by eliminating sense strand
activity, asymmetric interfering RNA (aiRNA) and small internally segmented RNA (sisiRNA) were
developed. AiIRNA are composed of a shortened sense strand (15 nt), while sisiRNA a fragmented
sense strand. These modifications prevent the sense strand from acting as a RISC substrate.
Substitutions of RNA with DNA at precise positions, so called RNA-DNA chimeras, were found to exert
the same effect. Finally, multiple effectors, such as the pri-miRNA cluster mimics or tandem siRNA,
are able to generate multiple small RNA within a single construct. This approach could be
advantageous in targeting biological pathways by silencing multiple genes [2]. Although further
design improvements are necessary, this new generation of small RNA represents an interesting

approach and a potential solution to common RNAI hurdles.

13



CHAPTER | - INTRODUCTION

Il. UNDERSTAND RNAI TO DEVELOP A SIRNA DELIVERY SYSTEM TO
TREAT CANCER

Although siRNA have demonstrated excellent potential in vitro, their in vivo delivery presents
considerable challenges. The barriers to siRNA administration are of course dependent on the
delivery modality and on the targeted tissue. In the case of cancer therapy, intravenous (l.V.)
injection is usually required [29]. Therefore, the following sections focus on intravenous siRNA

delivery.

11.1. THE CHALLENGES OF EFFECTIVE SIRNA DELIVERY IN VIVO

Due to their intrinsic properties, siRNA cannot be administered directly. siRNA exhibit high molecular
weights and anionic charges and are hydrophilic, preventing their diffusion across cellular
membranes. Furthermore, siRNA molecules are extremely labile and are degraded by nucleases,
which are found in biological fluids and tissues. In blood, the primary nuclease involved is a 3’
exonuclease, but the cleavage of internucleotide links can occur as well [30]. Naked exogenous siRNA
are 99% degraded in blood within a few minutes. Thus, delivery systems are required to encapsulate
and efficiently protect the siRNA to deliver intact siRNA molecules to the tumor. In recent years,
different types of delivery systems have been investigated. First, viral vectors were developed that
presented high transfection efficiency but strong immunogenicity. Subsequently, numerous non-viral
vectors were synthesized. These are usually composed of lipids or polymers and can be generically
designated as nanocarriers. In comparison with the viral vectors, they present a better safety profile
but lower transfection efficiency. From I.V. administration to cytoplasmic delivery, nanocarriers face
numerous barriers. For all nanocarriers, these barriers are (i) potential instability in blood, (ii)
phagocytic capture, (iii) tumor distribution, (iv) cellular internalization and (v) endosomal escape (Fig.
5). A better understanding of these barriers is required for the development of powerful siRNA

delivery systems.
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Figure 5: Biological barriers to siRNA delivery after I.V. administration adapted from [31].

1.1.1. Blood transit: stability and immune system evasion

The stability of nanocarriers in blood is a crucial parameter. Immediate dilution can be hazardous for
the integrity of the formulation. Moreover, blood components can destabilize the delivery vehicle
[32]. Due to the binding of proteins such as albumin or fibrinogen, the aggregation of nanocarriers
can occur, leading to embolism and toxicity. Conversely, negatively charged components can
compete with siRNA for binding to cationic lipids or polymers. As a result, nanocarriers will

disassemble in the bloodstream, inducing siRNA release followed by its renal filtration [33].

If the nanocarrier is unstable or partially destabilized, interactions with blood components can
nonetheless induce changes in the vehicle charge or composition, affecting the nanocarrier

biodistribution, its interactions with cells and consequently its cellular uptake.

Numerous techniques are used to study the behavior of the delivery vehicle in biological fluids and
can aid the optimization of formulations. Fluorescence fluctuation spectroscopy (FFS)

microscopy-based technique that can monitor the integrity of the delivery system (Fig. 6A). The
SiRNA is labeled with a fluorophore and fluctuations in the fluorescence intensity in plasma are

monitored over time. In the case of free siRNA, a constant signal is detected, which is proportional to
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the siRNA concentration. Upon complexation with the nanocarriers, variations in the signal intensity
occur, with peaks corresponding to nanocarriers bearing a high quantity of siRNA. The baseline signal
between peaks is proportional to the amount of free siRNA in the medium. By measuring the
background fluorescence, it is thus possible to quantify the amount of siRNA released from the

delivery system over time [34].

In addition to its integrity, the size of the delivery vehicle is another crucial factor, as it can affect the
biodistribution of the siRNA delivery system and/or cause toxicity. Nanoparticle size measurements
in solution are most commonly made using a NanoSizer (Malvern UK), which functions based on
dynamic light scattering. However, this technique is incompatible with biological fluids, such as
plasma, as the laser light will be scattered by the biological components. Thus, the measurements
obtained will not be representative only of the nanocarrier size but rather of a mix between the
plasma components and the nanocarriers. Fluorescence Single Particle Tracking (fSPT) is a
microscopy technique that can track the movement of individual fluorescently labeled particles (Fig.
6B). The motion trajectory of every single particle diffusing in the fluid is recorded and analyzed. The
diffusion coefficient of each trajectory can then be calculated, providing a distribution of diffusion
coefficients that can be converted to a size distribution using the Stokes-Einstein equation [35].
Recently, the commercially available apparatus Nanosight, which is based on the principle of particle

tracking, has been used for size measurements in biological fluids.

As mentioned previously, interactions of the nanocarrier with the blood components can alter the
stability as well as the biodistribution of the delivery system. Conversely, these contacts can affect
the blood cell viability. Hemocompatible formulations can be defined as formulations which do not
result in any form of toxicity and remain efficacious after being exposed to the blood [36]. Besides
the standard hemolysis assay (which measures the release of hemoglobin from damaged
erythrocytes) or the platelet aggregation method, new approaches have been developed for the
evaluation of the hemocompatibility of a delivery system. SPT has been used to determine the
fraction of the nanocarriers that have interacted with the blood cells. In addition, flow cytometry was
employed to quantify the amount of fluorescently-labeled nanocarriers that were internalized by the
blood cells and thus potentially affected their viability. The results showed that the PEGylated
dextran nanogels strongly interacted with the erythrocytes as well as with the leukocytes and the
platelets but to a lower extent. The negatively charged nanogels appeared to be the safest
formulation. More data about the hemocompatibility of polymeric delivery systems would be very

useful for the future translational development of such systems.
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Figure 6: Principle of (A) fluorescence fluctuation spectroscopy FFS and (B) single particle tracking SPT from [34]

and [35].

Another critical step is the adsorption of opsonins (immunoglobulins Ig, complement-related
components) to the nanocarrier surface, which results in uptake by the macrophages of the
mononuclear phagocyte system (MPS) and the subsequent clearance of the nanocarrier. Highly
charged nanocarriers, regardless of the type of charge, preferentially fix the complement proteins.

Surface hydrophobicity is a major factor for opsonization; indeed, IgG and fibronectin possess a high
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affinity for hydrophobic regions. For example, nanocarriers made of hydrophobic polymers such as
poly(lactide-co-glicolide) (PLGA) or poly(alkylcyanoacrylate) (PACA) are subject to important
opsonization [37]. Thus, to reduce adsorption, the design of stealth nanocarriers is mandatory. For
this purpose, hydrophilic polymers, usually poly(ethylene glycol) (PEG), are grafted onto the
nanocarrier surface. This PEG shielding provides a steric barrier to the nanocarrier. Moreover, it will
confer long circulation properties to the delivery vehicle. PEG shielding is thought to change the
opsonization pattern, with a decrease in opsonin binding and an increase in dysopsonin adsorption,
the latter preventing recognition and phagocyte uptake, likely due to changes in the protein
conformation [38]. However, the mechanisms are still unclear and under debate [32]. The PEG
molecular weight and density must be optimized because insufficient or inhomogeneous PEGylation
will result in clearance [39]. In addition, a ‘brush-like’ conformation is preferred [32]. High molecular
weight hyaluronic acid has been suggested as an alternative to PEG [40]. Indeed, this polymer

possesses hydrated hydrogel-like mobile molecular chains that can act as a steric barrier [41].

Recently, two different types of positively charged nanocarriers that were 10-100 nm size and self-
assembled by electrostatic forces were subjected to renal clearance [39,42]. The first carrier, a
cyclodextrin-based delivery system, remained stable in blood but accumulated in the glomerular
basement membrane where the negatively charged proteoglycans compete with siRNA for binding
and lead to vehicle disassembly. The residence time in kidneys was increased compared with the
injection of free siRNA. The second type of carriers, polymeric nanogels, were cleared from
circulation via different mechanisms, including renal clearance. To avoid this phenomenon,
negatively charged nanocarriers can be designed [42]. However, partial disassembly in blood can
reveal positive charges and lead to renal clearance as well. Heparan sulfate stability tests can help to

predict eventual renal clearance [39].

1.1.2. Tumoral delivery

Usually, molecules larger than 45 A (corresponding to the size of an immunoglobulin) cannot cross
the capillary endothelium and thus are not able to reach the targeted tissue [43]. However, in
tumors, structural changes in the vascular endothelium that result in increased permeability have
been reported. Open fenestrae are approximately 100-400 nm and can permit nanoparticle
extravasation, provided that the particles present a suitable size. Moreover, tumors are characterized
by inefficient drainage. This passive phenomenon is called the enhanced permeability and retention
effect (EPR) and can be exploited for nanoparticle delivery to tumors. In the interstitial space, the
delivery vehicle has to survive in the extracellular fluids and to diffuse into the extracellular matrix,

which is a tight network of polysaccharides and proteins produced by the cell [44].
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The adherence of the nanocarrier to the cell surface is the first step in enabling further cellular
uptake. Usually, attachment to cells is mediated by non-specific hydrophobic or electrostatic
interactions. Thus, nanocarriers with high cationic charges or a hydrophobic surface are believed to
interact more strongly with cells. Cationic nanocarriers can interact with the anionic
glycosaminoglycans that compose the extracellular matrix (Fig. 7A). However, because of their
cationic charges, these nanocarriers are quite toxic and are more prone to opsonization and
clearance. Furthermore, they interact with cells in an unspecific manner and can deliver their
payload to non-targeted cells [45]. For these reasons, a more selective method for facilitating
adhesion to cells would be preferred. The grafting of targeting ligands onto the nanocarrier surface
that will recognize specific cell receptors is an interesting strategy (Fig. 7B and 9). The nanocarriers
are then preferentially taken up by the cells bearing the receptor, allowing specific targeting of the
desired tissue. This approach is called active targeting. The choice of ligand is based on the degree of
its receptor expression in the targeted tissue and on its limited presence or even absence in other
tissues [46]. Various types of ligands have been investigated for tumor targeting, such as monoclonal
antibodies, antibody fragments or non-antibody ligands. Non-antibody ligands present the
advantages of being readily manipulated and less expensive than antibodies [46]. The most
commonly described ligands are the tripeptide Arginine-Glycine-Aspartic acid (RGD), which targets
the cellular adhesion molecules integrins, folate and transferrin, which in turn target growth factor

receptors.

A [ B

Figure 7: (A) Non-specific binding to glycosaminoglycans through electrostatic interactions and (B) active
targeting via integrins, from [45].

The RGD sequence has been identified as the cellular attachment site of natural ligands and binds to
multiple integrin receptors i.e. all five a, integrins (a,B1, a.Bs, o,Bs, aBs, 0,Bg), two By integrins ( asP;
and ogB;) and a,,B;, however, with various degrees of affinity [47]. Small molecules that mimic the
RGD sequence and called RGD peptidomimetic (RGDp) have been designed to increase the affinity

towards the integrin receptors as well as to enhance the in vivo stability of such ligands (Fig. 8A-B)
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[48,49]. The RGD or the RGDp binds at the interface of the a and B subunits. X-ray crystal structures
of the RGD ligand complexed with the extracellular segments of the a,B; and the a,,3; integrins have
demonstrated identical interactions between the integrin active site and the ligand [47]: the R
residue is docked to the a subunit while the D residue is paired with metal ions and other modules

from the B subunit (Fig. 8C).
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Figure 8: A: Schematic representation of the structure of a RGDp (n=1-2) B: Conformational representation of
RGDp with R= Ry, n=1 and spacer = NH,. C: Docking of the RGDp presented in B in the active site of the a,B;
integrin (where a subunit is colored in yellow and B subunit in pink). The RGDp is colored is purple. Oxygen
atoms are in red, nitrogen atoms are in blue, hydrogen atom are in white and fluorine atoms are in cyan. The
Mn”" ion is shown as a green sphere. Adapted from [48].

The a,B; integrins represent an interesting target as they are upregulated in many types of tumor
and as they are overexpressed by in endothelial tumor cells as well [50]. Therefore, the targeting
approach can be dual, increasing the uptake efficiency (Fig. 8). Moreover, endothelial cells are more
accessible to nanocarriers than to tumor cells [51]. PEGylated liposomes were decorated with cyclic
RGD and loaded with a cocktail of three siRNA-targeting c-myc, Vascular Endothelial Growth Factor
(VEGF) and murine double minute (MDM?2). After systemic injection in lung-metastasized B16F10-

bearing mice, the accumulation of the targeted liposomes was greater in the tumor compared than
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in the non-targeted ones. This resulted in a 62.5% tumor growth reduction, while only 35.3% tumor

growth inhibition was observed with the non-targeted formulation [52].
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Figure 9: Schematic representation of integrin-targeting mechanisms using nanocarriers adapted from [53].

