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Myocardial infarction occurs every 36s or nearly 1 million times in the United States. The treatment of acute
myocardial infarction (AMI) has been revolutionized with coronary reperfusion ensuring over 96% in-hospital
survival. There has, however, been a paucity in technological advancement in the field of acute coronary
syndrome, with nearly 30% of individuals progressing toward heart failure after AMI. This has engendered a
pandemic of ischemic heart failure worldwide, mandating the development of off-the-shelf regenerative in-
terventions, including gene-encoded therapies, capable to acutely target the injured myocardium. However, the
main challenge in realizing gene-encoded therapy for AMI has been the inadequate induction of gene ex-
pression following intracoronary delivery. To address this challenge, we, in thls study, report the use of
synthetic modified messenger RNA, engineered to reduce lag time. Termed M RNA (mlcroencapsulated
modified messenger RNA), this platform achieved expeditious induction of protein expression in cell lines
(HEK?293, human dermal and cardiac fibroblasts) and primary cardiomyocytes. Expression was documented as
early as 2—4 h and lasted up to 7 days without impact on electromechanical coupling, as tracked by patch clamp
electrophysmlogy and calcium imaging in transfected cardiomyocytes. In vivo, firefly luciferase (FLuc) and
mCherry M’RNA myocardial injections in mice using ~ 100 nm nanoparticles yielded targeted and temporally
restricted expressmn of FLuc protein within 2 h, and sustained for 72 h as assessed by Xenogen and mCherry
expression usmg immunofluorescence. In a porcine model of myocardial infarction, proteln expressmn targeted
to the area of injury was demonstrated following mtracoronary delivery of alginate carrying M°RNA encodlng
mCherry. MPRNA thus enables rapid protein expression in primary cardiomyocytes and targeted expressmn in
mouse and porcine hearts. This novel technology, capable of inducing rapid simultaneous protein expression,
offers a platform to achieve targeted gene-based therapies in the setting of AMI.
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Impact Statement

The M’RNA (microencapsulated modified messenger RNA) platform is an approach to deliver messenger RNA (mRNA)
in vivo, achieving a nonintegrating and viral-free approach to gene therapy. This technology was, in this study, tested for its
utility in the myocardium, providing a unique avenue for targeted gene delivery into the freshly infarcted myocardial tissue.
This study provides the evidentiary basis for the use of M°RNA in the heart through depiction of its performance in cultured
cells, healthy rodent myocardlum and acutely injured porcine hearts. By testing the technology in large animal models of
infarction, compatibility of M°RNA with current coronary intervention procedures was verified.
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Introduction

CARDIOVASCULAR DISEASES, exemplified by acute myo-
cardial infarction (AMI), remain a leading cause of
morbidity and mortality.'~ Biologics-based therapies have
been proposed as a means to expand therapies available
to secure cardiac protection and ensure regeneration. A
focal point of investigation has been viral vectors or
oligonucleotide-mediated gene therapy.® Viral gene de-
livery has been challenged due to serious safety concerns,
including risk of mutation and triggering of the innate im-
mune response.'® Lentiviral vectors have the capability to
infect nondividing cells within the myocardium leading
to long-term expression, but are limited due to integration
into the host genome and poor transduction efficiency.'!
Conversely, plasmid DNA, considered safer, is hampered by
lower transfection efficiency due to inefficient nuclear
translocation and risk of inflammation at the injection site.
Moreover, modification of plasmid DNA using a strong
constitutive promotor can increase expression, but harbors
risk of integration inducing unexpected modifications.'®'?

Small interfering RNA (siRNA) due to their specificity in
downregulating proteins have been used as therapeutic tar-
gets in cardiovascular diseases, for example, PCKS9 inhi-
bition to ameliorate hypercholesterolemia'® and silencing
CCR2, a chemokine receptor-improved MI recovery.'*
MicroRNAs (miRNAs), just as siRNAs, are endogenously
produced by noncoding short nucleotides that inhibit protein
expression and play a critical role in maintaining cardiac
function, for example, cardiomyocyte-specific deletion of
dgcr8 caused dilated cardiomyopathy and heart failure in
mice heart.'> Although signals of benefit have been reported
at preclinical stage, gene delivery technology has not been
broadly realized in the setting of AML.

The main limitation centers on a lack of ready-to-use
technologies that can be delivered acutely at the time of
percutaneous coronary intervention (PCI), with the capacity
to target the site of injury and achieve rapid induction of
desired proteins.'®'” To this end, the use of mRNA to
generate therapeutic proteins has recently emerged poten-
tially, offering advantages over viral or DNA-based thera-
peutics.'®° Implementation of an mRNA-based approach
would create an effective tool to induce protein expression
in the setting of AMI.

