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ABSTRACT: Abnormal expression of microRNAs (miRNAs), which are highlyconserved noncoding RNAs that regulate the expression of
various genes post transcriptionally to control cellular functions, has been associated with the development of many diseases. In some
cases, disease-promoting miRNAs are upregulated, while in other instances disease-suppressive miRNAs are downregulated. To alleviate
this imbalanced miRNA expression, either antagomiRs or miRNA mimics can be delivered to cells to inhibit or promote miRNA expres-
sion, respectively. Unfortunately, the clinical translation of bare antagomiRs and miRNA mimics has been challenging because nucleic
acids are susceptible to nuclease degradation, display unfavorable pharmacokinetics, and cannot passively enter cells. This review
emphasizes the challenges associated with miRNA mimic delivery and then discusses the design and implementation of polymer
nanocarriers to overcome these challenges. Preclinical efforts are summarized, and a forward-looking perspective on the future clinical
translation of polymer nanomaterials as miRNA delivery vehicles is provided. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 137,

48651.
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INTRODUCTION

MicroRNAs (miRNAs) are evolutionarily conserved, noncoding
RNAs that regulate the expression of various genes by binding to
messenger RNA (mRNA) molecules in the cell cytoplasm either
with perfect complementarity, resulting in mRNA degradation, or
with imperfect complementarity at the 3’ UTR (untranslated
region), resulting in translational repression."? Since the first
miRNA, lin-4, was discovered in 1993,> over 1917 human miRNAs
have been identified, and these collectively regulate the expression
of at least one-third of protein-coding genes.*”® miRNAs play a piv-
otal role in controlling diverse cellular functions and metabolic
pathways, and dysregulated miRNA expression has been implicated
in diseases such as cancer, diabetes, heart disease, and more.">*
Consequently, delivering antagomiRs that suppress the expression
of overabundant disease-promoting miRNAs, or delivering miRNA
mimics to restore the expression of downregulated disease-
suppressive miRNAs, have become attractive therapeutic strategies
to eradicate disease. Unfortunately, unmodified antagomiRs and
miRNA mimics are not suitable for clinical use because they have
poor stability in biological fluids, unfavorable pharmacokinetic pro-
files, and limited ability to penetrate across cellular membranes.
Novel nanocarriers must be developed to protect these nucleic acids
from degradation, improve their pharmacokinetics, and facilitate
their intracellular delivery. Polymer-based delivery vehicles have
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received substantial attention owing to their favorable characteris-
tics and promising preclinical results. In this review, we summarize
the use of polymer nanocarriers specifically for delivery of miRNA
mimics to diseased cells. We describe the biological function of
miRNAs, discuss challenges associated with miRNA delivery, and
emphasize the advantages of polymer-based miRNA mimic deliv-
ery vehicles. Additionally, we summarize current preclinical efforts
and shed light on remaining challenges to be addressed in order for
polymer-based miRNA nanocarriers to successfully reach the
clinic.

MIRNA BIOGENESIS AND MECHANISM OF GENE
REGULATION

miRNA biogenesis includes both canonical and noncanonical
pathways. Here we describe the canonical pathway as it is used to
process the majority of miRNAs. In canonical miRNA biogenesis
(Figure 1), miRNAs are initially transcribed in the nucleus by
RNA polymerase II, producing primary miRNAs (pri-miRNAs)
that have an internal hairpin within their larger structure.” These
pri-miRNAs are cleaved by Drosha to remove each end, creating
~70 base pair (bp) long preliminary miRNAs (pre-miRNAs) with
an imperfect stem-loop structure that are then exported from the
nucleus into the cytoplasm by an exportin 5/RanGTP complex.®’
Once pre-miRNAs reach the cytoplasm, the RNase III
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Figure 1. Scheme of miRNA biogenesis and mechanism of gene regulation. miRNAs are transcribed as pri-miRNAs in the nucleus that are cleaved by

Drosha to form pre-miRNAs that are then transported to the cell cytoplasm by exportin proteins. Cytoplasmic pre-miRNAs with unstable stem-loop struc-

tures are further cleaved by dicer into small duplex RNA structures (miRNA:miRNA*) that contain both mature miRNA and its complementary strand
(miRNA*). The miRNA* strand is typically degraded, and the mature miRNA strand assembles into RISC and guides it to specific messenger RNAs
(mRNAs) to induce gene silencing. [Color figure can be viewed at wileyonlinelibrary.com]

endonuclease Dicer removes their terminal loop, resulting in
mature double-stranded miRNA duplexes that are ~22bp
long.®"°

After generation, one strand of the mature miRNA duplex,
known as the guide strand or the miRNA strand, is incorpo-
rated into the miRNA-induced silencing complex (miRISC),
which contains Argonaute proteins and is also known as the
miRNA-containing ribonucleoprotein  complex. The other
strand, known as the passenger strand or miRNA* strand, is
typically degraded, although there are instances where the
miRNA* strand is loaded into miRISC to facilitate gene silenc-
ing.'" Once the mature miRNA is loaded into miRISC, it guides
the complex to its cognate mRNA either with perfect comple-
mentarity or with imperfect base pairing. This results in either
degradation or translation repression of the targeted mRNA,
which thereby inhibits production of the encoded protein.
Because miRNAs can regulate the expression of multiple genes,
they play a fundamental and critical role in controlling cellular
functions. Consequently, abnormal miRNA expression has been
linked with the development of a broad spectrum of diseases,
including neurodegenerative disorders, cardiovascular disorders,
and cancers."” Restoring the normal expression of disease-
associated miRNAs is thus a promising therapeutic strategy, as
outlined in the following section.
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RESTORING NORMAL MIRNA EXPRESSION AND ACTIVITY
THROUGH MIRNA MIMIC OR ANTAGOMIR DELIVERY—A
THERAPEUTIC STRATEGY

