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� Different from its high effectiveness

when administered early after myocardial

infarction, the AAV6 vector carrying the

pri-miRNA-199a gene fails to stimulate

cardiac regeneration when administered

at 1 or 2 weeks later in pigs.

� Despite therapeutic ineffectiveness, the

delayed administration of AAV6-pri-

miRNA-199a, similar to the early

administration after myocardial

infarction, is associated with sudden

death in the long term.

� Therefore, for clinical translation, it

appears mandatory to administer miR-

199a early after myocardial infarction and

through a modality that does not involve

permanent expression from a viral vector.
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SUMMARY
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AAV6 = adeno-associated

virus serotype 6

AUC = area under the curve

cMRI = cardiac magnetic

resonance imaging

LGE = late gadolinium

enhancement

LV = left ventricular

MI = myocardial infarction

miRNA = microRNA
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miR-199a carried by adeno-associated virus serotype 6 (AAV6) proved cardioreparative in a pig model when

administered early after myocardial infarction (MI). To test whether the therapeutic efficacy of miR-199a is

maintained when its administration is delayed, AAV6-miR-199a or a control AAV6 were injected 1 or 2 weeks

after MI. Scar mass and cardiac contractile performance parameters were not significantly different between

AAV6-miR-199a–treated and AAV6-control pigs. Nonetheless, most AAV6-miR-199a–treated pigs died from

sudden death at 40 to 52 days after vector administration. For clinical translation, it appears mandatory to

administer miR-199a early after MI and through modalities other than permanent expression from a

viral vector. (JACC Basic Transl Sci. 2025;10:634–649) © 2025 Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

= magnetic resonance

ing
MRI

imag
PCR = polymerase chain

reaction

PES = programmed electrical

stimulation

W1 = week 1

W2 = week 2
M olecular therapies for the regeneration of
infarcted hearts harness the action of
cell cycle regulators to boost the prolifer-

ation of cardiomyocytes and other cell types.1-6

They do not require laborious processes of stem cell
isolation, characterization, and ex vivo expansion
and resemble classic pharmacologic therapies more
closely. Among the biological molecules capable of
driving cardiac cell proliferation, microRNAs (miR-
NAs) deserve special attention because their potential
therapeutic value has been documented by studies in
small and large animal models. Several miRNAs that
tune cardiomyocyte proliferation have been identi-
fied by both transcriptional profiling in pre- and post-
natal hearts,7 and high-throughput screenings of
synthetic miRNA mimic libraries8 (reviewed in Braga
et al9). One class of these pro-proliferative miRNAs
is expressed in embryonic stem cells and is active
during the early stages of embryonic development,
including miRNAs in the miR-302w367 and its related
miR-290w295 clusters.10,11 A second class comprises
miRNAs that regulate the cell cycle in cancer cells
and other cell types, and their prototypes are found
in the miR-17w92 cluster.12,13 A third class includes
a series of individual miRNAs that were identified
through large, high-throughput screenings for
neonatal cardiomyocyte proliferation, among which
are miR-199a-3p, miR-590-3p, and the primate-
specific miR-1825.8 These miRNAs exert their pro-
proliferative action by activating the Hippo signaling
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pathway positive effector YAP1 (Yes-associ-
ated protein),14 a major modulator of prolifer-
ation and chromatin accessibility in the fetal
heart,15 and by regulating actin polymeriza-
tion in cardiomyocytes.14

Based on the pro-proliferative effect of

miR-199a-3p in both mouse and rat neonatal car-
diomyocytes8 and its capacity to stimulate cardiac
regeneration after myocardial infarction (MI) in mice
when administered using either an adeno-associated
virus serotype (AAV)9 vector8 or by lipofection,16 we
tested this miRNA in a large animal model of MI.17

Using an AAV6 vector, we delivered to pig hearts17

the gene coding for the miR-199a pri-miRNA, from
which both the miR-199a-5p and miR-199a-3p miR-
NAs are generated, the latter only exerting a pro-
regenerative effect. Multiple intramyocardial in-
jections of AAV6-miR-199a in the peri-infarct area
during the first 20 minutes of reperfusion after
90 minutes of coronary occlusion resulted in a
marked reduction in scar size and significant
improvement in functional parameters 1 month
later.17 Morphologic and functional amelioration
correlated with an increased number of car-
diomyocytes that were positive for Ki67 (a prolifera-
tion marker) or for incorporated bromodeoxyuridine
(an S-phase marker) as well as cardiomyocytes that
displayed phosphorylated histone H3 (a marker of G2/
M cell cycle transition).17 Consistently, at 1 month
after treatment, the hearts showed markedly reduced
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FIGURE 1 Experimental Protocols

