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RNA interference therapeutics for cardiac regeneration
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There is an impelling need to develop new therapeutics for
myocardial infarction and heart failure. A novel and exciting
therapeutic possibility is to achieve cardiac regeneration through
the stimulation of the endogenous capacity of cardiomyocytes to
proliferate. Proof-of-concept evidence of microRNA-induced
cardiac regeneration is available in both small and large animals
using viral vectors. However, a clinically more applicable strategy
is the development of lipid-mediated nanotechnologies for the
administration of RNA therapeutics as synthetic molecules. The
recent success of the Stable Nucleic Acid Lipid Particle (SNALP)
platform for the generation of nanosized, efficient and non-
inflammatory lipid nanoparticles paves the way to the
development of injectable nanoformulations of microRNAs
through cardiac catheterisation.
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The clinical need for cardiac regeneration

There i1s an impelling clinical need to develop new
therapeutic approaches for myocardial infarction (MI),
in order to prevent maladaptive cardiac remodelling and
fibrosis, two hallmarks of heart failure (HF) [1]. Pharma-
cological treatment for MI and HF has not evolved
significantly since the mid-‘90s (including the relatively
recent angiotensin receptor-neprilysin inhibitor (ARNTI)
combination [2]), as most of the drugs are based on patho-
physiological concepts developed over 30 years ago
(reviewed in Ref. [3]). While there is hope in the cardio-
vascular effects of SGL'T2 inhibitors to treat HF, the
effect of these drugs was discovered serendipitously in
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the course of anti-diabetic clinical trials [4] and there still
is no unanimous explanation for their mechanisms of
action. Of note, for conditions that are as prevalent as
MI and HF, no biological therapy (based on proteins,
antibodies, nucleic acids or cells) is currently available.

Over the last decade, it has clearly emerged that a major
reason underlying the prevalence of HF relates to the
incapacity of the heart to regenerate after an insult. MI
can kill as many as 25% CMs in the left ventricle in an
acute manner [5]. In addition, CMs are killed during
several other more chronic conditions, ranging from
inherited cardiomyopathies to drug-induced cardiac tox-
icity. This contrasts with the rate of CM renewal in adult
life, which is estimated to be less than 1% new CM
generation per year [6,7], far too low to provide clinical
benefit.

In contrast to other organs in which tissue formation and
regeneration is sustained by stem cells that persist
throughout life, cardiac progenitors generate CMs only
during the first phases of cardiac development, while CM
formation later depends on the proliferation of already
committed cells [8]. As a consequence, cardiac repair after
an insult depends on the capacity of CMs to enter the cell
cycle and duplicate. Proliferation of CMs, however,
remains robust throughout embryonic and foetal devel-
opment, and suddenly stops after birth, for reasons that
still escape our full understanding (¢f. Ref. [9] and refer-
ences cited therein). This contrasts with other species,
such as amphibians and fish, in which CM replication, and
thus cardiac regeneration after damage, can continue
throughout life. Thus, the development of therapeutic
strategies that stimulate cardiac proliferation in adulthood
offers an unprecedented opportunity to achieve cardiac
regeneration after MI and other conditions that deter-
mine CM loss.

Stimulation of cardiac regeneration by
microRNAs

Over the last few years, there has been a flurry of new
information on the possibility of achieving cardiac regen-
eration by stimulating the endogenous capacity of CMs to
proliferate [10]. One of the most exciting strategies in this
respect is to modulate the CM transcriptome through the
RNA interference (RNAi) pathway. The microRNAs
(miRNAs) that can stimulate CM proliferation can be
classified into one of three groups. The first group is
composed of miRNAs that are physiologically expressed
in embryonic stem (ES) cells and are required to maintain
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pluripotency. The prototype of these miRNAs is the
miR-302-367 cluster [11]. A second group includes dif-
ferent molecules participating in the regulation of cancer
cell proliferation. These comprise the miR-17~92 cluster
(also named OncomiR1) [12,13], and its paralogue clus-
ters miR-106b~25 and miR-106a~363 [14,15]. Lastly, the
third group includes a heterogenous series of miRNAs
that were directly discovered through high throughput
screenings for miRNAs that induce replication of neona-
tal rodent [16] or human [17] CMs. The most effective
miRNAs of this group include miR-199a-3p, miR-590-3p
and the primate-specific microRNA miR-1825. Despite
its absence in the rodent genome, miR-1825 is among the
most effective miRNA in driving proliferation of both
mouse and rat cells when delivered exogenously [18°].