In the past quarter century, the field of miRNA biology has
expanded significantly. Due to global efforts in miRNA cloning
and characterization and advances in technologies such as gene
chips and real-time polymerase chain reaction, miRNA expression
profiles have been rapidly established. As mentioned before, over
1917 human miRNAs have been identified to date and the abnor-
mal over- or underexpression of specific miRNAs has been linked
to the occurrence of various diseases. For example, several tumor-
suppressive miRNAs, such as members of the miR-34,'>'*> miR-
200,'*1° let-7, and miR-155'°"'® families (among others), have
been identified as downregulated in cancers of the breast, lung,
pancreas, bladder, ovary, and more. The loss of expression of these
tumor-suppressive miRNAs allows cancer cells to proliferate
uncontrollably, resist treatment, and invade foreign tissues,
resulting in increased rates of metastasis and poorer prognoses."’
Moreover, multiple oncogenic miRNAs such as miR-21,%2°
210,>"?% and miR-221**** have been identified as overexpressed in
cancers including lymphoma, hepatocellular carcinoma, and non-
small cell lung cancer, contributing to their progression. Apart
from cancer, abnormal miRNA expression has been linked with
the initiation and progression of cardiovascular disease,'”*>">’
atherosclerosis,?®~3° diabetes,>'™>* hepatitis C,>*%7 scleroderma,®

miR-
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and more.! For example, miR-122 upregulation increases the
expression of hepatitis C virus RNA, and miR-21 upregulation in
myocytes is linked with cardiac hypertrophy and fibrosis." Given
that abnormal miRNA expression is linked with a number of dev-
astating diseases, the development of technologies that can restore
miRNA expression and activity to normal levels is a promising
therapeutic strategy.

The two strategies that exist for restoring miRNA function to
normal levels include (1) inhibiting miRNA activity through
antagomiR delivery and (2) elevating miRNA expression through
miRNA mimic delivery.’**’ In the first approach, antagomiRs
(also known as anti-miRs), which are chemically modified syn-
thetic antisense oligonucleotides that are complementary to their
target miRNA, are delivered into cells and they sequester the
mature miRNA to prevent mRNA binding, which thereby
restores expression of the mRNAs that were previously silenced
by the miRNA.*" The design and use of antagomiRs have been
reviewed in detail elsewhere*'; so this review focuses on discus-
sion of miRNA mimics. miRNA mimics are synthetic double-
stranded RNAs that are designed to replenish the activity of
endogenous miRNAs whose expression is lost in disease states.
These miRNA mimics are designed to have the same nucleotide
sequence as the endogenous miRNA, and upon cellular delivery,
they should load into miRISC and silence the same mRNAs that
are targeted by the endogenous miRNA. While single-stranded
RNAs that match the guide miRNA sequence could, in theory,
achieve the same function as the endogenous miRNA, studies
have shown that double-stranded miRNA mimics that contain
both the guide and passenger strands are 100-1000 times more
potent than single-stranded RNAs because they are better able to
load into RISC.'®"? In the following sections, we discuss the chal-
lenges associated with enabling miRNA mimic delivery into dis-
eased cells and tissues and introduce the design parameters that
must be considered when developing miRNA mimic delivery
vehicles.

CHALLENGES ASSOCIATED WITH ADMINISTRATION OF
MIRNA MIMICS

To facilitate successful gene regulation, systemically administered
miRNA mimics (and their carriers) must overcome many physio-
logical barriers (Figure 2). Namely, they must be stable in circula-
tion, cross vessel walls, penetrate through the extracellular
matrix, be internalized by target cells, reach the cytosol, and be
incorporated into RISC to induce downstream silencing of target
mRNAs (Figure 2). Unfortunately, like small interfering RNAs
and antisense oligonucleotides,'* naked miRNA mimics
(i.e., miRNAs that are administered without any delivery vehicle)
that are injected into the bloodstream are rapidly degraded by
serum nucleases and cleared from the body. If any miRNA
mimics reach the target site, they are at risk of instantaneous deg-
radation by exonucleases and endonucleases present in the dis-
ease environment. Moreover, the hydrophilicity, negative charge,
and large size (~14-15 kDa) of naked miRNA mimics limit their
ability to cross negatively charged cell membranes via passive dif-
fusion. Finally, naked miRNA mimics can engage toll-like recep-
tors to activate the innate immune system, causing undesirable
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Figure 2. Scheme depicting the biological barriers that miRNA nanocarriers
must overcome. miRNA nanocarriers must overcome various biological
barriers to facilitate gene regulation. Specifically, they must (1) prevent
miRNA degradation from serum nucleases and provide long circulation in
the blood, (2) cross vessel walls and penetrate through the diseased tissue,
(3) be efficiently internalized by target cells, (4) protect miRNA cargo in the
harsh endo/lysosomal environment and escape endosomes, and (5) release
miRNA into the cytoplasm so it can load into RISC to elicit gene knock-
down. [Color figure can be viewed at wileyonlinelibrary.com]

immunological side effects.*” Overcoming these barriers is a key
for successful implementation of miRNA replacement therapy.

Historically, chemical modifications have been used to increase
the stability and limit the immunogenicity of RNA therapeutics.*?
Phosphorothioate modification of the RNA backbone, which sub-
stitutes a sulfur atom for an oxygen atom, reduces the ability of
nucleases to degrade this bond.** Likewise, replacing the 2’-OH
with 2/-O-methyl, 2’-O-methoxyethyl, or 2'-fluoro groups can
increase binding affinity to target mRNA,"” enhance nuclease
stability,** and extend serum stability.*> However, chemical mod-
ifications can also reduce the specificity and functionality of RNA
therapeutics, and such alterations typically do not improve pene-
tration across biological barriers.** Therefore, there is a need to
develop innovative delivery vehicles that can protect miRNA
mimics from degradation and deliver them to target cells to
induce robust gene regulation. Below, we introduce some of the
key design parameters for miRNA mimic delivery vehicles.