Pigs were randomly assigned to a W1 or W2 protocol and further randomly assigned to administration of adeno-associated virus serotype 6

(AAV6)-control or AAV6-miR-199a. MI ¼ myocardial infarction; MRI ¼ magnetic resonance imaging; PES ¼ programmed electrical stimu-

lation; W1 ¼ week 1; W2 ¼ week 2.
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scarring and increased remuscularization.17 All these
functional, histologic, and molecular observations
were in agreement at also showing bona fide miRNA-
induced cardiac regeneration after MI in pigs.

Our prior results left a few questions unaddressed,
in particular whether the administration of AAV6-
miR-199a at later time points after MI would also be
effective at stimulating a regenerative response,
which would pave the way to using a miRNA-based
therapy in patients with more established cardiac
injury. In addition, in our previous study, we also
observed cardiac arrhythmias and sudden death in
several miR-199a–treated pigs, which occurred only at
>6 weeks after vector administration. The electro-
physiological substrate for such unexpected lethal
events, not preceded by any other clinical sign,
remained unknown. In the present study, we aimed
to provide answers to these outstanding questions by
testing the cardioreparative effects of AAV6-miR-199a
administered at 1 and 2 weeks after MI and perform-
ing electrophysiological studies after vector
administration.

METHODS

EXPERIMENTAL PROTOCOL. The protocol was approved
by the Italian Ministry of Health (no. 76/2014 PR),
conformed to Italian law (D.lgs. 26/2014), and com-
plied with all institutional and national requirements
for the care and use of laboratory animals. Thirty-
eight castrated male farm pigs (3-4 months old,
weighing 28-32 kg) underwent percutaneous coronary
catheterization to induce MI. MI was induced by 90-
minute occlusion of the left anterior coronary artery
by coronary balloon inflation. Pigs with MI were
randomly divided into 4 groups receiving an intra-
myocardial injection of AAV6-miR-199a or AAV6
vector carrying an empty polylinker (AAV6-control)
after 10 to 15 minutes of reperfusion: 2 groups were
administered AAV6 at week 1 after MI (groups W1:
AAV6-control and AAV6-miR-199a) and 2 groups were
administered AAV6 at week 2 after MI (groups W2:
AAV6-control and AAV6-miR-199a) to test possible
time-dependent changes in the efficacy of miR-199a.
Cardiac magnetic resonance imaging (MRI) was per-
formed at baseline (2 days before treatment to
quantify the area at risk) and 28 days after treatment
(Figure 1). A set of animals underwent MRI also on day
56, just before they were killed and their tissue
collected. At day 40 after treatment, pigs belonging to
the W1 group were subjected to an electrophysiolog-
ical study. An additional group of 6 sham-operated
animals underwent percutaneous catheterization in
the same manner, but the balloon was not inflated.

The protocol followed the 2010/63/EU directive for
animal handling. The experimental protocols were
designed to maximally limit the animal perception of
pain and discomfort during the procedures.
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Experiments were carried out by highly specialized
operators. Because of single-pen housing, physiolog-
ical functions and general well-being were closely
monitored. Space between the bars separating pens
permitted visual and olfactory contact between ani-
mals. Environmental enrichment was also imple-
mented, and animals walked on nonslip floor.
Animals had access to unlimited clean water in pens.

PRODUCTION AND PURIFICATION OF RECOMBINANT

AAV VECTORS. The generation of an AAV plasmid
expressing the hsa-miR-199a pri-miRNA under the
control of the constitutive cytomegalovirus promoter
was described previously.17 The plasmid pZac2.1
(Gene Therapy Program, Penn Vector Core, University
of Pennsylvania, Philadelphia, Pennsylvania, USA)
was used to produce AAV6 vectors. HEK293T cells
were co-transfected with the plasmid vector together
with the packaging plasmid pDP6 (PlasmidFactory).
Cells for AAV production were free from mycoplasma
contamination. Viral stocks were obtained by poly-
ethylene glycol precipitation and 2 subsequent CsCl2
gradient centrifugations. Titration of AAV viral par-
ticles was performed by real-time polymerase chain
reaction (PCR) quantification of the number of pack-
aged viral genomes, as described previously18; the
viral preparations yielded titers comprising between
1.3 � 1013 and 3.3 � 1013 viral genomes per milliliter.