A more effective way to express microRNAs in CMs is
through gene transfer of their pri-miRNA DNA using
AAV vectors, which show specific tropism for CMs and
other post-mitotic cells [19]. Expression of miR-199a
from AAV serotype 9 (AAV) in mice [16] and AAV6 in
pigs [20°°] induces cardiac regeneration and marked
improvement in cardiac function, as assessed over time
by echocardiography and cardiac MRI respectively. The
use of AAV vectors for cardiac regeneration, however, is
fraught with two critical problems. First, these vectors
persist and express their transgenes indefinitely. This is
not desirable for a pro-regenerative molecule, especially
as CM proliferation requires partial de-differentiation of
these cells, with potential risk in terms of arrhythmogeni-
city [20°°]. Second, generation of an effective, single-
stranded, mature miRNA inside the cells depends on
the activity of the RISC complex, which can generate
both 5p and 3p active RNA molecules from the same
double-stranded miRNA. In the case of miR-199a, while
miR-199a-3p is pro-regenerative, miR-199a-5p can exert
undesirable effects in the heart [21]. To overcome both
these limitations of AAV vectors, a very appealing option
is to directly deliver the desired miRNA strand transito-
rily as a synthetic molecule using lipid nanoformulations.

Lipid nanoformulations for non-coding RNA
delivery

There has been recent excitement in the possibility of
exploiting various nanotechnology tools for the delivery
of RNAI therapeutics (reviewed in Ref. [22], also in
reference to cardiovascular applications [23].

Traditionally, the transfection of small non-coding RNAs
(ncRNAs) in cultured cells has taken advantage of cat-
ionic lipids (such as DOTMA, DOSPA or DOTAP, which
bind the negatively charged RNA molecules), mixed with
a neutral lipid with a helper function (such as DOPE) to
form a lipoplex [24]. This kind of formulation forms the
basis of the widely used reagents of the lipofectamine
group (the original Lipofectamine is a 3:1 formulation of
DOSPA and DOPE). In particular, DOPE has a cone

microRNAs for cardiac regeneration Huntington et al. 49

shape, which is an optimal configuration to stabilise the
transient hexagonal phase during endosomal membrane
fusion and disruption, which is required for payload
delivery to the cytosol [24]. Lipoplexes are usually
formed by mixing preformed cationic liposomes with a
ncRNA in an aqueous environment. For cardiac regener-
ation, a single intramyocardial injection miR-199a-3p or
miR-590-3p or the intravenous administration of miR-
19a/19b [25°] mimics using one of the commercial, lipo-
fectamine-based formulations (RNAiMax) was shown to
stimulate a regenerative response in mice [26].

Lipoplexes are efficient tools for cell transfection with
miRNAs (or siRNAs). However, their large particle size
(often >1 wm), dissociation of the nucleic acid molecules
at the outer surface, aggregation by opsonization once in
the circulation, toxicity and inflammation # vive [27-30]
significantly hamper their clinical utilization. Some of the
shortcomings of positively charged lipoplexes can be
overcome by the use of neutral lipids, which show
improved biodistribution and reduced clearance from
the circulation. An example of these neutral lipids is
the commercial preparation MaxSuppressor iz vivo
RNA-LANCE'r II, composed of DOPC, squalene oil,
polysorbate 20 and an antioxidant. This formulation
was used for the daily intravenous administration of
the pro-regenerative miR302b/c [11], miR-19a/19b [25°
] or miR-708 [31] in mice. Furthermore, miR-199a-3p has
also been successfully used in lipid (DSPE-PEG) poly-
meric nanoparticles within a hydrogel to induce cardiac
regeneration after intramyocardial injection [32°].