RNA administration offers several advantages over DNA,
protein, or viral technologies as the protein expression using
mRNA is rapid, as its translation into proteins does not require
nuclear transfer. 2% In recent years, mRNA constructs have
become more prevalent in therapeutic applications as they are
easier to design and their modifications such as 5* mRNA anti-
reverse cap analogues (ARCA) and poly (A) tails during their
synthesis significantly promote and prolong efficient transla-
tion of foreign mRNA within cells with minimal immune re-
sponse.”® However, a major hurdle in the use of therapeutic
mRNA is delivery efficiency and intact functionality needed to
induce protein expression within cells and tissues of interest.

In this study, we test M°RNA to deliver and achieve protein
expression in vitro and in vivo. We, in this study, provide data
establishing this off-the-shelf gene delivery platform to rapidly
induce protein expression for a defined time horizon within
synchronously beating nondividing cardiomyocytes, in intact
heart tissue and ultimately within acutely infarcted tissue.
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Materials and Methods
Ethical consideration

This study followed the NIH guidelines and received
IACUC and Biosafety Committee approval.

Cell lines and primary cell cultures

Cell lines used were human dermal fibroblasts (HDF;
passage number P25-P29), human cardiac fibroblasts (HCF;
Passage number P10-P14), and HEK293 cells (Passage
number P38-P42) purchased from ATCC. HDF were iso-
lated from skin biopsy of a 46-year-old male. Other than
Figure 1, the cells utilized are from primary cardiomyocyte
cultures, which were freshly isolated and were never pas-
saged. Cells were maintained and passaged in DMEM (with
Glucose), 10% fetal bovine serum, 1% Pen/Strep, and 1%
glutamine. Initial plating density of cell lines was 200,000
human embryonic kidney (HEK) cells and 350,000 HDF
and HCF cells/well in six-well plates. All cell lines were
checked periodically for mycoplasma contamination. Time-
pregnant rats were purchased from Charles River and rat
cardiomyocytes were obtained from 19-day-old embryos,
and cardiomyocytes were isolated according to manufactur-
er’s instructions using Pierce neonatal primary cardiomyo-
cyte isolation kit (ThermoFisher Scientific, Waltham, MA).

Antibodies, mRNAs, and transfections

Antibodies used are anti-mCherry (Rat IgG2a Mono-
clonal, 1:1000; ThermoFisher Scientific), anti-Cardiac Tro-
ponin T (Mouse IgG1l Monoclonal, 1:200; ThermoFisher
Scientific), and anti-FLuc (Goat Polyclonal; 1:250; Novus
Biologicals, Littleton, CO). Enhanced green fluorescent
protein (EGFP), mCherry, and firefly luciferase (FLuc)
mRNAs (Trilink Biotechnologies; San Diego, CA) featured
modifications such as ARCA cap, polyadenylated tail, and
modified nucleotides (5-methyl cytidine and pseudouridine)
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/tea). In vitro transfection
studies for all the cell lines were carried out at ~60-65%
confluent cells using Lipofectamine MessengerMAX trans-
fection reagent (ThermoFisher Scientific). We used 2.5 pg
each of indicated mRNAs/well in six-well dishes for single
transfection or co-transfections. For mice studies, we used
12 pg each of indicated mRNA for intracardiac injections in
mice and 250 pg mCherry mRNA/pig for porcine studies.

Flow cytometry

Transfection efficiency was determined using FACS
CantoX. Briefly, cells were mock or mCherry-mRNA
transfected, trypsinized, and collected at 4 and 24 h (1 % 10°
cells/mL) in 4% formaldehyde, in clear polystyrene tubes
fitted with a cell filter. Tubes were then introduced into the
FACS CantoX for analysis.

Calcium imaging

Calcium transients in cardiomyocytes were visualized
using Cal520AM.?” Briefly, cardiomyocytes were trans-
fected with mCherry mRNA overnight and were assessed if
the cardiomyocytes were beating posttransfection under the
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FIG. 1. M’RNA-mCherry expression in multiple cell lines. (A) Representative fluorescence and phase contrast images of HCF and
HEK cells upon mCherry mRNA transfection at indicated time periods. Scale bar=100 um. (B) Fluorescence of mCherry protein
expression was quantified in HDF, HCF, and HEK cells. Plots indicate mean+ SEM of average fluorescence intensity (arbitrary units) at
indicated time points (n=3). ANOVA using GraphPad Prism with Tukey’s multiple comparison test revealed significant differences
between 48 and 144 h in HCF and HDF (****p <(0.0001), and significant expression at all time points in all three cell lines when
cornpared to 4h (****%p <0.0001, **p <0.01, and *p <0.05). (C) Representative flow cytometry plots of HCF and HEK cells upon
M’RNA-mcherry transfection. (D) Percent transfection efficiency of sorted HDF, HCF, and HEK cells was using mock-transfected
cells as control and transfected cells at 4 and 24 h. Results are plotted as mean+ SEM (n = 3) of three different cell lines. ANOVA using
Dunnett’s multiple comparison test revealed significant differences between the 4- and 24-h transfection with M°RNA-mCherry in HCF
and HEK cells (**p <0.01, ****p<0.0001), and significant expression levels at 4 and 24 h transfection in all three cell lines when
compared to mock transfected cells (***%p <0.0001). ANOVA analysis of variance; HCF, human cardiac fibroblasts; HDF, human
dermal fibroblasts; HEK, human embryonic kidney cells; M°RNA, microencapsulated modified messenger RNA; NS, not significant.

