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Abstract The human genome was once thought to be a redundant sequence contain-
ing few functional regions coding for proteins. This teaching is being rewritten as we
continue to understand the vast complexity of the noncoding regions of the genetic
code. These regions we now understand are transcribed into small single-stranded
segments or microRNAs (miRNAs) that participate in the regulation of gene expres-
sion. miRNAs interact across many pathways and thus have the potential as targets
for oncologic therapies. Their efficacy is limited because methods to traverse the
many biologic barriers are yet to be developed. In order to achieve effective thera-
peutic levels at the site of interest, the tumor, the miRNA must be shuttled to the
site and simultaneously be protected from the body’s defensive mechanisms. To this
end, scientists have developed many vehicles for delivery at both the micro- and
nanoscale using both synthetic and biologically derived vectors. Viral vectors con-
tinue to be the most commonly used vehicles, but are plagued by complications
related to the vector itself. These inadequacies led researchers to explore synthetic
materials such aspolylactic co-glycolic-acid (PLGA), silicon, gold, and liposomes
to overcome the biobarriers of our body. While these vehicles have shown promise,
problems such as high clearance rates, poor tumor accumulation and targeting, and
adverse reactions have limited their translation into the clinic. In order to overcome
these problems, a multistage theory was developed. By decoupling the tasks required
of the carrier system, the multistage delivery system is able to simultaneously protect
the payload, target the site of interest, and deliver the payload in therapeutic con-
centrations. This presents a paradigm shift in the concept of drug delivery and may
provide the solution to the limited translational gene therapy in oncology.
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1 Introduction

In the past, it was believed that the only functional product of any given gene was
a protein, and that the noncoding sequences in the genome were nothing but rem-
nants of evolutionary redundancy. This principle of the central dogma taught for
years was revolutionized with the discovery of /in-4, a gene of the Caenorhabditis
elegans larvae found in development that represses LIN-14 protein expression and
thus developmental timing [1, 2]. The /in-4 gene does not encode a protein, but
instead a pair of small RNA molecules with sequence complementarity to /in-14,
and in fact represses its expression through RNA—RNA interaction [1].

The functionality of therapeutic RNAs is based on the catalytic process of
naturally occurring 15-22-nt single-stranded RNA that couples with the cytoplas-
mic multiprotein complex RNA-inducing silencing complex (RISC) to pair with
messenger RNAs (mRNAs) carrying complementary sequences to repress gene
expression [3, 4]. The discovery of these small RNAs, later known as microRNA
(miRNA), by Victor Ambrose represented the first example of gene expression reg-
ulation by endogenously produced RNA molecules.

Since the discovery of /in-4, miRNAs have been identified in organisms ranging
from plants to humans. It has been shown that up to 3% of human genes encode
for miRNAs and that up to 30% of human protein-coding genes are regulated by
miRNAs [5, 6]. The interconnectivity of the regulation of protein expression and
miRNA regulation has yet to be fully elucidated. What is clear is the opportunity for
miRNAs to be used as both diagnostic and therapeutic entities. The frequent aber-
rant expression and functional implication of miRNAs in human disease have ele-
vated these molecules from the ranks of redundant cellular components to preferred
drug targets [7-9]. With approximately 1,400 human miRNAs known to date, a new
pool of therapeutic targets with a new mechanism has emerged [6]. Additionally,
acting not only as targets, but also as agents themselves, miRNAs possess the capa-
bility to suppress a broad range of oncogenes and oncogenic pathways deregulated
in cancer [8]. As our view of cancer evolves as a heterogeneous disease process
unable to be successfully treated by attacking a single gene or gene product, so does
the therapeutic potential of miRNA as multifaceted multitarget agents capable of
disabling systems rather than select cellular components [7, 10—12].

Because cancer genesis and progression involve the loss of endogenous regulatory
controls of essential cellular processes, the treatment of malignancies is extremely
challenging. Current chemotherapeutic regimens continue to rely on heavy dosing
to overcome their low cancer specificity and poor penetration [13—15]. Immuno-
targeting strategies have aided tumor targeting, but they still fall short of being
substantially efficacious across a wide range of tumor types and are often limited in
their scope because of the specificity of their targets [16, 17]. Because they interact
with multiple pathways and convergence points of tumor suppression, miRNAs are
ideal candidates for delivery.

Several advancements in cancer treatment have been developed over the last cen-
tury to control and eradicate the disease [18]. Currently, the leading treatments for
cancer are surgery, chemotherapy, and radiotherapy [11, 19, 20]. Further innovations
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have been made over the years to overcome weaknesses and side effects that may
arise with these treatments [21]. While many novel approaches to the noninvasive
diagnosis and treatment of cancer have emerged, effective penetration of the tumor
and specific cancer cell targeting remains an obstacle, resulting in multiple adminis-
trations of current therapeutics, and for prolonged periods. This could lead to renal,
cardiac, hepatic, and neurologic toxicities.

To overcome these disadvantages and enable a greater efficacy of treatment,
novel drug delivery systems have emerged as prospective vehicles to carry and
deliver the therapeutic payload. Vectors derived from natural and synthetic materi-
als have been used to deliver oligonucleotide fragments with inhibitory and restor-
ative functions to cancer cells in hopes of achieving greater therapeutic efficacy
than the currently commercially available drugs, which are fraught with side effects
and shortcomings.

2 MicroRNA as Pharmaceutical Agents

2.1 MicroRNA Characteristics, Comparisons,
and Biogenesis

The discovery and characterization of several classes of small (~20-30 nt),
noncoding RNAs during the last decade changed the field of molecular biology.
This family of RNA is capable of regulating gene expression and can be classi-
fied into three main categories: miRNAs, short-interfering RNAs (siRNAs), and
piwi-interacting RNAs (piRNAs). The piRNAs are single strands found mainly in
animals; they act primarily in the germline and will not be discussed [22, 23]. In
contrast, siRNAs and miRNAs show similarities with regard to structure, biogene-
sis, and repression of translation. However, it is the diminutive differences between
siRNAs and miRNAs that point to disparities in function and therapeutic potential.

Both siRNAs and miRNAs are ~21-23 nt long, have double-stranded precursors
(double-stranded RNA, dsRNA) of a guide strand (miRNA strand) and passenger
strand (miRNA* strand) [22, 24]. These precursors undergo extensive splicing and
refinement via their respective RISC before interacting with target mRNA [22, 25].
Both classes’ biogenesis is utterly dependent upon two protein families composed
of specific domains: dicer enzymes (PAZ, 0-2 dsSRNA-binding domains (dsRBDs),
and tandem RNase III domains) to separate them from their precursors, and Argo-
naut (Ago) proteins (PAZ, PIWI, N-terminal (N), and middle (Mid) domains) that
are central to the RISC and allow the complex unwinding, base pairing, and cleav-
age described later (Fig. 19.1) [22, 26-28]. Additionally, both classes have highly
reprogrammable silencing effects due to predictable Watson—Crick base pairing
recognition of gene targets, and both can dynamically redirect such silencing de-
pending on changing genomic demands (miRNA) or threats (siRNA) [22, 29-31].
Both siRNAs and miRNAs have nuclear and cytoplasmic phases of refinement,
but they preferentially exist/function in the cytoplasm, lose their aforementioned
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Primary miRNA
transcript

Fig. 19.1 Schematic of miRNA processing in the cell cytoplasm. As the primary mRNA transcript
is shuttled from the nucleus to the cytoplasm, it associates with the DCR complex, where the dou-
ble strand is extensively spliced. Following splicing and refinement, the precursors then associate

with the RISC complex before interacting with their target mRNA. (Reproduced from [28] with
permission from Nature Publishing Group)

passenger strand during unwinding in the RISC, and can act by direct nucleolytic
degradation, histone methylation, or heterochromatin formation [22, 25, 26, 28, 30,
32-36]. These two classes do, however, have notable differences.
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Differentiation of miRNAs/siRNAs has classically and simply been based on
their origin and precursor characteristics. The sources of siRNAs are extensive,
but the majority are exogenous linear, base-paired dsRNA like viruses, transgenes,
transposons, etc. that are either directly introduced into the cytoplasm or actively
taken into the cell as an endosome from the environment and are thought to function
as guardians of genomic integrity [22, 24, 37, 38]. This was classically viewed in
stark contrast to miRNAs—perceived as intentional, endogenous products of a host
genome in response to an inherent genomic need, and far more conserved across
related organisms [3]. However, recent evidence shows that endogenous siRNAs
can be derived from hairpin RNAs, centromeres/telomeres, naturally occurring
sense—antisense pairs like convergent mRNA transcripts or pseudogene antisense/
mRNA sense transcript duplexes [22, 37, 39, 40]. While siRNAs are cleaved from
long, complementary dsRNAs, miRNAs are refined from incomplete dsRNA pri-
mary miRNAs (pri-miRNA) in what is called a “stem loop” with important flanking
segments [3, 22, 23]. Additional differences have been discovered in the structure,
processing, and mechanisms of repression by siRNAs and miRNAs.