Significant progress in lipid nanoformulation amenable to
clinical translation has been achieved by the use of
ionisable cationic lipids. These lipids are positively
charged at low pH and can thus complex with negatively
charged nucleic acids, while become neutral when pH is
raised to physiological values. This property, coupled
with the possibility of loading the lipid-nucleic acid
complexes into small particles, permits the generation
of neutral lipid nanoparticles (LNPs) that are devoid of
significant toxicity [24]. In particular, the SNALP (Stable
Nucleic Acid Lipid Particle) family of LNPs has gained
particular momentum in the last couple of years. The
overall first market approval for an siRNA therapeutic was
in 2018 for patisiran, an LNP carrying an anti-transthyr-
etin siRNA for the treatment of transthyretin-induced
amyloidosis [33°°]. The use of SNALPs for RNA delivery
then has achieved worldwide application starting from the
late 2020 with the COVID-19 vaccines pioneered by
Moderna (mRNA-1273 [34°°]) and Pfizer/BioNTech
(BN'T162b2 [35°°], for the administration of the SARS-
CoV-2 Spike mRNA.

Typically, in SNALPs, the nucleic acid is surrounded by a
lipid bilayer that forms a sphere with a mean diameter
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Schematic representation of a Stable Nucleic Acid Lipid Particle
(SNALP).

The figure lists the main lipids that can be used for the formulation of
SNALPs, according to chemical characteristics.

~100 nm and a neutral charge. The lipid bilayer com-
prises three essential components: an ionizable cationic
lipid (DODAP, DODMA, DLinDMA, DLin-KC2-DMA
and DLin-MC3-DMA); a couple of neutral helper lipids
(DSPC, cholesterol) and a PEG-derivatized lipid (Fig-
ure 1). The rationale for SNALP formation is that, at
acidic pH, the positively charge lipid allows for RNA
complexation, whereas, at physiological pH, the surface
charge is near neutral, reducing the particle cytotoxicity;
the other lipids help to stabilise the lipid bilayer [36]. The
nucleic acid cargo entrapment efficiency within the LNP
using ionisable lipids can reach 90% efficiency. In addi-
tion, DLin-MC3-DMA, which was used to formulate
patisiran and other SNALPs, includes two unsaturated
alyl chains, which give DLin-MC3-DMA the cone shape
required to stabilise the hexagonal phase and improve
endosomal escape [37]. Of the helper lipids, DSPC is
cylinder-shaped and therefore forms a bilayer structure
which provides increased stability to the LNPs, while
cholesterol, similar to its role in biological membranes,
provides stability in the presence of serum proteins and

assist in membrane fusion to facilitate endosome escape
[38]. Finally, the PEG-derivatized lipids provide an aque-
ous shield around the nanoparticle, which prolongs its
persistence in blood. PEGylated lipids can come in vari-
ous forms, the main two being permanent DSG-PEG, or
diffusible DMG-PEG. Table 1 reports the formulations
of some of the recently used LNPs and SNALPs.

Challenges in the formulation of SNALPs for
cardiac regeneration

For a nanosized particle to be successful in delivering its
ncRNA payload, it must remain stable in the circulation
(or in the tissue in which it is directly administered), enter
the cells efficiently, usually by endocytosis, avoid degra-
dation by escaping the endosomes while en route to
lysosomes, and localise in the cytoplasm where it can
be loaded into the RNA-induced silencing complex
(RISC).

Extracellular stability is usually ensured by the bilayer-
forming properties of DSPC (all the approved SNALP
therapies use this helper lipid [33°°,34°%,35°°]) and by
the inclusion of PEGylated lipids. In particular, the diffus-
ible DMG-PEG allows for the protection from LNP fusion
when these are in storage, while the lipid is shed from the
surface upon injection, therefore allowing the LNP to
transfect the target cells. On the other hand, increasing
the PEG half-life by augmenting the acyl chain length
increases the length of time PEG is retained on the LNP,
and therefore the LNP circulation time [39]. PEG, how-
ever, is immunogenic, and therefore a balance needs to be
struck in the PEG half-life that enables sufficient tissue
accumulation of LNPs without evoking a strong immune
response. PEG can also affect LNP size, with higher PEG
content resulting in smaller LNPs [40]. As LNP size
denotes the rate at which its components dissociate, smaller
particles having a greater surface area to volume ratio
exhibit the greatest dissociations and therefore reduced
stability in circulation [41].