1.1.3. At the cellular level

Nanocarriers are generally internalized in the cell via endocytosis. Different endocytic pathways have
been described in mammalian cells. In addition to phagocytosis, non-phagocytic pathways exist and
are referred to as pinocytosis. They are not restricted to specialized cells, contrary to phagocytosis.
Four main pathways can be cited: (i) clathrin-mediated endocytosis, (ii) caveolae-mediated
endocytosis, (iii) macropinocytosis and (iv) other clathrin-independent and caveolae-independent
endocytosis [37]. Clathrin-mediated endocytosis is implicated in the uptake of numerous
macromolecules and nanocarriers 100 nm in diameter and is most likely the best-studied endocytic
mechanism [4] [45]. The internalization pathway of the nanocarrier has been shown to impact the
final cytoplasmic delivery of its cargo: chitosan-alginate DNA complexes taken up via the caveloae
pathway remained entrapped in the caveosomes, which did not undergo acidification, while
internalization via the clathrin-route in other cell lines allowed escape from the endosomes and

resulted in high transfection [54].
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1.1.4. Cytoplasmic release

Following internalization, the nanocarrier must escape the endocytic vesicle to release the siRNA into
the cytoplasm. At the beginning of the endocytosis, the nanocarrier is located in early endosomes
that progressively mature into late endosomes. This maturation is accompanied by acidification to
pH 5-6 due to proton accumulation via the proton pump ATPase. Usually, this ends with fusion with
the lysosomes, where the pH is 4-5 and the enzymatic environment is hazardous for the nanocarrier.
Thus, the nanocarrier must evade the endosomes prior to their fusion with lysosomes. Different
mechanisms have been proposed for the endosomal escape mediated by the nanocarrier. These
mechanisms differ depending on the nature of the delivery system. For polymeric nanocarriers, the
proton-sponge effect and the umbrella hypothesis are the most generally accepted mechanisms to
explain endosomal escape [55]. Typically, cationic polymers possess a high number of primary
amines with a pKa of approximately 6. During the acidification of the endosomes, the amines are
progressively protonated, leading to an influx of chloride ions in the endosomes to maintain charge
neutrality and increasing the ionic strength in the endosomes. This results in an influx of water,
leading to osmotic swelling and the physical rupture of the endosome (Fig. 10A). Moreover, the
tertiary amines of the polymer will be protonated as well, leading to electrostatic repulsion of the
neighboring amine groups and thus to polymer expansion. This mechanism is called the umbrella
hypothesis and is thought to contribute to the rupture of the endosomes for some polymers [55].
The proton sponge mechanism was observed for PEl [56] but it is still debated. Recently, it was
suggested that this mechanism was not the dominant contributor to endosomal escape and was
concomitant with evasion through membrane pores or holes [57]. Moreover, the release of the
lysosome content in the cytoplasm could be deleterious for the cell. Nevertheless, regardless of the
type of evasion mechanism, the use of polymers with abundant amino groups and a flexible structure

that can increase volumetrically is extremely advantageous.

For lipidic formulations, endosomal escape arises due to interactions of the cationic lipids with the
phospholipids of the endosomes. These interactions destabilize the endosome membrane, resulting

in siRNA release (Fig. 10B).

After the endosomal release, the siRNA has to be dissociated from the polymer in order to reach the
RNAi machinery. Once delivered to the cell cytoplasm, siRNA molecules must reach RISC. Some
authors have demonstrated that these complexes are concentrated in particular areas of the
cytoplasm and thus suggested that the location of the siRNA delivery to the cytoplasm should be

optimized [55].
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Figure 10: Schematic representation of the mechanism of endosomal escape for (A) polymeric and (B) lipidic
nanocarriers (adapted from [55]).

11.1.5. Quantifying the intracellular delivery of siRNA

The efficacy of a siRNA-based therapy strongly depends on the delivery of therapeutic siRNA
concentrations in the desired cells, tissues or organs. Usually, fluorescently-labelled siRNA are used
to estimate the delivery efficiency and the siRNA localization, both in vitro (flow cytometry,
microscopy) and in vivo (imaging techniques). However, these methods are not fully quantitative for
the delivery of the active compound, as they detect the fluorophore and not the siRNA itself. Thus,

the stem-loop reverse transcription quantitative polymerase chain reaction (RT-qPCR) approach has
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been developed to quantify the amount of small RNA delivered in the cells (Fig. 11). First described
for the quantification of miRNA [58,59], this approach has also been applied to siRNA, both for in
vitro [60] and in vivo quantification [61,62]. Because of the short length of siRNA and miRNA, the use
of stem-loop RT primers is necessary. Indeed, the stem loop primers provide higher specificity and
enables better sensitivity than conventional linear primers because of the base stacking and spatial

constraint of the stem-loop structure [58].

SiRNA Stem-loop RT primer
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Figure 11: Schematic representation of the stem-loop RT-qPCR method adapted from [63]: the stem-loop RT
primer binds to the 3’end of the siRNA antisens strand, initiating reverse transcription. The RT product is then
amplified using a specific forward PCR primer. The universal reverse primer is designed on the loop region to
avoid formation of primer dimers. The quantification is done by using SYBR Green | assay.
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Table I: SiRNA delivery: hurdles, causes and potential solutions
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siRNA cannot diffuse across cell X X X
membranes
siRNA is easily degraded
Aggregation of the NC X X
siRNA releasefrom the NC X X X
Rapid clearance X
Failure to reach the
therapeutic dose in the X X X
targeted cells
Delivery in other organs X X
Lysosomal degradation X
Triggering immune response
Inefficient mRNA silencing X X X

NC : nanocarrier, TLR : toll-like receptor, PKR: protein kinase, RIG-1: retinoic acid-inductible gene 1
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11.2. CONSIDERATIONS IN THE DESIGN OF AN EFFECTIVE RNAI THERAPEUTIC

Many efforts have been made to develop an effective siRNA delivery system that could bypass the
aforementioned in vivo barriers. Various methods have been employed to modify the chemical
structure of siRNA or to encapsulate them into smart nanocarriers. A combination of both

approaches will be advantageous in conferring optimal properties to the delivery system.

1.2.1. Improvements of siRNA features through chemical modifications

Modifications to the siRNA structure have been intensively studied in an attempt to overcome the
primary siRNA drawbacks, including its (i) low stability, (ii) poor pharmacokinetic behavior and (iii)
immune stimulant properties. Moreover, it was shown that some modifications can improve siRNA
potency by providing better loading into RISC or preventing specific OTEs [21]. In general, the sense
strand tolerates more modifications than the antisense strand or the extremities relative to the
central region. An ideal modification should impart new properties to the siRNA duplex without

decreasing its silencing activity [64]. Therefore, an optimal balance must be found.

1.2.1.1. Modifications within the nucleotide
Chemical modifications to the nucleotide structure can be used to address the instability of siRNA, to
reduce OTEs or to avoid an in vivo immune response [30]. Common chemical modifications are made

to the backbone or to the sugar of siRNA (Fig. 12).

Modifications to the sugar are most commonly used. The 2’-OH group of the ribose is sensitive to
many RNases. For example, ribonucleases are known to provoke nucleophilic attack via a 2’-3’ cyclic
phosphate intermediate followed by water hydrolysis [21]. Therefore, blocking the 2’-OH group is a
powerful strategy to avoid degradation. The addition of a 2’-O-methyl (2’-OMe) or 2’-deoxy-2’-fluoro
is commonly employed. Furthermore, 2’-OMe modifications at the second position of the sense or
antisense strand decrease the OTEs [65]. Moreover, a 2’-OMe modified 23-mer siRNA was able to
abolish immunostimulatory effects [66] and the same modification, especially when made to a

uridine base, blocked the immune response to siRNA delivered using cationic lipid vehicles [14].

Locked Locked Nucleic Acids (LNA) are novel RNA derivative nucleotide analogs that contain a
methylene bridge linking the 2'-oxygen and 4'-carbon of the ribose sugar rings. This bridge locks the
ribose ring in the 3’endo conformation, which is characteristic of RNA [67]. An appropriate
introduction of LNA residues into the oligonucleotides stabilizes the duplex without altering its

function [67]. In addition, it has been shown that LNA oligonucleotides can reside for long periods in
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several organs, such as the liver, kidneys and skin [68]. The systemic administration of naked LNA
oligonucleotides is currently being investigated in Phase | clinical trials. Moreover, LNA and 2’-deoxy-

2’-fluoro modifications can lead to significantly increased target binding affinity [69].

UNA or unlocked nucleic acids are ring-opened derivatives of ribose lacking the C2’-C3’ link. They
exert the opposite effect of LNA, inducing a local destabilization of the duplex [70]. UNA can be
exploited to improve the strand selection [21]. For example, if placed at position 7 of the antisense
strand, UNAs can weaken the binding between the siRNA strand and the semi-complementary

mMRNA, thus reducing OTEs [65].

The stabilization of internucleotide phosphates is another strategy for decreasing the susceptibility to
nucleases. Moreover, phosphodiester groups found on the linkages between sugars can be crucial to
exonucleases. Backbone modifications such as the addition of boranophosphate have been
demonstrated to be highly effective in protecting siRNA against nuclease degradation (10-fold more
than unmodified siRNA) and were better tolerated in the sense strand [69]. Phosphorothioate (PS)
modifications can result in enhanced stability and increased cell uptake as well [9] [20]. However, PS

nucleotides can cause toxicity by nonspecifically binding to proteins [30].
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Figure 12 : Chemical modifications to the siRNA structure (adapted from [9]).

1.2.1.2. Termini modifications
The ability of termini modifications to increase the cellular uptake of siRNA has been investigated.

Because the 5’-phosphate of the antisense strand is crucial for RNAi activity, termini modifications
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are commonly made to the sense strand or to the 3’end of the antisense strand. Most of these
modifications use cleavable linkages such as acid-labile bonds or disulfide links to allow facile release
of the siRNA following cellular internalization. Another possibility is to exploit cleavage by the Dicer

enzyme [71].

The conjugates thus obtained are usually administered directly in their conjugated form. Therefore,

they can be considered to be a type of delivery system.

The conjugation of lipophilic moieties such as cholesterol [72] or a-tocopherol (vitamin E) [73] was
shown to enhance the in vivo pharmacokinetic profile compared with unmodified siRNA and could be
exploited for liver targeting. For example, the elimination half-life was prolonged to 95 min using
cholesterol conjugation [72]. Moreover, cholesterol-siRNA was shown to bind to serum proteins or
lipoproteins, resulting in increased liver uptake via the low-density lipoprotein receptor [30]. In
another study, a-tocopherol was covalently bound to the 5’end of the antisense strand of DsiRNA
and was released in the cytoplasm during Dicer processing. The conjugation resulted in increased
liver accumulation when administered to mice, efficiently silencing Apolipoprotein B without

triggering an immune response [73].

The conjugation of cell penetrating peptides (CPP) has been demonstrated to improve siRNA
internalization by cells [71]. CPPs are small cationic peptides (<30 amino acids) that bind to
glycosaminoglycans on the cell surface, allowing uptake by the cells [43]. CPPs include TAT,
Penetratin and Transportan. Despite promising in vitro results, the intra-tracheal administration of a
Penetratin-siRNA conjugate induced a strong immune response in mice, possibly through the

activation of TLR3, 7 and/or TLR8 [74,75].

11.2.2. Encapsulating siRNA into nanocarriers

Among the non-viral vectors, the two most developed approaches are lipidic and polymeric
nanocarriers. Although of different compositions, they share certain features, including the
condensation of the siRNA into nanoscale structures, the use of cationic components and the need

for improvements such as PEGylation or ligand grafting to meet the requirements of in vivo use.

1.2.2.1. Lipidic formulations

The most frequently described lipidic nanocarriers are lipoplexes and liposomes. Lipoplexes possess a
multi-lamellar structure of cationic lipid bilayers separated by anionic siRNA, while liposomes are
spherical uni- or multi-lamellar vesicles with an aqueous core containing siRNA surrounded by lipid

bilayers. Lipoplexes present some heterogeneity in shape and size. Various morphologies have been

28



CHAPTER | - INTRODUCTION

reported, including the lamellar phase, in which the lipoplexes complex the siRNA and exhibit an
inverted hexagonal structure during cell uptake [76]. Due to their highly positive charges, lipoplexes
often induce toxicity. They tend to form aggregates when intravenously administered due to the
binding of blood proteins [77]. Moreover, cationic lipids can also activate the complement system

[20,78].