microscope. On the following day, cells were loaded with  bated for 30 min in an incubator, washed, and further in-
Cal520AM (5mM) 1:1 with powerload (Invitrogen, Carls- cubated for 15min to allow complete de-esterification of
bad, CA) at the final concentration of 10uM in Tyrode Cal520AM. Complete medium was added to cells and im-
buffer (in mM) 1.33 CaCl,, 1 MgCl,, 5.4 KCl, 135 NaCl, aging was performed on Zeiss upright LSM5 live confo-
0.33 NaH,PO,, 5 glucose, and 5 HEPES. Cells were incu- cal microscope using 20 X objective (NA 0.8) in a 37°C
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humidified chamber with 5% CO,. Transfected and non-
transfected cells in the same area were identified in the
mCherry 543 nm excitation. Ca®* transients in rat primary
cardiomyocytes were collected at 488 nm excitation. Two
hundred fifty single image frames were collected at 10 fps
and the data were analyzed by measuring the emitted fluo-
rescence from regions of interest (ROI) over single cardio-
myocytes using Zen software and exported to excel, and the
graphs were created to show Ca®" transients.

Patch-clamp recording in primary cardiomyocytes

Patch clamp recording was performed with the modifi-
cation of protocol.”®?? Neonatal rat primary cardiomyocytes
were transfected with mCherry-modified mRNA using the
whole-cell configuration of the patch-clamp technique in the
voltage-clamp mode. Patch electrodes, with 5-7 MQ resis-
tance, were filled with (in mM) 120 KCI, 1 MgCl,, 5 EGTA,
and 10 HEPES with 5 mM of ATP 9 (pH 7.3), and cells were
superfused with (in mM) 136.5 NaCl, 5.4 KCl, 1 MgCl,, 1.8
CaCl,, and 5.5 HEPES plus glucose 1 g/L (pH 7.3). Mem-
brane currents were measured using an Axopatch 200B
amplifier (Molecular Devices). Cellular membrane resis-
tance and cell capacitance were defined online based on
analysis of capacitive transient currents. Series resistance
(15-20MQ), was compensated by 50-60%, and along with
uncompensated cell capacitances were continuously moni-
tored throughout experiments. Current density was obtained
by normalizing measured currents to cell capacitance. Pro-
tocol of stimulation, determination of cell parameters, and
data acquisition were performed using the custom BioQuest
software.”*° Experiments were performed at 33°C +1.8°C.

Image analysis

Imaging of cell lines was performed using either upright
Zeiss Axioplan epifluorescence widefield microscope
(10 x objective, NA 0.3) or LSM780 confocal microscope
(40 x water objective, NA 1.2). Data for quantitation of
fluorescence intensity were then analyzed by importing the
figures into Tiff format and analyzed using Image J. Aver-
age fluorescence intensity for the whole image was quanti-
fied and plotted.*'-**

In vivo delivery of FLuc, EGFP,
and mCherry-modified mRNA

In vivo delivery of modified mRNAs were carried out in
FVB/NJ mice (18-22 g, 6-8 weeks of age) Jackson laboratory
using modified protocol.*® Under anesthesia, the heart was ex-
posed and indicated M°RNA at 12.5 pg/mRNA/mice (as indi-
cated) was injected in the myocardium of left ventricle. Animals
were then imaged or processed for immunohistochemistry at
indicated times. We used total of 20 animals for M°RNA
injections and 10 animals for controls in these experiments.

Injectable alginate MPRNA preparation

Calcium crosslinked alginate solution was prepared by
mixing 1 mL of 2% alginate (FMC Corporation, Philadel-
phia, PA) with 0.5mL of 0.6% Ca gluconate (Sigma), and
0.5 mL of water was mixed to yield 2 mL of alginate solu-
tion. Five hundred microliters of encapsulated mCherry
mRNA (250 pg/pig) was prepared using nanoparticle in vivo
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transfection reagent (Altogen Biosystems, Las Vegas, NV)
according to the manufacturer’s instructions. Solutions were
mixed together and injected intracoronary in porcine heart
as described below.