DESIGN PARAMETERS FOR MIRNA MIMIC DELIVERY
VEHICLES

As summarized above and illustrated in Figure 2, miRNA deliv-
ery vehicles must overcome many biological barriers to effectively
deliver their cargo and regulate gene expression in target cells.
Many characteristics influence the biodistribution, pharmacoki-
netics, and cellular uptake of materials, including size, charge,

J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48651


http://wileyonlinelibrary.com
http://WILEYONLINELIBRARY.COM/APP

REVIEW WILEYONLINELIBRARY.COM/APP
Size Surface charge
Design Parameters for
miRNA Delivery Vehicles
» Surface
Composition

functionality

Figure 3. Design parameters for miRNA mimic delivery vehicles. The size,

surface charge, surface functionality, and composition of miRNA
nanocarriers influence their biodistribution, pharmacokinetics, and cellular
trafficking, which ultimately define both safety and efficacy. [Color figure

can be viewed at wileyonlinelibrary.com]

and surface functionality (Figure 3). With respect to size, nanoscale
materials are ideally suited for RNA delivery because they can pro-
tect RNA from degradation, extend circulation half-life, facilitate
cellular entry, and increase therapeutic index.*® Indeed, various
nanoparticle (NP) delivery systems have shown considerable
promise for the delivery of plasmid DNAs, antisense oligonucleo-
tides, small interfering RNAs (siRNAs), and miRNAs to diseased
cells in vitro and in vivo.*’~®" When considering size as a design
parameter for miRNA mimic delivery vehicles, it is important to
note that NPs with diameters less than ~5 nm rapidly undergo
renal clearance upon intravenous administration and those with
diameters greater than ~200 nm exhibit splenic filtration due to
the 200-500 nm size range of interendothelial cell slits.** Gener-
ally, NPs with diameters ranging from 10 to 100 nm are the lon-
gest circulating, with those less than 100 nm achieving the greatest
tissue/cell uptake and transfection efficiency.®>*

In addition to size, surface charge and surface chemistry also play
a significant role in nanomaterial circulation time and cellular
entry and should thus be considered when designing miRNA car-
riers. Since cells have negatively charged membranes, they can
internalize positively charged nanomaterials more readily than
negatively charged or neutral materials due to electrostatic inter-
actions. However, when injected in the bloodstream, positively
charged particles are cleared more rapidly than negative or neu-
tral NPs and can induce hemolysis and platelet aggregation.**
Within the bloodstream, all NPs, regardless of charge, are masked
by a biological corona (mainly consisting of opsonin proteins)
that leads to their sequestration by the mononuclear phagocytic
systems (MPS), reducing their distribution half-life.***> The rapid
clearance of positively charged NPs is likely a consequence of the
fact that the initial surface charge of an NP will dictate the spe-
cific makeup of the protein corona that forms on its surface, giv-
ing it a new “biological identity” that ultimately dictates
pharmacokinetics and biodistribution.®®
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One strategy to minimize protein corona formation is to passiv-
ate the surface with poly(ethylene glycol) (PEG) polymer chains
containing a methoxy end group. This provides a “stealth effect”
in which a water hydration layer surrounds the NP to prevent
opsonization and sequestration by the MPS. For example, adding
PEG to liposomal doxorubicin increased its half-life from
% While there are numerous examples of
PEGylation being used to enhance NP circulation and target

minutes to hours.

delivery, there are also some limitations to PEGylation.®”*® First,
PEGylation can lead to an immune response, as up to 70% of
people have anti-PEG antibodies existing in their body.®® Addi-
tionally, PEGylation can limit the cellular uptake of NPs. This
can be overcome by simultaneously decorating NPs with ligands
designed to bind specific receptors that are overexpressed on the
surface of the target cells in order to facilitate receptor-mediated
endocytosis.”>”' We recently reviewed the different types of
targeting strategies that are utilized in nanomedicine’” and note
that there is currently substantial debate regarding the benefits of
targeting agents. For targeting agents to effectively mediate cell-
specific binding and internalization, the NPs must first reach the
diseased tissue, penetrate through the tissue to interact with the
desired cells, and then engage the targeted receptors. This
requires that the protein corona formed around the NP does not
limit the effectiveness of the targeting agent, which is difficult to
achieve. Recent meta-analyses and experimental studies have
emphasized this point by showing that targeting agents only
modestly improve the percentage of NPs that reach their target
cells.”>”* These findings, and the challenges associated with the
PEG immune response, have led researchers to begin exploring
alternative strategies to enhance NP delivery to target cells, such
as designing NPs to mimic cells within the body to hide them
from the immune system and increase target delivery.”>”>”"’

Once an miRNA nanocarrier has overcome the aforementioned
barriers to reach its target cell, it must then be internalized. Cells
can take up NPs through either receptor-mediated or nonreceptor-
mediated endocytosis, and the specific mechanism is influenced by
both NP size and surface functionality. The mechanism of uptake
is critical since it dictates the microenvironment the NPs will ulti-
mately face after internalization. If NPs are internalized by
clathrin-mediated endocytosis, the classic method of uptake, then
they will be routed to endosomes and then to lysosomes, where the
harsh acidic and enzyme-rich environment will degrade nucleic
acid cargo.***>%* Alternatively, if NPs are internalized by caveolin-
mediated endocytosis, they will be trafficked to neutral caveosomes
and bypass the acidic lysosomal environment.*®*>®* The ultimate
fate of nanomaterials in caveosomes is still being explored, but
some evidence suggests caveosomes route their cargo to the endo-
plasmic reticulum and the cytoplasm.”® Regardless of the mecha-
nism of uptake, RNA nanocarriers must ultimately reach the
cytosol to deliver their miRNA cargo to miRISC.

Since clathrin-mediated uptake is the primary method by which
NPs enter cells, an extraordinary amount of research has
explored ways to enable endosomal escape of NPs prior to lyso-
somal fusion.”””®' Studies have shown that materials with a high
buffering capacity (such as polyethylenimine [PEI]) can be incor-
porated into NPs to induce swelling and rupture of endosomes.
This is often attributed to the “proton sponge effect,” wherein
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proton absorption by the material leads to an influx of water and
rupture of the endosomal compartment, but recent studies have
called into question the accuracy of this proposed phenome-
non.**® An alternative strategy is to coat RNA carriers with
fusogenic peptides or lipids or membrane-destabilizing pep-
tides.®” Finally, cationic polymers can be incorporated into NPs
to mediate endosome escape by causing the positive surface of
the NP to interact with the negative outer surface of the endo-
some, leading to membrane flipping and cargo release via the
“flip-flop” mechanism ®*%°

The final, but perhaps most important, design parameter that
one might consider in creating an miRNA mimic delivery vehicle
is the composition of the carrier. Composition will dictate
whether the miRNA is loaded on the surface of the carrier or
encapsulated within the carrier, and it will also dictate the degra-
dation profile (if any), as well as the rate of cargo release. Metal-
based NPs,*° liposomes,”****” polymer nanocarriers®®®>
(including polymer NPs, polyplexes, and dendrimers), lipid
NPs,”**” hydrogels,”®'° and more have been explored for the
delivery of siRNA and miRNA. The benefits and limitations of
lipid NPs and liposomes and of metal NPs as miRNA delivery
vehicles have been reviewed elsewhere.”>*>*>'°! In the following
sections, we review polymer nanocarriers that have been explored
for delivering miRNA therapeutics, highlighting their preclinical
success and challenges remaining in the transition to the clinic.