A central difference between most siRNAs and miRNAs is the exactness of their
3" and 5’ ends, as miRNA duplexes have very precise ends, with siRNAs showing
much greater variability [3, 22]. It is this feature that is believed to afford miRNA its
enhanced target specificity despite often imperfect central base pairing. Conversely,
siRNA typically depends on perfect substrate complementarity for silencing, but
may still function in the face of mismatches in an miRNA-like manner, despite
suppressed endonucleolytic cleavage activity [22, 25, 26, 37, 40]. Often, siRNAs
undergo amplification, with secondary siRNA generation via RNA-dependent RNA
polymerase (RdRP) enzymes, causing a sustained response [22, 28]. This has been
studied most extensively in other eukaryotes. miRNAs are unique in the fact that
they may arise from either a dedicated transcription unit or one that makes sev-
eral products, they may be cotranscribed with a protein within an intron, and they
exhibit combinatorial regulation—target specificity across a variable number of
mRNAs and the sharing of a common mRNA target by several different miRNAs
[22, 33, 41, 42]. The broad possible effect on multiple cellular pathways allowed by
miRNA is quite different than the target specificity required for RNA interference
(RNAI) by siRNA. Finally, miRNA-RISC (miRISC) complexes require additional
proteins like GW182 for silencing activity and are believed to repress genes by ad-
ditional mechanisms to the canonical cleavage and nuclease degradation preferred
by siRNA, such as deadenylation/decapping, inhibition of mRNA circularization,
and premature ribosomal dissociation [25, 31, 36, 43, 44].

2.2 Mechanisms of Silencing

Although the steps and machinery required for miRNA biogenesis and refinement
have been well characterized, more robust theoretical debate has surrounded its
functional mechanisms of genomic silencing. We know that a pri-miRNA first trav-
els to the nucleus for a critically precise cleavage of its stem loop from surround-
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ing RNA by an RNase III/dsRBD complex (Droscha/DGCRS8 in mammals) before
travelling to the cytoplasm, where the Dicer enzyme separates the terminal loop
from its pre-miRNA stem, making a duplex of mature miRNA that is ~22 bp in
length [3, 22, 45, 46]. This miRNA is quickly unwound when assembled with Ago
and associated proteins in the miRISC, which guide it to mRNA targets with vari-
able complementarity, so they may be silenced and/or degraded [31, 47]. Protein
expression is repressed by miRNA through degradation and decay, inhibition of
translation initiation, inhibition of translation elongation, and translation abruption
via ribosomal dissociation (Fig. 19.2) [28, 31, 48].

Target mRNAs with exact complementarity to the guide miRNA strand can
undergo Ago-catalyzed cleavage/degradation, while those containing centrally lo-
cated mismatches have their translation repressed by another mechanism. These
mismatched targets may be sequestered for decay within cytoplasmic P bodies—
containing Argonaut proteins, GW182, deadenylase complexes, decapping machin-
ery, and an RNA helicase [30, 31, 49, 50]. Recent evidence suggests that such a
destabilization of mRNA target transcripts accounts for a greater percentage of the
diminished protein production observed [51, 52]. Studies have shown that miRNA
can halt translation before it begins initiation by binding the essential cap-binding
protein elF4E to central phenylalanine residues on Argonaut, or competitive inhibi-
tion at the methylated cap structure [31, 53]. Finally, miRNA is believed to inhibit
early translation by the binding of eIF4E, subunit recruitment, causing their early
dissociation, as well as interfering with translation elongation [22, 31, 48]. Until
recently, the timing and contribution of these mechanisms were unknown. Ribo-
somal and initiation effects are now confirmed to occur early before decay, while
translational repression is the primary mechanism observed on new targets and con-
firmed to occur prior to deadenylation or decapping causes of degradation, which
are prominent mechanisms at steady state [48, 50, 54-56].

2.3 Dysregulation of miRNA in Cancer and Its Potential
Clinical Implications

Given their ability to affect protein production at the genomic level, it is not sur-
prising that miRNAs play significant roles in nearly every cellular process from
development through apoptotic death. Indeed, several in vitro and in vivo stud-
ies have proved this to be true, demonstrating key regulatory roles for miRNA
in: embryological development, stem cell proliferation and differentiation,
organogenesis, metabolism, apoptosis, angiogenesis, muscular, neuronal and im-
mune cell development and function, and more [3, 47, 57—60]. Such intertwining
of miRNA and normal cellular function thus makes their dysregulation a prime
suspect in the genesis of both benign and malignant diseases. Experimental
evidence has confirmed this suspicion and generated useful databases, revealing
links between miRNA dysfunction and many benign diseases, from cardiovas-
cular disease to myasthenia gravis, and from Tourette syndrome to scleroderma
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Fig. 19.2 Mechanisms of miRNA silencing. Silencing by miRNA can occur through several mech-
anisms at different points throughout the protein translation phase. Posttranslational inhibition of
protein elongation or posttranslational protein degradation may be affected (a, b). Interference
with the formation of the ribosomal translational unit will inhibit translation (¢, d). Pretranslation
modifications, such as deadenylation or decapping, will prevent proper translational processing
and result in early degradation (e, f). (Reproduced from [31] with permission from Elsevier)

[61-66]. Likewise, altered miRNA expression in human cancer is the rule rather

than the exception.

Numerous associations exist between various cancer subtypes and specific
miRNA aberrances, and we now know the potential of miRNA to serve as an ear-
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ly biomarker of disease and predict cancer stage, outcomes, and predilection for
metastasis. Genomic mapping and miRNA profiling have generated expression
signatures (miRNome) of many cancer tissue types and validated the presence of
several miRNAs in chromosomal loci with known cancer-associated abnormalities.
These include oncogene/tumor suppressor networks that harbor fragile sites, muta-
tions, or deletions as exemplified by miR-15a and miR-16-1 in chronic lymphocytic
leukemia (CLL), single nucleotide polymorphisms (SNPs) as seen in lung cancer,
changes in promoter site transcription factor activity as seen with miR-34 and p53,
or amplifications [67—71]. Key miRNAs in the structure of such networks were first
coined “oncomirs” in 2005, and their expression profiles parallel respective cancer
pathophysiological features, while serving as attractive potential targets of directed
anticancer therapy [72, 73]. These oncomirs reciprocally modulate oncogenes or
tumor suppressor genes by way of amplification or deletion/repression, respective-
ly, to affect oncogenesis [74—76]. Introducing or repressing a single miRNA has
proven sufficient for oncogenesis, best shown by miR-155 [68, 77, 78].

Altered methylation is well documented in human cancer and serves as its best epi-
genetic marker. The discovery of global hypomethylation compared to normal tissues
was followed by observations of tumor suppressor gene inactivation via hypermeth-
ylation of promoter cytosines preceding guanines (CpG) islands, which we now know
occur as “hypermethylome” profiles that are specific to cancer types and may enhance
diagnosis, prognosis, and following treatment response [79-83]. Likewise, over half
of the miRNAs are linked with CpG islands, and dysregulated miRNA expression in
cancer is often plagued by epigenetic changes in either methylation or histone deacet-
ylation (HDAC) and defects in miRNA biogenesis machinery (e.g., Drosha, Dicer,
DCGRS, Lin-28) [84—-87]. Examples include hypermethylated (downregulated) tu-
mor suppressor miRNAs (TS-miRNAs), like miR-9-1 in breast cancer, miR-34b/c in
colon cancer, and miR-127 in several cancers including both those of the breast and
colon, as well as conversely hypomethylated oncogenic miRNAs (oncomiRNAs) like
miR-21 in ovarian cancer [68, 70, 86, 88-90]. Since methylation and histone altera-
tions are reversible events, further targeting the existing armament of demethylating
agents and HDAC inhibitors to restore endogenous miRNA function represents an
interesting potential shift in future cancer chemotherapy:.

The oncogenic or tumor suppressive ability of several miRNAs has been clearly
elucidated, and specific miRNAs are connected to essential cellular hallmarks of
cancer (Fig. 19.3), thus establishing the need for these small entities as central sub-
strates in our knowledge pursuit and therapeutic goals within the cancer paradigm
going forward. The original TS-miRNAs described were members of the let-7
family, found to be modulated by p53 and downregulated in many cancer types
with compromised interactions with several putative targets (MYC, RAS, HMGA2,
FOS) [84, 87, 91]. The archetypal oncomiRNA is represented by miRNA-17-92
cluster, nicknamed “oncomiR-1.” This oncomiR is linked to several cancer types
with putative targets, such as MYC, Bim, tsp-1, and phosphatase and tensin homolog
(PTEN) [68, 71, 72, 85]. Several other oncomirs have subsequently been identified
studied to provide “signatures” for human cancers (Tab. 19.1) [8]. Breast cancer is
one of the best characterized for miRNA signatures [68, 73, 91-93]. A similar signa-
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Fig. 19.3 MicroRNAs involved in targeting the hallmarks of cancer. (Reproduced from [68] with
permission from John Wiley and Sons Publishing Group)

ture has also been developed for lung cancer [68, 73, 91, 92, 94, 95]. These targets
show great promise for therapy and biomarkers for diagnosis, prognosis, treatment
response, and predicting invasion/metastasis.