M®RNA expression in porcine myocardial infarction

Four Yorkshire pigs underwent myocardial infarction
using a 90-min balloon occlusion of left anterior descending
coronary artery. An intracardiac echocardiography (ICE)
probe was placed in the right atrium for real-time LV
monitoring. Using an AR-2 style coronary catheter, the left
main artery of the pig was accessed and visualized by
fluoroscopy with instilment of Omnipaque. A 0.014” bal-
anced middleweight coronary wire was advanced into the
distal left anterior descending coronary artery (LAD). Uti-
lizing stored guiding angiographic imaging, a 2.5-3 mm
balloon was advanced to be positioned across the second
diagonal vessel of the LAD. The balloon was inflated to
occlude the LAD for 90 min followed by reperfusion. Is-
chemic damage was monitored by ICE as well as continu-
ous electrocardiography telemetry. Following reperfusion, a
perfusion catheter was placed at the location of the balloon.
Encapsulated mRNA combined with an alginate solution
was introduced into the LAD over a 5-min period and infarct
zone-targeted gene delivery was documented at day 3.

Statistics

Data are expressed as meantSEM. Statistical signifi-
cance was determined by GraphPad Prism 7 using one-way
or two-way analysis of variance with multiple comparisons.
p-Values less than 0.05 were taken as a statistically signif-
icant difference. The “‘n’* values refer to the number of times

experiments are repeated or the number of animals.

Results
MPRNA transfection in multiple cell lines

M>RNA was transfected (as indicated) in HDF, HCF, and
HEK?293 cells and fluorescent protein expression was im-
aged live in a 37°C humidified chamber with 5% CO,.
mCherry protein expression was detected at 2 h, but reliable
and quantifiable expression was observed at 4 h. Fluorescent
images of HCF and HEK293 cells (Fig. 1A) demonstrated
rapid mCherry protein expression that sustained for 6 days.
Simultaneous delivery of M’RNAs encoding mCherry and
EGFP resulted in co-expression (Supplementary Fig. S2).
Quantification of fluorescence intensity within three differ-
ent cell lines (>10 fields of cells/time period/cell line) noted
an increase in intensity over the initial 24-48 h, followed by
a steady decline in two of three cell lines (Fig. 1B). Since
protein expression peaked at 24h, we then evaluated
transfection efficiency at 4 and 24 h using flow cytometry
upon mCherry MRNA transfection. Scatter plots of fluo-
rescence intensity on the x-axis and sideward scattering
signal on the y-axis revealed a consistent bimodal popula-
tion following transfection (Fig. 1C), with the transition
revealing the number of transfected cells seen at 4 and 24 h.
Transfection efficiency was quantified and compared to
mock-transfected cells (Fig. 1D). Note the high transfection
efficiency at the 24-h time point, especially in the HEK
population.
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FIG. 2. M’RNA-mCherry expression in neonatal rat primary cardiomyocytes. (A) Representative phase contrast and
fluorescence images exhibiting rapid and declining mCherry expression at indicated time points within the rat primary
neonatal cardiomyocytes. Scale bar=100um. (B) Quantitation of mCherry protein expression in cardiomyocytes upon
transfection (n=3 with >10 images/time point) plotted as mean*SEM average fluorescence intensity. ANOVA using
GraphPad Prism with Tukey’s multiple comparison test revealed significant differences between 24, 48, and 144h
(*¥***p<0.0001), and significant expression levels at 24 and 48h when compared to 4-h time point (***p<0.001,
*¥%p <0.001). (C) Representative flow cytometry plots of cardiomyocytes at the indicated time points posttransfection
with mCherry mRNA using mock-transfected cells as control. Transfection efficiency was calculated from sets of three
different experiments (n=3). (D) Primary cardiomyocytes were co-transfected with mCherry, GFP, and FLuc mRNA and
the representative image exhibiting triple transfection in the same cells is shown. Scale bar =100 um. * indicates the cardiac
fibroblast transfection with three genes and ** represents the nontransfected cells in the same field. FLuc, firefly luciferase;
GFP, green fluorescent protein.
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MPRNA transfection in rat neonatal primary
cardiomyocytes

We then carried out transfection in hard-to-transfect pri-
mary cardiomyocytes. Cardiomyocyte-enriched cultures,
following documentation of a synchronous beating pattern,
were transfected with mCherry MPRNA. Fluorescence im-
ages at 4h up to 6 days were acquired. Representative im-
ages showed rapid and sustained protein expression within
primary cardiomyocytes (Fig. 2A). Quantification of the
fluorescence intensity revealed maximum expression at 24 h,
declining in linear manner for 6 days (Fig. 2B). Significant
transfection efficiency was seen at 4h (~20%) and 24h
(43%) using flow cytometry from two independent experi-
ments (Fig. 2C). Multigene transfection showed simulta-
neous expression of three proteins (EGFP, mCherry, and
FLuc) within the same cardiomyocytes (Fig. 2D).