Regarding liposome formulations, the most commonly used lipids are 1,2-di-O-octadecenyl-3-
trimethylammonium propane (DOTMA) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) as
well as some lipid-like molecules called lipidoids (98N1,-5) that have recently emerged. They possess
a cationic polar head that is primarily composed of amino groups that interact with the siRNA
molecules [79]. Generally, some neutral lipids or helper lipids, such as 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), are incorporated to reduce the repulsion between similar charges in
the bilayer. Cholesterol is usually added to the hydrophobic component of the formulation to
facilitate cell fusion or endosomal internalization. PEG-lipids are also commonly found in these
formulations because they endow stealth properties to the lipid nanocarrier [4]. However, multiple
injections of PEGylated liposomes have induced an antibody immune response (IgG and IgM) against
PEG, resulting in the rapid clearance of the liposomes upon re-administration. New PEG-derivatized
lipids, such as sheddable PEG-lipids or serum esterase sensitive PEG-lipids, can limit this adverse PEG
effect [77]. The major limitation of cationic liposomes is their failure to release the siRNA contents
due to their stable intracellular properties [80]. Thus, pH-sensitive liposomes have been described in
which the acidic endosomal environment is exploited to induce liposomal membrane destabilization
and siRNA release. For example, citraconyl-DOPE can be incorporated into the formulation as a pH-
responsive phospholipid. In acidic environments, the degradation of this lipid will provoke the
destabilization of the delivery system and siRNA release [4]. Liposomal formulations called SNALP

(for stable nucleic acid-lipid particles) are currently being investigated in clinical trials.

1.2.2.2. Polymeric formulation

Different varieties of polymeric delivery systems exist (Fig.13). The majority of nanocarriers are
composed of cationic polymers and are based on electrostatic interactions with the anionic siRNA.
Other systems can form nanoparticles (NPs) or nanogels via the chemical or physical crosslinking of
polymers in addition to electrostatic interactions. The major advantage of polymers is their
versatility. Indeed, they offer numerous possibilities for chemical modification and can be found in a

variety of molecular weights and geometries. Moreover, a large variety of moieties can be easily
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grafted [81]. In addition, they offer good protection against nucleases. However, some of them are

non-biodegradable, which is a detriment for in vivo use.
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Figure 13: Some examples of the most described polymeric nanocarriers: polyplexes (A), nanoparticles (NPs)
(B), cyclodextrin-based NPs [82] (C) and dendrimers [83] (D).

Cationic polymers are able to complex anionic siRNA into structures called polyplexes through
electrostatic interactions. To obtain monodisperse polyplexes in the nanometer range, the amount of
polymer and siRNA must be finely balanced. For that matter, the N/P ratio (the molar ratio of the
amino groups [N] of the cationic polymer to the phosphate groups [P] of siRNA) is calculated. In
general, the cationic polymer is present in excess in the formulation. Usually, the cationic polymers

possess amino groups that can bind to the nucleic acid. The presence of these amino groups can
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mediate endosomal escape via the proton sponge mechanism. We can distinguish synthetic
polymers, such as PEl, poly-L-lysine (PLL), polyamidoamine (PAMAM) or cyclodextrin-based polymers,
from natural polymers, such as chitosan and its derivatives, atelocollagen or polypeptides [80].
Compared with liposomes, the formulation process is straightforward, as polyplexes can be obtained

through a simple mixing procedure [29].

Polymers presenting polyamine structures, such as PEIl, PLL or PAMAM dendrimers, have been widely
described. Despite good transfection properties, PEI/siRNA polyplexes have been shown to be highly
toxic due to mitochondrial membrane depolarization and strong interactions with the cell
membrane, especially for branched PElI [14]. Therefore, formulation improvements such as
PEGylation, conjugation to other polymers or the incorporation of biodegradable bonds have been
made [76]. Dendrimers are branched molecules exhibiting a high charge density extending outward
from an inner core (Fig. 13) [83]. PAMAM dendrimers can self-assemble with siRNA via electrostatic
interactions to form spherical nanoscale structures that exhibit good efficiency [81]. Nevertheless,
surface chemistry modifications must be made to decrease the cytotoxicity of dendrimers [84]. In
general, these polyamine structures present heterogenous molecular weights and isomers, which
could influence the physico-chemical characteristics of the nanocarriers as well as their biological
activity. Therefore, the development of well-defined polymeric systems with low polydispersity, for

example, has emerged [83].

Cyclodextrin-based polymers have been successfully used for siRNA delivery, with clinical trials
ongoing (Fig. 13) [82]. Briefly, these polymers are composed of a polycation that assembles with
siRNA through electrostatic interactions. Cyclodextrins (CD), which are grafted within the polymer
chains, reside at the surface of the NPs and allow the addition of the stabilizing agent (PEG
adamentane) and the targeting agent (transferrin grafted on PEG adamentane). Adamentane, which
is hydrophobic, is encapsulated in the core of the CD, while the PEG chains are on the hydrophilic
surface of the CD [85].

Atecollagen, a water soluble pepsin digestion product of collagen, can be used to efficiently form NPs
with siRNA through electrostatic interactions. The major advantage of this polymer is its
biodegradability, as it is eliminated by similar processes as endogenous collagen. Chitosan and
trimethylchitosan are biodegradable polymers that are widely studied for their ability to complex
siRNA. Moreover, upon the addition of cross-linking agents, they can form NPs that are more stable
than polyplexes owing to the combination of electrostatic interactions and ionic cross-linking (see

section Ill).
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PLGA is a biodegradable and biocompatible copolymer of glycolic acid and lactic acid. PLGA can form
NPs with siRNA that allow the controlled release of the siRNA through the erosion of the polymer
matrix. Moreover, compared with cationic polymers, PLGA exhibits lower toxicity [86]. However, due
to its hydrophobic and anionic nature, PLGA can only encapsulate siRNA to a small extent, resulting
in a very low loading efficiency. Moreover, due to its slow degradation rate, the intracellular release
of siRNA from PLGA particles often leads to poor gene silencing efficiency. Therefore, the addition of
cationic compounds such as PEl, PLL, chitosan or DOTAP has been shown to successfully increase the

efficiency of these NPs [76].

Finally, dextran nanogels have been recently designed for siRNA delivery. They are formed by the
physical or chemical crosslinking of polymers. Biodegradable cationic dextran nanogels can
encapsulate high quantities of siRNA using electrostatic interactions. A mini-emulsion is first
prepared, followed by UV polarization to induce crosslinking. The nanogels are then incubated in a
solution of siRNA. This formulation demonstrated good gene silencing in vitro without toxicity [87].

Hybrid systems, with poly- or lipoplexes incorporated into a matrix, have also been described.

11.3. THERAPEUTIC POTENTIAL OF SIRNA DELIVERY SYSTEMS IN CANCER TREATMENT

11.3.1. Potential of siRNA

Cancer is a disease in which the mutational and/or epigenetic changes in a genome lead to the
stepwise deregulation of cell proliferation and cell death mechanisms [88]. Over the last few years,
intense studies on genes that mediate cancer progression have been conducted and have aided the
identification of multiple therapeutic gene targets [89]. SIRNA can be designed to silence any gene,
thus broadening the possibilities of druggable targets to the entire genome [27]. Moreover, once a
target is identified, it requires only a few months to obtain its sequence and to design a specific
siRNA. In comparison, the identification and elaboration of a potent drug candidate requires several
years. Furthermore, siRNA are highly selective and possess an extremely high inhibitory activity,
exhibiting activity at only picomolar concentrations [89]. Finally, siRNA are not processed by drug
efflux systems, which are typically responsible for chemoresistance. Therefore, there are several

reasonable rationales for exploiting siRNA in cancer therapy.

The administration of multiple siRNA in the same formulation offers an interesting approach to
silencing various targets and thus increases treatment efficiency. For example, a cocktail of siRNA
that targets several genes implicated in the same cancer-promoting pathway or that targets genes

that interfere simultaneously within different pathways could be highly beneficial [27]. However, the
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combination of multiple siRNA must be carefully designed to avoid competition between the RNAi

pathways that would result in toxicity and/or loss of efficiency.

With the continual progress in tumor characterization and diagnostic tools as well as advances in
siRNA-based therapeutics, there is the potential to develop personalized therapies or treatments for
specific patient cohorts in the near future [51]. The combination of the siRNA would be adjusted
depending on the genetic characteristics of the patient’s tumor [27]. However, to achieve this
objective, the complexity, heterogeneity and genomic instability of cancers must first be better

understood.

11.3.2. Therapeutic targets

Hanahan and Weinberg have described 10 hallmarks of cancer (Fig. 14). Some of the key molecules
implicated in these processes, which are generally overexpressed in tumor cells, can be targeted by
siRNA. Thus, therapeutic siRNA can be used to knock down gene products involved in tumor growth,
tumor-host interactions and/or resistance to conventional cancer therapies, all of these processes
being inherently linked. Examples of therapeutic targets are presented in Table Il, and a more

detailed study can be found in [90].
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Figure 14: Hallmarks of cancer [91].

SiRNA can silence the gene products directly implicated in tumor growth, such as the growth factors
(epidermal growth factor (EGF), platelet derived growth factor (PDGF)) and their receptors (EGFR,

PDGFR) involved in cell proliferation and survival [90]. Cancer cells possess the ability to resist
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programmed cell death due to the expression of anti-apoptotic proteins such as Bcl-2 or survivin,
which are interesting targets for RNAi as well. Yano et al. revealed that Bcl-2 silencing using cationic
liposomes led to the significant inhibition of tumor growth both in murine liver metastasis and
prostate cancer models following I.V. and subcutaneous administrations, respectively [92].
Moreover, because the majority of chemotherapeutic agents exert a pro-apoptotic action, the

simultaneous silencing of anti-apoptotic proteins may increase the efficacy of the treatment [93].

Molecules that are indirectly implicated in tumor growth also represent attractive targets for siRNA.
This is true for oncoproteins that act as negative regulators of growth suppressors, proteins that

disrupt the function of cell cycle regulators or molecules that prevent cellular senescence (Table Il).

Another hallmark of tumors is their deregulated energetic metabolism. Indeed, cancer cells meet
their energy needs through increased glucose consumption, producing large quantities of lactate via
glycolysis. This lactate is employed as an energy substrate by oxidative tumor cells, thus preserving
the glucose for use by the hypoxic tumor cells. Monocarboxylate transporters (MCTs) are therefore
commonly overexpressed in cancer to mediate the lactate transport into and out of tumor cells.
Targeting MCTs constitutes an interesting approach to inducing tumor regression by depriving the
tumor cells of their essential fuel [94]. The metabolic profile of some tumors is strongly dependent
on glutamine, which enters the cells through the amino acid transporter 2 (ASCT2) [95-97]. Thus,
ASCT2 is an attractive target for siRNA and its silencing was found to induce significant tumor

regression [98].

Tumor cells proliferate in the context of the host environment and develop mechanisms to bypass
the host vigilance to grow and propagate. Thus, tumor cells can avoid destruction by the host
immune system, generate new vessels to obtain sufficient oxygen and nutrients, invade neighboring
tissues and consequently metastasize. Therefore, the inhibition of the molecules implicated in
tumor-host interactions, i.e., angiogenesis, invasion, metastasis and/or immune evasion, represents a
powerful strategy for cancer treatment. Thus, siRNA targeting of the angiogenic activator VEGF or its
receptor (VEGFR2) induces a strong inhibition of tumor growth [99,100]. However, the knockdown of
several pro-angiogenic factors is preferred for long-term treatment, as tumors can circumvent the
inhibition of one pro-angiogenic molecule by the alternative expression of other pro-angiogenic
factors, such as bFGF (basic Fibroblast Growth Factor) [51]. Because tumor growth and metastasis
are angiogenesis-dependent, this approach can be highly effective. By conferring motility and altered
attachment features to other cells and to the extracellular matrix (ECM), cancer cells can escape the
primary tumor mass and metastasize. This progression is governed by multiple factors that can be

targeted by siRNA (Table Il). For example, the silencing of EphA2 (erythropoietin-producing human
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hepatocellular receptor), which is a tyrosine kinase receptor overexpressed in many cancers, induced
the inhibition of gastric cell proliferation and invasion [101] and a reduction in tumor growth in an
ovarian xenograft model compared with a control group [102]. Tumor growth was even more

dramatically reduced when an EphA2 siRNA was combined with paclitaxel (82%).

Finally, the administration of siRNA has exhibited interesting effects in combination with
conventional therapies, i.e., chemotherapy and radiotherapy, circumventing their limitations that
allow tumor resistance due to the drug-efflux by multiple-drug resistant (MDR) proteins or to the
restoration of therapy-induced DNA damages [90]. Therefore, MDR proteins, as well as the molecules
related to DNA repair mechanisms, which are both overexpressed in cancer cells, represent potential
targets for RNAIi. In combination with chemodrugs or irradiaton, these siRNA improve treatment

efficacy [103,104].