CLOSED-CHEST MI INDUCTION. Pigs were sedated with
an intramuscular injection of a cocktail of 4 mg/kg
tiletamine hydrochloride and 4 mg/kg zolazepam,
intubated, and mechanically ventilated with posi-
tive pressure. Inhalation anesthesia was maintained
with a mixture of 2.5% to 3% sevoflurane dissolved
in 40% air and 60% oxygen. Electrocardiogram,
heart rate, and arterial pressure were constantly
monitored. Before starting a coronary angiography,
pigs received antibiotics (amoxicillin/clavulanic
acid: 1000/200 mg intravenously) and analgesics
(ketorolac: 30 mg/mL intravenously). Thirty minutes
before coronary occlusion, 4.3 mg/kg of amiodarone
in 500 mL of 5% glucose was intravenously given to
prevent arrhythmias.

Ultrasound-guided arterial access was obtained
under sterile conditions by applying the Seldinger
technique, and an 8-F introducer sheath (Avanti;
Cordis) was inserted into the right femoral artery.
Systemic, nonfractionated heparin was injected
intravenously (150 IU/kg) through the percutaneous
sheath. Under fluoroscopic guidance (Philips BV Pul-
sera; Philips Medical Systems), a 7-F multiaortic curve
4.5 guiding catheter (Cordis) with an angled guide-
wire (0.35 inch/150 cm J/ST; Terumo) was advanced
up to the origin of the left main coronary artery.
Coronary angiograms were obtained in the 0� ante-
roposterior projection to assess the detailed anatomy
of the left anterior descending coronary artery and its
diagonal branches. After withdrawing the angled
guidewire, a J-curve coronary guidewire was intro-
duced into the left anterior descending coronary
artery (0.014 inch/175 cm, Reflex; Cordis). An over-
the-wire coronary balloon of an appropriate diam-
eter (Apex 2.5-3.0 mm/10 mm; Boston Scientific) was
then advanced into the left anterior descending cor-
onary artery and positioned below the first diagonal
branch, just above the origin of the second diagonal
branch. The balloon was inflated for 90 minutes, and
the artery occlusion was verified by intracoronary
infusion of the radiocontrast agent (Ultravist-370;
Bayer Schering Pharma) through the guiding catheter.
Coronary occlusion was confirmed by the presence of
ST-segment elevation and ventricular arrhythmias,
which were more pronounced within 30 to 45 minutes
after coronary occlusion.

For cases of ventricular tachycardia, compromising
hemodynamics, or ventricular fibrillation, external
cardiac massage was started with a frequency of 100
per minute. External defibrillations (360 J) were often
necessary, and amiodarone (100 mg intravenous
bolus) and adrenaline (1 mg per intravenous push)
were administered between the electrical discharges
at 3- to 5-minute intervals. A further 10 mL of hepa-
rinized saline (50 IU/kg) was administered before
balloon deflation and removal. To avoid hematoma
formation, vigorous compressions were applied on
the site of introducer insertion for at least 10 minutes
or until the hemorrhage stopped. The artificial
ventilation was gradually reduced until tracheal tube
removal, and the animals were taken back to the
cages for full recovery from anesthesia.

OPEN-CHEST AVV6 INJECTION. At W1 or W2 after
MI, the animals were sedated, anesthetized, and
monitored as described above; placed in a right lateral
position; and subjected to open-chest surgery. A
thoracotomy was performed in the left fourth inter-
costal space, and the pericardial sac was opened to
expose the heart. The animals were randomized in 2
groups, those receiving 2 � 1013 control AAV6 (AAV6-
control) or those receiving 2 � 1013 AAV6-miR-199a.
The viral particles were suspended in 2 mL of
phosphate-buffered saline and delivered by 20 direct
intramyocardial injections equally spaced along the
border zone (100 mL per injection), which was visually
identified as the margin of the ischemic myocardium
(pale and hypokinetic compared with the normally
perfused myocardium). Some of the injection sites
were tagged with colored epicardial stitches to detect
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and sample postmortem the underlying myocardial
tissue for histologic analysis. Sham animals under-
went open-chest surgery without any intra-
myocardial injections.