Transfection does not alter cardiomyocyte structure
and function

To test that transfection of primary cardiomyocytes does
not alter their structural integrity, we transfected cardio-
myocytes with mCherry M°RNA and stained with cardiac-
specific troponin antibody and SiR-Actin staining. Actin
staining was used to differentiate cardiomyocytes from fi-
broblasts (#). No significant differences between the
cardiomyocyte-specific troponin staining were identified in
the transfected versus nontransfected cells (##) (Fig. 3),
indicating intact structural integrity of cardiomyocytes.

# ¢ Troponin <=

wtl

mCherry

##

FIG. 3. Transfection of neonatal primary cardiomyocytes
with M?RNA-mCherry does not alter the structural integrity
of cardiomyocytes. Structural integrity of transfected car-
diomyocytes was observed using SiR Actin and cardiac
troponin staining of transfected cells. Note the similar tro-
ponin staining in transfected and nontransfected cells (in-
dicated by # #) and specificity of troponin staining with cells
positive for SiR Actin, but negative for troponin staining (#).
Scale bar=10 um.
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To determine if the transfection alters the central elec-
trical properties of transfected cells, two intrinsic functional
parameters of primary cardiomyocytes were compared: (1)
calcium channel transients and (2) voltage-current rela-
tionships. [Ca®"); (Intracellular calcium) transients from
primary cardiomyocytes were recorded using the free in-
tracellular Ca** binding dye Cal520AM. Primary cardio-
myocytes meeting the beating pattern criterion were
transfected with mCherry M’RNA. To image Ca®* tran-
sients using Cal520AM, fields featuring both transfected and
nontransfected cells were selected using the mCherry filter
(Fig. 4A). Robust [Ca2+]i transients were observed in the
primary cardiomyocyte cultures (Supplementary Video S1)
having mCherry expression (Supplementary Video S2).
Representative annotation of fluorescence intensity created
at systole and diastole revealed the rhythmic and coordi-
nated (in both transfected and nontransfected cells) [Ca2+]i
transients with synchronous rapid [Ca®']; bursts during
systole with its absence during diastole (Fig. 4B). ROI were
created from transfected and nontransfected cells (Fig. 4A)
and intracellular fluorescence intensity (Y-axis) versus du-
ration of Ca®' transients (X-axis) was plotted (Fig. 4C).
Note the similar [Ca2+]i transients in transfected and non-
transfected cells.

To test the intactness of electrical excitability of trans-
fected primary cardiomyocytes, we tested intactness of the
cardiomyocyte excitability and contraction. The beating
cells were transfected overnight using mCherry mRNA, and
transfected cells were identified using the fluorescence mi-
croscope (Fig. 5A). To discriminate inward currents com-
ponents responsible for the cell excitation, the transfected
neonatal cardiomyocytes were exposed to the ramp stimu-
lation protocol in the whole-cell patch-clamp mode of re-
cordings. Under such conditions, a ramp pulse from —90 to
+40 mV induced two typical inward current components that
were different in voltage-gating properties (Fig. 5B). The
first component with the peak value at ~50mV was typi-
cally sensitive to tetrodotoxin (TTX, 5 uM), a selective in-
hibitor of voltage-gated Na* channels (Fig. 5C). The second
component at peak value ~0mV membrane potential was
sensitive to nifedipine, a voltage-dependent L-type Ca’*
channels inhibitor (Ic,). Thus, the obtained voltage-current
relationships revealed intact profile of Iy, and Ic, current
components under mCherry transfection.

MPRNA-FLuc myocardial injection induces prompt
protein expression

To confirm if the rapid expression in primary cardio-
myocytes holds under in vivo conditions, we performed
in vivo M°RNA-FLuc transfection using direct myocardial
injections into the left ventricle of FVB mice, using
nanoparticle-based encapsulation of M’RNA-FLuc. For
in vivo studies, we used nanoparticles (~ 100 nm) that act as
carriers of mRNA coated with positively charged biological
polymers, which form complexes with negatively charged
mRNA molecules due to ionic interactions (Fig. 6). Upon
in vivo administration of M3RNA, nanoparticles enter the
cells by endocytosis and release mRNA molecules for
translation. Nanoparticles composed of iron moieties get
degraded and the released iron enters the normal iron meta-
bolic pathway.>* FLuc is used to determine protein expression
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FIG. 4. Transfection of neonatal primary cardiomyocytes with M°RNA-mCherry expression does not alter the func-
tionality of cardiomyocytes as revealed by identical calcium channel currents within transfected cells. (A) Representative

image of Ca**

transients using Cal520AM dye (left) and mCherry (middle) exhibiting transfected cells and the overlay

