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Preface

The 2006 Nobel Prize in Medicine or Physiology was awarded to Andrew Fire and
David Mello for their 1998 discovery of double-stranded RNA-mediated gene
silencing by the process of RNA interference (RNA1i). The capability to control and
study cellular gene expression has opened up completely new research areas, shed
exciting new light on existing fields, and provided researches with an unprecedented
tool for investigating functional genomics and the potential to harness the RNAi
mechanism as a potent therapeutic. This has resulted in an explosion of activity in
both academia and industry.

Understanding the molecular mechanisms of RNAI is crucial for its transformation
into a therapeutic modality. This dependency is the focus of “RNA Interference from
Biology to Therapeutics”, a concept applied to a Controlled Release Society (CRS)
Educational Workshop at the 2009 CRS Annual meeting organised by the Editor.

The volume is structured to introduce the reader to the biological principles of
RNAI followed by therapeutic delivery and disease treatment; however, integration
of these aspects is a common thread running throughout. Education was an important
consideration in the book preparation; therefore, the text provides sufficient back-
ground of the subject matter to allow utilisation as a learning tool for students.

The opening chapter gives an overview of RNAi pathways and the ground rules
for therapeutic exploitation using synthetic small interfering RNA (siRNA) and
vector-based approaches highlighted in subsequent chapters. SIRNA design towards
RNAI pathway engagement is continued into chapter 2, focused on the develop-
ment of Dicer-substrate therapeutics. The rapid emergence of the microRNA
(miRNA) field, fuelled by its inherent role in regulation of cellular processes in
normal and disease states, is highlighted in chapters 3, 13, and 14 dedicated to this
subject. Chapter 3, for example, describes miRNA biology in tissue development
and repair. In keeping with the “biology-therapeutic” link, the second part of this
chapter describes its therapeutic exploitation in tissue regenerative medicine.

The clinical translation of RNAI therapeutics is dependent on enabling technolo-
gies to overcome both extracellular and intracellular delivery requirements; this is
the focus of chapters 4—-10. A number of delivery solutions and RNAIi applications
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are covered that include nanoparticle-based systems composed of polymer, lipid, or
exosomes. Systemic and mucosal routes of administration are addressed as well as
stealth and targeting strategies.

Chapters 11-14 focus on RNAI treatment for specific disease types. Chapters 11
and 12 discuss target site selection within the viral RNA genome, viral escape, and
solutions such as targeting cellular host factors in the treatment of HIV and influenza.
Chapters 13 and 14 describe the application of miRNA in cancer such as deregu-
lated miRNA expression for the identification of novel diagnostic and prognostic
biomarkers and novel therapeutic targets as well as a description of miRNA-based
anticancer therapies.

The clinical translation of RNAi-based treatments is an ultimate goal. Chapter 15
describes Alnylam’s clinical development of a siRNA therapeutic for Respiratory
Synitial Virus (RSV) lung infections. Preclinical steps including siRNA screen,
antiviral efficacy, toxicology, and immune studies are presented before an overview
of recent Phase 1 and 2 clinical trials.

This book is highly relevant for experts in, or at the interface of, RNAi, delivery
science, and medicine from a personal field perspective as well as opening up new
interdisciplinary research possibilities. An attractive feature is the “Future
Perspectives” section ending each chapter that gives global experts the opportunity
to express a personal view on where the field is going, offering potential new
research directives to the reader.

“RNA Interference from Biology to Therapeutics” is a comprehensive and truly
unique text for those involved or interested in this extremely exciting, important,
and high impact field.

Aarhus, Denmark Kenneth A. Howard
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Chapter 1
RNA Interference Pathways and Therapeutic
Exploitation

Jesper B. Bramsen and Thomas B. Hansen

Abstract RNA interference (RNAI) is currently the method of choice to experimentally
silence endogenous gene expression for functional genomics studies, while ongoing
clinical trials point to its great therapeutic potential. Harnessing endogenous RNAi
pathways to effectuate gene silencing by introducing artificial RNAi substrates or
inhibitors translates into effective silencing efficiencies with high predictability and
reliability but also has the potential to disturb endogenous gene regulation by the
native inhabitants of the RNAi pathway, the microRNAs (miRNAs). A wealth of
RNAI strategies have been developed over the last decade to produce optimal exper-
imental triggers of RNAIi entering at all levels in the RNAi pathway. Here we pro-
vide an overview of RNAIi silencing pathways and its transformation into a
therapeutic mode using vector-based approaches and chemically optimized, small
interfering RNAs (siRNAs).

1.1 Entering the Age of RNA Interference

Nobel Prizes are rarely awarded based on discoveries <10 years old. Yet, in 2006,
Craig Mellow and Andrew Fire were awarded the Nobel Prize in medicine or physi-
ology for their 1998 discovery of double-stranded RNA-mediated gene silencing by
a process of RNA interference (RNAi) [1]. Here a decade later, the impact of this
discovery has been immense; RNAi has opened up completely new research areas,
shed exciting new light on existing research fields, and provided researches with an
unprecedented powerful tool for functional genomics investigations and potential
diagnostic and therapeutic agents.

J.B. Bramsen (P<)) » T.B. Hansen

Department of Molecular Biology and Genetics, Interdisciplinary Nanoscience Center,
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2 J.B. Bramsen and T.B. Hansen

Fire and Mellow showed that the introduction of exogenous long double-stranded
RNA (dsRNA) into the nematode worm Caenorhabditis elegans triggers potent
silencing of genes that share perfect sequence complementary to the introduced
dsRNA, a silencing effect far superior to what was typically seen using single-
stranded antisense RNA, the prevalent gene silencing tool at the time.

Several important observations quickly followed; the exogenous long dsRNA
was found to be enzymatically processed into shorter 20—25-base pair (bp) dsSRNAs
acknowledged as the true effectuators of RNAi [2—4]. The subsequent observation
that exogenous, synthetic 21-bp dsSRNAs could trigger highly effective and sequence-
specific gene silencing upon introduction in the cytoplasm in almost all investigated
eukaryotic organisms provided researches with an extremely potent gene silencing
tool [5]. These small dsRNA species, coined small interfering RNAs (siRNAs),
marked the birth of a completely new silencing mechanism and the entry into the
RNAI era of molecular biology and medicine. Besides being established as an ubiq-
uitous tool in basic research, the number of RNAi-based preclinical and clinical tri-
als has increased rapidly over recent years providing optimism for successful clinical
translation [6, 7], a high achievement for such a fledgling technology.

1.2 RNAi Pathways

1.2.1 The Natural Biological Functions of RNAi Interference

As presented throughout this chapter, the unprecedented power of RNAI as a gene
silencing tool originates from harnessing natural gene silencing pathways to effec-
tuate efficient degradation of any chosen target mRNA. All key enzymes in the
RNAI pathway are broadly conserved throughout the eukaryotic clade, suggesting
the existence of a minimized version of the RNAi machinery in the last common
ancestor of eukaryotes [8]. Here, RNAI is hypothesized to have served primarily as
an ancient defense mechanism that functions in cis to endonucleolytically cleave
and degrade exogenous long cytoplasmic dsRNA originating from viral infection
[9-11], aberrantly expressed transgenes [10, 12—14], mobile genetic elements [15,
16], or aberrant processing of endogenous mRNA [17]. In higher eukaryotes, how-
ever, the RNAi machinery has evolved to be a key aspect in the general regulation
of endogenous gene expression. Here, a class of endogenous 20-25 nucleotide sin-
gle-stranded RNAs, known as microRNAs (miRNAs), are found to regulate the
stability and translation of mRNAs in frans upon directly base pairing to their
3'untranslated regions (3'UTRs). The first example of a miRNA, a noncoding gene
termed /in-4 encoding a small RNA species of ~22 nt, was identified in the nema-
tode worm C. elegans in 1993 [18]. It was hypothesized that lin-4 represses transla-
tion of the lin-14 gene by base pairing partially with putative target sites positioned
in the 3'UTR of the /in-14 mRNA. It took almost 7 years before the second miRNA,
let-7, was shown to regulate the lin-4/ mRNA through a similar mechanism.
Interestingly, let-7 was found to be evolutionary conserved in a wide range of animal
species indicating a more general role of miRNA in gene regulation [19-21].
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Accordingly, thousands of miRNAs have since been identified, a task greatly
enhanced by next generation sequencing techniques (see http://www.mirbase.org),
and the RNAi machinery has indeed proved widespread and important in control-
ling gene expression in nearly all aspects of cellular metabolism.

1.2.2 RNAi Pathways: Step by Step

Considering the essential roles for RNAi pathways in organism homeostasis, it is
clear that the development of safe RNAi-based therapeutics requires a thorough
understanding of the RNAi pathways by which eukaryotic organisms regulate their
transcriptome (Fig. 1.1). In essence, any artificial RNAI trigger employed, either
introduced into the cytoplasm as synthetic siRNAs or transcribed in the cell nucleus
from artificial RNAi vectors, will have to be carefully engineered to structurally
mimic endogenous RNA intermediates in the RNAi pathway in order not to inter-
fere with normal miRNA function. This section will, therefore, highlight key aspects
of the maturation and function of miRNAs in order to establish the ground rules
under which RNAi-harnessing approaches must comply.

Overall, the RNAi pathway has the potential to respond to a variety of RNA
substrates of both endogenous origin, that is, primary miRNA precursors (pri-
miRNAs) transcribed in the cell nucleus and exogenous origin such as cytoplasmic,
foreign dsRNAs, e.g., viral RNA, siRNAs, etc. The terms “miRNA pathway” and
“siRNA pathway” are often encountered in the literature to distinguish RNA sub-
strates of endogenous and exogenous origin, however, in essence all mature RNAi
triggers (miRNA and siRNA produced by the RNAI proteins from nuclear miRNA
precursor and cytoplasmic dsRNA, respectively) are functionally identical once
incorporated into the effector protein complex RISC in the cytoplasm [22, 23].
Concurrently, multiple entry routes into the RNAi pathway can be exploited for
gene silencing therapeutics.

Focusing first on endogenous RNAi substrates, the majority of miRNAs are tran-
scribed as primary transcripts (pri-miRNA) in the nucleus by RNA polymerase II
and are situated either intronically in coding mRNA or as separate transcription
units [24, 25]. The pri-miRNA is hairpin structured and is initially recognized by
the bipartite complex, the microprocessor, composed of the endonucleolytic enzyme
Drosha and its cofactor DGCRS8 [26, 27]. The microprocessor crops the hairpin
structure out of its flanking sequence, resulting in a 50—70-nt hairpin RNA, termed
the precursor miRNA (pre-miRNA). Drosha is composed of dual RNase III domains
responsible for the endonucleolytic cleavage, and the resulting product consists of a
5" phosphate and 3’ hydroxyl group. Moreover, from a structural point of view, the
Drosha-processed pre-miRNA typically has two unpaired nucleotides in the 3’ end,
referred to as a 2-nt 3’ overhang. Basically, microprocessor products (with a few
exceptions) serve as bona fide substrates in the downstream biogenesis pathway;
therefore, the specific pri-miRNA recognition by the microprocessor is a defining
step in miRNA biogenesis although the exact determinants of microprocessor rec-
ognition are still debated.


http://www.mirbase.org
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Fig. 1.1 Overview of the RNAi pathways. Natural miRNAs are transcribed by pol II as part of
long pri-miRNAs @, which are processed in the nucleus (gray circle) by the microprocessor (con-
taining DGCRS and Drosha) into pre-miRNAs @. These are subsequently exported to the cyto-
plasm by XPO5 ® and loaded into a RISC-loading complex (RLC) containing, e.g., Dicer and
TRBP @. In the cytoplasm, Dicer cleaves the pre-miRNA (leff) and cytoplasmic long dsRNA
(right) into a miRNA or siRNA duplex, respectively ®, thereby generating pre-RISC in which one
strand is selectively loaded into active RISC ®. RISC can now direct mRNA destabilization/trans-
lational inhibition of target sharing only partial sequence complementarity to the guiding strand @
(typical for miRNAs) or RNA cleavage of targets sharing perfect sequence complementarity to
guide strand ® (typical for siRNAs). SiRNAs generated from cytoplasmic long dsRNA can, due
to their perfect sequence identity, target their original source, e.g., viral dsRNA for degradation
(dashed line). Refer to text for more detailed description
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With the initial step in miRNA biogenesis being compartmentalized to the
nucleus, a translocation of the pre-miRNA across the nuclear membrane through the
nucleopore complex (NPC) is a required step in the pathway. Pre-miRNA export is
dependent on Exportin-5 (XPOS5) [28], which is believed to be the rate-limiting step
in miRNA biogenesis [29]. XPOS5 has high affinity toward hairpin-like RNA with a
structured stem exceeding 18 bp in length and with 3’ rather than 5" overhangs [30],
consistent with microprocessor products serving as canonical XPOS5 substrates.

After export to the cytoplasm, the pre-miRNA is subjected to further processing
by the so-called RISC-loading complex (RLC) [31-33] in which Dicer, another
RNase IIT enzyme, cleaves off the pre-miRNA loop to produce a 21-22-nt miRNA
duplex [3]. The pre-miRNA structure is, in part, recognized by the terminal 2-nt 3’
overhang, and consequently Dicer is typically regarded as an exonuclease.
Like Drosha, Dicer-cleavage produces 2-nt 3’ overhangs; thus, the resulting miRNA
duplex displays overhangs at both termini. Here, at the levels of Dicer cleavage, the
miRNA and siRNA pathways meet (Fig. 1.1); in addition to processing pre-miRNA,
Dicer also consecutively cleaves long dsRNA, such as foreign cytoplasmic dsRNA,
from the terminus into smaller 21-22-nt siRNA duplexes [34]. Subsequently,
miRNA and siRNA duplexes are incorporated into a pre-RISC [35], a complex
composed primarily of one of four mammalian Argonaute proteins (Ago 1-4) as the
core component. One strand in the miRNA or siRNA duplex (the passenger, non-
guiding strand) is subsequently removed during RISC activation, resulting in single-
stranded RNA in association with the activated RISC (the guide strand). This process
is referred to as strand selection. The selection and incorporation of guide strand is
at least, in part, determined by the molecular thermodynamics of the miRNA/siRNA
duplex [36, 37]: Here, the least stable 5’ end in terms of base pairing strength is
predominantly observed as the guiding strand. An examination of RISC activation
in more detail reveals two distinct mechanisms: a RISC-mediated cleavage of the
passenger strand, restricted to near-perfect RNA duplexes, such as siRNAs [38,
39], or a helicase-dependent mechanism responsible for unwinding the duplex
[38, 40]; in both cases, strand selection is complying with the thermodynamics-
based rules above.

Once incorporated into RISC, the single-stranded miRNA base pairs with target
sites typically positioned in the 3'UTRs of mRNA, whereas siRNA target sites are
located according to their origin or original design, typically within the open read-
ing frame (ORF). Two possible effector mechanisms occur depending solely on the
nature of Argonaute protein found in RISC and the level of complementarity
between the guiding strand and the target mRNA: (1) in case of full complementary
between guide strand and target, which is typical to siRNAs guide strands; Ago2
catalyzes the endonucleolytic cleavage, termed slicing, of target mRNAs, at the
position located opposite the 9—10th nucleotide position counting from the guide
strand 5" end [41, 42]. This subjects the target mRNA to rapid exonucleolytic decay
[22, 43] that is the intended and prevalent process in most typical siRNA-mediated
mRNA “knockdown” experiments. (2) In case of more imperfect base pairing,
essentially requiring only complementarity between the seed sequence of the
miRNA (position 2-7/8) and the 3'UTR (seed match), cleavage is not observed, and
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RISC instead destabilizes mRNA or represses its translation [23, 44, 45] in a process
much less potent than siRNA-mediated slicing. Of the four closely related Ago
proteins, Agol—-4, only Argonaute2 has endonucleolytic mRNA cleavage potential,
whereas the three other closely related Ago proteins (Agol, 3, and 4) are devoid of
endonucleolytic activity [41]. The vast majority of characterized miRNA-mediated
effects are facilitated by seed match target sites in the mRNA 3'UTR leading to
mRNA destabilization or translational repression by mechanisms that are still
debated but likely involve recruitment of a deadenylation complex
(CAF1:CCR4:NOT1) and mRNA destabilization through deadenylation. Due to
their functional identity, however, siRNAs also behave as miRNAs to destabilize
hundreds of RNAs in addition to the intended target upon base pairing of the siRNA
seed region to 3'UTRs, a process known as off-targeting (discussed in Sect. 1.4.6).

1.3 Harnessing RNAi Pathways for Gene Silencing
Therapeutics

1.3.1 The Benefits of RNAi-Based Therapeutics

The breakthrough for RNA1 as a potential human therapeutic was the observation of
potent, sequence-specific, and seemingly safe knockdown of endogenous gene
function in cell culture upon introduction of synthetic 21mer siRNAs with perfect
sequence complementarity toward its target [5]. The importance of this observation
for RNAI therapeutics cannot be underestimated, and synthetic siRNAs are the pre-
ferred gene silencing tool in vitro, a success that emanates from their general con-
sistency, high efficiency, and ease of use. Today, it is a simple matter to order
designed commercial synthetic siRNAs to obtain the desired gene knockdown in
short-term cell culture experiments using commercial transfection reagents.
Hitherto, synthetic siRNAs have provided the bedrock for the successful RNAi-
based therapeutics: The first knockdown of an endogenous gene, apolipoprotein B
(ApoB) using a clinically relevant formulation and administration route, was
observed in mouse livers after standard intravenous injections of a chemically
modified, but naked (non-formulated), siRNA in 2004 [46]. Also, the first success-
ful knockdown of a cancer target gene in humans, the M2 subunit of ribonucleotide
reductase (RRM2), was achieved in a clinical phase I trial in tumors from mela-
noma patients upon systemic delivery of siRNA nanoparticles [7] (for more details
on ongoing clinical trials, refer to http://clinicaltrials.gov).

There are several contributing components to the great success of RNAi-based
gene silencing as compared to the competing antisense oligonucleotide (ASOs) tech-
nology developed in the 1970-1980s [47]. Similarly to ASO technology, the high
predictability and specificity of nucleic acid base pairing provides fully program-
mable and specific gene silencing which in practice renders all genes “druggable”:
Researchers need only to produce short dsRNA species with a structure recognizable
to RNAi proteins and perfect sequence complementarity to a particular mRNA target
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to achieve gene knockdown. Yet, RNAi-based silencing strategies hold additional
benefits; exogenous RNAI substrates, such as synthetic siRNAs, are rapidly incorpo-
rated into RNAI protein complexes to protect them from nuclease degradation [48,
49] and, very importantly, to orchestrate their transport to their target mRNA in the
cytoplasm, thereby effectuating multiple rounds of target cleavage [10]. Furthermore,
the structural mimicry of endogenous miRNA species by artificial siRNA triggers
allows them, at least in theory, to remain undetected to cellular sensors of foreign
dsRNA, thereby preventing triggering of innate and adaptive immune responses.

1.3.2 Therapeutic Entry into the RNAi Pathways

Despite the overwhelming popularity of synthetic siRNAs, a wealth of strategies for
harnessing endogenous RNAi pathway as a gene silencing tool have been developed
to best suit the given experimental system or organism. Collectively, these strategies
exploit the fact that protein complexes in the RNAi pathways respond to the struc-
ture of their RNA substrates rather than their sequences and that miRNA pathways
and siRNA pathways intersect in the cytoplasm at the level of RISC loading and
shares degradation pathways (Fig. 1.1). Therefore, any desired guide strand can be
loaded into Ago2-RISC to effectuate mRNA target cleavage once embedded within
a suitably structured RNAi substrate mimic, e.g., primary miRNA transcripts, pre-
cursor miRNAs, miRNA duplexes, dsSRNA shorter than 30 bp, or most popularly
21mer siRNAs (Fig. 1.2).

As discussed in greater detail in Sect. 1.4, most experimenters typically use syn-
thetic 21mer siRNAs as triggers of RNAi: These have perfect structural identity to
natural Dicer cleavage products (typically two 21-nt RNA strands annealed to form a
19-bp dsRNA duplex stem and 2-nt 3" overhangs at both ends) and are upon introduc-
tion into the cell cytoplasm loaded into RISC by RLC to facilitate transient gene
knockdown. The siRNA sequence is typically designed to target the mRNA ORF, and
silencing effect persists for 2—7 days in typical cell-cultured siRNA. As described in
Sect. 1.4, numerous successful siRNA designs utilizing shorter of longer RNA back-
bones and chemical modification have been developed to enhance silencing potency,
specificity, and longevity. Still, the lack of efficient means to achieve cytoplasmic
delivery in vivo is the major bottleneck for therapeutic applications, and reports of
siRNA immunogenicity and off-targeting also need immediate addressing.

As described in Sect. 1.5, RNAi triggers may also be encoded by RNAi plasmids
or viral vectors, which are introduced into the cell nucleus and here utilize the cel-
lular transcription apparatus to ensure a continuous production of the intended RNAi
substrates. This potentially allows for long-lasting RNAi and can also ensure efficient
delivery of RNAI constructs into cells that are otherwise difficult to target. Especially
viral vectors hold therapeutic potential: Whereas retro- and lentiviral vectors may
have limited use in therapeutics due to their integration into the host genome (i.e.,
risk of insertional mutagenesis), the nonintegrating viral vectors such as adeno- and
adeno-associated viral vectors may hold greater therapeutic potential [50, 51].
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Fig. 1.2 Harnessing endogenous RNAi pathways for gene silencing therapeutics. Artificial trig-
gers of RNAI can be introduced via RNAI vectors that are transcribed in the nucleus; pol III-
transcribed cassettes will typically encode shRNAs that are directly transported to the cytoplasm
and loaded into RLC (right side). Alternatively, RNAI triggers are delivered as pol II-transcribed
pri-miRNA mimics, which are cleaved by the microprocessor prior to loading into RLC in the
cytoplasm. Synthetic triggers of RNAI are instead introduced directly into the cell cytoplasm;
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dsRNA, can enter the RLC and are subsequently loaded into pre-RISC upon Dicer cleavage.
Various design versions of synthetic 21-23mer siRNAs, and notably also miRNA mimics, are
instead loaded into pre-RISC without Dicer cleavage and can subsequently guide Ago2-mediated
target cleavage (referred to as on-targeting for siRNAs) or Ago-mediated RNA destabilization/
translational inhibition of targets sharing perfect seed matching (the natural miRNA function
which is referred to as of-targeting for siRNAs). Endogenous miRNAs can also be inhibited by
introducing 12-25-nt chemically engineered antisense oligonucleotides, named anti-miRs or
antagomirs, into the cell cytoplasm where they bind and inhibit the single-stranded miRNAs
loaded into active RISC. Refer to text for more detailed description
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In addition to silencing mRNA by custom siRNAs, recent RNAI strategies have
focused on modulating the levels of endogenous miRNAs as these are often found
to be up- or downregulated in human diseases such as cancer [52]. The so-called
miRNA replacement therapy aims to introduce mimics of natural miRNAs into the
RNAIi pathway [53]. Here they will exert the functions of their natural counterpart
to simultaneously target multiple mRNAs through seed-mediated base pairing to
their 3'UTR (rather than cleaving a single target as intended for siRNAs). miRNA
mimics are very similar to siRNAs and can be introduced as synthetic dSSRNA mol-
ecules or via DNA vectors (described in the following sections). In practice, syn-
thetic miRNA mimics are often designed as perfectly base-pairing siRNA-like
molecules where the guiding strand is identical to a given endogenous miRNA.
Therefore, delivery and chemical optimization strategies are basically similar to
siRNA design; however, modifications that reduce siRNA off-targeting (i.e., miRNA
effects) should obviously not be applied in miRNA mimic design.

Finally, endogenous miRNA function can be inhibited by introducing 12-25-nt
single-stranded oligonucleotides designed antisense to the given miRNA. Upon
introduction into the cell cytoplasm, such molecules, referred to as anti-miRs or
antagomirs [54, 55], will bind to RISC-loaded miRNAs and block their natural
functions. Being single-stranded, anti-miR typically needs extensive chemical
modification both to resist degradation by nucleases and also to enhance their bind-
ing affinity to target miRNAs (e.g., by locked nucleic acids (LNA) [56]), to trap the
RISC-loaded miRNAs in a nonfunctional state or even promote their degradation
[57]. Significant progress has already been made using anti-miR designs in primates
[56, 58]. As an alternative, the so-called miRNA sponges transcribed from DNA
vectors introduced into the cell nucleus have allowed long-lasting inhibition of
endogenous miRNA function [59]. In practice, such sponges are mimicking the
structure of natural miRNA targets as RNA transcripts expressed from strong pol II
promoters designed to contain multiple binding sites, often heptameric sequences
complementary to the target miRNA seed. Notably, emerging evidence suggests
that the unknown function of human pseudogenes or long noncoding RNAs may
indeed be to function as natural sponges for endogenous miRNAs [60].

1.4 The Application of Synthetic siRNA as RNAi-Based
Therapeutics

Synthetic siRNAs are by far the most widely used triggers of RNAI in cell culture
in which they are introduced into the cell cytoplasm and directly loaded into RISC.
Although efficient transfection can be achieved in most cell culture systems by the
use of commercial transfection reagents, in vivo delivery of synthetic siRNAs into
the target cells is far more challenging. Synthetic siRNA suffers from a number of
drawbacks compared to most small-molecule drugs; namely, they are macromole-
cules (~14,000 Da) and hydrophilic due to their anionic phosphodiester backbone
that restricts entry across the cellular membrane required for target interaction.
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Furthermore, they are susceptible to serum nucleases and have poor pharmacoki-
netic properties as a consequence of e.g., rapid renal clearance upon intravenous
injection [61]. Moreover, siRNA silencing specificity and safety has been chal-
lenged by the general finding of siRNA off-targeting [62, 63] and potential immu-
nogenicity [64, 65] resulting in the realization that further clinical progress will
require greater investments than initially envisaged to overcome these issues.
Encouragingly, this process is well underway; synthetic siRNA technology is now
dramatically improved by chemical modification that will most likely fulfill its
potential if allowed to mature in a similar manner to development and the emerging
success of ASO technology [66—68].

1.4.1 Synthetic siRNA Types

The most simple and popular siRNA design today mimics natural Dicer cleavage
products and comprises a 21-nt guiding strand antisense to a given RNA target and
a complementary passenger strand annealed to form a siRNA duplex with a 19-bp
dsRNA stem and 2-nt 3’ overhangs at both ends [4, 5]. Other siRNA designs mimic
Dicer substrates to enhance incorporation into RNAi pathways [69] and siRNA
potency [referred to as Dicer substrate siRNAs (DsiRNAs)] [70]; especially syn-
thetic 27mer DsiRNAs [71-75] can have very high activity; yet, concerns of unpre-
dictable efficiency and potential immunogenicity [76] need to be addressed [73-75].
A variety of alternative siRNA designs exhibiting different architectures have
been developed such as Dicer-independent short shRNAs with RNA stems <19 bp
[77, 78], blunt 19-bp siRNAs [79, 80], blunt fork-siRNAs [82, 83], single-stranded
siRNAs (ss-siRNAs) [84-86], dumbbell-shaped circular siRNAs [87], asymmetric
siRNAs (aiRNA) and asymmetric shorter-duplex siRNA (asiRNA) harboring a
shortened SS [78, 88, 89], bulge-siRNA [90], and sisiRNAs [91] (Fig. 1.2). Some of
these aim to enhance siRNA potency and specificity by ensuring the preferential
loading of the guide strand in RISC and/or rendering passenger strand nonfunc-
tional. Examples include the asymmetric siRNAs (asiRNAs) which utilize a 5’ end
truncated passenger strand [78, 88] and the sisiRNAs which utilize two short 10-12-
nt passenger strands, all of which cannot contribute to siRNA off-targeting [91].
Also, fork-siRNA contains mismatched bases in the 3’ end of the passenger strand
which enhance loading of the siRNA guide strands due to a lower thermodynamic
stability of its 5’ duplex end. Finally, the use of asymmetric siRNA overhangs also
ensures preferential guide strand loading and improved siRNA activity [92]. Other
designs aim to enhance siRNA nuclease resistance to prepare unmodified siRNA for
usage in vivo: Blunt 19-bp siRNAs and dumbbell-shaped circular siRNAs are both
reported to be more resistant to nuclease degradation, even when unmodified, as
they contain no free 3’ overhang [80, 87]. Recently, siRNAs has also been incorpo-
rated in larger nucleic acid structures with the prospect of enhancing delivery and
bioavailability [93, 94].
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1.4.2 Maximizing siRNA Activity

Maximizing siRNA silencing activity minimizes the siRNA dose required for efficient
gene silencing which is important when considering the difficulties of siRNA deliv-
ery in vivo. The siRNA sequence is a primary determinant of siRNA activity [36, 95,
96], and large screens have identified several design rules [97-103] such as a low
GC-content of 30-50% [99, 104], especially in the guide strand seed region [99, 102]
and preferences for low internal thermostability [99, 101, 102]. Importantly, siRNA
sequences should be chosen to render the siRNA duplex thermodynamically asym-
metric as the siRNA strand having the 5’ end engaged in the thermodynamically least
stable part of the duplex will, as noted above, be preferentially utilized as guiding
strand in RISC [36, 37]. Furthermore, siRNA target sites should be accessible and not
hidden in stable secondary structures [105—109] nor occupied by RNA-binding pro-
teins [110], and in effect, efficient target sites are often found in AU-rich regions
[111]. SiRNA chemical modification screens show that careful chemical engineering
of siRNA can enhance their activity beyond unmodified siRNAs [112]; a few exam-
ples of dramatic potency improvements have been reported [148]; yet, typically, only
modest (less than twofold) improvements in siRNA potency are seen, for example,
upon moderate modification of siRNA strand 3’ ends [112—118]. Instead, modifications
that favor loading of the guide strand into Ago2-RISC seem to be a reliable, sequence-
unspecific strategy to enhance siRNA potency either by introducing optimal siRNA
thermodynamic asymmetry using stabilizing modifications (e.g., LNA [119], 2-thio-
uracil [120], 2'-F) in the passenger strand 5’ end or by introducing destabilizing
modifications (such as OXE, ethylamino, UNA, dihydrouracil, or PS [112, 119, 121])
in its 3’ end. Furthermore, chemically modified 3’ overhangs that are favored and
unfavored during strand selection by RISC have been identified and can easily be
incorporated into the guide and passenger strands of the siRNA, respectively [92,
112]. As a note of caution, the industry standard and popular 2-nt DNA overhang
dTdT has been suggested to reduce silencing longevity significantly [122].

1.4.3 Motivation for Chemically Modified siRNA

Unmodified synthetic siRNAs seem most suited for short-term gene silencing
experiments in cell culture, where adverse side effects such as siRNA immunoge-
nicity and off-targeting (see below) go unnoticed or are disregarded. Higher stan-
dards for siRNA performance and safety are required to establish siRNA-based
therapeutics. These concerns can be resolved by chemical modification [81, 91, 112,
123-126]. Unmodified, naked siRNAs are highly labile in biological fluids due to
their degradation by ribonucleases, and their poor pharmacokinetic properties
in vivo reduce intracellular delivery [46, 61, 127]. Furthermore, siRNAs may be
immunogenic [64, 65, 128—130] and inherently trigger non-intended off-target
regulation of genes harboring seed matches of either siRNA strand (i.e., each siRNA
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strand has the potential to function as a miRNA, thereby potentially affecting
hundreds of mRNAs) [62]. A wealth of modification types have been tested to circum-
vent these shortcomings including modification of the phosphodiester backbone
(e.g., by phosphorothioate linkages (PS) [131-138]), substitution of the ribose 2'-
OH group [e.g., by 2°-O-Methyl (OMe), 2'-Flouro (F), 2'-Methoxymethyl (MOE)],
or using bridged nucleic acids (such as LNA [139], carbocyclic-LNA [112, 140],
ENA [141], carbocyclic-ENA [112, 140], and oxetane (OXE) [112, 142]), substitu-
tion of the ribose unit with six carbon sugars (such as ANA, HNA, 2'-F-ANA, and
CeNA [112-117]), by disrupting the ribose ring structure (such as in unlocked
nucleic acids (UNAs) [124, 143]), or modification of nucleoside bases (5-iodo-,
2-thio- and pseudouracil [120, 131, 144]) (for a more comprehensive review of
chemical modification types, see [126]). Modifications, however, must be compat-
ible with siRNA function, and positional tolerances for siRNA modifications have
been well established by empirical testing; by rule of thumb, the guide strands 5’
phosphate, 5" end (seed region), and central positions are particularly sensitive,
especially to several or bulky modifications. In contrast, the entire length of the pas-
senger strand, the 3’ end, and overhang of the guide strand are fairly tolerant and can
be chemically modified to enhance siRNA performance [112, 126, 131-136, 141].

1.4.4 Improving siRNA Nuclease Resistance

Most unmodified siRNAs are degraded by ribonucleases within minutes in mam-
malian serum [46, 112, 131, 135, 145, 146], and enhancing siRNA stability has long
been considered essential for siRNA function in vivo. Indeed, extensive chemical
stabilization was found essential for successful silencing in mouse livers upon
low-pressure intravenous injection of naked siRNA, a strategy relevant to siRNA
therapeutics [147]. Yet, only few extensively or fully modified siRNAs are reported
to be both highly stable and potent [147—-149] as extensive chemical modification of
siRNAs will typically reduce their activity [112]. Instead, moderate modification
levels using phosphorothioates [131-136], thermostabilization of the siRNA duplex
stem by LNA[112, 119, 135, 136, 150], OMe or 4’ thioribose [151], or combinations
of these modifications have been successful in creating stable and potent siRNA for
applications in vivo [46, 152, 153].

Recently, suggestions to modify only nuclease hypersensitive positions in the
siRNA were put forward to limit modification levels and preserve silencing [154,
155]. As modification of siRNA 3’ overhangs are very well tolerated by the RNAi
machinery, numerous modification types will provide 3’ exonuclease resistance and
modestly enhance siRNA stability [112, 131-136]. As most dSRNA-specific endori-
bonucleases are preferentially recognizing UpA, UpG, and CpA dinucleotide motifs
[154—157], further siRNA stabilization by modifying these vulnerable positions, for
example, by 2'-OMe, is a straightforward approach to significantly enhance stabil-
ity [154, 155].

It is worth noting that the benefits of enhancing siRNA nuclease resistance
seem primarily to originate from effects during siRNA delivery prior to siRNA
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internalization or enhanced interaction with the intracellular RNAi machinery [158].
Once inside the cytoplasm, siRNAs are more stable, some likely protected by RISC
incorporation [159], and silencing can persist for 30-90 days in slowly or nondivid-
ing cells [158, 160]. Therefore, chemical modification of siRNAs to enhance nucle-
ase resistance is primarily needed in applications using “naked” siRNA and less
when using shielding delivery agents such as nanoparticles.

1.4.5 Reducing siRNA Immunogenicity

Synthetic siRNAs were initially considered to be non-immunogenic in mammalian
cells, due to their structural mimicry of endogenous Dicer cleavage products [5].
However, with increasing investigations, sSiRNAs are now reported to induce innate
immune responses through mechanisms dependent on cell type, delivery route,
siRNA structure, and sequence [76]. Specific single-stranded sequence motifs such
as GUCCUUCAA [64], UGUGU [129], UGGC [161], and GU [162] have been
reported to render siRNA immunogenic. These are recognized by Toll-like recep-
tors 7 and 8 (TLR7/8), transmembrane receptors found in the endosomes of immune
cell populations [163]. These responses can be potentiated with the use of transfec-
tion agents that facilitate endosomal delivery. Recently, uridine content has been
reported to correlate with TLR7/8 activation [164], thereby severely complicating
siRNA design. Encouragingly, TLR7/8 activation may be largely avoided by chemi-
cally modifying or shielding immune-stimulatory sequences: Several modification
types, especially 2'-modified nucleotides (DNA, 2'-OMe, 2'-F, LNA), can abrogate
siRNA immunogenicity [130, 147, 165, 166], and modification of uridines only
with either 2'-F or 2'-OMe [167] or DNA [168] may be sufficient. In particular,
2'-OMe modification of the passenger strand has been proposed as a universal
approach to avoid TLR7 activation [169].

siRNA duplex length also seems to affect siRNA immunogenicity; several stud-
ies suggest that 2Imer siRNAs are not immunogenic in several cell lines even at
high concentrations, whereas 25mer (or longer) siRNAs trigger concentration-
dependent immunogenicity in HeLa S3, DU145, and MCF7 cells, but not in HeLa
and HEK?293 cells. Consequently, it has been suggested to avoid non-modified
27-29mer DsiRNA design for siRNA applications, at least in vivo [76]. siRNA
sequence length is sequence-independent monitored by the transmembrane TLR3
(among others) expressed on the surface and in endosomes in the dendritic sub-
population of the leukocytes but also in many primary cell types and popular cell
lines [76, 170]. Notably, TLR3 activation by the popular 21mer siRNA has been
reported upon intraocular injection in mice regardless of their sequence and 2'-
OMe modification, whereas a shorter 19mer siRNA design was safe [171]. Another
sensor of siRNA length is protein kinase R (PKR), present in all cells and stimu-
lated by cytoplasmic dsRNA longer than 30 bp [172]. 25-30mer siRNAs did not
activate PKR in HEK?293 cells [71]; yet, canonical 21mer siRNAs have been
shown to bind or trigger modest PKR activation in murine microglial N9 cells
[173], T98G cells [174—-176], and HeLa cells [175]; therefore, the impact of PKR
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activation needs to be further established. Usually, however, only few precautions
are taken in typical cell culture experiment to avoid activation of PKR. Another
sensor of cytoplasmic dsSRNA is RIG-I, which recognizes in part the poly-uridine
richness of dsSRNA and in part the composition of dsSRNA termini; 5’ end triphos-
phates and blunt 21-27mer siRNA trigger RIG-I activation, whereas the standard
21mer siRNA design having two 2-nt 3" overhangs is tolerated [174].

1.4.6 Reducing siRNA Off-Target Effects

The shared handling of exogenous siRNAs and endogenous miRNAs by RISC in the
cytoplasm inherently forces all sSiRNAs to behave as miRNAs and trigger unintended
downregulation (typically less than twofold) of hundreds of endogenous mRNAs
sharing sequence complementarity in their 3'UTR to the siRNA seed region [62, 177,
178]. These “off-target” effects can result in toxic phenotypes [161] and compromise
the interpretation, outcome, and safety of the particular siRNA application. Although
siRNA sequences with low seed match frequency are predictable in silico, off-target-
ing cannot be fully avoided but significantly reduced by specific chemical modification
of the guide strand seed region; particularly, introducing a highly destabilizing UNA
modification at position 7 of the guide strand dramatically reduces off-targeting with
minimal loss of on-target activity [123]; yet, also 2'-OMe modification of position 2
[179] or substituting position 1-8 with DNA [180] reduces off-target albeit on-target
activity may concurrently be slightly decreased.

It is similarly important to minimize the contribution of the passenger strand to
off-targeting; most well-designed siRNAs will lead to preferential loading of the
guide strand into RISC; however, the passenger strand contribution cannot be fully
abrogated; chemically blocking the passenger 5’ phosphate, e.g., by 5'-OMe
modification [181] or inclusion of an additional UNA residue [182], abrogates
incorporation of the passenger strand into RISC. Another approach to avoid pas-
senger strand selection is the sisiRNA design in which the passenger strand is com-
posed of two shorter 10-12-nt RNA strands incapable of RNAi function [91]. It
should also be noted that excess RNAi substrates (such as various siRNA designs)
may also unintendedly impact endogenous gene regulation by competing with
endogenous miRNA for rate-limiting steps in the RNAi pathway [95], thereby dis-
turbing endogenous miRNA production or function [29, 183].

1.5 Vector-Borne RNAi

Vector-based RNAL is less widely used than synthetic siRNAs yet allows RNA trig-
gers to be delivered via standard transgenic approaches [184, 185] and especially
viral vectors [29, 186—-198] to overcome delivery obstacles and allow longer-lasting
silencing and temporal-spatial control of gene silencing. In fact, engineered viruses
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constitute the majority of vectors used in clinical trials due to their high efficiency
in vivo, thereby making vector-based RNAi highly relevant for RNAi therapeutics.
Compared to chemically synthesized siRNAs, vector-borne RNAi does not allow
chemical modification of the siRNA itself to enhance its biogenesis and activity or
reduce siRNA off-target effects and immunogenicity (see Sect. 1.4). Therefore,
careful considerations have to be made to ensure adequate expression levels without
altering endogenous miRNA function.

1.5.1 First-Generation RNAi Vectors
(Producing pre-miRNA Mimics)

First-generation RNAi vectors aimed to encode artificial small dsSRNA resembling
either 21-27mer siRNA or short hairpin RNA (shRNAs) mimicking pre-miRNA
structures by using pol III promoter-based transcription units, most often designed
using H1 or U6 promoters [199-207]. These promoters are optimal for transcribing
short and defined RNAs; transcription is initiated at a single position and terminates
after the second T of a templated “TTTTT” stretch, thereby leaving two terminal Us
in the resulting RNA transcript. The conceptually most simple setups employ a
“tandem design” in which siRNA strands are transcribed from individual units [200,
201] or convergent transcription of a single siRNA sequence flanked by pol III pro-
moters [208, 209]. The transcribed strands anneal to form siRNA, which is exported
to the cytoplasm and loaded into RISC. Most researchers prefer a more efficient
short hairpin RNA (shRNA) design in which the 19-21mer siRNA strands are teth-
ered by a short 5—12-nt loop sequence in a single transcript, which somewhat mim-
ics nuclear pre-miRNAs [199, 202, 203, 205]. General design rules for the shRNA
stem are as for siRNAs (Sect. 1.5); yet, U6 and H1 promoters favor a G or A residue,
respectively, at the first position of the transcribed sequence [210, 211]. Also, the
shRNA structure and particularly the length of the ShRNA duplex stem and choice
of loop affect shRNA processing by RNAI proteins and consequently their silencing
efficiencies. Early designs encoded 19-21-bp RNA stems connected by 5-9-nt
artificial loops; however, slightly longer stems and natural miRNA loops are both
shown to improve shRNA processing [49, 212].

Pol IIT promoters were initially considered ideal for expression of shRNA/pre-
miRNA mimics as they are highly and ubiquitously expressed [213, 214] and allow
for the use of very small transcriptional units (<200 bps including promoters) well
suited for, e.g., retroviral delivery strategies [186—193]. Indeed, successful RNAi
using pol IIl-based transcriptional units has been reported, e.g., in genetically
modified mice [184-186, 215, 216]; however, the number of successful applications
is still relatively low. Notably, the high transcriptional activity of pol III promoters
may flood endogenous RNAi pathways with artificial and poorly processable shR-
NAs, and pol III-transcribed shRNA can block endogenous miRNA production by
saturating limiting amounts of XPOS5 in mouse livers [29], an observation subse-
quently confirmed in other tissues [196, 217, 218]. Also, the use of shRNA vectors
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has been shown to induce cellular immune responses [176, 219]. Therefore, for
strategies utilizing pol III-dependent shRNA expression, great care should be taken
to ensure low, nontoxic shRNA expression levels, e.g., by keeping RNA vector copy
numbers low.

1.5.2 Second-Generation RNAi Vectors (Entering as
Pri-miRNA Mimics)

The observation that natural miRNAs are transcribed as parts of long pri-miRNA
transcripts, which are processed in the nucleus by the microprocessor into pre-
miRNA [25, 220, 221], inspired researches to deliver siRNA as part of pol
II-dependent transcriptional units. Importantly, this allows the use of well-charac-
terized tissue-specific promoters and tightly controlled inducible systems, such as
the Tet-On and Tet-Off technologies [222], to obtain temporal-spatial control of
siRNA production [223]. As the structural requirements for recognition by the
nuclear microprocessor are not fully established, researches have embedded siRNA
within a pol [I-transcribed artificial pri-miRNA mimic simply by replacing the natu-
ral miRNA stem sequence [224], and a number of popular miRNA scaffolds cur-
rently exist building on the context of endogenous miRNA [225-227]. A great
advantage of these second-generation designs is reduced toxicity and more reliable
knockdown phenotypes; expression levels can be fine-tuned to less toxic levels, and
pri-miRNA mimics are generally more efficiently processed [212, 228, 229] and
exported [230], resulting in more potent gene silencing phenotype, less saturation of
RNAI pathways, and cellular toxicity [217, 223, 231]. Finally, pol II-based designs
allow the inclusion of several pri-miRNA mimics and protein-coding sequences
(CDS) in a single polycistronic transcript [25, 226] also compatible with (lenti) viral
delivery [232].

1.6 Future Perspectives

There is little doubt that manipulation of gene expression via RNAI is getting closer
to clinical successes, and much anticipated proof of therapeutic gene silencing by
siRNAs was recently established in humans [7]. So far, important progress has been
made in terms of engineering the synthetic RNAI triggers, such as siRNA, miRNAs,
and anti-miRs, to be more nuclease-resistant, potent, specific, and safe. Still, the
lack of efficient means of targeted delivery represents a bottleneck for broader clini-
cal application and the concurrent evaluation and refinement of RNAI triggers
in vivo. Consequently, researches may very well focus on implementing the pallet
of promising local delivery systems to achieve immediate successes in vivo, while
universal systemic delivery strategies are a more distant goal.
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While awaiting the clinical success of siRNA therapeutics, our knowledge of
natural gene silencing pathways, RNAi-mediated or not, is expanding. In particular,
the mapping of regulation and deregulation of miRNA expression in human dis-
eases holds both diagnostic/prognostic and therapeutic value. Strategies for replen-
ishing miRNAs downregulated or lost in human disease by introducing miRNA
mimics or conversely inhibiting aberrantly expressed miRNAs via synthetic anti-
miRs are most likely to gain even greater popularity in the near future. Also, the
combination of siRNAs targeting particular detrimental mRNA and miRNA mimics/
anti-miRs restoring natural miRNA pathway functions is likely to prove a powerful
therapeutic cocktail.

Although the reported transcriptional silencing by promoter-targeting siRNAs
[233] seem to require more investigations to be relevant for RNA therapeutics [234],
the investigations of epigenetic remodeling by natural short and long noncoding
RNA (ncRNA) may very well establish novel siRNA targets or even bedrock novel
silencing molecules [235, 236].

Finally, non-RNAi-mediated gene silencing is currently also flourishing; impor-
tant progress in vivo is already being made with RNAi-independent chemically
engineered antisense oligonucleotides (ASO) which are short ~20-nt single-stranded
antisense oligonucleotides designed to trigger degradation of a given target mRNA
upon binding [237, 238]. Alternatively, several types of so-called steric-blocking
oligonucleotides, most typically 20—25-nt single-stranded chemically modified oli-
gonucleotides or phosphorodiamidate morpholino oligos (PMOs), have proven
capable of blocking RNA-binding protein, reducing mRNA translation and modu-
late mRNA splicing and folding, with some success in clinical trials [66, 239-243].

The arsenal of promising nucleic acid-based therapeutics seems quite powerful
~10 years after the first successful application of siRNA in human cells [244]. We
believe nucleic acid-based therapeutics have now properly matured and are on the
verge of clinical breakthroughs, a natural progression not dissimilar to development
of monoclonal antibody therapeutics pioneered in the 1970-1980s.
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Chapter 2
Synthetic Dicer-Substrate siRNAs
as Triggers of RNA Interference

Scott D. Rose and Mark A. Behlke

Abstract The first synthetic oligonucleotides used to suppress gene expression in
mammalian cells via RNA interference were 21-nucleotide (nt) RNA duplexes hav-
ing symmetric 2-nt 3'-overhangs and were designed to mimic the natural products
of Dicer processing of long RNA substrates. Synthetic RNA duplexes which are
longer than 23-nt length are substrates for processing by Dicer and can show
increased potency as artificial triggers of RNA interference, particularly at a low
concentration. Longer duplexes, however, can have variable cleavage patterns fol-
lowing Dicer processing which can adversely affect potency. Optimized synthetic
Dicer substrates are asymmetric duplexes having a 25-nt passenger strand and a
27-nt guide strand with a single 2-nt 3’-overhang on the guide strand and modified
bases at the 3'-end of the passenger strand. This modified design results in predict-
able patterns of Dicer processing and shows improved activity. The development of
this design strategy and use of Dicer-substrate RNAs to trigger gene suppression in
a variety of systems will be reviewed in this chapter.

2.1 Introduction

RNA interference (RNAI) is a highly conserved mechanism of gene regulation that
extends broadly across phyla [1]. RNAi encompasses two general mechanisms of
gene suppression, one where the target mRNA is degraded and a second where pro-
tein translation is inhibited [2, 3]. Both routes reduce levels of the protein product
made from the targeted gene. Translational suppression is typically mediated by
microRNAs (miRNAs), which form imperfect hybrids with the target mRNA [4].
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Degradative RNAI, on the other hand, is typically mediated by small interfering
RNAs (siRNAs), which form perfect or near-perfect hybrids with the target mRNA
[5]. There is substantial “cross talk” between the pathways, and miRNAs can lead
to mRNA degradation, and siRNAs can lead to translational suppression [6].

Endogenous siRNAs are symmetric 21-nt RNA duplexes having a 19-nt duplex
domain and 2-nt 3’-overhangs that are processed from longer double-stranded (ds)
RNAs by the endoribonuclease Dicer [7-9]. Dicer functions as a heterodimer with
a second RNA-binding protein, R2D2 in Drosophila or TRBP (the human
immunodeficiency virus transactivating response RNA-binding protein) in humans
[10-12]. Dicer is a large protein with multiple functional domains, including two
RNase H family nuclease domains, which perform substrate cleavage, and a PAZ
domain, which binds short single-stranded RNA overhangs [13, 14]. Binding of an
RNA overhang by the PAZ domain orients the substrate within Dicer. The first
nuclease domain is separated from the PAZ domain by a “connector helix,” which
determines the distance between the PAZ binding site and the cleavage site, which
is 21-22 bases for mammalian Dicer enzymes. Following cleavage, the nascent
siRNA remains associated with Dicer and TRBP. An Argonaute (Ago) family pro-
tein then associates with the complex, forming a functional RNA-induced silencing
complex (RISC) [15, 16]. The siRNA is transferred from Dicer/TRBP to the Ago
protein, where the siRNA is converted to single-stranded (ss) form by either cleav-
age/degradation of one strand or unwinding by a helicase activity [17-19]. The
ejected or degraded strand is called “the passenger strand,” and the retained strand
is called “the guide strand.” The guide strand directs the sequence specificity of all
subsequent gene suppression activity of the complex. Like Dicer, the Ago proteins
possess a PAZ domain which binds the 3'-single-stranded overhang of the siRNA
and orientates it within the complex [20]. There are four Argonaute proteins in
humans that perform different effector functions in RISC [21-24]. In particular,
Ago2 is an endoribonuclease which cleaves the target mRNA as directed by sequence
complementarity to the siRNA guide strand bound in RISC [25-27] and is the key
protein responsible for degradative RNAI.

The first generation of chemically synthesized siRNAs was designed to mimic
the natural products of Dicer, i.e., 21-nt RNA duplexes with 2-nt 3'-overhangs [28].
This design remains the dominant form of synthetic siRNAs in use today. During
the 10 years since this initial discovery, a variety of artificial designs have been
proposed to improve upon some aspect of the RNAi process, which were discussed
in a review by Chang and colleagues [29]. This chapter will review development
and use of Dicer-substrate siRNAs (DsiRNAs) as a trigger of RNAI.

2.2 Development of Dicer-Substrate siRNA Technology

Dicer is involved in RISC loading, so it is possible that using a synthetic RNA
duplex that is a substrate for Dicer and thus engages Dicer prior to RISC assembly
may show different properties as a trigger for RNAi rather than an RNA duplex that
mimics a Dicer product. This hypothesis was tested in a series of collaborative
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experiments performed in the laboratories of John Rossi at the Beckman Research
Institute of the City of Hope National Medical Center and at Integrated DNA
Technologies [30, 31].

2.2.1 Characterization of Synthetic Dicer-Substrate siRNAs

2.2.1.1 Duplex Length and Structure

A series of blunt-ended RNA oligonucleotide duplexes were tested for cleavage in
an in vitro dicing assay [30]. The synthetic dsSRNAs were incubated with recombi-
nant human Dicer, desalted, and subjected to electrospray ionization (ESI) mass
spectrometry. Duplexes as short as 23-nt length were cleaved to 21-nt length, and
duplexes from 23- to 30-nt length all showed efficient cleavage. Cleavage efficiency
decreased as length was extended to 35, 40, and 45 nts. Thus, synthetic RNA
duplexes can function as Dicer substrates, and the optimal length for in vitro dicing
was estimated to be in the 25-30-nt range.

The effect of duplex end structure was investigated, and Dicer cleavage occurred
whether the duplex had blunt ends, 5'-overhangs, or 3'-overhangs; however, func-
tional potency varied significantly with structure (see below). The effect of end
modification (i.e., the addition of non-nucleotide moieties) was investigated by
placing a bulky fluorescein group at the 5’-end, 3’-end, or both ends of each strand
of the duplex. 5'-modification was well tolerated, but dicing efficiency was mark-
edly reduced by the introduction of a single 3'-modification on either end of the
duplex. Cleavage was entirely blocked if the duplex was modified at both 3'-ends.
Functional potency in gene knockdown correlated with dicing efficiency. These
observations are consistent with a mechanism where the Dicer PAZ domain first
binds the substrate RNA at the 3'-end and then cleavage follows; any modification
of structure that interferes with 3'-end binding in these very short substrate RNAs
disrupts processing.

2.2.1.2 Optimized Design of Dicer-Substrate siRNAs

Functional potency of a series of anti-EGFP RNA duplexes was tested by transfec-
tion into EGFP-expressing HEK297 cells [30]. The length of the RNA duplexes was
varied from 21 to 30 nts, having either 5'-overhangs, 3'-overhangs, or blunt ends
[30]. All of the duplexes tested showed effective suppression of EGFP fluorescence
when used at a high concentration (50 nM), but only the longer duplexes showed
efficacy when the concentration used was reduced to subnanomolar levels (50—
200 pM). At this site, a 27-nt blunt duplex was the most potent compound tested,
and the EC, shifted from 20 nM for the 21-nt siRNA to 200 pM for the 27-nt blunt
duplex. A prolonged duration of silencing was also observed for the 27-nt duplex,
with detectable EGFP suppression increasing from 4 to 10 days; the increased dura-
tion of silencing may simply reflect the higher potency of the compound. Significant
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Fig. 2.1 Suppression of STATI expression. The ability of 21-nt siRNAs and 27-nt blunt dsRNA to
suppress STAT expression was studied at two sites. (a) STATI (NM_007315)-specific dSSRNAs were
transfected into HeLa cells at 1 nM or 0.1 nM concentration, and total RNA was isolated 24 h post-
transfection. RT-qPCR was performed on the STAT1 mRNA, and results were normalized to an inter-
nal HPRT1 control. (b) Sequences of the STAT 1-specific dSsSRNAs employed are shown with the 27-nt
duplexes aligned under the 21-nt siRNA. RNA bases are uppercase and DNA bases are lowercase

but less dramatic increases in potency were observed at other sites within the EGFP
gene and also within a set of dsSRNAs of varying length that targeted the Sjogren’s
syndrome antigen B (SSB) gene and the heterogeneous nuclear ribonucleoprotein
H1 (HNRNPHI) gene [30]. Thus, increased potency was observed using Dicer-
substrate siRNAs at multiple sites in three different genes in this study.

As the number of sites studied using this “first generation” blunt 27-nt design
was expanded, the situation become more complex. Inconsistent performance was
sometimes observed between sites such that some duplexes showed higher potency
in 27-nt blunt dSRNA form than in 21-nt siRNA form, others showed similar potency
between forms, while yet other sites showed higher potency in 21-nt siRNA form.
An example of this behavior is shown in Fig. 2.1, where functional potency of
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knockdown at two different sites in the STAT! gene are compared between a 21-nt
siRNA and two blunt 27-nt dsRNAs that overlap the 21-nt sequence. At site 1, one
of the two 27-nt blunt dsRNAs showed low potency, while the other showed high
potency, similar to a 21-nt siRNA at this site. At site 2, both of the 27-nt dsSRNAs
showed lower potency than the 21-nt siRNA.

To investigate these seemingly inconsistent results, an assay was developed at
Integrated DNA Technologies to study the products of Dicer processing of the syn-
thetic RNA duplexes, hoping to find some correlation between Dicer processing
patterns and functional potency. The synthetic dsSRNAs were incubated with recom-
binant human Dicer, desalted, and subjected to electrospray ionization (ESI) mass
spectrometry. Using these methods, single Dalton accuracy in mass measurement
was achieved, which, in most cases, permitted precise identification of the species
produced by Dicer cleavage [31]. It was found that blunt 27-nt substrate dSRNAs
were usually cleaved by Dicer into several products. Sometimes as many as five or
more different species were observed, which varied in size from 20 to 23 nts.
Furthermore, the precise pattern of cleavage could not be readily predicted from
sequence. Significant differences in potency are sometimes seen between siRNAs
that are shifted by as little as a single base along a target sequence; thus, small dif-
ferences in dicing patterns could account for large differences in observed potency.
These observations also imply that a direct comparison of potency between a blunt
27-nt dsRNA and the “cognate” 21-nt siRNA is really only possible if the dominant
21-nt siRNA produced by Dicer cleavage is identified by a mass spectrometry assay
(or other means). Without this information, there is no way to know which of the
possible 21-nt siRNAs that could potentially be cleaved from a 27-nt dsSRNA sub-
strate is the correct species to employ in a comparative study.

In summary, the mass spectrometry and functional studies discussed above indi-
cated that it was not possible to predict the potency of blunt 27-nt synthetic
dsRNAs; sometimes Dicer cleavage resulted in highly potent 21-nt siRNAs from a
substrate, and other times low potency species were produced. To improve on these
results, a thorough structure—activity relationship (SAR) study was performed where
duplexes of different length and design were studied for cleavage patterns and func-
tional potency with the goal of finding a dsSRNA substrate that gave predictable
results with Dicer processing.

The Dicer-substrate SAR studies identified a design that showed particular
promise [31]. The lead compound was an asymmetric dSRNA with a 25-nt sense
(passenger) strand and 27-nt antisense (guide) strand. This design has a single
3'-overhang which resides on the guide strand and is blunt at the other end; in addi-
tion, two DNA bases were placed at the 3'-end of the passenger strand. Dicer pro-
cessing of this substrate usually resulted in production of a single 21-nt siRNA
species which spanned from the original 3'-overhang in the substrate to a cleavage
point 21 bases away. Henceforth, this asymmetric 25/27-nt RNA duplex will be
called a “DsiRNA” (optimized Dicer-substrate siRNA). While it is not certain why
this design was so effective at encouraging uniform processing, the authors specu-
lated that the single 3'-overhang was bound by the Dicer PAZ domain which posi-
tions the substrate at a specific distance from the active endonuclease site, thereby
resulting in more uniform processing than was seen using blunt substrates where
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there is no 3’-overhang for PAZ binding. Further, the PAZ domain preferentially
binds RNA 3’-overhangs, and the inclusion of DNA bases at the 3'-blunt end may
further discourage PAZ binding at that end. These ideas are consistent with some of
the structural features and biochemistry of Dicer which were subsequently eluci-
dated [13, 14].

Note that an asymmetric 25/27-nt RNA duplex could be designed in two ways,
both of which overlap the desired target site and both of which are predicted to
produce the same final 21-nt siRNA after Dicer cleavage: one where the passenger
strand is 27 nt and one where the guide strand is 27-nt length. Both of these sub-
strate designs were tested at different sites in several genes using the mass spec-
trometry dicing assay, and it was verified that the same 21-nt siRNA was indeed
produced by Dicer processing from these two related but different substrates. For
convenience, the asymmetric 25/27-nt RNA duplex with the 27-nt sequence on the
guide strand was called the right (“R”) form (keeping with the convention that the
sense strand is “top,” the Dicer PAZ domain binds the single 3’-overhang on the left
side of the duplex, and cleavage proceeds to the right “R”). Conversely, the asym-
metric 25/27-nt RNA duplex with the 27-nt sequence on the passenger strand was
called the left (“L”) form (the Dicer PAZ domain binds the single 3’-overhang on
the right side of the duplex, and cleavage proceeds to the left “L”). In spite of the
fact that both forms result in the same 21-nt daughter siRNA species, very different
functional potencies were observed for actual knockdown of a target gene. The “R”
form was almost always more potent than the “L” form. An example of this interest-
ing observation is shown in Fig. 2.2, which is reprinted from Rose et al. [31]. A site
in EGFP was selected for study, and the potency of a 21-nt siRNA was compared
with “L” and “R” form asymmetric 25/27-nt RNA duplexes at the same site. The
duplexes were transfected into HEK293 cells that expressed EGFP, and fluorescence
was measured 24 h after transfection. The 21-nt siRNA and the “L” form 25/27-nt
duplex showed similar potency with around a 70% reduction in EGFP signal seen
using 2 nM duplex. In contrast, the “R” form 25/27-nt duplex showed much higher
potency, with almost 80% suppression of EGFP fluorescence signal seen at 200 pM;
EGFP fluorescence signal was nearly undetectable using a 2 nM concentration of
the “R” form duplex.

Using a luciferase-based assay where either a sense target or an antisense target
was cloned into the 3'-UTR of firefly luciferase, Rose and colleagues demonstrated
that the “L” and “R” forms of the 25/27-nt duplex exhibited differential loading of
the guide vs. passenger strands [31]. The 27-nt strand with the 3'-overhang gener-
ally shows a relative increase in RISC loading compared with the 25-nt strand.
Thus, the “R” form, where the 3'-overhang is on the guide (antisense) strand, gener-
ally shows higher functional potency for suppressing expression of the target gene
than does the “L” form, which has a loading bias in favor of the passenger strand.
These design features are schematically illustrated in Fig. 2.3. Interestingly, 3 years
later, a similar effect was reported for 21-nt siRNAs: use of an asymmetric design
with a single 3'-overhang on the guide strand improved loading of that strand and
increased functional potency [32]. A number of factors influence which strand of an
RNA duplex loads into RISC and functions as the guide strand and which strand is
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Fig. 2.2 “R” form duplexes are more potent than “L” form duplexes. (a) An EGFP expression
plasmid was transfected into HEK293 cells. Anti-EGFP or control dsSRNAs were transfected 24 h
later at the indicated concentrations. At 24 h post-transfection, relative fluorescence was measured
setting the control cultures at 100%. (b) The EGFP site | mRNA target sequence is shown at the
top with 21-nt and asymmetric 25/27-nt DsiRNAs aligned below. RNA bases are uppercase and
DNA bases are lowercase. “p” indicates a 5'-phosphate. Reprinted from Rose et al. [31] with per-
mission from Oxford University Press

ejected as the passenger strand. The primary feature contributing to loading bias
relates to thermodynamic end asymmetry [33-35]; it now appears that end structure
(3'-overhang vs. blunt) also plays a role [31, 32]. Interestingly, a recent report from
the Doudna group demonstrated that Dicer is integrally involved in strand selection
during RISC formation, lending additional credibility to the functional polarity
observed using Dicer-substrate siRNAs in the studies discussed above [36].

2.2.1.3 Functional Potency of DsiRNAs

A study was performed at the Bio-Rad laboratories by Eli Hefner, Teresa Rubio, and
colleagues to validate the performance of the newly optimized DsiRNA design [37].
A set of five genes were selected as targets, including ACTB, AKT1, RAFI, CDK2,
and TP53. For each gene, an asymmetric 25/27-nt DsiRNA targeting that gene and
the cognate 21-nt siRNA were compared for potency and duration of silencing.
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“L" Form, less potent
Sense-strand loading bias

“R"” Form, more potent
Antisense-strand loading bias

Fig. 2.3 Functional polarity is introduced by Dicer processing. Two forms of DsiRNAs are shown:
the “L” form duplex with the single 3'-overhang on the sense strand (S) and the “R” form duplex
with the single 3'-overhang on the antisense strand (AS). Sites of Dicer cleavage are indicated by
a gap in the sequence; R=RNA, D=DNA. A schematic image of Dicer showing the different
functional domains is overlaid on the dsRNA substrate, positioning the RNase III domains at the
staggered cut sites and the PAZ domain at the single 3'-overhang. The strand of the cleavage prod-
uct which is favored for loading into RISC as the “guide strand” is highlighted in bold, demonstrat-
ing how functional polarity could be introduced by differential positioning of the antisense strand
in Dicer between the “L” and “R” forms

Each RNA duplex was transfected into HeLa cells using the siLentFect™ cationic
lipid reagent at concentrations of 50 nM, 5 nM, 1 nM, and 100 pM. RNA was
extracted 24 h post-transfection, and RT-qPCR was performed to assess relative
knockdown of the target mRNA. In four of the five genes studied (ACTB, RAFI,
CDK2, and TP53), the DsiRNA showed higher potency than the cognate 21-nt
siRNA, especially at the lower doses. For the other target (AKT1), the DsiRNA and
siRNA showed identical potency. The dose response results for the anti-7P53
DsiRNA and siRNA are shown in Fig. 2.4a, and the sequences employed are shown
in Fig. 2.4c.

A comparison of the duration of silencing was also performed. The DsiRNA and
siRNA pairs were individually transfected into HeLa cells at 5 nM concentration,
and cultures were sampled at days 1, 2, 4, and 6 post-transfection. RNA was
extracted, and RT-qPCR was performed to assess relative knockdown of the target
mRNA. The results paralleled the dose-response data discussed previously, and, for
four of the five genes studied (ACTB, RAFI, CDK2, and TP53), the DsiRNAs
showed longer duration of silencing than their cognate siRNAs. For the other target
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Fig. 2.4 Comparison of potency of an anti-7P53 DsiRNA and the cognate siRNA. (a) An asym-
metric 25/27-nt DsiRNA and its cognate 21-nt siRNA targeting TP53 (NM_000546) were trans-
fected into HeLa cells at the indicated concentrations. RNA was isolated at 24 h post-transfection,
and RT-qPCR was performed to measure relative 7P53 expression levels normalized to an internal
control gene, GAPDH. NC=negative control. (b) The same DsiRNA and siRNA were transfected
into HeLa cells, and cultures were maintained for 1-6 days as indicated. RNA was isolated, and
RT-qPCR was performed to measure TP53 expression levels as before. (¢) Sequences of the
dsRNAs are shown; RNA bases are uppercase and DNA bases are lowercase. “p” indicates a
5'-phosphate. Adapted from Hefner et al. [37] with permission from the Association of Biomolecular
Resource Facilities (ABRF)
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(AKTI), the DsiRNA and 21-nt siRNA showed a similar duration of action. It is not
thought that the DsiRNA design conveys any specific benefit for duration of action;
rather, it appears that duration of action is largely dependent on the potency of the
silencing reagent and that for 4/5 of the cases studied here, the DsiRNAs were more
potent and therefore showed extended silencing over time. The time course of
silencing for the anti-7P53 DsiRNA and 21-nt siRNA are shown in Fig. 2.4b.

2.2.2 Chemical Modification of DsiRNAs

2.2.2.1 Chemical Modification and Nuclease Stability

Synthetic nucleic acids are readily degraded by nucleases present in serum and in
cells. In serum, the primary activity of concern is a 3'-exonuclease [38], whereas in
cell extracts endonucleases appear to play a greater role. Fortunately, antisense oli-
gonucleotides (ASOs), siRNAs, and DsiRNAs can be made using chemical
modifications which impart nuclease stability as well as improve their safety profiles
and general pharmacodynamic properties. Several comprehensive reviews of this
topic have recently been published, and readers are referred to these sources for
more details [39-41].

It is possible to heavily modify an RNA duplex so that it is almost completely
resistant to nuclease attack. Unfortunately, many of the modifications that convey
nuclease resistance also reduce the potency of the siRNA, presumably by altering
interactions with the various proteins that mediate RNAi in cells, such as Dicer and
Argonaute 2 (Ago2). In general, chemical modifications that impart nuclease resis-
tance either involve the internucleoside phosphate bonds or the sugar backbone of
the nucleic acid. The phosphorothioate modification (PS) substitutes sulfur for a
non-bridging oxygen in the phosphate internucleoside linkage. This conveys relative
resistance to many nucleases but can also make the oligonucleotide more “sticky” to
proteins and can significantly alter function in undesired ways [42]. While it is com-
mon practice to completely modify ASOs with PS bonds, this modification is usu-
ally used sparingly in siRNAs. SiRNAs with high PS content can perform poorly,
and altered interactions between the RNA and the protein machinery in RISC may
be implicated [43]. Selective incorporation of PS linkages near the ends of the duplex
and, particularly in the 3'-overhangs, helps protect these vulnerable sites and is a
modification strategy commonly used today [40]. Single-stranded RNA domains,
such as the siRNA 3'-overhangs, are highly susceptible to degradation. An inverted
dT base, PS bonds, or other modifications are often placed at this site.

Modification at the 2'-position of the ribose usually decreases the susceptibility
of the neighboring phosphate bonds to nuclease attack, and a wide variety of
2'-modified residues are routinely employed to modify siRNAs. In particular,
2'-O-methyl (2'-OMe) RNA is a naturally occurring chemical modification that is
found in mammalian tRNAs and rRNAs. This modification is relatively inexpen-
sive to incorporate into synthetic nucleic acids and has no known toxicity. Other
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2'-modifications in common use include 2’-fluoro (2'-F) or locked nucleic acids
(LNAs), which are a bicyclic nucleic acid with a methylene bridge linking the
2'- and 4'-positions in the ribose ring.

The 2’'-OMe modification can be placed in the sense strand, antisense strand, or
both strands of a siRNA [44—48]. Complete modification usually results in an inac-
tive siRNA, and use of alternating (or less) 2'-OMe groups is commonly employed.
Although not necessary, the 2’-OMe modification is often employed in conjunction
with other modifications, such as 2'-F residues. The 2'-F modification is not natural;
however, it appears to be generally safe to administer to cells or live animals and can
help stabilize siRNAs and improve function [49-52]. In particular, use of 2'-OMe
purines with 2'-pyrimidine residues can result in a highly stabilized siRNA with
improved performance in vivo [53, 54]. The relative potency of siRNAs having this
kind of extensive modification pattern shows sequence dependence and thus may
not work effectively at all sites. LNA modifications have an even greater impact on
structure and potency of siRNAs and thus are generally used sparingly as
modifications. Synthetic oligonucleotides that are heavily LNA modified can show
some hepatic toxicity in mice [55], although this effect appears to be sequence
dependent and some LNA-modified oligonucleotides are well tolerated [56-58].

The modification strategies discussed above were developed and validated using
21-nt siRNAs. Longer dsRNAs, such as DsiRNAs, appear to naturally show greater
resistance to nuclease degradation than short siRNAs [59, 60]. This may in part be
due to the higher thermodynamic stability seen for longer duplexes, which may limit
the amount of transient single-stranded character in AU-rich regions that are more
susceptible to attack by endogenous endoribonucleases, such as RNase A [61]. The
same modification strategies employed in 21-nt siRNAs can generally be directly
applied to DsiRNAs, except that a small internal domain needs to remain unmodified
for Dicer cleavage to occur (the only kind of nuclease attack that is actually desired).
It is possible to synthesize DsiRNA duplexes that show high levels of serum stability
while retaining the ability to be processed by Dicer. A structural map of the different
functional DsiRNA domains is schematically shown in Fig. 2.5. In this figure, the top
strand is the passenger strand, and sequence to the left of the Dicer cleavage site
comprises the final 21-nt siRNA. This region can generally be modified in ways
similar to other synthetic 21-nt siRNAs, as described above. Sequence to the right of
the Dicer cleavage site can also be modified; note that this short sequence is dis-
carded and is not part of the final product that enters RISC. As shown in Fig. 2.5, the
favored site to add bulky end modifications to a DsiRNA is at the 3'-end of the pas-
senger strand (labeled “ligand”); modifications can also be added to the 5'-end of the
guide strand. Using this approach, a bulky modifying group such as a fluorescent dye
or ligand that may aid delivery (such as cholesterol, cell-penetrating peptides, etc.)
can be attached to the RNA duplex in a way that it is “disposable”; any group con-
nected to this end is cleaved off the DsiRNA and discarded and so does not remain
on the mature siRNA and thus does not enter RISC and cannot affect RISC loading.

Collingwood and colleagues reported a systematic survey of various modification
patterns in DsiRNAs, focusing on the use of the 2’-OMe and 2'-F modifications
[62]. The initial survey was performed at a site in the human STAT] gene (corre-
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sponding to the STAT1 site 2 shown in Fig. 2.1). Like 21-nt siRNAs, some of the
more heavily modified duplexes showed significant impairment of functional
potency, while less highly modified patterns remained potent. 2'-OMe modification
of the sense and/or antisense strands in the “siRNA Domain” (Fig. 2.5) in an alter-
nating pattern was particularly effective, and this approach to modification was also
shown to work well at additional sites in the human HPRTI, mouse F3, and EGFP
genes. The mass spectrometry dicing assay was used to examine processing of a set
of anti-HPRTI-modified DsiRNAs, and as long as the modifications did not extend
into the Dicer-cleavage domain, the expected siRNA products were made following
in vitro dicing. Further, DsiRNAs modified with only 11 2'-OMe residues on the
antisense strand showed a significant improvement in stability when incubated in
serum compared to unmodified 21-nt siRNAs or 25/27-nt DsiRNAs. While this
simple modification pattern is often effective, it can impair potency in a sequence-
specific fashion at some sites, so additional optimization of the precise placement of
modified bases can be beneficial.