Small nucleic acids can be designed not only to inhibit a specific protein but also to mimic certain
miRNA known as tumor suppressors that are generally inactivated in cancer. Because miRNA possess
multiple targets, thereby affecting various oncogenic pathways, the restoration of tumor suppressor
miRNA levels might be highly effective [105]. Thus, miRNA mimics of let-7 and miR34 encapsulated in
neutral emulsions were injected intravenously and compared for their anti-tumoral effect. Both led
to reduced cell proliferation (60% reduction in tumor area for miR34) through cell cycle arrest in a K-
RAS®'?® transgenic mouse model of lung cancer. In addition, miR34 induced apoptosis [106].
Conversely, because some miRNA that are overexpressed in tumors have been found to be
oncogenic, small nucleic acids can be used to silence them. These so-called antago-miRs possess a
complementary sequence to the targeted miRNA as well as specific chemical modifications (LNA, 2’-
O-methyl). Their structure allows miRNA trapping in a configuration that makes them inaccessible to
processing by RISC. The systemic administration of miR10b antago-miR, known as metastasis
inducers, resulted in an 86% decrease in pulmonary metastases in a 4T1 mouse mammary carcinoma

metastasis model [107].
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Table II: Examples of potential targets for siRNA in cancer therapy

Hallmarks Types of targets Examples References

TUMOR GROWTH/ONCOGENESIS
Sustaining proliferative signaling Growth factors and their receptors, oncoproteins transmitting EGFR, PDGF-RB,EphA2, K-ras, [108,109]

growth-promoting signals

Resisting cell death Anti-apoptotic proteins Bcl-2, Bcl-xL, survivin [92,110]

Evading growth suppressors Negative regulators or molecules disrupting p53 and pRb E7 HPV, Hdmx [111]
pathways

Deregulating cellular energetics Lactate and amino acid transporters MCT 1-4, ASCT 1-2 [112] [96]

Enabling replicative immortality Molecules avoiding cellular senescence Telomerase (113] [114]

TUMOR-HOST INTERACTIONS

Inducing angiogenesis Proangiogenic factors and their receptors, molecules involved VEGF, VEGFR, FGF, MMP,HIF-1a [99,100,115]
in basement membrane and ECM degradation, hypoxia factors

Activating invasion and metastasis  Molecules involved in cell mobility, cell-to-cell/matrix adhesion =~ RhoA, EphA2 , EpCAM [101,116,117]

Evading immune destruction Immunosupressive cytokines, negative regulators of T-cells IL-10, Galectin-1 [118]

TUMOR RESISTANCE TO CHEMOTHERAPY OR RADIOTHERAPY
Multidrug resistance (MDR) proteins MDR1 (P-gp), MDR3 [119]
Molecules related to DNA repair mechanisms ERCC1, RRM2, DNA damage sensors ATR/ATM  [104,120-122]

EGFR: epidermal growth factor receptor, PDGF-Rp: platelet-derived growth factor receptor B, EphA2: erythropoietin-producing hepatocellular A2,Bcl-2: B-cell lymphomaz2, Bcl-xL: B-cell ymphoma xL,
E7 HPV: E7 oncoprotein from human papillomavirus, Hdmx: human double minute X, MCT: monocarboxylate transporters, ASCT: amino acid transporter, VEGF(R): vascular endothelial growth factor
(receptor), FGF: fibroblast growth factor, MMP: matrix metalloprotease, HIF-1a: hypoxia-inducible factor 1-alpha, EpCAM: epithelial cell adhesion molecule, IL-10: interleukine-10, MDR: multi-drug
resistance protein, ERCC1: Excision repair cross-complementing 1, RRM2: ribonucleotide reductase subunit M2, ATM : ataxia-telangiectasia mutated , ATR: ATM- and Rad3-related
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11.3.3. Overview of clinical trials using siRNA

Due to promising preclinical results, clinical trials of siRNA administration have been conducted or
are currently ongoing (Table 1ll). To date, siRNA delivery systems have been shown to be well-
tolerated, and no significant dose-limiting or toxicity has been observed. Moreover, some early

reports revealed promising results.

The first RNAi-based delivery system (CALAA-01) investigated in clinical trials was a PEGylated
cyclodextrin-based polymer 70 nm in diameter that targeted the transferrin receptor (TfR), which is
overexpressed in many tumor cells. The siRNA was directed against the M2 subunit of ribonucleotide
reductase (RRM2), which is essential for DNA synthesis and replication. The overexpression of this
enzyme contributes to drug-resistance and malignant progression. Pre-clinical studies in head and
neck squamous cell carcinoma xenograft models exhibited a 2.9-fold reduction in tumor growth.
Neither liver toxicity nor complement activation were detected in a pilot safety study on non-human
primates [85,122]. Currently, this delivery system is in a phase b trial (NCT00689065) using a dose-
escalating study in adults with solid tumors refractory to standard-of-care therapies. By biopsy, the

authors were able to provide proof of mRNA silencing using an exogenous siRNA in humans [82].

The administration of polymeric NPs in clinical trials is still limited. The majority of delivery vehicles
are lipidic. Stable nucleic acid-lipid nanoparticles (SNALP) were developed by Tekmira (TKM-080301).
Their formulation consists of PEGylated liposomes that encapsulate an siRNA against polo-like kinase
1 (PLK1), which is a cell cycle protein involved in tumor cell proliferation. The inhibition of PLK1
prevents the tumor cell from completing cell division, resulting in cell cycle arrest and cell death
[123]. Phase | preliminary results revealed that the treatment is generally well tolerated
(NCT01262235). One patient’s disease was stabilized following 6 months at 0.6 mg/kg, and another
patient experienced a partial response following 5 months of treatment at 0.7 mg/kg. Patient

enrollment is continuing at 0.75 mg/kg [124,125].

A similar SNALP formulation (ALN-VSP02) was investigated by Anylam Pharmaceuticals for liver
cancer treatment. In preclinical studies on non-human primates, the SNALP demonstrated good
effectiveness for liver disease. Indeed, 65% cholesterol and 85% LDL inhibition in the liver were
obtained using SNALP loaded with siRNA directed against the Apolipoprotein B after 11 days. Here,
two siRNA targeting the kinesin spindle protein (KSP) and VEGF were encapsulated to induce cell
cycle arrest and angiogenesis inhibition, respectively. In phase | clinical trials (NCT00882180), the
chronic administration of SNALP (the average length of treatment time was 10.5 months) was well

tolerated by patients with primary hepatocellular cancer or liver metastases up to a dose of 1 mg/kg.
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Liver tumor biopsies revealed preliminary signs of efficacy, such as efficient SNALP liver delivery and
VEGF mRNA knockdown (but not KSP mRNA silencing). In an extension study (NCT01158079), one
patient achieved a complete response after 20 months of treatment (bi-weekly injection at a dose of
0.7 mg/kg) and a dose-dependent increase in the number of stable patients was highlighted (Alnylam
Pharmaceuticals). However, a decrease in spleen volume, likely an on-target anti-KSP effect and not
associated with any adverse events, occurred to a greater degree in the extension study than in the

phase | trial and was most pronounced in patients receiving 12 or more doses [126].

A liposomal formulation (Atu027) comprising an siRNA directed against protein kinase N3 (PKN3)
encapsulated in neutral fusogenic lipids and PEG-modified lipid components was developed by
Silence Therapeutics. PKN3 has been identified as an appropriate therapeutic target for anti-
metastatic approaches. Pre-clinical studies reported effective PKN3 mRNA silencing in different
animal species as well as tumor growth inhibition and metastasis reduction in a prostate cancer
model [66]. Phase | clinical trial results revealed a favorable safety profile without dose-limiting

toxicities or signs of immune stimulation (NCT00938574).

The I.V. administration of naked nucleic acids is currently being investigated by the pharmaceutical
company Enzon. The delivery systems developed by Enzon are oligonucleotides composed of 16
monomeric units containing 6 or 7 LNA nucleotides. Different targets are currently being examined in
phase | clinical trials. Escalating-dose studies demonstrated that LNA was generally well-tolerated by
the patients: the dose-limiting toxicity was 8 mg/kg and the maximum tolerated dose was 6.5 mg/kg.
The first target investigated (EZN-2968) was hypoxia-induced factor (HIF 1a), which is activated in
response to hypoxia-induced stress. HIF 1a is a key transcription regulator of a large number of genes
important in cellular adaptation to low-oxygen conditions. Therefore, HIF 1a silencing results in the
inhibition of angiogenesis and tumor cell proliferation as well as apoptosis [68]. In phase | clinical
trials (NCT00466583), the best overall response was prolonged disease stabilization in 39% of the
patients. For 2 patients with renal cell cancer and hepatocellular carcinoma, tumor shrinkage was
observed at 1 mg/kg and 1.5 mg/kg, respectively. For the first patient, a 14% decrease in the sum of
the tumor sizes was achieved 239 days after the first dose. For the second patient, the sum of the
tumor sizes decreased 21% after cycle 1 (36 days after first dose) and increased less than 1% after

cycle 3 (120 days) [127].

The knockdown of survivin is being investigated in phase | trials (EZN-3042). Survivin belongs to the
inhibitors of the apoptosis gene family and is upregulated in a variety of human cancers but absent in
most normal adult cells. Its expression in tumors is associated with a more aggressive phenotype,

decreased survival and increased resistance to chemotherapy. In preclinical studies, a 60% inhibition
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of survivin mRNA in a xenografted model of human lung cancer was obtained, resulting in a 37-45%
tumor growth inhibition. In a phase | escalating-dose study, LNA against survivin was investigated as
a single agent as well as in combination with docetaxel (NCT01186328). The best LNA response as a
single agent was disease stabilization in 21% of patients with advanced malignancies. When

combined with docetaxel, one patient achieved a partial response at 2.5 mg/kg [128-130].

Whereas the previous delivery systems are administered via I.V. infusion, one system is intended to
be implanted within the tumor. This biodegradable polymeric matrix is inserted in the tumor using a
19 gauge endoscope ultrasound biopsy needle and allows the prolonged release of an siRNA over 12-
16 weeks. Pancreatic cancers are targeted by this system, known as LODER (for Local Drug Eluter),
which encloses an siRNA against the K-ras oncogene with the G12D mutation that is commonly
mutated in pancreatic cancer [131]. Due to promising phase | results (NCT01188785) that indicated a
favorable safety profile and the halting of tumor progression, a phase Il study (NCT01676259) will

begin in the next months to assess the response rate of LODER in patients (Silenseed).
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Table Ill: Ongoing clinical trials with siRNA from clinicaltrial.gov.

Name Targets siRNA Delivery system Route Dose schedule Type of cancer Status Sponsor
siRNA-EphA2-  EphA2 Not mentionned Neutral liposomes 1.V infusion Twice weekly (D1, D4) for 3 Advanced solid tumors Phase | — not yet MD Anderson
DOPC weeks Starting dose 450 ug/m? recruiting Cancer Center
CALAA-01 RRM2 Unmodified TfR-Targeted PEG- I.V. infusion D1, D3, D8, D10, 11 days of rest. Solid tumors Phase Ib on going Calando
cyclodextrin If safe, 2nd cycle
Atu027 PK N3 blunt-ended 23- PEGylated lipoplexes 1.V. infusion Single treatment followed by Solid tumors Phase | completed Silence
mer, alternating repeated treatment twice a week Therapeutics AG
2'0-methyl for 4 weeks
SiG12D K-RAS %P Not mentionned LODER implantation One to 8 LODERs/ tumor Pancreas Phase | ongoing Silenseed Ltd
LODER Prolonged release of 12-16 weeks adenocarcinoma
SiG12D K-RAS ©*%° Not mentionned LODER + Gemcitabine implantation Eight LODERs (375 ug each) Advanced pancreatic Phase Il - not yet Silenseed Ltd
LODER or Folfirinox cancer recruiting
TKM-080301 PLK1 2'0-methyl, 2'-F, SNALP I.V. infusion Once a week for 3 weeks Primary and secondary Phase | completed Tekmira
DNA and PS bond) followed by 1 week of rest liver cancers
ALN-VSP02 VEGF + KSP Modified SNALP I.V. infusion One dose (0.4 to 1 mg/kg) every Liver cancer Phase | completed Alnylam
2 weeks (up to 25 cycles)
EZN 2968 HIF-1a LNA Naked I.V. infusion Once a week for 3 weeks Solid tumors or Phase | completed Enzon
followed by a 3-week period lymphoma
without the drug (6-week cycle)
EZN 3042 Survivin LNA Naked I.V. infusion D-5, D-2, D8, D15, D22 ,D29: 2 ALL relaped acute Phase | terminated Enzon

doses before syst therapy with
vincristine, doxorubicin,

prednisolone, PEG asparaginase

lymphoblastic leukemia

(children)
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l1l.CHITOSAN AS NANOCARRIER FOR SIRNA

Parts of this chapter are adapted from the review ‘Chitosan-based siRNA delivery systems’ Ragelle,

Vandermeulen and Préat, published in Journal of Controlled Release.

111.1. A VERSATILE BIOPOLYMER

Polymers have attracted considerable attention in the formulation of delivery systems for
pharmaceutical compounds such as proteins, drugs and nucleic acids. Among them, biodegradable
polymers are highly recommended. Indeed, upon delivery, the polymer must undergo chemical or
enzymatic degradation to be eliminated from the body. Moreover, the use of biocompatible
polymers avoids side effects and carrier-associated-toxicity, especially when the -carrier is
intravenously injected. For all of these reasons, natural polymers such as polysaccharides,

polypeptides or phospholipids are generally used as building blocks for the formulation [132].

lll.1.1. Production and basic properties of chitosan

Chitosan is a linear polysaccharide of randomly distributed N-acetylglucosamine and glucosamine
units (Fig. 15). The primary amines of chitosan exhibit a pKa of 6.5, making it soluble only under
slightly acidic conditions. In this case, the presence of positive charges on the chitosan skeleton

increases the repulsion between different polymer chains, facilitating their solubilization.