(right). Scale bar =100 um (B) Cal520AM-labeled primary cardiomyocytes demonstrating 3D representation of systole and
diastole state ( pseudo color). (C) Representatlve annotation of fluorescence intensity (arbitrary units) versus time for Ca®*
transients from the average fluorescence intensity of 28 transfected and 19 nontransfected cardiomyocytes showing similar

rhythmic and coordinated Ca**

kinetics in live animals. Bioluminescence imaging docu-
mented cardiac-targeted expression within the heart in as
early as 2 h postinjection, increasing nearly 3.5 times in 24 h
and fading to nearly background levels by 72h (Fig. 7A, B).
No off-target transfection was observed as the entire signal
was primarily detected in the heart area (Fig. 7A). Further-

transients in transfected and nontransfected cardiomyocytes within the same area.

more, serial sections upon 24-h M’RNA-mCherry intra-
cardiac injection revealed significant mCherry protein
expression (middle panel) in heart tissue injected with
mCherry mRNA (bottom panels) compared to vehicle con-
trol (top panels), with mCherry expression confirmed by
anti-mCherry antibody in the green channel (left panels)
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FIG. 5. Transfection of neonatal
primary cardiomyocytes with
M*RNA-mCherry does not alter
basic electrophysiological features
of cardiomyocytes as revealed by
voltage-current relationships in re-
sponse to voltage-ramp stimulation
in the whole cell mode of patch-
clamp technique. (A) Image on the
left shows the transmitted light
image of the patched transfected
neonatal cardiomyocytes with the
corresponding image of mCherry
fluorescence at 615 nm emission on
the right. (B) Representative
voltage-current relationships in
mCherry-transfected neonatal car-
diomyocytes obtained using the
ramp protocol (shown on the top)
revealed typical Iy, and Ic, current
components. (C) Voltage-sensitive
inward currents were sensitive to
tetrodotoxin (TTX, 5 uM), a selec-
tive inhibitor of voltage-gated Na* '
channels (In,), and second current ‘|
component, at peak value ~0mV
membrane potential, was blocked

by nifedipine, an inhibitor of I |
voltage-dependent L-type Ca** Na|
channels (Ic,). I

80 60 40

membrane potential, mV

(Fig. 7C). Troponin antibody revealed mCherry expression
in the cardiomyocytes and note (#) the identical expression
of mCherry in noncardiomyocytes areas as well. Finally,
multiple gene expression with a single epicardial injection
was performed using GFP, mCherry, and M°RNA-FLuc
versus vehicle only in rat hearts. FLuc imaging can be
performed on live animals; therefore, we first confirmed
FLuc expression within mouse heart at 24 h using Xenogen
(Supplementary Fig. S3) and the animal was then sacrificed,
and heart tissues were processed for immunofluorescence
(IF) analysis. IF revealed that GFP, mCherry, and FLuc
protein (using anti-FLuc antibody) expression overlapped in
M’RNA-injected rats (lower panels) versus no expression in
sham (upper panels) (Fig. 7D).

Targeted expression of mCherry MPRNA in a porcine
model of acute Mi

M?RNA-mCherry was encapsulated within a calcium al-
ginate solution. Using an acute porcine model of myocardial
infarction (Fig. 8A), an intracoronary bolus of ~250pug
M?RNA-mCherry was infused into the LAD using the distal
opening of the infracting over-the-wire balloon. Following
intracoronary delivery, alginate was visualized to preferen-
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tially gel in the site of acute injury as monitored by ICE
(Fig. 8B). The heart was harvested at 72h, flushed with
chilled normal saline and sliced using the ProCUT sampling
tool. Imaging of sliced heart sections on Xenogen using
mCherry filter showed significant mCherry protein expres-
sion localized to the area of infarction (Fig. 8C and Sup-
plementary Fig. S4). IHC on 1cm slices from areas of
infarction versus noninfarcted regions featured significantly
higher mCherry staining (Fig. 8D), confirming targeted in-
duction of protein expression within the injured portion of
the heart.