The stability of miRNA in vitro, degree of conservation in vivo, and verified
presence in circulating serum make it a good theoretical agent for diagnosis [91].
miRNA profiling has proven to be more accurate than mRNA in reliably classify-
ing tissues of origin in both primary and metastatic tumors due to their similarly
conserved miRNA expression, showing great potential for diagnosing the origin of
metastasis of unknown primary origin [68, 96]. Many miRNAs have demonstrated
links with cancer aggressiveness and outcomes as well. The first link was shown
in 2005 between prognosis and progression of CLL and a unique 13-gene miRNA
signature [97]. High miR-193a and low miR-191 levels are associated with shorter
survival in melanomas [68, 98]. Additionally, it was later discovered that downreg-
ulation of miR-17-5p, -381, and let-7 and upregulation of miR-155 are predictive of
poor prognosis/survival in lung cancer [99-101]. Certain miRNAs either promote
(miR-10b and -21) or reduce (miR-200 family, -205) invasion and metastasis in
breast cancer, and silencing miR-10b in mice successfully inhibits metastasis [68,
94, 102—104]. Both miR-126 and miR-335 suppress the “epithelial-mesenchymal
transition” (EMT) necessary for metastasis in breast and lung cancer [92].
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Even hormone receptor (ER) status and predictive response (PR) to hormone-
based therapies in breast cancer can be predicted by miRNA. Various patterns
of decreased miR-145/-125b and increased miR-21/-34/-155/-375 together can
mirror tumor ER/PR expression, stage, proliferation index, or vascular invasion
[73, 105-107]. Overexpression of miR-221/-222 is responsible for resistance to
antiestrogenic therapies, while improved responsiveness to tyrosine kinase inhibi-
tors via HER3 targeting is seen with ectopic expression of TSmiR-205 [108, 109].
These far-reaching and “awe-inspiring” data provide a wide base of validity and
enumerable targets for pursuing novel miRNA-based cancer therapies or diagnostic
modalities. However, as is often the case, the question looms just how far behind
our technical ability trails our current knowledge base.

3 Mimicry vs. Antagonism

Theoretically, miRNA therapy represents a superior approach to multi-pathway
disease such as cancer, since multiple genes can be affected by targeting a single
miRNA. Given the nature of miRNA as a natural inhibitor of gene/protein produc-
tion and function, it follows that there are two possible approaches for miRNA-
based therapies: mimicry (replacement) or antagonism. At the phenotypic level of
cellular machinery, these are experienced as loss or gain of function effects, respec-
tively; and pertaining specifically to cancer, they represent repression of oncogene
or restoration of tumor suppressor activity. Technically speaking, antagonists act
upstream from the RISC outside of P bodies and mechanistically resemble siRNA
or small-molecule inhibition, while mimicry is likened to traditional gene therapy
and acts via miRNA replacement downstream of the RISC [7, 110]. The effect(s)
of either mimics or antagonists can be followed by functional studies of their target
genes and individual or genome-wide miRNA expression profiling [91].

miRNA mimics are either single- or double-stranded RNA molecules, which
form a complex with RISC to suppress the target genes on the intended target of
native miRNA. Double-stranded mimics are preferred due to 100—-1000-fold great-
er potency as compared to single-stranded versions, as the passenger (miRNA¥*)
strand may interact with either the mature miRNA or its precursor form [77, 111].
Although likened to gene therapy, miRNA mimicry has potential advantages due
to its smaller size, ability for systemic administration, and the need for cytosolic
entry for functional changes [77]. In addition, miRNA profiling of cancers indi-
cated changes in miRNAs, suggesting their roles in oncogenesis. miRNAs could be
tumor suppressors since their inhibition resulted in enhanced tumorigenesis. Since
the miR mimics are identical to endogenous miRNA, the mimics should target the
same mRNAs, making off-target cytotoxic cellular effects less likely. One mimic
has been shown to modulate multiple oncogenic targets and pathways [9, 77, 112].

Evidence from animal studies has demonstrated the potential validity of miRNA
replacement therapy. The miRNA let-7 suppresses RAS and is decreased in breast
and non-small cell lung cancer (NSCLC), and replacement therapy with mimics in
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mouse models reduces existing tumor growth and stops proliferation of cancer cells
[77, 84, 113—116]. Similar mimicry of miR-34a, a transcriptional target of p53 that
is lost or repressed in most cancer types, showed inhibition of lung tumor growth in
existing tumors with low miR-34a levels and protection from tumorigenesis in cells
with normal levels, implying a protective role [7, 77, 117, 118]. Numerous other
examples exist, including miR-16 and prostate cancer, miR-205 and breast cancer,
and miR-26a and hepatocellular cancer [93, 119, 120].

Antagonists inhibit oncomiRNA that has acquired a gain of function. They are
collectively known as anti-miR oligonucleotides (AMOs) and may take the form
of anti-miRs, antagomiRs, or locked nucleic acids (LNAs) and are also useful in
functional studies confirming miRNA target sites [121—123]. Similar to RNAi using
siRNA, efficient antagonism depends on sufficient binding specificity for inhibi-
tion/degradation. The most common method uses antisense single-stranded oligo-
nucleotides containing complementary, sugar/phosphate chemically modified back-
bone analogs (e.g., 2'-O-methyl, 2'NH,, phosphorothioates) with enhanced RNase
protection and affinity for endogenous miRNA that sequester it from its RISC pro-
cessing and promote degradation [7, 52, 121, 123]. Their length and composition
can be fine-tuned for improved circulation time, cellular internalization, etc., and
endogenous miRNA targets can act as biomarkers of efficacy and optimization [7].
“AntagomiRs” are analogs with a 3’ cholesterol moiety that were first coined in
2005 with evidence of their inhibition in mice [124]. Important antagomiR charac-
terization has been done using antagomiR-16 and its target miR-122 in vivo in mice,
demonstrating: dose and time dependency, a minimum length of 19 nt required
for silencing, extensive target degradation that is “independent” of exonucleases,
and interaction with miRNA in cytosol “outside” of P bodies [110]. AntagomiRs
also display high sequence specificity with impaired silencing possible by only a
single position-dependent mismatch [110]. AMOs are capable of downregulating
the abundant miR-122 in the liver, which has two target sites within the hepatitis
C viral (HCV) genome, and the first human clinical trial has been conducted using
LNA anti-miR [68]. However, effective delivery is a main impediment to therapeu-
tic mimicry/antagonism, with great potential for improvement.

4 Negotiating Biological Barriers in miRNA Delivery

The promise of in vitro efficacy of miRNA for cancers is dampened by the
limitation to effectively deliver the miRNA to the site of interest [125—128]. The
body’s natural protective barriers such as serum nucleases, vascular endothelium,
interstitial and oncotic pressure, and the cell wall have made the targeting and
treatment of tumor cells particularly challenging (Fig. 19.4) [128, 129]. The great
obstacle in engineering therapeutics, though, is often not the synthesis and char-
acterization of the agent, but rather overcoming the many biobarriers of the body
without damaging the integrity of the payload, in this case miRNA. By under-
standing the critical barriers to overcome, one could exploit these mechanisms to
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Fig. 19.4 The highly efficient biological barriers of the body present themselves as obstacles to
the delivery of injected chemicals, biomolecules, nanoparticles, and any other therapeutic foreign
agents from reaching their site of action. The barriers include the reticulo-—endothelial system,
endothelial/epithelial membranes, complex networks of blood vessels, abnormal flow of blood,
and interstitial pressure gradients (a). The tumor cells also pose additional barriers: cellular/
nuclear membranes and ionic/molecular pumps that can expel drugs from the cancerous cells cre-
ating drug resistance (b). (Reproduced from [129] with permission from Nature Publishing Group)

develop solutions that preferentially direct the activity of therapeutic agents and
sequentially negotiate those barriers for effective targeting and treatment. Because
of these hurdles, the successful application of miRNAs as a cancer therapy has been
limited [119, 130, 131].

The site of action of miRNA therapeutics occurs in the cytosol. The barriers
to successful delivery of miRNA to the point of action in the cytosol or the nu-
cleus are many and depend on the targeted organ and the route of administration.
Locoregional administration of miRNA has fewer barriers compared to systemic
delivery. For example, intranasal delivery of viral particles with /ez-7 miRNA in a
Kras®'™?"* autochronous NSCLC mouse reduced tumor burden [115]. The efficacy
of this delivery route was comparable to systemic delivery of /e#-7 in a neutral lipid
emulsion in the same NSCLC model [132]. Many times this is not the case and one
requires an understanding of the complex barriers to be able to achieve effective
systemic delivery of miRNA.

4.1 Challenges: Serum Nucleases

The intravenous injection of miRNA poses significant challenges, beginning at the
site of intravascular injection where the miRNA can be degraded. The first of many
barriers encountered by delivered miRNA therapeutics are serum nucleases [133].
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The major class of these nucleases includes 3’ exonuclease, although internucleotide
cleavage of bonds has been reported [134]. Naked oligonucleotides can be degraded
by serum nucleases. Modifications of miRNAs were attempted to protect them from
systemic nucleases. These included the addition of adenosine or uracil residues to
the 3’ end of the RNA [135-137]. In other methods, the delivery vehicles such as
polymers have also been shown to protect the miRNAs. Endogenous miRNAs have
been found intact in serum bound to RISC proteins such as Ago2 protein and within
exosomes [138]. Thus, an understanding of endogenous protection could lead to a
rational design of molecules capable of evading serum nuclease activity.