Glucosamine unit N-acetyl -glucosamine unit
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Figure 15: Chitosan chemical structure and reactive sites for chemical modifications.

Chitosan is not largely present as such in nature and thus cannot be directly extracted from natural
materials. Indeed, chitosan is a derivative of natural chitin, the second most abundant polysaccharide

in nature after cellulose [133]. Typically, chitosan is obtained through the deacetylation of the N-

41



CHAPTER | - INTRODUCTION

acetyl glucosamine units of chitin, generally via hydrolysis under alkaline conditions at high
temperature. The deacetylation of chitin is rarely complete. When the acetylation degree falls below
60 mol%, chitin becomes chitosan. In nature, chitin is present in life forms including insects and
crustaceans, where it is the primary component of their exoskeleton. Chitin can be obtained from
non-animal biomass, in particular from the cell walls of fungal mycelium (Agarics, Pleurotus, Boletus
and Lentinula species) or yeasts from several groups, including Zygomycetes, Basidiomycetes,

Ascomycetes and Deuteromycetes [134,135].

Figure 16 depicts the production process for chitosan from crustaceans and mushrooms. Generally,
vegetal chitosans present a narrow molecular weight (MW) distribution compared with chitosans
produced from crustaceans. Indeed, the chitin produced from crustacean biomass often contains
high levels of minerals, primarily calcium carbonate, whose amount can reach up to 90% of the chitin
dry weight. The quality of chitin and chitosan is therefore often non-uniform and dependent on
seasonal variation and the crustacean species [136]. Moreover, the chitosan from non-animal
sources is considered safer for biomedical and healthcare uses. For example, these chitosans are less

prone to induce allergies in comparison with those obtained from crustacean shells.

CRUSTACEAN SHELLS FUNGI WALLS
Deproteination dilute NaOH Demineralisation dilute HCl
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Figure 16: Production of chitosan from animal and vegetal sources.
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1ll.1.2. Chitosan for pharmaceutical and biomedical uses

111.1.2.1. Safety aspect

Chitosan is biodegradable [137,138] and biocompatible [139] [140]. Chitosan is generally eliminated
by renal clearance. When its MW is too high, chitosan is subject to enzymatic degradation, which
decreases its MW to a suitable size for renal elimination. Hydrolytic enzymes such as lysozymes or
chitinases have been found to mediate chitosan degradation to oligosaccharides by catalyzing the
hydrolysis of 1,4-B linkages. These enzymes can be found in blood or in the human intestine. In
humans, three chitinases are responsible for chitosan degradation. The efficiency of degradation is
thought to be dependent on the acetylation degree as well as the chitosan MW. Moreover, some

chemical modifications can impact the degradation fate [141].

In vitro, chitosan presents a half-maximal inhibitory concentration (ICso) ranging from 0.2 to 2 mg/mL
[142]. Table IV presents toxicology data for chitosan and chitosan-oligosaccharides following
administration via different routes. Chitosan presents an LDy, of 16 g/kg for oral administration in
mice, which is nearly equivalent to sugar or salt [143,144]. In comparison, a solution of PEl (30% in
water) exhibited an LDs of 1.15 g/kg (TCI America). Moreover, the oral administration of chitosan up
to 6.75 g/day to healthy human volunteers was found to be safe, without any relevant clinical side
effects [145]. Chitosan is currently used as a common dietary supplement for preventing fat
absorption and has been designated as Generally Recognized As Safe (GRAS) by the FDA [142].
Nevertheless, high dose effects were observed in rabbits following the I.V. administration of 50
mg/kg/day, most likely due to blood cell aggregation, but doses of 4.5 mg/kg/day were found to be
safe. The subcutaneous administration of 10 mg/kg in dogs provoked cytokine activation, and clinical

signs, such as anorexia and vigor loss, were observed at 50 mg/kg [146].

The toxicity profile of chitosan might be altered by chemical modifications or by administration in a
micro- or nanoparticulate form. Although pre-clinical studies demonstrated that chitosan NPs are

¥ Holmium-

well-tolerated [147], clinical data remain limited. The intra-arterial administration of a
chitosan complex, used as a radiopharmaceutical for cancer therapy, was investigated in patients
with hepatocellular carcinoma. The results demonstrated a durable complete response with an
acceptable safety profile (no grade Ill/IV toxicity observed) [148]. Several clinical trials of chitosan-
based formulations are currently underway, varying from chewing-gum for chronic kidney diseases,

eye drops to treat dry eye syndromes or particulate vaccines for intranasal administration. This will

certainly provide more information about the safety of chitosan delivery systems in the near future.
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Table IV: Toxicity of chitosan from [146].

Study’

Results

Single dose various species
LDz, value of chitosan

LDsp value of chitooligomers (produced by depolymerisation of
chitosan)

Repeat dose rat

Dietary administration of N-acetylglucosamine (a copolymer of
chitosan) to groups of 10 male and 10 female rats at 0%, 0.625%,
1.25% 2.5% or 5% (corresponding to 0, 302-351, 588-695, 1218-
1412 or 2476-2834 mg/kz/day) for 13 weeks

Dietary administration with glucosamine (another copolymer of
chitosan) in rats at 300-2700 mg/kg/day for 52 weeks and dogs at
159-2149 mg/kg/day for 26 weeks

Dietary administration of chitooligomers (produced by
depolymerisation of chimsan) at 0%, 0.75%, 1.5% or 3%
(corresponding to levels of 0, 750, 1500 or 3000 mg/kg/day) to in
groups of 10 male and 10 female rats over 30 days

Oral gavage administration of either 0, 500, 1000 or 2000 mg/kg/day
chitosan oligosaccharide (also known as oligoglucosamine and
prepared by hydrolysis of chitosan) to groups of 9 male and 9
female rats for 4 weeks or to groups of 10 male and 10 female rats
using 0%, 0.04%, 0.2% or 1% (corresponding to 0,25-27, 124-142 or
653-720 mgfkg/day) in the diet over 90 days

Dietary administration of oligo-N-acetylglucosamine (consists of the
monomer and oligomers of N-acetyl-o-glucosamine) to groups of
10 male and 10 female rats at 02%, 1% or 5% for 90 days (with the
latter 2 dose levels reported as corresponding to 641 or 3640 mg/
kg/day)

Dietary administration of N-acetylglucosamine to groups of 10 male
and 10 female rats at 0%, 1.25%, 2.5% or 5% (corresponding to 0,
580-647, 1159-1269 and 2323-2545 mg/kg/day) for 52 weeks

Repeat dose mouse, rabbit and dog

Intraperitoneal and subcutaneous dosing of 5 mg chitosan to mice
every 2 weeks over a 12-week period and dietary administration
of up to 5% over 4 weeks

Repeat dosing of chitosan (10 days with a solution formulation and
14 days with a powder formulation) to rabbits (no further details
are given)

Intravenous injection of chitosan to rabbits at 4.5 and 50 mg(kg/day
for 10 days and oral dosing at 700-800 mg/kg/day for 34 weeks

Subcutaneous dosing of chitosan to mongrel dogs for 1 month at 0,
10, 30, 50, 100, 150 and 200 mg/kg/day

Oral rat: >1500 mg/kg
Intraperitoneal rat: 3000 mg/kg
Subcutaneous mouse: >10,000 mg/ ke
Intraperitoneal mouse: 5200 mg/kg
Oral mouse: >16,000 mg/kg

Oral mouse: >10,000 mgfkg (no deaths or clinical signs of toxicity in
dose range of 1000-10,000 mg/kg)

No obvious toxicity seen (among males, there was a increase in
bodyweights along with daily food intake, perhaps due to the sweet
flavour of N-acetylglucosamine)

No adverse findings reported

Mo study findings seen

Oral gavage dosing showed no study findings. Dietary administration
had findings confined to the high dose level and included erythema
and swelling of the snout and forelimbs and, loss of fur on the
forelimbs along with macroscopic emaciation, swelling of the snout,
auricles and forelimbs and, alopecia of the forelimbs. Other findings
were decreased bodyweight gain and food consumption, increased
platelet count, lymphocyte count and differential neutrophil count
abnormalities in urinalysis (including proteinuria) and blood
chemistry {including decreased blood protein, creatinine, glucose,
total cholesterol and triglyceride), as well as a small thymus, small
spleen, dark spots or areas on the glandular stomach mucosa, pale
Harderian glands and small testes along with vacuolised Sertolic cells
and decreased germ cells, A dietary level of 0.2% produced no signs of
toxicity

No obvious toxicity was seen and study findings were limited to
occasional increases in food consumption (perhaps due to the sweet
nature of oligo-N-acetylglucosamine in the diet) in males at the high
dose level

Mo obvious toxicity (a slight suppression of bodyweight gain at the
higher dose levels was attributed to slight reduction of caloric intake
due to high concentration of test material)

Intraperitoneal dosing resulted in decreased bodyweights along with
clinical signs of emaciation, pilomotor, depilation around the rostrum
and eyelids, oedema of the auricle, rostrum and eyelids and
photophaobia and, histological changes of macrophages with
hyperplasia in the mesenterium. Following subcutaneous injection,
the dose site was swollen and contained polymorphonuclear cells
and cell debris. Dietary administration at 5% resulted in decreased
bodyweight as well as a reduction in the number of Bifidobacterium
and Lactobacillus in normal flora of the intestinal tract, although there
was no effect with a 0.5% diet

No macroscopic or histopathological changes in organs and tissues
(no further details are given)

Intravenous injection at 4.5 mgfkg{day produced no abnormal
changes, while 50 mg/kg/day caused death. Oral dosing produced no
evidence of toxicity

Vigour loss and anorexia were seen from 50 mg/kg/day (transient at
30 mgfkg/day), with deaths from 150 mg/kg/day and evidence of
severe dyspnoea. Increased white blood cell count (due to
neutrophilia) was seen from 50 mg/kg/day, while raised lactate
dehydrogenase and creatine kinase {notably at 200 mg/kg/day)
occurred, Severe pneumonia was noted in dogs that died

[149]

[150]

[151]

[152]

[153]

[151]

[154,155]

[156]

[157]

[158]

[159]

[149,160,161]
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111.1.2.2. Biological properties

Chitosan presents remarkable biological properties, which has paved the way to its application in the
pharmaceutical and biomedical fields [159,162] as a novel delivery system and as a biomaterial. First,
its hemostatic properties make chitosan a good candidate for wound dressing [163,164], and it has
been approved by the FDA for this application. Several clinical trials have been conducted using
chitosan-based systems for knee injuries, dental dressings or wound debridements (clinicaltrials.gov).
Chitosan plays an important role in the nutritional supplement market as a weight-loss aid and
cholesterol lowering agent, even though its clinical efficiency remains controversial. Chitosan is
thought to bind free fatty acids and bile salt components, thus preventing fat absorption in the gut
[146]. Moreover, chitosan presents antimicrobial properties [165] [166]. Although the exact
mechanism remains unclear, it has been suggested that due to its cationic nature, chitosan binds to
microbial cell membranes, leading to the leakage of the intracellular constituents. In addition, its
chelating property allows the binding of metal ions, inhibiting toxin production and microbial growth
[167]. Furthermore, chitosan possesses superior mucoadhesive properties by facilitating electrostatic
interactions with the glycoproteins of the mucus, either via hydrogen bonds or ionic interactions
[168,169]. Finally, chitosan exhibits penetration enhancement properties. The mechanism of action is
thought to be a transitory opening of tight junctions in the cell membrane in response to the

chitosan positive charges.

Over the last decades, the interesting biological properties of chitosan have promoted its use in the
development of drug delivery systems and biomaterials [169]. Recently, a commercial DNA

transfection reagent based on a chitosan oligomer has been developed (Novafect, Novamatrix).

111.1.3. Chitosan as a nanocarrier

The potential of chitosan as a nanocarrier is based on (i) its biocompatibility, (ii) its easy formulation

in nanosystems and (iii) its cationic properties.

The combination of the mucoadhesive and penetration-enhancement properties of chitosan is highly
advantageous for topical delivery applications [169]. Indeed, chitosan-based nanocarriers have been
widely investigated for ocular, nasal or buccal delivery of various drugs. The prolonged contact of the
delivery system with the mucosa that is associated with the absorption-enhancing effect of chitosan
has been shown to increase drug efficacy. The nasal administration of insulin incorporated into
chitosan NPs in rabbits resulted in increased insulin absorption compared with standard formulations
[170]. Moreover, chitosan offers powerful applications for immunization. Chitosan-based antigen

carriers have been described for intranasal administration [171]. Indeed, chitosan is used as an
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excipient of an intranasal Virus-Like-Particle Vaccine currently being evaluated in clinical trials by
Norwalk (clinicaltrials.gov). In addition, ocular chitosan-based delivery systems of nucleic acids have

shown great potential [169].

Chitosan has been used for the oral delivery of peptides, either as the main excipient or as a coating
material of liposomes or nanocapsules, to increase their residence time in the gastrointestinal tract

and enhance transmucosal transport [144].

Finally, the I.V. administration of chitosan-based nanocarriers was investigated for the delivery of
DNA [172], contrast agent [173], chemotherapeutics [174,175] and various other drugs [176,177],

with encouraging results.