CARDIAC MRI. Cardiac MRI (cMRI) was performed
2 days before (baseline) and 4 weeks and 8 weeks
after AAV administration. Pigs were sedated with a
cocktail of 4 mg/kg tiletamine hydrochloride and
4 mg/kg zolazepam hydrochloride injected intra-
muscularly, and light anesthesia was maintained by
continuous intravenous infusion of propofol (30-
40 mg/kg/min) at spontaneous respiration. Pigs were
placed in the right lateral position with the heart at
the isocenter of the MRI scanner. Electrocardiogram
was monitored continuously. Images were acquired
with a clinical 1.5-T scanner (Signa Excite HD; GE
Medical Systems), using a non–breath-hold,
electrocardiogram-gated, multi-NEX steady-state free
precession pulse sequence (fast imaging using
steady-state acquisition).19 The heart was scanned
along 2 long-axis views (vertical and horizontal) and
with a set of short-axis views covering the entire left
ventricle from the atrioventricular valve plane to the
apex. The following parameters were used: field of
view 30 cm, slice thickness 8 mm, no gap between
each slice, repetition time 3.7 ms, echo time 1.6 ms,
views for segment 2, flip angle 45�, bandwidth 125 Hz,
30 phases, matrix 224 � 224, reconstruction matrix
256 � 256, NEX 3, free breathing.

Tagging-MR images were acquired with an
electrocardiography-gated, segmented K-space, fast
gradient recalled echo pulse sequence with spatial
modulation of magnetization to generate a grid tag
pattern. Nonselective radiofrequency pulses sepa-
rated by spatial modulation of magnetization-
encoding gradients allowed tag separation of
10 mm. Three sets of short axes at basal-, middle-,
and apical-level views were acquired with a grid of
tags lines with 45� and 135� angulation. The number
of views per phase was optimized based on heart rate.
The following parameters were used: field of view
30 cm, slice thickness 8 mm, no gap between each
slice, repetition time 8 ms, echo time 4.3 ms, flip
angle 15�, bandwidth 31 Hz, 30 phases, matrix 192 �
192, reconstruction matrix 256 � 256, NEX 3.

To identify the scar and quantify the extension of
postinfarction fibrosis, delayed enhanced images
were acquired in 2-dimensional, T1-weighted,
segmented inversion recovery gradient echo
sequence 5 to 10 minutes after administration of
gadoteric acid (0.2 mmol/kg intravenously) in short-
and long-axis views corresponding to those of cine
cMRI. The following parameters were used: field of
view 30 mm, slice thickness 8 mm, no gap between
each slice, repetition time 4.6 ms, echo time 1.3, flip
angle 20�, matrix 224 � 192, reconstruction matrix
256 � 256, number of excitations 3.

MR IMAGES ANALYSIS. MR images were analyzed in
a blinded manner under the supervision of a III-level
European Association of Cardiovascular Imaging
MRI-accredited cardiologist, using a commercially
available research software package (Mass 6, Medis
Medical Imaging). To detect postinfarction fibrosis
and determine its size, the short-axis stack of images
of the left ventricle was first assessed visually for the
presence of late gadolinium enhancement (LGE), as
shown in Figure 2. The quantification of LGE was then
performed on all LGE-positive studies by manually
adjusting a grayscale threshold to define areas of
visually identified LGE. These areas were then sum-
med to generate the total volume of LGE and
expressed as a proportion of total left ventricular (LV)
myocardium.20 The infarct areas were also analyzed
using the full-width half-maximum method21 to
differentiate the dense infarct core from the hetero-
geneous gray zone, as previously described.22 The
infarct core was defined as an area with a signal in-
tensity > 50% of the maximal signal intensity of the
enhanced myocardium. The gray zone of the infarct
periphery was defined as themyocardiumwith a signal
intensity value higher than the peak value of the
remote myocardium but lower than 50% of the peak
value of the high signal intensitymyocardium. Finally,
the infarction core and the gray zone were quantified
as a percentage of the total myocardium and as a per-
centage of the total infarct size.

Functional parameters describing global (end-dia-
stolic volume and end-systolic volume, ejection
fraction) and regional (LV wall thickening) LV func-
tion were measured as previously described.22,23 LV
endocardial and epicardial borders were manually
traced on all short-axis cine images at the end-
diastolic and end-systolic frames to determine the
end-diastolic and end-systolic volumes, respectively,
as well as ejection fraction and cardiac mass
(Figure 3). The same software was used to calculate
LV wall thickening. In brief, the left ventricle was
divided in 6 slices orthogonal to the LV long axis, and
each slice was divided into 6 equal circumferential
segments (Figures 4A and 4B). The inferoseptal
segment at the connection of the right ventricle with
the left ventricle was defined as a reference point for
the ventricular segmentation. Six segments were
plotted to generate the curve and subsequently
calculate the area under the curve (AUC)24 (Figures 4D
and 4E).