4.2 Biodistribution and Renal Clearance

In order to achieve an effective therapeutic index, a proposed agent must accumulate
within the system or at the site of interest in sufficient amounts so as to have a thera-
peutic effect [139]. In the design of oligonucleotides administered as individual mol-
ecules or encapsulated within polymers, consideration must be given to the clearance
mechanisms of the liver and kidney. The liver’s role in clearance is more prominent
when the oligonucleotides are associated with nanoparticles [140]. Clearance by the
kidney, on the other hand, has been demonstrated in nanoparticle and non-nanopar-
ticle-based miRNA therapeutics [141]. Studies that characterized the clearance of
antisense oligonucleotides were extensively reported during the 1990s [142—144].
Many of these studies were focused on protein-bound oligonucleotides or those with
a phosphorothioate backbone. While protein bound, the main route of elimination
was found to be in the urine, and the major organ of accumulation was found to be
the kidney. Important features of oligonucleotide pharmacokinetics emerged from
these studies. These include the following: (1) The biphasic plasma half-lives of
oligonucleotides are in the range of minutes for the distributional phase and in the
range of minutes to hours in the elimination phase. This indicates that without tar-
geting or protection from nonspecific organ accumulation, miRNAs may be elimi-
nated before any desired effect. (2) Oligonucleotides are accumulated in the liver
and kidney but not the central nervous system. (3) In general, the information on
the pharmacokinetic studies of phosphorothioate oligonucleotides in lower animal
models such as rodents can be applicable to humans [145]. Animal models reported
that the biodistribution of siRNA duplexes was similar to single-stranded antisense
molecules, with highest uptake in kidney followed by liver [146, 147]. Interestingly,
although found circulating in the blood bound to protein or within exosomic vesicles,
these circulating miRNAs are not cleared by hemodialysis, suggesting these mecha-
nisms as potential vehicles for effective protection of antisense oligonucleotides in
the blood [148]. Clearly, uptake by the reticuloendothelial system (RES) plays a
critical role in the delivery of miRNAs and other oligonucleotides. Further under-
standing the mechanisms that govern uptake into these RES-rich organs will allow us
to design and deliver oligonucleotide carriers to achieve greater efficacy.
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4.3 Clearance by the RES

In addition to circulating nucleases and renal clearance, a major barrier to effective
in vivo delivery of antisense drugs is clearance by the RES [133]. Phagocytic cells,
including circulating monocytes and tissue macrophages, whose physiological
functions are to clear the body of foreign pathogens, remove cellular debris that is
generated during tissue remodeling, and clear cells that have undergone apoptosis
comprise the RES [149]. These cells, named Kupffer cells in the liver, or known
simply as splenic macrophages, can detect and eliminate antisense oligonucleotides,
such as miRNAs or siRNAs. Further, these same cells are capable of eliminating the
nanoparticle carriers into which antisense drugs may be loaded [150]. This clear-
ance may occur through various opsonization mechanisms including immunoglob-
ulins, complement components, and other serum proteins.

Following administration, nanoparticles are detected by the immune system and
tagged by proteins identifying them as foreign bodies and sequestering them for
elimination. Several factors such as carrier surface charge, size, and surface char-
acteristics may affect RES uptake [151, 152]. These characteristics have been used
to target drug carriers to RES organs [153, 154]. Sites outside this system, though,
continue to be elusive in their targeting. Immunoglobulin opsonization leads to Fc
receptor activation and internalization characterized by cytoskeletal rearrangement,
pseudopodia extension, and engulfment of the opsonized particle [155]. Comple-
mentopsonized particles are internalized by complement receptors such as CR1,
CR3, and CR4, members of the integrin family of heterotrimeric membrane pro-
teins. While CR1 is involved in particle binding to the macrophage membrane,
CR3 and CR4 mediate internalization. Lastly, lipopolysaccharide (LPS) and modi-
fied lipoprotein opsonization not only targets particles, but also targets naked
oligonucleotides. The scavenger receptors that recognize these ligands found in the
liver and spleen are suggested to be responsible for the uptake of monomolecular
oligonucleotides [156, 157].

4.4 Endothelial Barrier

The endothelial cells lining the vascular lumen present both a barrier and an oppor-
tunity for oligonucleotide-based therapeutics [133]. Endothelial cells line the vas-
culature, adhering tightly to the underlying extracellular matrix largely via integrins
and forming junctions with each other via several types of cell-cell adhesion mol-
ecules, including vascular endothelial (VE)-cadherin, junctional adhesion molecule
(JAM), occludins, claudins, and platelet endothelial cell adhesion molecule (PE-
CAM) [158]. The integrity of the endothelial junctions is influenced by complex
signal transduction processes that respond to a variety of mediators. For example,
microvascular transport of macromolecules increases during inflammation [159].
This process, often driven by diffusion, is due to shifts in the concentration gradi-
ents between the inside and outside of the vessel wall. Transvascular fluid transport
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is driven by the difference in hydrostatic and osmotic pressures between the blood
vessel and interstitial space. When delivering particulates, the upper size limit of
diffusion is limited by the pore size of the capillary. In the case of inflammation,
these pore sizes can increase, altering the normal gradients and allowing greater
diffusion [160—162].

Angiogenesis is a known and widely accepted mechanism of tumor growth and
survival. A mixture of heterogeneous precursor cells and preexisting normal vascu-
lature makes up the new sprouting vessels [163]. The tumor blood vessels generat-
ed from aberrant mechanisms of tumor survival are structurally and architecturally
different from the normal vasculature [164]. The combination of constitutively
activated genes and heterogeneous cell populations develops abnormal vascula-
ture marked by precocious capillary sprouting, convoluted and excessive vessel
branching, distorted and enlarged vessels, erratic blood flow, microhemorrhaging,
leakiness, and abnormal levels of endothelial cell proliferation and apoptosis
[165]. Structurally, the dense vascular networks are not organized into venules,
arterioles, and capillaries as seen in normal anatomy, but rather are a chaotic or-
ganization of loops and arcs that encircle clusters of cancer cells. Architecturally,
the vessels themselves have an atypical basement membrane, a high percentage
of hyperproliferative endothelial-like cells, and a decreased number of pericytes
[166]. Directed by the cancer cells, the resulting vessels have large intercellular
openings between the endothelial cells that are not present in normal continuous
vasculature [167—169]. These fenestrations are known to range in size from 100 nm
to 10 um and are exploited in many nanomaterial-based therapies [170, 171]. Due
to the leakiness of these vessels, the major pathway of drug transport across tu-
mor microvasculature is by extravasation via diffusion and/or convection through
the discontinuous endothelial junctions, whereas transcytosis plays a relatively
minor role. This leakiness promotes not only drug carrier extravasation, but also
protein transport, leading to high interstitial compartment pressures and reduced
transvascular transport [169, 172].

4.5 Extracellular Matrix Compartment and
Subcellular Distribution

The interstitial compartment of solid tumors is mainly composed of extracellular
matrix proteins, interstitial fluid, and a random organization of poorly formed ves-
sels. The distinguishing feature of the interstitium is the high pressure resulting from
the lack of sufficient lymphatic drainage. The movement of small molecules in the
interstitial space is governed by diffusion, while the movement of large molecules,
such as drug carriers, is governed by convection [173]. While diffusion relies on dif-
fusion coeffecients and concentration gradient, the convection depends on hydraulic
conductivity and pressure difference. While the enhanced permeability and reten-
tion (EPR) effect allows the particles to accumulate to the tumor loci, it is the high
interstitium pressure that allows extravasated particles to be pushed into the margin
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of the tumor [174, 175]. This characteristic presents an additional biobarrier to the
penetration of therapeutic agents into the tumor core as the transport is governed by
the physical properties (charge, pH, lipophilicity, size, structure) of the subcompart-
ment and of the drug [173, 176]. This phenomenon of EPR within tumor stroma
elucidated by Maeda et al. supports the use of silicon microparticles as drug carriers
because of the passive accumulation in solid tumor after intravenous administration
[139, 169, 177, 178].

4.6 Inefficient Endocytosis and Endosomal Release

The cellular subcompartment represents the final barrier to therapeutic delivery. Ef-
ficient endocytosis and endosomal release are required to bring the payload to the
site of action in the cytosol. Mechanisms like phospholipid bilayer, lysozomal and
endosomal degradation, and efflux glycoprotein channels are particularly crucial
to intracellular delivery of agents as small interfering RNAs and miRNAs, where
cytoplasmic delivery is critical and endogenous degradation pathways prevent that
delivery. Targets such as the previously mentioned TP53 pathway, Ras/Raf path-
way, and other various growth factor signal transduction pathways require this in-
tracellular delivery.

The plasma membrane is a significant barrier for miRNA uptake [179]. Despite
their small size, the charge and hydrophilicity of miRNA molecules prevent them
from readily crossing the plasma membrane [180]. While complexing to nanopar-
ticles or other delivery mechanism may target them to the cell itself, the entry of
the system into the cell is critical for function. The integration of the payload into
nanoparticles that are uptaking by cells may present an efficient of innovative
mechanism for delivery.