111.2. CHITOSAN-BASED SIRNA DELIVERY SYSTEMS

Because of its cationic nature, chitosan offers attractive possibilities for siRNA delivery, allowing
siRNA complexation into NPs in a fast and relatively easy process. Furthermore, chitosan can readily
be chemically modified on its amine and hydroxyl functional groups. Here, the parameters
influencing the formulation process and the improvements of chitosan/siRNA NPs are reviewed, as

well as their in vivo applications.

111.2.1. Parameters influencing the chitosan/siRNA NPs and their impact

To achieve high gene silencing efficiency of siRNA/chitosan NPs, some parameters have to be
optimized including (i) the characteristics of the chitosan itself, such as its molecular weight or
deacetylation degree, (ii) the formulation method, (iii) the addition of efficiency enhancers and (iv)

targeting ligands.
111.2.1.1. Chitosan characteristics

I11.2.1.1.1 Chitosan molecular weight (MW)

The MW of chitosan is an important parameter to consider for the formulation of NPs. Chitosan
chains form the NP structure. It is comprehensible that the lengths of these chains will have an
impact on NP stability. To protect siRNA before internalization, NPs need to have appropriate
stability that is high enough to protect siRNA before internalization but low enough to permit its
release in the cell cytoplasm [178]. Chitosan MW not only influences the physico-chemical and

morphological characteristics of NPs but also affects their biological activity in vitro.
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The different types of chitosan can be classified according to their MW. For better comprehension,
we suggest the following classification: very low MW (< 10 kDa), low MW (from 10 to 80 kDa), high
MW (80-300 kDa) and very high MW chitosan (> 300 kDa).

First, chitosan MW impacts NP formation. Liu and colleagues showed that very low MW chitosan was
not able to condense siRNA to form discrete NPs because of the short chain length of the polymer
[179]. Similarly, large and unstable NPs were obtained with 2 kDa chitosan [180]. Complete siRNA
binding could only be observed with 25 and 50 kDa chitosan and not with 10 kDa MW [180]. Finally,
low MW chitosan (40 or 80 kDa) offered better protection against enzyme degradation than 10 kDa
chitosan, thus confirming that the formulation of stable NPs is difficult to achieve with very low MW
chitosan [181]. Kong and colleagues are the only ones to report the formation of 130-nm diameter
NPs with very low MW chitosan (2 and 5 kDa). However, these NPs demonstrated low gene silencing
efficiency in vitro on MDA-MB-231 cells [182]. A minimum MW and binding affinity is required to
efficiently complex siRNA, thereby forming NPs in the nanometer range. Various publications have
demonstrated the formation of discrete NPs with high MW chitosan and, more recently, with low
MW chitosan. For instance, NPs with a diameter of 200 nm were obtained with low MW chitosan (70
kDa) [179]. More recently, Fernandes reported the formation of NPs with mean diameters of 150 and
400 nm using chitosans of 25 and 50 kDa, respectively [180]. High MW chitosans have been widely
used to complex siRNA [179,183]. However, beyond a certain MW, chitosan chains may be too long
to form NPs with a mean diameter of 100-300 nm. Indeed, Liu and colleagues mentioned that
chitosan molecules (MW 64.8-170 kDa) that were 5—10 times the length of siRNA (MW of 13.36 kDa)
could form suitable NPs [184]. Generally, the mean diameter of the NPs increases with the chitosan
MW [181,182,185]. NPs with diameters of 200, 250 and 330 nm were obtained with chitosan MWs of
20, 40 and 80 kDa, respectively [182]. Likewise, a smaller particle size was obtained with a 110 kDa
chitosan than with a 270 kDa chitosan [185]. On the contrary, Holzerny and colleagues did not report
any influence of MW on the size, but rather on the NP morphology: spherical NPs were formulated

with 44 kDa chitosan in contrast to 143 kDa, which formed elongated and irregular NPs [186].

By affecting the size, morphology and/or stability of the NPs, chitosan MW indirectly influences the
NP biological activity. Indeed, major differences in the levels of in vitro transfection can be observed
depending on the MW. GFP silencing increased up to 65% with high MW chitosan of 114 and 170
kDa, whereas less than 5% GFP extinction was observed for the low MW chitosans (9 and 12 kDa)
[179]. Similarly, chitosans of 55 and 142 kDa were more efficient than the 16 and 35 kDa chitosans
[187]. In another study, 25 kDa chitosan demonstrated almost no silencing in three cell lines,
whereas the silencing was slightly increased when using 50 kDa (50% in OV3 cells and 10% in Hela

cells) [180]. The same trend was observed by Kong and colleagues: the percentage of luciferase
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silencing in MDA-MB-231 was slightly increased (from 60% to 70%) when increasing the MW from 20
to 40 or 80 kDa [182]. Unlike the above-cited publications, Holzerny and colleagues showed that NPs
made of 44 kDa chitosan were more efficient (80% silencing) than NPs of 143 kDa chitosan (60%) on
H1299 cells. The authors explained this difference by referring to the increased uptake of 44 kDa NPs

due to the NP morphology [186].

Because of the lack of uniformity in the transfection protocols, it is difficult to draw a general
conclusion from the literature about the influence of MW (as shown in Table VI). However, some

trends emerge and are summarized in Table V.
Table V: Performance of chitosans according to their MW.

Chitosan denomination MW (kDa) NP formation ® In vitro gene silencing efficiency

Very low MW chitosan <10 -/+ -
Low MW chitosan 10-80 ++ -[++
High MW chitosan 80 - 300 ++ ++

Very high MW chitosan > 300 + +

®: monodisperse NPs with a mean diameter < 300 nm and P bt > 50%, + 30-50% and - < 30% protein silencing,
considering a DD of approximately 80%.

I11.2.1.1.2 Chitosan deacetylation degree (DD)

The percentage of deacetylated primary amine groups represents the charge density of chitosan in
acidic conditions and determines the ability of chitosan to complex siRNA. Because of its stiff
molecular topology and short length, siRNA needs a high number of positive charges to remain
efficiently bound. Therefore, high DD (= 80%) is mandatory to complex siRNA and form efficient NPs
[178]. Liu et al. managed to formulate NPs of approximately 200 nm with high MW (173 kDa) and low
DD (54%) chitosan; however, these NPs yielded low transfection efficiency on H1299 GFP cells
because of their lack of stability [179]. Recently, Malmo and colleagues used a fully de-N-acetylated
chitosan, which formed NPs of approximately 30-80 nm and mediated more efficient silencing than
the conventional partially de-N-acetylated chitosan [187]. Fully de-N-acetylated chitosan exhibited
more effective endosomal escape than partially de-N-acetylated chitosan because of the high
number of charges. Moreover, the use of this type of chitosan eliminated the need for a cross-linker

agent.
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I11.2.1.1.3 Methods of formulating siRNA/chitosan NPs
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Figure 17: Schematic representation of the two main methods of formulating chitosan NPs for siRNA delivery.

The first method of NP formulation described in the literature was the simple complexation, where
SiRNA is mixed with chitosan [183] (Fig. 17). The formation of NPs through this method occurs at a
specific chitosan/siRNA ratio. Usually, the N/P ratio (the molar ratio of the amino groups [N] of the
chitosan to the phosphate groups [P] of siRNA) is calculated, but the weight ratio is also used. These
ratios have to be optimized depending on the characteristics of the chitosan and the formulation

process.

Some publications have highlighted a clear influence of the N/P ratio on NP size. Increasing the N/P
ratio allows a better complexation of the siRNA, resulting in smaller particles [183]. Kong and
colleagues reported that a higher N/P ratio (50-100) tends to form NPs in the 100 nm-range, whereas
200 nm NPs were obtained at a lower N/P ratio (5-10) [182]. In other publications, the N/P ratio
influenced the transfection efficiency: for example, Liu and Howard demonstrated an increased
efficiency of the NPs formulated at high N/P ratios (50-150). However, formulations with N/P ratios
greater than 70 showed enhanced toxicity [179,183]. In this case, the large excess of free chitosan
can interact with membrane components or interfere with cellular processes and thus reduces cell
viability [184]. To address this toxicity issue, NPs formulated at low N/P ratios (4 and 8) have recently
shown good luciferase silencing on H1299 cells [186]. However, the use of low N/P ratio might
impact NP stability, which is crucial for in vivo administration. Indeed, NPs formulated at N/P ratios
lower than 2 were unstable at pH 6.5. At pH 8, a complete release of siRNA occurred for N/P ratios

lower than 10, whereas only a partial release was observed at N/P ratio of 10 [181].
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Some authors reported a poor efficiency of NPs that were formulated using the simple complexation
method, with less than 20% gene silencing [185]. These results were related to the weak interactions
between siRNA and chitosan, resulting in poor stability in the transfection medium and NP
dissociation before their uptake by the cells. By adding a cross-linker agent in the formulation, such
as sodium tripolyphosphate (TPP), the interactions between siRNA and the polymer are strengthened
(Fig. 17). This approach, called ionic gelation, permits higher NP stability [185,188]. For example,
Katas and colleagues obtained 82% luciferase silencing on CHO K1 cells using the ionic gelation
method. Another group used thiamine pyrophosphate to consolidate the NP structure and was able

to silence GFP in HepG2 cells up to 70% 5 days after transfection [189].

I11.2.1.1.4 The type of chitosan

The type of chitosan is also a factor that might influence NP formation or biological activity. Chitosan
comes from chitin, which can be extracted from crustacean shells or from fungi cell walls (Fig. 16).
Chitin is linked to proteins and glucans in crustaceans and fungi, respectively. Because of the
different extraction or purification methods, the nature of the impurities can be different, which may
contribute to variations in the NP formation or efficacy [186]. However, the influence of chitosan

origin has not been studied and is rarely considered.

Some publications have studied the influence of chitosan salt type. Different types of chitosan salts
(hydrochloride Cs-HCI, glutamate Cs-Glu, aspartate Cs-Asp and acetate Cs-Ac) were compared for
their ability to form NPs in vitro. The type of salts highly influenced both the size and the zeta
potential of the NPs at fixed weight ratios. The binding of siRNA onto Cs-HCl and Cs-Ac was slightly
increased in comparison with Cs-Glu and Cs-Asp. Interestingly, regardless of the type of salt, the GFP
silencing was enhanced with low MW chitosan salts in comparison with high or very high MW
chitosan salts. Among these chitosan salts, Cs-Ac demonstrated the lowest efficiency in vitro, likely
because of the large particle size. The authors conclude that the MW and the N/P ratio tend to
influence gene silencing rather than the salt form. A GFP silencing of 50% was observed in Hela cells
with Cs-Asp, Cs-Glu and Cs-HCl five days after transfection [190]. Another group evaluated different

chitosan salt form in vitro and showed that Cs-Glu was more efficient than Cs-HCI [185].

Finally, Malmo and colleagues synthesized self-branched chitosan and compared it with the linear
counterpart. No difference was observed regarding siRNA transfection efficiency contrary to what

was noticed for pDNA [191].

Table VI summarizes the different formulations described above and lists their in vitro transfection
efficiencies. Some differences in biological activity can be observed depending on the cell model

used. It has been shown that the internalization mechanisms of chitosan NPs are highly cell-line
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dependent. For example, similar chitosan/siRNA NPs were taken up more readily by A549 or HEK293
cells (95% uptake) than Raw 264.7 or HepG2 cells (only 50%) [181,192]. Moreover, the same
formulation mediated different gene silencing efficiencies depending on the cell type [185].
Therefore, the biological activity variability observed in each article with similar formulations might

be due to different cell lines, cell density, transfection medium, target proteins and/or doses.
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Table VI : Chitosan-based NPs: in vitro efficiency.

Chitosan/siRNA
Protein /mRNA

NOILONAOYLN] - | Y31dVHD

MW (kDa) DD (%) silencing (%) Cell model Transfection conditions Ref
50 92 <10 HEK 293 GFP 0.5 pg siRNA in complete medium for 4 h (24-well plate) [184]
114 84 78 H1299 GFP 50 nM siRNA serum-free medium for 4 h [183]
89 Peritoneal macrophages from GFP 100 nM siRNA serum-free medium for 4 h
transgenic mice
114 84 60 Peritoneal macrophages 50 nM siRNA serum-free medium for 4 h [193]
9,12 95, 77 <5 H1299 GFP 50 nM siRNA serum-free medium for 4 h [179]
65, 114, 170 78, 84, 84 45-65
173 54 <5 H1299 GFP 50 nM siRNA serum-free medium for 4 h [179]
190-310 75-85 70 Lovo FHL2 100 nM siRNA serum-free medium for 4 h [194]
i’;éi%;so/ :g <20 HEK 293 GFP 50 nM siRNA overnight in serum-free medium [195]
Cs Glu 160/470 86 51 CHO K1 previously transfected with 4 pmol siRNA/well in serum-free medium for 24 h or 48 h (96- [185]
pLuc well plate)
10 92 56 (72 mRNA) HepG2 DPP-IV 100 nM siRNA in high glucose medium 10% FBS pH 6.5 for 24 [192]
h
10 92 50 HepG2 (SSB silencing) 100 nM siRNA in high glucose medium 10%FBS pH6.5 for24  [181]
80 LS174 T (SSB silencing) h
44, 63,93 86, 84, 81 80 H1299 luc 150 nM in complete medium for 48 h [186]
143 78 60
54.6, 74.5, 100.3, 141.6 100 >90 H1299 GFP 45 nM siRNA in serum-free medium supplemented with [187]
mannitol and Hepes for osmolarity for 5 h, pH 7.2
25 96 < 1% in all cell lines Hela, OV-3, MG 63 5 pg siRNA/well in complete medium for 6 h (24-well plate) [180]
50 10% in Hela
50% in OV-3

< 1% in MG 63

Chitosan/siRNA/TPP or thiamine pyrophosphate
Protein /mRNA
Cross-linker MW (kDa) DD (%) silencing (%) Cell model Transfection conditions Ref

4 pmol siRNA/well in serum-free medium for 24 h or 48 h

TPP Glu 160/470 86 82 CHO K1 previously transfected with pLuc (96-well plate) [185]
67, 50-150 84 . . . .