Nishina and colleagues described use of a modified asymmetric 27/29-nt DsiRNA
to suppress Apob expression in mouse liver [63]. 2’-OMe RNA residues and PS
bonds were placed at optimized locations in the sense and antisense strands, avoid-
ing modification of the Dicer cleavage domain. Vitamin E (a-tocopherol) was
attached to the 5'-end of the antisense strand via a phosphate linkage. The sequence
and modification pattern of this compound are shown in Fig. 2.6. The modification
pattern employed six 2'-OMe residues and a single PS bond in the sense strand and
nine 2'-OMe residues with five PS bonds in the antisense strand and achieved
sufficient stability to be used via direct naked intravenous injection in mice. The
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Fig. 2.6 Chemical modification pattern of an anti-Apob DsiRNA. Sequence of a modified DsiRNA
targeting the Apob gene (NM_009693) is shown [63]. RNA bases are uppercase and 2’-OMe RNA
bases are underlined; “asterisk” indicates a PS (phosphorothioate) internucleotide linkage. Vitamin
E (a-tocopherol) was attached to the 5'-end of the antisense strand via a phosphate linkage. The
sites of Dicer cleavage are indicated

vitamin E group is a lipid-soluble antioxidant vitamin that can gain entry to all
mammalian cells. Similar to cholesterol, vitamin E associates with serum lipopro-
teins; the SCARBI1 scavenger receptor and LDL receptor are involved in cellular
uptake [64]. By attaching vitamin E to the 5'-end of the antisense strand of a
DsiRNA, the ligand became part of the disposable “end domain” of the DsiRNA,
which is cleaved off of the RNA duplex and does not remain attached to the mature
siRNA and, therefore, poses no risk to interfere with RISC entry. Apob mRNA lev-
els were reduced by 80% at a dose of 32 mg/kg using this approach.

Kubo and colleagues studied modification of the ends of DsiRNAs with an ali-
phatic amino modifier and found that addition of this simple group could improve
stability and potency of an otherwise unmodified duplex [65]. In particular,
modification at the 3'-end of the sense strand had favorable effects. Consistent with
the earlier finding reported by Kim [30], placement of a single modifying group at
the 3'-end of the antisense strand impaired Dicer processing, while modification of
both of the 3'-ends prevented Dicer cleavage. This group also conjugated palmitic
acid (C16) at the 3'-end of the sense strand, a location that permits removal of the
ligand so the modifier is not present in the mature 21-nt siRNA following Dicer
processing (see Fig. 2.5). The 3'-palmitic acid modification led to additional stabi-
lization of the duplex, and an otherwise unmodified DsiRNA survived 48-h incuba-
tion in 10% fetal calf serum. Addition of the C16 aliphatic chain also promoted
naked delivery of the modified DsiRNA to HeLa cells in tissue culture when used at
a relatively high dose (200 nM).

2.2.2.2 Chemical Modification and Immune Stimulation

The mammalian innate immune system employs a fixed repertoire of receptors
which recognize structures that are usually associated with pathogens (pathogen-
associated molecular patterns or PAMPs), such as bacterial flagella or bacterial
lipopolysaccharide. The innate immune system is also capable of recognizing
nucleic acids, including single-stranded and double-stranded RNA (ssRNA,
dsRNA); this system probably evolved as a fast-response pathway to viral infection.
Several members of the Toll-like receptor family (TLRs) recognize RNA, such as
TLR3 which binds dsRNA and TLR7 and TLR8 which bind ssRNA. TLR3, 7, and
8 primarily reside in endosomal compartments which limits their contact with
endogenous RNAs, helping to limit the risk of an autoimmune response. Further,
these receptors preferentially recognize unmodified RNA. RNAs bearing several
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modifications that are common in mammalian cells, such as 2'-OMe RNA, pseudou-
ridine, and others, typically help the RNA molecule avoid detection [66]. In fact,
2’-OMe RNA is a competitive inhibitor of TLR7 and can block recognition of
unmodified RNAs by this receptor, even in trans [67]. Thus, employing the 2'-OMe
RNA modification, even in only one strand, can block recognition of a siRNA by
TLR7. Other 2'-modifications, such as 2'-F and LNA, also help avoid immune
detection. Additional sensors exist in the cytoplasm that can also trigger a response
to foreign RNAs, such as PKR, OAS, RIG-I, and MDAS. Many mammalian cells
that have adapted to growth in cell culture have lost the ability to respond to foreign
nucleic acids; however, the risk of triggering an immune response in vivo, where all
cell types are present, is quite high. Strategies to evade immune detection are essen-
tial to all methods that use synthetic nucleic acids in mammals, including siRNAs.
The reader is referred to some excellent recent reviews on this topic for more
information [68, 69].

Like all synthetic RNAs, DsiRNAs can trigger an unwanted immune response
when introduced into mammalian cells. In fact, long RNAs are generally more
potent at stimulating an immune response than are short RNAs. Thus, there was
initially some concern that dsSRNAs in the 27-nt length range would present a greater
risk for triggering immune responses than traditional short siRNAs. In support of
this idea, Reynolds and colleagues studied the ability of different dSRNAs to trigger
immune responses in a variety of cell types and found that cell type, the length of
the synthetic RNA, and method of delivery were all contributing factors to immune
stimulation and other off-target effects [70, 71]. Reynolds studied blunt 27-nt dsSRNAs
and found that these structures showed a significantly higher propensity to trigger
immune responses in several cell types than 21-nt siRNAs (with a 2-base 3'-over-
hang on both ends). However, it later became evident that end structure is an addi-
tional important feature to consider in triggering immune responses. Marques and
colleagues reported that transfection of 27-nt dsSRNAs with 3'-overhangs on both
ends into T98G glioblastoma cells did not trigger an immune response while use of
blunt 27-nt dsRNAs resulted in a brisk immune response [72]. The optimized
DsiRNA design (asymmetric 25/27 nt with a single 3'-overhang on one side and a
blunt end with two 3'-DNA bases on the other end) was a relatively weak immune
trigger. Collingwood and colleagues further demonstrated that addition of 2'-OMe
residues to the optimized asymmetric 25/27-nt DsiRNA design prevented stimula-
tion of interferon-o. (IFN-av) secretion from human peripheral blood mononuclear
cells (PBMCs) [62]. PBMCs are considered a sensitive cell population to employ
when testing the potential for a synthetic nucleic acid to trigger an immune response
as PBMCs are a mixed population of cells which comprise a wide variety of normal
immune-competent white blood cells. Using cationic lipid-mediated transfection,
unmodified 21-nt siRNAs and 25/27-nt DsiRNAs both stimulated significant levels
of IFN-a. secretion in human PBMCs, whereas 2'-OMe-modified versions of the
same sequences did not. Thus, the combined use of chemical modification and opti-
mized end structure enabled safe use of 25/27-nt DsiRNAs.
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2.3 Studies Using DsiRNAs In Vivo

Many studies have been published that employ siRNAs in animals. The scientific
issues involved in conducting in vivo RNAI studies in mammals and overviews of
significant articles in this rapidly growing field have been well covered in recent
reviews [73, 74]. Some recent successes using DsiRNAs in vivo will be discussed
below. The in vivo studies discussed herein are summarized in Table 2.1.

Like all classes of synthetic dsRNAs, delivery is the most significant hurdle to
widespread use of DsiRNAs in vivo. While the systemic effects associated with
intravenous injection are often desirable, local administration is usually easier to
perform and suffers from fewer toxicity issues. Several studies have been performed
with DsiRNAs using local delivery, including intraperitoneal (IP) and intrathecal
(IT) routes of administration. Amarzguioui and colleagues described methods to
deliver DsiRNAs using an inexpensive commercially available cationic lipid in mice
via IP injection [85]. It was observed that the lipid TransIT-TKO™ was particularly
effective in delivering DsiRNAs into macrophages, both in cell culture and in vivo.
The peritoneal cavity is a reservoir for monocyte lineage cells, and IP injection
offers an opportunity to easily introduce DsiRNA reagents into this cell population
via local administration. Immune cells like macrophages are mobile: the transfected
macrophages can be recruited to sites of inflammation outside of the peritoneum,
thereby achieving systemic effects using a local administration strategy.

Lundberg, Cantin, and colleagues employed this strategy to suppress production
of tumor necrosis factor alpha (TNF-o) by macrophages during acute herpes sim-
plex virus (HSV) infection in the mouse central nervous system (CNS) [75]. Studies
were performed in C57BL/6, a strain of mice that normally survives herpes enceph-
alitis (HSE). TNF-a is an important factor in the resistance of this strain to HSE,
and C57BL/6 mice that are double knockouts for the two known TNF receptors
(p557"-, p757") show increased fatality following HSE. Mice were administered the
anti-Tnf DsiRNA DsiRNA complexed with the cationic lipid TransIT-TKO™ as a
single 2 pg dose (0.1 mg/kg) in 200 pL volume by IP injection immediately prior
to infection with HSV, then received five additional doses of 4 pg (0.2 mg/kg) on
days 1, 2, 4, 6, and 8 [for a total of six doses with a total cumulative dose of 22 ug
(or 1.1 mg/kg) of the DsiRNA]. Surprisingly, suppression of TNF-a production
using an anti-7nf DsiRNA resulted in significantly increased mortality rates, sug-
gesting that the presence of TNF-a somehow alters the pathophysiology of HSE
even in the absence of the two known TNF receptors. The mechanism of this unex-
pected observation remains under investigation. In this case, it is not believed the
IP administered DsiRNA directly entered the mouse CNS. Rather, the DsiRNA
were taken up by macrophages, which were subsequently recruited by the
inflammatory process ongoing in the brain due to the HSV infection, thereby
achieving CNS effects from IP administration of a compound that normally cannot
cross the blood brain barrier (BBB).

Lundberg, Cantin, and colleagues later used this same system (IP injection of
anti-Tnf DsiRNA complexed with TransIT-TKO™ to transfect macrophages) to
alter the course of fatal hepatic necrosis during endotoxin-induced “toxic shock™
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[76]. Bacterial lipopolysaccharide (LPS) binds the receptor TLR4 and triggers
release of a number of pro-inflammatory cytokines, including large amounts of
TNF-a by macrophages. The “cytokine storm” induced by LPS can lead to hypoten-
sion, shock, and death. One early sign of the severity of this shock state is hepatic
necrosis. Mice were administered the anti-7Tnf DsiRNA complexed with TransIT-
TKO™ as a single 5 pg dose (0.25 mg/kg) in 200 pL volume by IP injection imme-
diately prior to injection of the low dose LPS/D-GalN cocktail. Downregulation of
TNF-a production by peritoneal mononuclear cells following this treatment reduced
the magnitude of liver damage and delayed mortality. This study again demon-
strated the ability to achieve systemic effects in an inflammatory disease state using
IP administration of a DsiRNA targeting a cytokine expressed in macrophages.

Howard, Kjems, and colleagues employed this same strategy to treat collagen-
induced arthritis (CIA) in mice [77]. In this case, a novel chitosan-based nanopar-
ticle delivery system was employed [86]. The chitosan nanoparticles employed in
this study exhibit a net positive charge that may lead to serum-induced aggregation
after I'V injection but are ideal for use with IP injection and are efficiently taken up
by peritoneal macrophages. TNF-a secreted by macrophages is an important factor
in the development and pathophysiology of inflammatory arthritis, and anti-TNF-o
antibodies are presently employed to treat rheumatoid arthritis. Mice were immu-
nized with an anthrogen-CIA collagen emulsion and displayed the onset of arthritis
within 28-35 days postinjection, at which point DsiRNA treatments were initiated.
Mice received either 5 pg of chitosan-complexed unmodified anti-7nf DsiRNAs or
control DsiRNAs (0.25 mg/kg) or 2.5 pg of chitosan-complexed 2'-OMe-modified
anti-Tnf DsiRNA (0.125 mg/kg) in 200 pL volume by IP injection on days 1, 3, 5,
7, and 9. Arthritis scores were measured, and joints were examined by histopathol-
ogy. Suppression of TNF-o by IP administration of an anti-7nf DsiRNA reduced
joint swelling, and mice receiving this treatment showed minimal erosion of the
articular surfaces of affected joints, while control mice showed severe cartilage
destruction. Overall, use of 2'-OMe-modified DsiRNAs showed the most effective
biological responses.

The same group used the chitosan-based nanoparticle delivery system to treat
radiation-induced fibrosis (RIF) in mice using the IP administration route [78]. RIF
arises from damage and scarring within tissue exposed to high levels of ionizing
radiation and is characterized by reduced mobility, strictures, pain, and even tissue
necrosis. Morbidity from RIF can limit the dose of radiation that can be adminis-
tered in the treatment of various cancers, and methods to reduce or prevent RIF
would have significant value. There is some evidence to suggest TNF-a plays a
potentially significant role in this disease. The hind limbs of mice were given a
single 45-Gy dose of gamma radiation. Chitosan-complexed unmodified control or
anti-Tnf DsiRNAs were administered at a dose of 5 pg (0.25 mg/kg) in 200 puL
volume by IP injection for a varying periods of time, given 2 days prior to irradia-
tion, 1 day post-irradiation, and biweekly thereafter. Mice receiving anti-Tnf
DsiRNA therapy for <3 weeks all developed RIF, whereas none of the mice that
received continuous therapy for 3 weeks or longer developed RIF. All mice
that received the scrambled control DsiRNA developed RIF. This work suggests
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that intervention of TNF-a production is a valid therapeutic approach to prevent the
development of RIF during antitumor therapy.

Two groups have employed the cationic lipid iFECT™ to deliver DsiRNA into
the CNS via IT injection. The BBB presents an obstacle for delivery of large mol-
ecule compounds to the CNS using IV injection; direct injection into the CNS is the
most direct solution to this problem. Dore-Savard and colleagues used anti-Ntsr2
DsiRNAs to study the function of neurotensin receptor 2 (a GPCR) in thermal noci-
ception in rats [79]. Ntsr2 mediates analgesia, and administration of the synthetic
neurotensin-2 agonist JMV-431 reduces perception of pain. Downregulation of the
Ntsr2 receptor by anti-Ntsr2 DsiRNAs should block the expected analgesic effects
following JIMV-431 administration. The anti-Ntsr2 DsiRNAs were given as two IT
injections at spinal levels L5/6 1 day apart using a dose of 1 pg in iFECT™
(0.005 mg/kg). The neurotensin agonist JMV-431 was administered daily at days
1-4 following the DsiRNA injections, and the rats were studied for nociceptive
behavior using the thermal tail-flick test. Analgesic effects from the JMV-431 were
absent on days 1 and 2 and slowly returned to baseline over the next several days.
Reductions in both Ntsr2 mRNA and protein were observed, consistent with an
RNAi-mediated suppression of Ntsr2 gene expression.

LaCroix-Fralish and colleagues studied function of the 3 subunit of the Na*—
K*-ATPase pump (Afp1b3) in the pain response to formalin footpad burns in mice
[80]. The mouse strain C57BL/6 shows a higher pain response in this test compared
to the A/J strain. Traditional genetic approaches and QTL analysis had previously
implicated the Afp1b3 gene as possibly being involved in this interstrain variability;
however, no role for this gene in nociception had ever been demonstrated. Anti-
Atp1b3 DsiRNAs formulated in iIFECT™ were given by IT injection at a dose of
0.5 pg (0.025 mg/kg) once a day for 3 days, and the mice were, thereafter, studied
for pain responses to formalin footpad injection. Mice given the anti-Atplb3
DsiRNA showed similar pain responses between strains. Within the control DsiRNA
cohort, the C57BL/6 mice showed higher sensitivity than the A/J mice (i.e., a wild-
type response was seen). These results confirmed a role for Afp/b3 in nociception
in the mouse spinal cord.

Sato and colleagues used symmetric 27/27-nt Dicer-substrate siRNAs (with a
2-nt 3'-overhang on both ends) to treat hepatic cirrhosis in rats using a targeted
liposomal delivery system [81]. It is thought that collagen production by the hepatic
stellate cells is crucial to development of hepatic cirrhosis following acute or chronic
injury. Targeted liposomes were made using the Lipotrust lipid reagent system con-
jugated to vitamin A as a means to facilitate delivery to the stellate cells. Symmetric
Dicer-substrate siRNAs targeting the collagen chaperone heat shock protein 47 gene
(Serpinhl, gp46) were administered IV at doses up to 0.75 mg/kg three times
weekly. This treatment, in contrast to control reagents, reduced collagen production
by the stellate cells and prevented fibrosis in several different models of acute cir-
rhosis, including bile duct ligation and chemical injury with dimethylnitrosamine or
carbon tetrachloride.

Kortylewski and colleagues described use of a novel method to improve delivery
of DsiRNAs to cells expressing TLR9 known to bind “CpG-motif” DNA (an unm-
ethylated cytosine—guanine dinucleotide) [82]. TLRO is expressed by some immune
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cells, such as plasmacytoid dendritic cells and B cells. Mice also express TLR9 on
myeloid dendritic cells and monocytes. Like the RNA-binding receptors TLR3, 7,
and 8, TLRY primarily resides in the endosomal compartment. A DsiRNA targeting
Stat3 was conjugated to a phosphorothioate-modified single-stranded DNA sequence
termed CpG 1668, a known potent class B TLR9 agonist [87]. Stat3 expression is
increased in some tumors where it promotes cell division and tumor growth. It also
reduces local immune responses to the tumor, thereby further aiding tumor survival.
Thus, suppressing Stat3 could be beneficial and reduce tumor cell survival by sev-
eral mechanisms. The anti-Stat3+CpG DsiRNAs were taken up by cells into the
endosomal compartment via a TLR9-independent mechanism. Cells lacking TLR9
did not show any gene suppression effects. For cells expressing TLR9, some frac-
tion of the material escaped into the cytoplasm and led to suppression of Staz3. This
reagent was used to treat mice bearing subcutaneous implants of syngeneic B16
melanoma cells. Direct peritumoral local injections of the anti-Stat3+CpG DsiRNAs
were performed in the tumor nodules at a dose of 0.78 nmol per injection (20 pg, or
~1 mg/kg). After three daily injections, significant regression of the B16 tumor
implants was observed. Next, B16 tumor cells were injected IV, and the growth of
pulmonary nodules was measured over time (an established method to mimic the
behavior of metastatic melanoma). The anti-Star3+CpG DsiRNAs were adminis-
tered IV at a dose of 0.78 nmol per injection (20 pg, or ~1 mg/kg). The intravenous
injections were given every other day for 2 weeks and led to a significant reduction
of both the size and number of B16 implants detectable in the lungs of mice receiv-
ing the anti-Stat3 therapy but not in the control mice. Another example for ligand-
mediated delivery, Nishina and colleagues used direct IV injection of a highly
modified anti-Apob DsiRNA conjugated to vitamin E (o-tocopherol) to reduce
expression of apolipoprotein B in liver and reduce serum cholesterol levels [63].
Refer to discussion in Sect. 2.2.2.1 for additional details.

Aptamers are highly structured nucleic acid molecules which form conforma-
tions that can bind a target ligand with high affinity and specificity, much like anti-
bodies. Aptamers can be conjugated to other compounds to facilitate targeted
delivery. For more information, see recent review articles by Thiel [88], Zhou [89],
and Syed [90]. Aptamers have been employed to facilitate delivery of DsiRNAs
both in vitro and in vivo.

Zhou and colleagues developed an aptamer specific for the HIV-1 gp120 protein
expressed on the surface of HIV-infected cells [91, 92]. This anti-gp120 aptamer
was fused to a DsiRNA specific for the HIV tat/rev gene. The chimeric aptamer—
DsiRNA molecule was synthesized by in vitro transcription (IVT) using 2'-F pyrim-
idine bases to improve nuclease stability, thereby permitting use of the fusion
construct in serum without the necessity for additional protection. The aptamer
component was shown to target HIV-infected cells and facilitate DsiRNA uptake.
Following uptake, the aptamer and DsiRNA are separated by Dicer processing to
liberate an active 21-nt siRNA that directs suppression of the HIV fat/rev gene. Neff
and colleagues studied use of the gp120-aptamer anti-fat/rev DsiRNA fusion mol-
ecule to suppress HIV infection in a humanized mouse immune system [83]. The
humanized Rag2”yc™~ (RAG-hu) mouse is a rodent model system that allows the
study of sustained chronic HIV infection. Over time, infected mice show declining
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CD4* T cell numbers similar to what is seen in human HIV infection. The gp120-
aptamer anti-fat/rev DsiRNA fusion molecule was administered intravenously to the
RAG-hu mice at a dose of 0.25 nmol (0.38 mg/kg) given as daily injections for
2 days followed by weekly injections for 4 weeks. Mice were monitored for HIV
titers and CD4* T cell counts during therapy and for 3-9 weeks after treatment
ended. The anti-gp120 aptamer alone lowered viral titers; however, the DsiRNA
fusion construct showed the highest efficacy, reducing HIV titers by several logs
and preventing the decline of CD4* T cells. The beneficial effects persisted for sev-
eral weeks following the last dose. Zhou and colleagues employed the same anti-tat/
rev DsiRNA in RAG-hu mice with a poly(amidoamine) (PAMAM) dendrimer-
based nanoparticle to facilitate delivery [84]. DsiRNAs specific for HIV host factors
CD4 and TNPO3 were also employed. The DsiRNA/dendrimer particles were
administered IV at a dose of 0.25 nmol (DsiRNA) given as daily injections for
2 days followed by weekly injections for 4 weeks. Similar to earlier results using
aptamer-based delivery, IV administration of the anti-fat/rev DsiRNA in HIV-
infected humanized mice resulted in a significant reduction of viral titers. The most
promising results were obtained using a cocktail of all three DsiRNAs: an anti-tat/
rev plus anti-CD4 plus anti-TNPO3 DsiRNA mix. The PAMAM dendrimer nano-
particles were shown to accumulate in PBMCs and the liver without evidence for
toxicity.

2.4 Future Perspectives

Development of nucleic acid-based drugs to treat human disease is an area receiving
considerable attention today. RNAi-based therapeutics are currently under develop-
ment by a number of biotechnology and pharmaceutical companies. Recent reviews
by Davidson [93] and Burnett [94] provide a comprehensive overview of human clini-
cal trials that have been completed or are in progress as of mid-2011. Dicerna
Pharmaceuticals (Watertown, MA, USA) is specifically focusing on use of DsiRNA as
a platform technology for drug development. Working in partnership with the Japanese
pharmaceutical company Kyowa Hakko Kirin, oncology and immunological/
inflammatory diseases are current areas of focus. DsiRNAs have not yet been used in
humans; however, DsiRNA drug development is proceeding forward, and it is hoped
that some of the lead compounds will enter clinical trials in the not too distant future.

The DsiRNAs that move forward as therapeutic candidates will likely be more
highly modified than the compounds described in this chapter. In particular, more
extensive use of nuclease stabilizing groups such as 2'-OMe RNA will be employed
with modification of both the sense and antisense strands while still leaving an
unmodified Dicer cleavage site available (Fig. 2.5). Increasing the degree of
modification will improve half-life of the compounds and reduce risk of immune
stimulation. Given the known effects that sequence context has on which precise
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modification patterns are tolerated, it is likely that individual modification patterns
will be optimized for each clinical candidate rather than using a simple “one size fits
all” universal modification approach.

It is possible to suppress the expression of any desired gene using existing RNAi
methods in vitro. The single greatest impediment to widespread adoption of in vivo
use of these reagents for both research and medical applications is the availability of
effective delivery tools capable of carrying a highly charged anionic RNA duplex
across the cell membrane and deliver it intact in an active form to the cytoplasm
with low toxicity. A wide variety of delivery tools are under development which
may enable use of dsSRNAs as drugs. These methods and chemical compositions
have been the subject of numerous excellent reviews in recent years, and the reader
is referred to these sources for additional details [88, 95—105]. There is no reason to
believe that 21-nt siRNAs and 27-nt DsiRNAs will show any difference in their
relative efficiency of delivery using cationic lipid or polyplex nanoparticles, so the
same tools should be readily applied across both platforms. The DsiRNA platform,
however, may offer some advantages when used with some other delivery technolo-
gies. For example, it is possible to covalently conjugate carrier molecules to
DsiRNAs so that the modifier is removed by Dicer processing and does not remain
attached to the final mature 21-nt siRNA that actually enters RISC (e.g., at the 3'-
end of the sense strand, see Fig. 2.5). This may offer an advantage for using DsiRNAs
when employing delivery tools such as cell-penetrating peptides, aptamers, or other
high molecular weight ligands which might interfere with RISC entry. Indeed, pilot
in vivo studies discussed above in Sect. 2.3 demonstrated the successful use of
DsiRNAs covalently conjugated with both large aptamer and CpG-motif oligonu-
cleotides to facilitate delivery.

Synthesis of siRNA and DsiRNA duplexes is available from a variety of com-
mercial sources from very small scale to multi-gram scales to support all research
and preclinical needs. A smaller number of suppliers are certified to produce the
c¢GMP quality synthetic oligonucleotides needed for pharmaceutical use in humans.
Currently, most cGMP manufacturers employ commercially available synthesis
platforms, such as the GE Healthcare OligoPilot™ and OligoProcess™ synthesiz-
ers, or the Asahi Kasei TechniKrom® platform, which are capable of doing synthe-
ses in millimole to mole scales, resulting in greater than kilogram yields of final
product. Methods to produce ¢cGMP quality synthetic oligonucleotides are well
established, largely thanks to the many years of experience gained from clinical tri-
als done using single-stranded antisense oligonucleotides [106, 107].
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Chapter 3
The Role of MicroRNAs in Natural Tissue

Development and Application in Regenerative
Medicine

Morten @stergaard Andersen, Philipp Dillschneider, and Jorgen Kjems

Abstract Many cellular functions rely on the coordinated expression and repression
of a large number of messenger RNAs; these are tightly controlled in part by
microRNAs (miRNAs) at the posttranscriptional level. The number of characterised
miRNAs that are involved in tissue development and repair is steadily increasing,
and our understanding of their functions is starting to merge. Modulating miRNA
levels through externally applied stimuli enables us to control the translation of
numerous mRNAs giving us unprecedented control over cellular events; therefore,
we predict that such techniques will revolutionise regenerative medicine. This chap-
ter will introduce miRNA biology and their role in controlling pluripotency, stem
cell differentiation, proliferation, senescence, survival, inflammation and angiogen-
esis. There are several strategies by which miRNA-modulating technologies can be
used to specifically target tissue engineering and repair, either in culture or in asso-
ciation with implanted cells and/or implants. We will here summarise these methods
providing examples from present literature. Based on previous results, we will also
predict more advanced technologies that may deliver miRNA in a spatial/tempo-
rally regulated manner that may imitate natural miRNA expression. Furthermore,
exogenous miRNAs, carried between cells in secreted vesicles, have recently been
characterised and may further increase the role and potential of miRNA in relation
to regenerative medicine.
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3.1 Introduction

Regenerative medicine aims to guide and promote the repair of damaged tissues or,
if needed, replace them with living tissues created through tissue engineering.
MicroRNAs (miRNAs) are a continually expanding class of endogenously expressed
non-coding RNAs that, through a phenomenon known as RNA interference (RNA1),
regulate a growing number of cellular functions, including many relevant to regen-
erative medicine. Since exogenously introduced, miRNAs or anti-miRNAs (here
commonly referred to as miRNA modulators) can be used to control these events;
their role in regenerative medicine continues to rise [1]. MicroRNA modulators can
be used to promote tissue regeneration and engineering in a number of ways. If
injected systemically or locally, miRNA modulators can affect the cells present at
the diseased target site, alleviating the condition either by promoting regeneration
by stimulating the tissue-forming cells [2] or by inhibiting further tissue destruction
by modulating the immune system [3]. Alternatively, injections of miRNA modula-
tors together with cells can protect and guide the implanted cells to regenerate the
damaged tissue [4]. Finally, one can combine cells and miRNA modulators with
implant materials to try and completely create the desired tissue de novo [5], known
as tissue engineering. The number of studies combining miRNA modulators with
cells and implantable materials is still limited; however, information detailing pos-
sible applications and methods for future use can be gained from the prior use of
closely related drugs, especially small interfering RNA (siRNA) [6]. An overview
of these strategies can be seen in Fig. 3.1.

Tissue engineering is showing recent promise. Living blood vessels [7], heart
valves [8], bladders [9], tracheas [10] and urethras [11] are just some examples of
tissues that have been grown from patient cells and which have subsequently been
implanted successfully, curing diseases. Stem cells are often used when the aim is to
generate new tissue [12]. Stem cells are undifferentiated cells with the potential to
generate specialised tissue cells while retaining a pool of undifferentiated cells
through asymmetric cell division. Stem cells can be harvested from embryos (embry-
onic stem cells) in which case they are pluripotent and can be differentiated into all
cell types found in the body. Similar pluripotent stem cells can also be created from
somatic adult cells through a process of dedifferentiation, known as induced pluri-
potent stem cells (IPSC). Different types of stem cells also reside in the adult body,
normally in a non-dividing quiescent state, wherefrom they can be activated to
undergo asymmetric cell division when there is a need for new cells. Cells isolated
from adults are multipotent, meaning that they can be differentiated into a limited
number of cell types. Stem cells can be injected directly as stem cell therapy in
which case they will home to sites of damage and promote repair either by specialis-
ing to replacement cells or by secreting beneficial factors. Stem cells are also com-
monly used for tissue engineering in which case they are usually seeded on a
temporary three-dimensional scaffold; the cells are then induced to differentiate and
create a specific tissue, for example, by modulating their miRNA levels. When the
desired tissue has been generated, preferably replacing the biodegradable scaffold,
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Fig. 3.1 Illustrates three routes for miRNA-mediated tissue regeneration. MicroRNA modulators
can be injected directly where they will migrate and affect cells within the patient (route 1).
Alternatively, cells can be explanted from a patient and be transfected with miRNA ex vivo. This
can be done in standard cell culture (route 2) or on miRNA functionalised scaffolds (route 3);
afterwards, the cells are then reinjected (route 2) or transplanted along with the scaffold (route 3)

oo

it is implanted into the patient. Alternatively, the scaffolds loaded with cells, miRNA
modulators and/or small molecular cues can be transplanted immediately and grown
in vivo.

3.2 RNA Interference

RNA interference (RNAI) is a cellular process, which utilises small RNAs for gene
expression regulation and innate defence [13]. RNAI is operational in most eukary-
otic species, including fission yeast, plants, flies, nematodes, mammals and humans
[14]. Figure 3.2 gives an overview of RNAi in mammals focusing on the miRNA
pathway.

The miRNA pathway is initiated in the nucleus by polymerase II transcription of
primary precursor miRNAs (pri-miRNAs) either as part of an ordinary protein-cod-
ing mRNA or as a unique non-coding RNA. These transcripts are processed by an
RNase III enzyme named Drosha, resulting in a ~70-nt-long precursor hairpin (pre-
miRNA), exported by Exportin 5 into the cytoplasm where it is cleaved by another
RNase III enzyme, named Dicer. The result is a ~19-23 base pair long double-
stranded RNA composed of the miRNA and a passenger strand [15], these RNAs
can also be introduced into the cytoplasm as synthetic molecules in which case they
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Fig. 3.2 Overview of RNAI cellular pathways with focus on miRNA processing. In the nucleus,
pri-miRNA are transcribed and subsequently processed by Drosha into hairpin-structured pre-
miRNA. These are exported to the cytoplasm where they are trimmed into double-stranded RNAs
of ~19-21 base pairs by Dicer. One of the strands is incorporated into the RISC complex as the
mature miRNA. The 5’ 2-8 nucleotides of the mature miRNA constitute the seed sequence which
guides the RISC complex to mRNAs by complementary base pairing. The translation of these
mRNAs is then abrogated, and the mRNAs are usually destabilised, leading to a decline in protein
expression

are called small interfering RNAs (siRNA) or miRNA mimics. Proteins, including
the argonaute protein, are recruited to form the precursor RNA-induced silencing
complex (pre-RISC). The strand with less stable base pairing at the 5’-end, called
the guide strand, remains in the RISC complex as the mature miRNA while the pas-
senger strand is degraded.

This miRNA guides the RISC to the mRNA, usually to a site within the 3’
untranslated region. The specificity is mainly directed by a perfect match to the so-
called seed sequence, which spans position 2—8 in the miRNA. This leads to trans-
lational repression and usually also increased mRNA degradation. The remaining
part of the sequence can modulate the effect, and more extensive matches can lead
to Ago-2-mediated cleavage of the target, which is often the case with artificially
constructed siRNA [16].

Endogenous miRNA levels can be transiently upregulated by delivering exoge-
nous pre-miRNAs [17] or pri-miRNAs [18]; alternatively, the function of a miRNA



3 The Role of MicroRNAs in Natural Tissue Development... 61

can be blocked by anti-miRNAs (also known as antagomirs) [19] or miRNA decoys
(also known as sponges) [20]. Synthetic pre-miRNAs are usually hairpin structures
that are processed like the endogenous pre-miRNAs in the cytoplasm, and their
delivery leads to elevated levels of RISC-associated mature miRNA. Anti-miRNAs
are typically modified oligonucleotides with a sequence that is complementary to
the guide strand of a mature miRNA, which they bind tightly thereby blocking their
subsequent RISC guidance. MicroRNA decoys are transcribed in the nucleus from
an exogenously introduced DNA vector and are regular RNA transcripts that con-
tain multiple targets sites for a particular miRNA species, effectively depleting the
miRNA from its real target. Modulation of miRNA levels can be prolonged and
even persistent if the miRNA or decoy-miRNA is expressed in the nucleus from an
exogenously introduced vector [21]. Prolonged expression is typically driven by
plasmids or non-integrating viruses such as adenoviral vectors, whereas persistent
miRNA modulation can be accomplished using integrating retroviral vectors.

3.3 Applications of miRNA in Tissue Regeneration

Regenerative medicine is currently employing a large variety of drugs to promote
tissue repair and stem cell differentiation. Examples include vitamins, hormones,
synthetic low molecular weight drugs as well as larger biologically derived pep-
tides, proteins, viruses, plasmids and various RNA species. If we take osteogenic (or
bone) regeneration as an example, beta glycerol phosphate, the synthetic steroid
dexamethasone, vitamins D and C, growth factors such as the bone morphogenic
proteins (BMPs) in both native and plasmid-expressed forms as well as siRNAs
have been applied to promote osteogenesis [22—25]. Such drugs are applied by
direct injection or ex vivo to guide bone cells to produce more bone or to promote
stem cell differentiation into bone. What additional benefits can miRNA bring to
regenerative medicine, and are there advantages compared to traditional drugs?

MicroRNAs often exert natural developmental functions by modulating the lev-
els of several mRNAs working in parallel, thereby causing more dramatic effects
than changing the level of a single gene or protein. But perhaps the most unique
feature of an RNAi-based medicine is the unparalleled flexibility it offers. Once a
delivery system for miRNA modulators has been devised that works with the implant
and cells of interest, that system can be used to deliver a modulator of any miRNA
and, thereby, control numerous cellular functions such as cell survival or differentia-
tion into different cell types. One could, for example, use different miRNAs with the
same delivery system to stimulate the formation of different cell types from stem
cells. Alternatively, one could promote cell survival with one miRNA and differen-
tiation with another. Tissue development and regeneration is a highly complex pro-
cess involving numerous miRNAs, and a complete understanding is still lacking.
However, in the following sections, we will provide examples of various cellular
processes that are regulated by specific miRNAs and exemplify how they can be
used for regenerative purposes.
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3.3.1 The Role of MicroRNAs in Tissue Development

It is now emerging that miRNAs function in essentially all stages of tissue development.
MicroRNAs play key roles from the very onset of human development, the growth of
undifferentiated embryonic stem cells into a foetus with differentiated germ layers as
well as in adult tissue repair such as those found after a bone fracture.

3.3.1.1 MicroRNAs and Embryonic Development

The involvement of miRNAs in embryonic development is interesting as it illus-
trates their immense capacity for controlling the progression of cell differentiation;
furthermore, the therapeutic use of embryonic stem cells in clinical trials has started
[26]. At the earliest stages of life, the embryonic stem cells are kept undifferentiated
and pluripotent by a self-regulating circuitry of key proteins including OCT4, SOX2
and KLF4 which are silenced by miR-145 upon differentiation [27]. When cells
begin to differentiate into the earliest progenitor cells specific to the three germ lay-
ers, the endo-, meso- and ectoderm lineages, the cell identity is controlled, in part,
by microRNAs. In mice, for example, mesodermal specialisation is blocked by
microRNA members of the miR-290 cluster [28]. These miRNAs repress the expres-
sion of DKK1, an inhibitor of the WNT pathway, which plays a complex role in
embryonic cell specialisation. During increased specialisation, waves of successive
miRNAs are expressed. A study detailing miRNA expression at various develop-
mental stages during embryonic stem cell to adipocyte differentiation found that the
expression level of 129 individual miRNAs changed twofold or greater during dif-
ferentiation [29]. At the mesodermal progenitor stage after just 5 days, the expres-
sion levels of 104 miRNAs differed from the outset. Cell specialisation continues
throughout development and is activated in many tissues in the adult body when cell
populations need replenishing. We shall now explore this further.

3.3.1.2 MicroRNAs and Adult Tissue Development

In the adult, stem cells are located in specialised niches in most organs. An example
of adult stem cells is the neural stem cells that reside in the subventricular zone in
the brain and which are capable of generating new neurons, glia and astrocytes [30].
Another example is the mesenchymal stem cells (MSCs) which are found in the
stromal compartment of many tissues such as bone marrow (BMSCs) and adipose
tissue (ADSCs). MSCs are, at least, capable of generating bone cells (osteoblasts),
cartilage cells (chondrocytes), fat cells (adipocytes) and muscle cells (myoblasts)
[31]. Adult stem cells are either activated upon tissue damage or are continually
active if replacing constantly removed cells, such as in the case of hematopoietic
stem cells. Activation leads to proliferation and differentiation of a subpopulation of
the stem cells into new specialised cells that replace or replenish the needed cells.
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The maintenance of the stem cells in their quiescent multipotent state as well as the
coordinated exit from this state upon damage is controlled by microRNAs such as
miR-335 [32]. The subsequent differentiation pathway taken is also controlled
tightly by microRNAs. Two well-studied differentiation pathways are osteoblastic
and adipocytic specialisations. Many miRNAs have been shown to be involved in
these processes (summarised in Table 3.1).

Of the osteogenesis regulating miRNAs, miR-138 seems to regulate a pathway
involving focal adhesion kinase and ERK 1/2 [5]. In undifferentiated MSCs, miR-
138 suppresses the expression of the late osteogenic transcription factor OSX,
whereas miR-138 is downregulated, leading to the expression of OSX in connection
with osteogenesis. MicroRNA-20a was recently [33] found to be upregulated dur-
ing osteogenesis, resulting in downregulation of adipocyte marker PPARYy and of the
osteoblast antagonists BAMBI and CRIM1. These are negative regulators of BMP
signalling. Hence, BMP and the early osteogenic transcription factor RUNX2 were
upregulated in the presence of miR-20a compatible with the observation that this
miRNA induces osteogenesis in human MSC. Co-repressing of PPARy, BAMBI
and CRIM leads to activation of the BMPs/RUNX2 signalling pathway. MicroRNA-
148b, miR-27a and miR-489 may also be involved in osteogenesis [36]. MicroRNA-
27a and miR-489 are downregulated during osteogenesis with grancalcin as a
potential target, whereas miR-148b is upregulated.

Numerous miRNAs have also been reported as control factors for adipogenesis
from human MSC. Both miR-371 and miR-369-5p reduce proliferation [52]. MiR-
369-5p, however, blocks adipogenesis, whereas miR-371 increases differentiation.
A putative target of miR-371 is FABP4. MicroRNA-221, miR-222 and miR-155
seem to act anti-adipogenic similar to miR-369-5p [51]. The levels of these three
miRNAs decrease during differentiation, and overexpression negatively affects adi-
pogenesis. A putative target for miR-221 and miR-222 is cyclin-dependent inhibitor
CDKNI1B and for miR-369-5p itis adiponectin [fatty-acid-binding protein (FABP4)].
For two other miRNAs, miR-155 and miR-371, a target has not been identified yet.

3.3.2 Vascularisation

Almost regardless of what tissue is to be generated, there is a need for implant vas-
cularising due to oxygen diffusion limits of 100-200 pm in dense tissue [60]. While
adjacent blood vessels can neo-vascularise biodegradable implants [61], the elapsed
time before sufficient vascularisation has occurred may lead to necrotic zones at the
cores of larger implants. Vascular tissue is composed of endothelial cells surrounded
by smooth muscle cells (except in the case of capillaries). In tissue engineering the
generation of these two cell types has traditionally been promoted using vascular
endothelial growth factor (VEGF) [62] and transforming growth factor beta (TGF-f3)
[63], respectively. However, microRNAs can also be applied to promote smooth
muscle and endothelial cell differentiation. Transfecting fibroblasts with miR-143
and miR-145, for example, enhance their differentiation into smooth muscle cells
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Table 3.1 miRNAs involved in osteogenesis and adipogenesis

M.Q. Andersen et al.

Effect miRNA Cell type Species  Target Reference
Pro-osteogenic ~ miR-20a BMSC Human PPARy BAMBI CRIM1 [33]
Pro-osteogenic ~ miR-20b BMSC Human PPARy BAMBI CRIM1 [34]
Anti-osteogenic  miR-26a ADSC Human SMADI1 [35]
(final stage)
Anti-osteogenic  mi-27a BMSC Human GCA [36]
Anti-osteogenic  miR-138 BMSC Human FAK [5]
Pro-osteogenic  miR-146a Periodontal Human NF-xB [37]
ligament cells
Pro-osteogenic ~ miR-148b BMSC Human N/A [36]
Pro-osteogenic ~ miR-196a ADSC Human HOXCS8 [38]
Anti-osteogenic  miR-489 BMSC Human GCA [36]
Pro-osteogenic  miR-29b Rat calvaria Mouse rat  COL1A1 COL5A3 [39]
osteoblasts, COL4A2 HDAC4
MC3T3 TGFB3 ACVR2A
CTNNBIP1 DUSP2
Anti-osteogenic  miR-125b ST2 Mouse ERBB2 [40]
Anti-osteogenic miR-133 C2C12 Mouse RUNX?2 [41]
Anti-osteogenic miR-135 C2C12 Mouse SMADS5 [41]
Pro-osteogenic  miR-141 MC3T3-El Mouse DLX5 [42]
Pro-osteogenic ~ miR-200a MC3T3-El Mouse DLX5 [42]
Anti-osteogenic  miR-206 C2C12, primary Mouse Connexin 43 [43]
osteoblasts
Pro-osteogenic ~ miR-210 ST2 Mouse ACVRI1b [44]
Pro-osteogenic ~ miR-2861 Primary osteo- Mouse HDACS [45]
blasts, ST2
Anti-adipogenic miR-27b ADSC Human PPARY [46]
Pro-adipogenic  miR-30 ADSC Human RUNX2 [47]
Anti-adipogenic miR-130 Primary Human PPARY [48]
pre-adipocytes
Anti-adipogenic miR-138 ADSC Human EID-1 [49]
Pro-adipogenic  miR-143 Pre-adipocytes Human ERKS5 [50]
Anti-adipogenic miR-155 BMSC Human N/A [51]
Anti-adipogenic miR-221 BMSC Human CDKNIB [51]
Anti-adipogenic miR-222 BMSC Human CDKNIB [51]
Pro-adipogenic  miR-642-3p  ADSC Human N/A [47]
Anti-adipogenic miR-369-5p BMSC Human FABP4 [52]
Pro-adipogenic  miR-371 BMSC Human N/A [52]
Pro-adipogenic ~ miR-17-92 3T3-L1 Mouse RB2/P130 [53]
cluster
Anti-adipogenic miR-31 C3H10T1/2 Mouse CEBPA [54]
Anti-adipogenic miR-27a/b 3T3-L1, OP9 Mouse PPARY [55]
Pro-adipogenic =~ miR-103 3T3-L1 Mouse N/A [56]
Pro-adipogenic  miR-200 ST2 Mouse N/A [57]
Pro-adipogenic = miR-204/211 ST2 Mouse RUNX2 [58]
Pro-adipogenic  miR378/378* ST2 Mouse N/A [59]
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[64], while antagonists against miR-16 and miR-424 induce secretion of VEGF
[65].

3.3.3 MicroRNAs and Induced Pluripotent Stem Cell Generation

Another potential use of microRNAs in regenerative medicine is to promote the
generation of IPSC from somatic adult cells, a use that is related to the major role of
miRNA in embryonic stem cells. The generation of IPSC cells is usually performed
using gene therapy with a vector encoding the pluripotency genes OCT3/4, SOX2
and KLF4. However, a major obstacle is the P53 tumour suppressor protein, which
partly through P21 counteracts IPSC formation [66]. These proteins act, in part, by
increasing the levels of certain miRNAs, for example miR-34 [67], which in turn
silence the expression of pluripotency genes such as NANOG, SOX2 and MYCN.
Hence, the expression of these microRNAs represents a barrier for the generation of
enough IPSCs for practical purposes. Such microRNAs would potentially be ideal
targets for anti-miRNAs for enhancing IPSC formation. Other miRNAs, for exam-
ple miR-93 and miR-106b [68], are induced during early dedifferentiation in which
they silence P21 leading to further de-specialisation. Increasing the amount of these
miRNAs in fibroblasts by introducing miRNA mimics can potentially be used to
promote IPSC formation. The increasing possibilities for regulating key genes
involved in IPSC formation and maintenance suggests that it may be possible to
drive dedifferentiation with miRNA and anti-miRNA alone, thereby avoiding prob-
lematic viral vectors and the overexpression of oncogenes associated with the cur-
rent methods [69].

3.3.4 Immune Modulation

The immune system is an important component in regenerative medicine; it is a
primary target for strategies that seek to reduce localised inflammation and subse-
quent tissue destruction prior to regeneration. MicroRNA-155, for example, is
upregulated in rheumatoid arthritis where it down regulates SHIP1, an inhibitor of
inflammation [70]. In contrast, miRNA-146a alleviates rheumatoid arthritis by
inhibiting the differentiation of monocytes and macrophages into multi-nucleated
osteoclasts, which are responsible for joint destruction [3]. Incidentally miR-146a
also seems to be involved in promoting de novo osteogenesis of cells [37], and it
may, thus, play a dual role both reducing tissue inflammation and increasing regen-
eration. MicroRNA-mediated modulation of immune responses, therefore, presents
a strategy to arrest further tissue degeneration before regeneration is induced.
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3.3.5 Cell Survival

One of the major obstacles in any tissue engineering strategy employing trans-
planted cells is to ensure cell survival upon implantation. MicroRNAs play impor-
tant roles in cell survival and modulating miRNA levels may, therefore, be used to
promote cell survival. This is especially important with cells that display very limited
proliferative capacity or post-transplantation survival such as cardiomyocytes. In
one study, overexpression of a cocktail of miR-21, miR-24 and miR-221 from len-
tiviral vectors promoted survival of transduced cardiac progenitor cells both in vitro
under serum-free condition and in vivo after intramuscular injection [4]. Injection
of cardiac progenitor cells, overexpressing the miRNA cocktail, in ischemic heart
myocardium led to improved function and reduced infarction size compared to
injections of non-transfected cells. The microRNAs used acted partly by repressing
a number of apoptotic genes, notably BIM which is a critical apoptotic activator,
leading to less activated Caspase 3. Similarly, in another study, it was shown that
diabetic cardiomyopathy was partly driven by the progressive loss of PIM1, whose
restoration after gene therapy led to improved heart function [71]. PIM1 is repressed
by miR-1, and it was found that transfecting cardiomyocytes with an anti-miR
against miR1 led to increased cell survival as revealed by increased anti-apoptotic
gene expression and lowered caspase activity.

3.3.6 Proliferation and Senescence

The adult body contains some 100 trillion cells [72]; therefore, growing a tissue or
organ of any significant volume requires a large amount of cells. This is typically
achieved by expanding explanted cells in vitro before they are re-implanted into the
patient. Many ill patients, however, cannot wait long periods for a replacement
organ. In order to generate a large number of cells in a short time, there is a need for
increasing cell proliferation during the in vitro culture. Unfortunately, the prolifera-
tion of adult stem cells is limited by senescence. When cells are explanted and
expanded, in vitro adult stem cells will experience successive telomere shortening
and finally stop dividing. Previous efforts to circumvent the senescence barrier in
adult stem cells have focused on the activity of the telomerase gene, which, if trans-
duced into these cells, causes a dramatic increase in proliferation capacity [73].
However, recent results indicate that miRNAs also play a role in senescence, for
example, microRNA-486-5p, which represses SIRT1, a major regulator of longev-
ity and metabolic disorders. Blocking the function of this miRNA with anti-miR-
NAs was shown to inhibit senescence and promote cell proliferation [74].
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3.3.7 Potential for Oncogenic Transformation

Any strategy that seeks to modulate cells in order to increase their proliferation and
survival should carefully investigate the risk of oncogenic potential before implanta-
tion into patients. In fact, the microRNAs employed in the cardiac progenitor study
mentioned [4] have all previously been found to be overexpressed in tumours and be
involved in tumourigenesis. Furthermore, the earlier study [73], in which stem cells
were transduced with telomerase, has demonstrated that such manipulations can
lead to cells with oncogenic potential. However, the same study also demonstrated
that it is possible to generate cells with enhanced proliferative capacity without
apparent oncogenicity. There is probably a fine balance between promoting greater
cell numbers while preventing uncontrolled expansion and transformation. In the
telomerase overexpression study [73], it was concluded that conditional or tempo-
rary expression of telomerase would be a safe approach to increase cell prolifera-
tion. Since miRNAs levels are typically modulated in a transient manner, they would
be ideal for this purpose.

3.4 MicroRNA Delivery

Delivery has traditionally been the bottleneck for RNAi-based drugs [75]. Apart
from special cases, such as the employment of hydrodynamic pressure [76] or using
very small anti-miRNA [77], naked RNA cannot be successfully delivered.
MicroRNAs and anti-miRNA are large anionic molecules that do not readily cross
biological membranes such as the cell membrane; therefore, delivery vectors are
needed to enable the miRNA modulators to reach the cellular and subcellular target
sites. Many different vectors have been utilised in regenerative medicine for the
delivery of other nucleic acid species such as plasmids and siRNA [6]. Successful
RNA transfection is often a complex compromise between silencing efficiency,
duration and toxicity. There are several delivery routes for miRNA modulation; one
can inject the miRNA with a carrier either systemically or locally, or it can be trans-
planted together with cells and/or implant materials. Delivery in conjunction with
implantable materials such as scaffolds for the durations and timed phases needed
in tissue regeneration complicates the story further, but also opens up new possibili-
ties. Most tissues and organs are composed of different cell types organised in
specific spatial locations, and each of the differentiation pathways leading to these
cells relies on the expression of different miRNAs at different time points [29].
Hence, to mimic natural tissue formation, there is a need for scaffolds that can
release different miRNAs at different locations at controlled time points.

Tissue destruction can be prevented and regeneration promoted by i.v. injection
of the miRNA vector systemically or directly into the damaged site. One study used
tail-vein injections of atelocollagen/miR-146a complexes which circulated systemi-
cally and prevented joint destruction in collagen-induced arthritis [3]. However,
many microRNAs play different roles in different tissues, and a systemic delivery
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approach for one condition may, thus, have unforeseen consequences in other tis-
sues. In the case of miRNA-146a, for example, its overexpression alters haematopoi-
esis [78]. Local injections may lead to fewer side-effects and avoid a number of
delivery barriers, but serum nucleases and the local immune system still have to be
considered. In one study, a cocktail of miR-1, miR-133 and miR-206, all miRNAs
that have roles in muscle development, was shown to promote skeletal muscle dif-
ferentiation and fibre formation in vitro [2]. Subsequent in vivo local injections of
atelocollagen complexes containing the miRNA cocktail directly into damaged
muscle tissue accelerated muscle regeneration.

3.4.1 MicroRNA Delivery in Combination with Implantable Cells

When combining delivery and cell therapy, the implanted cells are typically transfected
prior to transplantation, allowing unbound miRNA transfection reagent to be
removed prior to injection. The advantage of this approach is the lowered risk of
targeting undesired cells. In one study, for example, embryonic stem cells were
transfected with a plasmid-encoding miR-1, which promotes cardiomyocyte dif-
ferentiation, and afterwards implanted in infarcted myocardium where the trans-
fected cells led to improved cardiac function [79].

In another study, mesenchymal stem cells were transfected with an anti-miR
directed against miR-138, a repressor of osteogenesis [5]. The transfected cells were
then transferred onto a hydroxyapatite/tricalcium phosphate ceramic powder, which
was implanted subcutaneously in mice. Interestingly, the anti-miR-138-transfected
cells produced more bone than the cells containing a control miRNA and much
more than pre-miR-138-transfected cells. In another study, when miR-148b and an
antagonist against miR-489 were transfected into mesenchymal stem cells, which
were encapsulated into PEG/peptide hydrogels, osteogenic differentiation of hMSCs
was enhanced in vitro [80].

In many cases, however, it is beneficial to deliver the miRNA vector from the
implant itself. Benefits include the following (a) the possibility of producing a cell-
free bioactive implant, which may be easier to use and to get regulatory approval for;
(b) pre-synthesis of miRNA-enhanced scaffolds simplifying handling by the end user
to cell seeding and implantation; (c) controlled release of miRNA from an implant,
prolonging its activity without resorting to viral vectors (d) tailoring of implants to
deliver different miRNAs in multiple temporal phases and/or spatial locations.

3.4.2 Scaffold-Directed MicroRNA Delivery

There are two main ways in which miRNAs can be incorporated into scaffolds:
They can be adsorbed onto the surface or be embedded within the scaffold polymer.
The release rate of nucleic acids from implants depends on the method of incorpora-
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tion. The release rate is crucial as differentiation cues need to be released during
specific phases of differentiation. Surface-adsorbed drugs are released at rates that
are highly dependent on the strength of drug—surface interaction (by van der Waals,
electrostatic and covalent bonds), and the size of the surface area with which these
interactions can take place. In contrast, embedded drugs are typically released as the
implant degrades, although diffusion may play a minor role as well. To our knowl-
edge, no studies exist on delivery of miRNA from scaffolds; however, delivery of
siRNA from scaffolds has been carried out by various approaches [6]. These strate-
gies should be directly applicable to scaffold-directed miRNA delivery [81].

Solid scaffolds containing embedded siRNA are typically prepared by adding
the siRNA during implant production. Two studies showed naked siRNA and
TransIT-TKO/siRNA vectors could be incorporated into electrospun fibres during
their production [82, 83]. Release rates were determined by the porosity of the
polymer surrounding the siRNA and the presence of a vector. Fibres releasing naked
siRNA and siRNA vectors induced different degrees of GAPDH silencing in
HEK?293 cells (21 % and 31 %, respectively). The limited knockdown may reflect
damage to the siRNA or vector from exposure to organic solvents or mechanical
processing or limited release during the cell culture period. Interestingly, naked
siRNA demonstrated a knockdown despite the inherent barriers; possibly the scaf-
fold polymer polycaprolactone could act as a delivery vehicle as polycaprolactone
nanoparticles have previously been used to deliver siRNA successfully [84]. It has
also been demonstrated that siRNA-carrying micelles can be incorporated into
polyurethane foam scaffolds by mixing the dried vector powder with a scaffold
polymer prior to foaming, induced by the addition of lysine triisocyanate [85].

Drugs that are adsorbed onto a scaffold are generally released faster than embed-
ded drugs [86]. One advantage of adsorbing drugs lies in the simpler methodology;
the miRNA can be added after scaffold production, enabling a laboratory to coat the
scaffold with their miRNA of interest without being involved in scaffold manufac-
turing. Since an adsorbed drug is added after implant production, it is not subjected
to potentially detrimental chemicals or processing during scaffold production.
Furthermore, miRNA can be coated onto commercial implants that are already
clinically approved. In one case, chitosan/siRNA nanoparticles targeting the
RHOA mRNA were adsorbed onto polymer filaments, where they could induce
RHOA silencing in neurons desensitising them to myelin inhibition of neurite
outgrowth [87].

Hydrogels represent an interesting alternative to solid polymer sponges. They
can be loaded with siRNA vectors simply by mixing their components with the vec-
tor prior to gelling which, depending on the nature of the gelling component, makes
the process less damaging to the RNA and vector. In one study, alginate or collagen
was mixed with siRNA prior to CaCl,-, UV-radiation- or heating-induced gelling
[88]. The gels were subsequently found to silence a reporter gene in co-encapsu-
lated cells and cells growing beneath a hydrogel. Release rates were found to depend
on electrostatic interaction between vector and gel components. Finally, it was
shown that transfecting cells directly from a scaffold were much more efficient than
delivering a similar amount of siRNA through the medium.
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Fig. 3.3 Shows a modification of the strategy previously used to create a spatially differentiated
tissue [25]. First, osteogenic and adipogenic miRNA modulators are incorporated into delivery
vectors; these are then coated onto scaffold parts with the shape of the tissue section they will cre-
ate. The miRNA vectors interact with the surface through van der Waals and ionic bonding, bind-
ing them to that specific scaffold part. The scaffold components are then assembled in the correct
form, and stem cells added. During further in vitro or in vivo culture, the cells take up the miRNA
from their local environment, and the miRNA induces them to locally create the correct tissue.
Figure modified from [6]

The main advantage of implant-mediated miRNA delivery is the ability to control
spatial-temporal miRNA transfection. Our lab has previously devised a method for
delivering two different siRNAs from the surface of different parts of an implant [25].
Using TransIT-TKO, we produced nanoparticles containing siRNAs against BCL2L2
and TRIB2, proteins that inhibit osteogenesis and adipogenesis, respectively. These
cationic nanoparticles could be adsorbed onto anionic nanoporous polycaprolactone
scaffolds prior to seeding with MSCs. After implantation, the siRNAs guided the
development of two distinct tissues at discrete locations. The same system could in
principle be used for delivering miRNA or anti-miRNA in specific regions of an
implant (Fig. 3.3). Instead of using siRNAs against BCL2L2 and TRIB2 to promote



3 The Role of MicroRNAs in Natural Tissue Development... 71

osteogenesis and adipogenesis, one could instead use miR-148b and miR-371,
respectively [36, 52], to grow two component tissues such as a spinal disc.

Temporally controlled release of miRNA modulators could be accomplished by
adsorbing one and encapsulating another miRNA modulator or, alternatively, by
encapsulating the nucleic acids in two materials with different degradation rates.
In one study, two growth factors, BMP2 and BMP7, were incorporated into a scaffold
demonstrating the feasibility of the latter method [89]. Here BMP2 acts to promote
early stage osteogenesis, while BMP7 accelerates late stage osteogenesis. The differ-
ential release profile was accomplished by encapsulating the proteins into micropar-
ticles made of either fast degrading poly(lactide-co-glycolide) or slow degrading
poly(3-hydroxybutyrate-co-3-hydroxyvalerate), which were subsequently adsorbed
onto chitosan fibre mesh scaffolds. The sequential release system, releasing first
BMP2 and then BMP7, demonstrated superior bone formation over scaffolds
releasing the two growth factors simultaneous or a reversed sequential manner. This
approach illustrates the benefits of temporal control of drug delivery. Similarly, if
one desired to differentiate embryonic stem cells to osteoblasts, one could suggest a
strategy that involves rapid and delayed release of two different miRNA modulators.
For example, anti-miR-290 could be released rapidly to promote mesodermal dif-
ferentiation followed by a delayed release of miR-148b to promote subsequent
osteoblastic differentiation of the mesodermal cells [28, 36].

3.4.3 Secreted MicroRNAs and Regenerative Medicine

Recent findings indicate that miRNAs may play an even greater role than previ-
ously thought. Traditionally, miRNAs have been regarded as endogenous regulators
of the cells wherein they are expressed. However, secreted vesicular bodies (includ-
ing the smaller exosomes [90] and the larger microvesicles [91]) have been shown
to carry mRNA and miRNA between cells as a form of nature’s own miRNA drug
delivery [92]. MicroRNAs may, thus, serve as paracrine messengers. Adipocytes,
for example, are known to coordinate lipid synthesis using secreted vesicular
miRNA [93]. The presence of miRNA in all tested body fluids and the fact that it can
be transferred between different cell types indicate that RNA may prove to represent
a whole new level of endocrine signals [94]. Little research has been done on the
role secreted miRNAs play in tissue development and repair. However, it is known
that embryonic stem cells secrete miRNA-loaded vesicles capable of cell transfer
[95], and MSCs secrete miRNAs that repress differentiation and may play a role in
coordinating stem cell differentiation [96]. The first therapeutic applications of
miRNA-carrying vesicles in relation to regenerative medicine have already been
performed. For example, MSC-secreted microvesicles were found to carry miRNA
involved in cell survival, cell differentiation and organ development [97], and intra-
venous injections of such microvesicles could alleviate glycerol and ischemia rep-
erfusion injury-induced acute and chronic kidney damage [98, 99]. Furthermore,
miRNA-carrying microvesicles seem to play a major role in angiogenesis and are



72 M.Q. Andersen et al.

predicted to have therapeutic roles in treating ischemic conditions [100]. The vesi-
cles can be used as natural targeted delivery vehicles if the secreting cells are geneti-
cally modified to express modified exosomal membrane proteins that bind to specific
receptors on the targeted cells [101]. After the targeted exosomes have been isolated
from these cells, they can then be loaded with specific RNAs by electroporation.
Such exosomes were successfully used to deliver siRNA to the brain in vivo where
the target BACEL, a protein involved in Parkinson’s disease, was silenced. We fore-
see that such vesicles will play a great role in future regenerative medicine as deliv-
ery vehicles for siRNA and miRNA modulators. However, while the direct delivery
of miRNA using such vesicles has been demonstrated, we have yet to see whether
such vesicles can be successfully combined with scaffolds and cell therapy.

3.5 Future Perspectives

The real advantage of miRNA-based regenerative medicine lies in the flexibility
offered by the multitude of cellular functions that can be modulated once a miRNA
delivery system has been devised for a particular application. Our group has, for
example, used one siRNA delivery system to enhance both adipogenic and osteo-
genic differentiation on a scaffold [25]. MicroRNAs, however, would probably per-
form even better for this purpose than siRNAs since they target multiple genes and
are “optimised” by nature for purposes such as differentiation. Numerous miRNAs
have been characterised well enough for these purposes already, and the continued
elucidation of endogenous and exogenous miRNA functions in tissue regeneration
and repair will undoubtedly expand the potential miRNA can have in regenerative
medicine. Currently, high-throughput methods for characterising miRNA expres-
sion, such as microarrays [5] and next generation sequencing [29], are providing
detailed descriptions of the presence and role various miRNAs play in differentia-
tion events. Ideally, such studies would be designed to provide us with the temporal
and spatial information needed to grow complex tissues: For example, by detailing
the sequential expression of miRNAs at successive differentiation stages so that we
can place those miRNAs into scaffolds that release them in the correct order or
by analysing different differentiation pathways in parallel studies to reveal which
miRNAs that may be placed in spatially different parts of an implant generate tis-
sues with multiple cell types.

At the same time, scaffold and implant development must take place to ensure
that such detailed biological knowledge can be mimicked artificially. Continual
research on how drugs interact with implants is necessary so that different methods
of drug incorporation can be devised that give controllable release rates. This may
include devising polymers or scaffold architectures with different bulk degradation
rates or tailoring the delivery systems to bind the implants with different degrees of
affinity and, thus, release rates. Alternatively, one could envisage a scaffold contain-
ing stimuli-responsive polymers where an externally applied stimulus such as heat
or ultrasound triggers the release of drugs. Such a scaffold could be used to accom-
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modate differences in stem cell potential and rate of differentiation, as may be found
between patients, by synchronising the release of drugs with the completion of each
stage of differentiation.

The best method for incorporating complex spatial information into implants is
probably further development of 3D printing of scaffolds together with cells and/or
drugs. However, it is necessary to further investigate the degree of spatially restricted
drug function when using such approaches, and it remains to be seen whether tem-
porally controlled release of different drugs can be achieved in a printed scaffold.
Currently, too few materials are designed to incorporate the knowledge on sequen-
tial or temporal function of differentiation cues, and to our knowledge, no approach
has yet to try and incorporate both temporal and spatial information on differentia-
tion cues, such as miRNA expression, into implant design. If tissue engineering is
to replicate nature’s ingenious way of making organs, this needs to change.
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Chapter 4

Intracellular Delivery Considerations
for RNAi Therapeutics

Yu Zhu, Jing Li, and David Oupicky

Abstract Intracellular delivery of the wide range of RNAi therapeutics is a complex
process that remains to be fully understood and mastered. This chapter discusses the
current understanding of the process of intracellular delivery of RNAI triggers from
multiple perspectives. The delivery requirements are primarily determined by the
properties and intracellular site of action of the RNAi molecule. Main intracellular
barriers to nonviral delivery of siRNA, shRNA, and miRNA are discussed, together
with the latest methods to overcome them. The barriers covered include cellular
uptake, endosomal escape, cytoplasmic trafficking, nuclear entry, and therapeutic
cargo release from delivery vectors.

4.1 Introduction

Since RNA interference (RNAi)-based gene silencing by double-stranded RNA was
first described in 1998 [1], the field of RNAi-mediated gene therapy has been
quickly developing. However, the clinical application of RNAi-based therapeutics
is hindered by the lack of adequate delivery methods. Not only are nucleic acids
subject to degradation by a host of nucleases [2], their polyanionic nature makes
translocation across cellular membranes difficult. Further compromising RNAi
efficacy is the often-inadequate delivery to the specific subcellular compartments
and incorporation into the RNAi machinery. The application of RNAI triggers as a
potential clinical agent requires proper design and development of effective and
safe delivery vectors. This chapter focuses on the intracellular trafficking of differ-
ent RNAI triggers and recent developments in the design of delivery vectors capable
of breaking down intracellular delivery barriers.
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4.2 Delivery Considerations for Different RNAi Molecules

There are three major types of RNAI triggers: small interfering RNA (siRNA), small
hairpin RNA (shRNA), and microRNA (miRNA). These molecules differ in the
way they are processed and the RNAi machinery involved at different intracellular
locations (Fig. 4.1). We will first consider individual requirements for delivery of
the three types of RNAi molecules.
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Fig. 4.1 Intracellular trafficking of RNAI delivery systems. RNAI triggers are delivered using
either viral or synthetic delivery systems. Synthetic delivery vectors enter the cell mainly by endo-
cytosis; some escape from the endosomes into the cytoplasm, while the rest are routed for degrada-
tion in lysosomes. Complexes located in the cytoplasm undergo partial or full disassembly, and the
released RNAI triggers can be degraded by cytosolic nucleases or transported to the nucleus.
(a) siRNA molecules require cytoplasmic delivery. Conventional siRNA molecules (21-mer) are
incorporated into RISC, and the sense strand is excluded through an unwinding process. This com-
plex is directed to the targeting mRNA sequence through complementary recognition of the mRNA
and antisense strand and then triggers the cleavage of the mRNA. DsiRNA (27-mer), on the other
hand, first enters the Dicer pathway where it is cleaved into standard siRNA strand followed by
being processed to RISC. (b) After entering the nucleus, the gene encoding for shRNA is transcribed
to shRNA molecule, which is then exported into the cytoplasm. Subsequently, shRNA is cleaved
by the endoribonuclease Dicer into dSRNA, which is then loaded into the RISC-loading complex
and triggers the mRNA cleavage in the same way described in (a). (¢) miRNA can be delivered
either to the nucleus as the encoding gene or to the cytoplasm as mature miRNA molecule. It then
pairs with the targeting mRNA and leads to either target cleavage or suppression of translation
process. Antagomirs, after entering the cytoplasm, complementary bind to mature miRNA and lead
to either miRNA degradation or sequestration, thus blocks the function of miRNA
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4.2.1 siRNA

siRNA is a class of double-stranded RNA (dsRNA) molecules that are 20-25
nucleotides in length. siRNA conducts its silencing function in the cytoplasm by
first incorporating into RNA-induced silencing complex (RISC). siRNA duplex
then undergoes unwinding, and the sense strand is excluded from the RISC. RISC
then further pairs with the complementary mRNA and mRNA cleavage facilitated by
complementary base pairing with the antisense strand results in post-transcriptional
gene silencing. It is worth noting that a class of longer siRNA, the 27-mer Dicer-
substrate siRNA (DsiRNA), has been reported to exhibit more potent silencing than
standard 21-mer siRNA [3, 4]. In the cytoplasm, the 27-mer DsiRNA is first cleaved
by endonuclease Dicer to form standard 21-mer siRNA, which then proceeds
through the same silencing pathway as stated above. One possible explanation for
the greater potency of DsiRNA is that the process of Dicer-mediated cleavage may
facilitate the loading of siRNA into RISC [5], thus enhancing gene silencing. While
it is generally accepted that delivering siRNA into the cytoplasm is optimal, recent
findings suggest that siRNA can also induce transcriptional gene silencing through
DNA methylation and knockdown of transcripts restricted to the nucleus [6—10].
siRNA that engages in the nuclear RNAi pathways would require siRNA delivery
into the nucleus. This notion is supported by the observed increase in the transcrip-
tional gene silencing efficiency with delivery vectors containing nuclear localiza-
tion sequences [11].

4.2.2 miRNA

The active mature miRNA is a single-stranded RNA generated during endogenous
transcription [12]. It is ~22 nucleotides in length, firstly transcribed in the nucleus
as long primary transcripts (pri-miRNA) with local hairpin structure and then pro-
cessed into precursor miRNAs (pre-miRNA) by Drosha enzyme, followed by export
to the cytoplasm where it is processed to form mature miRNA by Dicer [13]. Unlike
siRNA, which forms a perfect duplex with its target mRNA and directs the RISC-
mediated mRNA degradation, the action of miRNA depends on the level of comple-
mentarity. It may cause mRNA cleavage, or it may bind imperfectly with the
untranslated regions of mRNA, leading to translational repression. The endogenous
processing pathway of miRNA improves the silencing efficacy and avoids activa-
tion of the interferon system associated with externally introduced synthetic siRNA
[14]. Depending on the type of miRNA, the desired intracellular site of delivery
varies from cytoplasm to the nucleus. Commercially available miRNA mimics are
small dsSRNA molecules mimicking endogenous mature miRNA and thus should be
delivered directly into the cytoplasm. Antagomir, a single-stranded oligonucleotide,
binds endogenous mature miRNA and blocks the function of miRNA-mediated
silencing [15, 16]. As the cytoplasm is the site for antagomir—-miRNA binding,
antagomir success requires delivery into cytoplasm. In contrast, nuclear delivery
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is necessary for the RNA transcripts of miRNAs, such as pri-miRNA precursors.
The requirement for enhancement of miRNA expression or downregulation depends
on the role of the miRNA in disease.

4.2.3 shRNA

The shRNA is a class of RNAi agents with tight hairpin turn that can be cleaved by
Dicer enzyme to generate siRNA with 21-23 nucleotides. shRNA can be introduced
into host cells via plasmid or viral vectors and be further integrated into the host
genome. This offers the advantage of the silencing effect not necessarily being lost or
diluted during cell division. When compared with siRNA, shRNA is used more fre-
quently in the laboratory to achieve permanent knockdown of a specific mRNA, typi-
cally by using a virus as the delivery vector. Unlike siRNA, shRNA is usually delivered
as the corresponding gene inserted into a plasmid DNA, which undergoes transcrip-
tion process to form shRNA. Therefore, the sequence encoding for shRNA has to enter
the nucleus, and the delivery considerations fall into the DNA delivery category [17].

4.3 Main Intracellular Barriers for RNAi Therapeutic Delivery

Viral vectors and synthetic vectors are the two major classes of delivery systems
used for nucleic acid delivery. In this chapter, we will focus on nanoparticle-based
synthetic vectors used in RNAi delivery. In most cases, RNAIi delivery vectors are
internalized into cells via endocytosis. Available evidence suggests that multiple
endocytic pathways are involved in the delivery, including clathrin-mediated path-
way, caveolar pathway, macropinocytosis, and phagocytosis. If the vectors contain
specific ligands that bind to cell surface receptors, cells can internalize the vectors
by receptor-mediated endocytosis [18].

Initial uptake of the RNAi delivery vectors proceeds through a sequence
of trafficking vesicles including early endosomes, late endosomes, and lysosomes.
A fraction of the endocytosed vectors can be trafficked into the cytoplasm, while the
rest are routed for degradation into lysosomes. If the vectors successfully escape
lysosomal degradation and enter the cytoplasm, siRNA and miRNA require release
from the vectors in order to be incorporated into RISC and to trigger the target
mRNA degradation. In contrast, sShRNA and pri- and pre-miRNA need to be further
transported into the nucleus for processing in order to perform their silencing func-
tion. ShRNA and miRNA released from the vectors in the cytoplasm can be either
degraded by cytosolic nucleases or be further transported to the nucleus. RNAi vec-
tors that do not disassemble in the cytoplasm are transported into the nucleus either
passively by association with nuclear material during breakdown of the nuclear
envelope during cell division or actively through nuclear pore complexes. RNAi
vectors that release their cargo in the nucleus provide the transcription apparatus
access to ShRNA and miRNA.
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Table 4.1 Intracellular barriers and methods to improve RNAI therapeutic delivery

Intracellular barrier Delivery solution References
Cell uptake and targeting Folate-conjugated block copolymers [19]
Aptamer—siRNA conjugates [20, 21]
siRNA complex with protamine—antibody [22]
fusion protein
siRNA-antibody conjugate [23]
Cell-penetrating peptides [24-27]
Endosomal escape Direct membrane translocation [28]
Abrogate immune activation [29, 30]
Proton sponge vectors [31-40]
pH-sensitive vectors [41, 42]
Temperature-responsive pluronics [43]
Photosensitizers [44]
Fusogenic lipids [45]
Influenza-derived fusogenic peptide diINF-7 [46]
Membranolytic peptides [47]
Nuclear transport Reducible copolypeptide containing nuclear [11]

localization signal (NLS) to deliver siRNA
and pri-miRNA

RNAI release from vectors Biodegradable poly(B-amino ester)s [48, 49]
Degradable poly(lactide-co-glycolide) [50-52]
Carbamate-linked oligoamine—polyglycerol [53]
Chitosan [54]
Bioreducible polycations [55-59]

The following sections will describe the main intracellular barriers encountered by
the RNAI vectors during intracellular delivery. We will discuss current strategies applied
to overcome the individual barriers and to control the RNAI trafficking (Table 4.1).