Discussion

Gene therapy is a promising strategy for the treatment and
regeneration in cardiovascular diseases. Some clinical sce-
narios require gene expression or gene editing to reverse the
course of disease such as clotting disorders, enzymatic
deficiency, or gene mutation.” " However, within the
healthy population, an adverse inflammatory response to
acute events may result in tissue nonhealing or chronic
injury.*®*' DNA and viral vectors are great tools for
treating diseases where long-term expression of an en-
coded protein is required.
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mRNA vector may be more appropriate where transient
expression may be preferable such as in attenuating acute
inflammation and CRISPR-mediated genome editing, where
off-target events are a problem.”'*> RNA vectors have ad-
vantages, including a reduction in the risk of genome inte-
gration or invoking an immune response, and can initiate
rapid and transient protein expression.**** We, in this study,
present a novel MRNA-based approach to induce rapid
expression within multiple cell lines, primary cardiomyo-
cytes, and murine heart, and in acutely injured porcine
myocardium. This platform showed controlled expression
kinetics in multiple cell lines and primary cells, with
transfection having little or no impact on the structural
properties and functional characteristics, including calcium
transients and electrical excitability of primary cardiomyo-
cytes. Myocardial injection of M’RNA encoding FLuc,
mCherry, and GFP, reproducibly induced rapid and con-
sistent protein expression within the murine heart. Further-
more, this approach was found flexible enough for
simultaneous delivery of multiple genes within the murine
heart and could be targeted into acutely injured tissue in
porcine models of myocardial infarction. Thus, proof of
concept of utilizing reporter genes to allow expedited and
time-limited expression of multiple genes within cardio-
myocytes and murine heart with a single delivery platform is
provided in this study.
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During AMI, a rapid sequence of molecular events occurs
during injury and following reperfusion, it ultimately cul-
minates in damage to tissue. Injury can be fully aborted with
rapid PCI if the patient presents within a very short period of
time (<90 min).45 46 However, in those who present
(>90min to <12h), PCI is still indicated, but the scope of
damage to myocardium becomes increasingly worse due to
ischemia and hypoxia.*”*® In most individuals, restoration
of blood flow even after the initial 90-min results in re-
covery of myocardial function and restoration or organ
performance to near normal. However in about 30% of the
population, this is not the case with fulminant loss of
myocardium, ensuing despite reperfusion.**° Efforts to
mitigate this phenomenon have been focused on antiplatelet
agents and neurohormonal antagonism. However, a com-
pendium of recent evidence suggests that a deregulation of
the inflammatory response to injury may be at the root cause
of catastrophic myocardial damage.”'™*

Beyond revascularization, many regenerative platforms
have been utilized to try and attenuate myocardial injury
post-AMI. Initial interventions targeting cardioprotection
focused on activation of the potassium ATP channel in an
effort to augment native cardioprotective mechanisms.>*
Beyond cardioprotection, cell therapeutic efforts to improve
outcomes at the time of acute myocardial infarction have
been pursued, delivering bone marrow mononuclear cells,
mesenchymal stem cells, and lineage-specified cells to the
myocardium.’>®® Gene-encoded therapies have been in-
creasingly considered in both heart failure and myocardial
infarction. The most advanced effort in gene delivery was
the modulation of SERCA2A in the setting of heart failure®!
through the use of an adeno-associated viral gene delivery
platform. Although this platform did not meet efficacy
endpoints in phase 2b testing,°*”° it did establish a novel
paradigm of broad-based gene delivery to the heart. RNA
and DNA platforms have been utilized to deliver vascular
endothelial growth factor (VEGF) into the myocardium
through direct epicardial injection.®>®** The results of these
platforms were, however, not favorable, primarily due to a
paucity in gene regulation and likely due to the fact that only
a single gene approach was utilized.

Furthermore, siRNA and nonencoding miRNA have also
been increasingly suggested as potential therapeutic plat-
forms to alter the myocardial microenvironment post-AMI.%>%
Although preclinical efforts have successfully demonstrated
biopotency, the translatability of such platforms have to date
remained quite limited, likely due to the systemic nature of
delivery and potential for off-target impact. Thus, an in-
creasing need for improving myocardial delivery of bio-
logics has been called for. Unfortunately, the technological
approaches utilized to date have been based on cell-based
delivery and have not been tailored to the newer biologics,
which do not have the size or survival restrictions imposed
by cytotherapeutics.

The work presented herein attempts to address these is-
sues by taking steps toward a novel approach that is com-
plementary with the current interventional practice,
introducing modified mRNA for increased stability and
expression and reduced immunogenicity in vivo.%”®®
M’RNA complexes were created by microencapsulating
modified mRNA in 100 nm iron-based lipid nanoparticles
(Fig. 6). Given the complex nature of the postinjury
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myocardial microenvironment, single gene expression
within the heart is likely insufficient to achieve any miti-
gating impact on cardiovascular morbidity, as was seen with
the VEGF experience. We designed the MPRNA system to
be compatible with simultaneous gene delivery and indeed
show that injection of three M°RNAs within murine heart
can yield expression of three distinct proteins. Furthermore,
M’RNA biopotentiation of alginate to target the infarcted
bed provides a unique opportunity to achieve rapid gene
expression in the setting of AMI. One can envisage delivery
of complementary genes serving the angiogenic, cytopro-
tective, and immunomodulatory needs of the myocardium
postinfarction. A gene-based delivery approach that can
target cell survival and impede inflammatory pathways
would need to come on rapidly after restoration of blood
flow if it is to have a beneficial effect. However, given that
these pathways change within a 48—72h period, long-term
expression may not be of significant benefit and may pose a
risk of harm.®® Thus, this initial system was designed to
offer acute gene therapy intervention as a step toward
development of a more comprehensive biologics-based
approach.