POLYMER NANOCARRIERS FOR MIRNA DELIVERY

Polymer materials have been widely explored as tools to carry
therapeutic cargo (e.g., small molecules, peptides, proteins,
DNAs, siRNAs, and miRNAs) to specific tissues/cells to intervene
in disease."”*>>1921%3 The types of polymers that have been
incorporated into delivery vehicles include poly(lactic-co-glycolic
acid) (PLGA), PEG, poly-L-lysine (PLL), poly-L-arginine (PLA),
PEI, and more. The advantages of polymer carriers over other
material choices include ease of synthesis, biodegradability,
tailorability, and the ability to overcome certain biological bar-
riers (Figure 2) to extend circulation and facilitate cell uptake and
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endosomal escape.'®'% With respect to miRNA mimic delivery,
the most widely studied delivery vehicles include polyplexes,
PLGA NPs, and dendrimers, whose structures are depicted in
Figure 4. The following sections highlight the accomplishments
made with each of these systems.

Polyplexes

Polyplexes are nanocarriers that consist of negatively charged
nucleic acids that are complexed with positively charged poly-
mers (polycations) through electrostatic interactions [Figure 4
(a)]. Various cationic polymers such as PEI, chitosan, and N-
(2-hydroxypropyl) methacrylamide (HPMA) have been explored
for intracellular delivery of different miRNAs.'"*™"'® Compared
with viral vectors, polyplexes have several advantages, including
ease of manufacturing and low immunogenicity. Accordingly,
they have been widely explored for miRNA delivery, as summa-
rized below.

PEI is one of the most commonly used polycations for miRNA
delivery. It consists of repeating units of CH,CH,NH and can
have either a linear or a branched structure. Ibrahim et al. used
branched PEI to deliver miR-33a or miR-145 (both are known
for their tumor-suppressive role) in a murine colorectal carci-
noma model.'"" Intraperitoneal injections of PEI/miR-145 or
PEI/miR-33a in nude mice with subcutaneous LS174T colorectal
tumors significantly attenuated tumor growth and reduced the
expression of the target genes c-Myc and ERK5, as compared with
mice that received control PEI/miRNA polyplexes.''" Others have
also prepared PEI polyplexes to deliver miRNA mimics to treat
triple-negative breast cancer (TNBC).!'>''% One drawback associ-
ated with PEI is that it can bind to negatively charged cytosolic
proteins and cause aggregation resulting in cytotoxicity.”o To
overcome this limitation, researchers have utilized PEI modified
with either disulfide groups''® or PLL,''* which can maintain or
enhance transfection efficiency while reducing toxicity. Hwang
et al. explored a similar approach to enable miRNA delivery to
the brain, wherein disulfide-modified PEI (SSPEI) was conjugated
to rabies virus glycoprotein (RVG) to form RVG-SSPEI that
could target acetylcholine receptors on neural cells.'"* Compared

() ',pll 4.'."

wineY

Dendrimer

electrostatically complexed with cationic polymers (blue). (b) PLGA NPs can encapsulate miRNA molecules in their interior to protect them from premature

degradation during transport. (c) Dendrimers are hyperbranched polymers with tree-like structures that can be complexed with miRNAs electrostatically or

that can be chemically linked to miRNAs through their end-terminal functional groups. [Color figure can be viewed at wileyonlinelibrary.com]
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with unmodified PEI/miRNA polyplexes, the RVG-SSPEI
polyplexes were less toxic in acetylcholine receptor-positive Neu-
ro2a cells and they also greatly enhanced the delivery of miR-
124a to the brain parenchyma following intravenous injection
into Balb/c mice.""*

The above studies demonstrate that the toxicity of PEI can be
lessened by cleverly engineering the polymer design. However,
additional studies need to be performed to further optimize the
therapeutic ratio of PEI polyplexes. In general, as the molecular
weight of PEI increases, so does its toxicity.'®”''® Additionally,
the structure of PEI affects its toxicity, as linear versus branched
PEIs interact differently with cells owing to differences in the
types of amine groups they contain (linear PEIs contain strictly
primary and secondary amino groups, while branched PEIs also
contain tertiary amino groups).“s’117 Understanding structure/
function relationships is critical to maximize the potential for
PEI/miRNA polyplexes to have success in the clinic.

Another polycation that is frequently used for miRNA delivery is
chitosan, which is a naturally derived linear disaccharide com-
posed of N-acetyl-D-glucosamine and D-glucosamine.''®
Chitosan/miRNA polyplexes have been investigated to treat a
broad spectrum of disorders, including spinal cord injury and
cancer, with impressive results. For example, delivery of miR-124
via chitosan polyplexes reduced neuroinflammation in a rat with
spinal cord injury.'®” Moreover, ex vivo transfection of chitosan/
miR-124 polyplexes in rat microglia reduced the secretion of pro-
inflammatory factors [e.g., TNF-a (tumor necrosis factor alpha)]
and decreased expression of major histocompatibility complex-IL
Furthermore, injured rats that chitosan/miR-124
polyplexes had significantly reduced macrophage activation as
compared with injured rats that received chitosan/miR-CTRL
polyplexes. This drastic in vivo attenuation of neuroinflammation
suggests that chitosan nanocarriers could prove useful as miRNA
delivery vehicles for brain disorders.'"”

received

With respect to cancer, chitosan-based polyplexes that delivered
miR-200a or miR-200b to tumor vasculature in a metastatic
HeyA8 ovarian cancer model reduced metastatic burden by 92%
compared with control miRNA."* Likewise, miR-34a/chitosan
polyplexes reduced bone metastasis of both breast and skin can-
cers in murine models,” and they also attenuated prostate tumor
growth in the bone in an intrafemoral model that represents
established prostate cancer bone metastasis.”* Given that metasta-
sis is the leading cause of cancer-related deaths, these results are
extremely exciting and warrant further investigation into the use
of chitosan-based miRNA delivery vehicles.