The final barrier to effective targeting of miRNA is the release form the endo-
some [ 180]. Whether delivery by cationic lipids, nanoparticles, or cell-type-specific
delivery reagents, the intracellular trafficking of miRNA begins in the early endo-
somal vesicles [180]. These early vesicles fuse with late endosomes with increas-
ingly acidic environments until, ultimately, they fuse with the lysosome [181]. The
lysosomal compartment is the most acidic environment and will lead to the degra-
dation of any nucleic acids that may find themselves in that environment. The fate
of the internalized molecules inside the fused vesicle depends on the specific type of
bound receptors and includes the following: recycling back to the cell surface, deg-
radation in lysosomes, or release into the cytosol to interact with other intracellular
components [182—-185]. The endosomal entrapment contributes to the low trans-
fection efficacy of non-viral carriers and represents a final but significant hurdle
to overcome in delivery. Various strategies such as liposomal delivery, hydrogen
sponges, and cell-penetrating peptides have been developed to facilitate the release
of oligonucleotides from the endosomal compartment in order to avoid lysosomal
degradation [186—188].



376 J. S. Fernandez-Moure et al.

Table 19.2 In vivo barriers to successful miRNA delivery

Degradation by serum and tissue proteases

Renal clearance through filtration of particles <50 kDa

Failure to negotiate endothelium in organs other than liver and spleen
Phagocytosis by macrophages

Limited movement through polysaccharide rich extracellular matrix
Inefficient endocytosis by target cells

Unsuccessful endosomal release

5 Vehicles of Delivery

5.1 Non-Nanoparticle Therapeutic Delivery

Successfully delivering miRNA mimics or antagonists to the tissue of interest while
preserving their structural integrity remains a principal challenge [ 189, 190]. Several
technologies have proven effective in delivering miRNAs to tissues: vector based
(adenoviral and lentiviral (let-7)), atelocollagen, liposomes, porous silica, gold, and
polylactic co-glycolic-acid (PLGA). Development of clinically relevant miRNA
formulations frequently involves a thorough evaluation of existing technologies to
identify those that are amenable to miRNA and its chemistry. Although synthetic
modifications provide some degree of protection from nucleases and promotion of
necessary cellular internalization as stated above, naked RNAs in biological fluids
rapidly undergo nuclease destruction. This fact limits many therapeutic RNAI plat-
forms to local administration only, allowing a restricted number of amenable tissues
and, often, only a fraction of diseased cells get adequate drug exposure. Systemic
administration has many theoretical advantages, but besides nucleases, a horde
of other in vivo barriers, from macrophages to renal clearance, impedes success-
ful miRNA delivery (Tab. 19.2). Critical criteria in the evaluation process are: (1)
sufficient delivery to induce a therapeutic effect and (2) a significant safety margin
at therapeutic levels. Since the size and base chemical structure of miRNA are virtu-
ally identical to siRNA, many of the same therapeutic delivery platforms pioneered
by siRNA-based RNAi show great promise for miRNA therapy. Methods of in vivo
delivery have witnessed varied levels of success and side effects and are basically
classified as either viral or non-viral, including but not limited to conjugated RNAs,
viral vector-based systems, and liposomal or polymer-based systems (Fig. 19.5).
The degree of nuclease degradation limits naked dsRNA use to local injection
in the eye, skin, or tumor, and even this local application has largely given way
to newer conjugated or packaged iterations [191]. The cholesterol conjugation
used with some AMOs is a simple mechanism to improve in vivo performance.
Cholesterol enhances cell surface membrane receptor binding via associations
with high-density (BI receptor) and low-density (LDL receptor) lipoproteins
[191]. In addition to examples previously cited, such formulations are capable
of inhibiting miRNA in liver, lung, kidney, heart, intestine, fat, skin, bone mar-
row, muscle, ovaries, and adrenal glands, albeit at high doses [110, 123, 124,
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Fig. 19.5 Current approaches to in vivo miRNA targeting. Because of the body’s multiple levels
of biobarriers, researchers have investigated multiple animal models for delivery. miRNA target-
ing has evolved to include local injection, systemic, and intranasal delivery. (Reproduced from
[68] with permission from John Wiley and Sons Publishing Group)

191]. Such need for higher doses may be secondary to the propensity for these
molecules to be sequestered from the cytoplasm by phagolysosomes [191].
AMOs also have difficulty reaching targets beyond certain biological barriers,
illustrated by antagomiR-16’s ability to specifically inhibit miR-16 in brain
cortex when directly applied, but inability to reach these tissues via intravascular
injection [124, 192].

5.2 Vector-Based Delivery: Lentiviruses and Adenoviruses

Vector-based therapies exhibit significant anti-cancer activity both locally and sys-
temically. There are essentially two vectors for the delivery of genetic material: viral
based and non-viral based. Because many of the constructs used to deliver miRNA
have been viral based, we will focus on those vectors. Because viruses have evolved
to develop machinery to enter the cell, deliver, and integrate genetic material, they
are excellent candidates for a vehicle to deliver miRNA [193—-195]. Several viruses
have been explored to deliver genetic material: retroviruses or lentiviruses like hu-
man immunodeficiency virus 1 (HIV-1), adeno- and adeno-associated viral vectors,
herpes simplex, and poxviruses to name a few. Viruses with miRNA activity can
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be used as mimics or antagonists, and miRNA transcripts can augment classic gene
therapy. Currently, the most commonly used vector for transport of miRNA or other
oligonucleotides are adeno-associated virus (AAV) vectors and lentiviral vectors.

Lentiviruses are members of the viral family Retroviridae (retroviruses) that are
characterized by the use of viral reverse transcriptase and integrase to stably insert
into the gene [196]. Lentiviruses replicate in nondividing cells and can lyse the host
cell if there is excessive replication [197, 198]. Lentiviruses can show differences
in genome structure, pathogenicity, and receptor usage, depending on the species
[199-201]. In most cases, viral delivery of genes is based on HIV-1.

HIV is a single-stranded positive-sense RNA of approximately 9 kb [202]. The
three main open reading frames encode the major structural machinery of the virus:
gag, pol, env. The gag gene encodes viral core proteins. The pol gene encodes the
enzyme required for viral replication and env encodes the viral surface glycoprotein
gpl60 [196, 197]. In addition, the 7at and Rev genes encode proteins that control
viral transcription, splicing, and nuclear exports of viral transcripts. HIV-1 is effec-
tive with regard to delivering genetic material into cells as compared to its nurine
leukemia virus counterpart (Fig. 19.6) [203]. The HIV-1 has since become a vehicle
for therapeutic delivery of genes.

As the complex molecular mechanisms of cancer continue to evolve, so do targets
and therapies to treat cancer. miRNAs show promise for cancer therapy because they
can target multi-pathways with the possibility of reduced toxicity [42, 204]. As dis-
cussed above, the mimic or antagomiR can easily be incorporated into virus for cellular
delivery [124, 205-207]. Experimentally, lentiviral vector overexpressing miRNAs
was shown to demonstrate loss of function of specific genes in a myelomoncytic cell
line [208, 209]. Transgenes engineered to express miRNA-binding transcripts are
called “miRNA sponges” or “decoys,” to compete with endogenous miRNAs [68,
191, 210]. The sponges can be inserted into chromosomes and then induced to be
expressed (“miRZips”) [191]. The expression of miRNA in rats caused organ failure
and death, indicating that toxicity could be confound in miRNA therapy [191, 211].

In addition to the potential of using lentiviral vector-based miRNA for cancer,
there is potential for other pathologies, such as abdominal aortic aneurysms and
hypercholesterolemia [205, 212, 213]. Lentiviral delivery of miR-33 in mice was
shown to lower HDL by repression adenosine triphosphate-binding cassette (ABC)
transporter, ABCA1 [213]. Systemic injection of a locked nucleic acid-modified
antagomiR targeting miR-21 diminished the pro-proliferative impact of downregu-
lated PTEN, leading to a marked increase in the size of AAA. Similar results were
seen in mice with AAA augmented by nicotine and in human aortic tissue samples
from patients undergoing surgical repair of AAA (with more pronounced effects
observed in smokers) [205, 214, 215].

AAV vectors belong to the Parvoviridae family and are part of the Dependovirus
genus. Twelve human serotypes (AAV serotype 1 (AAV-1) to AAV-12 have been
reported in addition to the more than 100 serotypes from nonhuman primates
[215-217]. The nonenveloped virus that packages a single-stranded DNA genome can
only occur in the presence of another virus, such as adenovirus or herpesvirus [218]. In
the absence of a helper virus, the AAV and specifically the serotype 2 can set up latency
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Fig. 19.6 Viral vector antagonism. Schematic of a vector or virus to inhibit a miRNA. (a) The
vector encodes multiple copies of perfectly complementary or bulged target sites (as shown) for
a miRNA or miRNA family. The target sites are expressed at high levels by a strong RNA poly-
merase II or III promoter or by introducing a large number of vectors into a cell. (b) The target
containing transcripts bind to the cognate miRNA, and because of excess target concentration
saturate the miRNA. This limits the availability of the miRNA, and inhibits the regulation of its
natural target mRNAs. The processing body (P body) is a region rich in enzymes involved in
miRNA turnover. niRNP, niRNA ribonucleoprotein complex. Reproduced from [29] with permis-
sion from Nature Publishing Group.

by integrating into the chromosome 19q13.4. This characteristic has made it the only
mammalian DNA virus known to be capable of site-specific integration. Due to its lack
of pathogenicity, its persistence, and availability of many serotypes, the translational
potential of AAVs has soared for a variety of therapeutic applications [218].