4.3.1 Cell Uptake and Targeting

Cell uptake is a key step required for successful delivery of RNAi therapeutics into
the target cells. Cell membrane consists of a hydrophobic phospholipid bilayer
embedded with various surface proteins. The physicochemical properties of this
biological barrier prevent direct translocation of the hydrophilic and negatively
charged RNAi molecules. Electrostatic complexation of RNAi molecules with vari-
ous cationic lipids and polymers is often employed to facilitate cell uptake. The
complexation results in a formation of particles with a net positive charge, which
helps to facilitate interaction with the negatively charged cell membranes and to
trigger internalization of the RNAi-containing particles via endocytosis.

Selective delivery of RNAI into specific cells can be achieved by direct binding
of the vectors to a variety of cell-type-specific receptors. For example, cholesterol—
siRNA conjugates can be efficiently internalized via receptor-mediated process by
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specific cells such as hepatocytes [60]. Recent studies have demonstrated that
cholesterol promotes the fusion with cell membrane and leads to improved intracel-
lular trafficking and transfection efficiency [61].

Synthetic RNAi vectors can be easily modified with various cell targeting ligands,
including monoclonal antibodies, peptides, small-molecule ligands, and aptamers,
capable of binding to specific cell surface receptors [62]. Folate is among the most
widely investigated targeting ligands in RNAI therapeutic delivery due to the over-
expression of the folate receptor in cancer cells [60]. York et al. reported cell-specific
delivery of siRNA using multivalent folate-conjugated block copolymers to obtain
enhanced receptor-mediated endocytosis and cell-specific delivery [19].

Aptamers are nucleic acids that can specifically bind to target receptors in specific
cells. This approach is popular for selective delivery of siRNA to target cells [60].
It is reported that aptamer—siRNA conjugates are able to selectively enter cells
expressing prostate-specific membrane antigens [63]. Zhou et al. reported the use of
anti-gp120 aptamers—siRNA conjugates for in vitro silencing of HIV viral replica-
tion to suppress HIV infection [20, 21].

Protamine, a short cationic peptide, has been used to link siRNA to F, fragment
of an HIV-1 envelope antibody to selectively silence gene expression in HIV-infected
cells [22]. Another reported example of antibody targeting of RNAi includes scFv
antibody used to deliver siRNA to T-cell CD7 receptor [23].

Various cell-penetrating peptides (CPPs) such as TAT transactivator protein, penetra-
tin, and transportan have been incorporated into the RNAi delivery vectors to promote
cell uptake and membrane translocation [24-26]. Arthanari et al. utilized a fusion pep-
tide of TAT with a membranolytic peptide (LK15) to deliver therapeutic ShRNA and
siRNA targeting ber—abl fusion gene in chronic myeloid leukemia K562 cells [27].

4.3.2 Endosomal Escape

It has been suggested that CPPs avoid sequestration of RNAi therapeutics in the endo/
lysosomal pathway and facilitate RNAi cargo delivery directly into the cytosol [64].
The endosomal-independent membrane translocation is presumably driven by trans-
membrane potential [65, 66], with acylation of arginine-rich CPPs being able to pro-
mote direct penetration of the delivery system through the plasma membrane [67].
Rydstrom et al. suggested a CPP-based siRNA delivery system, named CADY, with
some evidence of direct membrane translocation across the plasma membrane [28].

Despite the continuing desire and attempts to avoid endo/lysosomal trafficking,
the vast majority of RNAIi delivery vectors are internalized by cells via endocytosis.
The intracellular trafficking thus starts in early endosomes and proceeds through the
stage of late endosomes, which are acidified by a vacuolar-type H* ATPase mem-
brane proton pump [68]. In the absence of an escaping mechanism, RNAi vectors
remain trapped in the endosomes and are subsequently routed to the lysosomes
where they are exposed to lysosomal enzymes and likely degraded [69]. It is imper-
ative that RNAI vectors either escape or facilitate release of free RNAI therapeutics
from the endosomes before lysosomal degradation.



4 Intracellular Delivery Considerations for RNAi Therapeutics 85

In addition to avoiding lysosomal degradation, finding alternatives to endocytosis
as means of internalizing RNAi therapeutics might be desirable also because of the
presence of Toll-like receptors TLR 7 and TLR 8 in the endosomes, which recog-
nize exogenous siRNA and potentiate innate immune response [70, 71]. Chemical
modification (i.e., 2’-O-methyl) of the 2'-ribose site of siRNA, however, has been
shown to block TLR-mediated immune activation [29, 30, 70, 72].

Endosomal escape is one of the most significant barriers encountered during
delivery of RNAI therapeutics, and multiple strategies have been devised that
enhance the efficiency of endosomal escape.

4.3.2.1 Proton Sponge Effect

So-called proton sponge polycations, i.e., polycations with high buffering capacity
in the endo/lysosomal pH range, represent the most widely employed design prin-
ciple in the development of nucleic acid delivery vectors. These polycations are
thought to enhance endosomolysis by absorbing protons and preventing the
acidification of the endosomes, ultimately resulting in the release of the delivery
vectors into the cytoplasm. The proposed mechanism of action relies on elevated
influx of the protons to endosomes mediated by the H+-ATPase. The increased con-
centration of the protons and the counter ions in the endosomal vesicles lead to
increasing osmotic pressure, causing endosomal swelling, membrane rupture, and
finally the release of the RNAI vectors into the cytosol [73]. Despite growing evi-
dence questioning the validity of the proton sponge hypothesis, polycations that
were designed following this hypothesis, nevertheless, have become among the
most successful ones in nucleic acid delivery.

Polyethyleneimine (PEI) was the first and remains the most wildly used polyca-
tion based on the proton sponge hypothesis [31-33]. The mix of primary, secondary,
and tertiary amines in the PEI chain not only provide multiple positive charges at
physiological conditions to bind with the negatively charged siRNA but they also
act as the proton sponge to facilitate the endosomal escape [34]. Unfortunately, the
high cationic charge density also contributes to high cytotoxicity of PEI, which has
impeded its further applications in vivo [74, 75]. Efforts have been made to improve
this “gold standard” polycation by conjugating with PEG or by introducing biode-
gradable moieties into the structure to decrease the toxicity [35, 36].

PAMAM dendrimers are another group of RNAIi delivery vectors with high buff-
ering capacity [37-39]. These treelike polymers have highly controlled and defined
sizes and architecture with surface primary amines and central tertiary amines.
These multiple amino groups provide high buffering capacity and proton absorbing
ability, which improve the endosomal escape of the vectors [40].

4.3.2.2 Stimuli-Responsive Vectors

Additional approaches to improving the endosomal escape of RNAIi therapeutics
rely on stimulus-responsive lipids and polymers. The main categories include pH-
sensitive vectors, temperature-sensitive vectors, and photosensitive vectors [76].
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Langer et al. used titratable pH-sensitive lipids to design polymer-protected
cationic liposomes with minimized binding of serum proteins. The liposomes were
then able to shed the protecting polymer and restore their fusogenic ability after
internalization into the acidic environment in the endosomes [77]. Carmona et al.
developed liposomes stabilized by PEG attached to cholesterol by pH-sensitive
oxime linkage, whose hydrolysis then facilitates pH-triggered escape of the lipo-
somes from the endosomes [41]. Andaloussi et al. utilized pH titratable
trifluoromethylquinoline moieties and covalently linked them to CPP, which resulted
in rapid endosomal release [42].

Pluronic block copolymers exhibit a thermally reversible swelling/deswelling
behavior, which triggers endosomal escape of RNAi delivery vectors. Nanocapsules
prepared from PEI and Pluronic were able to efficiently deliver siRNA, in part, due
to improved endosomal escape [43].

Photosensitive vectors utilize photosensitizers for endosomal disruption. Upon
exposure to light, photosensitizers are stimulated to form reactive oxygen species
leading to the damage of endosomal membranes, causing release of the RNAi vec-
tors in the cytoplasm. Oliveira et al. have shown that by incorporating photosensi-
tizers into siRNA delivery vectors which target epidermal growth factor receptor
(EGFR), endosomal escape efficiency of siRNA vectors improved significantly,
resulting in a tenfold increase in the knockdown efficacy of EGFR [44].

4.3.2.3 Fusogenic Lipids and Peptides

Lipid vectors with non-lamellar structure adhere to anionic vesicles without induc-
ing fusion event [68]. In contrast, lipids with inverted hexagonal structure fuse with
anionic membranes and cause the release of nucleic acids from endosomes [78].
Thus, incorporation of fusogenic lipids such as 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE) into the delivery vectors enhances endosomal escape of
siRNA [45].

An alternative to fusogenic lipids is to use short peptides that mimic the fusion
process of viruses with endosomal membranes during infection. Several synthetic
fusogenic peptides mimicking the fusion domain of the influenza virus have been
developed. Oliveira et al. reported that by incorporating influenza-derived fuso-
genic peptide diINF-7 into the delivery system, gene silencing efficiency of siRNA
targeting EGFR and K-ras oncogenes is significantly enhanced [46].

Another alternative approach is to introduce pore-forming ability of viroporins
into the delivery vectors. Viroporins are a group of hydrophobic proteins that par-
ticipate in several steps during viral infection, including the release of viral particles
from cells, altering membrane permeability, creating channels, and facilitating ion
flow across membranes [79]. Kwon and coworkers have chosen a membranolytic
peptide from the endodomain of HIV gp41 and covalently linked it to PEIL. The
peptide-modified polyplexes exhibited significantly enhanced siRNA delivery
efficiency compared to unmodified control polyplexes. Confocal microscopy imag-
ing of intracellular polyplex distribution suggested that the enhanced transfection
was the result of increased endosomal escape [47].
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4.3.3 Transport Through the Cytoplasm

Different types of RNAL triggers require delivery to different intracellular compartments.
Mechanism of action of pri-miRNA, pre-miRNA, and shRNA demands delivery to
the nucleus. Even siRNA may benefit from controlled localization within the cyto-
plasm, as evidenced by higher activity of siRNA delivered to the perinuclear region
of the cell. The cytoplasmic environment is composed of densely packed soluble
proteins and cytoskeleton protein structures such as actin filaments and microtu-
bules. This dense packing creates a substantial barrier for trafficking of large deliv-
ery vectors because their passive diffusion is severely limited. The trafficking of the
delivery vectors, and endosomes containing the vectors, mainly relies on microtu-
bules and kinesin/dynein motor proteins [80, 81]. Disrupting the microtubule net-
work using nocodazole to depolymerize tubulin significantly decreases the
cytoplasmic transport of the delivery vectors. In contrast, applying cyclic mechani-
cal stretch to the cells to reorganize and stabilize the microtubules leads to tubulin
acetylation and enhanced endosomal trafficking leading to improved transfection
efficiency [82].

4.3.4 Nuclear Entry

Early research from the 1980s to 1990s showed that microinjection of exogenous
genes into the nucleus produced strong gene expression, while injection into the
cytoplasm resulted in poor expression [§3—85]. These findings clearly demonstrated
that the nuclear envelope is a crucial barrier for delivery of nucleic acids to the
nucleus. Successful delivery of shRNA and pri- and pre-miRNA vectors requires
efficient entry to the nucleus, and the challenges thus mirror those encountered in
gene delivery. This problem is somewhat minimized in rapidly dividing cells because
delivery vectors can gain access to the nucleus during the process of mitosis when
the nuclear envelope breaks down and becomes permeable to the material present in
the cytoplasm [86]. However, in non-dividing cells, the nuclear envelope is a major
barrier for nonviral delivery vectors. Significant effort has been made in improving
nuclear delivery of DNA in the past, but not until recently have similar approaches
been applied to delivery of RNAI triggers.

First discovered in the SV40 large T-antigen [87], nuclear localization signals
(NLS) have become a convenient tool for targeting delivery systems to the nucleus.
The NLS sequence when conjugated to the delivery vector provides the ability to
guide through the nuclear pore complex into the nucleus. Rahbek et al. have designed
delivery vectors based on reducible copolypeptides of endosomolytic peptide and
an NLS peptide to deliver siRNA and pri-miRNA. The inclusion of NLS promoted
nuclear localization of the RNAi molecules, allowing for transcriptional silencing
of EF1A and Drosha- and Dicer-dependent expression of mature miRNA.
The authors observed an NLS-dependent effect on the production of mature miRNA.
An optimized content of NLS was necessary to achieve maximum levels of mature
miRNA when delivering pri-miRNA using the described delivery vectors [11].
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4.3.5 RNAi Therapeutic Release from Delivery Vectors

RNAI triggers can be delivered using a variety of vectors in which they are either
directly conjugated by a covalent bond to a carrier molecule or noncovalently com-
plexed or encapsulated in lipid or polymeric materials. Regardless of the delivery
method, RNAi molecules have to be released from the delivery vectors to become
biologically active. Most of the delivery vectors are designed based on the assump-
tion that it is ideal to release the RNAi molecules at the sites of their action rather
than relying on endogenous trafficking processes of naked RNAi molecules within
the cells [88]. At present, it is not clearly understood whether intracellular release of
RNAI triggers represents a significant barrier to delivery; vectors that permit spatial
control of RNAi release have been developed. Hydrolytic and reductive degradation
are the two main approaches to control intracellular cargo release. The rationale for
developing biodegradable delivery vectors is based on the requirement to control
RNAIi molecule release and to lower the vector toxicity by degradation into less
toxic low molecular weight by-products that avoid intracellular accumulation of the
vector material.

4.3.5.1 Hydrolytically Degradable Delivery Vectors

Hydrolytically degradable vectors are usually based on polymers with degradable
ester or, less frequently, amide bonds [89]. For example, poly(B-amino esters)
(PBAE) have received much attention due to their favorable degradation profile
[90]. PBAE undergo hydrolysis in acidic environment to yield low molecular weight
B-amino acids and dialcohols [48]. Jere et al. used PBAE to deliver siRNA and
shRNA to lung cancer cells and achieved a nearly 1.5 times greater silencing in
addition to improving the safety profile of the delivery vector when compared with
control nondegradable PEI [49]. Saltzman and coworkers deployed a well-known
degradable polymer, poly(lactide-co-glycolide), for local delivery of siRNA to vagi-
nal mucosa [50]. This biocompatible and biodegradable polymer with favorable
sustained release characteristics showed promising properties for controlled siRNA
delivery [51, 52].

Fischer et al. reported another interesting design of a hydrolytically degradable
vector. The authors synthesized several polycations with core-shell architecture that
contained a shell of amines attached via a hydrolyzable carbamate bond to a polyg-
lycerol core. It was suggested that enzymatic hydrolysis of the carbamates improved
intracellular release of siRNA and contributed to enhanced silencing activity [53].

Natural polymers such as chitosan and atelocollagen represent another type of
degradable carriers for siRNA delivery [91-93]. Chitosan is degraded enzymati-
cally by lysozyme and N-acetyl-glucosaminidase [94] and, is thus, expected that the
degradation and release of RNAi cargo may be triggered following intracellular
delivery of the chitosan-based vectors [95]. For example, Howard et al. described a
chitosan-based siRNA delivery system, which mediated efficient knockdown of
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endogenous enhanced green fluorescent protein in H1299 human lung carcinoma
cells and murine peritoneal macrophages (78% and 89% knockdown of the
fluorescence signal, respectively) [54].

4.3.5.2 Reductively Degradable Delivery Vectors

Hydrolytically degradable delivery vectors offer only a limited spatial control of
degradation and release of RNAi molecules. Reductively degradable vectors have
emerged as more suitable alternatives because of the existence of robust and reliable
redox potential gradient that localizes their degradation predominantly to the intra-
cellular space (cytoplasm and nucleus) thus making them more favorable for RNAi
delivery [96]. Bioreducible delivery vectors with incorporated disulfide bonds into
the vector structure exhibit the capability of responding to the redox potential gra-
dients between the oxidative extracellular environment and the reducing intracel-
lular space. The existence of this redox potential gradient is determined by small
redox molecules like glutathione (GSH) with the assistance of redox enzymes [97—
100]. The low GSH concentration (1-2 uM) in the plasma allows the nucleic acids
to remain condensed in the delivery vector, while high intracellular GSH level
(>1 mM in the cytoplasm and ~20 mM in the nucleus) [101] triggers the reduction
of the disulfide bonds, followed by fast disassembly of the polyplexes and release
of the RNAi molecules. Introducing reducible disulfide bonds into the backbone of
the polycations or lipids allows nanoparticles to undergo intracellular thiol-disulfide
exchange reactions, leading to the cleavage of the disulfide bonds and fragmenta-
tion of the polycations or lipids. The increased disassembly rate of the RNAi deliv-
ery vesicles ultimately enhances the knockdown efficiency and decreases cytotoxicity
of the vectors [55-59].

4.4 Future Perspectives

In order to design effective RNAI delivery systems and to advance RNAi therapy
into clinic, countless efforts are being made to improve our understanding of the
intracellular trafficking of the delivery vectors. To design efficient and safe vectors
for RNAI delivery, each and every intracellular barrier including cell uptake, endo-
somal escape, vector disassembly, and, where applicable, nuclear localization
should be taken into consideration. Off-target effects and immune responses should
also be taken into account especially for siRNA delivery. Viral RNAi delivery meth-
ods suffer from several safety and preparation issues and are less feasible for
modifications. On the other hand, synthetic vectors are more versatile in designing,
which allows specific modifications to overcome each barrier. The synthetic deliv-
ery systems have shown great potential, and they promise to not only become useful
research tools but also be applied in future clinical trials.
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An important consideration is the balance between the extracellular stability and
intracellular disassembly to allow RNAI trigger release and subsequent interaction
with the RNAi machinery.

Tremendous progress has been made in our understanding of intracellular
trafficking of RNAI vectors over the past several years. As increasing numbers of
researchers join the field of RNAi delivery, we will undoubtedly see further prog-
ress, which will translate better understanding of the underlying processes to design-
ing more efficacious delivery vectors. The improvements in delivery vectors will be
closely tied with the rapidly developing field of nanotechnology, especially in areas
of multifunctional delivery systems that will permit improved integration of multi-
ple functionalities into RNAIi delivery vectors. Major shortcoming of the current
research on intracellular trafficking of RNAIi delivery vectors has been its almost
exclusive focus on in vitro experiments. Considering how poorly translatable and
predictive these findings have so far been to in vivo conditions, it is important that
future research focuses on enhancing our understanding of intracellular trafficking
of RNAI vectors in vivo.
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Chapter 5
Mucosal Delivery of RNAi Therapeutics

Borja Ballarin Gonzalez, Ebbe Bech Nielsen, Troels Bo Thomsen,
and Kenneth A. Howard

Abstract The effectiveness of RNA interference-based drugs is dependent on
accumulation at the target site in therapeutically relevant amounts. Local adminis-
tration to the mucosal surfaces lining the respiratory, gastrointestinal and genitouri-
nary tracts allows access into diseased areas without the necessity to overcome
serum nuclease degradation, rapid renal and hepatic clearance and non-specific tis-
sue accumulation associated with systemic delivery. This work describes RNAi
therapeutics focused on pulmonary, oral, rectal and intravaginal routes of adminis-
tration. Mucosal barrier components including site variations and delivery consid-
erations are addressed in order to design an effective mucosal delivery strategy.

5.1 Introduction

Regulation of cellular gene expression by harnessing the natural process of RNA
interference (RNAi) offers an exciting gene medicine approach [1, 2]. Post-
transcriptional silencing occurs by mRNA engagement with small interfering RNA
(siRNA) or microRNA (miRNA) facilitated by complementary base pairing [3].
Gene specificity coupled with the capability for externally introduced synthetic
siRNA and miRNA to be recruited into the cellular RNAi pathway provides the
rational for RNAi drug development. A greater understanding of the molecular
mechanism of RNAi has resulted in a wide repertoire of potential RNAi drugs
involved in the RNAi pathway cascade that offers diverse therapeutic options.
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The clinical potential of nucleic acid-based drugs is restricted by the susceptibility
to serum nuclease degradation, rapid renal clearance and non-specific tissue accu-
mulation [4]. Furthermore, the macromolecular and polyanionic nature reduces
interaction and uptake across the cellular membrane required for recruitment into
the intracellular RNAi machinery. Improvements in both extracellular and intracel-
lular delivery are key to the therapeutic success of RNAIi therapeutics. Chemical
modification [5], conjugation [6] and incorporation into nanoparticle-based deliv-
ery systems [7, 8] are common strategies that have been employed to maximise
delivery [9, 10].

The route of administration is an important determinant for successful RNA-
based silencing therapeutics. The administration route dictates both migratory path-
way and biological barriers the drug must undertake in order to reach its target.
Local administration to the mucosal surfaces lining the respiratory, gastrointestinal
and genitourinary tract is an attractive alternative to the intravenous route [11-13].
It is a non-invasive method that avoids hepatic and renal clearance associated with
the systemic route and allows direct access to regions that are the main portal of
entry and pathogenesis for many pathogens, inflammation and cancer.

Recent Phase II clinical trials with RNAi therapeutics delivered directly to the
lung [14] highlight the potential and support the use of the mucosal route.

This work describes pulmonary, oral, rectal and intravaginal delivery of RNAi
therapeutics focused on nanoparticle-based delivery of synthetic siRNA. Attention
will be given to the biological and physical barriers occurring at the mucosal sur-
faces that restrict uptake of luminal material. Strategies to improve mucosal pene-
tration will be discussed with a view to better design of mucosal delivery systems.

5.2 Mucosal Barriers

RNAi-based therapeutics must overcome the physical barrier of the mucus gel layer
and tightly packed epithelial cells combined with mucus capture and consequent
active clearance mechanism. Understanding these barriers and their evolutionary
differences can provide guidelines for siRNA-based therapy targeted at specific
mucosal sites. This section focuses on mucus and epithelial components relevant to
naked siRNA and nanoparticle-based siRNA delivery.

5.2.1 Mucus

Mucus is a hydrated protein gel which overlays the luminal surface at mucosal sites
and serves as a barrier between the external environment and the underlying tissue.
It lines the respiratory, gastrointestinal and genitourinary tracts, and eyes (Fig. 5.1).
Its role is to serve as a first line of defence against various pathogens [15] and toxins
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Fig. 5.1 Schematic representation of nanoparticle uptake across mucosal epithelium. (a) The
mucosal surfaces lining the respiratory, gastrointestinal and genitourinary tracts and eyes. (b) The
mucosal epithelial border restricts penetration of luminal particulates (right) through a combina-
tion of overlying mucus composed of a lower steady layer (dark) and an upper layer (light), tight
cellular junctions and ciliary clearance. Exploitation of mucoadhesive and mucopermeable parti-
cles allows cellular uptake across mucosal surfaces (leff). (¢) Particles diffusing through the net-
work of mucin fibres

[16] and to facilitate continuous exchange of nutrient, water and gases. Mucus has
macroscopic properties of a gel and exhibits non-Newtonian rheological behaviour
[17, 18]. It is composed of ions, glycoproteins (termed mucins), proteins, lipids,
DNA and cellular debris [ 18]. The mucins are extended 0.5—40-MDa molecules that
are produced and secreted by goblet cells. It has a two-layer composition composed
of a lower steady-state layer in contact with the epithelium and a mobile outer layer.
Mucus site variations have evolved to suit the role performed at particular sites.

5.2.1.1 Site Variations

Mucus thickness, rate of renewal and pH are properties that can vary between tis-
sues. The mucus layer thickness determines the accessibility to the underlying
epithelium and depends on both luminal conditions and functional requirements of
the underlying tissue. The layer thickness varies along the human gastrointestinal
tract with the thickest layer in the stomach (~50-450 pum) [19] and in the colon
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(~110-160 pum) [20]. In the eyes, the thickness of the mucus layer has been reported
to be 3040 um [21, 22], in the airway 7-30 um [23-25] and in the bronchiole
~55 um [26]. The most accessible mucosal surfaces are found in the nasal region
[27] due to a very thin layer of mucus, and in the deep lung where the epithelial lin-
ing is devoid of mucus and instead contains surfactants which reduces the surface
tension and potentiates gas transfer in the alveoli [28]. Relevant to mucosal thera-
peutic delivery is the thickness and integrity of the mucus layer may be compro-
mised under various pathological conditions. For example increase in mucus
thickness has been observed in asthma [29], cystic fibrosis [26] and chronic obstruc-
tive pulmonary disease [30], whilst a decrease in thickness has been observed in
ulcerative colitis [20]. This variation in mucus thickness can lead to a predisposition
for disease or be induced by pathological consequences of the disease such as loss
of epithelial integrity as seen in ulcerative colitis.

Despite the existence of a steady layer just above the epithelial cells, mucus is a
dynamic substance which undergoes continuous renewal by secreting goblet cells
dispersed throughout the epithelial layer. This produces an outward moving barrier to
any entity that aims to reach the epithelial layer and determines the timeframe allowed
for particles to penetrate the epithelium before clearance. Renewal rates are tissue
dependent which has implications for designing therapeutic strategies. Mucus in the
nasal cavity is replaced approximately every 20 min [31] and between 10 and 20 min
in the respiratory tract [32] compared to a clearance rate of 4-6 h in the gastrointesti-
nal tract [33] as found in rats but values have not been fully determined in humans.

In addition to thickness and rate of renewal, the pH value varies at different sites,
with the lung and nasal mucus being nearly neutral [34, 35], the eye possessing a
weak basic pH [21] and the mucus of the stomach having a pH gradient from pH
1-2 at the luminal side to approximately pH 7 at the surface of the epithelial cells
underlying the mucus [36, 37]. These pH variations could be utilised for pH-respon-
sive delivery systems which release their cargo at specific mucosal sites.

5.2.1.2 Mucus Penetration

The protective properties of mucus pose a barrier to RNAi-based therapeutics both
in naked or nanoparticle form. Mucus constituents such as the glycoproteins
(mucins), cellular debris and lipids form a heterogeneous environment through
which drugs and/or drug carriers need to diffuse to reach their target [38]. Glycosylated
domains of the mucin fibres possess a negative charge under physiological condi-
tions, and hence mucus selectively controls the diffusion of particles not only through
particle physical parameters such as size, but also by their chemical surface proper-
ties. Based on the net negative charge of mucins, one could speculate that naked
siRNA might be repelled by the mucin fibres. Multivalent interactions between par-
ticles and the mucus network are main determinants of particle diffusion. Both elec-
trostatic and hydrophobic interactions occur, and the possibility of making large
numbers of non-specific hydrophobic interactions together with the more ther-
mal stable electrostatic interactions enables mucus to trap particles. Several studies
have demonstrated the efficacy of hydrophobic interactions to immobilise particles
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within mucus [38—41] and Ribbeck and co-workers have shown that particle surface
charge, density and pH of mucin hydrogels can alter particle diffusion [42]. Particles
with a PEGylated surface possessing a neutral charge had a greater diffusion rate
compared to its negative or positive charged counterpart [42]. Two approaches gov-
ern the design of particles for mucosal delivery (1) the mucoadhesive and (2) mucus
penetrative approach.

Regarding the mucoadhesive strategy, much attention has been given to the
design of particles which associate with the mucus barrier and hence lower the
clearance rate. The essence of this strategy lies with the previously mentioned bi-
layered structure of mucus. Association of particles with the lower undisturbed
layer will avoid clearance and enhance the bioavailability of the bioactive entity.
Another positive effect from mucus association is increased viscosity due to greater
cross-linking of mucus fibres, which in turn may lower the clearance rate. Materials
of choice have been the so-called mucoadhesive materials. A common characteris-
tic of these materials is their adherence to mucus through various forces. A widely
used mucoadhesive polymer is chitosan [43], which have been utilised to form par-
ticles with siRNA and exhibit mucosal silencing [7]. Thiolation of polymers have
been shown to enhance mucus interaction through formation of disulfide linkages
with mucins [44] and various thiolated chitosan’s have been synthesised [45, 46].
Not only does the mucoadhesiveness prolong the bioavailability of particles at
mucosal surfaces, but it can also alter the structure of mucus so that it becomes more
permeable to siRNA-loaded particles [47]. As an alternative, mucus-penetrating
particle with limited interaction with mucus and increased diffusion rates is an
exciting approach. Coating with PEG has been demonstrated to mediate such sur-
face properties on latex particles (200-500 nm) [48] and nanoparticles composed of
a biodegradable di-block copolymer of poly (sebacic acid) and PEG [49]. It has
been further shown that both molecular weight and degree of surface coverage
determined the mobility of the coated particles [50]. Reports, however, have previ-
ously classified PEG as a mucoadhesive polymer [51-53]. As speculated by Lai
et al. the contradicting reports might be attributable to variations in type of
PEGylation used, but the use of PEG-coated particles have yet to demonstrate intra-
cellular delivery of nucleic acids to the respiratory or gastrointestinal tract.
Interestingly, the design of mucus-penetrating particles builds on lessons learned
from nature where viruses with an equal surface density of positive and negative
charges readily penetrate mucus barriers [54]. Thus, surface chemistry together
with size appear to be determining factors for mucus penetration and evidence
points towards neutral surfaces for effective diffusion.

5.2.2 Epithelial Cell Barrier

An ordered array of closely packed epithelial cells overlaying a basement mem-
brane constitutes the mucosal epithelium. Cell type, morphology and arrangement
differ dependent on site and function. For example the small intestine comprises
of single-layered enterocytes assembled into structured villi that increase the
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adsorptive surface area. Whilst in the upper respiratory tract, movement of apical
cilia on pseudostratified epithelium restricts interactions at the luminal surface.
Common to all mucosal epithelium is the close packing of adjacent cells separated
by tight junctions.

Material uptake across the epithelium can occur by transcellular or paracellular
pathways that are determined by the physicochemical characteristics of the mate-
rial. The main transcellular mechanism for nanoparticle transport across the epi-
thelium is adsorptive or cell-mediated endocytosis. Modification of material
properties or targeting specific sites can be used to maximise delivery across the
mucosa. It is generally accepted that the tight junctions restrict paracellular trans-
port of micro-nanoparticles; however, mucopenetration enhancers have been used
to facilitate transient opening of the junctions and mediate paracellular movement
of small molecules.

The migration of particles from local to systemic tissue relies on translocation
through the lymphatic or vasculature system and is dependent on the physicochemi-
cal properties of the material and the site. Disease pathogenesis dictates whether
there is a necessity for local and/or systemic delivery and should determine the
therapeutic strategy adopted.

5.3 Pulmonary Delivery

Direct access to a vast array of lung-associated diseases makes the lung an ideal
target for RNAi-based therapies. With a total surface area of 140 m? [54], the pul-
monary route offers an attractive alternative to the invasive nature of intravenous
injections. The future clinical potential for pulmonary RNAi therapeutics holds
promise based on the large number of current inhalable traditional drugs and estab-
lished pulmonary delivery technologies provided by pressurised metered dose inhal-
ers (pMDIs) or dry powder inhalers (DPIs) [55]. The respiratory system also
provides an opportunity for drugs to reach the systemic circulation by uptake across
the thin epithelium of the alveoli.

Lung-associated diseases such as influenza and respiratory syncytial virus (RSV)
infection are prime candidates for siRNA therapy. The transient nature of gene
silencing is sufficient for acute viral disease treatment. Moreover, silencing of host
factors or conserved genes involved in viral replication could overcome the neces-
sity for seasonal drugs directed towards surface proteins that are susceptible to
mutational changes. Several host factors critical for viral replication [56] have now
been identified in influenza which provides a selection of novel targets for RNAi-
based therapies.

5.3.1 Considerations for Pulmonary Delivery of siRNA

The anatomy, physiology and immunology of the lung present a challenge to deliv-
ery of nanoparticle-based or naked siRNA. The lung is composed of the conducting
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and respiratory regions in which site variations in both structure and cell composition
pose specific regional challenges to siRNA delivery.

The main role of the upper respiratory tract is to filter and conduct air to the
lower respiratory segment. As a consequence, its anatomical and cellular features
restrict material adsorption that includes naked siRNA or nanoparticle-based deliv-
ery systems. The trachea divides into the two primary bronchi at the carina, after
which, heavy branching from the lobular bronchi occurs and then onto continuously
narrowing tubes to the respiratory segment beginning with the respiratory bron-
chioles and the alveolar ducts and sacs. Delivery of siRNA to the lungs, whether
naked or incorporated in a particle, needs to address the branching of airways and
the mucus layer covering the conducting segments. Ciliated cells are abundant in
the nasal cavity and trachea, with apical cilia working in coordinated sweeps to
transport mucus along with trapped material towards the oesophagus. The constant
removal of mucus by the ciliated cells, termed the “mucociliary escalator” plays a
critical role in preventing inhaled particulates and pathogens from residing within
the trachea and the upper bronchiolar tree. The respiratory mucus consists of an
outer luminal layer and an inner layer (termed periciliary liquid) in direct contact
with the cilia. Under normal physiological conditions, the luminal mucus layer is
refreshed every 10-20 min, whereas renewal of the underlying layer is cleared
much slower [38]. The mucus layer is swept away and replenished continually
requiring trapped material or nanoparticles to diffuse across a current gradient in
order to reach the epithelial surface [17].

Deeper into the lung, the mucus layer diminishes, but the passageways narrow.
This restricts the transit of particle-based delivery systems into the alveoli. If admin-
istered as an aerosol, inertia determines whether or not particles will impact on the
epithelium walls, in which case they will be cleared by the mucociliary escalator.
Furthermore, surfactant that covers the deeper regions to prevent collapse of the
respiratory sections during exhalation may interfere with particle integrity [57],
leaving the siRNA exposed to enzymatic degradation. Alveoli macrophages that
compensate for the lack of mucus protection are able to scavenge foreign material
by extending processes into the lumen of the alveolus. This could limit the effective-
ness of nanoparticle-based RNAIi therapeutics; however, subsequent macrophage
migration may offer a mechanism for systemic delivery of the nanoparticles.

5.3.2 Naked siRNA Delivery

There is an ongoing discussion on whether non-formulated naked siRNA is
sufficient or a particle formulation is needed for effective pulmonary siRNA delivery.
Both approaches have been used (Table 5.1).

Non-formulated siRNA administered by intranasal or intratracheal instillation
have been able to mediate a reduction in target gene expression [58—62, 74] or viral
titres [63, 65, 76] in mice and non-human primates [64]. In an interesting study from
2005, Bitko et al. demonstrated that naked phosphoprotein-specific anti-RSV siRNA
(70 pg single dose) performed near equally as sSiRNA complexed with the commercial
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transfection agent Mirus TKO in a RSV mouse model. In this study, viral titres were
reduced several logs after intranasal administration with no adverse or immunos-
timulatory effects observed [63]. Alvarez et al. likewise, was able to reduce RSV
titres (2.5-3 log reduction, 100 pg single dose) using the naked Alnylam siRNA
against RSV nucleocapsid gene (ALN-RSVO01) after intranasal delivery in mice. By
RACE analysis of the ALN-RSVOI cleavage product, it was also confirmed that the
reduction of the viral titre was in fact an RNAi-mediated effect [76]. Recently, the
results from an Alnylam phase II clinical trial was published showing a 38% reduc-
tion of experimentally RSV infected test subjects receiving ALN-RSVO1 (150 mg)
compared to subjects receiving a placebo [14]. A nasal spray was used to deliver the
PBS/ALN-RSVOL1 solution. As mentioned by the authors of the report, the induced
RSV infection in the study resulted in a mild to moderate upper respiratory tract
illness in the region the nasal spray is likely to reach. Studies are currently under-
way to evaluate the effect of ALN-RSVOI in naturally infected patients, and these
are likely to use aerosolised delivery methods in order to reach both the upper and
lower respiratory segments simultaneously. The success achieved in studies using
non-formulated siRNA is unexpected when one considers the polyionic nature of
the siRNA molecule that restricts cellular uptake. A possible explanation could be
loss of epithelial integrity due to infection that might allow entry of naked siRNA.
Nonetheless, at the time of writing, the Alnylam RSV programme is one of the most
advanced RNA:I clinical trial programmes and the simplistic naked siRNA approach
could fulfil the clinical requirement of cost-effectiveness.

Whilst direct administration of naked siRNA to the mucosa has been extensively
used, the susceptibility of the duplex to serum nucleases makes intravenous (i.v.)
delivery less attractive. Modification of the siRNA backbone, however, is now stan-
dard to reduce serum degradation [77]. In a recent study, serum stability and silenc-
ing of enhanced green fluorescent protein (EGFP) in the bronchoepithelium of mice
have been demonstrated after i.v. administration of naked LNA modified siRNAs
[66]. Intravenous injections of naked LNA modified siRNA (five doses of 50 ug
siRNA) resulted in comparable reduction of EGFP (55% reduction) in the bron-
choepithelium as animals dosed intranasally with chitosan/siRNA particles (single
30 ng dose). Naked modified siRNA was less effective after intranasal dosing. The
authors suggest that the success of the naked modified siRNA to reach the lung
epithelium after i.v. injection might result from increased serum stability, allowing
for longer circulation time compared to unmodified siRNAs.

5.3.3 Nanoparticle Delivery

It is generally accepted that nanoparticle-based systems are needed to improve the
therapeutic potential of the siRNA despite the success of naked siRNA. The ability
to package high levels of siRNA into nanoscale carriers with a predisposition
to enter cells has promoted their use. Two prominent classes are polyplexes and
lipoplexes formed by self-assembly of polycations or cationic lipids with siRNA
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resulting from ionic interaction between cationic amines and siRNA-bearing anionic
phosphates [78]. The net positive charge facilitates cellular uptake, and incorpora-
tion of mucopenetrative components into the design promotes use for mucosal
siRNA delivery applications.

5.3.3.1 Polymer-Based Systems
Chitosan-Based Systems

The polysaccharide chitosan has been used extensively for the mucosal delivery of
drugs. It is a deacetylated derivative of the natural polymer chitin and is composed
of randomly distributed repeating units of B (1,4)-N-acetyl-D-glucosamine and f3
(1,4)-p-glucosamine and is non-toxic, biocompatible and biodegradable [79]. The
cationic glucosamine component facilitates mucoadhesion, mucopermeation and
polyplex formation. It is involved in transient opening of epithelial tight junctions
improving paracellular drug transport [80, 81]. Moreover, it adheres to the mucus
layer by interaction with sialic acid in mucus glycoproteins that increases viscosity,
leading to decreased mucociliary clearance and prolonged residence time [43, 82].
The cationic amine has been utilised for entropy-driven formation of sub-micron
particles with polyanionic DNA [83] and siRNA [84]. Chitosan has demonstrated
excellent transfection abilities and several in vivo studies have revealed the ability
of chitosan to enhance respiratory delivery of siRNAs and DNA. A study by K&ping-
Hoggérd et al. achieved expression of B-galactosidase after intratracheal delivery of
chitosan/DNA polyplexes [85] and another study managed to partly immunise mice
from RSV by intranasal application of chitosan/DNA particles coding for RSV
epitopes [86].

Chitosan-based nanoparticle delivery of siRNA was first introduced by Howard
and co-workers [7]. Parameters such as high molecular weight (~100 kDa) and
highly deacetylated (>80%) chitosan at N:P (amine:phosphate ratio) >30 showed
improved formation, stability and knockdown in vitro [84]. It is proposed that excess
chitosan at high N:P ratio may improve mucosal properties. Silencing (~40%) of
enhanced green fluorescent protein (EGFP) was observed in the bronchiolar epithe-
lium in transgenic mice after intranasal administration (30 pg of siRNA per dose) over
5 consecutive days of the chitosan/siRNA polyplexes [7]. Intranasal administration
suffers from particle adsorption in the mucus layers of the nasal cavity and the
amount of drug reaching the lung can, therefore, only be estimated.

In a recent study by the same group, the airway deposition of the chitosan/siRNA
particle system was improved with an aerosolised formulation using a nebulising
catheter (AeroProbe™, Trudell Medical Instruments) inserted directly into the tra-
chea of the mouse. Silencing of the target gene (EGFP) was accomplished with a
very low dose of siRNA (three doses of 0.26 ng) [13]. The low dose is a significant
step towards reduction of potential off-target and immunological side effects [87].

Chitosan has predominately been used for local delivery; however, a recent
report showing chitosan/siRNA particles accumulated in the kidneys after i.v.
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administration [4] suggests circulatory properties. Furthermore, modification of
chitosan with an imidazole group and PEG has been used for intravenous delivery
of siRNA in mice resulting in a 49% reduction of mRNA levels of GAPDH in the
lungs, suggesting that chitosan/copolymers might be useful as an intravenous deliv-
ery vector [67].

PEI-Based Systems

Since the introduction of polyethylenimine (PEI) as a gene transfer reagent in 1995
[99], this cationic polymer has been studied extensively for both DNA and siRNA
delivery [100]. Effective polyplex formation, protection from nucleases and endo-
somolytic properties attributed to its high charge amino density have promoted its
use. PEI has been used for systemic delivery of siRNA to a number of tissues includ-
ing the lungs in mice [68, 69]. Ge et al. and Thomas et al. used PEI/siRNA poly-
plexes (N:P 5) against the influenza nucleocapsid protein (120 pg single dose)
administered by retroorbital injection. The study by Thomas et al. expanded on the
previous study by Ge et al., by evaluating the ability of various high molecular
weight PEI polymers to enhance the delivery of siRNA and in both studies, a
significant reduction of viral titres was observed (10- to 1,000-fold reduction).

The mechanism of antiviral effects from the studies by Thomas and Ge, however,
has been brought to question in a landmark paper from Robbins et al. [101]. In this
work, several published siRNA sequences, including the nucleocapsid sequence
used by Ge et al. and Thomas et al., were tested for an ability to stimulate the innate
immune system ascribed to intracellular Toll-like receptor activation. Remarkably,
it was shown that the control GFP sequence used in several in vivo studies [60, 68,
69, 71] did not elicit an immune response, whereas the nucleocapsid sequence
(among others) stimulated the production of interferon o suggested to be largely
responsible for the observed antiviral effect.

The ability of systemic PEI-based siRNA systems to reach the lungs [102, 103]
could result from serum-induced aggregation and its consequent entrapment within
the lung capillary beds. This, however, could result in lung embolisms and restricts
the likelihood for clinical translation.

PEI, unlike chitosan, is not generally thought to be a mucoadhesive polymer, but
it is reasonable to speculate that some amino-mediated interaction with mucins can
occur if delivered locally. Hitherto, PEI interactions and effects on mucus have not
been studied in detail. Two recent studies have demonstrated pulmonary EGFP
silencing in transgenic mice. Using intratracheal administration of PEG-PEI/siRNA
polyplexes, Merkel et al. showed a 42% reduction of EGFP expression compared to
luciferase siRNA control (single 50 pug siRNA dose) [57]. Moderate inflammation
was seen by analysis of cytokine levels, but no histological abnormality was observed.
Beyerle et al. used a fatty acid modified PEG-PEI/siRNA polyplex to achieve a 69%
reduction of EGFP expression compared to untreated controls (35 pg single dose)
[70]. As in the previous study by Merkel et al., PEGylation increased inflammation,
whilst at the same time also decreased cytotoxicity. These findings seem to contra-
dict the usual perception that PEG limits interaction with the immune system.
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Whilst PEGylated PEG-PEI polymers appear less cytotoxic than non-modified
PEI [104], they and the fatty acid modified PEI may have a higher proinflammatory
potential that is of concern in a clinical setting. Although PEI has been used exten-
sively for several years in animal studies, safety concerns still restrict its use in the
clinic.

5.3.3.2 Lipid-Based Systems

Lipid vectors have been widely used for in vitro and in vivo delivery of siRNA
[105], most based on cationic lipids that form lipoplexes with siRNA. Mirus TKO,
a cationic lipid/polymer formulation, has been used by Bitko et al. to deliver siRNA
against RSV [63]. 70 ng siRNA delivered intranasally with Mirus TKO was able to
reduce viral titres in mice without inducing an interferon response, an effect shown
to be a 20-30% improvement on naked siRNA. In a mouse influenza model, the
animals received hydrodynamic injections (3.78 nmol) of naked siRNA followed
16-24 h later by intranasal delivered oligofectamine/siRNA (1.51 nmol) complexes
against the viral nucleoprotein and acidic polymerase to reduce viral titres in the
lung (63-fold compared to EGFP siRNA) [71]. Whilst interferon levels were inves-
tigated and found not to be upregulated, concerns remain for the use of the EGFP
sequence as a negative control due to its non-stimulatory uniqueness [101]. A third
commercial lipid-based transfection reagent, DharmaFECT, has been used as a pul-
monary delivery vector in a bleomycin-induced lung fibrosis mouse model [72].
siRNA against SPARC, a matricellular protein overexpressed in fibrotic diseases,
markedly reduced collagen content in the lung (58%) compared to the bleomycin-
only group after intratracheal dosing (3 x3 pg siRNA).

The cationic lipid from Genzyme, GL67, has been used in k18-lacZ mice which
express -galactosidase in airway epithelial cells [106]. A 33% reduction of mRNA
level (but no change in protein levels) was observed after intranasal administration
of lacZ siRNA (40 pg siRNA). Histological analysis showed that the GL67/siRNA
lipoplexes were mainly associated with pulmonary macrophages which could
explain the lack of change in protein levels.

Direct conjugation of siRNA to cholesterol has been explored by Moschos et al.
[73]. A single intratracheal administration of siRNA-cholesterol conjugates
(10 nmol) facilitated a 45% knockdown of p38 MAP kinase mRNA in mouse lungs
after 12 h compared to vehicle-only controls. The effect appeared to be transient as
the detected mRNA levels were almost back to normal after 24 h which was attrib-
uted to poor stability of the siRNA. It was suggested that chemical modification of
the backbone might increase the silencing effect.

The respiratory vasculature in mice can be targeted by systemic delivery of cat-
ionic lipoplexes (AtuPLEX) [74]. A ~50% reduction of the endothelial cell-specific
protein VE-cadherin was achieved in the lungs after intravenous injection of 50 pg
of siRNA on 4 consecutive days compared to a luciferase-specific siRNA. The lipo-
plexes were also administered intratracheally, but only a 21% reduction of epithelial
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E-cadherin was observed compared to a luciferase control, suggesting better
suitability for systemic delivery. Capture within the lung microvasculature and sub-
sequent endothelial uptake were proposed by the authors as the mechanism of
delivery.

5.3.4 Aerosolised Formulations

It is anticipated that clinical translation will require inhalation technology based on
aerosols of dry powder formulation or solutions. Aerosols are by definition a gas-
eous suspension of fine solid particles or liquid droplets. The size and weight of
these particles or droplets determine their ability to follow the flow of inhaled air
through the airways.

The main parameter for linking particle or droplet size and weight in regard to
lung deposition is the aerodynamic diameter. This parameter takes into account
shape, roughness and porosity of the particles or droplets in an aerosol. The aerody-
namic diameter is the diameter of a unit density (1 g/cm?) sphere having the same
gravitational settling velocity as the particle being investigated. The mass median
aerodynamic diameter (MMAD) is the diameter at which 50% of the particle/drop-
let distribution by mass will have a larger or smaller diameter. In other words, if
deposition at a specific airway depth is required and is achieved at a given aerody-
namic diameter (e.g. 5 um), then if the MMAD of an aerosol is 5 pum, then 50% of
the total aerosol mass will in principle deposit above the selected depth and 50%
will deposit below. This restricts nanoparticle diameter to a narrow size distribution
if deposition at a certain depth is required.

Investigation of MMAD:s of aerosols is typically carried out on cascade impac-
tors mimicking different airway depths. Particles with an aerodynamic diameter
between 1 and 5 um are likely to reach the pulmonary regions, whereas larger par-
ticles will be deposited in the upper airways [55]. However, if particles become too
small, they are prone to being exhaled before depositing. This means solid nano-
particles, per definition, are in principle too small to be effectively deposited in the
lungs, and a large portion of these particles may end up leaving the lung again after
inhalation. There are two solutions to this problem. Either the particles are kept in
solution or they are attached to a carrier formulation which will facilitate deposition
at the required depth. Nanoparticles such as those consisting of polymers and
siRNAs are formed in solution, but subsequent drying by either spray drying [107]
or freeze drying [108] can produce particles retaining their silencing ability which
in terms of storage and stability of a therapeutic agent might be preferable compared
to a solution-based formulation.

Intratracheal administration in animal models has provided preclinical evalua-
tion of aerosolised siRNA formulations and is more cost-effective than inhalation
chambers. Nebulisers developed specifically for delivery of aerosols to animals
such as the “AeroProbe” from Trudell Medical and the “Microsprayer” from
Penncentury are examples of devices used for particle delivery directly to the
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mucosal surfaces of the respiratory tract. These devices overcome the difficult
nature of the mouse breathing pattern and anatomy [109] and allow dose-response
studies to be conducted.

Substantial clinical evaluation of dry powder-based siRNA formulations is lack-
ing, although Alnylam (http://www.alnylam.com, 2011) has used a handheld battery-
driven nebulising system (http://www.paripharma.com, 2010) in their current phase
IT RSV clinical trial with naked siRNAs. The promise of nanotechnology and the
advances with surface and particle engineering combined with recent advances in
inhaler technology hold promise for future inhalable siRNA-based particles.

5.4 Oral Delivery

Oral administration of therapeutics is considered the most favourable in terms of
cost-effectiveness, ease of administration and patient compliance. This route poten-
tially provides rapid systemic distribution of the drug [110] due to the enormous
adsorptive surface area (~200 m?). Utilisation of this route depends on overcoming
the challenges of enzymatic degradation, mucus and epithelial penetration. Oral
administration of RNAi-based drugs offers great potential for both the treatment of
diseases occurring locally within the gastrointestinal (GI) tract, such as inflammatory
bowel disease (IBD), and to combat systemic pathologic conditions.

5.4.1 Considerations for Oral Delivery of siRNA

The GI tract possesses a specialised epithelium involved in the degradation of mac-
romolecules and assimilation of the obtained products while restricting the transport
of pathogens. Unfortunately, these processes often compromise the integrity and
absorption of therapeutics. In this respect, exposure to a highly active enzymatic
environment, extreme pH conditions and the existence of a selective-permeability
epithelial barrier are the main challenges for oral delivery of RNAIi therapeutics.
Nucleases, highly abundant in pancreatic secretions, constitute the main enzymatic
barrier to nucleic acids. Moreover, the delivery system itself may be susceptible to
degradation by other enzymes present in the lumen (e.g. lipases, glycosidases or
proteases) or the microvillus (e.g. P450).

pH extremes along the GI tract ranging from 1 to 2 in the stomach to >7 at the
terminal part of the small intestine and colon may affect acid- or base-labile compo-
nents of the delivery system, although increased stability of nucleic acids under
these pH conditions can be achieved by chemical modifications [111, 112] or incor-
poration into delivery systems. Exploitation of the localised pH conditions could
offer an exciting strategy for site-specific release of siRNA using pH-sensitive car-
riers. Luminal pH determines the drug’s ionisation degree that affects transcellular
passive diffusion and/or the interactions between the formulation components [84].
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Since the GI tract epithelium is covered by mucus, drugs must diffuse through this
lubricant and protective layer in order to reach the absorptive surface. Therefore, the
uptake of a therapeutic compound will depend upon the interactions of the drugs with
the mucus components as well as the thickness of this layer, which in experimental
animal models has been shown to vary along the gastrointestinal tract [113, 114].

Whilst paracellular transport across the GI epithelium is limited to ions and small
hydrophilic molecules that can diffuse across tight junctions, the hydrophobic nature
of the cell membranes impede the diffusion of most polar and charged molecules
[110, 115]. Consequently, macromolecular siRNA absorption across the epithelia is
restricted, although binding of specific ligands may facilitate uptake as demon-
strated in different cell types [6, 116—118]. The capability to attach different chemi-
cal components by simple nucleic acid chemistry could promote this approach.

Nanoparticle-based carriers are taken up by adsorptive or receptor-mediated
endocytosis across enterocytes dependent on surface moieties. The level of uptake is
thought to be low, although penetration enhancers may potentiate paracellular deliv-
ery. An important consideration is delivery and breakdown in the liver due to the
first-pass effect commonly encountered by absorbed drugs. An alternative route
through the gut-associated lymphoid tissue (GALT) has been exploited for the deliv-
ery of micro and nanoparticles [119—-122]. The overlying follicle-associated epithe-
lium (FAE) contains specialised cells termed M-cells [115] that are anatomically
designed to sample luminal particles as part of the mucosal immune response. The
lymphoid follicle domes are highly populated with macrophages, which have been
shown to capture material. Systemic dissemination of these macrophages has been
proposed as a mechanism of transport to peripheral tissue. Although particle trans-
port through M-cells may be augmented by increasing particle-surface hydropho-
bicity or attachment of specific targeting ligands [123, 124], it is important to bear in
mind when utilising this route for intestinal absorption that GALT only constitutes a
small fraction of the GI tract, with the numbers deceasing with age. Recent attention
has focused on transport across the epithelial barrier directly mediated by dendritic
cells [125]. These phagocytic cells, widespread throughout the epithelia, have been
shown to disrupt tight junction and sample luminal content through the projection of
dendrites, providing an exciting opportunity for the design of oral vaccines.

Inter-species differences exist between humans and the animal models com-
monly used for the in vivo evaluation of oral drug administration. For example in
contrast to humans, mice and rats exhibit a less acidic stomach pH (~4 vs. ~1.7) and
lower mean intestinal pH [126]. These are important considerations when assessing
clinical translation.

5.4.2 Oral Studies

A number of studies have used the oral route for siRNA delivery (Table 5.2). A high
profile study was reported in 2009 by Aouadi et al. [88]. In this study, porous B-1,
3-p-glucan shells were loaded with siRNA targeting expression of tumour necrosis
factor-alpha (TNF-a) or mitogen-activated protein kinase 4 (Map4k4) in mice. The
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internal element of the 2—4 pum particles contained a tRNA-core coated with con-
secutive layers of PEI and siRNA. Daily particle administration (~0.4 ng siRNA/
dose) by oral gavage over an 8-day period resulted in reduced mRNA levels of
Map4k4 (~60-70%) or TNF-a (~40—60%) in peritoneal exudate cells (PECs) com-
pared to animals receiving scrambled-siRNA containing particles. Map4k4 down-
regulation elicited a concomitant reduction in TNF-o expression that suggests a role
for Map4k4-mediated control of TNF-a. In addition extended knockdown duration
of ~8 days was observed after the final dose. Interestingly, the authors proposed that
siRNA release from the glucan shell was triggered by the acidic environment in
phagosomes; this, however, could compromise particle integrity at low pH within
the GI tract. Notably, no unspecific interferon-y response was detected even though
non-modified siRNA was used. Map4k4 and TNF-a silencing in macrophage-
enriched cells isolated from spleen, liver and lung tissues was observed ascribed to
particle uptake across GALT and subsequent dissemination in migrating mac-
rophages. No direct evidence for M-cell uptake or adsorption levels was provided;
however, this study does suggest the possibility for systemic silencing via the oral
route.

In certain pathologies, such as IBD, a localised rather than systemic effect is
more desirable. IBD encompass a group of complex autoimmune diseases, which
are broadly categorised as Crohn’s disease or ulcerative colitis found in the small
intestine and colon respectively. An attractive pathological condition that could be
exploited for improved siRNA-based therapeutic delivery is mucosa integrity loss in
IBD. Despite the numerous targets investigated that includes IL-12, IL-23, IL-17
and IL6 [127], the current biologic treatment of IBD is based on anti-TNF-a
molecules [128]. TNF-a has been the preferred target for oral-based siRNA thera-
pies in two recent studies employing orally delivered siRNA for the prevention/
treatment of dextran sodium sulphate (DSS)-induced ulcerative colitis in mice. In the
first of these studies, Wilson et al. [89] used thioketal (poly-1, 4-phenyleneacetone
dimethylene thioketal) nanoparticles (TKNs) designed for triggered anti-TNF-o
siRNA release in response to raised levels of reactive oxygen species (ROS) com-
mon to inflamed regions. A tenfold specific decrease in colonic mRNA levels of
TNF-a and other proinflammatory cytokines (IFN-y, IL-6 and IL-1) was detected
after oral administration of anti-TNF-o TKNs (~46 ng siRNA/dose) over 5 con-
secutive days during colitis induction. Furthermore, the authors also demonstrated
by histological and weight analysis that a ten times lower siRNA dose (~4.6 ng
siRNA/dose) was sufficient to protect mice from DSS-induced colitis.

An alternative approach for site-specific delivery was reported by Kriegel et al.
[90]. The nanoparticles-in-microsphere oral system (NiMOS) is based on lipase-
mediated intestinal degradation of poly epsilon-caprolactone microspheres for trig-
gered release of gelatin nanoparticles containing TNF-oa-specific siRNA.
Administration by oral gavage at days 2, 4 and 6 after DSS treatment of anti-TNF-o
siRNA-loaded NiMOS (~24 pg siRNA/dose) resulted in reduced intestinal mRNA
and protein levels compared with controls. In addition, ELISA showed decreased
levels of several proinflammatory cytokines (IFN-y, IL-1b, IL-2, IL-5, IL-6 and
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IL-12p70); however, some non-specific silencing intrinsic to the formulation was
observed. Colitis protection (moderate intestinal inflammation and healthy colon
morphology) was only evident in the anti-TNF-a siRNA-treated mice.

An alternative strategy based on a systemic RNAi-based IBD treatment was
revealed by the elegant study by Peer et al. [91]. In this study, i.v. administration of
particles targeting a specific leucocyte subset (B7 integrin expressing gut mononu-
clear leucocytes) was utilised for the treatment of DSS-induced colitis. The design
of the system, termed B7-I-tsNPs, has a protamine/siRNA core complex coated
within a unilamellar vesicle decorated with an anti-integrin B-7 antibody.
Administration of CyD1-specific siRNA (~50 pg/dose) B7-I1-tsNPs at days 0, 2, 4
and 6 resulted in reduced intestinal mRNA levels of this cell cycle regulatory mole-
cule and simultaneous mRNA reduction of the proinflammatory cytokines TNF-o
and IL-12. This resulted in significantly less severe lesions at the intestinal tissue
and the reversal of clinical and pathological characteristics associated with the onset
of the DSS-induced colitis. The observed local effect may be attributed to the CyD1
silencing of peripheral blood and spleen leucocytes prior their recruitment to the
inflamed gut.

We are currently evaluating the potential of siRNA nanoparticles formulated
with the non-toxic, biodegradable and mucoadhesive polymer chitosan for the
reduction of proinflammatory cytokines after oral administration. Encouraging
results have been recently obtained in animal experiments, suggesting strong nucle-
ase-protection and high gastrointestinal siRNA deposition provided by this system
(unpublished results).

5.5 Rectal Delivery

Rectal administration is an attractive route for siRNA delivery as it circumvents the
low stomach pH, is an established route for traditional drugs and the colon presents
a low enzymatic milieu. In addition, direct access to the site of several diseases such
as colorectal carcinoma or ulcerative colitis further promotes this route.

Zhang et al. [92] demonstrated that rectal administration of lipoplexes containing
anti-TNF-o siRNA (two doses of ~53 g siRNA) significantly reduced the upregu-
lation of TNF-o. mRNA in a DSS-induced ulcerative colitis mouse model. Reduced
perirectal TNF-o mRNA levels were associated with mild or moderated inflammation
at the mucosa of the descending colon compared to the severe inflammation observed
in the controls. Interestingly, despite toxicity previously reported with similar lipo-
somal formulations, no increase in proinflammatory cytokines (IL-1, IL-10, TNF-o)
or interferon responses was found. In a later study [93], fluorescent and chemically
modified siRNA contained within DOTAP liposomes was detected in the spleen,
bone marrow, colon and liver after rectal administration in mice. This supports the
capability for nanoparticles to migrate into the systemic circulation that could be
exploited for both local and systemic gene silencing.
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5.6 Intravaginal Delivery

Advantages such as an established therapeutic route, marketed products for sus-
tained drug release, low enzymatic activity and possible avoidance of the first-pass
effect [129] promote vaginal administration of siRNA. Poor systemic absorption of
polar high molecular weight molecules across the epithelium, however, seemingly
restricts siRNA-based therapies to local vaginal treatments.

5.6.1 Vaginal Studies

A number of studies have utilised acute infection of mice with herpes simplex virus
2 (HSV-2) as a model for the development of antiviral siRNA-based therapeutics. In
this setting, the capacity of the treatment to inhibit viral spread across the genital
mucosa after HSV-2 challenge is evaluated. In 2006, a study by Palliser et al. [94]
assessed the protection provided by lipid-complexed siRNA (~7 pg/dose) targeting
essential HSV-2 viral genes. Two siRNA (UL27.2 and UL29.2) conferred significant
protection with considerable reduction in the lethality and severity of the lesions,
when administrated in a double regime 2 h prior and 4 h after an otherwise lethal
HSV-2 vaginal challenge. The protection was, however, transient and a post-expo-
sure treatment (3 and 6 h after the viral challenge) was only effective when both
siRNA were administrated in combination but not individually. No inflammatory
response or interferon induction was detected by histological and expression analy-
sis respectively in this study. More exhaustive follow-up studies have revealed,
however, several undesirable features and toxic side effects related to lipid formula-
tions [95, 96].

A chemically modified siRNA approach has been also used for the treatment of
HSV-2 [95]. The cholesterol (Chol)-siRNA conjugate, stabilised with phosphoro-
thioate residues, was used to knockdown viral and host gene expression. Consistent
with previous results [94], targeting an essential viral gene (UL29) exclusively con-
ferred protection when the siRNA was administrated within a few hours of the viral
challenge. Interestingly, this protection could not be replicated if a too high siRNA
dose (~135 pg) was employed, a matter that requires further investigation. In con-
trast, targeting of nectin-1, the receptor used by HSV-2 to penetrate in the cells,
conferred protection only when administrated 1-7 days prior, but not immediately
before or after the HSV-2 challenge. Treatment of the mice with two doses (~27 pg/
dose) of Chol-siRNA combining the targeting of nectin-1 and viral genes provided
significant protection for 1 week irrespective of the time of challenge.

Woodrow et al. [96] developed a delivery system based on a siRNA/polyamine
(spermidine) core encapsulated into PLGA nanoparticles. A single dose (~7 pg) of
these particles induced sustained GFP mRNA silencing throughout the female
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reproductive tract for at least 14 days in a transgenic GFP mouse model. Reduction
of fluorescence was maximal at day 10 in the vaginal tract, with only 30-40% of the
siRNA dose (~2.8 ng) released due to the slow degradation rate of the
nanoparticles.

In the aforementioned studies, thorough cleaning of the vaginal tract and/or pro-
gesterone treatment of the animals prior to particle administration was performed
[94-96]. Whilst mucus removal eliminates one of the main barriers for vaginal epi-
thelial transfection, the hormone treatment arrests the oestrous cycle in the dioestrus
phase in which the epithelium is thin and porous that most probably contributed to
higher drug absorption [130]. In addition this treatment has been associated with a
reduced immune response in the vagina, which may mask potential undesirable side
effects of the evaluated drugs.

In a model more closely resembling the normal physiological conditions, Zhang
et al. [92] reported liposome-mediated transfection of the squamous epithelia layer
and submucosa. A single dose of siRNA (~53 ng siRNA) was sufficient to induce a
significant and consistent knockdown of the targeted gene (lamin A/C or CCRS)
over a 7-day period. Analysis of proinflammatory cytokines (IL-1, IL-10, TNF-a.)
and interferon-related genes did not detect any significant changes in the treated
animals compared to controls.

In contrast, Wu et al. [97] suggested that vaginal epithelium transfection in
physiological conditions with conventional lipoplexes was unlikely, most probably
due to the combination of poor drug retention at the vaginal cavity and an inefficient
transport across the mucus layer. In order to overcome these limitations and achieve
sustained release of the entrapped therapeutic, the authors developed and character-
ised a system based on a biodegradable alginate scaffold. Upon exposure to sodium
ions, a common element of cells and body fluids, scaffold degradation occurs,
resulting in the slow release of incorporated PEGylated lipoplexes. PEGylated, but
not conventional, liposomes were capable of mucosal diffusion and induce siRNA-
mediated gene knockdown at the vaginal epithelium. Intra-vaginal administration
of the scaffold over 2 consecutive days (daily dose of 8 pg/animal) resulted in an
85% knockdown of lamin A/C mRNA. In this report, evaluation of proinflammatory
cytokine levels and unspecific interferon activation was not reported.

Encouraging results have been recently reported by Wheeler et al. [98], who by
targeting viral (gag and vif) and host genes (CCRS5) could inhibit HIV vaginal trans-
mission in a humanised mouse model. Macrophage and CD4+ T-cell-specific tar-
geting was achieved by the fusion of the siRNAs to a CD4 receptor-specific aptamer.
The observed protection is probably due to the combination of selective gene knock-
down by the siRNAs (CCRS5, gag and vif) and a viral-aptamer competition for CD4
receptor binding. Despite the apparent absence of cellular toxicity or lymphocyte
activation, caution should be taken with molecules interacting with the CD4 recep-
tor due to its role in the host immune response and susceptibility for HIV infections
in activated T lymphocytes.
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5.7 Future Perspectives

Mucosal delivery of RNAI therapeutics is an exciting approach that is set to prog-
ress rapidly building on encouraging clinical studies. The relative ease of access to
surfaces common to pathogen, cancer and inflammatory disease promotes their use.
Local delivery avoids the necessity to install “stealth” characteristics required for
systemic delivery that reduces the complexity of design that has manufacturing,
cost and clinical approval benefits. The restricted entry, however, encountered by
macromolecules across mucosal barriers still requires delivery strategies to improve
penetration. In this context, nanoparticles rather than naked forms seem the most
promising. Research to identify surface characteristics that promote mucus penetra-
tion including hydrophilic coats is set to continue, whilst coatings that mimic patho-
gens evolved to penetrate the mucosa is an interesting approach. Detailed studies of
nanoparticle penetration in mucus and changes in the mucus morphology in response
to mucopenetrative materials are a future trend. Variations in mucus characteristics
at different sites and disease states are an important consideration in the design of
the delivery strategy. The polyplex systems composed of siRNA and cationic poly-
mers such as chitosan could proceed rapidly into clinical trials due to their simplis-
tic design and mucoadhesive and mucopermeable properties. A current trend is to
identify new biopolymers to improve mucosal delivery and expand the selection of
available materials.

Recent attention has been directed towards oral formulations focused on treat-
ment of inflammatory diseases of the gastrointestinal tract. Anti-inflammatory
effects in IBD preclinical models using particle formulations suggest that IBD will
be a primary candidate for clinical translation. The development of bioresponsive
particles or coatings composed of pH-sensitive materials, employed for other drug
types, will offer the possibility for localised site-specific delivery utilising the dif-
fering pH found throughout the GI tract. The necessity for particle disassembly
needed for siRNA incorporation into the cellular RNAi machinery calls for intra-
cellular release mechanisms [131, 132]. Reducible disulphide links that are cleaved
in the cytoplasm is a strategy, but cost may preclude clinical translation. In contrast
to the necessity for stable particles in the circulatory environment, mucosal delivery
allows the use of less stable systems that could facilitate siRNA release.

The ability of nanoparticles to translocate the mucosa and enter systemic circula-
tion is set to be exploited to elicit local and systemic silencing effects often needed
to match pathogenesis. This, however, will require further modifications to avoid
serum-induced aggregation and hepatic clearance. The success of this approach will
depend on the technologies currently pursued for systemic nanoparticle delivery. To
this end, improving nanoparticle delivery across lymphoid tissue as a route for sys-
temic delivery is set to continue with identification of new targeting approaches
running in parallel.

In addition to improved delivery systems, siRNA design is an important consider-
ation relevant to all routes of administration. Some of the initial sSiRNA-mediated
antiviral effects were seemingly attributed to non-specific induction of innate
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immune responses due to Toll-like receptor (TLR) engagement. Proinflammatory
responses are highly detrimental, particularly in inflammatory disorders. The endo-
cytic pathway undertaken by particles can increase delivery into a TLR-rich
environment that can inadvertently potentiate the response. Fortunately, these TLR-
dependent (through TLR-3, -7 and -8 signalling) or independent (through RIG-1
and PKR activation) adverse side effects can be avoided by siRNA structure and
sequence modification such as 2'-O-methyl substitutions. Induction of non-specific
immune responses is particularly pertinent in the mucosal immune system rich in
immunocompetent sites evolved to recognise and protect against foreign luminal
material. Evaluation of immune responses to both siRNA and carrier needs to be
adequately addressed going forward.

In the foreseeable future, clinical trials are set to seemingly follow the lead
towards treatment of pulmonary diseases such as RSV infection. Established pul-
monary delivery technologies used for traditional inhalable drugs should allow
rapid clinical translation. Identification of novel targets will push the field forward.
An interesting approach is targeting host factors required for viral replication such
as influenza rather than viral-specific targets [56].

There is a general shift in the RNAI field from conventional siRNA to miRNA-
based agents that is set to follow for mucosal RNAI therapeutics. Deep sequencing
technologies are set to be used for rapid identification of mucosal miRNA targets.

Mucosal delivery holds many advantages over the systemic approach and is now
showing promise for delivery of siRNA that could lead to rapid clinical translation
of mucosal-based RNAI therapeutics.
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Chapter 6
Nanomedicines for Systemic Delivery
of RNAIi Therapeutics

Dan Peer

Abstract The discovery of RNA interference (RNAI), a ubiquitous cellular pathway
of gene regulation that is dysregulated in many types of diseases, provides an
exciting opportunity for relatively rapid and revolutionary approaches to drug
design. Small RNAs that harness the RNAi machinery may become the next class
of drugs for treating a variety of diseases. However, targeting of RNAi molecules
into specific tissues and cells is still a hurdle. Major attempts are being made to
develop carriers that could overcome systemic and cellular barriers. This chapter
will present the recent progress in this emerging field, focusing on strategies for
systemic cellular targeting using different types of nano-sized vectors. Selective
cellular targeting of RNAI is considered as the major hurdle translating this new
class of drugs into clinical practice.

6.1 Introduction

RNA interference (RNAI) is a natural cellular mechanism for RNA-guided regula-
tion of gene expression. This regulation is carried out by double-stranded ribonu-
cleicacid (dsRNA) that suppress the expression of specific genes with complementary
nucleotide sequences either by degrading specific messenger RNA (mRNA) or by
blocking mRNA translation. RNAi can be activated by expressing short hairpin
RNA (shRNA) or by introducing synthetic small interfering RN As (siRNAs) directly
into the cell cytoplasm with viral and nonviral vectors [1, 2].
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siRNA is a chemically synthesised dsSRNA of 19-23 base pairs with 2 nucleotides
unpaired in the 5'-phosphorylated ends and unphosphorylated 3'-ends [3, 4]. Within
the cell cytoplasm, siRNAs are incorporated into RNA-induced silencing complex
(RISC), a protein—-RNA complex that separates the strands of the RNA duplex and
discards the sense strand. The antisense RNA strand then guides RISC to anneal and
cleave the homologous target mRNA or block its translation [2]. The RISC complex
incorporates the antisense strand and may show a therapeutic effect for up to 7 days
in dividing cells and for several weeks in nondividing cells. Furthermore, repeated
administration of siRNA can result in stable silencing of its target [5].

The combination of knockdown in every gene of interest and the ability to treat
various diseases by addressing otherwise “undruggable” targets (i.e. molecules
without ligand-binding domains or those that have a structural homology with other
important molecules in the cell), and reduced toxicity, emphasises the potential of
siRNAs to serve as a new platform for therapy in personalised medicine, where an
individual genome will be sequenced and RNAi molecules could potentially be
designed to inhibit a specific defective mRNA.

Despite this promise, utilising siRNA as therapeutics is not a trivial task. For
example low cellular uptake across the plasma membrane associated with the high
molecular weight (~13 kD) and the net negative of naked siRNA is found [2, 6].
When injected intravenously (one of the main routes of systemic administration), in
addition to rapid renal clearance and susceptibility to degradation by RNAses,
unmodified naked siRNAs are recognised by Toll-like receptors (TLRs). This often
stimulates the immune system provoking an interferon response, complement acti-
vation, cytokine induction and coagulation cascades. Beside the undesired immune
activation, those effects can globally suppress gene expression, generate off-target
effects and misinterpreted outcomes [6, 7]. There is a clear need, therefore, for
appropriate systems for extracellular delivery of siRNAs in addition to intracellular
mechanisms for internalisation, release (from the carriers) and escape (from the
endosomes), in addition to accumulation of siRNAs in the cell cytoplasm and RISC
activation.

Silencing of gene expression in vitro is a great tool for functional and validation
studies. Most of the methods commonly used for in vitro or ex vivo delivery of
RNAi molecules are conventional transfection methods. Studies with purely
physical methods such as microinjection and electroporation [8—11], as well as the
use of calcium co-precipitation [12], commercial cationic polymers and lipids
[3, 13-18] and cell penetrating peptides [19-23], have demonstrated effective knock-
down of desired genes. Except for the physical methods (in which the cell is sub-
jected to an injection of small volumes of siRNAs directly into the cell cytoplasm or
to a burst of electricity that causes pores in the membrane, hence elevating the ability
of extracellular material to enter into the cell), all the methods share a main feature —
a positive (cationic) charge that enables complexation of the siRNAs and interact
with the negatively charged plasma membrane. In this manner, it is important to note
that there are evidences for toxicities of some commercial cationic lipids and poly-
mers ([24] and reviewed in [25]). This emphasises the usefulness of the cell pene-
trating proteins (such as natural ligands, antibodies and their fragments), which are
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less toxic and have the potential to target specific cells. Studying gene expression in
a disease model by validating the specific role of the gene in vivo along with the
potential to induce therapeutic gene silencing opens new avenues for utilising RNAi
as a novel therapeutic modality. This review will present the recent progress in this
emerging field, focusing on the in vivo applications with special emphasis on the
strategies for RNAI delivery to leucocytes using various nanomedicines.