In recent years, some less common polymers have begun to be
explored for miRNA delivery. For instance, Peng et al. conjugated
a CXCR4 antagonist, AMD3465 to HPMA via a disulfide linker
and prepared polyplexes to deliver miR-200c into U20S human
osteosarcoma cells.'®® U208 cells that were treated with P-SS-
AMD/miR-200c polyplexes had significantly reduced migration
and lower levels of ZEBI (a known miR-200c target) compared
with U20S cells that received negative control P-SS-AMD/miR-
NC polyplexes. While these results are promising, the lack of
in vivo studies with P-SS-AMD polyplexes limits the potential
impact of these findings.'”° A different imine backbone-based
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polymer, TPSP, was used by Luo et al. to synthesize polyplexes for
treatment of diabetic peripheral neuropathy (DPN) through deliv-
ery of miR-146a-5p, an miRNA that has anti-inflammatory effects
in DPN.'® TPSP consists of imine, spermidine, and
1,4-phthalaldehyde linkers with an external shell of PEG-PCL-mal-
totriose-COO™. Compared with DPN rats that received no treat-
ment or empty TPSP polyplexes via intramuscular injection, those
that received TPSP/miR-146a-5p polyplexes had significantly lower
levels of the pro-inflammatory cytokines interleukin (IL)-6 and IL-
10."% Additionally, Western blotting on explanted sciatic nerve tis-
sue samples showed that DPN rats that were treated with TPSP/
miR-146a-5p polyplexes had significantly decreased expression of
the proapoptotic factor TNF-o and cleaved caspase-3 compared
with DPN rats that received no treatment or empty TPSP
polyplexes.'® These results suggest that TPSP/miR-146a-5p
polyplexes can attenuate DPN-associated inflammation and sciatic
nerve damage.'® They also support further investigation into this
polymer for delivery of other therapeutic miRNAs.

While the above studies demonstrate that polyplexes can offer
good transfection efficiency in vitro and elicit gene regulation
in vivo, there is always a dilemma when using polyplexes for
RNA delivery because their in vivo efficacy and clinical develop-
ment have been thwarted due to their high toxicity, which limits
the range of practical doses that may be safely applied."*'"°
Accordingly, other polymer-based materials, such as those
described in the following sections, may be more likely to reach
the clinic in a timely manner.

PLGA Nanoparticles

PLGA NPs [Figure 4(b)] are attractive tools for drug and gene
delivery owing to their biodegradability, biocompatibility, and abil-
ity to encapsulate and protect either hydrophobic or hydrophilic
cargo. PLGA consists of lactic and glycolic acid monomers that are
coupled by ester linkages, and the ratio of the monomers identifies
the type of PLGA (e.g, 50:50 PLGA, the most commonly
employed in nanomedicine, consists of 50% lactic acid and 50%
glycolic acid). To produce PLGA NPs, either single- or double-
emulsion solvent evaporation is used. The single emulsion, or oil-
in-water emulsification method, is used to encapsulate water-
insoluble drugs, while the double-emulsion water-in-oil-in-water
method is used to encapsulate water-soluble cargo such as nucleic
acids."”” In biological environments, PLGA degrades by hydrolysis
of the ester linkages and the rate of degradation depends on the
monomer ratio, with 50:50 PLGA displaying the fastest degrada-
tion. As hydrolysis of the ester linkages yields the original mono-
mers that can be metabolized in the body by the Krebs cycle,
PLGA has minimal toxicity.""® Given these desirable properties,
PLGA has been approved by the Food and Drug Administration
(FDA) for parenteral administration for many decades, with many
products available on the market. Most products have focused on
hydrophobic cargo delivery, with researchers only recently turning
their attention to miRNA delivery.

To facilitate miRNA delivery, PLGA NP formulations are typi-
cally prepared with an additional positively charged molecule
such as PEI'* or chitosan,”® which can increase loading by con-
densing the nucleic acids through electrostatic interactions. In
some cases, this leads to RNA loading within the PLGA NP
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core,'*” while in others the RNA is bound to the exterior of
the PLGA NP.” In an alternative approach, copolymers of PEI-
PLGA,” PLL-PLGA,"' or PLA-PLGA'** can be used to synthe-
size miRNA-loaded NPs. With these various formulations, encap-
sulation efficiencies ranging from 78.3%'*° up to 95.1%°> have
been reported. Further, all these different synthesis strategies can
achieve sustained miRNA release, which is important for thera-
peutic utility. Arora et al. showed that PLGA NPs loaded with
miR-150 mimics and PEI as a condensing agent could release
~60% of their cargo within 14 days at 37 °C in Tris-ethylene
diamine tetraacetic acid (TE) buffer containing 10% serum,'?’
while Cai et al. showed that their NPs made with mPEG-PLGA-
PLL-lactobionic acid polymers could release ~85% of their miR-
99a cargo within 6 days at 37 °C in TE buffer."”' Besides enhanc-
ing RNA loading, another advantage of using PEI, PLL, PLA, or
similar polycations to prepare PLGA NPs is that these molecules
can enhance endosome escape, as described in preceding sections.
Achieving cytosolic delivery is imperative for miRNA mimics to
load into RISC and elicit therapeutic gene silencing.

As with other miRNA nanocarriers, PLGA NPs have been most
widely studied for their use as tools to fight cancer. Those that
incorporate PEI have been tested only in vitro, with Arora et al.
showing they could deliver miR-150 mimics to pancreatic cancer
cells to reduce cell motility and invasion'*® and Wang et al. dem-
onstrating they could deliver miR-542-3p to TNBC cells to pro-
mote apoptosis by activating p53 and inhibiting survivin
expression.”” Notably, Wang et al. co-encapsulated doxorubicin
in their NPs, which were coated with hyaluronic acid to target
CD44 receptors on TNBC cells, and showed that they could
increase drug uptake and cytotoxicity in MDA-MB-231 TNBC
cells as compared with MCF7 cells that have low CD44 expres-
sion.”” Excitingly, several other PLGA NP miRNA nanocarriers
have achieved in vivo success. For example, PLGA NPs have been
used to treat multiple myeloma via miR-34a delivery,”” hepatic
carcinoma via miR-99a delivery,'*' and colon cancer via miR-204
delivery'** in murine models. These studies demonstrate the sub-
stantial potential of PLGA NPs as miRNA delivery vehicles.