The spontaneous crosslinking of alginate in the presence
of Ca** 342 at the infarcted site provides localized in situ
alginate matrix’®~’* for encapsulating therapeutic RNA for

<
FIG. 7. Gene expresswn within heart upon direct myo-
cardial 1nJect10n of M’RNAs. (A) Representative biolumi-
nescence images showing the time course of luciferase
expression following direct injections of M3-FLuc mRNA
into the anterior left ventricle wall. Mice were intubated
and intracardiac injections were performed upon open chest
surgery (see Materials and Methods). In vivo biolumines-
cence images of mice in the supine position are shown at 2,
24, 48, and 72 h postsurgery. (B) Quantitative biolumines-
cence levels as average radiance (photons/cm?2) from three
different experiments (five animals each; three FLuc M°RNA
and two Vehicle only) were obtained from the regions
of interest and were plotted against time. ****p <0.0001,
*¥p<0.01. (C) IF analysis showing the mCherry expres-
sion following direct IHJCCUOIIS into the anterior left ven-
tricle wall. mCherry-M’RNA was injected directly into
the left ventricle and heart tissues were obtained 24 h
postsurgery. Hearts were fixed, sectioned, and stained with
anti-mCherry and troponin antibody. Upper panel shows
the staining in mock-transfected hearts, while the bottom
middle panel shows the mCherry expression in heart tissue
(red channel), while the left panel shows the anti-mCherry
antibody and the right panel is revealing the sarcomeric
structures using troponin antibody. Note the structures posi-
tive for mCherry and anti mCherry, but negative for sarco-
meric structures (indicated by #). (D) IF analysis of hearts (as
in C above) showing GFP, mCherry, and FLuc expression
upon direct injections of M"RNAs into the left ventricle and
heart tissues was processed as in C above. Images were ac-
quired using confocal microscope LSM780 with 3% 3 tiles
using the tiling tool to acquire bigger area with sharp images
using a 40x, 1.2 W lens. Upper panel shows the GFP,
mCherry, and FLuc in green, red, and far-red channel, re-
spectively, in mock-transfected hearts, while the bottom panel
shows indicated gene expressions in heart tissue. In merged
image, # represents areas where transfection of a single gene
was observed. Scale bar=50 pm. IF, immunofluorescence.
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FIG. 8. Targeted mCherry mRNA within infarcted porcine heart using alginate gel (A) Angiography of the pig heart
showing the induction of acute myocardial infarction. Left panel shows the distribution of arterial blood flow along the
anterior portion of the left ventricle to determine proper balloon placement. Right panel shows the inflated balloon blocking
completely the distal blood flow. Scale bar=10 mm. (B) Serial intracardiac echocardiographic images document transition
of the anterior wall of the left ventricle (arrow) from normal (fop) to injured after 90 min of LAD occlusion (middle) to
loaded with alginate gel having M°RNA (lower panel) over 10 min immediately after reperfusion (total time 100 min). Scale
bar =10 mm. (C) Pig heart removed and flushed with chilled normal saline, and sectioned was imaged to document mCherry
expression surrounding the anterior wall infarcted area in most of the areas starting from the apex to the mid-papillary
portion of the left ventricle. Scale bar=10 mm. (D) Heart areas from the anterior wall infarcted region (mCherry trans-
fected) versus remote regions (control) demonstrate significant mCherry expression on IF probing. Total number of pig
studies n=10 for alginate optimization and n=4 for documentation of infarct targeting. Scale bar=100 pm. LAD, left

anterior descending coronary artery; LCx, left circumflex artery.

treatment of infraction. We, in this study, have shown a
novel approach for the use of alginate gel to achieve tar-
geted gene delivery and expression in acutely infarcted
porcine heart to achieve targeted and significant protein
expression in 3 days. This approach could be beneficial for
patients suffering from heart attack to achieve rapid, tran-
sient, and targeted protein expression within the heart. In
addition, although alginate gel provides a means to achieve
targeting to the infarcted bed, it rapidly biodegrades and is
essentially absent 3 days postcardiac administration.

To date, the use of biologics-based therapy has eluded
acute care, due to the fact that the logistics of cell processing
is incompatible with emergency procedures. Truly, off-the-
shelf platforms provide a unique and novel opportunity to
pursue the use of regenerative approaches in the acute set-
ting. In this way, gene-encoded therapeutics can now be
envisaged as a next-generation paradigm in the treatment of
AMI, complementing the current standard of care. In this

article, we highlight the M?RNA platform that has been
developed as a novel technology, fully compatible with
current procedural standards utilized in PCI. Given the
homing capability afforded by this approach, one can now
envision interventional delivery of genes immediately after
PCI with a time horizon tailored for acute events. Beyond
the heart, as this technology can induce gene expression in
any cell phenotype, its use in other acute events such as
musculoskeletal injury, stroke, and sepsis serves as avenues
of future exploration.
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