6.2 Nanomedicine

By definition, nanomedicine is the medical application of nanotechnology [26, 27].
Nano-vehicles made from different materials with different size, geometry and
charge with at least one dimension within the range of 1-100 nm that are used for
delivery of imaging agents (for diagnostics) and/or for delivery of therapeutic enti-
ties are termed nanomedicine [26, 27] or nano-drug. In addition, a new class of
vehicles that can deliver both diagnostics agents and therapeutic agents and can
report in real-time the location of a diseased cell/tissue is termed theranostics (diag-
nosis and therapy), and it is considered as the next-generation approach of current
nano-scale delivery platforms. The reader is referred to recent excellent reviews on
nanomedicines with various applications, which are beyond the scope of this chap-
ter [28-31]. In this chapter, the term “nanomedicine” will be used for any delivery
system at the nanoscale.

6.3 Translation of RNAIi into Clinical Practice

Despite the large diversity of available methods for in vitro siRNA delivery briefly
described above, there are additional hurdles to translate these methods into a
clinical therapeutic. As detailed below, the biggest hurdle facing the translation of
RNAI therapeutic potential into the clinic is their delivery.

6.3.1 In Vivo Delivery of siRNAs

Most common routes of administration of siRNAs include the preferred non-invasive
per-oral, topical (skin), transmucosal (nasal, pulmonary, buccal, sublingual, vaginal,
ocular and rectal) as well as systemic (intravenous) administration.

Local delivery of siRNAs has been demonstrated in various animal models [22,
32-34] and is employed in several ongoing clinical trials. Based on local injections
of naked or cationic lipid/polymer-formulated siRNAs, this method of treatment
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that has shown very promising outcomes is suitable for mucosal diseases or subcu-
taneous tissues.

For intravenous systemic administration, the delivery approaches need to protect
the RNAi molecules from degradation by serum nucleases, avoid clearance from
the circulatory system by renal filtration, transport the siRNA molecules across the
vascular endothelial barrier, facilitate effective biodistribution and accumulation at
the appropriate tissue, and promote efficient uptake and endosomal escape into the
cytoplasm of the target cells where they can associated with RISC and guide the
cleavage of target mRNA. The reader is referred to an excellent review on the ana-
tomical barriers [35].

Systemic delivery of naked siRNAs has been demonstrated by the hydrodynamic
method. This method, whose precise mechanism of action is unknown but may
involve pressure-mediated cellular penetration, involves rapid injection of a large
volume of siRNA in physiologic solutions (about 10% of the body weight adminis-
tered within 5-10 s) [36, 37]. Hepatocyte cells in the liver are the main target of this
approach. Different studies have been performed with this method, demonstrating
functional knock-down of specific genes in the liver of animals [36-39]. Nevertheless,
due to volume overload sideeffects, the hydrodynamic method is not relevant for
human therapeutic use.

Naked siRNAs could also be utilised for targeting the kidney. When systemati-
cally administrated, large amount of naked siRNAs are excreted by the glomerulus
(<40 kDa Mw) and reabsorbed in the proximal tubule. The accumulation of free
siRNA in the kidney is 40 times higher than in any other organ, an ideal propriety
for selective gene therapy. Studies in rat models for renal injury indicated functional
silencing of p53, a major pro-apoptotic gene, and renal protection, both in single
and multiple injection administration [40]. A product based on these studies, QPI-
1002, is being developed by Quark Pharmaceuticals for systemic delivery of p53-
siRNA in acute renal injury and delayed graft function.

Accumulation in the kidney of systemic naked siRNA is due to physiological
consequence. Otherwise, strategies for systemic delivery of siRNA to alternative
sites must rely on transport within nanocarriers or as nano-conjugates such as
siRNA—cholestrol conjugates or fusion proteins carrying siRNAs. These carriers
should be composed of fully degradable materials (to avoid undesired and probably
toxic accumulation of the delivery system components in the body) and should act
on specific cells or tissues while avoid damaging others.

Systemic siRNA delivery strategies are divided into two major categories: pas-
sive and active cellular delivery. Passive delivery exploits the inherited tendency of
nanoparticles to accumulate in organs of the reticuloendothelial system (RES) also
known as the mononuclear phagocytic system (MPS). The MPS, part of the immune
system, consists of phagocytic cells located in reticular connective tissue, primarily
monocytes, dendritic cells and macrophages. These cells accumulate in lymph
nodes, the spleen, and liver that phagocytose foreign particles such as viruses, bac-
teria and parasites recognised by size, shape and charge. Passive targeting siRNAs
to the liver can be achieved due to the highly perfused nature of the liver and phago-
cytic capture by resident phagocytic Kupffer cells located in the liver lining the
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walls of the sinusoids that form part of the MPS. As an alternative approach, active
targeting to liver hepatocytes can be achieved by including receptor specific anti-
bodies, ligands or ligand mimetics into the nanocarrier design.

6.4 Nanoparticle and Nano-Conjugate-Based
Delivery Strategies

Nanocarrier-based approaches typically involve the supramolecular assembly of a
carrier, which may include one or more targeting moieties that can deliver drugs
and/or imaging agents in a cell- or tissue-specific manner (Fig. 6.1). Typical nano-
carriers may be constructed from lipids, proteins, carbohydrates or synthetic poly-
mers [27, 41]. Recent advances in the engineering of devices at the nanoscale have
led to the development of new platform particle-based technologies. Inorganic
nanoparticles may be comprised of gold, silver, silicon, silica or iron oxide (including

Fig. 6.1 Passive and active tumour targeting. Passive tissue targeting is achieved by extravasation
of nanoparticles through increased permeability of the tumour vasculature and ineffective lym-
phatic drainage (EPR effect). Active cellular targeting (inset) can be achieved by functionalising
the surface of nanoparticles with ligands that promote cell-specific recognition and binding. The
nanoparticles can (i) release their contents in close proximity to the target cells; (ii) attach to the
membrane of the cell and act as an extracellular sustained-release drug depot; or (iii) internalise
into the cell. Reprinted with permission from [27] Copyright 2007 Nature Nanotechnology
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Nanoshells and Quantum Dots), whilst organic nanoparticles include fullerenes,
dendrimers and virus-like structures. These new nanocarriers have been explored
for their use in a variety of applications such as drug delivery, imaging, photother-
mal ablation of tumours, radiation sensitisers, detection of apoptosis and sentinel
lymph node mapping [27, 28, 42]. An alternative strategy is construction of nano-
conjugates by attachment of moieties such as cholesterol to the siRNA to control the
systemic delivery. In choosing an appropriate nanocarrier construct for rapid and
effective clinical translation, one should consider the following criteria:

1. A carrier should be made from a material that is biocompatible, well character-
ised and can be easily functionalised.

2. A nanocarrier should exhibit high differential uptake efficiency by the target
cells or tissue.

3. Ananocarrier should be either soluble or colloidal in water and have an extended
circulating half-life to increase the likelihood of its effectiveness.

4. A nanocarrier should have a low rate of aggregation and a long shelf-life.

In delivering RNAi payloads, we can subdivide the delivery strategies based on
passive and active cellular targeting.

6.4.1 Passive Systemic RNAi Delivery

Passive delivery strategies are the most advanced (from a clinical standpoint) to
deliver RNAIi payloads systemically. These strategies exploited the enhanced per-
meability and retention (EPR) effect (Fig. 6.1) where leaky blood vessels and inef-
fective lymphatic drainage cause accumulation of macromolecules and nanoparticles
in close proximity of the tumour [27, 43, 44].

Among the RNAIi delivery strategies that utilise the EPR effect are the stable
nucleic acid-lipid particles (SNALP). SNALP is a ~100-nm non-targeted liposome
with low cationic lipid content that encapsulates siRNAs and is coated with a dif-
fusible polyethylene glycol-lipid (PEG-lipid) conjugate [45, 46]. The PEG-lipid
coat stabilises the particle during formation and provides a neutral and hydrophilic
exterior that prevents rapid systemic clearance. The lipid bi-layer composed of cat-
ionic and fusogenic lipids enables the internalisation of the SNALP and endosomal
escape while releasing the siRNA payload. Biodistribution study indicates that most
(28%) of the siRNAs carried by the SNALPs accumulated in the liver and only
0.3% in the lungs. Functional study of SNALPs encapsulated ApoB—siRNA has
shown significant reduction in ApoB mRNA levels. Despite the presence of cationic
lipids known to trigger toxicities [24, 25], studies in mice and non-human primates
did not reveal any adverse effects except for liver enzyme release. Based on these
results, a clinical trial is now been conducted to test the ability of SNALPs to deliver
siRNAs for liver cancer treatment. SNALPs encapsulating siRNA against the poly-
merase gene of the Zaire strain have been shown to protect guinea pigs from a lethal
challenge of the Ebola virus [47]. Other formulations of cationic liposomes, with
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greater cationic lipid content than the SNALPs, have induced not only effective
gene silencing, but also cytokine induction, interferon response and complement
activation as well as coagulation cascades and liver toxicity and, thus, cannot be
used for clinical evaluation.

Considering the significant toxicities that have been associated with cationic
liposomes, neutral charged liposomes are very promising carriers for systemic
delivery of siRNAs. 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) non-
PEGylated liposomes encapsulating siRNAs against different molecules expressed
on melanoma and ovarian cancers inhibited tumour growth in human xenograft
models [48, 49]. The accumulation of these liposomes in cancerous tissues is attrib-
uted to the EPR effect.

Cationic lipidoid (synthetic lipid-like molecules)-containing liposomes are
another siRNA delivery system that has been shown to induce effective gene silenc-
ing (80% reduction in murine ApoB and Factor VII mRNAs levels) in the liver.
Single intravenous injection of cationic lipidoid-containing liposomes encapsulat-
ing ApoB—siRNA resulted in 50% decrease in the protein level 3 days and up to
2 weeks after the treatment. Although no immune response was indicated, increases
in the levels of two liver enzymes suggest some degree of liver toxicity [50, 51].

HK peptides are another effective delivery system for siRNAs. This system is
based on the addition of histidine into poly-lysine peptides. While lysine is impor-
tant for binding the siRNAs, histidine stabilises the particles and has an important
role in buffering acidic endosomes, thereby leading to endosomal disruption and
payload release. Specific ratios and patterns of histidine and lysine have been found
to augment the siRNA delivery, while carriers with a higher ratio of histidine to
lysine content seemed to be more effective [52]. HK peptides carrying Raf-1-siRNA
or human rhomboid family-1-siRNA induced significant silencing of target genes
and growth inhibition of tumour xenografts [53, 54].

Atelocollagen is a biomaterial that consists of a low-immunogenic fraction of
pepsin-digested type I collagen from calf dermis. Rich in positively charged lysine
and hydroxylysine residues it complexes the negatively charged siRNA and inter-
acts with the plasma membrane, hence facilitates incorporation of the siRNA into
the cells. Although these particles have not been modified to target tumours, passive
targeting due to the EPR effect causes the selective accumulation within the cancer-
ous tissues as shown in several studies with different tumour xenografts [21, 55-57].
Initial studies indicated that atelocollagen particles could be administered safely
without induction of cytokines or observed toxicity to the tissues.

6.4.2 Active Cellular Systemic RNAi Delivery

siRNAs conjugated to a targeting moiety or to specific cell penetrating entity
(such as cholesterol, specific phospholipids, natural receptor ligands, monoclonal
antibodies and their fragments) is a common strategy for active cellular delivery.
This class of cell-specific delivery is becoming more popular and feasible due to
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Fig. 6.2 Strategies for cell type-specific siRNA delivery in vivo. A variety of approaches have
been used for the cell type-specific delivery of siRNAs, including the direct conjugation of target-
ing molecules, such as ligands [cholesterol (a) and a-tocopherol (b)], aptamers (¢) or polymers
[dynamic polyconjugates (d)]. In addition, the negatively charged siRNA will spontaneous bind to
positively charged proteins or peptides fused to an antibody (e) or a ligand [e.g. a portion of the
rabies virus glycoprotein (RVG) (f)]. siRNAs can be encapsulated into polymeric [e.g. cyclodex-
trin (g) coated with the ligand transferring] or lipid nanoparticles [e.g. immunoliposomes (h), lipid
nanoparticles coated with an antibody]. Reprinted with permission from [41] Copyright 2011 Gene
Therapy

understanding of selective biological molecules and the era of “omics” such as
genomics, proteomics and lipidomics [27, 31]. Examples for active cellular target-
ing include the cholesterol-siRNA conjugate (Fig. 6.2a). The specificity of this
delivery system is determined by the lipoprotein to which the cholesterol-siRNAs
conjugates are attached in the circulation. When the conjugates bind low-density
lipoproteins (LDL), the particles are mainly taken up by the liver due to its LDL-
receptors’ expression, whereas when binding high-density lipoproteins (HDL), they
accumulate in the liver, the gut, the kidney and steroidogenic organs, all of which
express scavenger receptor class B, type I (SR-BI) receptors, which bind HDL [58].
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Cholesterol-ApoB—siRNA conjugate as well as a-tocopherol [59] (Fig. 6.2b) and
lithocholic acid or lauric acid conjugated to ApoB—siRNA [60] reduced serum cho-
lesterol and ApoB mRNA levels in the liver.

Aptamer—siRNA chimeras (Fig. 6.2c) are RNA-based particles for specific deliv-
ery of siRNAs. This approach relies only on the fact that structured RNAs are capa-
ble of binding a variety of proteins with high affinity and specificity. The chimera
includes both a targeting moiety, the aptamer, and an RNA-silencing moiety, the
siRNA. The aptamer—siRNA chimeras have demonstrated specific binding and
delivery of siRNAs into a xenograft model of prostate cancer. The aptamer portion
of the chimeras mediates binding to Prostate-specific membrane antigen (PSMA),
a cell-surface receptor overexpressed in prostate cancer cells and tumour vascular
endothelium, whereas the siRNA reduce the expression of survival genes [61]. This
approach eliminates various side effects, hence aptamers and siRNAs exhibit low
immunogenicity. Additionally advantages are the possibility to synthesise large
quantities at a relatively low cost and the smaller size of aptamers compared with
that of antibodies (<15 versus 150 kDa), which promotes better tissue penetration.

A similar strategy of conjugation is the dynamic polyconjugates [62] (Fig. 6.2d).
This delivery approach includes membrane-active polymers whose activity is
masked until reaching the acidic environment of the endosomes. Due to the employ-
ment of N-acetylgalactosamine, which binds to the asialoglycoprotein receptor,
they target hepatocytes. Like the SNALPs, these particles decreased ApoB mRNA
levels in the liver when ApoB—siRNA is used.

Polyethylenimine (PEI) is a cationic polymer used to condense nucleic acids into
polyplexes and is endosomolytic due to its buffering capacity at the endosomal pH.
PEI polyplexes incorporating siRNAs have demonstrated functional silencing in
subcutaneously transplanted tumours in nude mice. Particles composed of RGD
(Arg-Gly-Asp) peptide coupled via PEG-PEI allow prolonged circulatory half-
life, reduced immunogenicity and active targeting. When complexed with siRNA,
RGD-PEG-PEI molecules form a polyplex, with the positively charged RGD-PEG
components exposed on its surface. The targeting ability of this particle is based on
the overexpression of a_ integrins, which RGD peptides bind in certain cancers and
in tumour vasculature [63]. Similar to the previous two examples, cyclodextrin-
containing polycation (CDP) particles have been successfully used for siRNAs
delivery into murine subcutaneous tumours [64] (Fig. 6.2g). CDP is a polymer with
a cyclic oligomeric glucose backbone that complexes with siRNAs to assemble into
a colloidal 50-70 nm particle. To achieve targeting, transferrin-coupled PEG is
attached to the surface of the particles exploiting the upregulation of transferrin (Tf)
receptors in cancers. However, despite considered less toxic than conventional
cationic polymers (such as PEI), safety evaluation in non-human primates revealed
that intravenous injection of these particles induced elevation in blood urea (that
might indicate kidney toxicity), mild increase in liver enzyme levels and a mild
increase in IL-6 levels at high concentrations. Multiple injections of the particles
induced antibodies to human-Tf. Despite these disadvantages, Tf-coupled CDP
containing siRNAs for melanoma cancer treatment has been taken into clinical
trials [65].
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Antibody-protamine fusion carriers (Fig. 6.2e) are a promising approach for
systemic siRNA delivery. Protamines are relatively small (5-8 kDa) and highly
basic proteins composed of 55-79% arginine residues [66]. Positively charged
protamine interacts with the negatively charged siRNAs to stabilise, neutralise and
condense the siRNAs. ErbB2-protamine fusion protein in complex with siRNA
significantly inhibited growth of breast cancer cells [67].

Different formulations of targeted cationic liposomes served for selective target-
ing of hepatic stellate cells, which are the major cell population involved in the
formation of scar tissue in response to liver damage such as fibrosis or solid tumours.
Stellate cells express receptors for retinol binding protein, which efficiently uptake
vitamin A. Taking advantage of this physiological condition, injection of cationic
liposomes coupled to vitamin A and complexed with siRNA to a murine key
fibrogenesis factor (gp46) into cirrhotic mice silenced the specific gene in mouse liver
and resolved fibrosis [68]. 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
liposomes encapsulating HER2-siRNA and containing endosomolytic histidine-
lysine peptides and a single-chain antibody fragment targeting transferrin receptors
coupled to the liposomes’ surface have been targeted to tumour xenograft and inhib-
ited its growth [69] (Fig. 6.2h). Anisamide-PEG-Liposomes-Polycation-DNA (anis-
amide-PEG-LPDs) are unilamellar cationic liposomes coated with PEG-linked
anisamide (a small-molecule compound that binds to sigma receptors) on their sur-
face, and protamine-condensed mixture of siRNA and a carrier calf thymus DNA in
the core. Encapsulating EGFR-siRNA, anisamide-PEG-LPDs injected intrave-
nously into tumour-bearing mice have been shown to increase sensitivity to chemo-
therapy [70]. These particles induced a significant increase in serum cytokine levels
that limits the potential for clinical translation. However, it is important to note that
cytokine response is not always deleterious with therapy and there are cases when
immune activation could enhance the therapeutic effects [71].

6.4.3 Targeted Nanomedicines for Leukocytes

Utilising siRNAs to manipulate gene expression in leucocytes holds great promise
for drug discovery, as well as for facilitating the development of new therapeutic
platforms for leucocyte-implicated diseases such as inflammation, blood cancers
and leucocyte-tropic viral infections. However, due to their resistance to conven-
tional transfection methods and the fact that they are dispersed throughout the body,
systemic delivery to leucocytes remains a challenge, although several promising
approaches have been documented from 2007.

Kortylewski et al. [72] used siRNA synthetically linked to a CpG oligonucle-
otide agonist of toll-like receptor (TLR) 9 for targeting myeloid cells and B cells
(both are key components of tumour microenvironment) that express this receptor.
These particles simultaneously silenced STAT3 by siRNA and activated TLRs
responses by their agonists. Consequently, they effectively shifted the tumour
microenvironment from pro-oncogenic to anti-oncogenic (by causing activation of
tumour-associated immune cells and potent anti-tumour immune responses).
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Two studies from the same group presented novel strategies to target leucocytes
for treating viral infections. scFvCD7Cys is a single-chain antibody against CD7 (a
surface antigen present on the majority of human T cells) that was modified to
include a Cys residue for conjugation to a 9 Arg peptide (Fig. 6.2f). This conjugate
was used for targeted delivery of CCRS (a chemokine receptor that functions as a
co-receptor for HIV) and Vif/Tat (HIV replication proteins)-siRNA payloads into T
cells, and has been demonstrated to suppress HIV infection in humanised mice
without inducing toxicity in the target cells [73]. A similar approach for treating
dengue virus infected cells employed DC3 (12-mer peptide that targets dendritic
cells)-9dR for targeting, with TNF-o (which plays a major role in dengue pathogen-
esis) or specific highly conserved sequence in the viral envelope. These complexes
significantly reduced virus-induced production of TNF-a and succeeded to sup-
press the viral replication in monocytes-derived dendritic cells and macrophages
in vitro. In vivo, treatment of mice with intravenous injection of DC3-9dR-
complexes containing TNF-0—siRNA effectively suppressed this cytokine produc-
tion by dendritic cells [74].

Another approach for targeting leucocytes is based on leucocytes’ integrins,
which are the largest family of cell adhesion molecules that mediate cell-cell and
cell-matrix interactions [75]. Antibody—protamine fusion proteins utilise the lym-
phocyte function-associated antigen-1 (LFA-1) integrin, a pan leucocyte cell surface
marker for selective targeting. The use of LFA-1 for targeting leucocytes is sup-
ported by its exclusive expression on leucocytes, its constitutive internalisation and
recycling activity and its ability to undergo activation-dependent conformational
changes. Using antibody—protamine fusion proteins, RNAi payloads could be
directed into leucocytes both in vitro and in vivo. Importantly, neither lymphocytes
activation nor interferon response induction was observed. Furthermore, by target-
ing these fusion proteins to the high affinity conformation of LFA-1 that character-
ises activated lymphocytes, the ability to induce more selective gene silencing was
demonstrated, which unlike most immunosuppressive therapies, could provide a
way to overcome the unwanted immune stimulation without global immunosup-
pressive effects on bystander immune cells. Additionally, due to the prevalence of
aberrant affinity modulation of integrins in a variety of leucocyte-implication dis-
eases [76, 77], targeting the high-affinity conformation of LFA-1 seems to be very
promising therapeutic strategy [78, 79].

In order to increase payload and achieve more robust targeted gene silencing, a
different strategy was generated. Integrin-targeted and stabilised nanoparticles
(I-tsNP) that successfully deliver siRNAs into specific leucocytes subset involved in
gut inflammation were developed. Using this system, cyclin D1, a regulator protein
of the entry into, and the progression throughout the cell cycle, was identified as a
potential new therapeutic target for treating inflammation. The I-tsNPs were devel-
oped from neutral charged lipids of about 80 nm in diameter liposomes that were
loaded with siRNAs pre-condensed with human recombinant protamine. The parti-
cles were coated with hyaluronan (HA) for stabilisation during siRNA entrapment
and for prolonging the circulation time in vivo. The targeting of the particles to sub-
sets of leucocytes was achieved by attaching a monoclonal antibody against 3, inte-
grin (which is highly expressed in gut mononuclear leucocytes) to the HA-coated
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liposomes [80]. Composed of natural biomaterials, these nanoparticles offer a safe
platform for siRNAs delivery, avoiding cytokine induction and liver damage.
Enabling usage of fairly low siRNA doses (2.5 mg/kg), this system, in addition to
advantages such as high payload capacity (~4,000 siRNA molecules per particle)
and low off-target effects and toxicities, is economically worthy. This strategy was
also used with an LFA-1 antibody decorated particles for the delivery of CCR5-
siRNAs to human lymphocytes and monocytes. This system has been shown to
protect mice from HIV challenge [81]. LFA-1 I-tsNPs with CCR5-siRNAs did not
induce interferon response or TNF-a (inflammatory cytokine) secretion, hence
strengthens the potential for clinical relevance.

6.5 Future Perspectives

In summary, although there is no clinically approved siRNA delivery system yet, we
are convinced that in the coming years this situation will be changed. Approximately
22 different siRNA/shRNA therapeutics have reached clinical evaluation for the
treatment of at least 16 diseases [82]. The results from the ongoing ALN-PCS02
and ALN-TTRO1 SNALP-based clinical studies will have a major impact on the
RNAI therapeutics era for the next few years. In addition, positive data from the
AtuPLEX-based Atu027 trial have the potential to amplify the SNALP-driven
approach as well as cyclodextrin-based approach that is currently under clinical
evaluation.

Similar to other RNA-based therapeutics, the efficacy of RNAi drugs relies on
maximising targeted delivery while minimising off-target toxicity and degradation.
We are convinced that the delivery efforts currently explored will be successful. We
base this assumption on one of the major advantages of siRNA delivery systems—
the flexibility to change either the payloads entrapped inside the nanoparticles (by
using different sequences of siRNAs, or with combination to other drugs) or the
targeting agent (by replacing the antibody or the ligand decorating the nanoparti-
cle’s surface). This opens new avenues for treating a wide variety of diseases as well
as adjusting the treatment to the unique molecular abnormalities of a specific
patient.
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Chapter 7

Lipidoids: A Combinatorial Approach
to siRNA Delivery

Michael Goldberg

Abstract The safe and effective delivery of siRNA remains the principal challenge
to the realization of its clinical potential. The present collection of delivery materi-
als and their diversity remains limited, in part due to their slow, multistep syntheses.
This chapter will describe a class of lipid-like delivery molecules, termed “lipi-
doids,” as carriers for RNAI therapeutics. Specifically, the chapter will address the
rationale underlying the combinatorial approach; the synthetic chemical methods
employed; the screening assay utilized; the structure—activity relationships deter-
mined; the formulation considerations learned; several applications of the platform;
and the evolution of the strategy to generate next-generation libraries.

7.1 Introduction

RNA interference (RNAI) is a conserved process by which double-stranded RNA
molecules direct the sequence-specific degradation of complementary mRNA targets
[1]. The utility of this powerful phenomenon in the dissection of gene function
through genome-wide screening experiments was rapidly realized [2—4]. This appli-
cation allowed for the large-scale investigation of mammalian genetics, enabling
direct analysis of human cells rather than relying on the use of traditional model
organisms such as Caenorhabditis elegans, Saccharomyces cerevisiae,and Drosophila
melanogaster. Though it was immediately apparent that this powerful application of
gene silencing could be complemented by the knockdown of disease-causing genes
in patients [5], the delivery of siRNAs into cells in animals was a profound obstacle
to the realization of this potential. The ability to generate systems that could deliver
these molecules in a safe and efficacious manner was highly desirable.
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The translation from in vitro experiments to proof-of-concept in vivo studies was
rapid. The report of successful silencing in vivo in 2002 [6] served as an exciting
advance in the field, and the first demonstration of RNAi-mediated disease inhibi-
tion in an animal model was reported only 1 year later [7]. In 2004, the first example
of therapeutic silencing of an endogenous gene following systemic administration
of cholesterol-modified siRNAs was described [8]. More advanced systems would
soon follow, and the utility of RNA1 as a platform technology was validated in non-
human primates (NHP) within 2 years [9]. Importantly, some of the safety concerns
attributed to shRNA-mediated gene silencing [10] were not found to be relevant to
siRNA-mediated gene silencing. siRNA enters the RNAi pathway downstream of
nuclear export and Dicer processing, so it does not interrupt the endogenous
microRNA pathway [11]. Saturation of Ago2 loading is possible in vitro but is
unlikely to be of concern in vivo, where efficient delivery remains a challenge.
Clearly, the ability to deliver siRNAs in vivo would enable a fundamentally new
way of treating disease, catalytically preventing protein production rather than stoi-
chiometrically inactivating aberrant proteins following their translation, as tradi-
tional pharmacological methods do.

There are, however, several significant barriers to entry. siRNAs are large, poly-
anionic molecules that do not readily cross the hydrophobic, tightly packed cell
membrane, so carriers must be used. These carriers must protect the drug payload
from degradation, filtration, and phagocytosis in the bloodstream; facilitate trans-
port across the vascular endothelial barrier; allow for diffusion through the extracel-
lular matrix; and promote cellular uptake as well as cargo release into the cytosol
[12]. While extremely efficient mediators of DNA delivery, viruses do not deliver
synthetic siRNA and can result in insertional mutagenesis when delivering sShRNA,
whose expression levels are difficult to control. For these reasons, synthetic deliv-
ery systems have been developed. Polycationic polymers and lipids are often used
because they can electrostatically bind and condense the polyphosphate backbone
of nucleic acids to form nanometer-sized particles that enhance stability and cellular
uptake. A novel class of lipid-like compounds, termed “lipidoids,” was developed in
order to expand the scale and diversity of systemic siRNA delivery systems. This
chapter will focus on the synthesis, screening, and application of these molecules.

7.2 Rational Versus Combinatorial Approaches

Though lipid-based formulations for systemic siRNA delivery represent one of the
most promising near-term opportunities for the development of RNAI1 therapeutics
[13], the present collection of delivery materials and their diversity remain limited.
The central obstacle to the expansion of scale is the slow, multistep syntheses
required to create cationic lipids. The result of this laborious and time-consuming
approach is a low-throughput, iterative process.

When performed rigorously, this directed approach can be useful for interrogat-
ing the effects of minor differences on functional properties toward the elucidation
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of focused structure—activity relationships. For example, an analogous series of
cationic lipids containing an increasing number of double bonds per alkyl chain was
synthesized to evaluate the correlation between lipid saturation, fusogenicity, and
efficiency of intracellular nucleic acid delivery [14]. It was shown that increasing
saturation decreases fusogenicity, resulting in lower gene silencing efficiency
despite being more readily internalized by cells. The findings are, however, restricted
to the lipid backbone analyzed because the importance of a functional group for one
lipid should not be extrapolated to other lipids.

Such rational design is very useful in the optimization of effective lead candidate
lipids that have been shown to be effective in vivo; however, because there are few
examples of such validated lipids, this strategy is of limited utility. One notable
example was the use of medicinal chemistry to improve the efficiency of an
efficacious ionizable cationic lipid based on its proposed mechanism of action of
endosomal membrane disruption [ 15]. The endeavor was highly focused. Maintaining
a constant hydrocarbon chain—based on the results of the aforementioned study
[14]—the two other components of the cationic lipid, the linker and headgroup,
were systematically varied.

Though the sample size was modest in this analysis, trends were observed. Lipids
containing alkoxy linkers were consistently more effective than those containing
ester, thioester, or carbamate linkers. While changing the structure of the amine
head group did not greatly influence activity, increasing the distance between the
dimethylamino group and the dioxolane linker by a single methylene group yielded
a surprisingly large improvement in efficacy. This finding highlights the limitation
of the rational approach, which does not allow for the exploration of broad chemical
space: a substantial element of luck is required in selecting the modifications because
it is not obvious which minor changes will confer a major impact. Furthermore, the
yield of these reactions is often poor, and the throughput is low, so the development
of alternative chemistries would be attractive.

7.3 Lipidoids: Synthetic Scheme

The Michael addition reaction allows for the conjugate addition of an amine to
acrylates or acrylamides, enabling the simple and rapid synthesis of large degrad-
able or nondegradable combinatorial libraries, respectively [16]. This approach has
yielded thousands of structurally diverse lipid-like materials, which have been
dubbed “lipidoids,” from the Greek for “lipid-like” [17]. The members of the library
chemically resemble lipids and thus protect and enhance the uptake of their siRNA
payload. An inspection of this novel class of materials reveals that these unique
compounds manifest as a hybrid structure between cationic lipids and first-generation
dendrimers [18] (see Fig. 7.1). Notably, unlike traditional cationic lipids, which are
generally comprised of a discrete cationic head group and a hydrophobic tail, lipi-
doids are cationic owing to the presence of reversibly protonatable backbone amines.
Additionally, whereas natural lipids typically possess two tails, lipidoids contain up
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Fig. 7.1 Synthesis occurs through the conjugate addition of amines to an acrylate or acrylamide.
Depending on the number of addition sites in the amino monomer, lipidoids can be formed with
anywhere from 1 to 7 tails. Amino groups in the lipidoid can be quaternized by treatment with
methyl iodide. For ease of nomenclature, lipidoids are named as follows: (amine number)(acrylate
or acrylamide name)-(number of tails)(“+” if quaternized) (reproduced with permission from [18])

to seven tails emanating from the amine backbone. Another interesting chemical
property that renders lipidoids a distinct class of biomaterials is the inversion of its
ester linkage with respect to the aliphatic chain when compared to natural lipids
such as triglycerides. Lipidoids can be quarternized to impart permanent charge
through the addition of alkylating agents such as methyl iodide.

Whereas standard chemistries used to synthesize cationic lipids involve several
onerous steps that include protection, deprotection, solvent exchanges, and serial
purification [19], this innovative route enables high-throughput, parallel synthesis
in a single step. To synthesize a lipidoid, one need only add an amine, an acrylate or
acrylamide, and a stir bar. The reaction mixture is then placed in a 90°C oven for
one or six days, respectively. There is tremendous potential for high throughput
because the starting reagents are commercially available and there are no side reac-
tions. As a consequence of this simplicity, the number of lipofection materials syn-
thesized and studied to date was increased by two orders of magnitude.

The first-generation lipidoid library was generated from starting reagents that
provided significant chemical diversity [18] (see Fig. 7.2). The functional groups
included linear and cyclic ethers and diamines; diols; primary, secondary, and ter-
tiary amines; piperidines; pyrrolidines; and imidazoles. These materials were
selected because they imparted good transfection ability upon poly(beta amino)
esters, a class of degradable transfection agents that was previously developed to
deliver plasmid DNA [16].

Amines are used because they are thought to promote endosomal escape by
acting as “proton sponges” [20, 21]. The ability to escape the endosome is of
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Fig. 7.2 Alkyl-acrylate, alkyl-acrylamide, and amino molecules were used to synthesize a combi-
natorial library of lipidoids (reproduced with permission from [18])

paramount importance because endocytosis is the main process by which cells
uptake nanoparticles, and nucleic acids are membrane impermeable [22, 23]. Briefly,
amines possessing the appropriate pK, can accept protons that are pumped into the
endosome as it acidifies to become a catabolic lysosome [24], preventing degrada-
tion of the compartment’s contents. The net positive charge on the quarternary
amines creates an electrochemical gradient, leading to the influx of negatively
charged chloride ions. The high salt concentration inside the endosome produces a
strong osmotic gradient, leading to the inflow of water molecules, which eventually
rupture the endosomal membrane and release the drug cargo into the cytosol.

7.4 Structure—Activity Relationships

The ability of the lipidoids to deliver siRNA to mammalian cells was first investi-
gated in vitro [18]. A HeLa cell line was established to express stably both firely
(Photinus pyralis) and Renilla (Renilla reniformis) luciferases. These biolumines-
cent enzymes have unique substrates and can, thus, be differentiated by performing
sequential assays using DualGlo™ (Promega). Cells were plated into 96-well plates
and allowed to attach overnight in growth medium. Lipidoids were dissolved in
25 mM sodium acetate (pH 5) and mixed with siRNA targeting firefly luciferase at
multiple lipidoid-to-siRNA weight-to-weight ratios. These mixtures were incubated
for 20 min to allow for complex formation prior to addition to the cells. After 24 h,
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the firefly luciferase signal was normalized to the Renilla luciferase signal. If neither
signal decreased, then the lipidoid tested was ineffective; if both signals
decreased, then the lipidoid tested was toxic. Only when the ratio of firefly-to-
Renilla luciferase decreased was the lipidoid of interest considered for subsequent
evaluation.

The first-generation library comprised more than 700 members. Several param-
eters were systematically varied to enable the determination of structure—activity
relationships among the lipidoids. First, the influence of the linker between the alkyl
chain and amine was evaluated. It was determined that the more stable amide bond
was preferred to the degradable ester bond. Second, it was demonstrated that the
postsynthetic introduction of a constitutive positive charge to the acrylate-derived
lipidoids by quaternization of the amine did not greatly improve efficacy. While
these insights were extremely valuable from a general perspective, more specific
information was required to elucidate the functionalities that conferred good trans-
fection ability among acrylamide-derived lipidoids.

This information was extracted from a heat map [18] [(see Fig. 7.3), which is a
useful tool for the interrogation of combinatorial libraries. The alkyl chain length
series ranged from C10 to C18, and the functional groups surrounding the backbone
amines were varied. It was observed that the top-performing materials were com-
posed of multiple primary or secondary amines separated by ethyl or propyl groups
(e.g., monomers 61-64, 95-103) and featured more than two short (<C12) tails.
These findings were unexpected and would likely never have been discovered using
the traditional rational approach, as standard cationic lipids generally have a lone
amine head and two longer (C18) tails [25].

To test the hypothesis that critical common features had been elucidated, a sec-
ond-generation library of 500 lipidoids was synthesized. Screening of this library
confirmed that a convergence of structure had indeed been identified. Whereas only
3% of the first-generation library was able to confer knockdown comparable to or
greater than the positive control transfection reagent Lipofectamine2000™, more
than 50% of those examined from the second-generation library were able to achieve
this feat. Because multiple tails can be conjugated to oligoamines, the second-
generation library was synthesized using varied reaction stoichiometries to generate
lipidoids with a diverse number of tails. It was found that retention of one unreacted
secondary amine—that is, having one tail less than complete substitution—was
most favorable. Notably, many of the effective lipidoids were structurally different
from both conventional lipids and cationic polymers. This set substantially expanded
the collection and chemical diversity of materials known to facilitate sSiRNA delivery
into cells.

To confirm that lipidoids could transfect multiple cell types, the top-performing
materials were tested in the human hepatocellular carcinoma cell line HepG2 and
primary bone marrow-derived murine macrophages at multiple doses in vitro.
Interestingly, the lipidoids displayed variable efficacy in the different cell types.
Silencing was consistently observed to be dose dependent, indicating that the
dynamic range under investigation was nonsaturating. While the overall silencing at
low lipidoid—siRNA complex concentrations in HeLa and HepG2 cells lines is less
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Fig. 7.3 HeLa cells expressing both firefly and Renilla luciferase were treated with firefly
luciferase targeting siRNA-lipidoid complexes. The average percent reduction in firefly luciferase
activity after treatment with siRNA-lipidoid complexes at a 5:1 (wt/wt) ratio in quadruplicate is
shown. For ease of analysis, data are grouped as follows: no test, 0-20% knockdown, 20-40%,
40-60%, 60-80%, 80—-100% (reproduced with permission from [18])
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than with commercial reagents, lipidoids provide for more effective silencing in
primary bone marrow-derived macrophages. The library approach herein described
provides a substantial number of new materials that may be useful for transfection
of cells that have thus far proven refractory to transfection by currently available
commercial reagents.

7.5 Formulation Considerations

The top-performing materials were next evaluated for the ability to confer silencing
in vivo as the objective of the work was to discover and develop carriers for thera-
peutic applications. The liver represents a desirable target organ, as it is well fenes-
trated and well perfused. Successful delivery to hepatocytes would enable RNAi to
address sundry diseases, including dyslipidemia, fibrosis, hepatitis, and hepatocel-
lular carcinoma.

Since the intended target tissue was liver parenchyma, customized formulation
was important as cationic lipid formulations often accumulate not only in the liver
but also in the lungs and spleen [26]. Moreover, oftentimes the majority of liver-
associated material is taken up by components of the mononuclear phagocyte system
(MPS) (Kupffer cells) of the liver rather than by the parenchyma (hepatocytes).

Factor VII was selected as an endogenous reporter as it is produced exclusively
by hepatocytes. This protein is secreted into the blood. As a consequence, knock-
down can be studied longitudinally by taking serial blood draws. This decreases the
number of animals required to conduct a given study and eliminates the need to
sacrifice animals to obtain tissue for analysis, thereby obviating the necessity to
compare data collected from different animals over a time course. Additionally, fac-
tor VII has the shortest half-life among the clotting factors (2-5 h), so silencing at
the mRNA level is manifest as silencing at the protein level with minimal lag.

Simple ionic complexes are generally not suitable for systemic administration
owing to poor serum stability, a tendency to form aggregates, and poor tolerability
[27]. Specifically, excess charge is associated with nonspecific interactions with bio-
logical surfaces, increased protein binding, opsonization, rapid clearance by the
MPS, hemolysis, and cytotoxicity [28]. For these reasons, lipidoids were formulated
with cholesterol and polyethylene glycol (PEG)-lipid. These excipients were
selected because they had previously been shown to stabilize lipid nanoparticles
[29]. Cholesterol is naturally found in lipid membranes, providing structure to bilay-
ers by occupying the space between lipid tails. PEGylation prevents aggregation,
decreases uptake by the MPS, and increases circulation time. Inclusion of PEG-lipid
in the formulation was critical, as it resulted in the formation of small, nonaggre-
gated particles that were accessible to hepatocytes via 100—150 nm-sized endothe-
lial fenestrae [30]. Literature values for molar ratios of cholesterol (30-50%) and
PEG-lipid (5—10%) were used as starting points. The lipid composition was system-
atically optimized to achieve a robust formulation with high in vivo activity.
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Fig. 7.4 The structures of 98N, -5(1), the five-tailed isomer of triethylenetetramine-laurylamino-
propionate with a free internal amine, cholesterol, and mPEG,-C14 glyceride (reproduced with
permission from [31])

In addition to formulation composition, the effects of siRNA loading, particle
PEGylation, and particle size on in vivo delivery efficacy were investigated [31].
Loading is an important consideration because, for a given dose of siRNA, a higher
siRNA loading translates to a lower dose of administered lipid. Decreasing the dose
of lipid in vivo could decrease toxicity; however, it could also decrease efficacy. It
was determined that maximal siRNA loading occurs at a lipid:siRNA of ~7.5:1
(wt:wt). A comparison of efficacy and tolerability at multiple lipid:siRNA loading
ratios confirmed that this minimum amount of lipid required to entrap the entire
siRNA dose was optimal.

Small changes in the anchor chain length of PEG-lipids were observed to affect
efficacy significantly. Pharmacokinetics are strongly influenced by the extent of
particle PEGylation and the rate at which deshielding occurs [32]. The lipid portion
of PEG-lipids is incorporated into lipid particles hydrophobically rather than cova-
lently, so this deshielding rate can be controlled by altering the length of the alkyl
chain lipid anchor [33]. To determine the optimal length of the hydrophobic lipid
tail, a glycerol backbone was derivatized with one PEG chain (MW 2000) and two
alkyl chains of various lengths, ranging from C10 to C16. It was found that C14
lipid anchor length maximized the combination of desirable efficacy and tolerabil-
ity. Next, the effect of particle size on the performance of this formulation was
examined. Particles were extruded through filters with pore sizes ranging from 50
to 150 nm, and it was confirmed that smaller particles increase efficacy.

The final optimized formulation (see Fig. 7.4) had a lipid composition of lipidoid
98N ,-5(1):cholesterol:PEG-lipid =42:48:10 (mol:mol:mol), total lipid:siRNA=
~7.5:1 (wt:wt), C14 alkyl chain length on the PEG-lipid (MW 2000), and a mean
particle size of ~50-60 nm. The surface charge was measured to be~neutral
(~+3 mV). The particles effectively protected the entrapped siRNA, increasing its
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half-life in serum from ~15 min to >24 h in vitro. The formulation was monitored
for 5 months following storage at 4, 25, or 37°C, and particle size distribution and
siRNA entrapment were unchanged over this time course. No loss in efficacy was
detected for a batch of particles that had been stored for 20 months at 4°C. This lead
formulation efficiently accumulated in the liver (>90% injected dose in 1 h) and
induced fully reversible, long-duration gene silencing—up to 4 weeks—without
loss of activity following repeated administrations of modified siRNA [31].

The pharmacodynamics of this systemically administered siRNA formulation were
assessed using a mouse that expresses luciferase ubiquitously [34]. Since the entire
animal emits bioluminescence in the presence of substrate, the mice must be eutha-
nized and organs must be harvested prior to analysis. Nonetheless, this mouse strain
is a useful tool for the rapid screening and optimization of siRNA formulations,
particularly for tissue-targeted delivery systems. Importantly, it was confirmed that
the formulation is relevant to multiple hepatocyte-expressed target genes, as apolipo-
protein B (ApoB) was also effectively silenced [11]. Furthermore, the observed effects
were dose dependent and specific compared to mismatch control siRNA [18].

The specificity of siRNA can be lost when it induces a general innate immune
response, which sometimes occurs when unmodified siRNAs are used [35]. siRNAs
can interact with toll-like receptors (TLRs) in a structure- and sequence-dependent
manner [36]. The inclusion of chemically modified nucleotides, such as of 2'-fluoro
pyrimidines and 2'-O-methyl purines, not only increase nuclease resistance [37] but
also abrogate the interferon response [38], suppressing interaction with TLR7 and
TLR8 [39]. In some instances, such as antiviral applications, the combination of
specific target gene silencing (mediated by siRNA) and general immunostimulation
(mediated by so-called immunostimulatory RNA, or iSRNA) can confer synergistic
outcomes [40].

Interestingly, it was found that not only is the structure of the siRNA critical to
the modulation of innate immunity, but also the lipidoid formulation is important
[41]. The formulation of the lipidoid 98N ,-5(1) was optimized to maximize the
immunostimulatory capacity of unmodified siRNA in a mouse model of influenza.
Specifically, lyophilization of the particles resulted in increased particle size, which
is believed to have led to increased uptake by interferon-producing resident plasma-
cytoid dendritic cells (cf., hepatocytes) in the liver. This formulation method
enhanced the antiviral effects of the siRNA payload, providing efficient prophy-
lactic inhibition of influenza A in mouse lungs. Significantly, lipidoids can also be
applied to afford highly specific gene knockdown in the absence of an innate
immune response, and this has been demonstrated in several disease models.

7.6 Applications

Lipidoids were first used to address targets relevant to hypercholesterolemia. siRNA
was delivered efficiently to the liver to silence proprotein convertase subtilisin/
kexin type 9 (PCSK9) [42] and ApoB [18] in non-human primates (NHP). The
silencing of PCSK9 increases low-density lipoprotein (LDL) receptor protein levels
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in liver and decreases plasma LDL cholesterol (LDLc). A single dose of lipidoid-
formulated siRNA targeting PCSK9 in NHP resulted in a rapid and durable —lasting
3 weeks—reduction of plasma PCSK9, ApoB, and LDLc, without measurable
effects on either high-density lipoprotein cholesterol (HDLc) or triglycerides. The
silencing of ApoB similarly reduced LDLc in a specific and persistent manner.
While these approaches might be useful for the treatment of hypercholesterolemia,
the utility of siRNA in addressing this and other disease types requires a safe plat-
form technology.

The lipidoid platform was used to verify the safety of siRNA as a therapeutic
modality [11]. shRNAs had previously been shown to impart morbidity and mortal-
ity in mice owing to saturation of the endogenous microRNA processing pathway
[10]. It was thus important to confirm that synthetic siRNAs, which enter the path-
way downstream of miRNA biogenesis, do not induce deleterious consequences.
Systemic administration of lipidoid-formulated siRNA resulted in robust target
knockdown in mouse liver without any demonstrable effect on miRNA levels or
activity, as determined by Northern blotting and qRT-PCR. These findings were also
confirmed following multiple administrations in hamsters using a nuclease protec-
tion assay. The results of this study were significant because they established that
siRNA-mediated gene silencing could be achieved either acutely or chronically
without altering cellular miRNA biogenesis or function [11].

These studies confirmed the safety and utility of siRNA in addressing the
pathophysiology of an isolated organism. Lipidoids were next applied to affect the
biology of an organism in the context of its environment, influencing its interaction
with a pathogen. Specifically, lipidoids were shown to decrease the pathogenicity of
invading parasites by facilitating the knockdown of host proteins involved in the
inflammatory response [43]. Mice treated with lipidoid-formulated siRNA targeting
heme oxygenase 1 (HO-1) were protected from the development of blood-stage
malaria infection after infection with Plasmodium berghei sporozoites. In contrast,
all mice treated with control siRNA developed patent parasitemia. In addition to
being suggestive of a therapeutic application in the mitigation of infectious diseases,
these data validated that the induction of HO-1 in the liver is required for the efficient
establishment of malarial infection, representing an important biological insight.

While lipidoids are very effective mediators of siRNA delivery to the liver, they
are also adept at transfecting other cell types, including peritoneal macrophages
[18] and ovarian cancer cells following intraperitoneal (i.p.) administration [44, 45].
Injection into the i.p. space minimizes systemic exposure and clearance of the drug
and serves to concentrate the treatment at the intended site of action. Indeed, it has
been shown that i.p. administration provides improved outcomes for ovarian cancer
patients treated with the standard-of-care chemotherapeutic regimen relative to
intravenous administration [46].

Multiple lipidoids were shown to be effective in this context. 98N -5(1) lipi-
doids loaded with siRNA targeting the tight junction protein Claudin-3 was deliv-
ered to the i.p. cavity of mice bearing either autochthonous ovarian tumors or tumors
derived from mouse ovarian surface epithelial cells, resulting in decreased tumor
growth [44]. The concomitant reduction of ascites development suggested that the
treatment suppressed metastasis. 100N -3 lipidoids loaded with siRNA targeting
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the DNA repair enzyme Parpl was used to generate a synthetic lethal phenotype in
the context of Brcal deficiency [45], which is a hallmark of the familial forms of
ovarian and breast cancer [47]. The treatment of mice harboring disseminated
tumors derived from genetically defined Brcal-deficient cells resulted in survival
extension, with a marked increase in apoptotic cells relative to treatment with con-
trol siRNA or to tumors derived from Brcal wild-type cells.

Lipidoids can also transfect lung epithelia upon intranasal administration.
Lipidoid-formulated siRNA targeting the respiratory syncytial virus (RSV) pro-
vided greater than two log reduction in viral plaques relative to saline and mismatch
siRNA controls in a mouse model of RSV [18]. Together, these data demonstrate
that lipidoids are relevant to nonsystemic applications of RNAi and can deliver
siRNA to nonhepatic cell types.

Notably, lipidoids can also be used to deliver other classes of nucleic acid thera-
peutics. Specifically, lipidoids were used to transfect hepatocytes with single-
stranded oligoribonucleotides targeting miRNAs (anti-miRs) in vivo [18]. The
successful delivery of anti-miR122 resulted in silencing of this miRNA and con-
comitant derepression of its target genes. The lipidoid formulation was found to
confer greater repression than a 16-fold higher dose of cholesterol-conjugated oli-
gonucleotide, highlighting the efficiency of its delivery capacity. The successful
delivery of anti-miRs suggests that lipidoids can be used to deliver nucleic acid
therapeutics that not only silence genes but also upregulate them, enabling the
manipulation of targeted pathways at multiple nodes. Clearly, the ability of lipidoids
to deliver multiple payloads to multiple cell types in vitro and in vivo represents a
robust platform.

7.7 Evolution of a Platform

Several approaches have been adopted to improve the lipidoid system. Because lipi-
doids possess multiple tails, it is possible to fix the structure of some of the tails
while varying the structure of others. This approach also allows for the determina-
tion of functional group effects in a combinatorial manner [48]. The top amine back-
bones from the first-generation library, amine 98 (triethylenetetramine) and amine
100 (diaminopropane), were reacted with N, to yield precursors with n—2 tails.
A final tail was added in a combinatorial manner with acrylate- or acrylamide-
derived tails that contained hydroxyl, carbamate, ether, or amine functional groups
as well as variations in alkyl chain length and branching. Such heterofunctional
materials bear differential capacities for hydrogen bonding, hydrophobic interac-
tions, and protonation states. The results of the study supported previous findings
that suggested that the most-active lipidoids contain three or four secondary or ter-
tiary amines [18, 49]. Lipidoids featuring final tails containing ethylene or propyl-
ene glycol units were observed to confer silencing in vivo, though none of the
members of this new library was as effective as the parent molecules that contained
the N, aliphatic final tail. While valuable for extending the structure—activity
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relationships from the previous library, this strategy requires knowledge of an effec-
tive starting point material for optimization and involves the undesirable use of
protection/deprotection chemistry.

A second approach was used to extend the utility of the first-generation lipidoid
library. Rather than modify existing core structures, scientists combined subopti-
mal-performing lipidoids to generate synergistic combinations [50]. Using a modest
starting library of 36 compounds, 630 binary pairs were generated and screened at
six weight fractions (0, 0.2, 0.4, 0.6, 0.8, 1.0), resulting in a total of 3,780 unique
formulations for a single siRNA concentration (20 nM) and lipidoid:siRNA (5:1)
weight ratio. A synergy value was defined for each formulation to quantify improve-
ments in gene silencing relative to the expected additive effects. It was confirmed
mechanistically that successful binary combinations could leverage the comple-
mentary abilities of the individual components. Specifically, it was observed that
one lipidoid promoted cellular uptake, while the second lipidoid promoted endo-
somal escape [50]. These in vitro data were supported by successful silencing
experiments in vivo. Interestingly, the lead combination influenced not only knock-
down but also biodistribution, enabling uptake by the liver and spleen, which had
not been observed using nanoparticles comprising either of the parent materials
alone. Notably, this combination approach is relevant to all classes of delivery mate-
rials. The efficacy of lipidoids may thus be further enhanced through combination
with other carrier types, such as polymers or siRNA conjugates.

While interesting, these two examples represent iterative extensions of the origi-
nal library; the application of creative chemistry can be used to generate disruptive
advances. A novel library was created through the efficient ring-opening of epox-
ides by amine substrates [49]. The resultant nondegradable amino alcohols con-
tained the key structural elements that had been previously defined — protonatable
amines and hydrophobic aliphatic tails—and showed vastly superior activity, pre-
sumably owing to the more stable linkage. The reaction ran to completion after
3 days, which is intermediate relative to the 1 day for acrylates and 7 days for acryl-
amides. A library of 126 lipid-like members was generated by parallel synthesis,
and structure—activity relationships were again evaluated. It was found that C14 was
optimal. Amine 113 (N-methyl-2,2'-diaminodiethylamine) was common to the two
top-performing materials in vitro. This amine, as well as the customly synthesized
amine 200, is very closely related to the original optimal backbone, amine 98, fur-
ther supporting the convergence of structure identified. Amine 200 was observed to
confer the greatest silencing ability in vivo, affording virtually complete silencing at
two orders of magnitude lower dose than other delivery systems.

This improved potency confers several advantages. First, it translates to less
siRNA and less formulation material being administered to patients, thereby increas-
ing tolerability. Second, it allows for the use of a larger dose than minimally required
efficacious dose, which was shown to increase the duration of silencing. Third, it
enables the administration of RNAi cocktails. The combination of siRNAs targeting
multiple genes would be useful for treating infectious diseases or multifactorial dis-
eases, such as cancer, in which multiple genes or pathways have been implicated. To
this end, it was shown that five hepatic genes could be simultaneously knocked down
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following a single injection [49]. The new lead material, C12-200, was also used to
deliver siRNA targeting the therapeutically relevant gene transthyretin in NHP and
was shown to be the most potent carrier examined in primates to date [49].

Thus, by varying the chemical structure of the final tail, combining existing lipi-
doids in binary pairs to identify synergistic relationships, and leveraging a related
synthetic scheme, the utility of the original lipidoid library was extended. These
studies yielded structure—activity relationships, insights into mechanism of action,
and materials exhibiting enhanced potency.

7.8 Conclusion

Chemical methods were developed to allow the rapid synthesis of large libraries of
structurally diverse lipidoids. The members of the libraries were screened for the
ability to transfect mammalian cells in vitro, and the top-performing materials were
formulated for evaluation in vivo. The lead compound from the first-generation
library, 98N ,-5(1), was tested in four species, including NHP, and was shown to
facilitate durable, potent, and specific silencing of therapeutically relevant endoge-
nous gene transcripts. Importantly, the knockdown resulted in physiologically rele-
vant outcomes in disease models of hypercholesterolemia, infectious disease, and
cancer. Lipidoids can be administered locally —to the lung or intraperitoneal cavity —
or systemically. The formulation was optimized to maximize uptake by hepatocytes
and was demonstrated to be safe. Notably, inspection of the chemical functional
groups common to the top-performing lipidoids from the first-generation library
informed the synthesis of future-generation libraries, which exhibited a dramatic
increase in the percentage of effective members, including members with greatly
enhanced potency. This combinatorial synthetic approach led to a convergence of
structure and represents an important strategy to expand the scale and diversity of
siRNA delivery reagents. Such expansion enhances the likelihood of identifying
compounds with improved efficacy, resulting in decreased dose as well as increased
tolerability and silencing, facilitating the realization of the potential of RNAi thera-
peutics in the clinic.

7.9 Future Perspectives

The realization of the tremendous potential of RNAI therapeutics depends on the
ability to deliver siRNA successfully into cells in vivo. The single-step synthetic
methodologies employed allow for the simple, parallel generation of large combi-
natorial libraries. The development of lipidoids has expanded the scale and diversity
of available delivery options. These materials confer efficient delivery to liver [49],
lung [18], and peritoneal macrophages [18]. Lipidoids were also used to treat mul-
tiple models of ovarian cancer [44, 45]. It is likely that consideration of the follow-
ing issues will yet improve the lipidoid platform as well as other delivery systems.
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The application of additional single-step chemistries to the generation of large,
chemically diverse libraries is likely to lead to the discovery of novel delivery mate-
rials. Examples of such synthetic methods include “click” chemistry [51] and the
Staudinger ligation [52], though they both require the azide functionality, which
limits the breadth of commercially available reagents. Creative chemists are sure to
play a large role in the progress of the field.

The most significant challenge in the delivery space remains the effective and
selective targeting of specific cells in vivo. Such targeting can decrease dose as well
as side effects. Positively charged nanoparticles often accumulate in the liver,
spleen, and kidneys. To reach distal sites, the particles must avoid clearance by
these natural filtration sites. Such systemically targeted siRNA delivery has been
achieved through the use of aptamer—siRNA chimeras, which have been applied to
address mouse models of prostate cancer [53] and HIV [54, 55]. These molecules
are not expected to escape endosomes efficiently, though they seem to be very
efficacious notwithstanding. A second successful approach, which has been vali-
dated in patients, involves nanoparticle surface decoration with a targeting ligand
[56]. This strategy, in which PEG is employed to enhance circulation time and
amines are incorporated into the carrier to enhance endosomal escape, is likely to
serve as the best means to target lipidoids as well. Additionally, it seems that some
lipidoids inherently confer cell type-specific delivery in the absence of targeting
ligands. The ability to minimize the number of components in a formulation is
desirable because it decreases variability between particles, cost, and likelihood of
immunogenicity (to targeting moieties such as peptides or antibodies). Further stud-
ies are required to elucidate the mechanism underlying the preference of certain
lipidoid structures for certain cells.

Notably, targeted siRNA delivery is different from general targeted drug delivery
(monoclonal antibodies or targeted nanoparticles containing small molecules)
because receptor binding, while necessary, is not sufficient; siRNA delivery requires
internalization of the payload. Interestingly, the modeling of transferrin-mediated
tumor targeting suggested that the efficacy of these targeted nanoparticles was
owing to increased cellular uptake by tumor cells rather than to increased overall
tumor localization relative to nontargeted particles [57]. Thus, the optimization of
internalization may be the critical step in the development of highly effective, nano-
particle-based targeted RNAI therapeutics.

Advances in understanding the mechanism of particle uptake and subsequent
intracellular transport are thus expected to lead to significant progress in this field.
The bridging of the chemistry and engineering aspects of drug delivery with the
biological and medical aspects of target selection will lead to synergies in the realm
of therapeutics [58]. Receptor type, density, heterogeneity, shedding, and internal-
ization should all be considered, along with ligand type, density, size, and number.
Particle physicochemical properties are derived from the combination of multiple
constituents, so the contributions of composition, size, charge, shape, and surface
properties to function should also be regarded.

While viruses have evolved over millions of years to deliver nucleic acids into
cells efficiently, nonviral vectors have been developed over the course of the past
20 years. The amount of progress that has been made in this short period of time is
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astounding, through the complementary principles of rational design and combina-
torial approaches. Both methods afford the ability to learn about delivery and uptake
empirically, albeit at different scales of study. Understanding the mechanisms of
uptake and intracellular trafficking and determining the critical physical properties
that facilitate these steps—with clarification from the analysis of structure—activity
relationships—will hopefully inform the judicious design of next-generation vec-
tors that display maximal efficacy and minimal toxicity [17].
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Chapter 8
Polymeric Micelles for siRNA Delivery

Frederico Pittella and Kazunori Kataoka

Abstract Polymeric micelles as nanoassemblies incorporating siRNA have been
receiving much attention due to their high capacity to accomplish several functions
owing to the flexibility in designing functional block of copolymers by synthetic
polymer chemistry. This chapter presents the basis for formation and examples of
designs of polymeric micelles for siRNA delivery. The barriers found to reach the
cytoplasm of diseased cells are presented, while the chemical solutions available for
the preparation of polymers used in the assembly of smart polymeric micelles are
described. Further, this chapter introduces the interactions that conduct the micelli-
zation process as well as examples of rational strategies for the formation of micelles
using forces that facilitate this process. Advantageous features of polymeric micelles
are summarized, and the future directions in this field are highlighted. This chapter
provides basis for a better understanding of polymeric micelles design and the
feasibility of these vehicles in translating RNAi biology into RNAIi therapeutics.

8.1 Introduction

The recent combinatory application of supramolecular nanotherapeutics self-assembled
from bioactive compounds, such as small interfering RNA (siRNA), and engineered
polymers with multifunctionality holds great promise to the development of new
protocols for the treatment of diseases. Pioneering research on new reactions for
polymerization as well as characterization methods to obtain well-defined polymers
integrated with multifunctionality arise from synthetic polymer chemistry born
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in the twentieth century. Among other characteristics, the flexibility of synthetic
polymer chemistry allows the synthesis of polymers with different solvent affinities
and tailored molecular weight, as well as the addition of biomimetic features and
bioresponsive elements to a construct [1].

Blocks of two or more repeating monomers in the same polymer chain can result
in molecules with regions that have opposite affinities for a solvent. These
amphiphilic block copolymers were found to have the ability to form micelles in
selective solvents by organizing themselves according to the solvent affinity.
Polymeric micelles are spherical supramolecular nanoassemblies with the size range
of several tens of nanometers and are characterized by a core-shell architecture in
which the inner compartment can be used as nanocarriers for versatile compounds
[2, 3]. The concept of nanoassembly arrangement of amphiphilic block copolymers
through the formation of a hydrophilic corona surrounding a water-incompatible
core can be extended to include macromolecular association through electrostatic
interaction [3]. Supramolecular assembly is obtained by utilizing the opposite
charges of negative oligonucleotides with positive polycations to form polyion com-
plexes through electrostatic interactions [3—6].

Although viral vectors are natural vehicles for nucleic acids, the inherent immu-
nogenic characteristic and safety concerns have substantially impeded their transla-
tion into approved pharmaceuticals [7]. As an alternative, nonviral vectors for
nucleic acid encapsulation that mimic viral size and structure can be produced by
the application of nanotechnology. Among the nonviral nanocarrier systems, the
polymeric nanocarriers offer great biological stability and versatility in design due
to copolymerization and inclusion of chemical components such as targeting ligands
during the polymer synthesis to achieve surface functionalization [8].

A fundamental pathway in eukaryotic cells by which short sequences of RNA
can promote the cleavage of a complementary endogenous messenger RNA (mRNA)
transcript is called RNA interference (RNAi). Although researchers had been using
exogenous single-stranded antisense oligonucleotides in cell experiments to cleave
specific mRNA and silence genes, Mello and Fire [9] described the process of dou-
ble-stranded RNA-mediated gene silencing, while Elbashir and colleagues proved
the principle in mammalian cells [10]. These studies provide the basis for the poten-
tial application of RNAi-based therapeutic intervention to control gene expression
at the posttranscriptional level. Clinical translation of RNAi, however, requires non-
toxic and biocompatible delivery systems. In this sense, the knowledge obtained
from the development of plasmid DNA (pDNA) nanocarriers as gene delivery vehi-
cles can be applied to RNAi-based therapeutics due to similar polyanionic and mac-
romolecular characteristics.

This chapter gives an overview of the rational design of polymeric micelles for
siRNA delivery directed toward therapeutic application. The design of block copo-
lymers for the assembly into multifunctional vehicles takes into account require-
ments needed to overcome extracellular and intracellular delivery barriers. Strategies
for the formation of stable polymeric micelles are discussed, and smart polymers to
overcome barriers are presented.
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8.2 Barriers to Synthetic siRNA Therapeutics

Small interfering RNA has a well-defined short structure of double-stranded RNA
of 19-25 nucleotides in length with 2 nucleotide overhangs at either 3" ends [11].
The synthetic siRNA molecule can induce mRNA cleavage by sequence specificity
once it is delivered to the cell cytoplasm. Synthetic siRNA is particularly attractive
for clinical applications as they enter the RNAi pathway in a later phase that avoids
the Dicer step and are less likely to interfere with gene regulation by endogenous
imperfectly paired noncoding hairpin RNA structures (microRNAs) that are natu-
rally transcribed by the genome [12]. In addition, they can be chemically modified
to improve stability, reduce immunogenicity, and off-target effects. The RNAi effect
induced by exogenous siRNA in vertebrates, however, is transient that lasts for a
number of days [13—15], which requires continuous doses for maintenance of a
therapeutic effect.

The delivery of siRNA into the target cell is the key to the translation of this new
technology into a therapeutic. The polyanionic and macromolecular (~13 kDa)
characteristics restrict its uptake across cellular membranes, while nonmodified
siRNA is unstable within the blood circulation due to degradation by serum nucle-
ases and the rapid clearance by renal excretion [14, 15]. Hence, a nanocarrier sys-
tem is required to provide systemic stability and prolonged circulation within the
bloodstream as well as facilitating cellular uptake. Thus, nanoparticle-based sys-
tems have been developed to improve the therapeutic effectiveness of siRNA. But
even with protection of the siRNA by incorporation within nanocarrier systems,
there are several extracellular and intracellular barriers for successful in vivo siRNA
delivery using nanocarriers (Table 8.1). The nanocarrier should (1) be stable and
exhibit prolonged circulation in order to reach the diseased site, (2) extravasate from
the bloodstream into the diseased tissue, (3) show stability in the extracellular
matrix, (4) enter the diseased cells, (5) escape from the endosomal compartment to
avoid degradation in the lysosome, and (6) disassemble in the cytoplasm to allow
interaction of free siRNA molecules with the RNAi machinery.

Table 8.1 Main barriers for the systemic delivery of siRNA within nanocarriers

Level Challenges
Circulation Interaction with biomacromolecules and clearance by mononuclear
phagocyte system (MPS)
Biodistribution Nonspecific accumulation
Unwanted systemic effects
Toxicology Nanocarrier toxicity
Immune response to RNAi
Oversaturation of RISC
Tissue permeability Endothelium penetration (extravasation)
Extracellular Extracellular stability and diffusion
Internalization Cellular uptake (endocytosis)
Intracellular Escape from endosomal compartment

Dissociation from the nanocarrier and trafficking
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Systemic administration of a nanocarrier system offers great potential due to
dissemination within the bloodstream that allows access to a wide variety of tissues
and cells. Therefore, the first challenge of a system is to be stable in the blood and
protect siRNA from nuclease degradation. In addition, other nonspecific interactions
with serum proteins can induce the nanocarrier dissociation or aggregation. The
interaction with biomacromolecules can induce embolization in microvessels or
capture by the mononuclear phagocyte system (MPS) mainly in the liver and spleen.
The size of the nanocarrier reduces renal filtration that is needed to prolong circula-
tion within the bloodstream. Undesirable biodistribution of nanocarriers may lead to
nonspecific accumulation in healthy tissues and to unwanted systemic effects.

The possible toxicity of a nanocarrier system needs to be addressed before clini-
cal experiments. Complete in vitro assessment allied to further preclinical evalua-
tion of the biodegradability of components is necessary to avoid toxic effects in
humans. Correspondingly, the evaluation of immune stimulation after administra-
tion of siRNA is an important matter. This stimulation is mediated by immune cells,
via the Toll-like receptor pathway and can activate high levels of inflammatory
cytokines such as interleukin-6 (IL-6) and interferon (IFN) [16—18]. Another toxi-
cology concern is the oversaturation of RISC in the target cell. Studies suggest that
the exogenous introduction of siRNA may result in the competition with endoge-
nous miRNAs for RISC [19, 20]. The repression of miRNA-regulated genes leads
to their re-expression, and this can ultimately disturb the normal tissue physiology.

The extravasation from the bloodstream to a desired tissue may occur passively
or actively. The passive accumulation is generally explained by the microvascular
hyperpermeability to circulating macromolecules, whereas the active accumulation
is facilitated by targeting ligands that associate with specific cell-surface receptors
(refer to Sect. 8.3).

The extracellular medium is also a challenge to the system. The microenviron-
ment of the tissue presents differences in the pH, enzymes, or ions that can damage
the nanocarrier causing dissociation before cellular entry. Moreover, for an extended
RNAI effect in the tissue, the particle should diffuse in the extracellular matrix to
reach cells located distant from the blood vessels. The siRNA nanocarrier normally
enters cells by the process of endocytosis that facilitates entry into the endocytic
pathway. Following cellular uptake, complexes are mainly transported to endosomes
with decreasing pH. The inability to escape this compartment will lead to the degra-
dation of the nanocarrier within the lysosomes. Thus, escaping the endosomes and
selective disassembly in cytoplasm are the ultimate challenges to be surpassed.

The success of nanoparticle-delivered RNAi therapeutics will depend on the
ability of the nanocarrier to overcome these biological barriers over a specific
period, selectively target the diseased tissue, degrade predictably, be well tolerated
and provide a high therapeutic index [21]. Thus, the therapeutic application of RNAi
relies on the strategy to safely and efficiently deliver the siRNA to the diseased tissue.
The in vivo application requires the design of formulations that are capable to per-
form several functions in order to overcome these hurdles and reach the cytoplasm
of a diseased cell. As cancer is a potential target disease for RNAi-based therapeu-
tics, this chapter will focus on nanocarrier delivery of siRNA to cancer cells.
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8.3 Passive and Active Targeting in Cancer

8.3.1 Passive Targeting

Rapidly dividing cancerous cells require a continuous supply of nutrients to main-
tain proliferation. Cancerous cells, therefore, secrete growth factors that induce
angiogenesis and result in a fast and disordered neovascularization around the tumor
area. The new blood capillaries present loose interendothelial junctions that allow
enhanced permeability to extravascular tissue. Through this leaky vasculature of the
tumor, some substances including polymeric micelles are able to extravasate from
the blood vessels to the tumor tissue. Moreover, the development of a lymphatic
system is insufficient in tumor tissue, resulting in poor drainage of macromolecular
substances from the tissue. This preferential macromolecular accumulation in solid
tumor tissue is known as enhanced permeability and retention (EPR) effect [22, 23].
The EPR effect found by Matsumura and Maeda has become the guideline for pas-
sive targeting in cancer.

For an effective passive accumulation by the EPR effect, the nanocarriers should
be small enough to permeate through the gaps in the endothelium from the blood
compartment into solid tumors. Secondly, nanocarriers should have long circulation
properties. Theoretically, long-circulating nanocarriers have an increased chance to
find these gaps between endothelial cells and extravasate to tumor tissue. The long-
circulation property is, in fact, a consequence of its stability in the bloodstream, avoid-
ing glomerular excretion by the kidney and nonspecific complement activation and
opsonization that could lead to uptake by the MPS in the liver, spleen, and lung. As
the renal filtration cutoff is 50 kDa (or 5—-6 nm), rapid removal and excretion of par-
ticles smaller than this cutoff is expected [24]. On the other hand, larger particles can
be recognized and removed by the MPS, resulting in short half-life in the blood [25].

8.3.2 PEGylated Micelles

A common strategy to improve the blood circulation and the pharmacokinetic prop-
erties of a nanocarrier to successfully passive target solid tumors by EPR is
PEGylation. PEGylation is the addition of a poly(ethylene glycol) (PEG) shell to
the nanoparticles to utilize its protective properties and produce stealth particles.
PEG has a general structure of HO—(CH,CH,0) ~CH,CH,~OH, encompassing a
flexible polyether backbone, with ether oxygen molecules forming hydrogen bonds
with water molecules in solution. The protective effect of PEG is due to the forma-
tion of a dense, hydrated layer of long flexible chains on the surface of the colloidal
particle that reduces nonspecific interactions with plasma proteins [26]. Importantly,
an increase of PEG molecular weight >2,000 Da improves the blood circulation
half-life of the PEGylated particles, probably due to the increased chain flexibility
of higher MW PEG polymers [27]. Thus, PEGylation provides nanocarriers with
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improved solubility and lower surface charge and prevents aggregation. The outer
PEG hydrophilic shell layer increases the system stability in serum, prolongs its
circulation time, and reduces polymer toxicity. As a result of this, PEG has become
an essential component in the design of block copolymers and micelles for siRNA
delivery in vivo.

For the preparation of PEG-polycation block copolymers, PEG is utilized as
macroinitiator for further polymerization of a cationic segment [5, 28]. Usually,
these two segments can be coupled together, resulting in AB diblock or even ABC
triblock architecture when a neutral B block is included with different functionality
(Fig. 8.1). In contrast to AB or ABC block copolymer, the PEG chains in graft copo-
lymers are attached to the main chain of cationic segments which may hinder the
electrostatic interaction of polycationic segment to siRNA and interfere with micel-
lization. PEG used in the block copolymer synthesis usually has a functional o or/
and o end groups such as amino groups [5, 28-30].

8.3.3 Active Targeting

When a receptor-mediated endocytosis mechanism is employed, it is possible
to deliver the siRNA to a particular cell population in the target region. In this case,
a targeting moiety is introduced into the polymer for a specific affinity towards a
cellular receptor. The incorporation of targeting ligands into the micelle shell provides
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Fig. 8.2 Incorporation of targeting moiety into AB block copolymer for the preparation of surface
functionalized micelle to active target diseased cells

control of biodistribution and site-specific cellular uptake, in a process referred to as
active targeting (Fig. 8.2). Due to increased stability in serum provided by PEG, the
strategy used by researchers is the functionalization of the distal end of PEG chain
to introduce the targeting moieties. The moieties studied for active targeting include
lactose (to bind asialoglycoprotein receptors in hepatocytes) [31, 32], cyclic RGD
peptide (to bind a. 3, integrin receptors expressed in several cells including cancer-
ous) [33, 34], transferrin [35, 36], hyaluronic acid [37], and various others [38, 39].

8.4 Formation of Polymeric Micelles

The unique characteristic of amphiphilic block copolymers to form supramolecular
structures of different size and shape due to distinct solvent affinity facilitates the
formation of polymeric micelles. Core-shell architecture is often observed when the
hydrophobic segment is segregated from the aqueous phase to form the core which
is surrounded by a palisade of the hydrophilic segments. This structure provides the
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use of micelles as therapeutic nanocarriers due to the variety of molecules that can
be incorporated into the core. In fact, the scientific community has long been study-
ing the application of polymers as carrier of drugs (e.g., polymer—drug conjugates)
[40—42] as well as forming micelles [43-46] with the core as a separated
nanocontainer.