PLGA-based miRNA nanocarriers have also been used for appli-
cations beyond cancer. Intimal hyperplasia is the thickening of a
blood vessel, typically in response to injury, and miR-145 is
downregulated in hyperplastic vascular smooth muscle cells.
Nishio et al. showed that they could use PLGA nanocarriers to
increase miR-145 expression by 18.5-fold in vascular smooth
muscle cells in vitro, and this translated to attenuated intimal
hyperplasia in a rabbit model.'*> In another study, McKiernan
et al. showed PLGA microparticles could deliver pre-miR-19b-3p
to macrophages, which are cells that play a critical role in inflam-
matory diseases such as cystic fibrosis.'>* Although this research
is in its early stages, it is exciting given that macrophages are dif-
ficult to transfect.

Importantly, some of the above studies that included in vivo ana-
lyses have indicated PLGA is a safe material to use for miRNA
delivery, as animals treated with PLGA NPs have shown no signs
of tissue toxicity, changes in blood chemistry, or alterations in
body weight.”>'*! A limitation of these studies is that they were
restricted to short time frames, so future studies should examine
long-term safety and the body’s response to multiple injections of
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PLGA NPs. Additionally, future studies should directly compare
the potency of PLGA NPs versus other carriers as miRNA deliv-
ery vehicles.

Dendrimers

Dendrimers are hyperbranched polymers with symmetric tree-like
structures [Figure 4(c)]. All dendrimers have the same structural
makeup, which is a central core surrounded by three or more bra-
nches of repeating monomer units."*> At the ends of the branches
are terminal functional groups that provide ease of conjugation.'*®
The number of repeating branch units defines a dendrimer’s “gen-
eration” and dictates its overall globular structure. Dendrimers are
attractive as miRNA delivery vehicles because they have a combina-
tion of properties that distinguish them from other polymer deliv-
ery systems. The main advantage of dendrimers is that they have
precise and well-defined size, which is controlled by the choice of
monomeric unit used to make them.'”” In addition to controlling
size and shape, the monomer unit building blocks also define the
resulting dendrimer’s charge and solubility. A further advantage of
dendrimers is that they can be conjugated to many desired end
moieties due to the sheer amount of functional terminal groups
they contain. Overall, dendrimers are customizable and can thus be
designed with specific desired properties to enable various thera-
peutic applications. When complexed with biological molecules,
dendrimers are called dendriplexes, and cationic dendrimers are a
practical choice of carrier for miRNA because they can readily asso-
ciate with negatively charged nucleic acids. While many dendrimer
types have been explored for siRNA delivery'**'** and antagomiR
delivery,'**~'?® little research has examined the use of dendrimers
for miRNA mimic delivery. Below, we describe some of the findings
in this field to date.

Polyamidoamine (PAMAM) dendrimers have been the most
widely studied for delivery of siRNAs, antagomiRs, and miRNA
mimics due to their low toxicity in comparison to other classes.'*®
To facilitate miRNA delivery to specific cells, PAMAM dendri-
mers are often coated with targeting ligands."**~"*" For example,
Duan and coworkers conjugated chondroitin sulfate (CS) to
PAMAM dendrimers to form CS-PAMAM that could deliver
miR-34a to CD44 overexpressing pancreatic cancer cells.'”
MiaPaCa-2 human pancreatic carcinoma cells treated with CS-
PAMAM/miR-34a dendriplexes showed moderately higher apo-
ptosis (21.3%) and cell cycle arrest in G1 phase (75.4%) than cells
treated with nontargeted dendriplexes, which exhibited 17.5%
apoptosis and 70.7% GI1 arrest. To put these numbers in perspec-
tive, untreated control cells displayed 6% apoptosis and 55.2% G1
arrest."> In a similar strategy, Liu et al. modified PAMAM den-
drimers with folic acid (FA),"*® which can bind folate receptors
that are overexpressed by many cancer cell types. Using these
FA/PAMAM dendrimers, they showed they could deliver miR-7
to U251 glioma cells in vitro to suppress cell proliferation and
invasion by decreasing the expression of the miR-7 target genes
EGFR, PI3K, and AKT2.'*° When U251 cells that were treated
in vitro with FA/PAMAM/miR-7 dendriplexes were subsequently
inoculated into the right caudate, tumor growth was significantly
delayed as compared with tumors that were formed by untreated
cells or cells treated with miR-7-loaded nontargeted liposomes."*’
Further, the FA/PAMAM-miR-7 tumors had decreased expression
of markers indicative of proliferation and invasion, including
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proliferating cell nuclear antigen, and matrix metalloproteinases
2 and 9."*° Moving forward, these studies should be extended to
more clinically relevant models where tumor treatment is per-
formed by systemic or intratumoral injection of the dendriplexes.
Additionally, targeted versus nontargeted dendriplexes should be
compared, and miR-7 cargo should be compared against scram-
bled control miRNA.

In an intriguing study, Gray et al presented a novel targeting
approach wherein they constructed “bowtie” shaped PAMAM den-
drimers in which one side was polyplexed with miR-126 and the
other side was conjugated to either polyarginine (polyR), a cell-
penetrating peptide, or to RGD peptides, which can also facilitate
cell uptake."*" Since miR-126 regulates vascular integrity, endothe-
lial cell proliferation, and neovascularization, the bowtie dendri-
mers were examined for their interactions with human umbilical
vein endothelial cells (HUVECs).'*' When HUVECs were treated
with either the polyR-bowties or the RGD-bowties, they experi-
enced significantly enhanced tube formation as compared with
nontreated cells or cells treated with undecorated bowties. qPCR
validated that the bowtie formulations reduced the expression of
SPREDI mRNA, a known target of miR-126."*!