Table 1
Lipid formulations in some of the RNA therapies based on LNP-mediated delivery that are currently approved or are in late-phase clinical
trials
Product Patisiran BNT162b2 (Pfizer-BioNTech mRNA-1273 (Moderna EPHARNA Atu027
COVID-19 vaccine) COVID-19 vaccine)
LNP technology SNALP SNALP SNALP Neutral liposome Cationic lipoplex
Therapeutic RNA Anti-TTR siRNA SARS-CoV-2 Spike SARS-CoV-2 Spike Anti-EphA2 siRNA Anti-PKN3 siRNA
modified mMRNA modified mRNA
lonisable lipids DLin-MC3-DMA ALC-0315 SM-102 AtuFECTO1
Neutral lipids DSPC DSPC DSPC DOPC DPhyPE
Cholesterol Cholesterol Cholesterol
PEG lipids PEGi000-C-DMG ALC-0159 PEG2000-C-DMG DSPE-PEG
Reference [47] [35°7] [34°7] [48] [49]
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Upon systemic administration, most LNPs accumulate
in the liver, followed by spleen, kidneys, lungs and then
the heart [42]. Particle size does not appear to signifi-
cantly affect this distribution pattern [41]. This high-
lights a challenge in both LNP formulation and route of
administration for their use in cardiac regeneration.
However, most available biodistribution studies are
carried out in healthy, non-inflamed tissues. Upon
inflammation, there is increased vessel permeability,
resulting in the so-called enhanced permeability and
retention (EPR) effect. Whether the EPR effect after
MI could be sufficient to promote preferential cardiac
accumulation of LNPs upon their systemic administra-
tion remains to be determined.

Onearea that could dramatically improve biodistribution of
an RNAI therapeutic after systemic administration is the

Figure 2
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direct modification of the RNA molecule, or of the LNP
including it, with a cell or tissue targeting factor. This has
determined the current success of RNAI therapies for the
liver. The very recently approved givosiran (an siRNA
against aminolevulinate synthase 1 for the treatment of
acute hepatic porphyria [43°]), lumasiran (an siRNA against
glycolate oxidase for primary hyperoxaluria type 1 [44]) and
inclisiran (an siRNA targeting the PCSK9 mRNA for the
treatment of hyperlipidaemias [45]), all developed by
Alnylam Pharmaceuticals, are siRNAs conjugates with
N-acetylgalactosamine (GalNAc) sugars, which bind with
high affinity and specificity to asialoglycoprotein (ASGPR),
a receptor abundantly expressed in hepatocytes. GalNAc
conjugates have been so successful that up to 2/3 of all
RNAI drugs currently in clinical trials are GalNAc conju-
gates [46]. Such an efficient system to target cardiomyo-
cytes has yet to be identified.
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Routes for RNAI therapeutics delivery.

These include injection into the coronary artery as during standard percutaneous coronary intervention or retrograde into the coronary sinus; or

intramyocardial, through either direct injection after minithoracotomy or

during bypass surgery; or after percutaneous catheterisation to reach the

left ventricle, followed by trans-endocardial delivery. A targeted LNP could be injected systemically without the need for catheterisation. Several
miRNAs (in particular, miR-199-3p, miR-590-3p, miR-1825, and the miR-302~367 and miR-17-92 clusters) can stimulate CM proliferation and can

be formulated with lipid nanocarriers for in vivo administration.
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Alternative (or additional) to organ targeting, the heart is
amenable to direct, intra-tissue administration. This can be
achieved through cither surgical access, that is, mini-tho-
racotomy followed by trans-epicardial delivery, or intraven-
tricular injection using a percutaneous catheter-based
approach, to achieve trans-endocardial delivery (Figure 2).
"The trans-epicardial approach is straightforward in terms of
myocardial access, but is fraught with the problems related
to cardiac surgery. On the contrary, the percutaneous
approach is a less invasive and more feasible delivery
method. At least four catheters have been developed to
deliver the treatment by a trans-endocardial approach
through the ventricular cavity, a relatively common proce-
dure performed in several cardiac catheterizations [3].

The most practicable approach for cardiac LNP delivery
appears to be via intracoronary administration, as this
procedure is routinely performed worldwide for left heart
catheterization and percutaneous coronary intervention.
LNP delivery can be performed by either infusion after
complete or partial balloon occlusion of the coronary flow.
As an alternative to anterograde coronary infusion, the
LNP can be administered by retrograde infusion through
the vein system. This approach, which is commonly used
in cardiac surgery to deliver effective cardioplegia, can
increase transfection efficacy, especially in a trans-epicar-
dial fashion.

While all these interventional approaches have been
extensively utilized in both large animals and patients
for the administration of both viral vectors and cells in the
past two decades [3], significant experience still need to
be developed on the feasibility and efficacy of LNP
delivery in these settings.
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