Micellization through self-assembly is often the result of a delicate balance
between intermolecular forces [3]. As stated previously, the polymeric micelles
have the hydrophobic interactions as the main driving force for the micellization
[47] when they are composed of amphiphilic block copolymers and assembled in
aqueous media. In this case, the core segregation from aqueous milieu directs the
formation of micelles and is induced by the hydrophobic interactions [2, 47, 48] and
proceeds through the combination of other intermolecular forces which include
metal complexation [49, 50], organic/inorganic interactions [51-54], and hydrogen
bonding [30, 55].

8.4.1 Formation of Polyion Complex Micelles

The variation of the intermolecular force of core-forming segments enables the
regulation of micelle formation and its stability. In fact, the concept of micellization
of core-shell structures by the formation of hydrophilic shell surrounding a segre-
gated hydrophobic core can be extended for the micellization using the electrostatic
interactions as the main driving force [3, 6, 28]. New types of block copolymer
micelles formed through electrostatic interaction between oppositely charged mol-
ecules in aqueous medium are named polyion complex (PIC) micelles. The oppo-
sitely charged molecules include, among others, synthetic polymers of various
architectures and biopolymers (proteins, enzymes, and oligonucleotides).

In this sense, the homopolymer as the polycation and negatively charged oligo-
nucleotides precipitate to form water-insoluble organic salts. However, in order to
provide dispersibility to the aggregates, additional segments to the homopolymer
are necessary for the assembly into micelles. Hence, the design of block copolymers
comprising a block of neutral hydrophilic polymer such as poly(ethylene glycol)
(PEG) and a block of polyion is often used to the micellization process to achieve
colloidal stability. The hydrophilic segments will form a shell surrounding the poly-
ionic core and provide the dispersibility through the stealth property.

The micellization in this case arises from the association of a pair of polyelectro-
lytes with opposite charge which induces the release of the counterions from each
polyelectrolyte as free ions to increase the translational entropy, while the electro-
static attraction of opposite charges occurs due to Coulomb force [28, 56-58]. With
the increase in residual energy at the interface between PIC and an aqueous phase,
the size of the complexes should consequently increase to decrease the relative sur-
face area, allowing a reduction of the interfacial free energy [47]. This balance
between interfacial energy and conformational entropy of the polymer strands
determines the thermodynamically stable size of the PIC micelles [3].
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The formation of polyion complex micelles (PIC micelles) was first verified by
our group for the pair of oppositely charged block copolymers PEG-poly(L-lysine)
and PEG-poly(a.,B-aspartic acid) [28]. These first PIC micelles presented size
around 30 nm and polydispersity of <0.1. Obviously, the core of the PIC micelle can
serve as a reservoir for molecules, once it forms a separated phase from the outer
space. In a similar association fashion, supramolecular assembly is easily obtained
when using opposite charges of oligonucleotides and polycations: the negatively
charged oligonucleotides bind the positively charged polycation to form a polyion
complex through electrostatic interactions [3-5]. In addition, negatively charged
oligonucleotides such as double-stranded DNA and siRNA share many common
characteristics; thus, siRNA micelle design can benefit from the ideas and knowl-
edge previously developed for DNA delivery [59].

8.5 Polymeric Micelles for siRNA Delivery

A new in vivo vector for oligonucleotides formed through the self-association of
block copolymers, and antisense DNA was reported soon after the concept of PIC
micelles [6]. As a result of the use of PEG-poly(L-lysine) (PEG-PLL) as the oligo-
nucleotide counterpart, spherical PIC micelles were formed entrapping the anti-
sense DNA in the core (Fig. 8.3). Similarly, plasmid DNA (pDNA) was loaded into

Polyion complex

antisense DNA

electrostatic force I:>

Association

®
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@

PEG-P(Lys) Polyion complex micelles

Fig. 8.3 Formation of PIC micelles between PEG-PLL and antisense DNA. Adapted with permis-
sion from [6]. Copyright 1996 American Chemical Society
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PIC micelles formed with PEG-PLL, and the regulated release of free DNA from
the polymeric micelle was reported to be triggered through replacement by the
counterpolyanion [5].

Similarly to the micellar assembly of the PIC micelles with DNA, block copoly-
mers consisting of PEG-polycation segments lead to the self-assembly of a structure
with a core-shell architecture, when mixed with siRNA. The first passive targeting
PIC micelle prepared for siRNA delivery comprised of a PEG-block catiomer car-
rying diamine side chain with distinctive pK, [60]. PEG-poly(3-[(3-aminopropyl)
amino] propyl aspartamide (PEG-DPT) was synthesized by a side chain aminolysis
reaction of PEG-poly(B-benzyl L-aspartate) block copolymer (PEG-PBLA) with
dipropylene triamine (DPT). The resulted block copolymer could efficiently incor-
porate the siRNA to form micelles and showed luciferase gene knockdown.

A siRNA nanocarrier system for active targeting was successfully reported by
Schiffelers and colleagues [33]. In this research, the authors utilized a copolymer
comprising PEI as the core-forming agent, PEG for steric stabilization, and peptide
ligand containing a disulfide-stabilized Arg-Gly-Asp (RGD) motif at the distal end
of PEG to provide tumor selectivity due to its ability to target integrins expressed on
activated endothelial cells in tumor vasculature. The self-assembly of the RGD—
PEG-PEI conjugates with siRNA was found to form sterically stabilized “layered”
PIC micelles with exposed RGD ligands. This work suggested that the introduction
of the targeting ligand resulted in a selective uptake of the polyplexes in the tumor
vasculature after intravenous administration.

Besides the electrostatic force, alternative approaches to provide higher stability
for the PIC micelles are being studied. This includes the use of additional forces
such as hydrophobic interactions through the incorporation of hydrophobic groups
for facilitated core formation, the chemical conjugation of siRNA to PEG, and inor-
ganic/organic interactions.

In an attempt to improve the stability of polymeric micelles in the blood, Kim
et al. prepared siRNA covalently bond to PEG segment via disulfide linkage [61].
The micelles were assembled with the addition of a core-forming polycation poly-
ethylenimine (PEI) to produce a more stable core-shell structure. The hydrophilic
PEG segment covalently attached to the siRNA forms a corona-type surface layer,
while the core is formed by charge neutralization between siRNA and cationic
agents. This system formed micelles with a hydrodynamic diameter of ~99 nm and
was evaluated for in vivo delivery of antiangiogenic siRNA to female nude mice
bearing subcutaneous prostate tumors. Intravenously injected PEG-siRNA/PEI
micelles were two times more effective than siRNA/PEI complexes by the reduction
of angiogenic vascular endothelium growth factor (VEGF) protein in the tumor.
Interestingly, micelles accumulated passively in the tumor by the EPR effect, most
likely taking advantage of the protective PEG corona.

An alternative approach to design micelles for siRNA delivery based on the con-
jugate PEG-siRNA was reported by Oishi et al. [31]. Remarkably, enhanced gene
silencing was achieved by PIC micelles composed of lactosylated-PEG-siRNA con-
jugate bearing acid-labile B-thiopropionate linkage and poly(L-lysine) (Fig. 8.4).
PIC micelles were formed by the interaction of the polycation poly(L-lysine) and
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Fig. 8.5 Schematic drawing of self-assembled cationic micellar nanoparticles and loading of
siRNA. Reprinted from [62], Copyright 2008, with permission from Elsevier

the anionic siRNA with a corona of hydrophilic PEG. The clustered lactose moieties
at the end of PEG enabled active uptake into hepatoma cells by a receptor-mediated
mechanism. Furthermore, the efficient transport of free siRNA into the cytoplasm
was achieved through PEG detachment from the conjugates in response to the
decreased pH (~5.5) in the endosomal/lysosomal compartment that triggered cleav-
age of the B-thiopropionate linkage.

Hydrophobicity is known to drive phase separation in aqueous environment.
Consequently, the use of hydrophobic interactions as an additional force to assist
PIC micelle formation is an interesting strategy to improve stability. In this context,
the group of Wang presented an elegant design for the preparation of polymeric
micelles to encapsulate siRNA [62, 63]. They prepared an amphiphilic triblock
copolymer consisting of a monomethoxy PEG (mPEG) block, a poly(e-caprolac-
tone) (PCL) block and a cationic poly(2-aminoethyl ethylene phosphate) (PPEEA)
block (mPEG-PCL-PPEEA). The rationale behind the choice is the hydrophobic
interactions between PCL segments which induces the micellar core formation and
stabilizes the nanoparticles, while the positively charged PPEEA block serves as
siRNA binding site. Tri-layered micellar nanoparticles were formed by self-assem-
bly in aqueous solution (Fig. 8.5). The siRNA loaded in these polymeric micelles
was efficiently delivered and resulted in green fluorescent protein (GFP) gene
silencing in HEK293 cells in the presence of serum [62], while reduced subcutane-
ous tumor growth was observed by knocking down acid ceramidase in vivo [63].
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Hydrophobic forces were also utilized to stabilize the micelles by Kim et al. who
reported the development of hydrophobic polycations by using PAsp(DET) (poly{N-
[N-(2-aminoethyl)-2-aminoethyl]aspartamide}) as the backbone polycation and
stearoyl groups as a hydrophobic moiety to facilitate core formation [64]. To opti-
mize the interaction between polycations and siRNA, stearoyl PAsp(DET) with dif-
ferent substitution degrees were synthesized and characterized for siRNA complex
stability and RNAi activity in cultured cells. The stearoyl introduction onto
PAsp(DET) side chains led to the complex stabilization via hydrophobic interaction
and micelles presented low cytotoxicity. Additionally, the PAsp(DET) polycations
backbone contributed to the excellent endosomal escape of siRNA complexes,
resulting in an improved RNAI activity in vitro. The in vivo application of micelles
comprising stearoyl PEG-SS-PAsp(DET) complexed with siRNA presented longer
stability in the blood as verified by intravital real-time confocal laser scanning
microscopy [65]. The extended circulation time of PEGylated micelles that were
hydrophobically stabilized allowed effective passive accumulation in solid tumors.
The significant in vivo gene silencing through the use of this smart siRNA complex
after systemic administration strongly indicates successful siRNA delivery.

Inorganic/organic interactions can facilitate the formation of nanoparticles and
the encapsulation of siRNA. The precipitation of inorganic salts apparently has the
electrostatic force as the main driving force. When mixed in an aqueous environ-
ment, inorganic compounds precipitate to form insoluble particles, which soon
aggregate with each other. In this case, physical barriers surrounding the salt are
needed to avoid further aggregation and crystal growth. The use of additives to pro-
vide colloidal stability through steric repulsion of the precipitates includes block
copolymers and other molecules.

Interestingly, negatively charged nucleic acids are entrapped in inorganic nano-
particles during wet precipitation. Inorganic/organic hybrid nanoparticles carrying
siRNA hold great promise for clinical application since they are easily prepared,
water dispersible, and stable in biological environments. In addition, due to physi-
ological stability, hybridizing inorganic nanoparticles with organic compounds such
as polymers as the physical barrier to aggregation offers a potential alternative for
effective nanocarriers [66—68]. This hypothesis was realized through the use of
PEG-polyanion as the physical barrier to calcium phosphate nanoparticles aggrega-
tion in the report of the first calcium phosphate hybrid system [51]. Kakizawa et al.
obtained stable PEGylated hybrid nanoparticles as a low cytotoxic nanocarrier of
antisense DNA.

The first application of hybrid nanoparticles for siRNA delivery that involved
calcium phosphate (CaP) nanoparticles coated with poly(ethylene glycol)-block-
poly(aspartic acid) (PEG-P(Asp)) shows promising results [69]. Through a simple
mixing of separate solutions containing calcium, phosphate, siRNA, and PEG-
P(Asp), nanoparticles were formed having a size smaller than 100 nm. While the
loading capacity of siRNA reached almost 100% under optimal conditions, the par-
ticle size could be regulated to some extent by adjusting the PEG-P(Asp) concentra-
tion. Eventually, the intracellular environment with appreciably lowered calcium
ion concentration compared to the exterior allowed the release of the incorporated
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Fig. 8.6 Formation of inorganic/organic hybrid nanoparticles by the use of PEG-SS-siRNA and
calcium phosphate. Reprinted with permission from [52]. Copyright 2009 Wiley

siRNA in a controlled manner. Furthermore, using a similar strategy to form poly-
meric nanoparticles, the same authors employed the polyanion PEG-block-
poly(methacrylic acid) (PEG-PMA). The strategy was to incorporate the molecular
units facilitating endosomal escape directly into the block copolymer structure trig-
gered by PMA conformational transition at pH 4-6 which approximately corre-
sponds to the endosomal pH [70]. Finally, the use of PEG-polyanion was essential
to the formation of stable hybrid nanoparticles that showed an appreciable silencing
of the reporter gene in vitro.

Interestingly, other reports have proposed the use of different strategies to obtain
stable hybrid nanoparticles through inorganic/organic interactions. Zhang et al.
hypothesized that the integration of siRNA into block copolymers via a cleavable
disulfide bond to form PEG-ss-siRNA conjugate could be useful to form the cal-
cium phosphate hybrid nanoparticles and obtain a high loading efficiency (Fig. 8.6)
[52]. Theoretically, an increased efficacy of siRNA entrapment is a trade-off rela-
tionship in the regulated crystal growth since siRNA and PEG-block-polyanion
compete for binding with the positive charges on the CaP crystal [71]. Indeed, using
PEG and siRNA bound via disulfide, the authors obtained nanoparticles of size
between 90 and 120 nm with very narrow particle size distribution (polydispersity
index <0.1). Nanoparticles were confirmed to be spherical and exhibited well-
defined core-shell architecture, with up to 86% siRNA incorporation efficiency.

8.6 Designing Polymeric Nanocarriers for Cytoplasmic
Delivery

A great advantage of using synthetic polymers in nanocarrier systems is the possi-
bility to include blocks or segments with distinct functions to overcome a specific
delivery barrier. Hence, it is of great importance to understand the pathways and
environments in which the nanocarriers undergo, and the physical, chemical or bio-
logical changes in the microenvironment that are related to the disease to be treated
or tissue to be reached.

Many block copolymers with smart functions, such as chemical [72—74] or physi-
cal [75] stimuli-sensitivity, and the targetability to specific tissues [38, 39] have
already been designed for drug or gene delivery. These functions utilize the stimuli
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provided by the environment found within the specific tissues or intracellular com-
partments. Indeed, several intracellular signals, such as low pH [73, 74], glutathione
[76], and specific enzymes [77], have been used in the design of stimuli-responsive
polymeric nanocarriers. This section focuses on the design of multifunctional block
copolymers for a successful cytoplasmic delivery.

8.6.1 Stimuli-Responsive Systems

A variety of biochemical environments encountered by the micelles during the path
to the diseased tissue can be utilized to promote physicochemical changes in poly-
meric nanocarriers [78, 79]. For instance, the pH in the bloodstream is ~7.4 while
~6.5 in the early endosomes and 5.5 in the late endosomes, rising to 7.2 in the cyto-
plasm [80]. These pH changes allow the integration of an endosomal escape func-
tion to the polymer, and thus to the micelle, by utilizing polymers possessing acidic
pH sensitivity.

Surprisingly, simple polycations such as PEI have presented significant endo-
somal escape due to low pK_ amines that undergo protonation in an acidic environ-
ment. The mechanism through which low pK, amines promote endosomal escape is
the “proton sponge effect,” in which the protonation of amines in the endosome
stimulates the influx of protons and chloride ions into this compartment, increasing
the osmotic pressure that results in the disruption of the compartment [81]. Although
the “proton sponge effect” is the theory most accepted in this case, its effectiveness
is under debate [82]. Concerns regarding PEI cytotoxicity have restricted its clinical
use; therefore, new biodegradable PEI derivatives for siRNA delivery are being
designed to enhance transfection efficacy using substitution of degradable moieties
and copolymers [83, 84]. Interestingly, Park and colleagues developed a siRNA vec-
tor comprising PEI grafted to hyaluronic acid (HA) via a disulfide linkage (PEI-
SS-HA). Described as a nontoxic vector, specific cellular uptake by the HA receptor
through endocytosis is observed. In addition, intratumoral injection of this complex
incorporating VEGF siRNA significantly suppressed subcutaneous tumor growth
through the anti-angiogenic effect with decreased VEGF mRNA and protein [37].

A comprehensive study done by our group [80, 85-87] has shown that aligning
the aminoethylene structure (the main component of PEI) in the side chain of a
polymer strand can significantly decrease the polycation cytotoxicity by generating
pH sensitivity. As observed in PAsp(DET) and PAsp(TEP) (PAsp(TEP): poly[N-(N-
{N-[N-(2-aminoethyl)-2-aminoethyl]-2-aminoethyl }-2-aminoethyl)aspartamide]),
a monoprotonated structure is present at pH 7.4 while the drop to pH 5.5 allows the
formation of a diprotonated structure in the 1,2-diaminoethane unit, which is essen-
tial for the endosome-selective membrane destabilization effect. This selective pro-
tonation of the polymer in the endosomes allow efficient but less toxic endosomal
escape of the micelles (Fig. 8.7).

Stimuli-responsive polymers not only allow enhanced endosomal escape, but
also provide efficient siRNA release from the micelles in the cytoplasm. A review
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by Kwon has presented stimuli-sensitive chemistry that can be included in the
design of polymeric micelles for siRNA delivery [78]. Among the structures, acid-
cleavable linkers and acid-protonating groups were identified (Fig. 8.8). The syn-
thesis of block copolymers containing stimuli-sensitive groups enables the structure
to (1) undergo conformational changes from a hydrophilic structure to a membrane-
destabilizing form at the low pH in the endosomes or (2) facilitate disassembly of
the nanocarrier resulting in efficient delivery of free siRNA [88].

Some of these chemical groups can be linked to a block copolymer to protect the
endosome-disrupting component, converting the charge of (or neutralizing) the
primary amines. That is the case of a system designed by our group, in which the
cationic charges of the dual-functional polycation PEG-PAsp(DET) (the stealth and
endosomal-disrupting functions provided by PEG and PAsp(DET), respectively),
was converted to a net negative charge with the addition of cis-aconitic acid form-
ing PEG-PAsp(DET-Aco) [poly(ethylene glycol)-b-poly{N-[N-(N-cis-aconityl-2-
aminoethyl)-2-aminoethyl]aspartamide}]. Namely, charge-conversional polymer
(CCP), the newly formed polyanion comprising cis-aconitylamide enabled an effec-
tive integration of the dual-functional block copolymer to calcium phosphate nano-
particles carrying siRNA through the two carboxylates of the cis-aconityl moiety
[53]. In the rational hypothesis, the obtained hybrid nanoparticles are stable in pH 7.4,
but at the endosomal pH of 5.5, cleavage of the cis-aconitylamide will take place to
reproduce the endosomal destabilizing polycation PAsp(DET) following to the dis-
assembly of the particles and siRNA release into the cytoplasm (Fig. 8.9).

Confocal microscopy revealed a rapid endosomal escape of the labeled siRNA
(Fig. 8.10), indicating that the siRNA was released from the nanoparticles in the
cytoplasm and was free to produce the RNAI effect, in agreement with the initial
hypothesis for the design of the system. When the red pixels of cy5-siRNA are co-
localized with the green pixels of lysotracker, the resultant color is yellow, and it is
an indicative that the nanocarrier is still inside the endosomes. When the red pixels
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are not co-localized with green, the siRNA is already released into the cytoplasm.
As a control, a non-charge-conversional polymer was used (PEG-PAsp(DET-Car)).
A special feature of this calcium phosphate hybrid system allowed the slow disas-
sembly of calcium crystals in a low ionic compartment, which resulted in the release
of siRNA after 24 h in noncharge conversional polymers as well [53], although not
as efficiently as the CCP containing system.

Among the pH-sensitive groups, the disulfide linkage is well characterized as a
chemical bond that is cleaved specifically in the cytoplasm. Once it is reduced by
glutathione (GSH), whose intracellular concentration is much higher than the extra-
cellular, it allows the disassembly of the particles carrying siRNA that are stabilized
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Fig. 8.10 Confocal microscopy images of pancreatic cancer cells (PanC-1) at 3 and 24 h after addition
of hybrid particles comprising pH-sensitive PEG-PAsp(DET-Aco) or the non-pH-sensitive control
PEG-PAsp(DET-Car). Blue=Hoescht at 710 nm; Green=Lysotracker Green at 488 nm; Red=
Cy5-labeled siRNA at 633 nm. Reprinted from [53], Copyright 2011, with permission from Elsevier
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by these linkages within the cytoplasm. In this regard, the primary amino groups
of PLL are advantageous once it is possible to introduce thiol groups [76, 89, 90].
A variety of novel PLL derivatives have been synthesized and investigated [91-93]
in an effort to improve the release of nucleic acids by utilizing these linkages for (1)
producing micelles with disulfide cross-linked core for higher stability in the blood-
stream and (2) take advantage of its reducible characteristics for a controlled intra-
cellular siRNA release.

In work from our group (Matsumoto et al.), iminothiolane-modified poly(ethylene
glycol)-block-poly(L-lysine) [PEG-b-(PLL-IM)] and siRNA were used to prepare
core-shell-type PIC micelles with a disulfide cross-linked core [93]. The ~60 nm
micelles maintained the structure at physiological ionic strength but were disrupted
under reductive conditions due to the cleavage of disulfide cross-links. Interestingly,
redox-sensitive PIC micelles presented 100-fold higher siRNA transfection efficacy
compared with non-cross-linked PICs prepared from PEG-b-PLL. Furthermore,
deeper analysis of the mechanisms of PIC micelles formation showed that a high
degree of PEG-b-PLL modification with 2-iminothiolane resulted in the formation
of N-substituted 2-iminothiolane structures in the majority of reacted lysine side
chains [94]. Although micelles formed with PEG-b-PLL(N2IM-IM) and siRNA
showed high stability in vitro and in the bloodstream, there was a loss of sensitivity
to disulfide reducing conditions which resulted in lower RNAIi effect on the cellular
level. Thus, reversible micelle stability is critical to achieve high gene silencing and
a balanced ratio in the reducible disulfide crosslink is necessary.

Acetals and ketals have been included as stimuli-responsive components of
nanocarriers [78, 95]. The acid-triggered disruption of the interaction between
siRNA and polymer can be achieved by incorporating the polymers with branches
carrying internal acetal/ketal linkages into the polymeric siRNA micelles [78].
Kwon’s group has synthesized linear PEI with grafted primary amines through acid
degradable ketal linkage [96]. The siRNA is complexed with the grafted primary
amine of the ketalized PEI to form PIC micelles under physiological pH conditions.
The intracellular release of siRNA is accelerated by the cleavage of the ketal linkage
when the nanocarrier is subjected to acidic conditions. Confocal laser scanning
microscopy observation confirmed the release of siRNA from the ketalized PEI,
probably due to the cleavage of the ketal linkage in the low pH of endosomes/lyso-
somes. Overall, it is important to note that hydrolysis of acetals generates aldehydes
that can react with amines of proteins in the cell and result in toxicity, while hydro-
lysis of ketals will produce ketones.

8.7 Future Perspectives

The effective therapeutic application of RNALI is highly dependent on the development
of nanocarriers for siRNA protection and site-specific delivery. Improved delivery
will lead to increased RNAI efficiency and the decrease in any possible adverse
effects. Successful in vivo delivery requires nanocarriers capable of performing
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multiple functions at an appropriate timing during the delivery process. In this
regard, a great advantage for synthetic polymers is the possibility of preparing dif-
ferent structures and blocks of polymers capable to perform specific functions.
These block copolymers have been utilized to form nanoscale polymeric micelles
for siRNA delivery based on previous knowledge obtained for drug and gene deliv-
ery systems.

The rational design of novel stimuli-responsive block copolymers for the forma-
tion of new polymeric micelles has been shown to be a promising strategy toward
effective RNAI. Future directions on polymer synthesis will couple biological infor-
mation on tissue microenvironment changes and the available library of responsive
chemical groups and moieties for the preparation of novel stimuli-responsive block
copolymers. Biodegradable functional polymers as well as biocompatible materials
may play an important role for the approval in toxicological tests. New options of
hydrophilic polymers are also desirable as alternatives for PEG, such as poly(/V-[2-
hydroxypropyl]methacrylamide). Furthermore, although non-targeting system are
exploiting the leaky vasculature of tissue for passive accumulation by the EPR
effect, targeting systems holds the promise to sharply regulate the biodistribution by
active targeting in vivo. Finally, polymeric micelles composed of multifunctional
polymers rationally designed to overcome extracellular and intracellular barriers
offer the potential to be translated into therapeutics.

The possibility to incorporate siRNA and imaging agents in the same nanocarrier
provides new paths for future research. This exciting approach is the design of ther-
anostics, the union of therapeutics and diagnostics to be realized in the future. The
strategy will require convenient methods to prepare multifunctional versatile nano-
carriers with tunable structure and properties, and synthetic polymer chemistry may
play an important role to achieve this.

The feasibility for the clinical translation of polymeric micelles will depend on
several factors which include the efficient performance in preclinical tests allied to
its safety. A complete preclinical evaluation of nanocarriers can provide robust vali-
dation for consistent introduction into clinical tests. Rigorous toxicological assess-
ment and effective pharmacokinetics and biodistribution data are essential.

Much effort has been made to translate RNAi biology into RNAI therapeutics.
The following years promise to be crucial for the demonstration of efficacy and
safety of polymeric micelles to enable the clinical use of RNAi. With only few years
since initial characterization of RNAI, there is still a completely open field for new
ideas, approaches, targets, diseases, and nanocarriers systems.

References

1. Duncan R (2003) The dawning era of polymer therapeutics. Nat Rev Drug Discov
2(5):347-360

2. Kataoka K, Kwon GS, Yokoyama M, Okano T, Sakurai Y (1993) Block-copolymer micelles as
vehicles for drug delivery. J Control Release 24:119-132



180

3.

4.

5.

10.

11.

12.

13.

14.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

F. Pittella and K. Kataoka

Kataoka K, Harada A, Nagasaki Y (2001) Block copolymer micelles for drug delivery: design,
characterization and biological significance. Adv Drug Deliv Rev 47:113-131

Kabanov AV, Kabanov VA (1998) Interpolyelectrolyte and block ionomer complexes for gene
delivery: physicochemical aspects. Adv Drug Deliv Rev 30:49-60

Katayose D, Kataoka K (1997) Water-soluble polyion complex associates of DNA and
poly(ethylene glycol)—poly(L-lysine) block copolymer. Bioconjug Chem 8:702-707

. Kataoka K, Togawa H, Harada A, Yasugi K, Matsumoto T, Katayose S (1996) Spontaneous

formation of polyion complex micelles with narrow distribution from antisense oligonucle-
otide and cationic block copolymer in physiological saline. Macromolecules
29(26):8556-8557

. Grisham J (2000) Inquiries into gene therapy widens. Nat Biotechnol 18:254-255
. Howard KA, Kjems J (2007) Polycation-based nanoparticle delivery for improved RNA inter-

ference therapeutics. Expert Opin Biol Ther 7(12):1811-1822

. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998) Potent and specific

genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature
391:806-811

Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T (2001) Duplexes of
21-nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature
411:494-498

Hannon GJ (2002) RNA interference. Nature 418:244-251

Nellen W, Lichtenstein C (1993) What makes an mRNA anti-sense-itive? Trends Biochem Sci
18:419-423

Tavernarakis N, Wang SL, Dorovkov M, Ryazanov A, Driscoll M (2000) Heritable and induc-
ible genetic interference by double-stranded RNA encoded by transgenes. Nat Genet
24:180-183

Whitehead KA, Langer R, Anderson DG (2009) Knocking down barriers: advances in siRNA
delivery. Nat Rev Drug Discov 8(2):129-138

. Bartlett DW, Davis ME (2006) Insights into the kinetics of iRNA-mediated gene silencing

from live-cell and live-animal bioluminescent imaging. Nucleic Acids Res 34:322-333
Alexopoulou L, Holt AC, Medzhitov R, Flavell RA (2001) Recognition of double-stranded
RNA and activation of NF-kB by Toll-like receptor 3. Nature 413:732-738

Robbins M, Judge A, MacLachlan I (2009) siRNA and innate immunity. Oligonucleotides
19:89-102

. Samuel-Abraham S, Leonard JN (2010) Staying on message: design principles for controlling

nonspecific responses to siRNA. FEBS J 277:4828-4836

Khan AA, Betel D, Miller ML, Sander C, Leslie CS, Marks DS (2009) Transfection of small
RNAs globally perturbs gene regulation by endogenous microRNAs. Nat Biotechnol
27(6):549-555

Koller E, Propp S, Murray H, Lima W, Bhat B, Prakash TP, Allerson CR, Swayze EE,
Marcusson EG, Dean NM (2006) Competition for RISC binding predicts in vitro potency of
siRNA. Nucleic Acids Res 34(16):4467-4476

Shim MS, Kwon YJ (2010) Efficient and targeted delivery of siRNA in vivo. FEBS J
277(23):4814-4827

Matsumura Y, Maeda H (1986) A new concept for macromolecular therapeutics in cancer
chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor agent
smancs. Cancer Res 46:6387-6392

Maeda H, Wu J, Sawa T, Matsumura Y, Hori K (2000) Tumor vascular permeability and the
EPR effect in macromolecular therapeutics: a review. J Control Release 65:271-284

Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Itty Ipe B, Bawendi MG, Frangioni JV (2007)
Renal clearance of quantum dots. Nat Biotechnol 25:1165-1170

Alexis F, Pridgen E, Molnar LK, Farokhzad OC (2008) Factors affecting the clearance and
biodistribution of polymeric nanoparticles. Mol Pharm 5:505-515

Joralemon MJ, McRae S, Emrick T (2010) PEGylated polymers for medicine: from conjuga-
tion to self-assembled systems. Chem Commun (Camb) 46(9):1377-1393



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Polymeric Micelles for siRNA Delivery 181

Gref R, Luck M, Quellec P, Marchand M, Dellacherie E, Harnisch S, Blunk T, Muller RH
(2000) ‘Stealth’ corona-core nanoparticles surface modified by polyethylene glycol (PEG):
influences of the corona (PEG chain length and surface density) and of the core composition
on phagocytic uptake and plasma protein adsorption. Colloids Surf B Biointerfaces
18:301-313

Harada A, Kataoka K (1995) Formation of polyion complex micelles in aqueous milieu from
a pair of oppositely-charged block copolymers with poly(ethylene glycol) segments.
Macromolecules 28:5294-5299

Yokoyama M, Inoue S, Kataoka K, Yui N, Okano T, Sakurai Y (1989) Molecular design for
missile drug-synthesis of adriamycin conjugated with immunoglobulin-G using poly(ethylene
glycol)-block-poly (aspartic acid) as intermediate carrier. Makromol Chem 190:2041-2054
Kataoka K, Ishihara A, Harada A, Miyazaki H (1998) Effect of the secondary structure of
poly(L-lysine) segments on the micellization in aqueous milieu of poly (ethylene glycol)—
poly(L-lysine) block copolymer partially substituted with a hydrocinnamoyl group at the
Nepsilon-position. Macromolecules 31:6071-6076

Oishi M, Nagasaki Y, Itaka K, Nishiyama N, Kataoka K (2005) Lactosylated poly(ethylene
glycol)-siRNA conjugate through acid-labile beta-thiopropionate linkage to construct pH-
sensitive polyion complex micelles achieving enhanced gene silencing in hepatoma cells. J
Am Chem Soc 127(6):1624-1625

Kataoka K, Harada A, Wakebayashi D, Nagasaki Y (1999) Polyion complex micelles with
reactive aldehyde groups on their surface from plasmid DNA and end functionalized charged
block copolymers. Macromolecules 32:6892—-6894

Schiffelers RM, Ansari A, Xu J, Zhou Q, Tang Q, Storm G, Molema G, Lu PY, Scaria PV,
Woodle MC (2004) Cancer siRNA therapy by tumor selective delivery with ligand-targeted
sterically stabilized nanoparticle. Nucleic Acids Res 32(19):e149

Oba M, Fukushima S, Kanayama N, Aoyagi K, Nishiyama N, Koyama H, Kataoka K (2007)
Cyclic RGD peptide-conjugated polyplex micelles as targetable gene delivery system directed
to cells possessing o 3, and a. 3, integrins. Bioconjug Chem 18:1415-1423

Davis ME (2009) The first targeted delivery of siRNA in humans via a self-assembling, cyclo-
dextrin polymer-based nanoparticle: from concept to clinic. Mol Pharm 6(3):659-668

Davis ME, Zuckerman JE, Choi CH, Seligson D, Tolcher A, Alabi CA, Yen Y, Heidel JD,
Ribas A (2010) Evidence of RNAI in humans from systemically administered siRNA via tar-
geted nanoparticles. Nature 464(7291):1067-1070

Park K, Lee MY, Kim KS, Hahn SK (2010) Target specific tumor treatment by VEGF siRNA
complexed with reducible polyethyleneimine-hyaluronic acid conjugate. Biomaterials
31:5258-5265

Nagasaki Y, Yasugi K, Yamamoto Y, Harada A, Kataoka K (2001) Sugar-installed block copo-
lymer micelles: their preparation and specific interaction with lectin molecules.
Biomacromolecules 2:1067-1070

Bae Y, Jang W-D, Nishiyama N, Fukushima S, Kataoka K (2005) Multifunctional polymeric
micelles with folate-mediated cancer cell targeting and pH-triggered drug releasing properties
for active intracellular drug delivery. Mol Biosyst 1:242-250

Ringsdorf H (1975) Structure and properties of pharmacologically active polymers. J Polym
Sci Symp 51:135-153

Lloyd JB, Duncan R, Kopecek J (1986) Synthetic polymers as carriers for chemotherapeutic
agents. Biochem Soc Trans 14(2):391-392

Yokoyama M, Inoue S, Kataoka K, Yui N, Sakurai Y (1987) Preparation of adriamycin-conju-
gated poly(ethylene glycol)-poly(aspartic acid) block copolymer. Makromol Chem 8:431-435
Plestil J, Baldrian J (1973) Small-angle X-ray scattering of the block copolymer polystyrene/
polybutadiene/polystyrene in ethyl methyl ketone. Makromol Chem 174:183-191

Kabanov AV, Chekhonin VP, Alakhov VY, Batrakova EV, Lebedev AS, Melik-Nubarov NS,
Arzhakov SA, Levashov AV, Morozov GV, Severin ES, Kabanov VA (1989) The neuroleptic
activity of haloperidol increases after its solubilization in surfactant micelles. FEBS Lett
258:343-345



182 F. Pittella and K. Kataoka

45. Yokoyama M, Miyauchi M, Yamada N, Okano T, Sakurai Y, Kataoka K, Inoue S (1990)
Polymer micelles as novel drug carrier: adriamycin-conjugated poly(ethylene glycol)—
poly(aspartic acid) block copolymer. J Control Release 11:269-278

46. Yokoyama M, Miyauchi M, Yamada N, Okano T, Sakurai Y, Kataoka K, Inoue S (1990)
Characterization and anticancer activity of the micelle forming polymeric anti-cancer drug
adriamycin-conjugated poly(ethylene glycol)—poly(aspartic acid) block copolymer. Cancer
Res 50:1693-1700

47. Harada A, Kataoka K (2006) Supramolecular assemblies of block copolymers in aqueous
media as nanocontainers relevant to biological applications. Prog Polym Sci 31(11):949-982

48. Bader HR, Ringsdorf H, Schmidt B (1984) Water soluble polymers in medicine. Angew
Makromol Chem 123(124):457-485

49. Yokoyama M, Okano T, Sakurai Y, Suwa S, Kataoka K (1996) Introduction of cisplatin into
polymeric micelle. J Control Release 39:351-356

50. Nishiyama N, Yokoyama M, Aoyagi T, Okano T, Sakurai Y, Kataoka K (1999) Preparation and
characterization of self-assembled polymer-metal complex micelle from cis-dichlorodi-
ammineplatinum(II) and poly (ethylene glycol)—poly(ca., B-aspartic acid) block copolymer in
an aqueous medium. Langmuir 15:377-383

51. Kakizawa Y, Kataoka K (2002) Block copolymer self-assembly into monodispersive nanopar-
ticles with hybrid core of antisense DNA and calcium phosphate. Langmuir 18:4539-4543

52. Zhang M, Ishii A, Nishiyama N, Matsumoto S, Ishii T, Yamasaki Y, Kataoka K (2009)
PEGylated calcium phosphate nanocomposites as smart environment-sensitive carriers for
siRNA delivery. Adv Mater 21(34):3520-3525

53. Pittella F, Zhang M, Lee Y, Kim HJ, Tockary T, Osada K, Ishii T, Miyata K, Nishiyama N,
Kataoka K (2011) Enhanced endosomal escape of siRNA-incorporating hybrid nanoparticles
from calcium phosphate and PEG-block charge-conversional polymer for efficient gene knock-
down with negligible cytotoxicity. Biomaterials 32:3106-3114

54. Giger EV, Puigmarti-Luis J, Schlatter R, Castagner B, Dittrich PS, Leroux JC (2011) Gene
delivery with bisphosphonate-stabilized calcium phosphate nanoparticles. J Control Release
150(1):87-93

55. Venkatesan P, Cheng Y, Kahne D (1994) Hydrogen bonding in micelle formation. J Am Chem
Soc 116(15):6955-6956

56. Kabanov AV, Bronich TK, Kabanov VA, Yu K, Eisenberg A (1996) Soluble stoichiometric
complexes from poly(N-ethyl-4-vinylpyridinium) cations and poly(ethylene-oxide)-block-
polymethacrylate anions. Macromolecules 29:6797-6802

57. Harada A, Kataoka K (1999) Chain length recognition: core-shell supramolecular assembly
from oppositely charged block copolymers. Science 283:65-67

58. Hofs B, Voets IK, de Keizer A, Stuart MAC (2006) Comparison of complex coacervate core
micelles from two diblock copolymers or a single diblock copolymer with a polyelectrolyte.
Phys Chem Chem Phys 8(36):4242-4251

59. Gary DJ, Puri N, Won Y-Y (2007) Polymer-based siRNA delivery: perspectives on the funda-
mental and phenomenological distinctions from polymer-based DNA delivery. J Control
Release 121:64-73

60. Itaka K, Kanayama N, Nishiyama N, Jang WD, Yamasaki Y, Nakamura K, Kawaguchi H,
Kataoka K (2004) Supramolecular nanocarrier of siRNA from PEG-based block catiomer car-
rying diamine side chain with distinctive pK(a) directed to enhance intracellular gene silenc-
ing. J Am Chem Soc 126(42):13612-13613

61. Kim SH, Jeong JH, Lee SH, Kim SW, Park TG (2008) Local and systemic delivery of VEGF
siRNA using polyelectrolyte complex micelles for effective treatment of cancer. J Control
Release 129:107-116

62. Sun T, Du J, Yan L, Mao H, Wang J (2008) Self-assembled biodegradable micellar nanoparti-
cles of amphiphilic and cationic block copolymer for siRNA delivery. Biomaterials 29:
4348-4355

63. Mao C,DuJ, Sun T, Yao Y, Zhang P, Song E, Wang J (2011) A biodegradable amphiphilic and
cationic triblock copolymer for the delivery of siRNA targeting the acid ceramidase gene for
cancer therapy. Biomaterials 32:3124-3133



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Polymeric Micelles for siRNA Delivery 183

Kim HIJ, Ishii A, Miyata K, Lee Y, Wu S, Oba M, Nishiyama N, Kataoka K (2010) Introduction
of stearoyl moieties into a biocompatible cationic polyaspartamide derivative, PAsp(DET),
with endosomal escaping function for enhanced siRNA-mediated gene knockdown. J Control
Release 145:141-148

Kim HJ, Oba M, Pittella F, Nomoto T, Cabral H, Matsumoto Y, Miyata K, Nishiyama N,
Kataoka K (2012) PEG-detachable cationic polyaspartamide derivatives bearing stearoyl moi-
eties for systemic siRNA delivery toward subcutaneous BxPC3 pancreatic tumor. J Drug
Target 20:33-42

Chowdhury EH (2008) Self-assembly of DNA and cell-adhesive proteins onto pH-sensitive
inorganic crystals for precise and efficient transgene delivery. Curr Pharm Des 14(22):
2212-2228

Sokolova VV, Radtke I, Heumann R, Epple M (2006) Effective transfection of cells with
multi-shell calcium phosphate DNA nanoparticles. Biomaterials 27:3147-3153

Kakizawa Y, Miyata K, Furukawa S, Kataoka K (2004) Size-controlled formation of a calcium
phosphate-based organic-inorganic hybrid vector for gene delivery using poly(ethylene
glycol)-block-poly(aspartic acid). Adv Mater 16(8):699-702

Kakizawa Y, Furukawa S, Kataoka K (2004) Block copolymer-coated calcium phosphate
nanoparticles sensing intracellular environment for oligodeoxynucleotide and siRNA delivery.
J Control Release 97(2):345-356

Kakizawa Y, Furukawa S, Ishii A, Kataoka K (2006) Organic—inorganic hybrid-nanocarrier of
siRNA constructing through the self-assembly of calcium phosphate and PEG-based block
aniomer. J Control Release 111:368-370

Zhang M, Kataoka K (2009) Nano-structured composites based on calciumphosphate for cel-
lular delivery of therapeutic and diagnostic agents. Nano Today 4:508-517

Bae Y, Fukushima S, Harada A, Kataoka K (2003) Design of environment-sensitive supramo-
lecular assemblies for intracellular drug delivery: polymeric micelles that are responsive to
intracellular pH change. Angew Chem Int Ed 42:4640-4643

Bae Y, Nishiyama N, Fukushima S, Koyama H, Matsumura Y, Kataoka K (2005) Preparation
and biological characterization of polymeric micelle drug carriers with intracellular pH-trig-
gered drug release property: tumor permeability, controlled subcellular drug distribution, and
enhanced in vivo antitumor efficacy. Bioconjug Chem 16:122—130

Lee Y, Miyata K, Oba M, Ishii T, Fukushima S, Han M, Koyama H, Nishiyama N, Kataoka K
(2008) Charge conversion ternary polyplex with endosomes disruption moiety: a technique for
efficient and safe gene delivery. Angew Chem Int Ed Engl 120:5241-5244

Kohori F, Sakai K, Aoyagi T, Yokoyama M, Yamato M, Sakurai Y, Okano T (1990) Control of
adriamycin cytotoxic activity using thermally responsive polymeric micelles composed of
poly(N-isopropylacrylamide-co-N, Ndimethylacrylamide)-b-poly(D, L-lactide). Colloids Surf
B Biointerfaces 16:195-205

Miyata K, Kakizawa Y, Nishiyama N, Harada A, Yamasaki Y, Koyama H, Kataoka K (2004)
Block catiomer polyplexes with regulated densities of charge and disulfide cross-linking
directed to enhance gene expression. J Am Chem Soc 126:2355-2361

Katayama Y, Sonoda T, Maeda M (2001) A polymer micelle responding to the protein kinase
A signal. Macromolecules 34:8569-8573

Kwon YJ (2012) Before and after endosomal escape: roles of stimuli-converting siRNA/poly-
mer interactions in determining gene silencing efficiency. Acc Chem Res 45(7):1077-1088
Tamura A, Nagasaki Y (2010) Smart siRNA delivery systems based on polymeric nanoassem-
blies and nanoparticles. Nanomedicine 5(7):1089-1102

Miyata K, Nishiyama N, Kataoka K (2012) Rational design of smart supramolecular assem-
blies for gene delivery: chemical challenges in the creation of artificial viruses. Chem Soc Rev
41:2562-2574

Boussif O, Lezoualc’h F, Zanta MA, Mergny MD, Scherman D, Demeneix B, Behr JP (1995)
A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo: poly-
ethylenimine. Proc Natl Acad Sci USA 92:7297-7301



184 F. Pittella and K. Kataoka

82. Funhoff AM, van Nostrum CF, Koning GA, Schuurmans-Nieuwenbroek NME, Crommelin
DJA, Hennink WE (2004) Endosomal escape of polymeric gene delivery complexes is not
always enhanced by polymers buffering at low pH. Biomacromolecules 5:32-39

83. Meyer M, Philipp A, Oskuee R, Schmidt C, Wagner E (2008) Breathing life into polycations:
functionalization with pH-responsive endosomolytic peptides and polyethylene glycol enables
siRNA delivery. J Am Chem Soc 130:3272-3273

84. Philipp A, Zhao X, Tarcha P, Wagner E, Zintchenko A (2009) Hydrophobically modified oli-
goethylenimines as highly efficient transfection agents for siRNA delivery. Bioconjug Chem
20:2055-2061

85. Miyata K, Oba M, Nakanishi M, Fukushima S, Yamasaki Y, Koyama H, Nishiyama N, Kataoka
K (2008) Polyplexes from poly(aspartamide) bearing 1,2-diaminoethane side chains induce
pH-selective, endosomal membrane destabilization with amplified transfection and negligible
cytotoxicity. J Am Chem Soc 130(48):16287-16294

86. Uchida H, Miyata K, Oba M, Ishii T, Suma T, Itaka K, Nishiyama N, Kataoka K (2011) Odd-
even effect of repeating aminoethylene units in the side chain of N-substituted polyaspart-
amides on gene transfection profiles. ] Am Chem Soc 133(39):15524-15532

87. Suma T, Miyata K, Ishii T, Uchida S, Uchida H, Itaka K, Nishiyama N, Kataoka K (2012)
Enhanced stability and gene silencing ability of siRNA-loaded polyion complexes formulated
from polyaspartamide derivatives with a repetitive array of amino groups in the side chain.
Biomaterials 33(9):2770-2779

88. Convertine AJ, Diab C, Prieve M, Paschal A, Hoffman AS, Johnson PH, Stayton PS (2010)
pH-responsive polymeric micelle carriers for siRNA drugs. Biomacromolecules 11:
2904-2911

89. Kakizawa Y, Harada A, Kataoka K (1999) Environment-sensitive stabilization of core-shell
structured polyion complex micelle by reversible cross-linking of the core through disulfide
bond. J Am Chem Soc 121(48):11247-11248

90. Kakizawa Y, Harada A, Kataoka K (2001) Glutathione-sensitive stabilization of block copoly-
mer micelles composed of antisense DNA and thiolated poly(ethylene glycol)-block-poly(L-
lysine): a potential carrier for systemic delivery of antisense DNA. Biomacromolecules
2:491-497

91. Inoue Y, Kurihara R, Tsuchida A, Hasegawa M, Nagashima T, Mori T, Niidome T, Katayama
Y, Okitsu O (2008) Efficient delivery of siRNA using dendritic poly(L-lysine) for loss-of-
function analysis. J Control Release 126:59-66

92. Watanabe K, Harada-Shiba M, Suzuki A, Gokuden R, Kurihara R, Sugao Y, Mori T, Katayama
Y, Niidome T (2009) In vivo siRNA delivery with dendritic poly(L-lysine) for the treatment of
hypercholesterolemia. Mol Biosyst 5:1306-1310

93. Matsumoto S, Christie RJ, Nishiyama N, Miyata K, Ishii A, Oba M, Koyama H, Yamasaki Y,
Kataoka K (2009) Environment-responsive block copolymer micelles with a disulfide cross-
linked core for enhanced siRNA delivery. Biomacromolecules 10(1):119-127

94. Christie RJ, Miyata K, Matsumoto Y, Nomoto T, Menasco D, Lai TC, Pennisi M, Osada K,
Fukushima S, Nishiyama N, Yamasaki Y, Kataoka K (2011) Effect of polymer structure on
micelles formed between siRNA and cationic block copolymer comprising thiols and ami-
dines. Biomacromolecules 12:3174-3185

95. Gillies ER, Goodwin AP, Frechet IMJ (2004) Acetals as pH-sensitive linkages for drug deliv-
ery. Bioconjug Chem 15:1254-1263

96. Shim MS, Kwon YJ (2009) Acid-responsive linear polyethylenimine for efficient, specific,
and biocompatible siRNA delivery. Bioconjug Chem 20(3):488-499



Chapter 9
RNAI Therapeutic Delivery by Exosomes

Samira Lakhal, Samir El Andaloussi, Aisling J. O’Loughlin,
Jinghuan Li, and Matthew M.J. Wood

Abstract Since the discovery of short interfering RNAs (siRNAs), their potential
as a therapeutic platform has been widely recognized. However, clinical translation
has been stalled by inefficient delivery in vivo. While some success has been
achieved with cationic lipids and lipid-like materials for therapeutic RNAi delivery
to liver, delivery across the blood—brain barrier (BBB) to the central nervous system
for the treatment of neurological disorders such as Parkinson’s, Alzheimer’s, and
Huntington’s disease remains a challenge. To address the problem of inefficient
delivery across the BBB, our laboratory exploited one of nature’s mechanisms for
intercellular communication, named exosomes. They are a class of membrane ves-
icles derived from the endolysosomal compartment implicated in cell-cell commu-
nication by shuttling various proteins, lipids, and RNAs between cells. We have
developed a method to target exosomes with brain-specific peptides and subse-
quently load them with siRNA for targeted delivery to brain. This chapter aims at
providing an insight into membrane vesicle-mediated RNA delivery and how these
vectors can be utilized for RNAi therapy.

9.1 Introduction

RNAI has revolutionized molecular biology by allowing silencing of virtually any
gene. A key mediator of RNAI is the 19-21 nucleotide duplex RNA (siRNA) that
associate with the RNA-inducing silencing complex (RISC) in the cytoplasm and
direct the highly specific cleavage of complementary mRNAs [1, 2]. Since the ini-
tial discovery in 1998 by Fire and Mello [3], siRNA have been exploited both as a
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basic research tool to investigate gene function and as potential therapeutics to
silence disease-causing genes (reviewed in [4]). In contrast to conventional single-
stranded antisense oligonucleotides (ASOs), siRNAs are considered significantly
more potent since only few siRNA effectors are needed to promote complete RNAi
in a given cell. Furthermore, improved sequence design and incorporation of chemi-
cally modified nucleotides at selected positions within siRNA duplexes have dra-
matically improved the potency further. However, the large size and hydrophilic
nature of siRNAs make them essentially impermeable for cells. For that reason,
various delivery vectors, some of which were initially developed for plasmids and
ASOs, have been used to improve the bioavailability of siRNAs. The majority of
these are based on polycations or cationic lipids that form nanocomplexes with
siRNAs that are subsequently taken up by cells through endocytosis [4—6]. In addi-
tion to cationic liposomes, a class of peptide-based vectors referred to as cell-pene-
trating peptides (CPPs) have been utilized for nanoparticle formation with siRNA
with subsequent RNAi induction in various cell types in vitro as well as in vivo fol-
lowing systemic delivery [7-9].

Different vectors have been developed that hold clinical potential, in particular,
for RNAi-based treatment of liver-related malignancies [6, 10]; however, only a
very small number of mechanistic-based treatments against CNS diseases exist in
the clinic, compared to diseases of other biological tissues. Major advances have
been made in the last decade in understanding the molecular mechanisms, genetic
basis, and pathogenesis underlying the pathology of major neurological disorders,
including Huntington’s disease, Parkinson’s disease, Alzheimer’s disease, spinocer-
ebellar ataxias, stroke, and brain cancers. However, this advanced understanding of
disease and identification of therapeutic targets in the context of CNS pathology
have not resulted in successful development of CNS-targeting therapies, due pri-
marily to the impermeability of the BBB to most therapeutic agents. There is an
urgent need, therefore, for the development of novel approaches for efficient and
safe delivery of macromolecular cargoes across the BBB. One plausible strategy
would be to exploit one of nature’s own cell-to-cell information transmitters such as
membrane vesicles, in particular exosomes.

This chapter provides an overview of existing methods for delivery of therapeu-
tics to brain, with focus on siRNA, and the challenges associated with delivery
across the BBB. Furthermore, membrane vesicles and their role in exchange of
genetic information between different cells will be discussed with emphasis on
endogenous exosome-mediated mRNA and microRNA (miRNA) transport and how
this system could be exploited for therapeutic RNAi delivery to the brain.

9.2 Drug Delivery to Brain

9.2.1 The Blood-Brain Barrier

The BBB is a tightly regulated biological barrier composed of several cell types that
cooperatively act to separate the blood from the brain parenchyma. The neurovascular
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unit consists of endothelial cells, basement membrane, pericytes, astrocytes, and
microglial cells [11]. The brain endothelial cells are the central cells in the BBB,
and these are tightly interconnected through complexes of tight and adherence
junctions that form an impermeable barrier for almost all substances, even small
hydrophilic molecules. Furthermore, these cells display remarkably low levels of
transcytosis, the process of vesicular trafficking of macromolecules across cells, yet
express specific receptors for transport of vital nutrients for the brain parenchyma
[12]. In addition, endothelial cells of the BBB express high levels of drug efflux
proteins that protect the brain from toxic substances [13]. Pericytes, which line the
entire surface of the BBB, were thought to only provide structural support to the
vasculature but have recently also been identified as key regulators of vesicular
trafficking in neighboring endothelial cells [14, 15]. The two glial cell types have
distinct functions in the BBB; astrocytes display extensions, called end feet, which
cover the entire cerebral vasculature and are thought to control endothelial junctions
as well as regulate water homeostasis at the BBB [16], whereas microglial cells are
the resident immune cells of the CNS [17]. Finally, the basement membrane is the
extracellular matrix that connects the above-mentioned cells and provides structural
support. In conclusion, the BBB is a tightly regulated biological barrier that protects
the brain from potentially harmful substances while allowing highly regulated
uptake of vital nutrients. In light of this, it is not surprising that only few drugs are
active in the brain following systemic delivery, and it has actually been estimated
that 98% of all small molecules do not cross the BBB.

9.2.2 Drug Delivery to Brain

As aforementioned, there is no paracellular pathway of solute exchange between
blood and brain, and there is minimal endocytosis, and consequently no significant
transcellular pathway for free solute exchange. Basically, there are only two known
mechanisms by which molecules in the blood can get access to brain interstitial
fluid (1) lipid-mediated transport of lipophilic substances below 400 Da and (2)
catalyzed transport, which includes carrier-mediated transport for small molecules
such as glucose and amino acids and receptor-mediated transport (RMT) for large
molecules such as insulin and transferrin [11].

Several approaches have been attempted for the delivery of macromolecular
drugs across the BBB. These include local invasive delivery by direct injection or
infusion (e.g., nerve growth factor) [18], the olfactory route (e.g., insulin) [19], and
nonselective osmotic or biochemical opening of the BBB [20, 21]. These routes of
delivery have all been hindered by several setbacks, including low efficacy of trans-
port across the BBB and serious limiting safety issues associated with neurosurgical
intervention or with nonselective permeation of the BBB.

Only a few successful systems have been reported for noninvasive systemic
delivery to brain. All of these utilize the RMT system for targeted delivery. Exploiting
RMT for brain delivery of macromolecules has been extensively studied by the
group of Pardridge [22, 23]. This has been accomplished by utilizing chimeric
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monoclonal antibodies (mAb), specific for insulin or transferrin receptors. By
recombinantly expressing various neuroprotective proteins, or segments of proteins,
as fusion proteins to the carboxyl terminus of the heavy chain of these mAbs, it has
been shown that the brain uptake increases up to 50- to 100-fold. This “Trojan
horse” concept has been exploited for the delivery of various macromolecular pro-
tein compounds including erythropoietin, TNF-a. receptor decoys, aB-amyloid anti-
bodies, and GDNF to confer neuroprotection in various neuronal disorders including
Parkinson’s disease, Alzheimer’s disease, and stroke [24-27]. Albeit a relatively
efficient strategy for BBB delivery of therapeutic proteins, this technology has
major limitations in several ways. First, this delivery system relies on cumbersome
expression and purification of fusion proteins that are needed in high quantities in
order to achieve activity, and, second, these large fusion proteins are novel antigens
and hence are potentially immunogenic upon repeated systemic administration.

9.2.3 RNAi Delivery Across the BBB

To our knowledge, there are only two synthetic nanoparticle-based systems reported
to convey nucleic acids across the BBB to date. One exploits the previously described
Trojan horse strategy by coating synthetic, nucleic acid-loaded liposomes with
BBB-homing antibodies [23], and the second system makes use of a chimeric pep-
tide comprising a polyarginine sequence for siRNA condensation and a rabies virus
glycoprotein (RVG) peptide sequence for BBB targeting [28]. RVG is a 29-mer
peptide derived from the rabies virus glycoprotein that specifically binds to acetyl-
choline receptors expressed on neuroendothelial cells as well as neuronal cells and
allows transvascular delivery to the nervous system [29]. Using the RVG-R9 chime-
ric peptide complexed with siRNA, the authors observed a strong RNAi response in
neuronal cells in vitro, and following systemic injection into mice, siRNAs local-
ized to neuronal cells that resulted in specific gene silencing within the brain.
Furthermore, intravenous treatment with RVG-R9-bound antiviral siRNA mediated
robust protection against fatal viral encephalitis in mice [28].

Despite providing an efficient means of reaching the CNS, these systems are
hindered by the same major drawbacks as other polycation and liposome-based
nanoparticle vehicles. The fact that they are entirely synthetic makes them poten-
tially immunogenic and kidney-, liver-, and lung-related toxicities have been
reported for these and related delivery modalities [30, 31]. Thus, a major scientific
challenge is to find enabling delivery technologies with a greatly enhanced ability
to target and traverse the BBB following systemic administration in a safe, nontoxic
manner and without triggering organ toxicity or immunological response upon
repeated administration. The exploitation of natural biological nanoparticles such as
exosomes could fulfill these criteria and provide a paradigm shift in technology for
BBB penetration and targeted macromolecular drug delivery to brain.
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9.3 The Origin and Biology of Membrane Vesicles

Transmission of information between cells in the body occurs through several
mechanisms. Communication can occur through (1) secreted growth factors, cytokines,
or other small molecules including nucleotides and bioactive lipids; (2) cell-to-cell
adhesions mediated by specialized adhesion molecules; and (3) tunneling nano-
tubes that interconnect cells. In addition, cells can communicate through membrane
transfer by the secretion of membrane vesicles, a mechanism that for years was
largely overlooked. Historically, when viewed under a microscope, small membrane-
bound vesicles were thought to be a result of cell damage or death. Recently, release
of these vesicles has been increasingly recognized as a novel, universally conserved
mode of intercellular communication with a role in many physiological and patho-
logical processes. Such vesicles increase the complexity of cell signaling by trans-
mitting important information via the proteins, lipids, and nucleic acids they contain,
which can alter signaling in any recipient cell [32, 33].

Currently, this heterogeneous group of intercellular vesicle messengers is divided
into subgroups based on their biogenesis, biophysical properties, and functions,
although they share some common characteristics of an internal microenvironment
protected from the extracellular milieu by a lipid bilayer and retain the same mem-
brane topology as the cell of origin. A precise definition and nomenclature of the
diverse group of membrane vesicles is lacking as current understanding is limited
by the lack of supporting technologies necessary for their accurate isolation and
characterization. This review will use the term membrane vesicles to refer collec-
tively to these membrane-derived particles with a role in intercellular communica-
tion. Depending on the location of cell origin, membrane vesicles can be divided
into three broad categories (Fig. 9.1).

9.3.1 Microvesicles

Microvesicles (MVs) are a group of membrane vesicles secreted by budding or shed-
ding from the plasma membrane of most cell types. They usually have a diameter
between 100 and 1,000 nm [33]. In the literature, they are also referred to as
microparticles, ectosomes, shedding vesicles, and exovesicles depending on the cell
type they originate from. Their release can be stimulated by calcium, upon ligand
binding and activation, or stress either physical, e.g., shear stress, or chemical, e.g.,
hypoxia [34, 35]. Calcium can modify the asymmetric phospholipid distribution of
the plasma membrane into cholesterol-rich microdomains by inhibiting translocase
and activating scramblase causing phosphatidylserine to translocate from the inner
facing membrane to be exposed on the outer at sites of MV shedding [36]. Small
cytoplasmic protrusions bud from the plasma membrane due to curvature-mediated
lateral redistribution of membrane components at these microdomains; a calcium
influx activates calpain which alters the cytoskeletal structure causing the protrusions
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Fig. 9.1 Cellular origins of membrane vesicles. Diagram summarizing the cellular origin of mem-
brane vesicles. Microvesicles arise from budding of the cell membrane. Exosomes are released from
MVBs, while apoptotic blebs are released from the disintegrating membranes of apoptotic cells

to detach from cellular actin ending with fission of the stalk [33]. This shedding is
not passive and requires energy input, RNA synthesis, and protein translation [37].
The resultant microvesicles contain cytosol and an extracellular membrane surface
in the same orientation and topology as that of their donor cells so that their signal-
ing properties reflect those of their cell of origin [38]. The membrane composition
undergoes remodeling during the formation of these vesicles.

9.3.2 Apoptotic Blebs

Apoptotic blebs/bodies are released directly from the plasma membrane when it
buds from disintegrating apoptotic cells. During the process of programmed cell
death, there is an alteration in cell morphology, shrinkage of the cytoplasm, and
nuclear condensation, and the final stage is cell fragmentation into apoptotic blebs,
which enclose remnants of the shrinking cell. The number of apoptotic blebs cor-
relates with the degree of apoptosis in cultured cells [39]. These are irregular in
shape, and their size can vary between as low as 50 nm to a controversial maximum
size of 500 nm [40] to 5 um [41]. Phosphatidylserine is externalized as in MVs
which encourages phagocytic recognition by other cells [42]. Although sharing
some features with M'Vs, apoptotic blebs, in contrast to M Vs, can contain cytosolic
organelles and possible nuclear fragments [43].
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Table 9.1 Characteristics of different membrane vesicles
Microvesicles Apoptotic blebs Exosomes
Size 100-1,000 nm 50-5,000 nm 40-100 nm
Biogenesis Released from Released as blebs Released from MVBs
budding of plasma from apoptotic cells
membrane
Methods for Centrifugation at Captured from cultures Centrifugation at
isolation 18,000-20,000 x g of apoptotic cells. 100,000 x g, sucrose
Centrifugation at 1,200, gradient
10,000 or 100,000 x g
Methods for Flow cytometry, Flow cytometry EM, western blotting,
detection capture-based flow cytometry, latex
assays bead flow cytometry
Markers Integrins, selectins, Contain DNA, histones CD63, CD9, CD81,
CDA40, tissue factor, LAMPI1, and
and cell-specific TSG101
markers
Characteristics Most expose Phosphatidylserine Membranes rich in
phosphatidylserine exposed ceramide, cholesterol

and sphingomyelin,
lipid rafts, phos-
phatidylserine
exposed

Overall, there are unclear boundaries between the different types of membrane vesicles due to a
lack of biochemical and biophysical validation among membrane vesicles and particularly among
microvesicles where some research groups recognize different subtypes. Exosomes do not contain
nuclear-, mitochondrial-, Golgi-, or endoplasmic reticulum-derived protein, while MV protein
composition reflects that of the parent cell. Both contain mRNA and miRNA and can alter signal-
ing in a recipient cell

9.3.3 Exosomes

Exosomes are small vesicles (40—100 nm) released from cells upon fusion of a mul-
tivesicular body (MVB) containing intraluminal vesicles (ILV) with the plasma
membrane. MVBs form by inward budding of the endosomal membrane, generating
multiple ILVs. Exosomes are released from most cell types in culture and are found
in vivo in various biological fluids [44]. Exosomes contain an evolutionarily con-
served set of protein families which can be used as markers, including CD63, CD?9,
Alix, and LAMPI. They also bear a set of proteins which reflect their source. Once
considered to be merely transitional compartments destined for degradation of
redundant cell constituents by the lysosome, it is now recognized that they are an
important specific subcellular compartment described in mammals and invertebrates
with an important role in both physiological and pathological processes. Table 9.1
provides an overview of the characteristics of the different membrane vesicles.
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9.3.3.1 Exosome Biogenesis and Biological Role

Exosome release is part of the endosomal trafficking system, a mechanism by which
the cell sorts incoming molecules for recycling, storing, or degradation by transpor-
tation to the lysosome. Endocytic vesicles form at the plasma membrane via differ-
ent endocytic mechanisms and fuse to form the early endosome. This structure
receives the endocytosed cargo from the plasma membrane and sorts it. Early endo-
somes survey the peripheral cytoplasm of the cell via salutatory movement along
microtubules [45, 46].

Late endosomes are situated close to the nucleus and develop from early endo-
somes by acidification, altered protein content, and fusion of vesicles [47]. The
limiting membrane, which is rich in LAMPI to protect the membrane from acid
hydrolases, continuously buds into the lumen trapping cytosol to enrich the popula-
tion of ILVs [48]. Upon fusion with a lysosome, the endocytosed cargo is hydro-
lyzed, or on fusion with the plasma membrane, the ILVs are released as exosomes.
A mechanism for selective sorting of membrane-associated cargo for degradation in
lysosomes versus exportation from the cell in an exosome is regulated by the endo-
somal sorting complex required for transport (ESCRT) complex which recognizes
and sequesters mono-ubiquitinated proteins in the endosomal membranes [49].
There is also an ESCRT-independent sorting mechanism involving lipid raft micro-
domains laterally segregating cargo with the involvement of ceramide that promotes
vesicle budding [50].

The fate of exosomes after binding to their target cells remains to be fully eluci-
dated, but they can activate cell surface receptors on a target cell or fuse with the
target cell to transfer bioactive exosomal proteins and RNA or undergo internaliza-
tion by endocytosis [S1]. MVs and exosomes can signal at a distance and transfer
proteins and mRNA horizontally, allowing them to coordinate processes such as
inflammation and coagulation whereby their phosphatidylserine-enriched mem-
branes act as a surface for the assembly of clotting factors [52] and contribute to
antigen presentation as exosomes from antigen-presenting cells have functional
MHC complexes on their surface [53]. They can regulate immune responses by
stimulating or inhibiting T cells [54]. They are also implicated in the pathogenesis
of different diseases. For example, exosomes derived from cancer cells can them-
selves be tumorigenic and are rich in metalloproteinases which degrade the extra-
cellular matrix to facilitate the growth and spread of a tumor [55, 56]. The release of
membrane vesicles from tumor cells correlates with poor prognosis [57]. MVs and
exosomes are also involved in the spread of infectious agents including viruses such
as HIV and prions [58, 59].

9.3.3.2 [Exosomes as Biomarkers and Therapeutic Tools

Exosomes are being increasingly recognized as potential biomarkers for different
disorders. They are easily obtainable from biological fluids and contain a unique
mRNA and miRNA fingerprint reflective of the cell of origin [60]. Exosome
numbers are elevated in different disease states, and the RNA expression profiles in
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Fig. 9.2 Exosomes in health and disease. Summary of known biological functions of exosomes in
trans-regulation of gene expression, immune responses and intercellular communication, their role
in the spread of pathogenesis, and their exploitation as biological disease biomarkers

these circulating exosomes have been proposed to indicate survival and therapeutic
outcome in human cancers [61].

As a natural biological product, exosomes hold great potential as a therapeutic
tool. Exosomes from peritoneal cavity fluid in cancer patients can induce lysis of
tumor cells as they prime T lymphocytes via an MHC I-dependent pathway involv-
ing dendritic cells and stimulate antigen-specific cytotoxic T cell responses [62].
Dendritic cell-derived exosomes loaded with antigenic peptides from human mela-
noma have been used as a cancer vaccine in a phase I clinical trial supporting their
safety [63]. In addition, exosomes hold great promise as an alternative to stem cell
treatment for cardiovascular disorders as injections of exosomes derived from mes-
enchymal stem cells are capable of ameliorating symptoms following myocardial
infarction—reperfusion injury [64]. Direct exosome delivery could eliminate any
safety and technical issues associated with stem cell transplantation. Figure 9.2 is a
schematic diagram summarizing the known biological functions of exosomes in
health and disease, as well as their therapeutic and diagnostic applications.

9.3.4 Membrane Vesicles as Natural Carriers
of Protein and RNA

A variety of classes of protein and RNA have been identified in MVs/exosomes
from various cell types and body fluids. An overview of identified molecules present
in exosomes is provided in the ExoCarta database, an exosomal protein and RNA
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database (http://exocarta.ludwig.edu.au). The protein content of exosomes has been
extensively analyzed by mass spectrometry-based proteomic studies or by western
blotting. The content of exosomes may vary depending on their source. Some pro-
teins are relatively abundant in all exosomes, such as Alix, TSG101, LAMP1,
HSP70 and the tetraspanins CD63, CD81, and CD9 [65] and are thus frequently
used as markers for exosome characterization. One class of cytosolic proteins com-
monly detected in exosomes includes the Rabs, which regulate exosome docking
and membrane fusion, and annexins which aid in membrane trafficking and fusion
[66]. Exosomes also contain cell-type-specific proteins such as A33, MHCII, CD86,
and MFG-E8/lactadherin [66]. Other exosomal proteins include the metabolic
enzymes, ribosomal proteins, transmembrane, signal transduction, adhesion,
ATPases, cytoskeletal, and ubiquitin molecules [67]. In addition, the lipid composi-
tion of exosomes is characteristic of the cell origin and plays a critical role in exo-
some biogenesis [68].

MYV:s also contain genetic material in the form of mRNA and microRNA that may
allow easy screening for disease genetic markers and offer new diagnostic and prog-
nostic information [69]. The messages transmitted by intercellular communication
may include those for survival, growth, division, differentiation, stress responses,
apoptosis, etc. In addition, exosomes are present in body fluids such as saliva, urine,
breast milk, and blood plasma, which are conveniently available from patients. For
example, the discovery of microRNA in human salivary samples suggests a promis-
ing use of salivary exosomes as biomarkers for disease diagnosis. Hence, the hori-
zontal transfer of RNA offers a new perspective on intercellular communication and
has potential therapeutic applications, for example, in gene delivery [66].

9.4 Membrane Vesicles: Opportunities for RNAi
Therapeutic Delivery and Insights into RNAi Biology

The multifunctionality of membrane vesicles in cellular transport and signaling
underlies their potential as a valuable therapeutic resource. However, this potential
is only just beginning to be unraveled. In this section, we will discuss the unique
properties that render exosomes particularly useful in RNAi therapeutics and
describe the seminal studies to first exploit exosomes in this context and the advan-
tages of exosomes over existing RNAI delivery strategies. We will also highlight
current and foreseeable obstacles in the route to full clinical translation of mem-
brane vesicles in RNAI therapeutics.

9.4.1 Exosomes Possess Unique Properties That Render
Them Useful for RNAi Therapeutics

Since they were first described in sheep reticulocytes [70], our knowledge of the
biological functions of exosomes has been expanding, fuelling interest both in the
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potential of exosomes per se as drug delivery vehicles and in the design of novel
“exosome-inspired” drug delivery vehicles. In this context, the most relevant feature
of exosomes as aforementioned is that they are natural carriers of coding and non-
coding RNA including miRNA between cells. Indeed, in 2006, Baj-Krzyworzeka
et al. described the presence of tumor cell markers and mRNAs in tumor-derived
microvesicles and demonstrated their transfer in vitro into monocytes [71].
Subsequently, in 2007, Valadi et al. discovered the presence of mRNA and miRNA
inside exosomes derived from mast cells and suggested that the ability of exosomes
to deliver nucleic acids to cells at a distance made them ideal candidates as RNA
delivery vehicles [32]. At present, over 1,600 mRNAs and more than 700 miRNAs
identified predominantly by microarrays have been reported in 134 studies. The
profile of mRNAs observed in exosomes does not necessarily match the composi-
tion of the donor cells, suggesting that there is a selective loading of specific mRNA
and miRNA molecules into exosomes [72]. Most importantly, it has been shown
that exosome-delivered RNAs mediate de novo transcriptional and translational
changes in the recipient cells, suggesting that exosomes are able to deliver their
RNA cargo to the subcellular compartment appropriate for function [32, 73]. A
study of the transfer of miRNA from activated T cells to APCs suggested the exis-
tence of immune synapse-mediated exosomal transport, providing evidence for the
directed and unidirectional transfer of miRNA-carrying exosomes through the
immune synapse between the donor T cells and the recipient APCs [74]. DC-derived
exosomes were also shown to transport miRNA to recipient DCs and to conse-
quently influence the regulation of the miRNA targets in recipient DCs [75].
Fluorescently labeled glioblastoma microvesicles have been shown to transfer
Gaussia luciferase (Gluc) mRNA to human brain microvascular endothelial cells
(HBMVEC:S), leading to expression of the Gluc protein in the recipient cells, dem-
onstrating de novo translation of the transferred Gluc mRNA in the recipients [76].
In another study, incubation of human mast cells with exosomes derived from
mouse cells resulted in the expression of the donor mouse proteins in the recipient
human cells [32]. It was also shown that exosomes from cultured monocytes con-
tained components of RNA-induced silencing complex (RISC), such as AGO2 and
its interacting partner GW182 [77]. Importantly, mature miRNAs and their target
mRNAs also co-localize to MVBs, but not to exosomes, raising the possibility that
miRNA-loaded RISC assembly takes place in MVBs, and that exosomes are intrin-
sically implicated in miRNA-induced silencing, and more intriguingly, that silenc-
ing by miRNA may occur in trans in cells that do not express the miRNA (Fig. 9.3).
The ability of exosomes to transfer RNA and miRNA between cells and to subse-
quently mediate changes in gene regulation in the recipient cells has now been dem-
onstrated with a variety of donor and recipient cell types. This, together with their
implication in the RISC-induced silencing, highlights their potential as RNAi deliv-
ery vehicles and raises the further opportunity for the design of “exosome-inspired”
delivery vehicles.
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Fig. 9.3 Exosomes and miRNA-mediated silencing. miRNA RISC components associated with
the membrane of late endosomes and are incorporated into intraluminal vesicles and then released
into exosomes

9.4.2 Exosomes as Drug Delivery Vehicles: Proof-of-Concept
Studies

The Wood Laboratory carried out the first study to harness the RNA-transporting
capacity of exosomes and use them for delivery of exogenous RNAI in vivo,
providing first proof-of-concept for biotechnological exploitation of membrane
vesicles [78] (Fig. 9.4).