Besides being coupled to targeting agents, dendrimers have also been
coupled to other entities to enable multifaceted therapy and imag-
ing. For example, Yang et al. modified gadolinium-functionalized
nanographene oxide (Gd-NGO) with PAMAM and showed that
these materials could be complexed with both the anticancer drug
epirubicin (EPI) and Let-7g miRNA for regulation of the Ras path-
way."** Accordingly, these materials could act as dual drug/miRNA
delivery vehicles and also be imaged by magnetic resonance imag-
ing. When U87 human glioma cells were treated with Gd-NGO
alone, the expression levels of Pan-Ras proteins were unaltered, but
treatment with Gd-NGO/Let-7g significantly reduced Pan-Ras
expression. Additionally, incubation of U87 cells with naked Let-7g
miRNA in the presence of transfection reagent or with Gd-NGO/
scrambled miRNA had no effect on Pan-Ras expression.'*” The
impact of the different materials on U87 cell viability was assessed
through XTT (2,3-bis-[2-methoxy-4-nitro-5-sulfophenyl]-2H-tet-
razolium-5-carboxanilide) assay, which quantifies cellular prolif-
eration based on a colored product that forms when
mitochondrial enzymes reduce extracellular XTT. This showed
Gd-NGO and pure Let-7g were not cytotoxic toward U87 cells.
This assay also revealed that the concentration of EPI required
for 50% inhibition of cellular growth (ICsy) was higher for free
EPI than for Gd-NGO/EPIL. Furthermore, the ICs5y of Gd-NGO/
Let-7g/EPI was significantly lower than that of Gd-NGO/EPI or
Gd-NGO/Let-7g.'"** These findings led the authors to conclude
that inhibition of oncogenic Ras signaling by Let-7g can sensitize
U87 cells to EPI chemotherapy. These results remain to be vali-
dated in in vivo models, but overall, this approach to enhance
drug potency through miRNA delivery has notable potential.

Beyond PAMAM, other dendrimers have also been explored for
miRNA delivery. One, developed by Satchi-Fainaro and team, con-
sists of polyglycerolamine (dPG-NH,).*>! In an initial study, the
team showed that human peripheral blood mononuclear cells that
were treated with dPG-NH, dendrimers carrying tumor-suppressive
miR-34a exhibited minimal secretion of TNF-alpha and IL-6,
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demonstrating that dPG-NH,/miR-34a polyplexes have low immu-
nogenicity.”" Further, intratumoral injection of dPG-NH,/miR-34a
polyplexes in mice with glioblastoma significantly attenuated tumor
growth and prolonged survival compared with mice treated with
control dPG-NH,/NC-miR polyplexes or phosphate-buffered
saline.”*

In an exciting related study, the team demonstrated that these den-
drimers could deliver miR-34a, miR-93, or miR-200c to osteosar-
coma to regulate dormancy and progression.*” Polyplexes
composed of dPG-NH, dendrimers and each respective miRNA
mimic reduced the levels of the target genes cMET, hypoxia-
inducible factor 1o (HIFIar), and moesin in two different aggressive
osteosarcoma cell lines, Saos-2 and MG-63.* The authors
further demonstrated that delivery of miR-93 and miR-200c via
these dendrimers reduced the level of vascular endothelial growth
factor (VEGF) and thus attenuated the angiogenic capabilities of
fast-growing osteosarcoma in vitro and in vivo.*® Furthermore,
intratumoral administration of the dendriplexes in Saos-2-E tumor-
bearing SCID mice yielded ~100 000-fold increased expression of
miR-34a and miR-93 and ~1000-fold increased expression of miR-
200¢.% This increased expression converted Saos-2-E tumors into a
phenotype that resembles dormant tumors, which was maintained
for ~40 days.*” The median survival of the mice was noticeably
extended by 55 days following treatment with miR-93 and by
74 days following treatment with miR-34a or miR-200c.*

Together, the above studies demonstrate the exciting potential of
dendrimers as miRNA delivery vehicles. However, like other
polymer carriers, toxicity is a concern blocking the clinical trans-
lation of dendrimers. All classes of highly branched dendrimers
are cationic at physiological pH and therefore present cytotoxic
and hemolytic properties.'*> The cationic properties and toxicity
will vary depending on the makeup of the dendrimers and the
end functional groups."** The main reason for this toxicity is that
the positive charge of the dendrimers, which enhances cellular
uptake, also leads to destabilization of negatively charged cell
membranes.'** When dendrimers are conjugated to targeting
antibodies, drug molecules, or nucleic acids, this decreases the
number of reactive groups, which subsequently reduces the
charge and associated toxicity."*>'*® One strategy to improve
dendrimers’ safety is to modify their surface with PEG moieties,
which reduces cytotoxicity and extends circulation."**™'**> Other
methods include shielding of the positive charges via acetyla-
tion'>® and hydroxylation."*"'** Moving forward, minimizing
toxicity will be imperative for dendrimer therapeutics to reach
their full clinical potential.

FUTURE OUTLOOK: REMAINING CHALLENGES TO ADDRESS
TO ENABLE CLINICAL TRANSLATION OF POLYMERIC MIRNA
NANOCARRIERS

A substantial body of work indicates polymer-based miRNA
nanocarriers have great promise to treat a variety of diseases.
Table I summarizes some of the systems that have been devel-
oped and examined in preclinical studies. The beauty of
miRNA replacement therapy is that it offers the ability to tar-

get virtually any gene known to contribute to disease
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Table I. Polymer-Based miRNA Nanocarriers in Preclinical Animal Studies
Delivery vehicle
(polycation) miRNA Disease/Target Delivery route Animal model Reference
Polyplexes
PEI miR-145, miR- Colon carcinoma Intraperitoneal injection Subcutaneous 111
33a inoculation of LS174T
or HCT116 cells in
athymic nude mice
RVG-SSPEI miR-124a Acetylcholine Tail vein injection Male BALB/c mice 114
receptor positive
euro2a cells
Chitosan miR-124 Macrophages, Spinal cord Female, Sprague-Dawley 107
microglia microinjection rats
Dendrimers
Polyglycerol miR-34a Glioblastoma Intratumoral injection Subcutaneous 91
(dPG-NH>) inoculation of human
U87 MG cells in male
SCID mice
TPSP (imine miR-146a-5p DPN Intramuscular injection Male Wistar rats 108
backbone-
based polymer)
Polyglycerol miR-34a, miR- Osteosarcoma Intratumoral injection Subcutaneous 89
(dPG-NH>) 93, and miR- inoculation of Saos-
200c 2-E cells in SCID mice
FA-conjugated miR-7 Glioma U251 cells were treated  Intracranial tumors 140
PAMAM with the dendrimers formed from
in vitro before pretreated U251 cells
inoculation in mice
PLGA NPs
Chitosan/PLGA miR-34a Multiple myeloma Intravenous injection Interscapular injection of 92
NPs (SKMM1. cells) SKMM1 cells in NOD-
SCID mice
mMPEG-PLGA- miR-99a Hepatic carcinoma Intravenous injection Subcutaneous 121
PLL-LA/ inoculation of HepG2
VEGFab NPs cells in BALB/c mice
PLGA/PLA-PEG- miR-204-5p Colon cancer Intravenous injection Subcutaneous Luc-HT- 122
FA NPs with 29 tumors in female
spermidine athymic BALB/c nu/nu
mice
Chitosan/PLGA miR-145 Venous intimal Incubation of rabbit Implantation of jugular 123
NPs hyperplasia jugular vein grafts in vein grafts in the

mPEG-PLGA-PLL-LA/VEGFab NPs, monomethoxy (polyethylene glycol)-poly(D,L-lactide-co-glycolide)-poly(L-lysine)-lactobionic acid-anti-vascular endo-
thelial growth factor antibody NPs; PLGA/PLA-PEG-FA NPs, poly(D,L-lactide-co-glycolide)/poly(L-lactide)-block-poly(ethylene glycol)-folate polymer NPs.