TPP 150-400 36 <20 HEK 293 GFP 50 nM siRNA overnight in serum-free medium [195]

Thiamine 20, 40 85 70 HepG2 GFP 20 pmol/well siRNA for 24 h (96-well plate) [189]

pyrophosphate 200, 460 50




Protein /mRNA

Efficiency enhancer

Enhancer MW (kDa) DD (%) silencing (%) Cell model Transfection conditions Ref
PEI branched 25 . .
kDa 100 87.7 55 AS49 p|_'eV|ous|y t!’ansfected with 50 pmol siRNA/well in serum-free medium for 12 h [196]
pGFP/Lipofectamine
PLR 50-150 87 Not quantified Hepa 1-6, VK2, A549, 293 T-GFP 48h incubation (doses nc) [197]
HA (+TPP) HCI 57 93 20-30 HEK 293 GFP, HEK 293 GFP-Snail 100 nM in HBSS pH 6,4 for 3 h [188]
HCl 119 75-90 85 A549 luc 0.15 pg siRNA/well in medium for 4 h (24-well plate) [198]
TAT (+TPP) Low MW 80 >80 Neuro2a transfected with Ataxin plasmid 40 nM/well siRNA in serum-free medium for 4 h [199]
Psp 5 85 >80 MDA-MB-231 luc 300 ng siRNA in serum-free medium for 4 h (24-well plate) [182]
Peptide PGA 30 85 80 HT1080 luc 0.25 pug siRNA/well in serum-free medium pH 6 for 1 h (24- (200]
well plate)
55-60 HEK 293, Hela previously transfected 50 pmol siRNA/well in serum-free medium for 24 h [201]
PG Glu 470 86 with pLuc
35 (30 mRNA) Jurkat, A3.01 (expressing CD4 cells) 200 pmol siRNA/well in serum-free medium for 4 h [202]
D 150 83 60 (84 if PEG) HI?K 293, L929 previously transfected 125 nM in complete medium (203]
with pLuc
Guanidinylation 50 92 34.9 HEK 293 GFP 0.5 ug siRNA in complete medium for 4 h (24-well plate) [184]
Targeting
Targeting Protein /mRNA
ligand MW (kDa) DD (%) silencing (%) Cell model Transfection conditions Ref
f+DP7G?nt|body Glu 470 86 65 (80 mRNA) Jurkat, A3.01(expressing CD4 cells) 200 pmol siRNA/well in serum-free medium for 4 h [202]
FA 25 96 42 in OV-3, 57 in Hela Hela, OV-3, MG 63 FA(-) cells 5 ug siRNA/well in complete medium for 6 h (24-well [180]
(mRNA) plate)
50 96 57 in both cell lines
(MRNA)
<1in MG 63
RGD 50-190 nc NPs were not tested for in vitro silencing [204]

CD : cyclodextrin, CD4 : human T cell receptor CD4, DPP-IV : dipeptidyl peptidase IV, FA folate, FA (-) : folate receptor negative, FHL-2 : 4-1/2 LIM protein 2, Glu: chitosan glutamate, HA:
hyaluronic acid, HCI : chitosan hydrochloride, PG : polyguluronate, PGA : poly(8 pluronic acid) , PLR : poly-L-arginine, Psp: phosphorylatable peptide, RGD : Arg-Gly-Asp, SSB : Sjégren syndrome

antigen, nc : not communicated
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111.2.2. Improving siRNA chitosan-based NPs

Initial publications demonstrated the great potential of native chitosan for siRNA delivery, provided
that the transfection protocol and/or cell models were optimal. However, when the studies were
extended to other cell models or different transfection conditions (such as serum-containing
medium), the reduced gene silencing efficiency of such NPs was noticed. For most applications,
practical use of chitosan has been limited by its low water solubility at physiological pH and its poor
buffering capacity. The limitations of native chitosan were then clearly identified, as was their impact
on the NP in vitro efficiency [205] [206]. To overcome chitosan limitations and to improve or impart
new properties to the polymer, further developments of chitosan-based delivery systems were

developed by grafting or mixing additional materials to the formulation.

I11.2.2.1.1 Chitosan derivatives

Chemical modifications of the chitosan chains generally either by grafting small molecules or polymer
chains onto the chitosan backbone or by the quaternization of the amino groups were investigated.
Chitosan chains possess three attractive reactive sites for chemical modification: two hydroxyl groups
(primary or secondary) and one primary amine by glucosamine units (Fig 12). The site of modification
is dictated by the desired application of the final chitosan derivative. Regarding nucleic acid binding,
the preservation of the primary amine is required. Various chitosan derivatives have emerged for
siRNA delivery. These strategies resulted in improved solubility, transfection efficiency and/or

stability. A non-exhaustive list of these polymers is presented in Table VII.

Table VII: Chitosan derivatives for siRNA delivery

Derivatives Improvements Ref

PEGylated chitosan Increased solubility and stability [199,203,207
,208]

Trimethyl chitosan (TMC) Increased solubility; pH independence [209,210]

Thiolated chitosan/TMC Increased extracellular stability through the formation [211,212]
of intra- and intermolecular disulfide bonds

Enhanced intracellular release

Glycol chitosan Increased stability [213,214]

Guanidinylated chitosan Improved cellular uptake by mimicking the CPP trans-  [184]
membrane activity
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I11.2.2.1.2 Addition of excipients to the formulation

If it is not possible to chemically modify chitosan, another possibility is to add to the formulation an
excipient that has the wanted properties and that can impart it to the final delivery system.
Numerous examples have been described in the literature, such as the inclusion of amine rich

polymers, peptides, negatively-charged components or cyclodextrin.

111.2.2.1.2.1 Amine rich polymers

Amine-rich polymers are interesting endosome-disrupting agents: the protonation of their amino-
groups at acidic pH provokes the rupture of the endosome and the release of siRNA in the cytoplasm.
Of these polymers, PEIl [56], poly-l-arginine (PLR) [215,216] have been used in combination to

chitosan.

PElI has shown high transfection efficiency due to its numerous primary amines. However, this
polymer often exhibits toxicity, and the lack of stability of siRNA-PEI or siRNA-PEG-PEI polyplexes in
the blood has been demonstrated [217]. Therefore, PEl itself does not constitute an adequate
candidate for siRNA delivery. However, its interesting buffering ability can be exploited in
combination with other polymers as a strategy to increase their efficiency. Jere and colleagues
grafted branched PEIl onto chitosan using an imine reaction, thus increasing the water solubility of
the co-polymer and the gene silencing efficiency: the GFP expression on A549 cells was reduced 2.5-
fold compared with PEI-siRNA complexes, without any toxicity (90% cell viability for chitosan-g-PEl
and only 50% for PEI) [196]. Another siRNA carrier made of glycol chitosan mixed with PEI achieved
80% of red fluorescent protein silencing on B16F10 cells. Moreover, these NPs protected siRNA

against RNAse degradation for 2 h [213].

PLR and its derivatives offer promising approaches to enhance chitosan efficiency. In a recent study,
chitosan was grafted with PLR and PEG. The cellular levels of GFP and survivin were highly reduced
with the Cs-PEG-PLR conjugate in different cell lines compared to chitosan alone. Moreover, due to
the presence of PEG, the NPs were stable in the presence of high serum content (10 to 50%), unlike
the chitosan-PLR complexes. The coupling increased both the size and the zeta potential of the NPs
compared with the chitosan/siRNA complexes: from 117 to 375 nm and from 16 to 24 mV,

respectively [197].

I11.2.2.1.2.2 Peptides and their mimics
Cell-penetrating peptides (CPPs) have recently attracted attention because of their membrane fusion

properties that are used to increase NP uptake. CPPs are composed of positively charged amino acids
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such as arginine or lysine. Therefore, due to their high primary amine content, they can also act as
endosomal disruptors. In one study, the TAT peptide was covalently linked to the chitosan-PEG [199].
The characteristics of the particles were modified by grafting: chitosan-PEG-TAT NPs had diameters
of 5 nm and were more spherical and monodisperse than those obtained using unmodified chitosan,
which possessed a diameter of 50 nm. This size difference could be explained by a breaking of the
chitosan chains due to the use of hydrazine monohydrate during the polymer synthesis. The
chitosan-PEG-TAT NPs displayed low toxicity (< 10%). Finally, chitosan-PEG-TAT NPs showed
successful ataxin silencing on Neuro2a cells. Another group developed guanidinylated-chitosan to
mimic the CPP mechanism. The NPs made from this co-polymer exhibited no cytotoxicity, whereas
chitosan NPs showed a slight decrease in cell viability at high ratios. Moreover, the GFP silencing on
HEK293 GFP cells was increased: 34.9% and < 10% for guanidinylated-chitosan NPs and chitosan NPs,
respectively [184].

Finally, a phosphorylatable short peptide (pSP) was conjugated to very low MW chitosan. The
conjugation of pSP to chitosan did not alter the particle size or intracellular uptake of NPs. However,
the luciferase silencing obtained with these NPs was greatly increased and comparable to
Lipofectamine because of the enhanced buffering capacity of the pSP. Indeed, the authors
demonstrated that once in the cell, the pSP was phosphorylated by cytoplasmic Jak2 kinase, leading

to the unpacking of the NPs and consequently to siRNA release [182].

I11.2.2.1.2.3 Negatively charged components

Some publications reported the use of negatively charged components to increase the performances
of chitosan-based NPs for siRNA delivery in vitro. One example of such a component is hyaluronic
acid (HA), which is known to be a biocompatibility enhancer. HA-PEG-chitosan NPs showed high cell
viability (> 80%), even at elevated concentrations, whereas chitosan-PEG and chitosan NPs showed
reduced viability [188,198]. Moreover, the HA-PEG-chitosan NPs showed good protection of the
siRNA in 50% serum [188]. The gene silencing obtained with these NPs was relatively high, reaching
85% luciferase knockdown in A549 cells. It was hypothesized that the HA was able to decrease the

binding of siRNA to chitosan due to competition, thus leading to a faster disassembly in cells [198].

Another approach for the uptake and gene silencing enhancement was to include the negatively
charged peptide poly(y-glutamic acid) (PGA) in the formulation. The cell uptake and luciferase
silencing were increased with the inclusion of PGA (72% silencing compared with only 50% for NPs
without PGA). The authors suggested that a PGA-specific receptor-mediated pathway should be

involved, in an attempt to explain the higher cellular uptake. Furthermore, the inclusion of PGA leads
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to a faster rupture of the NPs and release of siRNA in the cells compared to chitosan NPs, with which

the release might occur via the enzymatic degradation of chitosan chains [200].

The inclusion of alginate into chitosan NPs has shown to enhance the efficiency of chitosan NPs
loaded with DNA or drugs. However, with siRNA, the formulation of such NPs appears to be
uncontrollable and leads to the formation of aggregates. Therefore, polyguluronate, a sodium
alginate derivative with low MW, was used instead. The inclusion of this derivative enhanced the

stability and the efficiency of the NPs in vitro [201] and showed good efficacy in vivo [202].

111.2.2.1.2.4 Cyclodextrin

Finally, chitosan-grafted-(PEI-B-cyclodextrin) was elaborated to combine the biocompatibility of
cyclodextrin (CD) to the condensation and buffering capacities of chitosan and PEI. These NPs
showed higher cell viability and higher luciferase knockdown than PEI-siRNA complexes. Moreover,
the presence of B-CD can be exploited to achieve non-covalent PEGylation using adamantyl-
polyethyleneglycol (Ad-PEG), where the Ad moieties are included into the hydrophobic B-CD units
and the PEG chains coat the external hydrophilic surface. The PEGylated NPs demonstrated higher
gene silencing (84%) than the non-PEGylated ones (60%). The authors suggested that PEG might

mediate complex destabilization in the cells. However, the mechanism remains unclear [203].