Tumors are characterized by the global miRNA patterns [8, 89, 219, 220]. This
presents a unique opportunity for therapeutic intervention that may span several
tumor types at once, as many of the mechanisms that induce the tumorigenesis
have commonalities in the miRNA patterns [221]. For example, therapeutic miRNA
delivery of miR-26 through AAV in a murine model of liver tumorigenesis found a
decrease in the proliferation of cancer, induced apoptosis with no evidence of toxic-
ity [119]. Adenovirus-expressing miR-133 was shown to reduce cardiomegaly and
intranasal administration of adenovirus-expressing let-7a reduced tumor formation
in a K-ras mouse lung cancer model [130, 222].

Retroviruses and lentiviruses incorporate their DNA into the host genome with-
out specificity, making insertional mutagenesis or oncogene activation serious
theoretical off-target effects of gene therapy, in addition to their immunogenicity
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[68]. The method of using virus for gene delivery can be adopted for miRNA by
incorporating the transcripts or target sites into the 3" untranslated region (UTR) of
vectors. This has been demonstrated in studies using oncolytic viruses and miR-122
in the liver, and miR-124 in neurons/glial cells [191, 223, 224].

The path for the successful use of viruses as vectors for gene therapy has
been fraught with troubles, such as the death of a recipient in 1999 following
the administration of high doses of adenovirus for gene therapy [225]. Since that
unfortunate event, many advances and optimizations to the technology have occurred.
But we must not forget that our interventions carry significant consequences and we
must judge our therapies with intense scrutiny before we consider their translation
into humans.

5.3 Polymer-Based Delivery

Polymer-based oligonucleotide and gene delivery are considered to be safer than
viral-based mechanisms for gene silencing with reduced insertional mutagenesis
and phenotoxicity [226—228]. The advent of polymers/copolymers and lipid-based
platforms expanded horizons in the world of biotechnology and bioengineering
due to their favorable plasticity. Applied to RNAI, they overcome inherent (naked)
miRNA physicochemical deficiencies and present advantages of biocompatibility/
degradability, easy tailoring of particle size, functional targeting ability, protection
from nucleases, and release from endosomes.

The most widely studied/used polymer for RNAI is polyethyleneimine (PEI), but
many others exist (e.g., PLGA, chitosan, gelatin) [229]. PEI is a polycation poly-
mer capable of complexing with DNA and protecting nucleic acids from nuclease
degradation. PEI polymers can be synthesized in the nanoscale allowing for cellular
endocytosis and also allowing for pH-buffering capability [230]. The number of
positive charges in the polymer and negative phosphate groups within the RNA de-
termines the size and structure of the resulting complexes (termed “polyplexes” or
“polymersomes”). The polyplexes act as a “proton sponge” to protect the RNA from
degradation and to stimulate necessary endosomal rupture within the cytosol [229].
Decreased cancer cell proliferation and increased apoptosis have been achieved in
vivo using atellocollagen/miR-34a and PEI/miR-145/-33a formulations, respective-
ly [231, 232]. In other studies, combinations of the cationic effects of PEI with the
biocompatibility and physicochemical properties of polyurethanes (PUs) formed a
PU-PEI polymer complex to deliver miR 145 to treat lung adenocarcinoma (LAC)
[233]. MiR145 was also identified as a candidate for therapy for LAC-associated
cancer stem cells (CSCs). Experimental studies with nude mice treated LAC with
PU-PEI-miR 145 in combination with radiotherapy and cisplatin and this resulted
in maximal inhibition of tumor growth [234].

Other biodegradable polymers have been investigated to deliver miRNAs. PLGA
seemed to be one of the most successful biodegradable polymers currently used in
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Fig. 19.7 Workflow schematic of alternative splicing and miRNA inhibition induced by non-
arginine-coated nanoparticles (ARG-NPs) that deliver charge-neutral oligonucleotide analogs.
ARG-NPs comprise a spherical PLGA core coated with PEGylated ARG. Dehydrated ARG-NPs
were visualized by scanning electron microscopy (SEM), intracellular uptake of osmium tetrox-
ide-loaded ARG-NPs was visualized by transmission electron microscopy (TEM); scale bars for
SEM and TEM micrographs represent 1 um. (Adapted with permission from [316]. Copyright
2013 American Chemical Society)

translational research (Fig. 19.7). PLGA is approved by the Federal Drug Adminis-
tration (FDA) and the European Medicine Agency (EMA) for drug delivery [235].
One advantage of PLGA is the control attainable by altering the co-polymeric ra-
tios to achieve long-term release [236]. PLGA, which is 50% lactic acid and 50%
glycolic acid, is released when PLGA undergoes biodegradation. These monomers
are quickly metabolized through the Krebs cycle resulting in minimal toxicity [237].
While extremely biocompatible, the hydrophobic residues on the surface as well
as the nanoparticle size make PLGA particle targets for the RES. Cells in the RES
organs sequester PLGA particles by opsonization, leading to payload loss. Surface
modifications with other polymers such as polyethylene glycol (PEG) have led to in-
creased circulating half-life by several orders of magnitude [238]. PLGA drug delivery
has been used with antibiotics to treat infections, growth factors for tissue engineering
applications, and polymeric stent coverage in cardiovascular disease [239-243].
PLGA has also served as an effective delivery system for miRNA in cancer
therapeutics. Because of its favorable biocompatibility and ability to be targeted,
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PLGA encapsulation of miRNA has shown great efficacy [244, 245]. AntagomiRs
loaded in PLGA nanoparticles have been used to inhibit miR155 in a mouse model
for lymphoma and showed slowing of pre-B cell tumors in vivo [245]. Because of
the mechanism of internalization leading to endolysosomal compartment target-
ing, PLGA nanoparticles can be used to deliver miRNA to the regulatory proteins
responsible for the ultimate action of miRNA in the cell [237, 246]. Gomes et al.
have shown that PLGA can be used not only to deliver miR132 to endothelial and
mononuclear cells, but also as a vehicle to carry perfluoro-1,5-crown ether (PFCE),
a labeling compound used to track survival of cells [246]. Delivery of miR132 re-
sulted in a threefold survival of endothelial cells transplanted in vivo and a 3.5-fold
increase in blood perfusion in ischemic limbs following transplantation of miR132-
treated endothelial cells. While PLGA delivery of miRNA and RNAi therapeutics
is still early in development, the potential application and speed to translation are
apparent given its previous success in the clinic.

5.4 Lipid-Based Delivery

Similar to PLGA, lipid-based carriers have been approved by the FDA for use in
humans. There is a great diversity in the types of lipid-based carriers used for miRNA
delivery. The most widely studied are exosomes [247-249]. These naturally occurring
vesicles are derived from intracellular compartments and are released through fusion
of the multi-vesicular endosomes with the plasma membrane [249]. These lipid-based
carriers are capable of both transport and protection of the payload from the harsh
extracellular environment [249]. Our understanding of exosomes has given us insight
into the nature of intercellular miRNA communications and has led researchers to in-
vestigate other lipid-based vehicles for miRNA delivery, namely liposomes. Liposomes
represent a major sector of nanomedicines and consist of spherical lipid vesicles
30-200 nm composed of lipid bilayers encapsulating hydrophilic chemotherapeutics,
such as doxorubicin or danorubucin [250]. Doxil® and Myocet® DaunoXome® are
three anthracycline-carrying anticancer liposome formulations approved by the FDA
and have been used in clinics for more than a decade [251, 252]. The lipid bilayer
of liposomal formulations permits avoidance of renal clearance and improved intra-
cellular delivery. Examples abound as RNAi delivery vehicles, including PEGylated
liposomes, lipoplexes, lipoids, and lipidoids [229, 253]. Liposomal carriers alter
the biodistribution of the drug, increasing the circulation time and decreasing the
cardiotoxicity commonly associated with chemotherapeutics [254, 255]. Micelles
are spheres, roughly 20 nm in diameter, consisting of a single lipid or amphiphilic
polymer layer, with a hydrophilic exterior and hydrophobic lumen (Fig. 19.8) [256].
Lipid- and polymer-based nanoparticles for systemic delivery of siRNAs have been
developed and tested. While lipid-based delivery of miRNA is efficient, it tends to
induce an inflammatory response. On the other hand, biodegradable polymers induce
less inflammation, but deliver less efficiently and have shorter effects.
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Fig. 19.8 The evolution of liposomes. Simple liposomal vesicles are constructed of a lipid bilayer
shell. a Liposomes can trap molecules (red sphere) up to a few nanometers in diameter within the
hydrophobic region, while the hydrophilic region can trap molecules up to several hundred nano-
meters in size (green star). In order to negotiate biobarriers, “stealth” liposomes were constructed
for drug delivery applications. (b) Polymers attached to the lipid bilayer can be modified with
targeting moieties (blue rectangle) that enable specific cellular targeting. (c) Cationic liposomes,
able to carry DNA (purple circles), are constructed in an onion-like fashion with the DNA sand-
wiches between the cationic membranes. (d) In the most recent evolution, the bilayer is assembled
from cavitands where hydrophobic and hydrophilic chains can be attached. Within the cavitands
angstrom-sized molecules (yellow diamond) can be trapped on the surface. This enables molecules
of different sizes or configurations, such as miRNA, to be carried and protected. (Reproduced from
[256] with permission from Nature Publishing Group)

Lipoplexes contain cationic lipids in their bilayer that interact with the nega-
tively charged anionic nucleic acid molecules. The hydrophilicity of the nucleic
acids is offset by the cationic lipids and a net positive charge results, which allows
the liposomes to bind to anionic cell surface molecules [191]. These particles can be
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further modified to facilitate fusion with extra/intracellular membranes and foster
endosomal release once inside the cell via attributes like a pH-sensitive lipid head
group that causes endosomal membrane disruption, releasing the RNA payload.
Such later-generation formulations have proven to be 100 times more effective than
typical lipid-based carriers, requiring a fraction of the RNA for equal effect [191].