FIGURE 2 miR-199a Delivery Did Not Affect MI Scar Size

Infarct mass (A), size (B), infarct core (C), and infarct gray zone (D) (calculated from late gadolinium enhancement [LGE]-positive regions as a percentage of the left

ventricle) at 2 days before (baseline) and 28 days after adeno-associated virus (AAV) administration in AAV serotype 6 (AAV6-control (5-6) and AAV6-miR-199a (5-7)),

pigs. Data are mean � SEM. Two-way analysis of variance. (E and F) LGE cardiac magnetic resonance images (from base to apex) are shown from 2 representative pig

hearts of the W1 protocol to compare AAV6-control (E) with AAV6-miR-199a (F) at 2 and 28 days after MI. The infarct area is highlighted in red; the corresponding

original images without highlight are shown in Supplemental Figure 1. Abbreviations as in Figure 1.
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The analysis of tagged cardiac images was per-
formed using a custom software based on a previ-
ously published method25 (the software code can be
provided upon request via email to the corresponding
author). The 2-dimensional maximal radial strain was
evaluated along short-axis LV slices (basal, middle,
and apical), divided into 8 equal circumferential
segments, starting from the reference point of the
ventricular segmentation (Figure 4C). The radial
strain values, obtained for each segment, were
plotted to generate curves, as in the case of LV wall
thickening (Figures 4F and 4G, respectively), and,
subsequently, the AUC was calculated to integrate all
values along the LV circumference (scheme in
Figures 4F and 4G).

ELECTROPHYSIOLOGICAL STUDIES. Forty days af-
ter AAV6 injection (ie, 2 days before the end of the
sixth week after gene transfer), pigs from the W1
protocol were premedicated, anesthetized, and held
on mechanical respiration as described for the other
procedures. The electrophysiological study (ie, pro-
grammed electrical stimulation [PES]) was performed
using an integrated electrophysiology stimulator and
amplifier (GE CardioLab Electrophysiology Recording
Systems). An approximately 10-cm-long incision was
made along the ventral side, and the external jugular
vein was isolated from the surrounding tissues. Then,
after inserting an 8-F introducer sheath (Avanti;
Cordis) into the right external jugular vein, a quad-
ripolar catheter (Biosense Webster) was advanced
through it into the right ventricular cavity under
x-ray fluoroscopic guidance. The PES protocol was
performed according to clinical standards.26-28

Briefly, the right ventricle was stimulated at twice
the diastolic threshold, up to 5 mA and up to a 2-ms
duration, delivering an 8-beat pacing drive train
(Figures 5F and 5G) with a cycle length of 600 ms; a
premature extrastimulus (S1) was introduced, gradu-
ally shortening the coupling intervals of the train and
the extrastimulus (train-S1) until sustained mono-
morphic ventricular tachycardia or ventricular fibril-
lation were provoked or ventricular refractoriness
was achieved. If sustained ventricular tachycardia or
ventricular fibrillation were not induced, a second
extrastimulus (S2) was introduced while train-S1 was
held just above the ventricular refractory period. S1
and S2 were progressively reduced until arrhythmias

https://doi.org/10.1016/j.jacbts.2024.12.014


FIGURE 3 Late miR-199a Delivery Does Not Improve Global Cardiac Function

(A) Left ventricular (LV) end-diastolic volume (P ¼ 0.079), (B) LV end-systolic volume (P ¼ 0.19), (C) LV ejection fraction (P ¼ 0.062), (D) cardiac output (P ¼ 0.072),

(E) LV stroke volume (P ¼ 0.023), and (F) LV mass (P ¼ 0.005) measured by cardiac MRI in noninfarcted controls and infarcted pigs 2 days before (baseline) and

28 days after injection of adeno-associated virus serotype 6 (AAV6-control (5-6) and AAV6-miR-199a (5-7)). Data are mean � SEM. *P < 0.05 vs sham. Two-way

analysis of variance with Bonferroni post-hoc correction. See detailed results in Supplemental Table 1 for LV stroke volume and Supplemental Table 2 for LV mass.