progression. If this vision can become a reality, it will trans-
form medical practice. However, there are many substantial
challenges that remain to be overcome in order for polymer-
based miRNA therapeutics to reach their therapeutic potential
(Figure 5).

One key challenge for miRNA replacement therapy is to identify
a target miRNA whose loss of expression is specific to disease
and whose replacement with miRNA mimics will halt disease
progression without causing off-target effects. Bioinformatic
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prediction of miRNA targets is challenging because miRNAs can
bind hundreds of mRNA molecules and miRNA expression can
be heterogeneous across tissues. With the advent of human
genome and Gene Chip technology, our understanding of various
miRNAs, their targets, and their role in normal physiology and
disease has significantly improved. By coupling knowledge
derived from databases such as The Cancer Genome Atlas,
miRTarBase, or StarBase with technologies such as miR-CHIP
sequencing and biochemical assays, our ability to identify
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Challenges to Address

Optimizing miRNA
target selection

Minimizing toxicity and
off-target gene regulation

Overcoming biological barriers to
increase site-specific delivery

Scaling up manufacturing

Figure 5. Remaining challenges to address to enable clinical translation of

polymeric miRNA nanocarriers. [Color figure can be viewed at

wileyonlinelibrary.com]

miRNA-mRNA associations will continuously improve. Using
prediction tools such as TargetScan will help researchers more
accurately predict mRNA targets of miRNAs and enable more
efficient identification of promising miRNA mimics for disease
intervention.

A second challenge associated with miRNA replacement therapy
is toxicity related to nonspecific gene silencing and immune reac-
tion. With regard to nonspecific gene silencing, this includes both
miRNA-induced silencing of previously unknown mRNA targets,
as well as the silencing of known mRNA targets inside healthy
cells rather than diseased cells due to off-site delivery. It is also
possible that overloading RISC with exogenous miRNA can hin-
der the ability of endogenous miRNAs to achieve their normal
cellular function and/or hyperactivate cellular pathways to reduce
the viability of normal cells.'> It is difficult to predict the magni-
tude of off-target toxicity for miRNA mimic delivery vehicles
because few studies have evaluated the effect of miRNA therapeu-
tics in vivo. Most studies performed in animals have concluded
that miRNA mimics and their carriers are well tolerated.**"'% It
was therefore extremely surprising when the phase I clinical trial
of MRX34, a liposomal miR-34a formulation, was halted due to
cases of cytokine release syndrome, an immune-related toxicity,
occurring in patients.161 However, it is not known whether the
adverse effects were due to off-target effects of the miRNA or due
to the design of the liposomal delivery vehicles. Many scientists
predict that therapeutic miRNA mimics will be better tolerated in
humans than siRNA because the endogenous miRNAs that are
being replaced in diseased cells are still expressed in healthy cells.
Thus, any accumulation of miRNA mimics in normal cells will
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be an insignificant increase relative to what is already present.'®

In contrast, since diseased cells have low to no expression of the
targeted miRNA, accumulation of miRNA mimics in these cells
should have substantial impacts. Nevertheless, it is of the utmost
importance to design miRNA sequences with the goal of mini-
mizing side effects.

As noted throughout this review, the clinical translation of
miRNA mimics relies heavily on the development of safe and
efficient carriers. Several systems have shown promise in pre-
clinical scenarios, but one challenge remaining to be addressed
is scaling up the manufacturing of NP delivery vehicles. Cur-
rently, many NPs are formed via self-assembly and mixing of
various components, and it is difficult to produce consistent
size, quality, and stability as the batch size increases, which is
necessary for large clinical trials. New microfluidic methods
have been developed to provide better control over manufactur-
ing of polymeric NPs comprised of three to four chemical com-
ponents, resulting in less batch-to-batch variability.'®*~"
Implementing techniques such as this will be imperative for the
field moving forward.

Beyond manufacturing, several challenges related to enabling
nanocarriers to overcome biological barriers remain to be
addressed. PEGylation is the primary method of enhancing nano-
material stability and circulation, but recent studies showed the
body can produce a substantial anti-PEG immune response.'®”'%®
This may severely limit the use of PEGylated carriers in the clinic.
Therefore, innovative design strategies are required to abrogate or
minimize the immunogenicity associated with PEGylated carriers
or to enhance circulation and stability without PEG coatings.'®
Additionally, most nanocarriers are trafficked to the liver and
spleen following intravenous delivery. Minimizing the percentage
of MPS clearance and maximizing delivery to desired tissues will
be critical for the success of miRNA nanocarriers. Finally,
endosomal escape is a major bottleneck for the translation of
miRNA therapeutics. According to Gilleron et al., only 1-2% of
siRNAs conjugated to colloidal gold NPs achieve endosome
escape,170 and it is likely that similar levels are achieved for
polymer-based miRNA carriers. Improving this efficiently even
slightly may dramatically increase the potency of miRNA
therapeutics.

In summary, miRNA mimics are exciting tools to combat disease.
Although some challenges remain to be addressed regarding
miRNA selection and the synthesis and optimization of delivery
carriers, polymer-based miRNA nanocarriers have a promising
path forward toward clinical translation. There are multiple stud-
ies investigating the therapeutic potential of miRNA mimics in
preclinical trials, and some commercial efforts are already under
way.'”'"7* As we continue to learn more about basic miRNA biol-
ogy and to develop new knowledge in the fields of biomaterials
and nanomedicine, the potential of miRNA replacement therapy
will become a reality.
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