Immature dendritic cells (DCs) were derived from mouse bone marrow and used
as a source of exosomes, as they are devoid of lymphocyte stimulatory molecules
such as MHCII, CD80, and CD86. These were subsequently loaded by electropora-
tion with exogenous siRNA for delivery, first in vitro then in vivo. The brain was
selected as a target tissue, given the lack of efficient CNS-delivery vectors. To ensure
that systemically injected exosomes targeted the brain in vivo and to reduce exosome
homing to tissues of drug clearance, a novel targeting strategy was devised, utilizing
the exosomal surface protein Lamp2b to display the previously mentioned brain-
specific RVG peptide. By this method, we demonstrated specific delivery of siRNA
to neurons in the brain, with up to 60% RNA and protein knockdown predominantly
in the midbrain, cortex, and striatum. As well as efficient and specific delivery of
siRNA, these exosomes produced little or no toxicity or immunogenicity.

A subsequent study by Zhuang et al. described the use of exosomes to deliver
anti-inflammatory drugs to the brain through a noninvasive intranasal route [79].
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Fig. 9.4 Bone marrow dendritic cell-derived exosomes as siRNA delivery vehicles. BMDCs are
generated from bone marrow cultures by differentiation with GM-CSE. BMDCs are transfected
with a vector for expression of the targeting moiety (e.g., RVG) in fusion with an exosomal mem-
brane protein (e.g., Lamp2b). Exosomes are harvested from supernatants by ultracentrifugation
and loaded with siRNA by electroporation. Targeted and loaded exosomes are then injected into
mice intravenously

The therapeutic value of this approach was demonstrated with exosome-complexed
curcumin in LPS-induced inflammation and experimental allergic encephalomyeli-
tis (EAE) and with an exosome-complexed stat3-inhibitor in a glioblastoma tumor
model. Authors demonstrated that exosomes administered intranasally are potential
delivery vehicles for small anti-inflammatory molecules, by increasing their bio-
logical stability and enabling them to bypass the BBB. This study represents further
proof of concept for membrane vesicles as drug delivery vehicles with fast and
selective homing to the brain and highlights the wider potential of membrane vesi-
cles and exosomes in particular beyond oligonucleotide delivery, to include a poten-
tially wider range of therapeutic cargoes.

9.4.3 Advantages of Exosomes over Existing RNAi
Delivery Vehicles

These studies have also highlighted the advantages of using exosomes over viral
vectors and liposomal formulations for RNAi delivery, particularly in vivo. In addi-
tion to being naturally derived vesicles, comprised of endogenously
expressed proteins, RNAs, and lipids, exosomes appear capable of targeted deliv-
ery of exogenous RNAI cargoes to the site of silencing in the recipient cell, a feature
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that is an extension of their natural function in mRNA and miRNA transport and
their association with RISC components. As such, it is likely that a greater propor-
tion of exosome cargo is delivered directly to the site of silencing, than is the case
with liposomes and viruses that have no such intrinsic intracellular delivery func-
tion. In addition, their ability to cross the BBB, as demonstrated in the Alvarez
study, makes them highly attractive for targeting CNS disorders following intrave-
nous administration. While it is not fully understood how exosomes enter target
cells and cross biological barriers from the bloodstream, where they are known to
be abundant and relatively stable, it has been proposed that exosomes may be inter-
nalized into MVBs of recipient cells then released again to be reinternalized into
MYVBs of secondary recipient cells, and so on [80]. Therefore, by jumping from cell
to cell via the MVB compartment, exosomes could cross the multiple layers of the
BBB. However, it is also known that their unique membrane protein and lipid com-
position, not found on liposomes or viral capsules, is critical to their ability to enter
target cells. The membranes of exosomes are organized differently than the cellular
plasma membrane and are enriched in cholesterol, ganglioside GM3, sphingomy-
elins, phosphatidylcholines, phosphatidylethanolamines, phosphatidylserines, pro-
phatidylinositols, and lysophosphatidylcholines [81]. As phosphatidylserine is an
important docking site for proteins involved in signaling and fusogenesis, phos-
phatidylserine may be involved in exosome homing and entry into target cells. It has
also been shown that vesicles composed solely of lipids in the ratios encountered
in exosomes were unable to achieve fusion with cells, indicating that proteins on
exosomal membranes are as critical for their activity [81].

In addition to delivery of cargo to the site of silencing and the innate ability to
cross biological barriers, exosomes appear to be relatively safe for in vivo use when
compared to liposomes or viral vectors. In the Alvarez study, there was no evidence
for immunogenicity or toxicity in animals even after repeated injections. There was
also little evidence both in the Alvarez study and in the Zhuang study for exosome
homing to the liver. It is likely that the immunological “inertness” of exosomes
depends greatly on their cellular origin. Indeed exosomes used in the Alvarez study
were derived from immature DCs that express minimal stimulatory molecules.
However, the natural lipid and protein composition of their membranes and their
rapid and efficient uptake into MVBs in host cells likely contribute to this immuno-
logical inertness and low toxicity.

9.5 Future Perspectives

The realization of the full potential of exosomes in drug delivery will be enabled by
the establishment of a scalable and long-term source of well-characterized exo-
somes. In this context, the use of embryonic stem cells (ESC) and induced pluripo-
tent stem cells (iPS) hold great promise. ESC cells can be differentiated into DCs,
while iPS cells can be derived from patient skin fibroblasts by well-established
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methods, maintained in culture or frozen for much greater lengths of time than
primary DCs, and differentiated into a chosen lineage, e.g., neurons and DCs
[82—84]. As well as eliminating immunogenicity, this approach offers the option of
using exosomes from stem cell-derived neurons or other brain cells, which are likely
to display intrinsic neurotropic behavior and enhanced brain specificity. In addition,
the applicability of exosome-delivered therapy to a large number of disease condi-
tions would be greatly enhanced by broadening their cargo repertoire and improving
the tissue-targeting strategies. Indeed, it would be important to explore other car-
goes such as miRNA, miRNA antagonists, and shRNA expression plasmids. The
delivery of miRNA mimics and antagonists by exosomes would be particularly
beneficial where multiple pathways are targeted, as is the case in Alzheimer’s
(miR29) [85] and in cancer (e.g., tumor suppressor miR-7 and miR-128 replace-
ment therapy in glioblastoma [86, 87]). These miRNAs would either be loaded
directly into exosomes or enriched in them by expression in the exosome-producing
parent cell providing a continuous source of loaded exosomes. The identification of
novel targeting moieties, other than RVG, specific for the brain or other tissues of
interest will further broaden the therapeutic applications of exosomes. Attractive
candidates include monoclonal antibodies against receptors that are naturally
expressed on the BBB or adhesion molecules expressed on endothelial cells in the
lining of blood vessels. It would, therefore, be possible to achieve a degree of tissue
specificity not previously achievable with viruses and liposomes, further enhancing
the bioavailability of exosome cargo, reducing nonspecific homing to other tissues
and to sites of clearance. These targeting moiety or moieties could either be
expressed in the parent cells or inserted directly onto the exosomal membrane,
allowing to control for levels of surface expression and the relative ratios of target-
ing moieties.

In addition to harnessing exosomes for RNAi delivery, lipidomic, proteomic, and
transcriptomic studies promise to define more precisely the components that make
exosomes competent in drug delivery. Defining these components will aid the
design and development of (semi-)artificial drug delivery vehicles. Indeed, an alter-
native approach to obtaining membrane vesicles is to generate them synthetically
by recapitulating the components that are essential for their function as a carrier
system. Such synthetic exosome mimics would be a homogenous and reproducible
type of drug delivery vehicles, devoid of other cargoes that are naturally found in
exosomes and which otherwise mediate off-target effects. To mimic the exosomes’
natural targeting properties and their ability to deliver RNAI to the site of tissue
silencing, it is likely that artificial particles, e.g., liposomes, would have to comprise
the specific lipids and proteins involved in exosomal cell trafficking. An attempt to
produce such “exosome-like” vesicles has already been described by Martinez-
Lostao et al. [88]. The effectiveness of APO2L/TRAIL (proteins that are decreased
in the synovial fluid from patients with rheumatoid arthritis) conjugated with
artificial lipid vesicles was evaluated in a rabbit model of antigen-induced arthritis
(AIA) using artificial exosome-like liposomes which included phosphatidylcholine
(PC) and sphingomyelin and were conjugated to APO2L/TRAIL. The authors
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observed that association of APO2L/TRAIL to the exosome-like liposomes
increased its bioactivity and resulted in more effective treatment of AIA [88].
Other studies attempted to mimic the protein content of exosomes by including, for
example, connexins. These components of cellular gap junctions had previously
been identified on exosomes derived from various sources. Kaneda et al. showed
efficacy of liposomes displaying connexin 43 in delivering the anti-inflammatory
peptide, NEMO-binding domain peptide (NBDp) into Cx43-expressing U20S cells
and also demonstrated that such delivery was dependent on Cx43 expression in the
recipient cells [89]. De La Pena et al. successfully coated liposomes consisting of
exosomal phospholipids with an optimized number of MHC class I peptide com-
plexes and other immunostimulatory ligands. These “exosome-like” liposomes
recapitulated the function of antigen-presenting cells [90]. These studies demon-
strate that artificial liposome-based delivery systems could be designed based on the
properties derived from exosomes and that further understanding of exosome biol-
ogy and trafficking will help the design and development of effective exosome-like
delivery vehicles.

Despite the exciting progress with the discovery of the drug delivery potential of
membrane vesicles, there exists a number of limiting factors in their clinical trans-
lation. First, membrane vesicles are known to play a role in pathology, for example,
in spread of HIV or prion particles [91, 92]. There is also evidence that membrane
vesicles may be involved in promoting tumor growth by inducing angiogenesis and
spreading oncogenes [93]. Citrullinated proteins common in rheumatoid arthritis
have been found in exosomes from synovial fluid and could be involved in stimulat-
ing the pathogenic autoimmune response [94]. It would be important to further
characterize membrane vesicles intended for drug delivery by proteomic studies in
order to identify any endogenous cargoes that may mediate potential unwanted side
effects. Furthermore, gene expression studies in exosome-treated cells would iden-
tify pathways other than those targeted by the siRNA cargo, which are altered by
exosome treatment. As well as eliminating potential pathological cargoes from
membrane vesicles, it would be important to produce clinical-grade vesicles with a
defined set of characteristics and a quantifiable level of drug cargo. However, this is
currently limited by lack of suitable and scalable nanotechnologies for the
purification, characterization, and loading of exosomes. Current ultracentrifugation
protocols produce a heterogeneous mix of exosomes, other cellular vesicles, and
macromolecular complexes. Therefore, novel purification methods based on the use
of specific desired markers, such as the expression of the targeting moiety on the
surface of exosomes, are required. In addition, siRNA loading into exosomes is
relatively inefficient and cost-ineffective, highlighting the need for the development
of novel transfection reagents tailored for nanoparticle applications. In summary,
the clinical translation of membrane vesicles for drug delivery hinges upon better
understanding of exosome biology and function in health and disease and the devel-
opment of nanotechnologies for the specific purification and characterization of
clinical-grade exosomes and their loading with a variety of therapeutic cargoes.
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Chapter 10
Aptamer-Mediated siRNA Targeting

Jiechua Zhou and John J. Rossi

Abstract RNA interference (RNAI) is a sequence-specific mechanism for post-
transcriptional inhibition of gene expression. As such, it is an attractive approach
for the therapeutic treatment of a wide variety of human maladies. Although con-
ceptually elegant, there are key barriers to the widespread clinical application of this
process. One of the most formidable impediments to clinical translation of RNAi is
safe and effective delivery of the siRNAs to the desired target tissue at therapeutic
doses. In this regard, the advent of versatile aptamer technology has prompted the
development of aptamer-mediated cell-type-specific delivery for targeted RNAi
triggers. In this chapter, we explore the developments of cell-type-specific aptamer
applications. We also highlight recent advances of aptamers as functionalized nano-
carriers for targeted siRNA delivery.

10.1 Introduction

Small interfering RNAs (siRNAs) are 21-22-base-long RNAs that guide the
sequence-specific degradation of target mRNAs [1, 2]. The essential feature of
the RNAi mechanism is the exquisite sequence specificity, which derives from
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complementary Watson—Crick base pairing of a target messenger RNA (mRNA)
with the guide strand of the siRNA. Since double-stranded RNA-mediated RNAi
was discovered in 1998 [3], the development of siRNA-based therapeutics has been
an area of research [4, 5]. After more than a decade of development, there are over 20
siRNA-based preclinical and phase I/II clinical trials for a variety of human diseases
which have continued to fuel the interest in RNAI clinical translation [4, 6]. For
example, in 2004, OPKO Health (previous Acuity Pharmaceuticals) announced the
first siRNA-related clinical trial in which bevasiranib, an unmodified siRNA target-
ing vascular endothelial growth factor (VEGF), was given to patients with wet age-
related macular degeneration (AMD). The phase 111 trial of bevasiranib is the first and
most advanced clinical study [7]. Additionally, RNAi therapy for respiratory syncy-
tial virus (RSV) also has rapidly progressed from laboratory investigations to clinical
trials [8—11]. In 2007, Alnylam Pharmaceuticals started phase II clinical studies for
ALN-RSVO01, which is an siRNA targeting a highly conserved region of the mRNA
encoding the nucleocapsid (N) protein of RSV. The siRNA was shown to prophylacti-
cally reduce the incidence of RSV lung infections in adult patients [11]. The first in-
human phase I clinical trial using a targeted nanoparticle-siRNA delivery system
showed the first direct evidence for siRNA-mediated gene silencing in humans [12].

However, in similarity with the development of other drug types, some challenges/
hurdles have resulted in setbacks in clinical translation of RNAIi [5, 13]. Due to the
negatively charged nature of nucleic acids, siRNAs cannot directly pass through the
cell membrane and are vulnerable to RNase degradation in the absence of backbone
modifications or protective delivery vehicles [14]. Although siRNA can be directly
administered to a target (such as intratumoral delivery), for many diseases, systemic
administration is required, which generally requires greater therapeutic doses, thus
leading to higher costs and harmful side effects. On the other hand, when siRNAs are
administered by systemic administration without some protective covering and/or
appropriate chemical modifications, they are rapidly cleared through renal filtration,
ultimately resulting in poor pharmacokinetics and marginal or no gene silencing.
Before reaching the targeted cells, it is difficult for a nonformulated siRNA to pass
through the blood vessel endothelial wall and multiple tissue barriers including liver,
kidney, and lymphoid organs [14, 15]. Therefore, a nontargeting systemic adminis-
tration of siRNA probably severely reduces the therapeutic efficacy and can even
lead to harmful toxicities [15, 16]. In the case of bevasiranib, it was as administered
as an unmodified siRNA without a delivery formulation that was given by intravitreal
injection. In 2009, OPKO terminated the phase III clinical trial of bevasiranib because
its primary end point of reducing vision loss was not achieved. Recently, another
clinical trial for AMD using a chemically modified siRNA —Sirna-027 (also known
as AGN 211745)—against a conserved region of the VEGF receptor-1 mRNA [17],
eventually failed to meet the efficacy end points in its phase II trial. The specificity
and mechanism of the aforementioned anti-VEGF siRNA drugs for treating AMD
was called into question by a recent study [18], which showed that the siRNA-mediated
inhibitory activity of neovascularization may be attributed to nonspecific immune
response associated with activation of the cell-surface toll-like receptor 3 (TLR3),
rather than to a target sequence-specific interaction.
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Considering these setbacks, strategies to improve the therapeutic performance of
siRNAs including appropriate chemical modifications and effective delivery formu-
lations with targeting moieties, as well as combinatorial applications with other ther-
apeutic agents, have been explored [19]. In particular, it is highly desirable to develop
an intelligent delivery formulation for carrying siRNAs to the desired target tissues
at therapeutically effective doses, especially by systemic administration [4]. With the
intent of developing targeted delivery vehicles, nucleic acid-based aptamers which
bind cell-surface proteins have been explored as targeting ligands or delivery vehi-
cles for tissue and cell-type-specific delivery [20, 21]. Specific cellular internaliza-
tion of the siRNAs and selective accumulation of the drug in the targeted tissues or
cells can be achieved by conjugating cell-specific aptamers to siRNAs. This chapter
focuses on cell-specific aptamer-mediated delivery of RNAi-based therapeutics.

10.2 Development of Cell-Specific Aptamers

Aptamers are evolved in vitro through a random combinatorial library, single-
stranded nucleic acids that can specifically recognize and bind their cognate targets
by means of well-defined stable, three-dimensional structures [22]. Over the past
20 years, numerous nucleic acid aptamers have been raised against a wide variety
of targets by an in vitro procedure called systematic evolution of ligands by expo-
nential enrichment (SELEX). The SELEX technique was first reported in 1990
[23-25] and has undergone several refinements and modifications to improve the
selection efficiency and speed [26]. Many aptamer properties are comparable to
those of protein monoclonal antibodies, but the nucleic acid aptamers with target
binding affinities in the low to mid-nanomolar range offer some advantages over
Mabs, including the potential for chemical synthesis and modification, stability, and
lack of immunogenicity [26, 27]. Aptamers, therefore, have been utilized for a vari-
ety of applications ranging from diagnostics to therapeutics [28, 29].

Advances in the development of DNA or RNA aptamers that specifically target
membrane receptors to deliver and enhance the efficacy of other therapeutics agents
have created interest in exploiting cell-specific aptamers as targeted drug delivery
carriers. Aptamers can be directly assembled with other therapeutic nucleic acids
(like siRNAs) or be conjugated onto nanocarriers into versatile multifunctional
molecular devices [21]. In order to generate a cell-specific aptamer, the selection
procedure can vary from traditional purified membrane protein-based SELEX [25]
(Fig. 10.1a) to live cell-based SELEX [30-32] (Fig. 10.1b). Alternatively, cell-
specific aptamers also can be identified through a combinatorial SELEX strategy via
switching between cells expressing the target protein with purified protein selection
[33]. Generally, in a typical SELEX procedure, the initial single-stranded DNA/RNA
pool contains a 20-60-nt random sequence, which largely guarantees the presence of
active structures with high binding affinity to the target protein. By repetitive rounds
of binding and selection, aptamers against virtually any given target can be routinely
isolated from an initial combinatorial oligonucleotide library.
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Fig. 10.1 In order to generate a cell-specific aptamer, the selection procedure can vary from tradi-
tional purified membrane protein-based SELEX (a) to live cell-based SELEX (b). Generally, in a
typical SELEX procedure, the initial single-stranded DNA/RNA pool contains a 20-60-nt random
sequence to provide a sequence space that facilitates presence of structures with high binding affinity
to the target protein. By repeating selection rounds, aptamers against any given targets can be rou-
tinely isolated from an initial combinatorial oligonucleotide library. (a) A typical purified protein,
membrane-based SELEX procedure consists of four main steps (1) binding to the target protein,
(2) selective partitioning, (3) recovery of target-bound sequences, and (4) re-amplification of recov-
ered species. (b) A live cell-based SELEX procedure also consists of four main steps: (1) counterse-
lection by incubating library with negative cells that do not express the target protein, (2) positive
selection by incubating recovered unbound sequences with positive cells expressing the target protein,
(3) recovery of target-bound sequences, and finally (4) re-amplification of recovered species
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10.2.1 Purified Membrane Protein-Based SELEX

As shown in Fig. 10.1a, a typical purified membrane protein-based SELEX proce-
dure consists of four main steps (1) binding to the target protein, (2) selection parti-
tioning, (3) recovery of target-bound sequences, and (4) re-amplification of
recovered species [34]. The critical step in aptamer selection is the selection parti-
tioning, which is to isolate target-bound sequences from unbound species in the
library through various approaches, including traditional bead, resin, membrane, or
chip-based segmentation approaches. Recently, novel isolation strategies have been
developed to accelerate the selection procedure and improve the efficiency of
aptamer selection. These include capillary gel electrophoresis [35-37], flow
cytometry, and microfluidic devices [38, 39].

The purified membrane protein-based SELEX procedure has some advantages
over other methods, including low nonspecific binding and facile control of the
selection conditions [34]. Thus far, most of the cell-specific aptamers have been
generated using soluble, purified membrane proteins/receptors. For example, a tra-
ditional nitrocellulose membrane filter-based isolation method was employed to
generate anti-HIV-1 gp120 aptamers [40], anti-EGFR aptamers [41], and anti-TfR
aptamers [42]. In addition, aptamers targeting CD4 were produced by immobilizing
soluble, recombinant CD4 antigen onto Sepharose beads allowing elution of
unbound sequences and retention of bound species [43]. Lupold et al. immobilized
a purified fusion protein containing a modified extracellular form of PSMA on mag-
netic beads and successfully isolated two 2'-fluoro-modified RNase-resistant RNA
aptamers (A-9 and A-10) with low nanomolar binding affinity [44]. Despite these
successes, efficient generation of new aptamers as cell-specific homing agents still
presents a major challenge due to the limited number of purified membrane pro-
teins. A target protein that is insoluble or only functionalizes in a native conforma-
tion or in a multi-protein complex is unavailable for the purified protein-based
SELEX procedure [45]. It was reported that some aptamers that were evolved to
bind to a soluble, purified membrane protein failed to recognize the same targets in
their native confirmation [46—48]. For such proteins, the traditional purified protein-
based in vitro selection is not feasible.

10.2.2 Live Cell-Based SELEX

Live cell-based SELEX is the process in which live cells are used to select aptamers
for target recognition (Fig. 10.1b) [31]. This method provides a promising alterna-
tive for the generation of aptamers that can recognize a particular target in its native
cell conformation [49]. In principle, this strategy relies essentially on the differ-
ences between the target cell population (positive cells) relative to a control cell
population (negative cells) which are used for counterselection. In similarity to the
purified protein-based SELEX, a live cell-based SELEX procedure also consists of
four main steps (1) counterselection by incubating the library with negative cells
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that do not express the target protein, (2) positive selection by incubating recovered
unbound sequences with positive cells expressing the target protein, (3) recovery of
target-bound sequences, and finally (4) re-amplification of the recovered species. In
general, the number of cells, concentration of the library, ionic strength, incubation
time, washing times, and temperature can all be varied to provide more stringent
conditions favoring the selection of aptamers with the highest affinity.

The use of live cell-based SELEX to create aptamers that bind to target proteins
on the surface of live cells has many advantages. In contrast to purified protein-
based SELEX, it is not necessary to know the number or type of proteins on the cell
membrane surface [49]. Since the selection target is whole cells, a panel of aptamers
can be isolated against both known and unknown cell-surface proteins. Most impor-
tantly, the cell-surface proteins keep their native conformation throughout the selec-
tion process, thereby retaining their active biological functions. By using live
cell-based SELEX, many new aptamers have been successfully generated that are
capable of recognizing different cell populations, including lymphocytic leukemia
cells [50, 51] and rat glioblastoma cells [52]. Employing the cell-based SELEX
method, Tan and colleagues successfully isolated a panel of cell-specific ssDNA
aptamers with high binding affinities to CCRF-CEM cells (a T cell acute lympho-
blastic leukemia cell line) without the explicit knowledge of the cell’s molecular
signature [53]. The selected aptamers are able to distinguish molecular differences
on cancer cells in patient samples. However, it should be noted that there are several
pitfalls with the cell-based selection procedures [54], for example, nucleic acids are
readily bound nonspecifically to dead cells, a problem which can impede effective
enrichment of target-specific sequences and even result in failure to obtain the
desired aptamers.

10.3 The Strategies of Aptamer—siRNA Targeting

Over the past few years, an increasing number of cell-specific RNA and DNA
aptamers have been successfully adopted for targeted delivery of the various mol-
ecules of interest both in cell culture and in vivo, such as anticancer drugs [55-64],
toxins [65], enzymes [42], radionuclides [66], virus [67], and RNAi-based thera-
peutics (siRNAs, shRNAs) [68]. Despite these validated examples, only a few RNA
aptamers (PSMA, CD4, HIV-1 gp120, and CD30) have been demonstrated to have
competence for targeted siRNA/shRNA delivery. In this section, we mainly focus
on the application of cell-specific aptamers for cell-targeted RNA interference.
Several representative examples are discussed below.

10.3.1 Noncovalent Aptamer/siRNA Conjugates

In order to achieve targeted RNAi effects, the desired siRNA molecules can be con-
jugated with a cell-specific aptamer through either covalent conjugation or nonco-
valent assembly. The most established and best characterized aptamers for siRNA
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targeting are the PSMA aptamers [44]. Several independent groups have demon-
strated anti-PSMA aptamer-mediated siRNA delivery to PSMA-positive cells or
human prostate cancer cells transplanted into nude mice. Chu et al. took advantage
of the noncovalent interaction of streptavidin and biotin to create a modular strepta-
vidin bridge for conjugating the anti-PSMA aptamer (A-9) with lamin A/C or
GAPDH siRNA [69]. Two biotinylated aptamers and two biotinylated siRNAs were
co-assembled, and effective PSMA receptor-mediated uptake of the aptamer—siRNA
conjugates was observed along with siRNA-mediated specific silencing of the
targeted transcripts in the cultured PSMA-positive cells.

We used a “sticky bridge” strategy to noncovalently assemble an HIV gp120
aptamer with various siRNAs [40]. The 3'-end of the aptamer and one of the two
siRNA strands were chemically conjugated with complementary GC-rich sticky
sequences, thereby, allowing the aptamer and siRNA portions to be noncovalently
conjugated via Watson—Crick base pairing by simple mixing. Through mixing vari-
ous siRNAs with different aptamers, the “sticky bridge” offers a facile conjugation
approach for multiplex targeted delivery and target downregulation. For example, in
the RNAi-based anti-HIV therapy, rapid emergence of viral escape mutants often
abrogates RNAi efficacy of a single siRNA. Therefore, we combined three different
siRNAs with a single gp120 aptamer: one against the HIV-1 tat/rev transcripts and
two siRNAs targeting the HIV-1 host dependency factors [CD4 and transportin-3
(TNPO3)]. The resulting aptamer—“sticky bridge”—cocktail siRNA conjugates
were specifically internalized into cells expressing the HIV-1 envelope protein and
effectively suppressed viral loads in cell culture and in an HIV-1-infected human-
ized mouse model (Zhou et al. manuscript submitted).

10.3.2 Covalent Aptamer—siRNA Conjugates

Using a different, covalent conjugation approach, Giangrande and coworkers have
developed a simple covalent anti-PSMA aptamer (A-10)-siRNA chimeric RNA
[70]. In this approach, the aptamer was covalently attached to the sense strand of a
21-mer siRNA portion that was annealed with an unmodified antisense strand. The
resulting chimeric RNA molecule was selectively internalized into cells expressing
PSMA and effectively knocked down expression of the targeted tumor survival
genes PLK1 and BCL2 both in cell culture and in vivo. Recently, this same group
constructed an optimal second-generation chimera with an increased in vivo circula-
tion time and bioavailability [71]. Based on their previous first-generation chimeric
RNA design, the aptamer portion was truncated from 71 to 39 nt without loss of high
binding affinity. The size of the resulting version (containing the truncated aptamer
and sense strand of siRNA portion) was reduced to 64 nt, making this RNA amena-
ble to milligram-scale chemical synthesis. Moreover, some rational structural
changes of the siRNA portion were added, allowing more efficient incorporation of
the siRNA by the cellular RNAi machinery and increasing the gene silencing efficacy.
Additionally, the sense strand of the siRNA portion was appended with a 20-kDa
polyethylene glycol (PEG) moiety, which substantially increased the circulating
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half-life and markedly improved the bioavailability of the aptamer—siRNA chimera.
Compared with the swap-2'-F chimera, the in vivo circulating half-life of the PEG-
conjugated chimera (the swap-2'-F-PEG chimera) was substantially increased (from
<35 min to >30 h). Additionally, the therapeutic dose of the PEG-conjugated chi-
mera was dramatically reduced from 10x1 nmol to 5x0.25 nmol per injection,
minimizing both the cost of treatment and the risk for harmful side effects.
Consequently, the optimized version resulted in pronounced regression of PSMA-
expressing tumor growth after systemic administration in mice harboring human
prostate cancer cells, and this was accomplished with a reduced therapeutic dose.
More recently, Gliboa and coworkers also utilized the PSMA aptamer to specifically
deliver NMD (nonsense-mediated messenger RNA decay) factor targeting siRNAs
to tumor cells [72]. The systemic administration of PSMA aptamer—-NMD siRNA
chimeras resulted in significant suppression of tumor growth in subcutaneous and
metastatic tumor animal models.

Using the same aptamer—siRNA fusion approach described by Giangrande, we
successfully developed a dual-functional anti-gpl120 aptamer—siRNA chimeric
RNA [40, 73], in which both the aptamer and the siRNA portions have potent anti-
HIV activities. By blocking the interaction of HIV-1 envelop gp120 and CD4 recep-
tor, the aptamer portion can neutralize HIV-1 infectivity. The gp120 aptamer was
covalently linked to a 27-mer siRNA against the HIV-1 tat/rev common exon.
Treatment of HIV-1-infected T cells and PBMCs with these chimeras resulted in the
selective gp120-mediated cellular internalization and the specific gene silencing.
Furthermore, in an HIV-1-infected humanized Rag-hu mouse model, systemic
administration of the gp120 aptamer—siRNA chimera provided several logs of inhi-
bition of HIV-1 replication and complete inhibition of CD4+ T cell depletion nor-
mally mediated by viral infection [74]. Our results also demonstrated that the
specific gene silencing effect and the siRNAs were only detectable in gp120
aptamer—siRNA chimera-treated mice, but not in animals treated with naked siRNA
or a mutant aptamer—siRNA chimera, validating the aptamer-mediated cell-specific
siRNA delivery and RNA1 activity.

Similarly, an alternative aptamer that binds to the human CD4 receptor was also
covalently fused with an siRNA to specifically induce gene silencing in CD4+ T cells
and macrophages and in cervicovaginal tissue explants [75]. When the CD4 aptamer—
siRNA chimeras (CD4-AsiCs) bearing siRNAs targeting HIV gag and vif or host
CCRS5 were administrated by the vaginal route to humanized mice, HIV vaginal
transmission to cervicovaginal explants and to the mice was significantly prevented.

It has been reported that multivalent versions of aptamers can increase the
potency and antitumor response and promote receptor activation [76—79]. In efforts
to promote the binding affinity and internalization of chimeras and enhance the
therapeutic potential, multivalent aptamer—siRNA conjugates have been generated.
For example, the siRNA itself has been used to serve as a linker to join the two
PSMA aptamers together or the siRNA was appended onto the 3'-ends of each
aptamer to build bivalent aptamer—siRNA chimeras [80]. This bivalent design pro-
moted internalization of the chimeras and resulted in an almost complete triggering
of PSMA-positive cell death.
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10.3.3 Aptamer-Nanoparticle Conjugates

In the past decade, the advances in nanotechnology have greatly accelerated develop-
ments in the material, life, and medical sciences [81, 82]. A variety of natural and
synthetic nanocarriers for drug delivery, including liposomes, micelles, synthetic
polymers, carbon nanotubes, and quantum dots, have been developed [83]. The inte-
gration of cell-specific aptamers with nanocarriers is expected to develop more versa-
tile and multifunctional cell-type-specific delivery systems [55]. Through engineering
of cell-specific aptamers with a nanoscale delivery vehicle, specific molecular recog-
nition and cellular internalization of the therapeutic agents by the target tissue can be
achieved via aptamer-mediated targeting [84]. In contrast to the average size of a
single siRNA molecule which is well below 10 nm in diameter, aptamer-functional-
ized nanoparticles have an appropriate nanoscale size in the mid-nanometer range
thereby allowing preferential accumulation in target tissues and organs via a passive
targeting mode (EPR, enhanced permeability and retention effect) [85, 86] and facili-
tating cellular entry by endocytosis. These nanocarriers can also reduce renal clear-
ance, improve circulation half-life, and biodistribution in vivo.

Self-assembling nanoparticles represent an attractive approach for siRNA target-
ing. The packaging RNA (pRNA) component of the bacteriophage phi29 DNA-
packaging motor has been developed and manipulated to produce chimeric RNAs
that form dimer, trimer, hexamer, and larger arrays ranging in size from nanometers
to micrometers via interlocking right- and left-hand loops [87, 88]. pRNA mono-
mers can fold into a stable and unique secondary structure that serves as the build-
ing blocks to form nanostructures via bottom-up assembly [89]. Fusion of the pPRNA
with a variety of therapeutic and chemical compounds does not impede the forma-
tion of dimers or interfere with function. By taking advantage of the self-assembling
property of the pRNA, Guo and coworkers fabricated pRNA-based nanoparticles
with a variety of structures and shapes [90]. For example, a CD4 aptamer and an
siRNA against survivin, GFP, BAD, or lucoferase were, respectively, covalently
fused with pRNAs. Subsequently, the pPRNA—aptamer or pPRNA—siRNA chimeras
were incubated to form a dimer of 25 nm length as measured by atomic force
microscopy (AFM) [91, 92]. The resulting nanoscale RNA dimer specifically bound
to and was internalized in CD4-expressing T cells, delivering the siRNA to trigger
specific knockdown of the target transcripts.

By taking advantage of straightforward chemical synthesis and modification,
cell-specific aptamers can be conjugated to functional groups with relative ease,
enabling their conjugation to the nanocarriers. The large surface areas of nanopar-
ticles provide excellent platforms for conjugating multiple aptamers. For example,
a PSMA aptamer was chemically conjugated with a synthetic branched polyethyl-
enimine-grafted—polyethylene glycol (PEI-PEG) polymer [93]. The resulting PSMA
aptamer-functionalized polymer specifically delivered to prostate cancer cells an
shRNA targeting the anti-apoptotic gene (Bcl-xl).

The interior volumes of nanoparticles have been used to encapsulate large
quantities of various drug molecules. Using a somewhat different strategy, a
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nanocomplex with a peak hydrodynamic diameter of ~140 nm was formulated by
incorporating both ALK (anaplastic lymphoma kinase) siRNA and a CD30 RNA
aptamer into nano-sized polyethylenimine-citrate carriers via noncovalent interac-
tion [94]. The selective uptake of the nanocomplex and specific ALK gene silencing
effects were observed in ALCL cells (anaplastic large cell lymphoma) expressing
the CD30 receptor [95, 96].

10.4 Concluding Remarks and Future Perspectives

According to a PubMed search with “aptamer” as keyword, more than 2,700 publi-
cations indicate that the field of aptamer research has generated lots of interest in the
scientific community. Aptamers have a number of advantages in their clinical usage
over their antibody counterparts, and due to the relatively simple chemistry, aptamer-
based applications will become more tunable and accessible compared to antibod-
ies. However, several important issues limit the applications of aptamers. These
include a reduced bioavailability compared to antibodies as well as high cost for the
scale-up chemical syntheses of these RNA compounds. In this regard, increasing
efforts are being made toward the development of efficacious selection methodolo-
gies to identify new aptamers with high affinity and novel chemical synthesis meth-
ods. For example, live cell-SELEX has offered very promising results in recent
years and automated SELEX workstations are used to rapidly select aptamers for
multiple targets. As these technologies are improved, we expect that the develop-
ment and commercialization of aptamers will accelerate their clinical applications.

Interest in the therapeutic potential of nucleic acid-based agents, such as siRNAs,
microRNAs, aptamers, antisense DNAs, mRNAs, and ribozymes has grown over the
past two decades. With the technological maturation and increasing knowledge of
RNAI as well as aptamers and their mechanism of action, it seems natural to partner
multiple therapeutic nucleic acids (e.g., aptamers and siRNAs) to expand the poten-
tial for therapeutic efficacy. Because the building blocks for both are RNA mole-
cules, combining cell-specific aptamers with RNAi-based therapeutic agents is facile
and provides flexibility for achieving targeted delivery of siRNAs in the desired cells
or tissue. Currently, siRNAs have been attached to cell-specific aptamers either
through direct conjugation to the aptamer, or via functionalized groups appended on
the aptamer. Additionally, nucleic acids also can be fused to polyethylene glycol
(PEG) or assembled into a nanocarrier, thus reducing kidney clearance and increas-
ing their propensity to circulate and distribute into tumor tissues. For example, a
precisely engineered nanocarrier system functionalized with a cell-specific aptamer
not only has an appropriate nanoscale size, thereby allowing preferential accumula-
tion in the tumor in the passive target mode, but also can selectively recognize and
bind to surface proteins on the targeted cells via the interaction of the ligand and cell-
surface receptor, thus facilitating selective internalization. Therefore, the combined
advantages of aptamers as targeting agents and the utility of nanoparticles as drug
carriers make combining these into drug delivery vehicles very attractive.
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Chapter 11
RNAI as Antiviral Therapy: The HIV-1 Case

Ben Berkhout and Julia J.M. Eekels

Abstract RNA interference (RNAI)is a cellular mechanism that mediates sequence-
specific gene silencing. The RN Ai mechanism also has therapeutic potential, and it
can be used as an antiviral approach against infectious human pathogens. An attrac-
tive target for RN Ai therapeutics is the RNA genome of the human immunodeficiency
virus type 1 (HIV-1). In fact, the first clinical gene therapy trial with a lentiviral vec-
tor that encodes a single RNAIi inhibitor in combination with other antiviral RNA
molecules was initiated in early 2008. In this chapter, we will focus on basic mecha-
nistic principles of an RNAi-based attack on HIV-1, which in some respects forms
a formidable target. Among other items, we will discuss target site selection within
the viral RNA genome, the phenomenon of viral escape, and therapeutic strategies
to prevent such escape. Alternatively, one could target cofactors of the host that are
essential for virus replication yet less important for cell physiology. The most
promising anti-escape strategy is the implementation of a combinatorial RNAi
attack on the virus.

11.1 RNAIi: Transformation of the Natural Pathway
into a Therapeutic Mode

The development of RNAi-based therapies against a wide variety of diseases,
including cancer, neurological, autoimmune, and infectious diseases was triggered
by the discovery of the RNAi mechanism and RNAi-mediated gene silencing in
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mammalian cells [1-7]. RNAi also holds promise for antiviral therapy against
pathogenic viruses, either the ones that cause acute infections like respiratory syn-
cytial virus (RSV) and influenza virus or the ones that cause chronic infections such
as hepatitis B virus (HBV), hepatitis C virus (HCV), and HIV-1. We will focus on
the chronic infections that require an RNAi-based gene therapy approach.

In the following, we will briefly describe the natural microRNA (miRNA) path-
way. It is estimated that human cells express more than 500 miRNAs to control the
process of cell differentiation and development by regulating gene expression at the
posttranscriptional level [8—13]. The natural miRNA pathway uses RNA polymerase
IT or III to produce primary transcripts or pri-miRNAs that encode a single or mul-
tiple miRNAs as a polycistronic transcript [14]. The pri-miRNA is processed by the
microprocessor complex, consisting of the Drosha enzyme and the dsSRNA-binding
protein DGCRS8/Pasha [15-19], into a pre-miRNA with a 5’-monophosphate and
3'-hydroxyl 2-nucleotide (nt) overhang [20]. The pre-miRNA is processed in the
nucleus and subsequently exported by Exportin-5 (Exp-5) to the cytoplasm [21-23].
The cytoplasmic Dicer endonuclease cleaves the base-paired stem approximately
22 base pairs (bp) away from its base, generating a 2-nt overhang at the 3'-end [24].
Dicer is associated with TAR RNA-binding protein (TRBP) that recruits Argonaute
2 (Ago2) [25]. The Ago2-RNA complex forms the minimal core of the RNA-
induced silencing complex (RISC) [26, 27]. RISC unwinds the miRNA duplex and
cleaves the passenger strand, such that only the guide strand remains in the complex
to execute the subsequent mRNA silencing step [28-30].

Mammalian miRNA-mediated gene silencing occurs by translational repression
of the target mRNA [9]. However, a recent study suggested mRNA cleavage as the
favorite mode of miRNA action [31]. Degradation of the targeted mRNA is initiated
by endonucleolytic mRNA cleavage opposite nucleotides 10 and 11 of the miRNA.
The level of base-pairing complementarity in the miRNA-mRNA duplex is a major
determinant, leading to mRNA cleavage with a perfect complementarity and trans-
lational repression with suboptimal complementarity [32-36]. The “seed” region of
the miRNA (5’ terminal nucleotides 2-8) typically finds multiple partially comple-
mentary target sequences in the 3' untranslated region (3'UTR) of the cellular
mRNA target, and the silencing efficiency is determined by the overall arrangement
of these 3'UTR targets, including their number and intermotif distance [37]. At least
one human miRNA-mRNA set with perfect base-pairing complementarity has been
reported [38].

In plants and insects, small interfering RNAs (siRNAs) arise from extended
virus-derived double-stranded (ds) RNA molecules upon cleavage by Dicer. These
siRNAs have antiviral activity and belong to an ancient antiviral mechanism of the
host cell, which is less apparent in mammalian cells because the siRNAs are not
readily detectable in infected human cells [39]. However, recent studies reported the
accumulation of small virus-derived RNAs in cells infected with HIV-1, poliovirus,
HCV, flock house virus (FHV), Drosophila C virus (DCV), Sindbis virus, and vesic-
ular stomatitis virus (VSV) [40-42].

The most popular strategy for activation of RNAi-mediated gene silencing in
mammalian cells is transfection of siRNAs either introduced directly into cells as
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Fig. 11.1 The cellular RNAi pathway and delivery options for RNAi-based therapeutics. Several
methods can be used to deliver RNAi inducer molecules into target cells. (A) Transient transfection
of siRNAs will produce a silencing effect that ranges from days up to a week. The siRNAs are
directly incorporated into the RISC complex residing in the cytoplasm, where one strand of the
siRNA is degraded and one strand is used to guide the RISC complex to the target mRNA. The
mRNA is subsequently cleaved, leading to sequence-specific gene silencing. This method is appro-
priate only for the attack on acute virus infections. (B) Plasmids encoding shRNAs are maintained
longer in target cells (weeks to months), but the effect wanes due to dilution of the plasmid after
each cell division or degradation of the plasmid. (C) Some viral vectors, in particular retroviral and
lentiviral vectors, can integrate the sStRNA-expression cassette into the host cell genome, ensuring
constitutive expression of the therapeutic sShRNA. This method is particularly useful in the fight
against persistent virus infections like HIV-1. Plasmids and integrated viral vectors produce
shRNAs in the nucleus. These RNA molecules are subsequently transported into the cytoplasm by
Exportin-5 (Exp-5) and processed by Dicer into the active siRNAs

synthetic siRNA or vector-based intracellular expression (Fig. 11.1). Synthetic siR-
NAs are usually designed to have full base-pair complementarity and to direct
mRNA cleavage. For this action, only a single target sequence is required, and this
target can be positioned anywhere within the mRNA molecule. Synthetic siRNA
introduced into cells reprogram the cytoplasmic RISC [43]. Short hairpin RNA
(shRNA) transcripts [44—46] and man-made miRNA mimics can be expressed intra-
cellularly from a plasmid or viral vector [47]. Such transcripts are expressed in the
nucleus and will use the natural miRNA processing and transport pathways to
instruct RISC for downregulation of a specific mRNA (Fig. 11.1). Whereas the
siRNA approach is perfectly suited for a therapeutic attack on acute virus infections,
the shRNA strategy using plasmid or viral vectors provides a more durable gene-
silencing effect that is needed in the fight against chronic virus infections. We pre-
viously presented detailed protocols for the design of such RNAIi constructs [48].
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11.1.1 Towards a Durable Gene Therapy
to Control HIV-1 Infection

Candidates for therapeutic intervention include diseases caused by overexpression
of a specific mRNA. RNAIi can also be designed to target the RNA genome of
invading microbes such as HIV-1. HIV-1 is a retrovirus that causes a chronic infec-
tion that ultimately leads to disease progression, AIDS, and death. Disease progres-
sion can be halted effectively in most patients with antiviral drugs, but the virus
readily escapes from a monotherapy. A combinatorial drug approach can avoid the
evolution of drug-resistant HIV-1 variants. Despite this clinical success, some prob-
lems remain with multiple drug regimes, including drug-related toxicity that may
show up during long-term follow-up. The goal of alternative gene therapy approaches
against HIV-1 should, therefore, be to durably protect the cells of the immune sys-
tem of an already infected individual against HIV-1 infection. “Intracellular immu-
nization” of these cells, e.g., by means of RNAi technology, should prevent the
depletion of immune cells like CD4* T cells, monocytes, macrophages, and den-
dritic cells. Maintenance of the immune function during chronic HIV-1 infection
should prevent opportunistic infections and AIDS disease progression.

HIV-1 causes a persistent infection, and therefore, a continuously active treat-
ment seems required. Repeated delivery of exogenous siRNA as anti-HIV therapy
has been proposed based on experiments in a mouse with a humanized immune
system [49]. Effective virus inhibition was observed with concomitant prevention
of human CD4"* T cell loss. The systemic delivery of siRNA was recently reported
in a human phase I clinical trial via targeted nanoparticles to patients with solid
cancers [50]. We, however, seriously doubt whether such an siRNA approach would
be suitable in the setting of an HIV-infected patient, where the prevention of viral
escape requires the continuous presence of an effective dose of multiple siRNAs in
all human cell types that can be infected, which are in fact located in many different
tissues and body compartments.

A more effective gene therapy approach would instead trigger the continuous
expression of anti-HIV molecules after a single transduction of HIV-susceptible
cells with an appropriate delivery vector. We believe that the lentiviral vector sys-
tem, which is based on the HIV-1 genome, is particularly attractive for this anti-HIV
action. The lentiviral vector is made replication-incompetent by removal of essen-
tial and pathogenic genes, which were replaced by novel control and therapeutic
sequences. This vector can efficiently infect most target cell types, and transduction
of dividing and nondividing cell types is possible. A major asset for an anti-HIV
approach is the stable integration of the lentiviral vector in the host cell genome,
thus yielding permanent transduction [51, 52]. This same property raises obvious
safety concerns that will be discussed later.

Use of the HI'V-based lentiviral vector system to target the HIV-1 RNA genome
with RNAI reagents can cause some unwanted side effects [53]. This includes self-
targeting of the vector RNA by the antiviral shRNAs, thus triggering a severe vector
production problem. One can of course select only those anti-HIV shRNAs for
which the target sequences were deleted from the vector genome [54]. Also miRNA
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cassettes may raise specific problems such as Drosha-mediated cleavage of the
vector RNA genome, but these problems can be countered by appropriate vector
design [53, 55]. Alternative viral vectors are available for delivery of a therapeutic
RNAI transgene, and these systems have been reviewed previously [55-57].

Another major question relates to the cell types that should be targeted in a gene
therapy for HIV-infected individuals. Hematopoietic CD34* stem cells seed the dif-
ferent lineages of immune cells in the blood and organs and are, therefore, interest-
ing targets for such a gene therapy. This should be an ex vivo procedure, followed
by autologous transplantation of the cells into the same patient. The transduced
hematopoietic stem cells should durably supply all derived immune cells with the
antiviral arsenal, even after a single transduction event. In the presence of HIV-1,
one expects the preferential survival of these shRNA-expressing immune cells over
untreated cells. The latter cells are likely to become infected and will subsequently
be recognized and removed by the immune system. This survival benefit should
result in a gradual increase in the percentage of protected cells, which should even-
tually result in partial reconstitution of the immune system such that AIDS disease
progression is delayed or stopped.

Hematopoietic stem cells (HSC) transduced with a retroviral vector that encodes
an anti-HIV-1 ribozyme have already been evaluated in clinical trials [58, 59]. These
studies demonstrate the feasibility and safety of the proposed stem cell approach,
although little therapeutic effect was scored for the ribozyme. A recent study dem-
onstrated the safety of the lentiviral vector in combination with ex vivo targeting of
CD34* cells [60]. Another option is the treatment of the mature CD4* T cell popula-
tion, which represents the major target cell population for HIV-1. However, the gene
therapy should be applied repetitively in this scenario because the T cells have a
restricted life span [61].

Treatment of hematopoietic stem cells has a disadvantage as well, as the number
of cells that can be obtained for manipulation is limited. The use of induced pluri-
potent stem cells (iPSC) could provide an elegant solution. The iPSC technology
makes it possible to produce patient-specific pluripotent stem cells by treatment of
somatic cells (e.g., fibroblasts or T cells) with specific reprogramming transcription
factors. These iPS cells are similar to human embryonic stem cells and are able to
differentiate into a wide variety of cell types. By transducing the iPSCs with a len-
tiviral vector encoding the antiviral genes, a continuous supply of therapeutic cells
could become available for transplantation. For instance, macrophages that express
a shRNA against CCRS5 in combination with a gene encoding the restriction factor
TRIMS5a were produced with this technology, and HIV-1 replication was substan-
tially inhibited in these cells [62].

11.1.2 Where to Target the HIV-1 RNA Genome?

Several criteria can be used to identify the optimal targets for an RNAI1 attack on the
9-kb HIV-1 RNA genome. First, one could reason to select targets in the multiply
spliced HIV-1 mRNAs that are synthesized early upon virus infection and that
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encode the early viral proteins Tat, Rev, and Nef. The idea behind this strategy is
that an early block in viral gene expression will severely impact the subsequent
expression of unspliced and singly spliced mRNAs that encode the structural HIV-1
proteins. Second, one could target HIV-1 genomic regions that are represented in all
spliced viral mRNAs, which is the case for small sequence stretches in the 5’'UTR
and 3'UTR [63]. Third, as target RNA structure can effectively neutralize an RNAi
attack [64, 65], focusing on the “accessible” RNA domains is important. For HIV-1,
this strategy is clearly facilitated by the recent description of the secondary structure
of the complete HIV-1 RNA genome [66, 67]. Fourth, an important selection crite-
rion when targeting a variable virus like HIV-1 concerns the variability of the target
sequence among different virus isolates. One should ideally select targets that are
highly conserved because one wants to inhibit as many virus strains as possible. We
discovered that targeting of highly conserved genome regions may also restrict the
evolution of viral escape mutants because well-conserved sequences exhibit an
important function in HIV-1 biology, as RNA signal and/or protein-coding sequence.
RNAi-induced sequence variation may, thus, be expected to have an impact on the
viral replication capacity and fitness [68].

We performed an extensive RNAI screen against highly conserved HIV-1 genome
sequences, which yielded about 20 potent shRNA inhibitors [69]. Stable shRNA-
expressing T cell lines were generated that were subsequently infected with HIV-1,
which yielded four durable shRNA inhibitors that restricted virus replication in a
transformed T cell line for at least 3 months [70]. Other groups have also screened
large sets of anti-HIV shRNAs [71], and effective inhibitors were described that target
regulatory sequences [68, 71] or protein-coding sequences in the gag [69, 73—75], pol
[73, 76, T7], vif [72], tat [69, 77-79], rev [69, 78, 79], vpu [73], env [75], and nef
genes [72]. Follow-up analyses should include prolonged culturing of stably trans-
duced T cells to score the impact on cell viability. To address safety in more detail, the
off-target effects of the antiviral ShRNAs on human mRNAs can be evaluated [80].

An important lesson to be learned from various siRNA investigations is the
necessity for inclusion of appropriate controls. Several preclinical antiviral studies
used EGFP-specific siRNA as a control. Favorable therapeutic effects were observed;
however, these were later attributed to nonspecific induction of TLR7/8 interferon
pathway innate immunity triggered by the antiviral-specific sequence but not the
EGFP [81]. Another lesson comes from a study on an siRNA therapeutic for the
treatment of age-related macular degeneration in the eye. The siRNA exhibited a
therapeutic effect, but this was not likely elicited by the RNAi mechanism since the
charged siRNA molecule cannot easily penetrate cells. Instead, the clinical effect
occurred through TLR-3 signaling [82]. These two examples illustrate the impor-
tance of selecting the correct controls to ensure RNAi-specificity. For HIV-1 thera-
pies that target the viral genome, exclusive specificity can be demonstrated by the
selection of escape variants with a single point mutation in the target sequence. The
sequence-specificity of a particular RNAi effector must be demonstrated in vitro
and subsequently in appropriate in vivo models before translation into the clinical
test phase [4, 83, 84]. Guidelines for the proper testing and selection of potent and
safe shRNA inhibitors against HIV-1 have been formulated [70].
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11.2 Viral Escape and Combinatorial RNAi Approaches

Potent and sequence-specific HIV-1 inhibition has been reported with RNAi-
inducing reagents in infected cell cultures, but it soon became apparent that HI'V-1
is prone to viral escape when a single shRNA inhibitor is applied [64, 69, 85-89].
Prolonged culturing in the presence of HIV-1 should be performed to test the likeli-
hood of viral escape, which is difficult to predict. Care should be taken not to mis-
interpret the results of such escape studies. For instance, the appearance of point
mutations in the viral target sequence forms definitive proof of viral escape, and in
fact, it demonstrates the exquisite sequence-specificity of the RNAi mechanism.
However, sometimes viral breakthrough is observed without the acquisition of
apparent escape mutations. First, mutations may be selected outside the actual target
sequence. These changes can nevertheless cause resistance by triggering a confor-
mational switch in the RNA such that the target becomes inaccessible to the RNAi
machinery [64, 65]. Second, no changes may be apparent despite phenotypic viral
escape, which may in fact represent false breakthrough replication due to subopti-
mal virus inhibition [70, 84]. We previously discussed the complexities of properly
interpreting HIV-1 evolution studies [90-94]. Thus, both detailed phenotypic and
genotypic analyses are required to satisfactorily address the issue of viral escape.

The ease of HIV-1 escape mimics what occurs in patients treated with a single
antiretroviral drug, but we know that combinatorial drug regimes can prevent viral
escape and therapy failure. Thus, also an RNAi therapeutic attempt should tackle
the virus with multiple shRNA inhibitors at the same time. Such a combinatorial
RNAI attack can target the virus at multiple genome positions [83], but one can add
an attack against host-encoded cofactors, as will be discussed later. One could also
combine RNAi molecules with other RNA effector molecules such as decoys and
ribozymes [95, 96]. Different RNA-based inhibitors can also be combined in a sin-
gle transcript such as the conjugate of an antiviral aptamer that binds the HIV-1
envelope protein and an antiviral siRNA [97]. The aptamer not only blocks the
envelope protein on virion particles, but it also selectively ferries the siRNA to HIV-
infected cells that express the envelope protein on their surface. This conjugate
demonstrated good antiviral activity in the preclinical model of the humanized
mouse, although uncertainty remains about the efficiency of the intracellular deliv-
ery of the siRNA [98]. Another elegant solution to avoid viral escape is the use of
the second-generation shRNAs that specifically target viral escape variants [99].
However, the shear endless number of possible viral escape routes may limit the
feasibility of this approach [84]. In fact, we recently demonstrated the power of the
second-generation concept by effectively blocking common viral escape routes, but
little therapeutic benefit was achieved because HIV-1 selected alternative escape
routes [100]. RNAi can also be used to specifically block the evolution of drug-
resistant virus variants that evolve under pressure by the regular antiretroviral drugs,
e.g., inhibitors of the viral protease enzyme [101].
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Combinatorial drug/RNAi approaches are essential to restrict HIV-1 evolution
and to prevent viral escape that consequently will lead to therapeutic failure [102].
A variety of strategies have been described for multiplexing of shRNA cassettes in
a single therapeutic vector. As repeat sequences should be avoided in the lentiviral
vector to prevent recombination-mediated deletions, the multiple ShRNA cassettes
generally use separate polymerase III promoters or a combination of polymerase 11
and IIT promoters [103]. Multiplexed siRNAs can also be expressed from a single
transcript. We and others have developed extended-shRNAs that are processed into
two or maximally three functional siRNAs [104—106]. Another strategy uses truly
long-hairpin RNAs (IhRNAs) that should encode numerous siRNAs [107-109].
A disadvantage of the IhRNA approach is that it is a priori unknown what siRNA
molecules will be produced and whether these molecules will be active inhibitors
[99], and it was recently demonstrated that such constructs express a very low siRNA
level [105]. Polycistronic miRNA transcripts have also been developed [110].
Various groups have reported toxicity of sShRNAs [111-114], which can perhaps be
solved by inserting the siRNA sequence into a natural miRNA backbone [112].

Conditional expression of the siRNA molecules will increase the safety of a ther-
apeutic vector. For instance, one would like to avoid shRNA expression in trans-
duced hematopoietic stem cells that still have to undergo hematopoiesis, a process
that is particularly susceptible to changes in the RNAi machinery. Tissue-specific
miRNA expression has been described for several organs, including the liver [115].
Another option is the design of constructs that are induced by HIV-1 infection [89].
Selective expression in HIV-1 susceptible cells would be an elegant way to restrict
putative saturation and off-target effects. Another option is the use of inducible gene
expression systems such as the doxycycline-controlled Tet system [116, 117]. While
shRNAs are generally expressed from polymerase III promoters, miRNAs are
expressed from polymerase II promoters. These polymerase II systems are better
equipped for tissue-specific or drug-regulated gene expression.

Comprehensive reviews on combinatorial RNA approaches are available [118,
119]. Other types of inhibitory RNA molecules can be added to the RNAi-inducing
antiviral regimes, and we already mentioned the anti-HIV aptamer-siRNA conjugate
transcript [97]. The currently ongoing phase I clinical trial at the City of Hope
employs a lentiviral vector that encodes a TAR-decoy, CCR5-ribozyme, and shRNA
that targets the HIV-1 genome in the tat-rev region [95, 96]. The TAR-decoy is a
small nucleolar RNA molecule that absorbs the viral Tat protein, which will prevent
the Tat—TAR interaction that is essential for enhanced viral promoter activity [120].
The ribozyme cleaves the CCR5-encoding mRNA to cause reduced expression of
this important HIV-1 receptor on the cell surface [121]. Alternative antiviral RNA
molecules include antisense transcripts [122, 123], decoys [124], ribozymes [121],
and aptamers [125]. A new addition to this arsenal is an antisense molecule that can
elicit transcriptional gene silencing of the viral LTR promoter [126]. The novel RNAu
method is based on the expression of a modified U1 small nuclear RNA that blocks
polyadenylation of the targeted mRNA, which is subsequently degraded [127, 128].
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11.3 HIV-1 Inhibition by Knockdown of Critical
Cellular Cofactors

A theoretical advantage of targeting host cell proteins that are important for HIV-1
replication is the reduced chance of escape by viral mutation. Silencing of several
of these cofactors resulted in HIV-1 inhibition: nuclear factor kappa B [76], CD4
[73, 129], CXCR4 [129-132], DDX3 [133], LEDGF/p75 [134], CCRS5 [129, 131,
135], and stable expression of shRNA against several cofactors could inhibit HIV-1
replication in vitro up to 2 months [136]. CCRS is a critical receptor for HIV-1 entry
and is one of the most promising cofactor targets. First, individuals with the delta-32
mutation in the CCRS gene do not express the receptor and are not susceptible to
HIV-1 infection. Second, this gene inactivation does not cause any health problems,
except for an increased risk for infection with the West Nile virus [137]. Third,
potent shRNA targeting the mRNA for this host cell factor have already been
described [129, 135]. Fourth, the therapeutic potential of downregulation of CCR5
is supported by the cure of an HIV-1 infected patient who had leukemia in addition
to AIDS. This patient received a bone marrow transplantation of a matching donor
who was homozygous for the 32-bp deletion in the CCRS gene. Surprisingly, HIV-1
has remained undetectable in the patient’s plasma for at least 600 days post transfu-
sion [138], and the patient has recently been declared “cured” of HIV-1 [139].

Viral escape is theoretically possible in the CCRS5 case. CCRS5-tropic viruses are
generally responsible for HIV-1 transmission, although the virus can also use the
alternative CXCR4 receptor. Downregulation of the CCRS receptor will potentially
set the stage for selection of CXCR4-tropic HIV-1 variants, but this evolutionary
route was not observed in the Berlin patient. The same virus escape route was dis-
cussed when CCRS5-blocking drugs were developed, and such receptor-switch
escape routes have indeed been witnessed in patients treated with the CCRS-
antagonist maraviroc [140, 141]. In general, the concept that targeting of a cellular
cofactor prevents viral escape should be verified experimentally [136].

Many cellular targets cannot be considered for silencing because they are essen-
tial for cell metabolism and the host. For instance, the alternative HIV-1 coreceptor
CXCR4 is required for homing of hematopoietic stem cells to the bone marrow and
subsequent T cell differentiation [142]. Although HIV-1 replication has been studied
extensively, many details of the viral replication cycle remain elusive, including
many of the involved cellular cofactors. Recently, three high-throughput RNAi gene
knockdown screens were published that identified numerous new candidate cofac-
tors [143-145]. Although each of the screens reported hundreds of new candidates,
overlap between them was surprisingly small with only three proteins: MED7,
MEDS, and RELA. A number of reasons for this enormous variation in experimental
results have been discussed (reviewed in [146, 147]). For instance, the three studies
used rather different experimental setups, including different cell lines (293T versus
HeLa cells) and lab-adapted viral strains versus viral vectors. A meta-analysis of
these RNAI screens confirmed that experimental variation contributed to the many
discrepancies between the screens [148]. Although the overlap between individual
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cofactors identified in these screens was remarkably small, the overlap of the cellular
pathways involved seems more significant. Interfering with these pathways could,
thus, be of therapeutic use.

Important candidate cofactors may have been missed because several well-
known cofactors were not found in any of the screens. First, cofactors of which the
function is redundant with that of other cellular proteins will not easily be detected.
Second, cofactors that require a nearly complete expression knockdown before an
impact on HIV-1 replication is scored will also be missed. Third, some important
cofactors may simply have been missed because the siRNAs were excluded because
of toxic off-target effects.

The attack on cellular cofactors may have a more general advantage for the attack
on other human pathogenic viruses that may use the same cellular pathways and/or
cellular cofactors. Similar genome-wide screens have been performed for other
human viruses, including influenza virus A, HCV, dengue virus, and West Nile virus
[149-152]. When comparing all screens performed for the different viruses, pro-
teins involved in cytoskeleton complexes invariably present themselves as candi-
date cofactors with a broad antiviral impact [150]. Ten genes that were identified in
at least one of the HIV-1 screens were also picked up in the HCV screen by Li et al.
[151] and could, thus, be of double therapeutic value, as an estimated 25-30% of
HIV-infected individuals are coinfected with HCV [153].

The use of RNAI against cellular cofactors is not restricted to the gene therapy
setting. A recent publication described the use of an miRNA targeting the human
gene PERK to enhance the immunogenicity of an HIV-1 Env DNA vaccine [154].
Normally, PERK has an antiviral function by preventing, in an indirect manner, high
expression levels of viral proteins such as the HIV-1 envelope. Coexpression of
HIV-1 envelope and an engineered miRNA targeting PERK resulted in increased
envelope expression, and a higher Env-specific CD8* T cell response was measured
in vaccinated mice.

11.4 Appropriate Preclinical Test Systems

Programming of the cellular miRNA pathway with new siRNA specificity is associ-
ated with certain risks. A general problem is that the artificial sSiRNA molecules can
compete with the endogenous siRNAs, and siRNA overexpression may lead to satu-
ration of the miRNA pathway. As the miRNA pathway is important in the control of
cellular gene expression, one could expect a disturbance in the cellular differentia-
tion program, possibly cell death or even cancer [155]. Saturation of the miRNA
pathway was reported to cause death when high doses of shRNAs were delivered by
an adeno-associated virus (AAV) vector in mice [4, 111-114, 156]. Thus, exoge-
nous RNAi inducers should be expressed at a moderate level. Off-target effects on
unintended mRNAs can occur because an miRNA requires only a seed sequence
complementarity of 7-8 base pairs with a given mRNA [157]. Furthermore, off-
targeting can not only be elicited by the guide strand but also by the passenger
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strand [80, 158, 159]. Such off-target effects are notoriously difficult to predict, and
one should carefully screen for adverse effects in appropriate experimental systems.
Another problem relates to the induction of an immune response by transfected
siRNA and intracellularly expressed shRNA duplexes [160, 161], but this effect can
be minimized by optimal design of the si/shRNA molecule [162]. We recently
developed an ultrasensitive assay to score minor cell growth retardation effects in
stably transduced shRNA-expressing cell lines [163].

When potent antiviral ShRNAs have been identified in cell culture experiments,
one can move to relevant preclinical models to critically assess the safety and
efficacy of the proposed therapy. A simple and efficient in vitro test system to mea-
sure the impact of ShRNA expression on cell viability is to perform a coculture of
the transduced GFP* cells and nontransduced GFP- cells (Eekels and Berkhout,
submitted for publication). A reduction in the percentage of GFP* cells over time
forms an indication of delayed cell growth and RNAi toxicity. Outgrowth of the
transduced and thereby protected cells should occur in the presence of HIV-1, which
can also be screened for by using simple FACS analysis of a mixed cell culture.

The SIV/macaque model [164] is used extensively for vaccination studies but
could also be considered for testing of an RNAi gene therapy. However, this model
has several limitations. First, anti-HIV shRNA cannot easily be tested against SIV
because of sequence dissimilarity. Thus, one should either convert the anti-HIV into
anti-SIV shRNA, which may affect their inhibitory power, or HIV-1 target sequences
should be incorporated into the SIV test genome. Second, transduction of the HIV-
based lentiviral vector is restricted by TRIMSa in macaque cells [165]. Third,
macaque experiments are rather expensive, and the number of animals may be
restricted because of budgetary or ethical reasons.

Most of these limitations do not apply to humanized immune system (HIS)
mouse models [166, 167]. All major human myeloid and lymphoid cellular com-
partments develop and mature from input human stem cells in the most recent HIS
mouse [168—-170]. This model provides access to in vivo and ex vivo experimenta-
tion on human T cells [171]. HIS mice can be infected by intravenous injection of
the virus but also via rectal and vaginal transmission routes. Infection results in
viremia and depletion of human CD4* cells [172-177]. We used this model to test
the safety and efficacy of a lentiviral-based gene therapy in hematopoietic stem
cells [4]. These animal models and their advantages and disadvantages have been
reviewed [178].

11.5 Safety Concerns of Gene Therapy

By now, more than 1,700 clinical trials involving a gene therapy have been
performed (http://www.wiley.co.uk/genmed/clinical), and trials up to 2007 are
reviewed in [179]. The first gene therapy patient was treated in 1989 for adenosine
deaminase deficiency, a severe form of combined immunodeficiency (SCID) [180].
Another gene therapy patient was treated in 1999 for a genetic liver disease and
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ornithine transcarbamylase deficiency and received an adenovirus vector encoding
the wild-type gene. This patient died 4 days later of a massive immune response,
most likely triggered by the high viral vector load [181]. SCID patients received a
gamma-retroviral gene transfer with the wild-type interleukin 2 gene in a trial that
started in 2000. Although this procedure improved the condition of all patients, a
true success, two patients developed leukemia due to clonal lymphocyte prolifera-
tion [182]. In both cases, the retroviral vector was integrated near the LMO2 proto-
oncogene, leading to enhanced expression of the LMO2 protein that has a crucial
role in hematopoietic development [183]. Such insertional oncogenesis was
described for a few more patients. After nearly 10 years of follow-up, gene therapy
seems highly successful in correcting the immunodeficiency associated with SCID
[184]. Hematopoietic stem-cell transplantation will remain the standard therapy, but
gene therapy may be an option in the absence of donors with a compatible HLA-
type [185].

The retroviral vectors have gradually been replaced by lentiviral vectors that are
considered more safe because they tend to integrate in genes distant from the pro-
moter region. In addition, all transcriptional enhancer motifs have been removed
from the so-called third-generation lentiviral vectors ‘“self-inactivating” design
[186]. Experiments with a lentiviral vector and hematopoietic stem cells in tumor-
prone mice did not, in contrast to the retroviral vector, show signs of insertional
oncogenesis [187]. Other safety and regulatory issues concerning lentiviral vectors
are addressed in a comprehensive review based on the expertise gained in the first
lentiviral trial [188]. The power of the lentiviral vector system to safely transduce
CD34* hematopoietic precursor cells ex vivo was recently demonstrated in a gene
therapy trial for children with adrenoleukodystrophy [60].

11.6 Future Perspectives

An overview of ongoing gene therapy trials for treatment of HIV-1 infection has
been published [189]. Thus far, these clinical trials have failed to demonstrate a
therapeutic benefit. One of the bottlenecks is effective gene delivery to a clinically
relevant number of cells, in particular in the early studies that treated T cells or
hematopoietic stem cells with retroviral vectors [59]. The use of lentiviral vectors
allows a much higher transduction efficiency of a variety of cell types.

The first clinical trial with a lentiviral vector was, in fact, directed against HIV-1
by expression of an extended antisense transcript against the viral RNA genome.
Persistent in vivo expression of the therapeutic antisense molecule was docu-
mented by the VirXsys company [123]. In addition, vector integration sites in
blood cells revealed a preference for gene-rich regions, which is typical for a len-
tivirus, and no signs of insertional oncogenesis were observed. Another anti-HIV
gene therapy trial that uses a triple RNA payload (ribozyme, decoy, shRNA) was
performed at the City of Hope by the team of John Rossi. AIDS patients under-
going autologous transplantation for lymphoma were treated with gene-modified
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CD34* hematopoietic progenitor cells. The transplant consisted, for safety
reasons, of a mixture of genetically modified and untreated cells. No infusion-
related toxicities were reported. Persistent gene marking and sustained shRNA and
ribozyme expression were documented in blood cells for up to 24 months [96].
Future optimization of the transplant procedure, in particular the preferential infu-
sion of transduced cells, should provide the setting for delivery of therapeutic lev-
els of HIV-resistant cells. Combined with the power of antiviral RNAi approaches,
this strategy remains a promising candidate for development of a durable anti-
HIV-1 gene therapy, especially for a minority patient group that exhausted all
treatment options due to drug toxicity or viral resistance.

We reviewed the current status of the development of an RNAi-based gene ther-
apy to control HIV-1 infection and AIDS disease progression. The potent and
sequence-specific inhibition observed for such RNAIi action forms the cornerstone
for such a therapy. The superior transduction of hematopoietic stem cells with len-
tiviral vectors provides the means to deliver the transgene. The availability of sev-
eral lentiviral production facilities is another promising development in the field.
We are currently developing a candidate clinical vector that yielded very potent
antiviral effects in prolonged in vitro cell cultures. It is currently being evaluated for
safety in a humanized mouse model, and we expect to initiate a clinical trial within
the next 3 years.
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Chapter 12

Genome-Wide RNAi Screening to Identify
Human Host Factors Crucial for Influenza Virus
Replication

Katharina Ahrens and Alexander Karlas

Abstract Influenza A virus has developed strategies to exploit and in some cases
subvert cellular proteins and pathways to promote its own replication and to sup-
press antiviral immune responses. Identification of these host factors would expand
the number of potential drug targets far beyond the 11 proteins encoded in the viral
genome. Recently, several laboratories have set out to provide an insight into the
interface between influenza virus and its host by performing genome-wide siRNA
silencing screens to characterize these host proteins and to monitor the effects on
viral infectivity. Initial hits from each study were used to search databases of pro-
tein—protein interactions, allowing prediction of host-cell pathways likely to be
involved either in the viral replicative cycle or in the immune response to viral infec-
tion. The results of these screens will promote our understanding of influenza virus
biology as well as identify potential targets for the rational design of broad-spec-
trum antiviral drugs such as siRNA and small molecules.

12.1 Influenza

12.1.1 Life Cycle and Disease

Influenza is an infectious disease caused by RNA viruses of the family
Orthomyxoviridae. Antigenic differences in virus nucleoprotein (NP) and matrix
proteins (M1) have led to a classification of influenza viruses into types A, B, or C;
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however, only A and B cause significant disease in humans, with influenza A virus
showing the highest degree of genetic variability. Influenza A viruses (IAV) are
further subtyped according to their surface antigens, hemagglutinin (HA) and
neuraminidase (NA), of which 16 HA subtypes and 9 NA subtypes have been
identified to date [1, 2]. Influenza type A (IAV) is responsible for seasonal epi-
demics and reoccurring pandemics, such as the so-called Spanish flu (1918-1919)
caused by an HINI1 virus and responsible for the deaths of at least 40 million people
[3, 4]. The first influenza pandemic of the twenty-first century was caused by the
HINT1 virus in 2009, resulting in over 80 million cases of infection worldwide. The
highly pathogenic avian H5N1 has already spread throughout Asia, Europe, and
Africa, overcoming host species barriers to infect humans with many fatal outcomes
[5]. The current panel of preventive and therapeutic measures against influenza
virus infections rests on (a) active vaccination and (b) the use of antiviral drugs
directed against virus proteins as can be seen in the depiction of the viral life cycle
(Fig. 12.1). Both strategies have their intrinsic limitations owing to the high vari-
ability of influenza viruses.

12.1.2 Vaccine and Variability

The most commonly employed method of controlling influenza A and B is by vac-
cination focused toward non-conserved surface proteins. However, several caveats
exist when using this type of immunoprophylaxis: (a) overall rates of vaccination
within the population still remain low; (b) efficacy of the vaccination is reduced or
even contraindicated in high-risk groups, such as the elderly and the immunocom-
promised; and (c) antigenic drift and antigenic shift demand ongoing development
of new vaccines every season [7].

Antigenic drift is the gradual evolution of viral strains due to frequent (point)
mutations within the HA protein, the NA protein, or both [8]. Antigenic shift is only
seen in influenza A viruses and results from the substitution of HA (and less fre-
quently NA) subtypes, with novel ones resulting in new viruses unknown to the
human immune system or last circulated decades before. Moreover, if such viral
recombinants are derived from animal reservoirs, they may exhibit surface antigens
completely unknown to the human immune system, hence increasing the pandemic
potential of such a virus.