Abbreviations as in Figure 1.
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were provoked or refractoriness was reached. In the
absence of arrhythmias, triple extrastimuli (S1-S2-S3)
were delivered similarly. As a next step, the single
(S1), double (S1-S2), and triple (S1-S2-S3) extrastimuli
were delivered similarly with a faster drive train
(500 ms and 400 ms). Finally, the burst ventricular
stimuli were applied. Biphasic DC cardioversion/
defibrillation was used to stop ventricular tachycardia
or ventricular fibrillation and restore the sinus
rhythm. After completing the procedure, the surviv-
ing animals were brought back to their cages.29

DEATH OF THE PIGS AND HEART SECTIONING. At
the end of the study, animals were anesthetized and
killed by injecting 10% KCl to stop the heart in dias-
tole. The excised hearts were sectioned through 4
horizontal planes, and each section was then sub-
divided into subsections for further histologic and
molecular analyses, as shown in Supplemental
Figure 1. In brief, each heart was sectioned into four
1-cm-thick slices, starting from the apex toward the
base. Each slice was then divided into 4 to 9 regions
(indicated by letters). In all quantifications, we
considered at least 8 sectors of the 4 heart sections.
Sectors T, I, and D corresponded to the infarct border
zone, where the vectors were administered, whereas
sector L was considered representative of the remote
zone, because it was on the same plane but on the
opposite position (posterior) relative to sector H. Each
region was then divided into 2 pieces (for RNA anal-
ysis and histology) by a transversal cut to keep both
the endocardial and pericardial borders visible in
each piece. For all quantifications, the same regions
were chosen in animals injected with either control or
miR-199a vectors.

HISTOLOGIC ANALYSIS. The collected hearts were
rinsed with phosphate-buffered saline, weighed, and
cut into slices as shown in Supplemental Figure 1A.
The slices were then fixed in 10% formalin, embedded
in paraffin, and further cut into 4-mm sections and
collected on glass slides. The sections were

https://doi.org/10.1016/j.jacbts.2024.12.014
https://doi.org/10.1016/j.jacbts.2024.12.014
https://doi.org/10.1016/j.jacbts.2024.12.014
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https://doi.org/10.1016/j.jacbts.2024.12.014


FIGURE 4 Cardiac Regional Wall Motion

Left ventricular (LV) wall thickening long (A) and short-axis (B) cardiac MRI (cMRI) segmentation scheme for regional wall motion evaluation. The red arrow indicates

the reference point (ie, the LV inferoseptal segment at the connection of the right ventricle). (C) cMRI tagging segmentation scheme for LV strain evaluation. (D and E)

Six-segment curves generated from LV segmental wall thickening of W1 (D) and W2 (E) protocol groups with their corresponding AUCs quantified in arbitrary units (5-

6). (F and G) Eight-segment curves generated from LV radial strain in W1 (F) and W2 (G) protocol groups and their corresponding AUCs (4-6). Data are mean � SEM

*P < 0.05 vs sham. One-way analysis of variance with Bonferroni post hoc correction. AAV6 ¼ adeno-associated virus serotype 6; AUC ¼ area under curve;

circumferential segments: I ¼ inferior; IL ¼ inferolateral; AL ¼ anterolateral; A ¼ anterior; AS ¼ anteroseptal; IS ¼ inferoseptal; other abbreviations as in Figure 1.
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deparaffinized and rehydrated. Hematoxylin and
eosin staining was performed using a standard pro-
tocol. The slides were dehydrated, mounted, and
then observed under an optical microscope (Leica
DM750). Masson’s trichrome staining (Bioptica) was
performed according to standard procedure and
analyzed for the morphology and the extent of
fibrosis. Immunofluorescence staining was performed
on deparaffinized and rehydrated sections. Antigen
retrieval was performed by boiling samples in sodium
citrate solution (0.1 M, pH 6.0) for 20 minutes. Sec-
tions were allowed to cool and permeabilized for
20 minutes in 1% Triton X-100 (Sigma) in phosphate-
buffered saline, followed by blocking in 1% bovine
serum antigen (Sigma). Sections were then stained
overnight at 4 �C with the following primary anti-
bodies diluted in blocking solution, recognizing the
following antigens: sarcomeric a-actinin (Abcam
ab9465, 1:250), cardiac troponin I (Abcam ab8295,
1:250), Ki67 (Cell Signaling 9129S, 1:500), GATA 4