111.2.3. Ligand grafting for active cell targeting

The specific delivery of siRNA to a particular cell type can be achieved by grafting a ligand onto the
NP surface, which will then recognize a receptor expressed by the cell. The role of a targeting ligand
is to increase the selective uptake by the target cells and to reduce accumulation in other cells or
organs. While the conjugation of ligand to chitosan has been widely described for drug delivery
[218], only a few publications report their use for siRNA delivery. The presence of ligand can modify
the NP characteristics, such as their size or zeta potential, by hiding the surface charges, especially if
PEG chains are grafted. Moreover, the hydrophilic or hydrophobic nature of the ligand can influence
its availability at the NP surface and its binding to the receptor [219]. Furthermore, if the ligand is
grafted on chitosan amino groups, a lower amount of available positive charges may be available for
siRNA binding. Consequently, these parameters must be considered for efficient NP formulation. In
some cases, the ligand is directly linked to the functional groups of chitosan. However, PEG usually
plays the role of a linker between chitosan and ligand; PEGylation has also been shown to be highly

advantageous in vivo.

o,B; integrins are attractive receptors for tumor targeting and are overexpressed in most solid

tumors and in tumor vasculature. RGD peptide is the most popular ligand that targets a,f; integrins
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[53]. RGD peptide was conjugated directly to chitosan via a thiolation reaction [204]. The inclusion of
RGD did not modify the characteristics of the NPs (200 nm, 40 mV). In vitro, the NP-cell association

increases in a RGD-concentration dependent manner, with a maximum at 1.45 ug RGD/mg chitosan.

Antibodies are another type of ligand through which active targeting can be achieved. To target the
CD7 antigen on T cells, Lee and colleagues conjugated CD-7 single-chain antibody (scFvCD7) directly
to the amino group of chitosan [202]. Various percentages of targeting ligand were investigated, and
this parameter influenced both the particle characteristics and the biological activity. Indeed, at 30
mol% ligand grafting, NPs presented a significantly increased diameter (350 nm) in comparison with
NPs without the ligand (approximately 300 nm). However, 5 to 20% ligand grafting did not affect the
size of NPs. A high increase in cell association occurred at 10 mol% ligand (80% of cellular
association) compared with 5 mol% ligand (only 50%). The targeted NPs showed a greater decrease
in both CD4 protein and mRNA expression (65 and 80%, respectively) compared with non-targeted
NPs (35 and 30%, respectively). However, increasing the percentage to 20 mol% did not result in an
enhancement of cell association or in an increase of silencing, most likely because of the steric effect

of the antibody [202].

Folate receptor targeting can be exploited for cancer or inflammatory diseases: these receptors are
overexpressed in malignant cells as well as in activated macrophages, which are responsible for
inflammation [220]. The grafting of folate onto chitosan (approximately 1 mol%) was achieved by
using PEG as a spacer. Interestingly, the presence of the ligand decreased the mean diameter of the
particles (120 nm) and the zeta potential compared with non-targeted NPs (210 nm). The gene
silencing efficiency on HelA and OV-1 cells was enhanced by the ligand. Moreover, a competition
assay with free folic acid confirmed that the uptake of targeted NPs was mediated via the folate

receptor [180].

To target the B2-adrenergic receptor (B2-AR) on lung cells, salbutamol, a $2-AR agonist, was coupled
to guanidinylated chitosan at 3.5%. The grafting of salbutamol did not modify the physico-chemical
characteristics of the NPs (a diameter of 150 nm and a zeta potential of approximately 4 mV). A dose
of 5 ug siRNA per day for 3 days was administered to GFP-transgenic mice. The lung tissues were
collected to measure GFP silencing. The GFP was 40% reduced with the targeted NPs, while it was
only 20% reduced with the non-targeted NPs. The authors suggested that the benefit of targeted NPs
was due more to their specificity to the B2-AR than to the bronchodilational effect of salbutamol,

present in low concentrations [184].
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111.2.4. In vivo therapeutic applications of siRNA chitosan-based delivery systems

As for any other siRNA delivery system, the transition to the in vivo administration of chitosan/siRNA
NPs is highly challenging. Indeed, the in vitro optimization work does not guarantee suitable
properties for in vivo delivery. Although the characteristics of the NPs are appropriate for the
delivery of siRNA in culture medium, these systems would certainly be inappropriate to protect and
transport siRNA in a more complex and aggressive context, such as the biological environment [34].
Moreover, the NP characteristics should be adapted depending on the administration route and
should present a good safety profile. Furthermore, the stability in biological fluids is highly required
[34].

Synthetic polymers such as PElI or PLL and natural polymers such as chitosan have both been
investigated in vivo. They offer plenty of possibilities for chemical modification and surface
functionalization. However, in comparison with chitosan, synthetic polymers possess higher charge
density and are responsible for their important transfection efficiency on the one hand and their
cellular toxicity on the other hand [29,221]. Moreover, polycation-based materials activate the
complement system in a charge density-dependent manner [222]. Here, the chitosan/siRNA delivery

systems that have been described for local and systemic delivery in vivo are reviewed.

111.2.4.1. Systemic delivery

Few studies have described the I.V. administration of chitosan/siRNA NPs, all of which have
considered cancer treatment. NPs have to present good stability in the bloodstream to avoid
dissociation or aggregation due to interactions with blood components [34]. Additionally, NPs should

escape phagocytic capture and reach the target organ in sufficient concentrations [223].

To achieve in vivo tumor targeting, RGD-chitosan/siRNA NPs were injected intravenously at 150 pg
siRNA/kg body weight in orthotopic ovarian cancer mice models. The siRNA used was targeted
against periostin, which is involved in angiogenesis. At 24 h post-injection, the expression of the
target protein in SKOV3 tumor tissues (human epithelial ovarian cancer, which expresses integrins)
was reduced by 50% using RGD-NPs and by only 20% using non-targeted NPs. Moreover, the poor
accumulation of RGD NPs was observed in other organs (e.g., kidneys, liver), suggesting the efficient
targeting ability of these NPs. A tumor growth study was performed, and the RGD-NPs induced a
significant decrease in tumor weight. Furthermore, using a docetaxel combination (100 pg injected

intraperitoneally), the NP efficiency was even more increased [204].

In another study, thiolated glycol chitosan NPs were formulated to deliver polymerized siRNA (12

SiRNA linked together). The particularities of this polymerized siRNA are its high MW and its
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increased number of anionic charges, which helps enhance the NP stability in vivo. Biodistribution in
SCC7 tumor-bearing mice showed a major accumulation of the NPs within the tumor, likely due to
passive targeting via the enhanced permeability and retention (EPR) effect because these NPs did not
present any targeting ligand. The fluorescence signal occurred at a maximum of 1 day post-injection
and persisted until 3 days post-injection. A fraction of the NPs were found in the kidneys. In
comparison, complexes made of PEl and polymerized siRNA were mostly located in the liver. First,
the efficiency was evaluated using a siRNA against red fluorescent protein (RFP) in a RFP-positive
B16F10 tumor model (17% RFP silencing). Then, a tumor growth study was performed using VEGF-
siRNA. The NPs were injected every 3 days at a dose of 50 ug siRNA and significantly reduced tumor
growth (by 80% compared with an untreated group) and microvessel formation, without triggering
any immune response [202]. The same authors had already described efficient RFP silencing after the

I.V. administration of PEI-glycol chitosan nanocarrier [213].

111.2.4.2. Local delivery

Due to the difficulties associated to systemic administration, alternative routes were examined. Local
delivery offers the advantages of being readily accessible, thus avoiding the requirements for
systemic administration and the ability to deliver NPs directly to the target site with maximum

efficacy and minimum side-effects at lower doses.

Intratumoral delivery was investigated for cancer treatment. This localized gene therapy allows the
delivery of therapeutic doses to the tumor site. Moreover, it should, in theory, maintain the
continuous exposure of the tumor to the NPs. However, the major challenge is to obtain a complete
diffusion of the NPs within the tumor. Chitosan/siRNA NPs were injected intratumorally at a siRNA
dose of 25 pg in mice. The NPs were approximately 276 nm and contained a combination of 4
different siRNA that targeted VEGF and its receptors. In a slow-growing breast tumor rat model, the
NPs induced a 94% reduction of tumor volume in comparison with an untreated group. No interferon
y-mediated immune response was detected [224]. Moreover, intratumoral injections of PLR-PEG-
chitosan NPs (10 pg siRNA per mouse) in B16F10-RFP-bearing mice induced a significant reduction of
RFP fluorescence [197].

The mucosal delivery of chitosan NPs is another interesting possibility because chitosan presents
mucoadhesive and mucopermeable properties that can be exploited to cross the mucus layer [225].
To reach the epithelial cells, NPs in the range of 200 nm are optimal. Howard and colleagues
investigated the nasal route to mediate RNAi at respiratory sites [183]. They obtained 37% GFP
silencing within bronchiole epithelial cells in a transgenic GFP mice model. However, nasal

administration leads to a hardly controllable deposition in the lung airways due to NP loss during the
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nasal-to-lung transit (i.e. adherence in the nasal cavity and a possible gastrointestinal clearance).
Therefore, chitosan/siRNA aerosols were investigated for the improved pulmonary delivery of siRNA.
The GFP silencing was evaluated in vivo after non-invasive intratracheal administration using a
nebulizing catheter in a GFP transgenic model and was compared to the intranasal route [226]. The
siRNA distribution in the lungs was improved with the intratracheal route, and 37% GFP inhibition
was obtained in alveoli and bronchiolar regions. The gene silencing results are similar to those
obtained with intranasal administration in Howard’s study. However, lower siRNA doses were used
via the intratracheal route (0.26 pg siRNA per dose) compared with the intranasal route (30 pg). In
conclusion, chitosan/siRNA NPs demonstrate good ability to mediate RNAI at respiratory sites and

constitute a promising approach for the treatment of pulmonary diseases.

Finally, the intraperitoneal route was investigated to bypass the instability issue of NPs in the blood
stream [227,228]. The aim of the study was to prevent radiation-induced fibrosis, which is a side-
effect of radiation therapy and involves numerous cytokines, such as tumor necrosis factor a (TNFa),
which is released by macrophages [228]. Chitosan/anti-TNFoa siRNA NPs were formulated and
injected in the peritoneal cavity to deliver the NPs directly to the peritoneal macrophages. However,
this route can contribute to a systemic effect. The mice treated with the NPs for 22 days or longer did
not develop any radiation-induced fibrosis up to 8 months after radiation. Furthermore, the NPs did
not induce any cytotoxic side effects [227]. Howard and colleagues also investigated the
intraperitoneal administration of chitosan/TNFa DsiRNA NPs but did so in a collagen type Il DBA/I
arthritis model. The arthritis score was significantly reduced after 5 injections of NPs (5 pug TNFa

DsiRNA) in comparison with the control group. Moreover, 100% survival was obtained [193].

Recently, the oral administration of chitosan/siRNA polyplexes in C57BL/6J mice was investigated.
The authors showed that siRNA was efficiently protected by the chitosan, resulting in a deposition in
the gastro-intestinal tract and accumulation in other organs, suggesting a systemic translocation

[229].

Relatively few polymeric nanocarriers have been evaluated in clinical trials for siRNA delivery. The
aforementioned studies are highly promising: they found that chitosan-based delivery systems can
be safely and successfully administered in vivo via different administration routes and can lead to
efficient gene silencing. Thus, by combining chitosan potential to the versatility of siRNA,
chitosan/siRNA NPs represent valuable candidates for future clinical studies that need to be tested in

clinical trials.
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CHAPTER Il = AIM OF THE THESIS

The aim of the present project was to elaborate an efficient siRNA delivery system for cancer
treatment. We hypothesized that chitosan NPs decorated with a specific ligand that targets receptors
that are overexpressed in tumor cells would be a promising strategy for siRNA delivery. First,
chitosan exhibits attractive properties, such as its biocompatibility, cationic nature and chemical
versatility that make it an ideal basis for NP construction. Numerous examples in the literature have
demonstrated the formulation of chitosan/siRNA NPs. Second, the choice of RGD and RGD
peptidomimetics as ligands to target the a,B; integrins was based on previous work on RGD-grafted
PLGA NPs for paclitaxel delivery [1]. The NPs equipped with these ligands demonstrated an enhanced
ability to target and deliver the chemotherapeutic agent to tumors, resulting in an increased anti-
tumoral efficiency. Finally, depriving the tumor cells of their energetic fuel has been proven to be a
powerful strategy to induce tumor death [2,3]. Thus, transporters involved in tumor metabolism
have been chosen as the siRNA therapeutic targets in collaboration with the laboratory of Professor

Feron (FATH, UCL).

This collaborative project also involves the laboratory of Professor Jérome (CERM, Université de
Liege) for the PEGylation of chitosan and the laboratory of Professor Marchand-Brynaert (INMC,
UCL), in which the RGDp ligands were synthesized. The NPs were designed, evaluated and selected
with respect to their physico-chemical characteristics, in vitro activity, lack of cytotoxicity and ability
to target cancer cells. Because the NPs are intended for I.V. administration, their stability in plasma

was also considered.

JL Optimization of targeted siRNA chitosan-based NPs
Formulation and physica-chemical characterization
Gene silencing efficiency

Stabilityin plasma

A Delivery mechanisms mediated by the targeted and the non-targeted NPs
— Cellularuptake, Gene silencing efficiency
Quantification ofintracellularsiRNA by RT-gPCR
-'Zj)\ . . . . .
o) Influence of the RGDp characteristics on the gene silencing efficiency

Influence of the chemical structure, type of linker and grafting method
Silencing of antitumoraltherapeutictargets:MCT1 and ASCT2

Figure 1: Aim of the thesis, conducted in three steps
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The work was conducted in three steps. The aim of the first part (Chapter Ill) was to establish the
formulat