One study used a lung cancer model to compare the efficacy of a lipoplex/miR-
133 formulation with a reputable transfection agent and found that the lipoplex
application caused over a twofold increase in miR-133 expression, nearly a twofold
difference in target protein downregulation, and a 50-fold greater accumulation in
the target lung tissue without toxic effects [257]. Similar results were seen using
a lipid-based tumor suppressor miR-34a formulation in a mouse model of lung
cancer when administered locally or systemically [118]. Despite their safety and
easy preparation, liposomal formulations have less tumor specificity and lower
transfection efficiency than viral vector-based therapies, but the addition of surface
ligands and/or nanotechnology hybridization can enhance this property greatly
[258]. The Holy Grail in delivery of miRNA-based cancer therapy is a product
capable of delicately negotiating the many biological barriers to efficiently deliver
an RNAI payload with great tissue specificity, complete transfection, and no nega-
tive off-target effects on healthy tissue. A combination of today’s most advanced
biotechnology, such as nanomedicine, and biocompatible lipid- or polymer-based
carriers may just make this dream a reality.

5.5 Protein-Based Delivery

Nonlipid protein-based delivery mechanisms have also been used as drug deliv-
ery systems for oligonucleotides. Atelocollagen is a processed natural biomaterial
produced from bovine type I collagen [259]. Because it is derived from naturally
occurring collagen, it retains the characteristics of high biocompatibility and high
biodegradability [260]. The mixture of atelocollagen and oligonucleotides results
in complexes, 200 nm—10 pm [260]. Atelocollagen protects the nucleic material
from serum nucleases, which is a major biological barrier known to degrade nucleic
acids. [261]. Atelocollagen forms bonds with the nucleic acids in the miRNA or
siRNA, where hydrogen bonds are formed between the phosphate groups of the oli-
gonucleotides and the CH groups of the collagen (Fig. 19.9) [262]. By controlling
the size as potentially adding targeting moieties to the atelocollagen itself, this sys-
tem presents itself as an appealing and biologically inspired alternative to synthetic
polymer nanoparticle delivery systems.

Atelocollagen has found utility as a drug delivery system in both oncologic and
tissue engineering applications [263—-269]. As an oncologic drug delivery system,
atelocollagen has proven effective in delivering miRNAs to target tissues. In one
model of lung metastasis of osteosarcoma, Osaki et al. seeded luciferase-tagged
human osteosarcoma subclone cell line in the knee of athymic mice and allowed
lung metastasis to develop. Once metastasis was confirmed, the investigators
complexed miR-143 with atelocollagen for systemic delivery every 3 days for 19
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Fig. 19.9 The molecular model of atelocollagen—siRNA complex. Hydrogen bonds arise between
CH and phosphate groups. 1,3 phosphate groups are situated on the first chain of ds-siRNA and
the other 2,4 phosphate groups (which are below the 1,3 phosphate groups) are situated on another
chain. H-bonds are created between 1,3 <> 11,3 and 2,4 <> 2!,4! groups 1',3',2!,4! are CH groups
of Gly and Pro amino acids situated on the triple helix of collagen and 2',4! CH groups are situ-
ated below of 1',3' CH groups (“hydrogen bonding without water molecules™). On the “hydrogen
bonding with water molecules” are shown water-mediated intermolecular contacts between atelo-
collagen and siRNA which are restricted to the backbone phosphates and sugar 2’-OH groups (are
shown hydrogen bonding between one layer of phosphate groups and CH groups of collagen).
(Reproduced from [262] with permission from Elsevier)

days. At 1 week, the only lesions detected were those at the primary osteosarcoma
site in the knee. Following the course of treatment, only two often mice injected
with miR-143 atelocollagen showed lung metastasis [268]. Similarly, in a
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model of metastatic prostate cancer, miR-16 delivery via atelocollagen systemic
delivery resulted in significant reduction of bone metastatic growth [264]. The
tumor-suppressive effects of atelocollagen miRNA have also been demonstrated
in a xenograft tumor model of human colon cancer in athymic mice. miR-34a was
identified as a potential miRNA capable of growth arrest and growth suppression
through quantitative polymerase chain reaction analysis. The miRNA was then
complexed with atelocollagen for systemic delivery and then administered intra-
venously to the xenograft mice. miR-34a atelocollagen administration resulted in
upregulation of p53 and 36 % of cancer tissues demonstrated downregulation of
miR-34a [265]. As a delivery mechanism in oncologic treatments, atelocollagen has
demonstrated efficacy, but its utility has also been investigated in tissue engineering
applications. In a rat model of ligamentous healing, Shoji et al. demonstrated that
intra-articular injection of atelocollagen complexed miR-210 prompted healing of
a partially torn anterior cruciate ligament through enhancement of angiogenesis via
upregulation of vascular endothelial growth factor and fibroblast growth factor-2
[269]. In sum, the delivery of miRNA and other RNAi nucleotides has been demon-
strated using atelocollagen as a delivery mechanism.

5.6 Metallic Core Nanoparticles

Cancer therapeutic strategies include gene delivery to target cancer cells in order
to replace dysfunctional tumor suppressor genes, elicit immune rejection, or drive
tumor cells into apoptotic pathways. To date, several biological delivery vehicles,
including DNA, cationic liposomes, viral vectors, and siRNA nanoparticles, have
been used with advantages and limitations [270-272]. Other vehicles have thus
been investigated to overcome the inefficiencies of the previously described ve-
hicles. To this end, investigators have begun to look into metal-based nanoparticles,
namely gold nanoparticles for systemic miRNA delivery [273, 274].

Gold nanoparticles have received attention because of their unique physico-
chemical properties such as shape, surface area, amphiphilicity, biocompatibility,
and safe carrier capabilities essential for effective nucleotide delivery [275-278].
However, the nucleotide cargo, often siRNA, had to be modified to facilitate de-
livery [279-281]. These modifications would likely alter the activity of miRNA
and would therefore not be possible in their delivery. Recognizing the need to
efficiently deliver unmodified miRNA investigators has used gold nanoparticle—
miRNA complexing to form stable delivery vehicles. Crew et al. demonstrated that
through conjugation miRNA could be immobilized to the surface of gold nanopar-
ticles and efficiently transfected into cells for gene knockdown [282]. Similarly,
Ghosh et al. developed a system where unmodified miRNA would be bound to the
gold nanoparticles, then covered in a PEG layer to allow for protection from serum
nucleases (Fig. 19.10). In vitro functional characterization demonstrated that this
system was capable of efficiently delivering miRNA into cells resulting in signifi-
cant target gene downregulation and decreased cell proliferation [276]. While this
delivery system appears promising, true in vivo translation has yet to be realized.
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Fig. 19.10 Synthesis, delivery, and characterization of gold nanoparticles (AuNPs) and miR-
AuNP-S-PEG polyelectrolyte complexes. a Schematic diagram of the miR-AuNP synthesis and
uptake through endocytosis pathway. b TEM image of dialyzed cationic AuNPs that were pre-
pared by chemical reduction of chloroauric acid (HAuCl,) using sodium borohydride (NaBH,) in
the presence of cysteamine hydrochloride (HS-CH,CH,-NH,*CI") followed by dialysis against
RNAse-free water in a Spectra/Por dialysis membrane with a molecular weight cutoff of 10 kDa. ¢
Gel retardation assay: TBE-Urea gel electrophoresis of miR-AuNP polyelectrolyte complexes. In
each case, 1 pg of miRNA was loaded to observe polyelectrolyte complex formation with AuNPs.
(Reproduced from [276] with permission from Elsevier)

6 Future Perspectives on Drug Delivery:
Multistage Theory

The targeting of genetic materials, since their inception, has found difficulty in efficient
targeting. Naked oligonucleotides are rapidly cleared by nucleases and encapsulation
in lipid-based carriers, while effective, also suffer from rapid clearance in addition
to their immunogenicity [283, 284]. Opsonin recognition to lipid nanoparticles and
complement-mediated clearance can trigger toll-like receptor activation and transgene
silencing. While viral vehicles for delivery have the potential for mass reproduction
of carried genes and have shown some efficacy, they too are troubled with limitations
that have prevented their full translation into the clinic [285, 286]. In some cases, the
inflammatory response generated from the vector itself may enhance its clearance and
thus decrease the payload delivery and therapeutic efficacy [287]. Polymeric nanopar-
ticles similarly are troubled by clearance from the system [288]. While the mecha-
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nisms of clearance vary, the end result is the same in decreased payload delivery and
increased immunogenic response. Because of the ability to effectively target polymer
nanoparticles to the cell, they are capable of entry but release from the endosome
results in endosomal content leakage and intracellular damage [289]. Further, their
accumulation in RES organs such as the lung, liver, and spleen makes them difficult
to target elsewhere. Because of their recognition by the host as foreign, antibodies are
made and further dosing results in more decreased delivery as well as stimulating the
body to reject any cells transduced by the foreign viral particles [290-293].