FIGURE 5 Electrophysiological Substrate Evaluation

(A) Kaplan-Meier curve depicting survival rates in pigs treated 2 weeks and 1 week after MI (AAV6-control (5-6) and AAV6-miR-199a (5-7)); P < 0.05 vs control

animals). No differences were found in miR-199a treated and control pigs in terms of ventricular fibrillation induction (B), the time between two successive R-waves of

the QRS signal on the electrocardiogram (C), QT interval (D), and QTc (corrected QT) (E) (1 week protocol; (AAV6-control n ¼ 5 and AAV6-miR-199a n ¼ 5). Data are

mean � SEM; unpaired t test. (F) Representative case of ventricular fibrillation induction with the PES protocol in a AAV6-miR-199a pig following the stimulation of

the train 600 ms (black arrows), S1-420 ms (green arrow), and S2-350 ms (blue arrow). (G) Representative case of ventricular fibrillation induction with the PES

protocol in a AAV6-control following the stimulation with coupling intervals of the train 500 ms (black arrows), S1-320 ms (green arrow), S2-320 ms (blue arrow),

S3-240 ms (red arrow). Abbreviations as in Figures 1 and 2.
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(Abcam ab84593, 1:200), connexin 43 (Abcam ab11370,
1:500). Sections were washed with phosphate-
buffered saline and incubated for 2 hours with the
respective secondary antibodies conjugated with
Alexa Fluor 555 or Alexa Fluor 647 (Life Technologies).

To measure the cardiomyocyte cross-sectional area,
lectin wheat germ-agglutinin-Alexa Fluor 647 (Ther-
moFisher Scientific) was diluted 1:200 in phosphate-
buffered saline and incubated for 20 minutes. Slides
were mounted with mounting medium containing
DAPI (Abcam) to counterstain the nuclei.
For each animal, at least 8 sectors belonging to all 4
heart slices and sections were considered. Histologic
analysis was performed by researchers blinded to
experimental groups on at least 20 images at 10�
magnification.
IN SITU HYBRIDIZATION. Four-micron-thick tissue
sections from formalin-fixed, paraffin-embedded tis-
sue samples were cut using a microtome. The sections
were then deparaffinized by xylene and rehydrated
with graded ethanol solutions. Proteinase K treat-
ment demasked the miRNAs, allowing probes to
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hybridize with the miRNA sequence. The miRCURY
LNA miRNA detection probes (nonmammalian hapten
digoxigenin–labeled from Qiagen, catalogue number
339112 YD0061541 O-BEG, product sequence 5’-3’
/5DiGN/TMCCMTGTGCAGACTACTGT /3DiG _N/) were
applied to the tissue sections, which were incubated
at 52 �C for 1 hour. Stringent washes at 52 �C removed
unbound probes. The anti-digoxigenin Fab fragments
conjugated with the enzyme alkaline phosphatase
were incubated for 1 hour. Later, chromogenic sub-
strates (4-nitro-blue tetrazolium and 5-bromo-4-
chloro3ʹ-indolylphosphate) were applied for 2 hours.
In this step, alkaline phosphatase converted the
soluble substrates 4-nitro-blue tetrazolium and
5-bromo-4-chloro3ʹ-indolylphosphate into a water-
and alcohol-insoluble, dark blue 4-nitro-blue
tetrazolium–5-bromo-4-chloro3 ʹ-indolylphosphate
precipitate, which was observed under a bright-
field microscope.

RNA ISOLATION AND QUANTIFICATION. Total RNA,
including the small RNA fraction, was isolated from
pig tissue fragments using the miRNeasy Mini Kit
(Qiagen), according to the manufacturer’s in-
structions. DNase treatment was performed during
RNA isolation according to the manufacturer’s pro-
tocol. For miR-199a-3p quantification, total RNA was
reverse transcribed using a miRCURY LNA PCR syn-
thesis kit (Qiagen), and quantitative reverse tran-
scriptase PCR was performed with predesigned
miRCURY LNA PCR primer sets (Qiagen) and miR-
CURY LNA SYBR Green master mix according to the
manufacturer’s instructions. miRNA expression was
normalized based on the expression levels of
5S rRNA.