12.1.3 Drugs and Resistance

Existing antiviral drugs are typically directed against bona fide viral targets, so-
called direct antiviral targets, bearing the usual risk of generating therapeutic resis-
tance. Adamantane compounds, such as amantadine and rimantadine, have a
type-specific inhibitory effect on type A but not on type B influenza viruses by
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Fig. 12.1 Life cycle of influenza A virus and possible targets for therapeutic intervention. IAV
enters the cell via receptor-mediated endocytosis and is internalized in endosomes. Endosomal
acidification alters the conformation of the viral hemagglutinin, leading to the release of viral
ribonucleoproteins (VRNPs) into the cytoplasm. Viral RNAs enter the nucleus via nuclear import,
where they are transcribed to generate mRNA required for the synthesis of viral proteins, and are
replicated by the viral RNA-dependent RNA polymerase complex. Newly generated viral vRNPs
shuttle to the cytoplasm and assemble with viral proteins, forming mature viruses that bud from the
cell surface. Two classes of antivirals are currently licensed for the treatment of influenza: M2
inhibitors, such as amantadine and rimantadine, which interfere with the viral M2 protein, thereby
inhibiting the release of VRNPs out of the endosomes; and inhibitors such as zanamivir and osel-
tamivir, which target the viral neuraminidase and prevent the release of newly generated virions.
Cellular pathways that are required for the IAV replication cycle and that have recently been
identified in global siRNA screens are shown in red. Adapted from Min and Subbarao [6]

blocking the viral M2 protein [7]. A single mutation in human and avian influenza
viruses, however, can confer resistance to amantadine [3, 7]. Therefore, the poten-
tial of amantadine and amantadine derivatives for controlling pandemics might be
limited. In contrast, anti-influenza neuraminidase (NA) inhibitors, such as oselta-
mivir and zanamivir preventing viral release from the cell membrane, have been
shown to efficiently inhibit influenza virus A and B strains in clinical studies [9].
Although resistance to these compounds has been shown to emerge less frequently
than resistance to amantadine, resistant viruses have been identified in vitro [10]
and in vivo (Fig. 12.1).
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Whereas functions of the viral proteins have been studied extensively during the
last decade, relatively little is known about the cellular factors involved and neces-
sary for viral infection. A missing cellular function would be more difficult for the
virus to adapt to, so targeting a host factor essential for influenza infection should
affect replication, independent of the type, strain, and antigenic properties of the
invading influenza virus, since viruses may share dependence on certain cellular
pathways. The obvious caveat with such an approach is the necessity to insure that
inhibition of the cellular protein is not detrimental to the host. In an acute disease
like influenza, drug administration is only short term however, thereby offering
more flexibility in the choice of chemical compound to be administered.

12.2 Genome-Wide Screens for Human Host Factors Crucial
for Influenza A Virus Replication

12.2.1 Background on RNAi

Several laboratories have followed this rationale of targeting host factors required
for viral replication by expending great effort into performing genome-wide RNA
interference (RNA1) screens to identify these genes.

RNA interference (RNAI) is a process of sequence-specific, posttranscriptional
gene silencing in animals and plants by degradation of mRNA. The RNA interfer-
ence pathway was first described in 1998 by Fire and Mellow, who injected double-
stranded (dsRNA) into the nematode Caenorhabditis elegans, initiating
sequence-specific degradation of cytoplasmic mRNAs containing the same sequence
as the dsRNA trigger [11]. Early applications using long dsRNA were not effective
in most mammalian cells, however, because they induced an antiviral interferon
(IFN) response hereby functioning as the host’s first line of defense against viral
infection but ultimately leading to cell death [12]. Further investigations regarding
the RNA silencing mechanism in different organisms revealed that the mediators of
sequence-specific messenger RNA degradation were 21- and 22-nucleotide small
interfering RNAs (siRNAs) generated by ribonuclease III cleavage from longer
dsRNAs by the enzyme termed Dicer [13]. Components of the RNAi machinery
specifically recognize these small interfering RNA (siRNA) duplexes and incorpo-
rate a single siRNA strand into the so-called RISC complex (RNA-induced silenc-
ing complex) [14]. After integration into the RISC, the antisense “guide” strand
base-pairs to the cognate site of the mRNA and induces cleavage of the mRNA,
thereby preventing it from being used as a translation template. This mechanism,
therefore, enables strong reduction of de novo protein synthesis for the correspond-
ing mRNA in a sequence-specific manner [14]. The natural function of RNAi
appears to be the protection of the genome against invasion of either mobile genetic
elements such as transposons or of viruses, which exploit the RNA-producing
machinery of the host cell upon infection to produce aberrant RNA or dsRNA.
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Interestingly, these high-impact early studies describing RNAi in mammalians often
disregarded the fact that chemically synthesized and virally transcribed siRNAs are
still capable of activating components of the innate immune response in certain
in vitro culture systems, as demonstrated by several later reports [15—-19]. This
immune responsiveness for siRNA was shown to be highly cell type- and sequence-
specific, however. siRNAs capable of activating the mammalian immune response
do so primarily through endosomal activation of the Toll-like receptor 7/8 (TLR7/8)
pathway, resulting in induction of interferons (IFNs) and inflammatory cytokines
from immune cells [19, 20]. Cytokine production via siRNA was shown to be elimi-
nated by the selective incorporation of 2’-O-methyl (2'-OMe) modified ribonucle-
otides into the constituent RNA oligonucleotides [16, 21]. Furthermore, Judge et al.
were able to demonstrate that the innate immune system is able to recognize immu-
nostimulatory RNA motifs within both ssSRNA and dsRNA via protein members of
the TLR family, a feature analogous to the recognition of CpG DNA motifs by
TLRO [19, 22]. siRNA duplexes containing several 5'-UGU-3' motifs were found to
be highly immunostimulatory, and conversely, functional siRNA sequences lacking
these GU-rich regions were shown to have inherently low immunostimulatory
capacity [19].

Chemically synthesized siRNA has become the method of choice to manipulate
gene expression in mammalian cell culture in low- and in high-throughput
approaches. The potential influence of siRNA-mediated immune response on key
readouts for in vivo RNAI studies is a critical consideration; however, responsibility
rests on the individual researcher to appropriately choose cell type and siRNA
library and to include prudent controls and hit identification criteria. Putatively
immunostimulatory motifs within siRNA should be considered when designing
synthetic siRNA to avoid or minimize immunotoxicity and to reduce potential off-
target gene effects.

12.2.2 Genome-Wide RNAi Screens

Cell-based RNAI screening technology allows for genome-wide loss-of-function
studies and is broadly used in the identification of genes associated with specific
biological phenotypes. The basic methodology of RNAI screening includes the fol-
lowing steps:

e Choice of an RNAI library, usually consisting of several thousand siRNAs

* Selection of a robust and suitable cell line, as well as of an adequate assay read-
out system

* Transfection of cells with RNAi agents from the chosen RNAI library

e Treatment and/or incubation of cells

» Signal detection and statistical and bioinformatical analysis

Five screens for host factors required for influenza virus replication were per-
formed in the manner described above and are presented and further discussed in
the following.
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The first genome-wide screen to identify host factors involved in IAV infection
was by Hao et al. using Drosophila RNAI technology [23]. Hao and coworkers first
modified IAV to allow for infection of Drosophila cells and for expression of a
reporter gene product in infected cells. They then tested an RNAI library against
13,071 genes (90% of the Drosophila genome), identifying over 100 genes whose
suppression in Drosophila cells significantly inhibited or stimulated reporter gene
(Renilla luciferase) expression from an IAV-derived vector. Among the over 100
candidate genes found to be crucial to IAV replication in Drosophila, they selected
the human homologues of several encoding components in host pathways/machin-
eries known to be involved in the life cycle of IAV, such as ATP6VODI (an ATPase
involved in the endocytosis pathway), COX6AI (a cytochrome c oxidase subunit
with mitochondrial function), and NXFI (a nuclear RNA export factor) for further
analysis in mammalian cells. The validated factors were found to play key roles in
the replication of HSN1 and HINT1 influenza A viruses, but not in vesicular stoma-
titis virus or vaccinia virus, in human HEK?293 cells [23].

With the rapid development of more advanced RNAi-based screening technol-
ogy including more sophisticated, commercially available siRNA libraries as well
as improved robotics, image acquisition, and analysis instruments and software,
comprehensive analysis of mammalian host cell functions was made possible.

Recently, three different groups have performed genome-wide RNAi screens for
influenza virus host factors in human cells [4, 24, 25].

Experiments by Brass and coworkers used A/PR/8/34 virus-infected human osteo-
sarcoma cells (U20S) and replication efficiency was detected by microscopy-based
quantification of the HA signal. This system allowed for the identification of host gene
products involved in the early and mid-stages of IAV infection only since readout of the
assay was the measurement of a viral protein. The primary screen identified 312 human
genes regulating susceptibility or resistance to influenza PRS8 virus infection and
confirmed 129 required host factors for IAV infection. Notably, they discovered that
the interferon-inducible transmembrane proteins (IFITM) 1, 2, and 3 restrict an early
step in influenza A viral replication [24]. The IFITM proteins were shown to be induced
by interferons type I and I, subsequently leading to basal resistance against influenza
A virus. In addition, it was shown that IFITM proteins inhibit the early replication of
flaviviruses, including Dengue virus and West Nile virus [24].

Konig et al. performed a genome-wide siRNA screen with human lung epithelial
(A549) cells [25]. The coding region for the influenza A/WSN/33 virus hemagglu-
tinin (HA) protein was replaced with that of Renilla luciferase to facilitate the read-
out of the screen. Since no HA was produced, the recombinant virus could not
complete its replication cycle. Similar to the readout system employed by Brass
et al., this RNAI screen also focused on the cellular factors required for viral entry,
uncoating, VRNP nuclear import, genome transcription, and viral protein transla-
tion, excluding late events such as virus assembly, budding, and release. Konig et al.
identified 295 cellular cofactors required for early-stage influenza virus replication,
219 of which were confirmed to be required for efficient wild-type influenza virus
growth. Further analysis of a subset of genes showed 23 factors necessary for viral
entry, including members of the vacuolar ATPase (vATPase) and COPI-protein
families, fibroblast growth factor receptor (FGFR) proteins, and glycogen synthase
kinase 3 (GSK3)-beta [25].
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Fig.12.2 Outline of screening and validation procedure. A549 cells were reverse transfected with
alibrary of siRNAs and further incubated for 48 h to allow maximal gene knockdown. Subsequently,
cells were infected with IAV (either A/WSN/33 or the new pandemic HIN1 virus A/HH/04/09),
and 24 h (primary screen) or 36 h (secondary screen) later virus replication was quantified using
different techniques. The infection rate within transfected and infected A549 cells was detected
using immunofluorescence and automated microscopy. The numbers of infectious virus particles
were monitored by addition of A549 cell supernatants onto 293 T reporter cells that had been
transfected with an influenza-virus-specific luciferase construct (FlaA) [26], followed by luciferase
measurement 16 h post-reinfection. For the validation of primary hits, the numbers of infectious
particles in the supernatants of A549 cells were quantified by reinfection of MDCK cells for 6 h,
followed by immunofluorescence and automated microscopy

In contrast, our group [4] set out to study the entire viral replication cycle from
viral entry to viral budding in a genome-wide RNAi screen. Human A549 lung
epithelial cells were first transfected with a genome-wide library of siRNA and
subsequently infected with influenza A/WSN/33 virus. The readout was then divided
into two parts: (1) Infected A549 cells were stained with a virus-specific antibody at
24 h postinfection to monitor cell infection rates, and (2) virus supernatants from
these transfected A549 cells were transferred onto 293 T human embryonic kidney
reporter cells, containing an inducible, influenza-virus-specific luciferase construct
(FlaA) [26] for quantification of released virus (Fig. 12.2). Ultimately, three parameters
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were included in the process of primary hit identification: luciferase expression,
percentage of infected cells (as determined by immunofluorescence microscopy),
and total number of infected cells. Results from each of the three parameters were
combined, and from a total of over 22,000 human genes, 287 were designated pri-
mary hits, affecting replication of WSN virus. Among the high-confidence candi-
dates pivotal in TAV replication were genes encoding for nuclear export factors
NXFI and XPO|1, as well as the vacuolar ATPase ATP6V0OD 1. Furthermore, our data
set was markedly enriched in genes belonging to the spliceosome, the small ribo-
somal subunit, and those involved in eukaryotic translation initiation and coated
vesicle transport. One hundred and sixty-eight hits were confirmed in subsequent
analysis, using A/WSN/33 and the pandemic HIN1 virus A/Hamburg/04/2009
influenza strains. A gene was considered a hit if two or more individual siRNAs
showed clear reduction of virus replication, thus also selecting against off-target
effects by siRNA-sequence-independent immunostimulation. In order to avoid false-
positive hits caused by RNAi-mediated toxicity, we also performed WST-1 assays to
monitor viability of cells. Also, HSN1 virus (A/Vietnam/1203/2004) replication was
found to be reduced by two orders of magnitude by a subset of siRNAs, suggesting
that influenza A viruses of different subtypes share a dependency on a specific group
of host factors.

Shapira et al. used an integrative genomics approach to investigate the IAV-host
cell relationship. They used a combination of yeast two-hybrid analysis, genome-
wide expression profiling, and RNAIi screen to determine genes transcriptionally
regulated by IAV infection [27]. First, they performed a systematic yeast two-hybrid
screen to build a physical interaction map for viral proteins and human cellular
genes using computational analysis. They subsequently examined differential gene
expression in primary human bronchial epithelial cells (HBECs) exposed to either
IAV, or to viral RNA, TAV lacking the NS1 gene (ANS1), or to interferon beta
(IFN-B). These different approaches yielded 1,745 candidate genes, 1,056 of which
were shown to be transcriptionally regulated by influenza virus infection upon fur-
ther analysis. Further validation using siRNA pools to mediate knockdown resulted
in a list of 616 human genes affecting virus replication and/or IFN production
(Table 12.1).

12.2.3 Results and Interpretation

The genome-wide siRNA screens have provided an overabundance of likely
influenza host factors required for steps throughout all stages of the infection cycle;
however, only a limited number of factors actually overlap among the individual
screens when analyzed at gene level. Only ~8% of genes identified are common to
at least two of the five siRNA screens discussed above, with no gene shared by all
five. If the respective data is analyzed at the level of cellular function instead of that
of gene name, however, more matches appear, suggesting that the screens agree at
the level of functional pathway, just not by individual gene name. Also, while
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screens are initially unbiased, the necessity to establish criteria by which to select
hits automatically introduces bias: Scores and hit lists are dependent on experi-
mental setup of the screening systems employed (cell types, virus strains, reporter
assays, and variability among them) as well as on data evaluation methods, i.e., by
way of different analysis algorithms, Z-score cutoffs, and further in- or exclusion
criteria (see Table 12.1). Moreover, knockdown efficiency can vary among different
siRNAs used and can also be due to different protein expression levels and stabili-
ties among cell types. In addition, the screens cannot differentiate among factors
with redundant functions; these functions, thus, stay unaffected by single-gene
knockdown.

Several cross-comparative reviews have attempted to find common patterns
among the host target genes identified from the results of the genome-wide screens
discussed [5, 6, 28]. A very comprehensive, comparative review was performed by
Watanabe et al. which identified a total of 1,449 human genes potentially involved
during the influenza A infection and replication process. Watanabe et al. then nar-
rowed down this number to 128 candidates by pair-wise comparisons of the respec-
tive candidate genes and by selection of those found in at least two screens. They
include a screen by Sui et al. [29] into their bioinformatic assessment which employs
the so-called random homozygous gene perturbation (RHGP) technique based on
insertion of a lentiviral genetic element at a single site in one allele of the genome
in either the sense or antisense orientation. Unlike RNAi screens, the RHGP system
can theoretically knock down or overexpress any gene without any prior knowledge
or annotation of that gene, resulting in alteration of the phenotype.

In their metareview, Watanabe et al. found the number of genes common between
pairs of screens to be relatively small (from O to 32 genes in the 15 pair-wise compari-
sons performed). This low incidence of overlap between hits of the different screens
is similar to that observed in three RNAi screens aimed at identifying factors required
for HIV replication [30-32]. In both cases, the most likely explanation for this low
degree of overlaps originates from differences within the screening systems, such as
cell type, virus strain, siRNA libraries employed, and/or individual readout system
that could result in bias among the screens. This explanation is supported by the fact
that the number of common hits among the AV screens was highest among those
performed by Konig et al. and by our group. Both of these screens were performed
using the same siRNA library and both used the same human epithelial cell line.

Watanabe et al. use the PANTHER Classification System [33] as well as analysis
by Reactome [34] to assess for enriched gene categories among the 128 candidate
genes. These map the influenza virus-host interaction and respective enriched gene
targets to individual steps of the influenza virus life cycle, based on the known func-
tions of the identified host proteins. The greatest overlap among the hits discovered
in the individual screens is found among the following four groups of host factors:
(a) coating on vesicles-mediating retrograde transport from the Golgi to the ER and
endosomal trafficking mediated by coatomer 1 (COPI) transport complex (ARCN1,
COPA, COPB2, and COPG), (b) genes encoding the vacuolar ATPases (i.e.,
ATP6VOC, ATP6VODI, and ATP6VIA), (c) nuclear transport of mRNAs and
proteins (i.e., KPNB1, Nup98, and NXFI), and (d) splicing of cellular pre-mRNA
(i.e., PTBP1, NHP2LI, SNRP70, SF3B1, SF3Al, P14, and PRPFS) [5].
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12.3 Applications

The human genes ostensibly involved in the influenza A infection and replication
process as identified in the screens discussed constitute potential future targets for
antiviral strategies. Therapeutically targeting a host factor pivotal for IAV infection
is anticipated to minimize the likelihood of developing drug-resistant variants and,
thus, also to protect from new emerging influenza viruses. There are two main strat-
egies of how to apply this information with respect to drug development which will
be discussed in more detail below: The first strategy focuses on RNAi-based post-
transcriptional prevention of expression of the respective human genes. The second
approach is based upon posttranslational binding and inactivation of the correspond-
ing human gene products (proteins) by small molecule inhibitors or new chemical
entities. By targeting cellular proteins required by the virus, both approaches reduce
the chances of drug-resistances arising and also enhance the possibility of identify-
ing a broad-spectrum antiviral blocking certain cellular pathways shared by differ-
ent viruses.

12.3.1 Therapeutic Applications of siRNA Directed
Against Influenza

Since siRNAs are regulators of gene expression in cells, and are specific, efficient,
and considered nontoxic, silencing of host genes essential for viral replication not
only holds great therapeutic promise but also avoids the problem of resistance
development often encountered when employing the traditional approach of inhibit-
ing expression of viral genes.

Although great progress in the drug-like use of siRNAs has been made in recent
years, the success of siRNAs as therapeutics to block and subsequently degrade
mRNA of a specific host gene still depends to a great extent on the development of
efficient in vivo delivery methods. siRNAs need to cross the cell membranes and to
enter cells at the site of influenza infection to then be incorporated into the silencing
complex. In addition to delivery, specificity and stability are two major obstacles in
the development of therapeutic siRNA. The two most important caveats encountered
in the siRNA selection process, with respect to specificity, are off-target effects caused
by unsolicited gene homologies and immune stimulation due to recognition of
specific, unmodified siRNA by the innate immune system [35]. Off-target effects
induced by mismatch tolerance are influenced mainly by the thermodynamic stability
of the first few base pairs of both ends of an siRNA duplex, crucial for the determina-
tion of which siRNA strand will be incorporated into the RISC. A common method
utilized to improve stability and to avoid off-target effects is the inclusion of various
chemical modifications of the ribose at the 2’ position of the sense strand [36-38].

It was demonstrated in two preclinical investigations targeting viral components
inhibiting IAV replication that antiviral siRNAs provided both prophylactic and
therapeutic benefits during influenza infection in mice [39]. Also, siRNAs targeting
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IAV viral nucleoprotein or polymerase protected against an otherwise lethal infec-
tion [40]. Robbins et al., however, were able to demonstrate that the effects observed
in both of these studies were most likely misinterpreted, owing to the use of a green
fluorescent protein (GFP) control siRNA identified as having unusually low immu-
nostimulatory activity compared with the active anti-influenza-formulated siRNAs
[41]. Remarkably, this GFP siRNA has served as a negative control for a number of
groups reporting therapeutic effects of siRNAs [42]. Thus, the existence of puta-
tively immunostimulatory motifs within functional siRNAs must be considered
when attempting to minimize immunotoxicity and to reduce the potential for off-
target gene effects.

An important consideration especially when intending to use siRNA targeting a
cellular host factor in a therapeutic application for influenza virus infection is that
knockdown kinetics of siRNA will always lag behind IAV replication kinetics and
spread in the body. This could interfere with treatment implementation since a
potential antiviral siRNA therapeutic would have to be administered within hours
after virus infection. Nonetheless, therapeutic siRNAs can be very well envisioned
for prophylactic treatment when attempting, e.g., to protect family members of an
infected person. Further studies will show if the benefits of such treatment outweigh
the conceivable risks.

12.3.2 Small Molecule Inhibitors

An alternative to siRNA to block the human target genes identified and pivotal for
IAV propagation is the use of small molecule inhibitors. Protein—protein interac-
tions are central to many biological processes in the human body and in the course
of viral infection. Therefore, inhibiting these interactions by small organic molecule
antagonists offers an attractive and feasible opportunity for therapeutic intervention.
However, development of small molecule inhibitors is a complex task due to factors
such as a) the general lack of small molecule starting points for drug design; b)
difficulty of small molecule compounds in competing against the large surface area
typically involved in a protein—protein interaction, which furthermore tends to be
fairly flat and devoid of small molecule binding pockets; ¢) difficulty of distinguish-
ing real binding from that present only as an artifact; and d) the size and quality and
makeup of small molecule libraries [43].

The development of a suitable assay system is a prerequisite for screening com-
pound libraries for the identification of small molecule ligands able to bind and to
interfere with IAV essential targets and to thereby reduce virus pathology.

Despite these hurdles, administering small molecule antagonist targeting a
cellular protein required by the virus appears to hold great therapeutic promise,
ensuring of course that inhibition of the cellular protein is not detrimental to the
host. A striking example in support of the idea is the protection of humans from HIV
infection conferred from the homozygous deletion in the HIV co-receptor gene
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CCRS. This subgroup of people, however, do not suffer from any known pathology,
and an anti-HIV drug was successfully developed on this basis [44, 45].

Since influenza viruses cause acute infections, the transient reduction of certain
cellular proteins by small molecule inhibitors (as well as by siRNAs) might be even
better tolerated as compared to the complete and permanent lack of host determi-
nants. In addition, a drug inhibiting virus host factors would have reduced chances
of drug resistances arising, and since different viruses might share dependence on
similar cellular pathways, this type of drug could potentially possess broad-spectrum
antiviral activity.

12.4 Future Perspectives

All viruses depend on the host cell machinery for their replication. While there have
been tremendous advances in the study of influenza A virus and the protein func-
tions it encodes, knowledge of how the IAV-usurped host cell promotes virus repli-
cation is limited. However, therapeutically targeting a host factor pivotal for IAV
infection is anticipated to minimize the likelihood of developing drug-resistant vari-
ants and thus to also protect from novel emerging influenza viruses. The siRNA
screens discussed here have followed this rationale in order to define host factors
which could serve as targets for antiviral drug development. Interestingly, whereas
most of the potential host factors appear to function by facilitating, directly or indi-
rectly, virus replication, those restricting virus replication were also detected in the
genome-wide screens. Notably, Brass et al. were able to demonstrate that interferon-
inducible transmembrane proteins (IFITM) function as first line antagonists of viral
infection. These findings support the notion described above that different viruses
might be therapeutically targeted by one antiviral which blocks the same essential
cellular gene product they all mutually depend on.
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The Application of MicroRNAs in Cancer
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Abstract MicroRNAs (miRNAs) play important biological roles in cancer
development and progression. During the past decade, widespread use of novel
high-throughput technologies for miRNA profiling (e.g., microarrays and next-gen-
eration sequencing) has revealed deregulation of miRNA expression as a common
hallmark of human cancer. Furthermore, miRNAs have been found to be a new
class of promising cancer biomarkers with potential to improve the accuracy of
diagnosis and prognosis in several hematologic and solid malignancies, as well as
to predict response to specific treatments. Recent studies have identified exosome-
associated tumor-derived miRNAs in, e.g., blood samples from cancer patients, sug-
gesting that miRNAs may be useful as circulation biomarkers for noninvasive
diagnostic testing. In this chapter, we review the current state of development of
miRNAs as cancer biomarkers with examples from common human malignancies
and discuss remaining barriers to clinical translation. Finally, we describe new
emerging classes of noncoding RNAs, including long noncoding RNAs (IncRNAs),
with potential as cancer biomarkers. Conceivably, these could be used in combina-
tion with miRNAs in molecular diagnostic tests in the future.
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13.1 Introduction to MicroRNA and Cancer

13.1.1 Biological Roles of MicroRNAs in Cancer

MicroRNAs (miRNAs) are endogenous small non-coding RNA molecules of
approximately 22 nucleotides (nt) in length that control cellular processes. miRNA
are initially transcribed into long hairpin-containing primary miRNAs (pri-miR-
NAs). These are processed to approximately 70-nt precursor miRNAs (pre-miR-
NAs), which are exported to the cytoplasm and cleaved to mature miRNAs that bind
to perfect or near-perfect complementary target sequences in messenger RNA
(mRNA), leading to mRNA degradation and/or translational inhibition [1]. Highly
complex cellular and signal transduction pathways can be controlled by targeting
and controlling the level of mRNAs and their translation.

Since their discovery in 1993 [2], miRNAs have been shown to play fundamental
roles in a wide range of biological processes, and aberrant miRNA expression has
been connected to several human pathologies, including cancer [3]. The first evi-
dence linking miRNAs to cancer was presented in 2002 by Calin and coworkers,
who reported the genomic loss of a pair of neighboring miRNAs, the miR-15a and
miR-16-1 cluster, in a majority of chronic lymphocytic leukemias (CLLs) [4]. During
the past decade, this finding has prompted a new and exciting field of miRNA studies
in cancer research. Today, almost 5,000 publications (including ~1,000 reviews)
have linked miRNAs with cancer. Deregulated miRNA expression is believed to
contribute to the pathogenesis of most if not all human malignancies [1].

Several reports have shown that miRNAs directly regulate well-known onco-
genes and tumor suppressor genes, including, e.g., tumor protein p53 (TP53) [5],
B-cell CLL/lymphoma 2 (BCL2) [6], and v-myc myelocytomatosis viral oncogene
homolog (MYC) [7]. Thus, depending on their mRNA target, miRNAs can act as
tumor suppressors or oncogenes themselves [§—10]. miRNAs that are upregulated
in cancer may be considered oncogenes and have been termed “oncomiRs.”
OncomiRs advance tumor development and/or progression by targeting and inhibit-
ing tumor suppressor genes and genes that control, e.g., apoptosis or cell differentia-
tion. Likewise, miRNAs with decreased expression in cancer cells may be considered
potential tumor suppressor miRNAs and generally prevent tumor development and/
or progression by targeting and inhibiting oncogenes, proliferation-related genes or
genes that control apoptosis [11]. In addition to the direct regulation of target genes,
miRNAs can affect the expression of tumor suppressors and oncogenes indirectly.
This is exemplified by the observation that members of the miR-29 family directly
target de novo DNA methyltransferases 3A and 3B (DNMT3A/B), causing changes
in DNA methylation (and hence transcriptional activity) of multiple genes in lung
cancer [12].

miRNAs have been shown to regulate all known processes involved in cancer,
including apoptosis, cell cycle regulation, stress response, differentiation, survival,
migration, adhesion, and invasion [13]. Thus, miRNAs are involved in both the
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initiation and the progression of cancer. The regulatory roles of miRNAs in cancer
can be highly complex and are not covered in detail here. For example, a single
miRNA may target tens or hundreds of different mRNAs, and the expression of a
certain miRNA can change according to individual steps of tumorigenesis [10].
Several aspects remain to be uncovered regarding the functional roles of miRNAs in
human cells and their potential importance in the fight against cancer, e.g., their
potential as therapeutic targets and/or therapeutic drugs.

13.1.2 Commonly Deregulated miRNAs in Cancer

Since the first cancer-related miRNAs were discovered in 2002, the list of miRNAs
that function as either tumor suppressors or oncomiRs in different cancer types has
continually expanded. The expression level of several of these miRNAs has been
found to be deregulated in multiple human malignancies (Table 13.1) and hence
such miRNAs may have potential as new cancer biomarkers (molecular mecha-
nisms responsible for aberrant miRNA expression in cancer cells are described
below in Sect. 13.1.3). For instance, loss of miR-15a and miR-16-1 as seen in CLL
patients has also been observed in patients suffering from, e.g., prostate cancer [21],
pancreatic cancer [22], and multiple myeloma [13]. Likewise, overexpression of
miR-155 has been found in high-risk CLL [32], acute myeloid leukemia (AML)
[33], breast cancer [14], and lung cancer [25]. The fact that the expression level of
some miRNAs is changed not only in one but also in many types of cancer suggests
that these miRNAs may be downstream targets of commonly deregulated pathways
in cancer [26].

When describing a specific miRNA as an oncomiR or tumor suppressor, it is
necessary to specify the cell and tissue type in which the miRNA functions. miRNA
expression patterns are highly cell specific, and a given miRNA can control differ-
ent functions depending on the cellular context, and which targets and pathways that
are affected in different types of cells. An example is the miR-221 and miR-222
cluster. This cluster is upregulated in CLL, glioblastoma, liver cancer, and thyroid
carcinoma, and targets at least four important tumor suppressors: cyclin-dependent
kinase inhibitor 1B (CDKNI1B; p27/Kipl) [59], cyclin-dependent kinase inhibitor
1C (CDKNIC; p57/Kip2) [60], phosphatase and tensin homolog (PTEN), and tis-
sue inhibitor of metalloproteinases 3 (TIMP3) [61], and hence are considered as
oncomiRs in these malignancies. In contrast, the downregulation of miR-221 and
miR-222 in erythroblastic leukemia, where they target the oncogene KIT (v-kit
Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog KIT), defines miR-221
and miR-222 as tumor suppressor miRNAs in this type of cancer [62]. Thus, it is
worth noting that some miRNAs have dual tumor suppressive and oncogenic roles
in cancer, that is dependent on the cell type and pattern of gene expression. Attempts
to understand the complex biological roles of miRNAs in cancer are further compli-
cated by the many ways in which a given miRNA can be deregulated.
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13.1.3 Mechanisms of miRNA Deregulation in Cancer

Precise control of miRNA levels is essential for maintaining normal cellular
homeostasis. Although the biogenesis of miRNAs is often described in a simplified
linear manner, many of the steps in the processing of a given miRNA can be
performed in multiple ways, since miRNAs are under precise control of develop-
mental and/or tissue-specific signaling. Therefore, there are multiple ways by which
something can go wrong [66]. This section describes major mechanisms known to
be involved in miRNA deregulation in cancer.

Genetic, epigenetic, transcriptional, and posttranscriptional mechanisms have all
been found to contribute to changes in miRNA expression in cancer (Fig. 13.1).
Genetic mechanisms include primarily chromosomal abnormalities that can lead to
genomic deletion, amplification, translocation, or mutation of miRNA genes. It has
been reported that more than half of all human miRNAs are located at fragile sites
or in genomic regions that are frequently involved in chromosomal alterations in
multiple types of cancer [67]. Likewise, it has been shown that oncomiRs are often
located in regions amplified in cancer, while tumor suppressor miRNAs are located
mainly in regions of genomic loss [68]. miRNAs have a high overall conservation,
consistent with the finding that miRNA genes have lower single nucleotide poly-
morphism (SNP) density than their neighboring regions [68]. Somatic mutations in
the mature miRNA seed sequence seem rare events. Several studies have shown that
so-called miRSNPs, i.e., SNPs present at or near a miRNA binding site in a func-
tional gene, affect the interaction of miRNAs with their target mRNA, and that this
mode of regulation is implicated in cancer [69—71].

Although not clearly understood, transcriptional regulation of miRNAs is known
to be controlled by a variety of factors, including transcription factors [8, 72-74].
Accordingly, overexpression or downregulation of a transcription factor at an inap-
propriate time or in the wrong tissue can lead to upregulation or silencing of a
miRNA, and hence may contribute to tumorigenesis. For example, in prostate can-
cer cell lines, the mutation and consequent loss of function of the tumor suppressor
TP53 have been connected to downregulation of miR-145 [75]. Other mechanisms
influencing the regulation of transcription are heritable changes in gene activity,
which are independent of changes in the primary DNA sequence, i.e., epigenetic
mechanisms. There are three main epigenetic events regulating cancer-associated
genes: abnormal hypermethylation of CpG islands associated with the promoter
region of tumor suppressor genes, global DNA hypomethylation, and activating/
repressive posttranslational modifications of histone proteins [44, 76]. Bioinformatic
analyses have shown that around half of all human miRNA genes have a promoter-
associated CpG island [77, 78], potentially exposing these miRNA genes to the
regulatory control of epigenetic modifications. An example of this is miR-127,
which is downregulated in bladder cancer cells. The silencing of miR-127 has been
shown to be mediated by epigenetic mechanisms and miR-127 is significantly
induced in bladder cancer cell lines upon treatment with activating chromatin-
modifying drugs [79].
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Fig. 13.1 Mechanism of miRNA deregulation. The regulation of miRNA expression is a tightly
regulated process and many alterations might contribute to the change in expression levels of a
mature miRNA in cancer. The major mechanisms of miRNA regulation can be divided into four
groups. (1, red box): Genomic (genetic) alterations, such as deletions, amplifications, or transloca-
tions of the miRNA gene, resulting in abnormal miRNA gene copy number. (2, green box):
Changes in the transcriptional control of the miRNA, e.g., altered levels of important transcription
factors (TF). (3, blue box): Epigenetic alterations like DNA methylation of CpG sites and various
covalent modifications of histone proteins in nucleosomes. (4, purple box): Post-transcriptional
mechanisms such as modulations in the expression and activity of the miRNA processing enzymes,
e.g., Drosha, Exportin-5, and Dicer

Changes in miRNA expression in cancer might also be attributable to posttran-
scriptional control, such as impairment of miRNA processing steps. Key proteins in
the processing pathway of miRNAs may be deregulated or dysfunctional in cancer,
and can enhance cancer development further [80]. For instance, a mutation in the
exportin-5 gene (XPOS5) can lead to accumulation of pre-miRNAs in the nucleus of
cells [81]. Furthermore, editing of the mature miRNA has been shown to change
miRNA complementarity to the target sequences [82—84].
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The final expression level and sequence of the mature miRNA in a given cancer
cell depend on the cooperation and net effect of all of these, and possibly other yet
to be described mechanisms [85]. The disease-specific expression patterns of
miRNAs as well as their key functional roles in tumorigenesis suggest that miRNAs
hold great potential as cancer biomarkers and in some cases also as therapeutic
targets.

13.2 MicroRNA Profiling for Discovery of Cancer Biomarkers

13.2.1 Molecular Profiling of miRNA Expression in Cancer
Tissue Samples

Profiling of miRNAs expression in clinical tumor tissue samples has become a
widely used approach for discovery of new cancer biomarker candidates, including
diagnostic, prognostic, and predictive biomarkers [86—88]. High stability of miR-
NAs in freshly frozen, as well as archived formalin-fixed paraffin-embedded (FFPE),
tissue samples [89] has made miRNAs particularly attractive for cancer biomarker
studies. In contrast, mRNAs are quickly degraded upon formalin-fixation, making
mRNA expression analysis based on FFPE samples rather difficult. Moreover,
because FFPE samples are collected as part of daily clinical routines and stored long
term at hospital pathology departments, such samples are generally more readily
available than freshly frozen samples from patient cohorts with long-term clinical
follow-up information. New miRNA markers may enable earlier detection of can-
cer, whichiscritical forafavorable outcome. Furthermore, molecularsubclassification
of tumors based on miRNA expression patterns may be used to guide individualized
treatment of cancer, e.g., by allowing stratification of patients into subgroups with
low or high risk of disease progression. Expression profiling can also facilitate the
discovery of miRNAs with key regulatory roles in cancer development or progres-
sion and thereby can lead to the identification of potential new treatment targets
[26].

Figure 13.2 outlines a frequently used strategy for molecular profiling of cancer.
In this example, miRNA expression is compared in two sample groups, tumor vs.
normal tissue, for identification of diagnostic biomarker candidates. Alternatively,
miRNA expression may be analyzed in tumor samples from patients with aggres-
sive vs. indolent (slowly growing, nonaggressive) cancer, or from patients respon-
sive or nonresponsive to a certain anticancer drug in order to identify candidate
markers with prognostic or predictive biomarker potential, respectively. Depending
on the research question addressed, additional sample groups can be included.
Ideally, screening for differentially expressed miRNAs between sample groups
should be performed in one patient set followed by validation in at least one inde-
pendent patient sample set to ensure reproducibility and selection of meaningful
candidates for further biomarker validation studies.
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Fig. 13.2 Strategy for identification of miRNA biomarkers in cancer. MicroRNA expression
profiling of patient samples (normal vs. cancer tissue samples shown here) is performed to identify
candidate miRNA markers for a given malignancy. Microarray analysis is commonly used in the
discovery phase, but other profiling methods are also available (see Fig. 13.3). Novel candidate
miRNA markers identified in the discovery phase are subsequently validated in large independent
patient sample set(s) by RT-qPCR or in some cases by microarray analysis or in situ hybridization
using tissue microarrays. Only a subset of miRNAs will pass validation

13.2.2 Technologies for miRNA Profiling

Several technologies are available for determination of miRNA expression levels
and can be divided into three overall types: hybridization-based [DNA microarrays,
in situ hybridization (ISH), Northern blotting], amplification-based [reverse tran-
scription quantitative PCR (RT-qPCR)], and sequencing-based [next-generation
sequencing (NGS)] [90, 91]. Using DNA microarrays, it is possible to measure the
expression of hundreds of miRNAs in parallel in a single experiment [92, 93].
Typically, fluorescently labeled RNA (or reverse-transcribed cDNA) molecules are
hybridized through Watson—Crick base pairing to complementary DNA oligonucle-
otides (probes) immobilized on a microarray glass (or quartz) slide (Fig. 13.3, left
panel). The position of each type of probe on the microarray is predefined (referred
to as a “spot”), and the intensity of the fluorescent signal from a given spot after
hybridization is taken as a measure for the expression level of the corresponding
miRNA in the sample analyzed [94, 95]. Today, several commercial DNA microarray
platforms are available for relatively cost-effective and user-friendly profiling of
miRNAs [96-99].

Although intra-platform concordance is generally high, inter-platform variance
can be substantial because of differences in exact microarray designs (e.g., probe
type, length, and sequence) and experimental protocols [99-102]. For example,
some protocols use total RNA as input (includes mature, pri-, and pre-miRNAs),
while others employ an enrichment step for small RNAs (mainly mature miRNAs)
prior to labeling and hybridization. These approaches will produce different results,
since probes directed at the mature miRNAs sequence will also recognize the cor-
responding pri- and pre-miRNA. Furthermore, the short length (~22-nt) of mature
miRNAs, many of which vary in sequence by only 1 or 2 nt, constrains probe design,
and cross-hybridization to closely related miRNAs remains a significant challenge
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Fig. 13.3 MicroRNA expression profiling methodologies. Microarray analysis is shown as an
example of hybridization-based miRNA expression profiling (left panel). TagMan-based RT-qPCR
is presented as an example of amplification-based miRNA expression analysis (middle panel).
Next-generation sequencing (also known as deep sequencing) is a newly developed technology for
sequencing-based analysis of miRNA expression (right panel)

for microarray-based miRNA detection. Although higher specificity can be obtained
by incorporation of chemical modifications, such as locked nucleic acid (LNA), into
the probes [103], it is generally recommended to validate microarray-based findings
by an alternative methodology. Early studies generally used rather laborious
Northern blotting [104—106], but today RT-qPCR is typically used (see below). ISH
on tissue sections using labeled miRNA-specific probes (usually LNA probes) has
also been used for validation, although this technology may be more suited for
localization studies than differential expression analysis [107]. A main advantage of
ISH is that it can be used in combination with tissue microarrays (TMAs), thus
allowing the parallel analysis of a particular miRNA in clinical tumor specimens
from hundreds of patients on a single TMA.

Compared to microarrays and other hybridization-based methods, RT-qPCR has
increased dynamic range and can be used for profiling of very limited amounts of
RNA often available from clinical samples [108—110]. The short length of mature
miRNAs and sequence similarities between related miRNAs, and with pre- and pri-
miRNAs, are also challenges for RT-qPCR assay. Reverse transcription is performed
either directly by the use of miRNA-specific primers, including linear and stem-
loop primers (Fig. 13.3, middle panel), or by universal priming after enzymatic
addition of a polyA tail to template miRNAs (not shown) [111]. When using univer-
sal priming for RT, some studies suggest that it may be necessary to incorporate
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high affinity DNA analogs (e.g., LNA) into the miRNA-specific primers to obtain
sufficient specificity in subsequent real-time PCR [112]. In most cases, either the
DNA intercalating dye SYBR Green I or TagMan probes are used for real-time
detection of amplification products. SYBR Green I is not sequence specific, but
postrun dissociation curve analysis can be performed to validate that only one prod-
uct is amplified. In principle, TagMan probes can provide an extra level of sequence
specificity beyond that provided by the RT-PCR primers, but due to the short length
of mature miRNAs, TagMan probes will often have to overlap RT-PCR primer
sequences and, therefore, in reality may not add specificity to the reaction when
analyzing miRNAs. For global profiling of miRNA expression, RT-qPCR assays
can be multiplexed and parallelized [109, 113]. Several RT-qPCR arrays are com-
mercially available for analysis of tens to hundreds of miRNAs in 96- or 384-well
format [111], including, e.g., TagMan low-density microRNA cards, which are 384-
well micro-fluidic cards [114].

All hybridization- and PCR-based methods suffer from the limitation that only
known miRNAs can be detected due to reliance on predesigned primer/probe
sequences. In contrast, NGS (aka massively parallel sequencing or deep sequencing)
enables digital miRNA expression profiling as well as discovery of new miRNAs
and miRNA variants [115, 116]. There are a number of different commercial plat-
forms available for NGS, which differ somewhat with respect to sequencing princi-
ples, chemistries, and methods of detection, but all share the ability to sequence
thousands of DNA molecules in parallel, thus producing massive amounts of data. In
a typical small RNA sequencing experiment, oligonucleotide linkers are added to
small RNAs extracted from a biological sample and the resulting library is amplified
by PCR and sequenced (Fig. 13.3, right panel). Typically, over 10 million small
RNA sequence reads are produced for each sample [117]. When sequence reads are
mapped back to a reference genome, the number of reads for a particular miRNA
species can be taken as a measure for its relative expression level, whereas the exact
sequences of individual reads can be used to identify new miRNAs and polymor-
phisms [118]. Drawbacks include the risk of sequencing errors and introduction of
bias during library preparation and amplification as well as high analysis costs and
scarcity of standardized computational tools for dataanalysis [119, 120]. Nevertheless,
NGS is likely to become the technology of choice in future miRNA and transcrip-
tome profiling studies as sequencing prices are constantly reduced, experimental
protocols optimized, and new computational analysis tools developed.

13.3 MicroRNAs as Cancer Biomarkers

13.3.1 Early miRNA Profiling Studies of Cancer

One of the first expression profiling studies to highlight the potential of miRNAs as
cancer biomarkers was published in 2005 by Lu et al. [23]. The study used a bead-
based hybridization method to measure the expression of 217 miRNAs in 334
samples representing multiple human malignancies. The authors found that miRNA
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expression patterns accurately reflected the developmental lineage and differentia-
tion stage of tumors and, furthermore, showed that a miRNA expression signature
was superior to an equivalent mRNA signature for determining the tissue of origin
of undifferentiated tumors. Likewise, in an independent report, Rosenfeld et al. used
miRNA expression profiles from microarray-based analysis of 401 clinical samples,
representing 22 different tumor tissues and metastases, to construct a 48-miRNA
molecular classifier that identified the tissue of origin of metastatic tumors of
unknown primary site with high accuracy [89]. This miRNA-based classifier was
designed as a binary decision tree and was reported as superior to previously pub-
lished mRNA-based classifiers designed for the same purpose. A correct and precise
diagnosis is essential for optimal clinical management of such cancers.

In another early miRNA profiling study, Volinia et al. used a custom-made
microarray to measure the expression of 228 miRNAs in 540 cancer and nonmalig-
nant samples from lung, breast, stomach, prostate, colon, and pancreas [26]. miRNA
expression profiles clearly distinguished tumors from nonmalignant samples, and
the authors identified a general solid cancer signature consisting of 21 miRNAs.
Interestingly, the bioinformatically predicted targets for these miRNAs were statis-
tically significantly enriched for known protein-coding cancer genes, supporting the
hypothesis that key oncogenes and tumor suppressor genes are regulated by aber-
rant miRNA expression in human malignancies. In further support of this, the
authors experimentally validated three target mRNAs in vitro and demonstrated a
significant inverse correlation in miRNA abundance and target protein expression
for one selected miRNA:target pair (upregulated miR-106a and downregulated
retinoblastoma protein). They also identified six distinct cancer-specific miRNA
signatures, one for each of the malignancies investigated.

13.3.2 Examples of Diagnostic/Prognostic miRNAs in Solid
and Hematopoietic Tumors

The studies described above were among the first to demonstrate the potential of
miRNA for cancer diagnostics and to highlight miRNA profiling as a fruitful strat-
egy for biomarker discovery. MicroRNA profiles with the potential to discriminate
between normal and cancer tissue have been identified for all malignancies investi-
gated to date, and may potentially be used for early diagnosis. Cancer-specific
molecular changes are often detectable before pathological and cytological abnor-
malities become clearly apparent. Moreover, for several cancer types, it has now
been shown that miRNAs can be used for classification of tumors into clinically
relevant subgroups. For example, some miRNA expression signatures distinguish
histological or cytogenetic subtypes, while other signatures are associated with rou-
tine prognostic parameters such as tumor stage, grade, and metastasis status.
Consistent with this, prognostic miRNA signatures have been published for numer-
ous solid and hematopoietic malignancies. In addition, many studies have identified
miRNAs that modulate responsiveness to particular anticancer drugs in vitro as well
as in patients. Table 13.2 is a representative list of published miRNAs and miRNA
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signatures for diagnosis, prognosis, and prediction of treatment response for a vari-
ety of human cancers. In the remaining part of this section, we will review in more
detail the current state of development for miRNAs as tissue-based cancer biomark-
ers using CLL and prostate cancer as examples of common hematopoietic and solid
malignancies, respectively. CLL is one of the most extensively studied malignancies
regarding miRNA expression profiling and biomarker potential, whereas prostate
cancer is less well characterized. Hence, existing studies for these diseases exem-
plify different investigatory stages of miRNA biomarker development for cancer.

13.3.3 Chronic Lymphocytic Leukemia

Chronic lymphocytic leukemia (CLL) is characterized by accumulation of small,
mature B cells and is the most common type of leukemia in Western countries [136].
CLL has a highly variable clinical course. Some patients present with indolent dis-
ease that requires no or little treatment, while others have an aggressive form asso-
ciated with rapid disease progression and death. In a pioneering study from 2002,
Calin et al. showed that miR-15a and miR-16-1 are located at 13q14, a commonly
deleted chromosomal region in CLL, and that expression of these miRNAs was
downregulated in more than half of all CLLs [4]. This was the first strong evidence
for an association between miRNAs and human cancer. The same group of authors
later showed that miR-15a and miR-16 exert tumor suppressor functions in CLL by
direct targeting of the anti-apoptotic protein BCL2 (B-cell CLL/lymphoma 2) [6],
suggesting that these miRNAs could have therapeutic potential in CLL. A separate
(Chap. 14) in this book addresses the utility of miRNAs as cancer therapeutics.
CLL was the first human malignancy to be analyzed by genome-wide miRNA
expression profiling using microarrays [106]. The initial study included 41 CLL sam-
ples from 38 patients plus 6 normal samples. The authors identified a miRNA signa-
ture that could distinguish CLL from normal CD5+ B cells as well as three distinct
miRNA signatures associated with known prognostic factors for CLL, i.e., presence
or absence of zeta-chain-associated protein kinase 70-kD (ZAP70) expression, immu-
noglobulin heavy chain variable (IgH, ) region mutations, and 13q14 deletion, respec-
tively [106]. This early study clearly showed the potential of miRNAs for molecular
classification of cancer into clinically and biologically relevant subgroups.
Consistent with this, CLL was the first malignancy for which a miRNA-based
prognostic signature was reported. Using miRNA expression profiles from 94 CLL
samples, Calin et al. [32] revealed an expression signature composed of 13 miR-
NAs that was significantly associated with known prognostic factors for CLL
(ZAP70 expression and IgH,, region mutation status) and with disease progression.
It is of note that miR-15a, miR-16-1, miR-29a, miR-29b, miR-29¢, and miR-223
were among the 13 miRNAs in this signature. Furthermore, from the original
profiling data set, nine miRNAs (including miR-29c and miR-181a) were found to
be able to predict time to disease progression for patients diagnosed with CLL,
although an independent patient sample set was not used to confirm the results
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[32]. However, in a follow-up study miR-29b, miR-29¢, miR-181a, and miR-181b
were included in a miRNA-based molecular classifier that could distinguish
between indolent CLL and aggressive CLL with or without 11q deletion [40]. The
same report showed that miR-29b and miR-181b targets the TCL1 (T-cell leuke-
mia/lymphoma 1A) oncogene, overexpression of which may be a causal event in
the pathogenesis of CLL [40], suggesting a key role for miR-29 and miR-181 fam-
ily members in CLL.

Loss of miR-181b expression was associated with therapy-refractory CLL in a
separate study, which also found that low miR-181b expression and high miR-21
expression were significant independent prognostic factors for poor overall survival
and for time to disease progression [137]. Another study identified 32 miRNAs that
could distinguish subtypes of CLL with distinct common genomic aberrations: 11q
deletion, 17p deletion, trisomy 12, 13q deletion, and normal karyotype, respectively
[138]. Interestingly, this study revealed that low expression of miR-181a was asso-
ciated with aggressive disease in patients with 17p deletion, but with less aggressive
disease in patients with trisomy 12, demonstrating that individual miRNAs may
have subtype-specific biomarker roles.

The prognostic value of miR-29 for CLL was independently confirmed in a study
by Stamatopoulos et al. who showed that miR-29¢ and miR-223 were downregu-
lated in advanced stage CLL and that both miRNAs significantly predicted treat-
ment-free survival and overall survival [139]. The same authors developed a
RT-gPCR-based test for risk stratification of patients diagnosed with early stage
CLL, which combined four prognostic markers: miR-29c, miR-223, ZAP70, and
lipoprotein lipase (LPL) [139]. Each marker was dichotomized based on expression
levels and the markers were combined to generate a simplified risk score ranging
from O (low risk for all four markers) to 4 (high risk for all four markers). The study
demonstrated that increased accuracy of predictions can be obtained by combining
different types of biomarkers into a molecular diagnostic test. Similarly, Rossi et al.
developed a three-marker test named the 21FK score, which combined information
on miR-21 expression levels, 17p deletion status, and karyotype status (normal or
abnormal) to produce a three-category risk score (0, 1, or 2) that could stratify CLL
patients according to overall survival times [137]. The 21FK risk score was superior
to routine prognostic factors for prediction of overall survival time in two indepen-
dent CLL patient cohorts [137], suggesting that such a test could have clinical utility
in the future. Translation of molecular diagnostic tests to actual clinical practice,
however, requires substantial independent validation in large prospective multi-
center studies generally including thousands of patients.

13.3.4 Prostate Cancer

Prostate cancer (PC) is the most frequently diagnosed malignancy in men in Western
countries and a major cause of cancer-associated death. The natural history of PC is
highly variable. Some PCs develop slowly and do not cause significant symptoms
during the remaining lifetime of the patient, while other PCs progress more rapidly,
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almost invariably with fatal outcome. Although localized PC can be cured by radia-
tion therapy or surgery (radical prostatectomy), overtreatment of clinically
insignificant tumors is a major problem. Accordingly, there is a strong need for
improved diagnostic and prognostic biomarkers for this disease.

The development of miRNA biomarkers for PC is still at a relatively early stage
[140], although several studies have shown that miRNA expression profiles can be
used to distinguish PC from nonmalignant prostate as well as localized PC from
advanced metastatic PC (MPC) [26, 63, 107, 141-147]. Inconsistencies have been
observed between studies, which at least in part can be explained by the use of different
profiling methodologies. Nevertheless, repeated findings in multiple studies show
upregulation of miR-375 and miR-200c and downregulation of miR-145, miR-205,
miR-221, and miR-222 in cancer vs. normal prostate. Molecular classifiers combin-
ing 2 (miR-205, miR-183), 3 (miR-143, miR-145, miR-375), or 54 different miRNAs
have been shown to correctly classify more than 75% of normal vs. PC samples
[63, 107, 147]. If these results are confirmed in future large-scale clinical studies, a
miRNA-based test could potentially improve the accuracy of PC diagnosis, e.g., as a
supplement to the currently used routine biomarker for PC detection, serum prostate-
specific antigen (PSA), which has highly suboptimal sensitivity and specificity.

In addition to their diagnostic value, miRNAs have shown potential for molecu-
lar classification of PC into clinically relevant subgroups for prognostic risk
stratification. For example, by analysis of miRNA expression profiles from 57 PC
tumors with or without perineural invasion (PNI), Pruitt et al. identified two sub-
groups of patient samples each associated with a distinct miRNA expression signa-
ture [148]. One subgroup included all non-PNI tumors as well as a subset of less
aggressive PNI tumors with lower stage and lower Gleason score, while the second
subgroup consisted of more aggressive PNI tumors characterized by higher stage
and higher Gleason score. Interestingly, clinically relevant clusters could not be
generated when the same analysis was performed on matching mRNA expression
data [148], again emphasizing miRNAs as promising biomarker candidates for PC.

Moreover, in a large miRNA profiling study of 102 clinical PC samples, Martens-
Uzunova et al. identified 80 miRNAs that were not only differentially expressed in
pairs of nonmalignant and tumor samples, but also separated clinically localized PC
(LPC) samples into two subgroups with distinct prognostic characteristics [147].
The first group included 34 LPC samples clustered together with the nonmalignant
samples, while the second group included 16 LPC samples and clustered together
with advanced PC samples and lymph node metastases. Notably, the second group
was characterized by significantly higher risk of cancer-specific death. This finding
awaits confirmation in an independent patient cohort.

So far, few miRNAs have been shown to have prognostic value for PC in more
than one patient sample set. Schaefer et al. found that high miR-96 expression was
significantly associated with short recurrence-free survival after radical prostatec-
tomy in two independent PC patient sets [63]. In a separate study, Spahn et al. found
that low expression of miR-221 was an independent adverse prognostic factor for
recurrence-free survival after radical prostatectomy based on data from 92 PC
patients [145]. Consistent with this, Tong et al. identified a 16-miRNA signature,
including miR-211, which correctly classified 75-85% of patients with and without
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recurrence in a distinct PC patient cohort [144]. As further confirmation of the
prognostic potential of miR-211, Martens-Uzunova et al. identified a 25-miRNA
classifier (including miR-211) for prediction of cancer-specific survival in a cohort
of 50 PC patients [147].

13.3.5 Predictive miRNAs

Several studies have identified miRNA expression profiles associated with antican-
cer drug responsiveness, indicating that miRNAs have potential as predictive bio-
markers. Furthermore, for a growing number of miRNAs, there is experimental
evidence for direct functional roles as cellular modulators of drug resistance, sug-
gesting that some miRNAs may also have potential as new therapeutic targets in this
context [149, 150]. Multiple mechanisms are known to be involved in development
of drug resistance, including, e.g., inhibition of apoptosis, blocking of drug entry,
active efflux of the drug, and altered expression of the drug target [151]. Conceivably,
all of these cellular mechanisms may be regulated by miRNAs. Selected examples
of predictive miRNAs are described below and in Table 13.2.

Pancreatic cancer is associated with poor prognosis and surgical treatment is often
followed by adjuvant chemotherapy. At least two independent reports found high
expression of miR-21 to be a significant predictor of poor cancer-specific survival for
pancreatic cancer patients receiving adjuvant gemcitabine-based chemotherapy [132,
133]. It was also shown that inhibition of miR-21 increased sensitivity to gemcit-
abine, while overexpression of miR-21 reduced chemosensitivity of pancreatic can-
cer cells in vitro, suggesting that miR-21 could be a new therapeutic target. High
expression of miR-21 has also been associated with drug resistance in other cancer
types. For breast cancer, it was reported that upregulation of miR-21-mediated resis-
tance to Trastuzumab, a monoclonal antibody directed against human epidermal
growth factor receptor 2 (HER?2), which is commonly overexpressed and linked to
poor clinical outcome [134]. Functional studies suggested that miR-21 induced drug
resistance at least in part by targeting tumor suppressor PTEN (phosphatase and
tensin homolog) in breast and pancreatic cancer cells [133, 134]. In addition, miR-21
was included in a miRNA signature that could distinguish fludarabine-refractory and
-sensitive cases of CLL [135]. Finally, a large study including a total of 455 patients
with hepatocellular carcinoma showed that patients with low expression of miR-26
in the tumor had a favorable response to interferon alfa [128].

13.4 Circulating miRNAs as Diagnostic Cancer Biomarkers

13.4.1 Discovery of Circulating Tumor-Specific miRNAs

The recent discovery of miRNAs circulating in body fluids has initiated intense
investigation to determine if their detection may be advantageous for cancer diagnostics
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as an alternative to profiling of solid tumors. At present, detection of cancer relapse
is often carried out by invasive testing (e.g., frequent cystoscopies for bladder can-
cer). Ideally, such procedures could be replaced by noninvasive testing based on
monitoring of circulatory miRNAs in biological fluids. miRNAs have been detected
in all body fluids examined so far, including urine, plasma, serum, semen, saliva,
and cerebrospinal fluid. The miRNAs are present in nanovesicles such as exosomes,
as well as in association with free protein complexes. The possible biological role
of circulating miRNAs is presently the focus of numerous studies. According to
available data, circulating miRNAs appear to possess a regulatory function beyond
cells from which they originate and in recipient cells that take up the miRNA com-
plexes. Exosome-mediated transfer of miRNAs has been demonstrated in cell cul-
ture models. Furthermore, in vivo models suggest that cancer cell-derived exosomes
may modulate the microenvironment at distant sites into pre-metastatic niches and,
thereby, promote metastasis through yet unknown mechanisms [152]. Whether
present in exosomes or in free protein complexes, the detection of these miRNAs
serve as a potential diagnostic tool for cancer evaluation.

Circulating tumor-specific miRNAs were first discovered in 2008, where
increased levels of miR-210, miR-155, and miR-21 were detected in serum samples
from patients with diffuse B-cell lymphoma [153, 154]. The same year, Mitchell
and coworkers reported the detection of miRNAs in plasma samples. Plasma-derived
miRNAs showed remarkable stability and were stable upon repeated freeze/thaw-
ing, exposure to low/high pH, and extended storage. They were also resistant toward
endogenous RNase degradation, in contrast to synthetic spike-in miRNAs [155,
156]. Highly expressed miRNAs, such as miR-16, miR-15b, and miR-24, were
detected at similar levels in both plasma and serum. Furthermore, human tumor
cell-derived miRNAs, with no murine orthologs, could be detected in the blood-
stream of xenografted mice, and increased serum levels of miR-141 were seen in
patients with prostate cancer compared to healthy controls [155]. A study by Chen
et al. described 63 miRNAs in serum from lung cancer patients that were not
detected in healthy individuals [156]. Remarkably, a comparative analysis revealed
highly similar miRNA profiles in blood cells and serum in normal individuals (90%
identical miRNAs in the two fractions), but not in lung cancer patients (~50% of
detectable miRNAs were only present in serum). Accordingly, disease-specific
miRNAs present in serum seem to derive directly from cancer cells rather than
reflecting an altered miRNA profile in blood cells. This reiterates the potential of
circulating miRNA profiles for cancer diagnosis.

13.4.2 Circulating miRNAs Are Highly Stable and Present
in Protein Complexes and Vesicles

Early work suggested that circulating miRNAs were not cell-associated [155]. It is
now known that miRNAs are encapsulated in small vesicles, such as exosomes,
microvesicles, and microparticles, as well as in free association with proteins such
as Argonaute 2 (AGO2), Nucleophosmin 1 (NPM1), and high-density lipoprotein
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Fig. 13.4 Biogenesis and origin of circulating miRNAs. Primary miRNA (pri-miRNA) transcripts
are generated in the nucleus and processed to precursor miRNAs (pre-miRNAs) by the Drosha
enzyme and DGCRS. After export to the cytoplasm, the pre-miRNA is recognized and processed
to a small double-stranded RNA (dsRNA) structure of about 22 nucleotides by Dicer, acting
together with TRBP. The dsRNA structure is recognized and unwound by the RISC complex,
including the AGO2 protein. Subsequently, the mature single-stranded miRNA is carried to com-
plementary miRNA target sites within mRNAs to regulate gene expression. Alternatively, pre-
miRNAs can be transported in body fluids as circulating miRNAs. Inward budding of endosomal
membranes can generate intracellular multivesicular bodies (MVBs) that release their content as
exosomes with encapsulated miRNAs. NPM1, AGO2, and high-density lipoprotein (HDL) have
been found to transport circulating pre-miRNAs. After entering the bloodstream, circulating miR-
NAs can be taken up and processed by recipient cells

(HDL) [157-160] (Fig. 13.4). So far, the vast majority of studies have focused on
the function of exosomes and how their constituents may impact tumor growth and
cancer disease. Exosomes are small vesicles (40—100 nm) that are formed by local
invaginations of endosomal membranes into multivesicular bodies (MVB) and
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secreted upon fusion of the MVBs with the plasma membrane for release into the
extracellular space and body fluids.

miRNAs in complex with AGO2 have been found to represent the predominant
form of freely circulating miRNAs in plasma and cell culture media and is stable
over a 2-month period at room temperature [157, 158]. It has been hypothesized that
these complexes represent by-products of dead cells secreted into the extracellular
space, and that they are unlikely to possess paracrine cell signaling functions. This
is in contrast to studies of miRNA-containing exosomes, for which a biological
function involving paracrine delivery of miRNA, mRNA, DNA, and protein is well
documented.

13.4.3 Exosome Biogenesis and Secretion

The mechanism for sorting of exosomal cargo into the exocytic MVB is largely
unknown. It is speculated to involve ubiquitination and the endosomal sorting com-
plex required for transport (ESCRT) sorting system, since ubiquitinated proteins
and ESCRT components are enriched in purified exosomes from some cell types
[161, 162]. Furthermore, phosphatidylinositol-(4,5)-bisphosphate (PIP2) and phos-
phatidylinositol-(3,4,5)-trisphosphate (PIP3)-binding domains can induce targeting
of highly oligomeric cytoplasmic proteins to exosomes [163, 164]. Studies have
shown that the miRNA content of exosomes resembles overall that of the donor cell
[165, 166]. The proportion, however, of the most and least abundant miRNAs are
often shifted, suggesting a specific enrichment or depletion of certain miRNAs in
the vesicles [166, 167]. The mechanism of this differential packing into exosomes
is presently unknown. Notably, miRNA target transcripts appear to be underrepre-
sented in exosomes, while housekeeping mRNAs (less prone to miRNA-mediated
repression) seem overrepresented [165]. To explain this, it was hypothesized that
miRNAs and their corresponding target mRNAs are enriched in GW 182 (glycine-
tryptophan protein of 182-kDa) and AGO2-associated membrane fractions and
thereby excluded from exosome-like vesicles.

The events leading to fusion of the MVBs to the plasma membrane and exosome
release are not fully understood, but involves the action of RAB (member RAS
oncogene family) proteins, specifically RAB27A, RAB27B, and RAB35 [168, 169].
The inhibition of ceramide production, via neutral sphingomyelinase (nSMAse) by
small molecule antagonist GW4869, reduces exosome-mediated secretion of miR-
NAs [170]. In addition, intracellular rise in calcium levels and induction of TP53
upon DNA-damage have been shown to enhance exosome secretion [171, 172]. In
contrast, release is inhibited by the induction of autophagy, a normal self-catabolic
process involving degradation and recycling of cellular components through the
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lysosomal machinery [173]. For some cell types (e.g., T cells and resting B cells),
activation of cell surface receptors is required for secretion [174, 175].

13.4.4 Biological Function of Circulating Exosome-
Encapsulated miRNAs

Two opposing hypotheses currently exist to explain the biological functions of
exosomes: (1) that vesicles are secreted from cells to carry out an active paracrine
cell signaling role by the transfer to recipient cells of exosome content, such as
miRNAs. By doing so, cancer cells may enhance local tumor growth and invasion,
or prime distant sites for establishment of tumor metastases and (2) that vesicles are
used as an alternative route to cellular degradation of unwanted material, which is then
packed into exosomes and exocytosed. No data exists yet that can clearly discrimi-
nate between the two proposed models. It is currently unknown whether freely circu-
lating AGO2-miRNA complexes can interact specifically with recipient cells to
actively target mRNA downregulation [157, 158]. In contrast, complexes of HDL and
exogenous miR-223 have been shown to increase the level of miR-223 by 250-fold in
recipient Huh-7 hepatocarcinoma cells and to decrease the level of the miR-223 tar-
gets Ras homolog gene family, member B (RHOB) and Ephrin A1 (EFNA1) [160].

Several studies indicate that exosomes represent vehicles for intercellular com-
munication and for active paracrine cell signaling. In 2007, Valadi and coworkers
demonstrated that mRNA and miRNAs could be transferred to recipient cells, and
the transferred mRNA was actively transcribed [176]. Uptake of mast cell-derived
exosomal RNA was observed in other mast cell lines, but not in CD4+ T cells.
Fluorescence-labeled vesicle monitoring has been used to show that ovarian cancer
exosomes are transferred to natural killer cell lines, but not Jurkat T cells [177].
These studies demonstrate selective vesicle uptake that could occur either by specific
endocytosis, receptor-mediated uptake, or membrane fusion. Transfer of mRNA
molecules linked to cell cycle regulation and angiogenesis, and enriched in exo-
somes, has been demonstrated for glioblastoma and colorectal cancer cells.
Furthermore, vesicular transfer stimulated the proliferation of U87 malignant glioma
cellsand endothelial cells[178, 179]. Microvesicle secretion from EGFRVIII + glioma
tumor cells has been shown to result in transfer of this oncogenic receptor to
EGFRvIII-negative cancer cells, leading to activation of oncogenic pathways, trig-
gered production of vascular endothelial growth factor (VEGF), and anchorage-
independent growth of the recipient cells [180]. Exosomes may, however, also have
an anti-tumorigenic function, as has been observed for pancreatic cancer cell-
derived exosomes [181].

The ability of exosomes to promote tumor metastasis was addressed by Hood
et al. in a murine model of metastatic melanoma [152]. In this study, prior injection
with melanoma exosomes showed sentinel lymph node homing with subsequent
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recruitment of melanoma cells, extracellular matrix deposition, and vascular prolif-
eration in the lymph nodes. This suggests that exosome-mediated cargo delivery
may prime a particular organ microenvironment or niche as the “soil” for metastatic
cells (the “seeds”) and tumor establishment at remote sites. In addition, exosomes
may also exert a tumorigenic effect through modulation of the immune system.
Cancer cell-derived exosomes can induce apoptosis of activated tumor-specific T
cells, thereby impairing the ability of effector lymphocytes to exert cytolytic activ-
ity against tumor targets [182].

13.4.5 Methods for Exosome Isolation and Content Analysis

Exosomes differ from microvesicles (100—1,000 nm) and apoptotic bodies (50—
500 nm) based on size, morphology, lipid composition, protein, RNA and DNA
content, and mechanism of release from the cell. The vesicles are commonly iso-
lated either by differential centrifugation with sedimentation at 100,000 x g or at a
specific floatation density in gradient ultracentrifugation, or by size-exclusion chro-
matography. Some studies have also used filtration, precipitation, and immunoaffinity
capture for successful isolation (for further details on methodology, see [183]).
Vesicle size and morphology are usually examined by electron microscopy, dynamic
light scattering, or nanoparticle tracking analysis. The contents of exosomes (pro-
teins, RNA, and DNA) are listed in the online database “Exocarta” [166, 178, 184,
185]. Although the protein composition of exosomes reflects the parental cell, some
proteins are common to most exosomes. These include the transmembrane tetraspa-
nin proteins, particularly CD63, CD9, CD81, and CD82 [162, 186], and the cytosolic
heat-shock proteins HSP70 and HSP90 [187]. Proteins associated with the biogen-
esis of MVBs, such as ALG-2 interacting protein X (ALIX) and tumor susceptibility
gene 101 (TSG101) as well as cytoskeleton proteins such as actin, are also promi-
nent. Lipidomic analysis has shown an increase in phosphatidyl-ethanolamines and
-cholines, as well as a possible increase in cholesterol content (reviewed in [167]).

Profiling of miRNAs incorporated within exosomes has been performed using
microarray analysis [188], RT-qPCR profiling [189, 190], and deep sequencing
[165]. Examination of the RNA integrity, e.g., on an Agilent bioanalyzer prior to
actual miRNA profiling has in most studies revealed the complete absence of
18S/28S rRNA [166, 176, 191]; however, a few reports show intact 18S/28S rRNA
[178]. Methods to identify significantly altered miRNAs using reference miRNAs
for normalization are difficult as no genes are known to be expressed at the same
copy number in vesicle and donor cell samples. A combination of miR-22*, miR-
221, and miR-26a served as successful normalizing miRNAs compared to patients
with hepatitis B in serum samples from healthy individuals [192]. However, the
potential use of these miRNAs for normalization in a cancer context is unknown.
Normally expression is quantified by miRNA ranking based on signal intensity or
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number of clones sequenced or, alternatively, by comparative CT methods involving
2-24CT calculation. When profiling circulating miRNAs from minimal sample mate-
rial, qPCR-based detection platforms have shown superiority in sensitivity com-
pared to microarray platforms [193].

13.4.6 Increased Secretion of Exosomes in Cancer

First discovered during reticulocyte maturation decades ago [194], exosome vesi-
cles are now widely recognized as being secreted also by all other cell types [195]
and to be more actively secreted from malignant cells. For example, medullablas-
toma cell lines were found to secrete 13,400-25,300 vesicles per cell in 48 h, com-
pared to 3,800—6,200 vesicles secreted from normal fibroblasts [185]. Interestingly,
the level of RNA in the vesicles was 210- to 310-fold higher in the medullablastoma
cell-derived vesicles compared to those from normal fibroblasts. Increased endo-
somal release and uptake by cancer cells were exhibited at low pH indicative of the
tumor microenvironment in metastatic melanoma cells [154]. In a xenograft mouse
model of melanoma, the level of exosomes detected in plasma correlated with the
tumor burden [196]. Accordingly, an increase in exosome concentration has been
observed in the bloodstream of cancer patients with lung cancer or melanoma [196,
197]. Specific cancer-associated markers detected on a subset of the vesicles dem-
onstrated that these vesicles were indeed tumor derived, as opposed to the result of
a general host response. Several studies have now shown that exosome constituents
are altered in plasma- and urine-derived exosomes in a variety of cancers that pro-
motes the possibility of using these constituents in noninvasive tests [155, 166,
196-198].

Epithelial cell adhesion molecule (EpCAM)-positive vesicles were found in the
serum of ovarian cancer patients but absent in healthy individuals and increased
with the stage of the disease. Furthermore, although EpCAM-positive vesicles, iso-
lated using an immune-affinity capture technique, were present in both benign and
malignant disease, the miRNA profiles from these vesicles were distinct for patients
with benign ovarian disease and patients with ovarian cancer [166]. Of note, prote-
olytic cleavage by metalloproteinases of EpCAM on exosomes has been observed
in a subset of serum samples from breast cancer patients [199]. This emphasizes
that tumor-derived exosomes are heterogeneous in composition and that isolation of
cancer-derived exosomes using an EpCAM-bead subfractioning method should be
considered carefully.

13.4.7 Circulating miRNAs as Diagnostic Cancer Biomarkers

Circulating miRNAs have now been associated with several cancer types (Table 13.3).
As indicated in the table, three of the listed studies have identified exosome-derived
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miRNAs, while the origin of miRNA signal in the remaining studies was not exam-
ined. In the pioneering study by Mitchell et al., miR-141 levels were increased in
serum from 25 patients with metastatic prostate cancer compared to 25 healthy
controls. In a subsequent study, miR-141 was found to predict the clinical outcome
of prostate cancer patients with a hazard ratio of 8.3 as well as to correlate with PSA
levels under longitudinal evaluations [227]. More recently, circulating miR-141 has
been reported as an independent adverse prognostic factor for patients with meta-
static colon cancer [228]. The combination of miR-141 and the widely used col-
orectal marker carcinoembryogenic antigen (CEA) further improved the accuracy
of detection. In the study by Chen et al. in 2008, miR-25 and miR-223 were found
to be deregulated in serum samples from lung cancer patients, and the two miRNAs
were validated as noninvasive diagnostic markers among additional 152 cases [156].
Several of the circulating miRNAs identified by Chen et al. for colorectal cancer
overlapped with those identified for lung cancer. This suggests that specific circulat-
ing miRNAs may exist in cancer disease in general. This would be in agreement
with data reported from profiling of solid tumor tissue, showing a general upregula-
tion of oncogenic miR-21 and downregulation of tumor suppressor miR-145 [123,
229].