To summarize, there are many limitations to the success and efficacy of current
delivery systems for RNAi and specifically miRNA delivery. These shortcomings
include inadequate targeting, poor tumor accumulation, systemic toxicity, and most
importantly, inadequate clinical translation and efficacy. A paradigm shift is needed
in the fundamental principles of how to target and deliver miRNA and other RNAi
oligonucleotides effectively to the site of interest. Since no single agent truly pos-
sesses the ability to overcome the plethora of obstacles to therapeutic delivery, a
multistage delivery approach proposes the use a nested multicomponent construct,
engineered to sequentially avoid biological barriers [178, 294]. According to the
multistage dogma, biobarrier avoidance, recognition, and cytotoxicity interdepen-
dence are reduced, yet acting in efficacious operational synchrony [295, 296].

7 Mesoporous Silicon and Therapeutic Applications

The rationale of the multistage theory is to decouple the multiplicity of tasks in tar-
geting to preferentially negotiate bio-barriers, sequester the vehicle at the site of in-
terest, and then deliver the payload. By enabling the slow, controlled, and persistent
release of a drug, one could potentially reduce toxicities and heighten the therapeu-
tic efficacy of the molecule. Through this mechanism, drugs with great therapeutic
efficacy, but previously deemed too toxic for systemic therapy, can be considered
for clinical use. Additionally, other barriers such as the blood-—brain -barriers and
the RES, previously thought to be unavoidable, may be negotiated. These barriers
have presented the most challenging obstacles to current oligonucleotide- based
therapies and present opportunities for improvement through multistage delivery.
Despite the vast assortment of nanomaterials, the majority of the nanocarriers
rely on molecules functionalized on their surface for biological recognition or pro-
tection from the RES. Polyethylene glycol-coated nanoparticles have been used
to hide the payload from elimination, but in doing so lose their targeting abilities.
Conversely, targeted particles, while preferentially finding their site of action, are
quickly cleared by the body’s defensive mechanisms. Unfortunately, the overall
activity of biological barriers ultimately prevents these carriers from localizing at
a specific site in adequate therapeutic concentrations [297, 298]. As nanocarriers
evolved from generation to generation, so did their ability to in overcome biobar-
riers. First-generation nanocarriers, relying on passively homing to diseased sites
through the enhanced permeability and retention, resulted in extravasation through
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Fig. 19.11 SEM micrographs of PSPs. a Digital composition of three distinct SEM micrographs
showing the nucleation side of' a 3.2 um, 1.6 um, and 0.97 pum PSP:the external corona (/) and the
nucleation site (2). b Digital composition of three distinct SEM micrographs showing the release
side of @ 3.2 pm, 1.6 um, and 0.97 um PSP. Section along the diameter and the lateral view of:
a flat disk PSP obtained by wet etch of the masking layer (¢, d, respectively); a discoidal PSP
obtained by trench formation by CF4 RIE (e, f, respectively); a hemispherical PSP obtained by
trench formation by SF6 RIE (g, h, respectively); a tubular PSP obtained by trench formation by
combination of HBr and SF6 RIE (i, j, respectively); a XLP1 PSP (k, I, respectively). (m) Close-up
view of the multilayer structure of an XLP1 particle, from top to bottom: 1 SP layer, 2 transitional
layer, 3 XLP layer. (c—m) Nucleation side is at the zop of the figure and release side at the bottom.
All scale bars are 200 nm. (Reproduced from [314] with permission from John Wiley and Sons
Publishing Group)

the tumor’s diseased vasculature. Second-generation nanocarriers possessed greater
functionality through the conjugation of targeting moieties and thus could selec-
tively concentrate at the site of interest. Liposomes and other targeted nanomaterials
such as gold are examples of delivery systems [299-301]. Third-generation nano-
carriers are characterized by their ability to carry both therapeutic and diagnostic
multifunctional components with logic-embedded functions. This system focuses
on negotiating the body’s biobarriers, accumulating at the target site, and delivering
the protected payload to the target site. To accomplish these combined operations,
third-generation nanocarriers are comprised of nanoparticles loaded into a nano-
structured carrier [302-304]. Third-generation systems are comprised of mul-
tiple components assembled with embedded instructions to act in a synergistic,
preprogrammable, and sequential manner. The multistage delivery system (MDS)
is an emblematic system for third-generation carriers and may be a potential solu-
tion to the shortcomings of current miRNA delivery mechanisms.
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Multistage Delivery System In order to negotiate biological barriers and fully utilize
the advantages of a third-generation nanocarrier, our laboratory envisioned and
engineered the MDS (Fig. 19.11). The MDS aimed to decouple the tasks required
of the carrier system into vehicle, nanocarrier, and therapeutic agent. By shielding
the nanocarrier and payload from the serum nucleases in the intravascular space, the
MDS vehicles can transport millions of loaded nanoparticles to the site of diseased
tissue. The rational design, based on mathematical modeling of blood flow within
diseased vessels, allows the micron-sized mesoporous silicon particles to exploit
aberrant blood flow of tumor vasculature and land itself in the tissue to selectively
deliver a nanoparticle-carrying payload. The governing principle of the MDS
involves the loading of nanoparticles into first-stage micron-sized particle that can
be finely tuned to achieve precise targeting. Tuning refers to changing the physical
properties of the particle to specialize it for the intended application and payload.
Pore size, porosity, shape, and size can all be calibrated based on the desired function,
target, and ultimate destination. With this approach, the first-stage silicon carrier is
optimized for the navigation through the bloodstream, avoidance of the RES and
nucleases, recognition of a diseased site, as well as retention and protection of a pay-
load. The second-stage nanoparticle, which can be a liposome, gold nanoparticle,
or a viral vector, is then capable of extravasation through the tumor’s fenestrations
and into the target microenvironment. Silicon, the precursor element to mesoporous
silicon and one of Earth’s richest elements, was strategically chosen to fabricate this
first-stage carrier because of its biodegradability and biocompatibility [305-307].
Porous silicon particles have shown considerable advantageous properties, such as
increased drug solubility, bioavailability, biocompatibility, and sustained localized
release. Through the direct release of the therapeutic agent at the site, one could
potentially increase the amount of drug actually penetrating the tumor.

To effectively target therapeutic agents, it is necessary to develop a delivery
system that is simultaneously able to negotiate biological barriers, while protect-
ing the payload, and then only at the site of interest effectively release its payload
[178, 308-310]. Designed to exploit the body’s natural environment, the discoid
shape was chosen for the MDS to allow for greater blood margination and im-
proved cell surface adhesion to the leaky vasculature of a tumor [308, 311]. The
pores’ tunable size enables control of surface area, density, the degradation rate, and
thus of the dose of drug released [312, 313]. The ability to customize the pore size
also permits the loading of nanoparticles of different sizes within the porous matrix
[314]. Through the employment of these unique features, therapeutic and imaging
agents can be loaded into the MDS and transported in an effective manner. As this
technology evolves and the capabilities of first-stage nanoparticle loading improve,
so does the potential for therapeutic and diagnostic applications.

8 Conclusion

Since the discovery of /in-4, miRNA has been shown to be a novel and multifunc-
tional target in many disease processes. Although the interconnectivity of gene
expression, protein synthesis, and miRNA interaction has yet to be elucidated,
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the utility of miRNA targeting or delivery has been demonstrated [315]. Many
obstacles, though, confront the true translation of these ubiquitously expressed small,
noncoding RNAs to the clinic. Effective negotiation of the body’s biological barri-
ers of serum nucleases, renal and hepatic clearance, vascular endothelium, cellular
membranes, and endosomal release is paramount to the success of these molecules
and effective therapeutic agents. To that end, investigators have developed and
tested many delivery systems ranging from synthetic to naturally occurring poly-
mers, as well as viral vectors for targeted delivery of the oligonucleotide payload.
These delivery systems have shown some success, but are limited by their poor
clinical translation. Although many advances in polymer chemistry and interdis-
ciplinary approaches have been utilized, a new paradigm for drug delivery could
potentially revolutionize the effective delivery of miRNA. Through multistage de-
livery, miRNA could be shielded from the degradation and sequestration, while not
sacrificing targeting or organ specificity. Taken together, there is great potential for
miRNA to have a great impact in the clinic, and with a proper understanding of the
obstacles to overcome and tools in our armament to negotiate these barriers, it will
find true translation into the clinic.
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