Several studies indicate that circulating miRNAs have potential as diagnostic
markers for lung cancer (reviewed in [230]). In one study, a fivefold difference in
expression was detected for 11 serum miRNAs between long- and short-term survi-
vors, and the levels of four miRNAs (miR-486, miR-30d, miR-1, and miR-499)
were significantly associated with overall survival [215]. Early stages of lung cancer
have also been associated with changes in serum miRNAs [231]. Concordantly, a
diagnostic test of 34 circulating miRNAs has been developed for detection of early
non-small cell lung cancer (NSCLC) [232]. This test was able to identify NSCLC
cases among asymptomatic high-risk individuals with 80% accuracy and could dis-
criminate between benign and malignant lesions. Rabinowits et al. examined epi-
thelial exosome concentration by size-exclusion chromatography and magnetic
activated cell sorting using an anti-EpCAM antibody [197]. Here, an increase in
exosome concentration from 0.77 mg/ml for the control group to 2.85 mg/ml for the
lung adenocarcinoma group was observed. Small RNA extraction from the epithe-
lial-derived exosomes (=carcinoma-derived) was profiled for miRNAs using
microarray hybridization. Twelve specific miRNAs elevated in NSCLC tumor tis-
sue were mirrored in the circulating exosomes. For the control samples, the total
levels of miRNAs were low, and the level of the 12 miRNAs was below the detec-
tion limit. The results were recently supported by the finding that a combination of
miR-21, miR-210, and miR-486-5p detection was shown to identify lung cancer
patients with malignant solitary pulmonary nodules (SPN), compared to benign
SPN or healthy controls, with a sensitivity of 75% and specificity of 85% [233].
This holds promise for improvement of the pre-operative diagnosis based on SPN
status presently conducted.

Several studies have addressed whether changes in circulating miRNAs is
directly related to the presence of a tumor. The upregulated plasma concentrations
of miR-17-5p, miR-21, miR-106a, and miR-106b in gastric cancer [206], miR-184
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in squamous cell carcinoma [155], and miR-195 and let-7a in breast cancer patients
[203] were significantly reduced after surgical removal of the tumor tissues. For
hepatocellular carcinoma, a decreased level of miR-92a relative to miR-638 was
observed among cancer patients [208]. After surgical removal of the tumor, the
miR-92a/miR-638 level was restored with borderline significance. Future studies
may show whether sustained or subsequent rise of a cancer-specific circulating
miRNA can point to disease relapse. Downregulation of circulating miR-92 in
plasma has been observed in patients with acute leukemia [211]. The cellular origin
of the normal levels of miR-92a is unknown and it remains speculative why this
miRNA is downregulated in cancer. In addition to profiling of serum and plasma, a
recent study utilized bile for the identification of miR-9 as a potential circulating
biomarker for biliary tract cancer [200]. In urine, four miRNAs (miR-96, miR-183,
miR-126, and miR-182) have been associated with bladder cancer and disease stage
and progression [201, 202]. Future studies are likely to incorporate additional body
fluids for the identification of circulating miRNAs with diagnostic and prognostic
potential.

13.5 Long Non-coding RNAs with Potential
in Cancer Diagnostics

13.5.1 Long Non-coding RNAs are Deregulated
in Cancer and Modulate Gene Expression

Although miRNAs constitute the largest group of non-coding RNAs (ncRNAs)
known to be involved in cancer development and progression, other classes of
ncRNAs with great potential for cancer prognosis and diagnosis including various
long non-coding RNAs (IncRNAs) are currently being discovered. IncRNAs consti-
tute a large group of RNA transcripts, which are more than 200-nt long, not trans-
lated into protein, and may or may not be poly-adenylated and spliced. A consensus
annotation system for IncRNAs does not yet exist, as new molecules are continu-
ously discovered. Genes for IncRNAs can be found in intergenic regions, within
introns of protein coding genes (intragenic) as well as overlapping with exons of
protein coding genes. IncRNAs are expressed in all human cell types and can be
purified using standard mRNA purification protocols. The remaining part of this
section describes IncRNAs in relation to cancer in more detail.

Although the biological functions are not fully understood, some long ncRNAs
are known to play important roles in regulation of gene expression. For example, a
number of newly discovered large intergenic non-coding RNAs (lincRNAs) have
been shown to repress gene transcription by targeting polycomb repressor complex
1 (PRCI) or 2 (PRC2) to specific genes (reviewed in [234, 235]). PRCs regulate
gene expression via chromatin modifications and are known to be involved in main-
taining pluripotency of embryonic stem cells by repressing developmental genes
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required for differentiation [236, 237]. A central theory of carcinogenesis is the
dedifferentiation of cancer cells into a phenotype resembling stem cells, possibly
through mechanisms involving the PRCs (reviewed in [238, 239]). The close asso-
ciation of deregulated lincRNAs with PRCs, therefore, suggests a pivotal role for
such lincRNAs in cancer.

Hox antisense intergenic RNA (HOTAIR) is one of the most publicized exam-
ples of a cancer-associated lincRNA capable of interacting with PRC2. HOTAIR
resides in the HOXC gene locus and is frequently overexpressed in breast cancer,
colorectal cancer, and hepatocellular carcinoma [240-242]. Overexpression of
HOTAIR in breast cancer-derived cell lines modulates the pattern of PRC2 occu-
pancy into resembling that of embryonic fibroblasts, and many of the genes targeted
by HOTAIR/PRC?2 are associated with breast cancer. Furthermore, HOTAIR trans-
fected cells have a greater invasive potential in matrix invasion assays in vitro as
well as when injected into mice [240]. These observations likely explain the finding
of high HOTAIR expression in breast cancer, colorectal cancer, and hepatocellular
carcinoma as a significant predictor of metastasis and death [240-242]. Thus, poten-
tially, HOTAIR may be useful as a future biomarker for aggressive cancer types.

Prostate cancer-associated ncRNA transcript 1 (PCAT-1) is also known to be
overexpressed in prostate cancer [243]. PCAT-1 (like HOTAIR) interacts with PRC2
in order to regulate expression of downstream genes. However, PCAT-1 itself is also
regulated by PRC2. Accordingly, expression of PCAT-1 and the PRC2 subunit
EZH?2 are almost mutually exclusive [243]. The implications of this relationship for
cancer development are still unresolved, but it appears that PCAT-1 is upregulated
in a subset of metastatic and high-grade tumors, which express low levels of EZH2.
Overexpression of PCAT-1 in prostate cancer cell lines results in higher levels of
proliferation, providing a likely explanation for the advantage of overexpression
of PCAT-1 in cancer cells. In summary, HOTAIR and PCAT-1 are two examples of
novel lincRNAs which may be used as diagnostic and/or prognostic markers for
different cancer types. Many more are likely to be discovered in the near future.

Long ncRNAs, including lincRNAs, are also emerging as possible enhancers of
gene transcription (reviewed in [234]). The mechanism(s) employed by activating
IncRNAs are unclear, but they seem capable of activating neighboring genes as
well as genes located several kilobases and more away [244]. Transcribed ultracon-
served regions (T-UCRs) constitute a likely subgroup of novel activating IncRNAs.
The corresponding UCRs are defined as genomic regions more than 200 base
pairs long that are 100% identical in mouse, rat, and human genomes [245]. UCRs
are strongly depleted in genomic regions containing germline copy number varia-
tions [246, 247]. The extreme evolutionary conservation and the apparent selec-
tion against alterations in copy number of these sequences suggest that they
perform essential cellular functions.

Based on the criteria listed above, there are 481 UCRs in the human genome
(excluding rRNA genes), most of which are transcribed [248]. UCRs are found
within protein coding genes as well as in introns and in intergenic regions [245].
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Since the UCRs are merely conserved genomic sequences, they are unlikely to be
all involved in the same cellular functions. However, many of the T-UCRs have been
shown to harbor enhancer functions [249]. T-UCR expression is deregulated in can-
cer, and different types of cancer are associated with specific expression signatures
of the T-UCRs [247, 248]. The mechanisms behind deregulation of T-UCRs in can-
cer may involve epigenetic aberrations [250], genomic rearrangements [247], or
miRNA-mediated degradation [247]. Thus, T-UCR expression as well as changes in
DNA methylation and/or larger scale DNA alterations may have potential as cancer
biomarkers. This is illustrated in a number of malignancies. In neuroblastoma, high
expression of 28 T-UCRs, which correlate negatively with specific miRNAs, is
associated with a good prognosis [251]. Moreover, in hepatocellular carcinoma,
expression levels of 56 T-UCRs are deregulated [252]. In colorectal cancer and
lymphocytic leukemia, cancer-associated sequence abnormalities in UCRs have
been reported [253]. Furthermore, in a collection of different types of primary
tumors, three specific T-UCRs (Uc.160+, Uc.283 +A, and Uc.346+) are downregu-
lated by DNA methylation, which is associated with the formation of lymph node
metastases [250]. Although these observations need further validation, they all seem
to be of potential use in future cancer diagnostics.

13.5.2 PCA3 and Examples of Other IncRNAs as Potential
Cancer Diagnostics

Prostate Cancer Antigen 3 (PCA3) is a non-coding RNA that can be found in urine
from prostate cancer patients. It has been developed as a diagnostic biomarker for
prostate cancer and is now commercially available (reviewed in [254]). The cellular
function of PCA3 has not been fully clarified, but several reports suggest that PCA3
regulates the transcript level of its host gene BMCCI1/PRUNE?2 (Prune homolog 2)
(reviewed in [255]). Numerous studies have evaluated the sensitivity and specificity
of PCA3 for prostate cancer detection in urine (reviewed in [254]). Together, results
from these studies indicate that PCA3 may not be the ideal biomarker in urine, pri-
marily, because it does not clearly reflect the abundance of PCA3 in the tumor
where PCA3 is frequently overexpressed [256-258]. Nevertheless, in combination
with the routinely used serum biomarker PSA, a urine test for PCA3 may be added
to increase the specificity of diagnosis.

Vault non-coding RNAs (VRNAs) are components of vault ribonucleoprotein
complexes, which confer drug resistance in cancer cells. Three VRNAsS, highly similar
in sequence and secondary structure, are known to be expressed in mammalian
cells. Overexpression of VRNASs in cancer cell lines confers chemoresistance, while
knock-down of VRNAs renders cancer cells more sensitive to chemotherapeutics
[259]. Hence, the expression status of vault RNAs in cancer cells may aid in predic-
tion of resistance to chemotherapeutic compounds.
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The non-coding RNA Growth Arrest Specific 5 (GASS) is known to bind as a
decoy to the glucocorticoid receptor (GR), thereby preventing its interaction with
the glucocorticoid response elements in genomic DNA. GR target genes are involved
in repression of apoptosis and are normally upregulated upon GR binding. Thus,
interaction of GASS with the GR may allow or even promote apoptosis (reviewed
in [235]). In agreement with this model, GASS transcript levels have been found to
be significantly downregulated in breast cancer cells compared to normal breast
epithelium [260]. Thus, GASS may have potential as a future cancer biomarker or
even as an anticancer therapeutic agent.

13.6 Future Perspectives

Although a large number of molecular profiling studies have identified several miR-
NAs with potential as future cancer biomarkers, no miRNA-based diagnostic test
has yet been developed and approved for use in routine clinical practice. Lack of
sufficient independent validation and inconsistencies between results from different
miRNA profiling studies of cancer tissue samples remain major limitations for the
clinical translation of novel miRNA biomarker candidates. Such inconsistencies
may be explained, at least in part, by the use of different microarray platforms and
RT-qPCR methodologies in studies of the same tumor type [140]. Standardized pro-
cedures for sample preparation and miRNA quantification could accelerate the dis-
covery and validation of new miRNA cancer biomarkers, a prerequisite for their
translation into clinical usage. Improved and more detailed clinical annotation of
patient samples included in miRNA expression profiling studies may also help push
this field forward.

Furthermore, miRNA profiling studies conducted so far have often been under-
powered, i.e., insufficient sample numbers in the discovery and/or validation phase.
Consequently, the results obtained from these studies may not be representative for
a given cancer type and, hence, less likely to lead to the development of clinically
useful biomarkers. Recent studies focusing on long non-coding RNAs tend to suffer
from similar limitations in sample numbers. As an additional complicating factor,
most tumors are characterized by marked histologic and genetic heterogeneity [261,
262]. Accordingly, the exact cancer tissue specimen(s) used for molecular profiling
analyses may not be representative for the entire tumor. To address this issue, some
studies have used laser-microdissection for isolation of specific cell fractions from
tumor tissue samples prior to miRNA profiling. Although this is a laborious process
not compatible with routine daily clinical procedures, such studies can contribute
invaluable new and more detailed insights into tumor biology and mechanisms of
carcinogenesis [263].

Identification of circulating tumor biomarkers could be an alternative solution to
this problem. Indeed, the expression of specific circulating miRNAs seems to be a
good surrogate of tumor miRNA expression and, thus, has initiated a new paradigm
useful for noninvasive testing for early diagnosis, prognosis, and/or therapeutic
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decision making. Challenges, however, remain for the identification of circulating
miRNA biomarkers. First, the preparation of samples (serum, plasma, urine, etc.)
requires very strict standardization in order to generalize findings from different
patients, research groups, and laboratories. One possible reason for variation is that
thrombocytes present in the plasma fraction are activated upon incubation below
20°C. This will lead to release of small miRNA-containing granula not removed at
20,000 x g centrifugation typically used. Accordingly, any variation in incubation
times across samples before complete processing can lead to variations in the
miRNA expression detected. Second, the quantification of miRNAs is not straight-
forward. Further investigations should clarify the biological half-life of miRNAs,
since these may vary individually, as well as uncover suitable normalization strate-
gies involving identification of ideal “housekeeping” small RNAs.

Moreover, the protocol for isolating exosomes is not standardized. By using
specific exosome surface markers such as EpCAM for affinity purification, it may
be possible to avoid the problem of contaminating exosomes from blood cells.
However, the amount of circulating tumor exosomes is presumably low in the
bloodstream and likely display a heterogenous expression of surface markers. Thus,
using surface markers for exosome isolation will reduce any miRNA signal consid-
erably and introduce bias in the subset of vesicles isolated. It is currently unknown
whether miRNA profiling of crude samples (without discrimination between vesic-
ular or protein complex origin) is better at distinguishing between patient groups,
compared to profiling after specific purification steps. Using a nonspecific proce-
dure (a simple 15,000-20,000 % g spin prior to RNA extraction) will remove large
cellular debris and protein aggregates, but may not be adequate for detection of
small amounts of tumor-derived material. Finally, hemolysis of plasma samples as
well as activation of platelets during sample processing will influence the results
greatly and demands for precise handling of samples to avoid this. If future studies
can successfully overcome these challenges, the distinct expression profiles of miR-
NAs in cancer tissues together with the remarkable stability of circulating miRNAs
should make these new easily accessible candidate biomarkers ideal for translation
into clinical use. Because cancer disease is often diagnosed at a late stage with a
concomitant poor prognosis, development of minimally invasive tests for detection
and monitoring of common solid tumors may significantly help to reduce the world-
wide health burden caused by cancer.

During the past decade, expression profiling studies of microRNAs, and more
recently also of long ncRNAs, have made important contributions to basic, clinical,
and translational cancer research. In order to transfer these findings into actual clini-
cal utility, it will be essential to conduct large multicenter clinical studies for pro-
spective validation of the many candidate biomarkers already identified. Such
studies should also define in which exact clinical setting and in which type of
patients a given biomarker (panel) has true potential for, e.g., diagnosis, prognosis,
prediction of treatment response, or disease monitoring.

The recent availability of new advanced technologies for sequencing of the
human genome, NGS, has already revolutionized biological research and likely will
have similar effects on molecular diagnostics in the very near future. NGS technolo-
gies can be used for discovery of new disease markers with unsurpassed efficiency
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and speed. Also, new systems biology approaches which integrate genome-wide
sequencing data obtained at different molecular levels (e.g., genome, transcriptome,
and epigenome) for the clinical sample may help to reveal the complex molecular
mechanisms that regulate cancer development and progression in more depth. An
improved understanding of the fundamental molecular and biological processes
occurring during carcinogenesis could not only provide the basis for development
of new biomarkers, but may also contribute to the future development of new path-
way-targeted therapies.
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Chapter 14
Therapeutic Application of MicroRNAs
in Cancer

Nobuyoshi Kosaka, Fumitaka Takeshita, Yusuke Yoshioka,
and Takahiro Ochiya

Abstract MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene
expression thereby controlling many biological and cellular processes, including
development, organogenesis, and homeostasis. Due to miRNAs ability to target
multiple mRNAs, if miRNA expression is altered, diseases such as cancer can occur
as a consequence of the misregulation of target gene networks. Deregulation of
miRNA expression in cancer cells is caused by a variety of mechanisms such as
genetic alterations, epigenetic regulation, or altered expression of transcription fac-
tors, which target miRNAs. Many recent studies have focused on the development
of novel diagnostic tools and therapeutics in the field of oncology. In this chapter,
we summarize the latest and most significant discoveries for the use of miRNA-
based therapy in various physiological and pathological conditions with particular
focus on cancer. In addition, we discuss a new method for the delivery of miRNA to
a desired site using biologically significant exosomes.

14.1 Introduction

In 1993, Ambros and colleagues discovered a gene, lin-4, whose product was a
small nonprotein coding RNA, microRNA (miRNA) that affected development in
Caenorhabditis elegans [1]. Currently, there are 1,527 mature human miRNA
sequences listed in the miRNA registry (Sanger miRBase release 18; http://www.
mirbase.org/). To yield the functional mature miRNA, biogenesis requires several
posttranscriptional processing steps [2]. The primary miRNA transcript (pri-
miRNA) is generated in the form of long polycistronic RNA transcripts by RNA
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polymerase II. The pri-miRNAs are processed in the nucleus by the RNase III
enzyme Drosha into a 60—110-bp fragment called precursor miRNA (pre-miRNA).
Exportin-5 transports the pre-miRNAs into the cytoplasm, and another RNase I1I
enzyme, Dicer, processes the pre-miRNAs into double-stranded 18—24-bp mature
miRNAs. The double-strand mature miRNA is composed of two complementary
single-stranded molecules, known as the guide strand and the antiguide or passen-
ger strand. The mature miRNA can bind to a complementary sequence, typically in
the 3’ untranslated region (3’ UTR), of target mRNAs as part of the RNA-induced
silencing complex (RISC). This base pairing subsequently causes degradation of the
mRNA and/or inhibition of protein translation. miRNAs are predicted to regulate
the expression of ~90% of all human genes. The expression of miRNAs is highly
specific for tissues and developmental stages, and essential miRNA functions have
been observed in several fundamental biological processes, such as development,
organogenesis, and homeostasis.

Recently, dysregulation of miRNA expression was found to contribute to the
initiation and progression of cancer [3]. The function and expression patterns of
miRNAs have been intensively investigated in various human cancers. The deregu-
lation of miRNA expression has been shown to contribute to cancer development
through various kinds of mechanisms, including deletions, amplifications, or muta-
tions involving miRNA loci, epigenetic silencing, the dysregulation of transcription
factors that regulate specific miRNAs, or by inhibition of miRNA processing [4].
miRNA expression profiling is becoming increasingly important as a useful diag-
nostic and prognostic tool, and many studies indicate that miRNAs can act as onco-
genes and/or tumor suppressor genes.

14.1.1 Tumor-Suppressive miRNAs Attenuate Cancer Cell
Malignancy

Among the first and most intensively studied tumor-suppressive miRNAs are let-7
and miR-16. It has been reported that the expression of let-7 is frequently reduced
in lung cancers and that reduced let-7 expression is significantly associated with
shorter patient survival [S]. In addition, overexpression of let-7 in the lung adeno-
carcinoma cell line, A549, inhibited cellular growth in vitro. The known targets of
let-7 include representative oncogenes such as RAS and HMGAZ2 [6-8]. Expression
of let-7 is lower in lung tumors than in normal lung tissue, while RAS protein is
significantly higher in lung tumors, providing a possible mechanism for let-7 in
cancer. Furthermore, the high-mobility group A2, HMGA?2, is oncogenic in a vari-
ety of tumors, including benign mesenchymal tumors and lung cancers. Ectopic
expression of let-7 has shown to reduce HMGA?2 expression and cell proliferation
in lung cancer cells.

Emerging evidence suggests that cancer stem cells (CSCs) are responsible for
tumor formation, maintenance, and progression [9]. These cancer-initiating cells
are rare tumor cells characterized by their strong tumorigenic properties and the
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ability to self-renew. The CSCs also contribute to gaining resistance to chemotherapy
and radiotherapy. If a cancer treatment fails to eliminate all self-renewing cancer
stem cells, residual surviving cancer stem cells are able to repopulate the tumor,
causing relapse. However, the molecular mechanisms underlying self-renewal, mul-
tipotent differentiation, and tumorigenicity remain obscure. Interestingly, let-7
miRNA levels are markedly reduced in breast cancer tumor-initiating cells but
increase with differentiation [10]. Infection of breast cancer tumor-initiating cells
with let-7-lentivirus reduced cell proliferation, mammosphere formation, the pro-
portion of undifferentiated cells in vitro, as well as tumor formation and metastasis
in NOD/SCID mice [10]. In addition, blocking let-7 using antisense oligonucle-
otides (Antagomirs) resulted in enhanced in vitro self-renewal capacity of nontumor
initiating cells [10]. Of note, overexpression of let-7 reduced the expression of the
known let-7 targets RAS and HMGA?2. Therefore, let-7 seems to regulate the stem
cell-like properties of multiple breast cancer tumor-initiating cells by silencing
more than one target [10]. Interestingly, RNA-binding proteins, LIN28 and LIN28B,
which are important factors for maintaining pluripotency in stem cells, bind to the
terminal loops of let-7 family precursor miRNAs and block their processing into
mature miRNAs [11]. The contribution of LIN28 was reported, not only in pluripo-
tency but also in oncogenesis. LIN28 and LIN28B are overexpressed in primary
human tumors and human cancer cell lines. Although downregulation of the let-7
gene by LIN28 can lead to carcinogenesis, their interaction is essential for
development.

miR-15a and miR-16-1 are deleted or downregulated in the majority of chronic
lymphocytic leukemia (CLL) [12] [13], which is the most common human leuke-
mia. It is characterized predominantly by nondividing malignant B cells overex-
pressing the anti-apoptotic B cell lymphoma 2 (BCL2) protein. These miRNAs
negatively regulate BCL?2 at the posttranscriptional level [14]. Furthermore, in can-
cer cells of advanced prostate tumors, the miR-15a and miR-16 levels are significantly
decreased, whereas the expressions of BCL2, CCND1, and WNT3A are inversely
upregulated [15]. Delivery of miR-15a- and miR-16-specific antagomirs into nor-
mal mouse prostate results in marked hyperplasia. Likewise, knockdown of miR-
15a and miR-16 promotes survival, proliferation, and invasiveness of untransformed
prostate cells, which become tumorigenic in immunodeficient NOD-SCID mice.

14.1.2 Oncogenic miRNAs Promote Cancer Progression

One of the most widely investigated oncogenic miRNAs is miR-21. The miR-21 has
been identified as the only miRNA commonly overexpressed in solid tumors of the
lung, breast, stomach, prostate, colon, brain, head and neck, esophagus, and pan-
creas [16]. A known target mRNA for miR-21 is programmed cell death 4 (PDCD4)
[17-19]. PDCD4 protein levels are reduced by miR-21 in cancer cells, such as breast
and colorectal cancer cells. Furthermore, overexpression of miR-21 in a human breast
cancer cell line promoted soft agar colony formation by the downregulation of Pdcd4
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protein levels. Moreover, miR-21 was highly overexpressed in hepatocellular
carcinoma (HCC) and cell lines [20]. Inhibition of miR-21 in cultured HCC cells
increased expression of the phosphatase and tensin homolog (PTEN) tumor sup-
pressor and decreased tumor cell proliferation, migration, and invasion. In contrast,
enhanced miR-21 expression by transfection with precursor miR-21 increased
tumor cell proliferation, migration, and invasion. Moreover, an increase in cell
migration was observed in normal human hepatocytes transfected with precursor
miR-21. PTEN was shown to be a direct target of miR-21 and to contribute to miR-
21 effects on cell invasion. Aberrant expression of miR-21 can contribute to HCC
growth and metastatic spread by modulating PTEN expression and PTEN-dependent
pathways involved in mediating the phenotypic characteristics of cancer cells, such
as cell growth, migration, and invasion.

The definition of oncogenic miRNAs and tumor-suppressive miRNAs is deter-
mined by their expression and function in cancer cells; however, designation to a
particular subset varies dependent on the cell type or the microenvironment. For
instance, let-7 induces translation and upregulation of target mRNAs upon cell cycle
arrest, yet represses translation in proliferating cells [21]. Knowing the precise
mechanisms of miRNA regulation and the cellular function of miRNAs is critical
for the design and choice of miRNA-mediated therapy.

14.2 Therapeutic Control of miRNA

14.2.1 Overproduction of miRNA Can Be Suppressed
by Antisense Oligonucleotides

Single-strand antisense oligonucleotides (ASOs) are an attractive approach to inhibit
the function of miRNAs (Fig. 14.1). Previously, ASOs were used as inhibitors of
mRNA expression; however, after the discovery of RNA interference (RNAi), small
interfering RNA (siRNA) has become the preferred method for gene silencing.
ASOs against miRNAs are referred to as either anti-miRs, antagomirs, or anti-
miRNA oligonucleotides (AMOs). There are several types of antisense nucleotide
inhibiting miRNAs in the cells. The difference in these molecules depends on the
chemical modification or the structure of nucleic acid constructs.

Antagomirs are 2'-O-methyl oligonucleotides with a cholesterol terminus and a
few phosphorothioates complementary to the miRNA [22]. In addition, 2'-O-methyl
oligonucleotide is used with a full phosphorothioate backbone [23]. The 2'-O-methyl-
group (OMe) is one of the most classical and most often used modifications to oli-
gonucleotides [24]. The methyl group contributes a limited amount of nuclease
resistance and improves binding affinity to RNA compared to unmodified oligonu-
cleotides. Furthermore, 2'-O-methoxyethyl (MOE)-modified oligonucleotides have
higher affinity and specificity to RNA than their OMe analogs [24]. Locked nucleic
acid (LNA)-modified oligonucleotides are distinctive 2'-O-modified RNA in which
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Fig. 14.1 Schematic representation of different delivery systems for miRNAs. Viral vector deliv-
ers the miRNA expression vector into the nucleus, then the expression of miRNA is increased after
correct transcription and processing of miRNAs (A). Upregulation of miRNA can also be per-
formed by synthetic miRNAs with carriers, such as atelocollagen, polymeric nanoparticles, or
cationic liposomes (B). Alternatively, ASO can also be delivered to the cells in a similar way to
synthetic miRNAs (C)
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Table 14.1 Animal studies with antisense miRNAs

Types of nuclestide Target cell Target miRNA Outcome®  Reference

2-0'-methyl cholesterol ~ Liver miR-19, miR-122, Down [19]
miR-192, miR-194

2-0'-MOE" Liver miR-122 Down [20]

2-0'-methyl cholesterol ~ Liver, brain miR-122 Down [25]

2-0'-methyl cholesterol ~ Breast cancer cell ~miR-10b Down [26]

*Outcome means the result of target miRNA expression in target cells
"2'-0-methoxyethyl phosphorothioate

Table 14.2 Animal studies with miRNA mimics

Delivery method  Target cell Target miRNA Outcome®  Reference
Atelocollagen Prostate cancer cell miR-16 Up [37]
Atelocollagen Osteosarcoma cell miR-143 Up [36]
JetPEI Breast cancer cell miR-22 Up [38]
Lentivirus Lung cancer (mouse model)® let-7 Up [40]
AAV Liver cancer (mouse model)® miR-26a Up [39]

let-7: Kras'S\-012P Trp-53foviox mice; miR-26a: tet-0-MYC, LAP-tTA mice
*Outcome means the result of target miRNA expression in target cells
®Mouse model refers to naturally arising tumors induced by transgenes

the 2'-0-oxygen is bridged to the 40-position via a methylene linker to form a rigid
bicycle, locked into a C3'-endo(RNA) sugar conformation [24]. The LNA
modification leads to the thermodynamically stable duplex formation with comple-
mentary RNA.

Upon cellular transfection, AMO are incorporated into the RISC. They then bind
to the guide sequence of mature miRNAs. The consequent AMO-miRNA—RISC
complex cannot bind to the target mRNA; therefore, the function of miRNAs is
impaired. There are several types of chemical modifications, such as 2'-O-methyl,
phosphorothioate, locked nucleic acid (LNA), and peptide nucleic acids (PNA) that
can enhance the binding strength to miRNA as well as resistance to nuclease degra-
dation in vivo reducing the requirement for a protective delivery system. Indeed,
recent reports have shown miRNA suppression of ASO in vivo (Table 14.1). The
first study of AMO injection in vivo was performed by Krutzfeldt [22]. In this
report, they tested in mice the effect of antagomir-122 and antagomir-16 to reduce
the expression of miR-122 in liver and miR-16 in liver, kidney, lung, heart, skin,
skeletal muscle, adrenal gland, small intestine, colon, fat, brain, and bone marrow
after tail vein injection (80 mg/kg in 0.2 ml). They found that miR-16 was repressed
in all tissues except the brain.

The second trial of AMO was focused on inhibition of miR-122 [27]. miR-122
inhibition was mediated by a 2'-O-methoxyethyl phosphorothioate ASO after
intraperitoneal injection (12.5-75 mg/kg ASO twice weekly for 4 weeks) in normal
mice. Reduced plasma cholesterol levels and increased hepatic fatty acid oxidation
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were observed. miR-122 inhibition in a diet-induced obesity mouse model resulted
in decreased plasma cholesterol levels and a significant improvement in liver steato-
sis that was accompanied by reductions in several lipogenic genes (subcutaneous
injection with 12.5 mg/kg miR-122 or control ASO twice weekly for 5 1/2 weeks).
These results suggest that miR-122 may be an attractive therapeutic target for meta-
bolic disease. Furthermore, the simple systemic delivery of a nonconjugated LNA-
antimiR in phosphate-buffered saline effectively blocked the liver-specific miR-122
in nonhuman primates [27]. Intravenous acute administration of LNA-antimiR-122
(1, 3, and 10 mg/kg) to African green monkeys resulted in depletion of mature miR-
122 and dose-dependent lowering of plasma cholesterol. In addition to its role in
metabolism, miR-122 binds two closely spaced target sites in the 5’ noncoding
region of the hepatitis C virus (HCV) genome that are essential for HCV RNA accu-
mulation in cultured liver cells and required for modulation of HCV RNA abun-
dance [28]. Treatment of chronically infected chimpanzees with an LNA-modified
antimiR-122 (SPC3649) led to long-lasting suppression of HCV viremia, and there
was no evidence of viral resistance or side effects in the treated animals. As shown
by the lack of rebound in viremia during the 12-week treatment of SPC3649 and the
lack of adaptive mutations in the two miR-122 seed sites of HCV 5’ noncoding
region, the prolonged virological response to SPC3649 treatment without HCV
rebound holds promise of a new antiviral therapy with a high barrier to the develop-
ment of viral resistance mutations.

Previously, Ma et al. reported that miR-10b is highly expressed in metastatic
cancer cells propagated in culture as well as in metastatic breast tumors from patients
[29]. miR-10b is also upregulated in highly metastatic and/or invasive cancers, such
as human pancreatic adenocarcinomas [26] and glioblastomas [30]. Furthermore,
miR-10b is upregulated to a higher extent in metastatic than in nonmetastatic hepa-
tocellular carcinomas [31]. To show the therapeutic potential of anti-miRNA in can-
cer treatment, the effects of miR-10b silencing in a highly metastatic mouse
mammary carcinoma cell model were examined [32]. Both in vitro and in vivo,
silencing of miR-10b with antagomirs significantly decreased miR-10b levels and
increased the levels of its target gene, Hoxd10. Intravenous administration of 50 mg/
kg miR-10b antagomirs (twice weekly for 3 weeks) to mice bearing highly meta-
static cells did not reduce primary mammary tumor growth but markedly suppressed
the formation of lung metastases in a sequence-specific manner.

As shown above, synthesized ASO can be taken into cells. The precise mecha-
nism of ASO incorporation inside cells, however, has not been clarified yet. One
possible candidate molecule that helps ASO incorporation is the mammalian homolog
of SID-1 in C. elegans [33, 34]. SID-1 is a multispan transmembrane protein that
sensitizes cells to soaking RNAi molecules with a potency that is dependent on dou-
ble-stranded RNA (dsRNA) length [34]. RNA interference (RNAi) spreads systemi-
cally in plants and nematodes to silence gene expression distant from the site of
initiation. Previous reports showed that SID-1 mediate siRNA uptake in mammalian
cells [35]. Studying the precise molecular mechanism of ASO uptake may answer
several aspects of ASO therapy, such as dosage of ASO.
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14.2.2 Upregulation of miRNA Provided by miRNA Mimics

Certain miRNAs are known to be downregulated in cancer cells. Therefore, recov-
ering the expression of these miRNAs by the introduction of miRNA mimics into
the cell may reduce cancer progression (Fig. 14.1). The structure of miRNA mimic
is small, chemically modified double-stranded RNAs that mimic endogenous
miRNAs and enable miRNA functional analysis of miRNA by upregulation of
miRNA activity. Delivery, however, is a major barrier to the clinical application of
nucleic acid-based drugs.

14.2.2.1 Delivery Systems for miRNA Mimics

Atelocollagen is a cationic biomaterial used to overcome the delivery requirements
of miRNA. It is a highly purified type I collagen derived from calf dermis with
pepsin treatment [36] (Table 14.2). Atelocollagen is low in immunogenicity due to
the absence of telopeptides. It has been used in the clinic for a wide range of pur-
poses, including wound healing, vessel prosthesis, and as a bone cartilage substitute
and haemostatic agent. We have previously demonstrated the efficacy of atelocol-
lagen for nucleotide delivery including plasmid DNA, antisense oligonucleotides,
and siRNA both in vitro and in vivo [37, 38]. Atelocollagen complexed with siRNA
confers nuclease resistance and facilitates cellular entry and prolonged gene silenc-
ing [38]. Furthermore, we have demonstrated that systemic administration of
Atelocollagen/siRNA complexes, in addition to intratumor injection against onco-
genes (such as fibroblast growth factor 4 or EZH2), inhibited tumor growth in
orthotopic xenograft models as well as bone metastasis mouse models of human
nonseminomatous germ cell tumors and metastatic prostate cancer [39, 40].
Importantly, no toxic side effects were exhibited. In these experiments, siRNA/ate-
locollagen complexes showed greater selective accumulation in tumor tissues, com-
pared with normal tissues, possibly due to the enhanced permeability and retention
(EPR) effect. The EPR effect facilitates extravasation of polymeric drugs more
selectively at tumor tissues, and this selective targeting to solid tumor tissues may
lead to superior therapeutic benefits with fewer systemic adverse effects. This EPR
effectis attributed to anatomical and pathophysiological alterations such as increased
vascular density due to neoangiogenesis, impaired lymphatic recovery, and lack of
smooth muscle layer in solid tumor vessels.

We have utilized the atelocollagen system for delivery of tumor-suppressive
miRNAs downregulated in cancer cells as a strategy to prevent cancer cell metasta-
sis [41]. Takeshita et al. reported that transient transfection with synthetic miR-16
expressed at lower levels in prostate cancer cells, significantly reduced cell prolif-
eration of prostate cancer cell lines in vitro [41]. In addition, mouse tail vein injec-
tion of 50 pg of miR-16 complexed with atelocollagen in a 200-ul volume
significantly inhibited the growth of prostate tumors in bone in a therapeutic bone
metastasis model. Furthermore, Osaki et al. revealed that miR-143 was the most
downregulated miRNA in metastatic human osteosarcoma cell lines relative to their
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parental cell line [40]. Likewise, transfection of miR-143 into metastatic human
osteosarcoma cell lines significantly decreased invasiveness but not cell prolifera-
tion in an in vitro study [40]. In addition, intravenous injection of 50 pug of miR-143
with atelocollagen once in 3 days for 3 weeks to mouse significantly suppressed
lung metastasis of metastatic human osteosarcoma cell lines. Moreover, cells posi-
tive for MMP13, a target of miR-143 in osteosarcoma cells, were found in lung
metastasis-positive cases but not, in at least three cases, in the nonmetastasis group
showing higher miR-143 expression.

Cellular senescence is a barrier to cancer progression. Therefore, senescence
induction is a novel approach to cancer treatment. Xu et al. reported that the expres-
sion of miR-22, which is upregulated in human senescent fibroblasts and epithelial
cells but downregulated in various cancer cell lines, induces growth suppression
and acquisition of a senescent phenotype in human normal and cancer cells through
the suppression of CDK6, SIRT1, and Spl genes involved in the senescence pro-
gram [42]. Significantly, injection of miR-22 complexed with the cationic polymer,
polyethylenimine (PEI), led to reduced lung tumor growth and metastasis suppres-
sion in the mouse model. This suggests that miR-22 plays an important role in
tumor suppression.

An adeno-associated virus (AAV) vector was used for delivery of miR-26a that
exhibits high expression in normal adult liver but low expression in both human and
murine liver tumors. miR-26a directly downregulates cyclins D2 and E2 and induces
a G arrest in human liver cancer cells in vitro [43]. Systemic administration of miR-
26a in a mouse model of HCC resulted in the inhibition of cancer cell proliferation,
induction of tumor-specific apoptosis, and dramatic protection from disease pro-
gression without toxicity. In addition, overexpression of let-7 that has been pro-
posed to function as a tumor suppressor, and whose expression is commonly
downregulated in nonsmall cell lung cancer, showed significant tumor growth
reduction of nonsmall cell lung tumors in an autochthonous model of NSCLC in
mouse using a lentiviral vector [44]. In these studies, the authors employed primary
miRNA sequences for miRNA expression by the virus vector. Precise sequences of
primary miRNAs are needed for the correct processing of miRNAs. Knowing the
sequences of primary transcripts enables the therapeutic application of vector-based
delivery systems.

These findings suggest that delivery of miRNAs that are highly expressed in
normal tissues but lost in disease cells may provide a general strategy for miRNA
replacement therapies and that systemic delivery of tumor-suppressive miRNAs
could be used to treat patients with advanced cancers (Fig. 14.1).

14.2.3 Exosome Delivery for miRNA Therapeutics

Recently, the group of Lotvall reported the surprising discovery that miRNAs are
contained inside exosomes, which are lipoprotein complexes, including small mem-
brane vesicles of endocytic origin (30-100 nm) [45]. Exosomes can be formed
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through inward budding of endosomal membranes, giving rise to intracellular [46]
multivesicular bodies (MVBs) that later fuse with the plasma membrane, releasing
the exosomes to the extracellular space [46]. Exosomes are released by many types
of cells and are able to mediate communication between cells. The work by Lotvall
demonstrated that mouse and human mast cell-derived exosomes contain RNA and
miRNA and that RNA from mast cell exosomes is transferable to other mouse and
human mast cells. After the transfer of mouse exosomal RNA to human mast cells,
new mouse proteins were found in the recipient human cells, indicating that trans-
ferred exosomal mRNA can be translated after entering another cell. Observations
from this report indicated the important fact that miRNA could exist outside of the
cell and remain functional in an RNase-abundant environment.

Following the discovery of miRNA in exosomes, three reports showed transfer
and functionality of miRNAs contained within secretory exosomes. Pegtel et al.
demonstrated that mature EBV-encoded miRNAs are secreted in exosomes by EB V-
infected B cells and that these miRNAs repress the EBV target immunoregulatory
genes in primary EBV-associated lymphomas by in vitro study [47]. Zhang et al.
reported that miR-150 expressed in a human monocyte/macrophage cell line is con-
tained within exosomes and that such exosomes have the ability to deliver miR-150
into human microvascular endothelial cells, thereby inducing the downregulation of
c-Myb to enhance cell migration [48]. Our group has demonstrated that secreted
tumor-suppressive miR-146a, downregulated in prostate cancer, can be transported
to prostate cancer cells and exert gene silencing in the recipient prostate cancer cells
through the suppression of its target gene, ROCK1 protein, resulting in cell growth
inhibition [49]. In this study, we employed the approach to overexpress miR-146a
vector in donor cells, enabling us to obtain miR-146a highly enriched exosome. We
avoided the use of synthetic analogs of mature miRNAs for the overexpression
experiment because they might persist in the medium and interfere with accurate
quantification of extracellular miRNAs. Our study raises the possibility that secreted
miRNA could function as a cell-cell communication tool between the cancer cells
and cells in their microenvironment, such as endothelial cells, immune cells, and
fibroblast. These three reports demonstrated important biological functions of exo-
somal miRNAs in various physiological and pathological conditions, including
virus infection, vascular disease, and cancer.

Recently, the application of exosomes for targeted siRNA delivery to the brain in
mice was performed using exosomes [50]. In this paper, self-derived dendritic cells
for exosome production were used to reduce the immunogenicity and loaded with
GAPDH siRNA by an electroporation method. Targeting was achieved by engineer-
ing the dendritic cells to express Lamp2b, an exosomal membrane protein, fused to
the neuron-specific RVG peptide3. Intravenously injected RVG-targeted exosomes
showed specific gene knockdown in neurons, microglia, and oligodendrocytes in
the brain. The application of this system for delivery of ASO or miRNA could be
used for miRNA-based therapies.

Exploitation of natural carriers of miRNAs is not limited to exosomes. Vickers
et al. revealed that high-density lipoprotein (HDL) transports endogenous miRNAs
and delivers them to recipient cells with functional targeting capabilities [51].
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Several other groups found that circulating miRNA complexes in human plasma
and serum are associated with RNA-binding proteins, such as Argonaute 2 or
nucleophosmin 1 [52-54]. It is tempting to postulate that natural processes can be
used for delivery of miRNA to reduce the side effects or increase target specificity.
However, it is essential to understand the molecular mechanisms of the uptake of
these carriers in recipient cells. Nevertheless, these natural carriers might represent
a breakthrough in the complex field of drug delivery systems.

14.3 Future Perspectives

A particular miRNA regulates several mRNAs and might influence multiple types
of signaling pathways. Therefore, undesirable side effects may occur upon admin-
istration of miRNA mimics or antagomirs (Fig. 14.2). It has been reported that many
of the mice administered with the miRNA treatment showed liver impairment and
that some of them ultimately died after intravenous infusion of sShRNA using AAV
[55]. Morbidity was associated with downregulation of liver-derived miRNAs, indi-
cating possible competition of the latter with shRNAs for limiting cellular factors
required for the processing of various small RNAs. This report raised the possibility
that the introduction of small RNA itself induced the unwanted side effect. Indeed,
Khan et al. showed that targets of endogenous miRNAs are expressed at significantly
higher levels after transfection, consistently with impaired effectiveness of endog-
enous miRNA repression [56]. This effect exhibited concentration and temporal
dependence. Notably, the profile of endogenous miRNAs can be largely inferred by
correlating miRNA sites with gene expression changes after transfection. These
results suggest that this upregulation results from a saturation effect, which is a
competition among the transfected small RNAs and the endogenous pool of miR-
NAs for the intracellular machinery that processes small RNAs.

It is also essential to consider the degradation mechanism of miRNA. Recently,
Suzuki et al. identified mammalian immune regulator MCPIP1 ribonuclease as a
broad suppressor of miRNA activity and biogenesis [57]. MCPIP1 suppresses
miRNA biosynthesis via cleavage of the terminal loops of pre-miRNAs. Furthermore,
they clearly showed that elevated MCPIP1 expression is accompanied with poor
survival in lung adenocarcinoma patients and lung squamous cell carcinoma
patients. On the contrary, it has been reported that low expression of Dicer is associ-
ated with poor prognosis of lung cancer. Suzuki et al. also found a regulatory role of
MCPIPI in the signaling axis comprising miR-155 and its target c-Maf. In addition
to MCPIP1, degradation of mature miRNAs in C. elegans, mediated by the 5" — 3’
exoribonuclease XRN-2, affects functional miRNA homeostasis in vivo [58].
Although release and degradation can both be blocked by the addition of miRNA
target RNA, after the release of the miRNA, exposing it to degradation by XRN-2.
These reports demonstrate the need to address the type and dosage of miRNAs.
Overdose of shRNA leads to the saturation of small RNA in the cells and then to
unwanted effects in nontargeting cells. Moreover, if the expression of MCPIP1 is
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Fig. 14.2 Predicted obstacles to the therapeutic application of miRNA. miRNAs are processed by
various types of proteins. If the introduction of plasmid-based delivery or virus-based miRNA vec-
tors is extremely large, an excessive number of pre-miRNAs are produced, that may disrupt the
transportation of endogenous pre-miRNAs from the nucleus to the cytoplasm mediated by
Exportin-5, resulting in the downregulation of endogenous miRNAs (A). In addition, there are
several inhibitory pathways for the processing of pre-miRNAs to mature miRNAs. For instance,
LIN28, which is upregulated in several kinds of human cancer, specifically binds to the precursor
of let-7 and induces its degradation (B). As another example, MCPIP1 binds to many kinds of pre-
miRNAs and is a nuclease itself that degrades multiple miRNAs by directly cleaving the terminal
loop (C). Administration of a miRNA mimic greatly increases the amounts of miRNAs in the cells,
resulting in the competition between the miRNA mimic and the endogenous miRNAs for the intra-
cellular machinery that processes miRNAs, leading to the possibility that endogenous miRNAs
might lose their function (D)
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extremely high in cancer cells, sShRNA cannot be available in cancer cells. The study
of MCPIP1 indicates that the expression of MCPIP1 may be correlated with the
stage of various cancers. Similarly, if the delivered miRNA cannot enter the cells
without binding to RNA-binding protein, Ago2, and target mRNA immediately, it
might be degraded by the XRN-2 mammalian homolog. Taken together, the findings
indicate that the basic mechanisms of miRNA homeostasis in the cells, along with
the development of miRNA delivery methods, should be studied in greater depth.

Although there are many obstacles for the therapeutic use of miRNAs to control
disease status, the great potential, however, is motivation for taking this field
forward.
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Chapter 15

Preclinical and Clinical Studies Employing RNA
Interference as a Therapeutic for Respiratory
Syncytial Virus (RSV) Infection in the Lung

Amy R. Simon, Verena Karsten, Rachel Meyers, Jeff Cehelsky,
Jared Gollob, Akshay Vaishnaw, and Sara Nochur

Abstract Here, we describe the rational design, preclinical, and clinical development
of a small interfering RNA (siRNA) directed against human respiratory syncytial
virus (RSV). Infection with RSV can cause significant morbidity in young children
and in elderly or immunosuppressed adults. In recipients of lung transplants, RSV
infection has been associated with early onset of bronchiolitis obliterans syndrome
(BOS), which leads to significant morbidity and mortality. Human studies included a
Phase II study in adults experimentally infected with RSV. In this study, ALN-RSVO1
significantly reduced the rate of RSV infection and resulted in lower overall viral
loads and a shorter duration of viral shedding. In two subsequent Phase II studies,
ALN-RSVO01 was administered as a nebulized aerosol to lung transplant patients
naturally infected with RSV. Safety and significant reduction in BOS was first
demonstrated in 16 patients. Results from a larger study in 87 patients are currently
pending. The approach for using a nebulized siRNA to treat a local lung pathogen is
exciting to the field, given the specificity that can be employed by RNA interference
technology, the minimal systemic exposure, and the potential to silence endogenous
and invading targets that impact lung function and lung diseases.
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15.1 Introduction

15.1.1 RSV Epidemiology and Diagnosis

RSV is the most commonly identified viral cause of moderate-to-severe acute upper
and lower respiratory tract infection (LRTI) in infancy. The global burden of RSV
infection is high, with an estimated 34 million episodes of LRTI occurring in children
under 5 years old, resulting in an estimated death rate from 66,000 to 200,000 per year
[1]. Healthy adults also are infected with RSV repetitively over their lifetime, but
typically have a milder course that is confined to the upper respiratory tract. However,
in both elderly and immunocompromised adults, RSV can cause severe and life-
threatening pneumonitis as well as lead to a deterioration in underlying cardiac or
pulmonary disease [2—4]. Importantly, elderly patients requiring hospitalization for
RSV infection have similar lengths of stay, rates of intensive care use, and mortality
(~11,000 deaths per year) as elderly patients with influenza A infection [2].

RSV is a single-stranded RNA virus that is a member of the Paramyxoviridae
family. Two major human RSV subtypes, A and B, have pathogenic roles in lower
respiratory tract infections, with the A subtype reported to cause a more severe
disease [5]. Surveillance data from the Centers for Disease Control indicate that
the most widespread RSV activity occurs between November and May in the
Northern  Hemisphere  (http://www.cdc.gov/surveillance/nrevss/rsv/natl-trend.
html). Transmission of RSV occurs by inoculation of the nasopharyngeal or ocular
mucosa after contact with virus-containing secretions. While the mechanism by
which RSV infects a cell has not been fully elucidated, RSV attaches to the host cell
via its surface glycoprotein (G) and enters the cell via binding of its fusion protein
(F) to the host epithelial cell membrane [6]. Once inside the cell, RSV replication is
facilitated by the nucleocapsid (N) protein. After replicating in the epithelial cells of
nasopharynx, RSV can spread to the bronchiolar epithelium of the lower respiratory
tract via cell-to-cell spread or aspiration of secretions. A monoclonal antibody
(Palivizumab, Synagis®) that targets the fusion protein of RSV and prevents
F-protein-mediated cell entry has been approved in 45 countries worldwide for the
prevention of RSV in high-risk pediatric patients [5, 6]. Drugs that block RSV
attachment, fusion, or replication have been developed, but to date, only two are in
Phase II clinical trials, and both of these drugs target the N protein [7]. The diagno-
sis of RSV in respiratory secretions (nasal swab/wash, oropharyngeal wash, bron-
choalveolar lavage) can be made by various different assays including viral culture,
detection of viral antigens, and detection of viral RNA (PCR-based assays).

15.1.2 Current RSV Treatment Strategy

The treatment of a LRTI secondary to RSV in children is mainly supportive, with
oxygen typically given to those patients requiring hospitalization. The need for
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mechanical ventilation is dependent on the subject’s age and underlying health
status: for example, it is required in 14% of hospitalized infants versus in 30% of
children who have chronic lung disease [8]. Strict infection control measures are
also employed to prevent hospital outbreaks. Pharmacotherapy may include bron-
chodilators and corticosteroids, depending on the age and severity of the infection.
Ribavirin, a nucleoside analogue with in vitro activity against RSV, is currently the
only drug that is approved for use in RSV infection by the US Food and Drug
Administration (FDA) and is typically administered by inhalation, although IV and
oral administration are also used. The routine use of ribavirin, however, is not rec-
ommended by the American Academy of Pediatrics and is reserved for immunosup-
pressed patients with severe infection [9]. In mainly retrospective studies, the use of
ribavirin in bone marrow patients infected with RSV resulted in a lower rate of pro-
gression of disease to the LRT as well as decreased mortality [10]. Ribavirin is also
administered to patients with solid organ transplants with RSV infection; however,
the efficacy of this is less clear [11].

Standard immunoglobulins (IVIG) and RSV-specific immunoglobulins (RSV-
IVIG) have also been used for prophylaxis and treatment in high-risk children.
RSV-IVIG was approved by the FDA in 1996 for prophylaxis in high-risk children,
but is no longer available. Palivizumab (PVZ), a humanized monoclonal antibody
against the RSV fusion protein, has also been in use since 1998 for RSV infection
prophylaxis in high-risk children, including premature infants, and children with
bronchopulmonary dysplasia or congenital heart disease [12]. While still controver-
sial, immune modulators (e.g., PVZ and IVIG) are also used alone or in combina-
tion with ribavirin to treat adults with severe RSV infection. Combining ribavirin
with immune modulators has also shown a trend toward improved outcome with
regard to progression to LRTI or death, in adult hematopoietic stem cell transplant
patients over ribavirin alone [10]. Given the unclear efficacy of ribavirin, along with
its significant side effect profile (e.g., teratogenicity of the inhaled product) and
ability to induce viral resistance, safer and more effective agents are needed for both
RSV treatment and prophylaxis in pediatric as well as adult populations [13, 14].

15.1.3 Scientific Rationale for Targeting
the RSV Nucleocapsid Gene

RSV has a negative single-strand RNA genome-encoding nonstructural proteins
(NS2, NS1) and several other proteins such as nucleocapsid (N), phosphoprotein
(P), and RNA-dependent RNA polymerase (L). The N, P, and L proteins are con-
tained within the nucleocapsid of the virion and are required for steps in the RSV
replication cycle. Consistent with their absence from the outer virus surface, and
their crucial role in viral replication, the RNAs encoding the N, P, and L proteins are
among the most highly conserved regions of the RSV genome [15]. Therefore,
siRNAs targeting these mRNAs would be expected to result in potent inhibition of
viral replication across a wide range of RSV strains. Recent studies have demonstrated
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the efficacy of siRNAs in inhibiting several viruses, in vitro and in vivo, such as
hepatitis C [16, 17], hepatitis B [18], and influenza [19]. For RSV, several groups
have demonstrated in vitro and in vivo inhibition by targeting the P or NS1 protein,
confirming the feasibility of an siRNA targeting strategy for this virus [20, 21].
However, the P siRNA described is limited by its specificity for only a subset of
RSV strains, while targeting NS1 may result in an antiviral effect through an immune
modulatory mechanism rather than direct targeting of viral RNA through RNAi.
A major consideration when developing an RSV therapeutic is that the molecule
should provide activity across a wide spectrum of viral genotypes, which can vary
in different seasons and regions of the world.

15.2 ALN-RSV01 Preclinical Development

15.2.1 RSV siRNA Screening and Candidate Selection

Alnylam Pharmaceuticals developed a siRNA to target the RSV N gene for the
treatment of RSV infection as this gene is highly conserved and is less prone to
mutation than surface viral proteins (for additional preclinical pharmacology study
details, see Alvarez et al.) [22]. To select appropriate siRNAs, GenBank sequences
AF035006 (RSV/A2), AF013255 (RSV/BI1), AY911262 (RSV/A Long), and
DO00736 (RSV/18537) were aligned using the Clustal W algorithm to identify con-
served 19 mers among all RSV sequences analyzed. To determine the uniqueness of
each 19 mer across the human genome, a Basic Local Alignment Search Tool
(BLAST) analysis was performed against the Reference Sequence (RefSeq) data-
base. Only siRNAs with homology of 16 nucleotides or fewer to any gene in the
human genome were selected for further analysis to ensure that the selected siRNA
would have good specificity. Seventy siRNAs targeting the RSV N, P, and L genes
were analyzed after transfection into Vero cells using lipofectamine (Invitrogen) in
an in vitro plaque inhibition assay. From these candidates, 19 siRNAs exhibited
>80% inhibition of plaque formation versus a PBS control at siRNA concentrations
of 20 nM [22]. The unmodified siRNA designated “ALN-RSVO01” that targets the N
gene, consistently demonstrated the highest antiviral activity, with an IC50 of
0.7 nM in the RSV plaque inhibition assay.

In order to evaluate the ability of ALN-RSVOLI to provide broad-spectrum activ-
ity across RSV variants, a series of primary isolates taken from nasal washes of
children with confirmed RSV disease were sequenced across the ALN-RSVO1 rec-
ognition element. Of the RSV primary isolates sequenced, 94% (89/95) showed
absolute conservation across the ALN-RSVO1 target site. The six isolates that were
not 100% conserved had single-base alterations. Twelve of these primary isolates,
including those with single-base alterations in target sequence, were tested further
in the in vitro viral inhibition assay to examine if there were differences in ALN-
RSVOLI activity. Of these, 12/12 (100%) exhibited ~70% inhibition at 80 nM ALN-
RSVO1 as compared to PBS control, and all had similar dose-response curves for
inhibition by ALN-RSVO1.
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Fig. 15.1 In vivo activity of ALN-RSVO1 in BALB/c mice. ALN-RSVO1 dose-response curve of
mice treated with single doses of 40, 80, or 120 pg ALN-RSVO1 intranasally 4 h prior to infection
or with multiple doses (as indicated) pre- and post-infection with 1x10° PFU of RSV A2. The
lungs were harvested, and the virus was quantified by a standard immunostaining plaque assay.
Each bar represents the mean and standard deviation of data from five animals. 1730 is a mismatch
siRNA control

15.2.2 In Vivo Studies of ALN-RSV01

The BALB/c mouse is a well-established model for RSV infection and was thus
chosen as the in vivo system for evaluating antiviral efficacy of ALN-RSVOI.
Studies were initially performed in a prophylaxis model where the ALN-RSVO1
was administered intranasally (i.n.) by pipette (25 pl per nostril) to mice 4 h prior to
infection with 10° pfu of RSV/A2. There was a dose-dependent inhibition of RSV/
A2 replication in the lungs of mice, with a 120 pg dose reducing RSV titers by >3.0
log,, pfu/g lung as compared to either PBS or a nonspecific siRNA control (Fig. 15.1).
In addition, ALN-RSVO01 was equally efficacious when the same total siRNA dose
was delivered over two split doses (4 h prior and 1 day after) or three split doses (4 h
prior, 1 day and 2 days after) (Fig. 15.1).

To evaluate the efficacy of viral inhibition in a treatment paradigm, ALN-RSVO01
was delivered i.n., in single or multiple daily doses 1-3 days post-infection. When
ALN-RSVO01 was administered in a treatment regimen as a single dose following
viral inoculation, dose-dependent antiviral efficacy was found to decrease as a func-
tion of time of dosing post viral infection: when multiple 40 pg doses of ALN-
RSVO1 were delivered daily on days 1-3, potent antiviral activity was seen, and
viral titers were reduced to background levels, however, by day 3 postinfection;
single doses as high as 120 pg did not result in significant viral inhibition.
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15.2.3 ALN-RSV0I and Cytokine Induction

Many nucleic acids have been shown to stimulate innate immune responses through
a variety of RNA-binding receptors [23, 24]. While siRNA-induced immune stimu-
lation could act synergistically with an RNAi-mediated mechanism for the treatment
of a viral infection, this occurrence could also confound the interpretation of results
related to a siRNA treatment strategy. Using an in vitro peripheral blood mononu-
clear cell (PBMC) assay [25, 26], ALN-RSVO01 was evaluated for its ability to stim-
ulate IFN-a and TNF-a. High concentrations of ALN-RSVO1 were used in these
assays (133 nM), greatly exceeding the IC, for antiviral effect by over 100-fold.
Both IFN-a and TNF-a were detected by ELISA 24 h after ALN-RSVOI treatment,
with an average induction of ~147 pg/ml of IFN-a and 1,500 pg/ml of TNF-a. [22].

To evaluate whether or not the antiviral activity of ALN-RSVO01 was mediated
by the cytokine induction seen, two non-RSV-specific siRNAs shown to more
significantly induce IFN-a or TNF-a were assayed in the in vivo BALB/c mouse
model. Neither of these cytokine-inducing siRNAs inhibited RSV/A2 when admin-
istered intranasally (100 pg) into mice [22]. To further evaluate the role of immune
activation on the antiviral efficacy of ALN-RSVO01, a chemically modified version
the same siRNA sequence (containing 2'-OMe), which had no detectable cytokine
induction, was also evaluated in both in vitro and in vivo studies. Treatment with
this modified siRNA resulted in potent antiviral activity that was comparable to that
measured for ALN-RSVO1. Consistent with these findings, when ALN-RSVO01 was
administered to RSV-infected TLR3 and TLR7 knockout mice, robust antiviral
activity was also observed. These combined data suggest that ALN-RSVO01 antiviral
effects are mediated via an RNAi mechanism and not via the induction of innate
immunity [22].

15.2.4 In Vitro and In Vivo RACE Analysis of ALN-RSV01
Cleavage Product

To definitively confirm an RNAi-mediated mechanism of action for ALN-RSVO01, a
5" Rapid Amplification of cDNA Ends (RACE) assay was used. This assay allows
for the capture and sequence analysis of the specific RNAi cleavage product mRNA
intermediate following ALN-RSVO01 treatment both in vitro and in vivo. Following
siRNA transfection (200 nM) into Vero cells and subsequent infection with RSV/
A2, a specific cleavage fragment could be detected only in the samples treated with
ALN-RSVO0L1 as compared to either PBS or a nonspecific siRNA control. In these
experiments, 92% of the sequenced clones resulted from site-specific cleavage
(between positions 26/27 of RSV/A2 N mRNA). When analyzed in vivo, 82% of
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Fig. 15.2 ALN-RSVOI antiviral activity is mediated by RNAi in vivo. Shown is a schematic
representation of the 5" RACE assay used to demonstrate site-specific cleavage product. The
results from the sequence analysis of individual clones from PCR amplification of cDNA gener-
ated from linker-adapted RSV N-gene mRNA isolated from an in vivo experiment are shown in
box. In this experiment, mice were treated with ALN-RSVOI or PBS (negative control) 3 days
after infection. Lungs were harvested 5 days after RSVO1 treatment for RACE analysis

the clones isolated from lung tissue of ALN-RSVOI1 treated, RSV-infected mice
demonstrated site-specific cleavage of the specific N-gene transcript, while animals
treated with PBS did not (Fig. 15.2) [22].

15.2.5 Preclinical Toxicology

A comprehensive set of preclinical repeat-dose toxicology studies via intranasal
(i.n.), inhalation, and intravenous (i.v.) routes was performed with ALN-RSVO01 in
rat and cynomolgus monkey (unpublished data). No significant drug-related toxici-
ties were seen in either species across a range of ALN-RSVO01 doses. PK data from
the inhalation studies in monkeys showed short-lived, low-level plasma concentra-
tions of ALN-RSVO1 postdose, consistent with very low systemic exposure follow-
ing inhalation due to rapid degradation and clearance of siRNA entering the
circulation. Similarly, i.v. injection in monkeys also demonstrated no significant
toxicities and a short plasma half-life, which is consistent with the short in vitro
half-life in human serum (~13 min) (unpublished data).
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15.3 Overview of Clinical Development for ALN-RSV01

15.3.1 Summary of Phase I Studies

To date, over 270 subjects have been exposed to ALN-RSVO01 via nasal spray or
inhalation in the setting of clinical studies. The safety and pharmacokinetic distribu-
tion of intranasal and inhaled ALN-RSVO01 was evaluated in four Phase 1 studies.
In the early clinical studies, ALN-RSV01-101 and ALN-RSV01-102, ALN-RSVO01
was administered intranasally to 65 adult healthy male volunteers in single and
multiple ascending doses ranging from 1.5 to 150 mg. Nasal administration was
done with nasal spray devices (Becton-Dickinson Accuspray) that were filled with
siRNA diluted in saline. ALN-RSVO1 was found to be safe and well-tolerated at
doses up to 150 mg once daily for 5 days. Systemic exposure of ALN-RSVO01 was
very low as only trace amounts of ALN-RSVO01 were detected shortly after adminis-
tration in the serum of a few patients at the highest dose level [27].

The next Phase I studies, ALN-RSV01-104 and ALN-RSVO01-107, administered
single and multiple doses of inhaled ALN-RSVO01 ranging from 0.01 to 3.0 mg/kg
using an investigational PARI eFlow® nebulizer (PARI Pharma) to a total of 107
adult male and female healthy volunteers. Administration of ALN-RSVO01 by inha-
lation was generally safe and well-tolerated. At higher inhaled doses (1 mg/kg and
above), transient flu-like symptoms were noted, including headache, chills, cough,
noncardiac chest, and throat pain. Similar to the i.n. studies, little systemic exposure
was observed after inhalation of ALN-RSVOI1. A dose of 0.6 mg/kg was well-
tolerated and anticipated to be active based on allometric scaling of ALN-RSVO01
doses that were effective in the mouse RSV model.

15.3.2 Experimental RSV Infection Model

An RSV experimental infection model was utilized in ALN-RSV01-105 to explore
the effectiveness of ALN-RSVOI in healthy human volunteers inoculated with RSV
[28]. In this double-blind placebo-controlled trial, 85 healthy male volunteers
received either 75 or 150 mg ALN-RSVO1 or placebo per nasal administration for
2 days. This was followed by i.n. inoculation with log3 to log5 PFU of RSV A strain
(Memphis 37, GMP manufactured), as well as 3 more days of ALN-RSVO1 or pla-
cebo administration. RSV infection was detected in 72% of the volunteers with a
mean incubation period of 3 days. Overall, the proportion of subjects infected with
RSV was significantly lower in those treated with ALN-RSVO01 compared to pla-
cebo as determined by qRT-PCR (data not shown) and quantitative culture
(Fig. 15.3a). The proportion of subjects that remained uninfected after RSV inocu-
lation was also significantly greater in ALN-RSVO01-treated than placebo as deter-
mined by quantitative culture (Fig. 15.3b). Measurements of viral load, viral
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Fig. 15.3 Estimates of RSV infection. (a) Percent of cumulative subjects infected with RSV are
shown for ALN-RSVO1 (light blue line) and placebo (dark blue line) with RSV infection deter-
mined by quantitative culture (plaque assay) (p=0.0069), or (b) percent of cumulative subjects that
were uninfected with RSV are shown for ALN-RSVO1 (blue bar) and placebo (gray bar) with
RSV infection determined by plaque assay (p<0.01)

shedding duration, and clinical symptom scores showed favorable trends for ALN-
RSVO1 but were not statistically significant due to insufficient powering of the
study for these end points. The antiviral effect was shown to be independent of
intranasal inflammatory cytokine concentrations, suggesting that the effect is medi-
ated by specific inhibition of RSV and not an indirect immune-stimulatory
mechanism.

Treatment with ALN-RSVO01 was safe and well-tolerated. There were no severe
adverse events (SAE), and the incidence of adverse events (AEs) was similar
between subjects receiving ALN-RSVO1 and placebo. There was no difference in
the level of i.n. cytokines (TNF-alpha, IFN-alpha, G-CSF, and IL-1RA) between
ALN-RSVO1-treated subjects and placebo. Thus, this study determined that i.n.
administration of ALN-RSVO01 was both safe and effective, demonstrating proof of
concept for the first time that ALN-RSVO01 had antiviral activity in humans in an
experimental model of RSV infection. Based on the results from our Phase I studies
as well as allometric scaling from our preclinical toxicology studies, the dose of
ALN-RSVO1 to be used for further clinical studies was chosen to be 0.6 mg/kg.

15.3.3 Phase 2 Studies in RSV-Infected Lung Transplant Patients

Lung transplant patients have increased susceptibility to infection with community
acquired viruses due to their immunosuppression and the fact that the transplanted
lung is in direct communication with the environment. Chronic graft dysfunction in
the transplanted lungs, as manifested by bronchiolitis obliterans syndrome (BOS),
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is the leading cause of death beyond the first year of lung transplantation [29, 30].
Typically, patients with BOS present with cough and progressive shortness of breath.
Severity of BOS is determined by the extent of decline in a patient’s lung function
as determined by pulmonary function testing and is graded on a scale of 0-3 [31].
RSV infection after lung transplantation has been shown to be an independent risk
factor for the development of new or progressive BOS and acute rejection [32-36].
We hypothesized that treating RSV-infected lung transplant patients with ALN-
RSVO1 would prevent the development of new or progressive BOS. To test this
hypothesis, we performed two Phase 2 studies in lung transplant patients infected
with RSV.

The first Phase 2a study, ALN-RSV01-106, was performed in adult lung trans-
plant patients infected with RSV [37]. In this multicenter, multinational, double-
blind, randomized, placebo-controlled study, 24 RSV-infected lung transplant
patients (randomized 2:1, ALN-RSVOLI to placebo) were administered ALN-RSVO1
at 0.6 mg/kg or placebo once daily by nebulization for 3 days, in addition to the
hospital’s standard-of-care. Enrolled patients were stratified by ribavirin use to
avoid an imbalance of this antiviral medication in two the treatment arms. The pri-
mary end point was safety and tolerability. Secondary clinical end points of the
study included RSV infection characteristics (duration of viral shedding, viral clear-
ance, and overall viral load) and patient-reported symptom scores through day 14 as
well as pulmonary function parameters and BOS grade measured at day 90.

ALN-RSVO01 was safe and well-tolerated. There was no difference between the
treatment groups in the incidence of respiratory AEs or serum cytokine measure-
ments. There were no drug-related SAEs, deaths, or discontinuations. Two indepen-
dent clinical outcomes indicated a possible therapeutic effect of ALN-RSVO1. First,
the clinical symptom score (comprised of 16 symptom categories) showed improve-
ment starting on day 1 in ALN-RSVOI-treated patients, including a statistically
significant difference in mean daily total symptom score from days 0 to 14 (p=0.037)
and cumulative daily total symptom score compared to the placebo group (p =0.035).
These effects were independent of treatment with ribavirin or high-dose steroids.
Secondly, the incidence of new or progressive BOS (primary end point) was
significantly decreased by 87.5% in the ALN-RSVO01-treated subjects compared to
placebo (p=0.027) (Table 15.1). Supporting data was also seen in the number of
subjects that had a forced expiratory volume in 1 second (FEV1)<80% of baseline
at day 90, which trended lower in the ALN-RSVO1 group compared to placebo
(12.5 vs. 37.5%, p-value NS). No difference in any of the viral parameters could be
detected, likely due to the small numbers of patient in the study as well as the imbal-
ance in the baseline mean viral loads between the ALN-RSVO01 and placebo groups.
In addition, studies indicate that adults have both lower RSV titers (up to 1,000-fold
lower) and a shorter duration of viral shedding than infants, which may lead to
greater variability in viral data and contribute to the potential difficulty of showing
antiviral efficacy in adult patient populations [38, 39].

To confirm these encouraging results, a larger Phase 2b randomized, multicenter,
multinational, double-blind, placebo-controlled study in RSV-infected lung trans-
plant patients was commenced (ALN-RSV01-109) in February 2010 at 33 transplant
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Table 15.1 Day 90 clinical outcomes (intent-to-treat population)

Day 90 outcome ALN-RSV01 N=16 Placebo N=8 p-Value
Survival 16 (100) 8 (100) NS
Intubation 0 0 NS
Acute rejection 2(12.5) 1(12.5) NS
Respiratory Infections after day 30 4 (25) 1(12.5) 0.62
Change in BOS from baseline

New onset 0 3(37.5) 0.027

Progressive 1(6.3) 1(12.5) 1.00
Total new onset or progressive 1(6.3) 4 (50) 0.027

Data presented as n (%)

p-Value are for Fisher exact test for mean score

Adapted from Zamora et al. [36]

BOS bronchiolitis obliterans syndrome, NS not significant

centers throughout the world. In this study, the primary end point was the effect of
ALN-RSVO0L1 on the incidence of new or progressive BOS at day 180. Secondary
end points include the impact of ALN-RSVO01 on BOS assessment at day 90, symp-
tom scores, antiviral parameters, and safety. RSV-positive subjects were random-
ized 1:1 to receive either nebulized ALN-RSVO1 (0.6 mg/kg) or placebo daily for
5 days, in addition to the hospital’s standard-of-care. During randomization, sub-
jects were stratified to the treatment arms based on two binary factors (1) time from
symptom onset to treatment start and (2) preinfection BOS grade. Stratifying by
onset from diagnosis to treatment start was implemented to try to ensure similar
baseline viral load in the treatment groups.

Of the 3,985 subjects prescreened with respiratory symptoms at 33 centers, 218
were RSV positive (5.5% of the total), of which 87 were randomized into the study.
BOS scores at days 90 and 180 were adjudicated by an independent committee
made up of physicians who were lung transplant specialists not participating in the
trial and who were blinded to study drug treatment assignment. In addition, RSV
samples (oropharyngeal wash and nasal swabs) were analyzed by PCR at a central
laboratory, and all results were reviewed by a quality oversight committee com-
prised of physicians who were infectious disease specialists not participating in the
trial. Enrollment for this study was completed (October 2011), and subjects are now
in the follow-up phase through the first half of the year. Results from this trial are
expected to be reported in 2012.

15.4 Future Perspectives for RNAi in the Clinic

The unmet need for safe and effective therapies remains high as RSV-induced lower
respiratory infection results in hospitalization in up to 10% of children (<5 year old)
and in 16% of elderly patients [1, 2]. While a large number of anti-RSV therapeutics
have been studied, such as antisense oligonucleotides, small molecule inhibitors,
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vaccines, and fusion protein inhibitors, no approach has generated positive clinical
data leading to FDA approval of a new RSV therapeutic [7]. A positive result in the
ALN-RSVO01-109 trial has the potential to lead to the development of a novel thera-
peutic for lung transplant patients who are at risk of developing BOS and chronic
graft dysfunction after RSV infection. In addition, if ALN-RSVO1 is found to be
clinically efficacious in lung transplant patients, it opens up the possibility that it may
also be beneficial in other high-risk populations that do poorly when infected with
RSV, such as bone marrow transplant patients, the elderly, and pediatric patients with
prematurity or congenital heart disease. Targets like RSV that are exogenous to the
lung as well as those that are endogenous to the lung (e.g., airway epithelial genes)
are potentially amenable to modulation by an RNAI therapeutic delivered via nebuli-
zation, thereby limiting systemic exposure, and thus will likely continue to be a focus
of research in the RNAI field and in pulmonary medicine over the next decade.

Over the past 20 years, RNA1 has gone from being a Nobel Prize-worthy scientific
discovery in plants and worms to a novel therapeutic approach that can be utilized
to silence the expression of genes that play a role in human disease. To date, ~15
clinical programs have administered siRNA both locally (e.g., to the eye or lung)
and systemically (e.g., intravenously), and these approaches have been shown to be
safe and well-tolerated in both healthy human volunteers as well as patients [40,
41]. In particular, formulation of siRNAs in lipid nanoparticles has led to significant
breakthroughs in systemic delivery. Recently, two separate Phase I clinical trials
have reported that LNP-formulated siRNA can safely and effectively inhibit the
expression of two liver-derived genes, PCSK9 and TTR, in healthy volunteers and
patients, respectively [42, 43]. While RNAI is still in the early phases of clinical
investigation, the emerging safety and efficacy data suggest that RNAi will translate
into meaningful therapeutics for human disease.
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