STATISTICAL ANALYSIS. Data are presented as the
mean � SEM unless otherwise indicated. Statistical
analysis was performed using commercially available
software (GraphPad Prism 9.5.1 [733]). Data were first
checked for normal distribution, and then differences
among groups were compared by 1-way or 2-way
analysis of variance followed by Bonferroni’s post-
hoc test for multiple pairwise comparisons. When
the comparisons included only 2 groups, we used the
unpaired t test or Welch’s t test depending on the
equality of variances. For survival analysis, we
generated Kaplan-Meier survival curves, followed by
the log-rank test to compare groups. The AUC was
obtained using the trapezoidal rule, and statistical
comparisons were performed by 1-way or 2-way
analysis of variance. The association between 2
continuous variables was assessed using the Pearson
correlation coefficient. For all statistical analyses,
P < 0.05 was considered statistically significant.
RESULTS

INFARCT SIZE. Twenty-three of 38 pigs survived af-
ter the acute phase of MI or the surgery for AAV
intramyocardial injection. The resulting sample size
for each experimental groups was as follows: W1
AAV6-control, n ¼ 6; W1 AAV6-miR-199a , n ¼ 7; W2
AAV6-control , n ¼ 5; and W2 AAV6-miR-199a , n ¼ 5.
LV scar assessment was performed using cMRI based
on LGE. Both at baseline and at 1 month after treat-
ment, the gadolinium-retaining region, defined as
either infarct mass (gr) or size (% LV), was not
significantly different between AAV6-control and
AAV6-miR-199a (P ¼ 0.32 and P ¼ 0.12, respectively).
Representative LGE cMR images of 4 cross-sectional
planes of hearts of the W1 protocol at baseline and
28 days after treatment are shown in Figure 2.
The infarct region included a core fibrotic area and
a surrounding gray zone comprising a mixture of
viable myocardium and fibrotic regions, which
also did not differ between groups (P ¼ 0.18 and
P ¼ 0.20, respectively).

CARDIAC MORPHOLOGY AND FUNCTION. Morpho-
logic and functional changes, also measured with
cMRI, were consistent with the lack of significant
cardiac repair in the miR-199a–treated groups. No
significant differences were found between the
AAV6-control and AAV6-miR-199a groups, both in the
W1 and W2 protocols, in terms of cardiac volumes and
global systolic function (Supplemental Tables 1 and 2,
Figures 3A to 3E; please see respective P values in the
figure legend). There was a significant difference be-
tween groups in terms of indices of regional ventric-
ular function, that is, wall thickening (P < 0.001),
radial strain (P < 0.001), and relative AUC (P < 0.032),
in both protocols, mainly because of differences be-
tween sham and infarcted groups but not between the
2 infarcted groups (Figure 4). Detailed post-hoc ana-
lyses for segmental wall motion parameters can be
found in Supplemental Tables 3 to 5. Actual values of
the key data elements are provided in Supplemental
Table 6.

ELECTROPHYSIOLOGICAL STUDY. We started our
study with the W2 group. It was clear, after the first
few pigs, that the AAV-miR-199a administration was
not effective when injected at 2 weeks after MI but
still caused sudden death; hence, we decided to
shorten the MI treatment window, and so we started
in parallel with the W1 group, in which we also tested
cardiac electrical stability. PES was performed in 5
pigs included in the W1 protocol for AAV6-miR-199a
and 5 AAV6-control pigs. The RR interval, QT dura-
tion, and heart rate–corrected QT (QTc; Bazett’s

https://doi.org/10.1016/j.jacbts.2024.12.014
https://doi.org/10.1016/j.jacbts.2024.12.014
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formula) were not different between the 2 groups.
Animals from the AAV6-miR-199a group showed
higher, yet not significant, resistance to multiple
extrastimuli with short coupling periods: Ventricular
fibrillation was induced in 100% of AAV6-control pigs
compared with 60% of AAV6-miR-199a pigs. No sus-
tained monomorphic ventricular tachycardia was
found in the AAV6-miR-199a group or in controls.

DEATH RATE. All pigs injected with AAV6-control
survived until the end of the protocol (56 days after
treatment). All 12 pigs receiving AAV6-miR-199a also
survived up to week 40. However, 8 of them (3 in the
W2 protocol and 5 in the W1 protocol) died suddenly
at 40 to 52 days in the absence of preceding clinical
signs P ¼ 0.013) (Figure 5A).

HISTOLOGIC AND MOLECULAR ANALYSES. A group
of animals (7 and 4 in the W1 and W2 protocols,
respectively) was tested for expression of the mature
miRNA-199a-3p in the infarct and injected border
zones 8 weeks after AAV6 vector injection (Figure 6A).
We found robust expression of miR-199a-3p in the
animals that had received AAV6-miR-199a at both W1
and W2 after MI compared with the control group
(P ¼ 0.033 for W1 and P ¼ 0.041 for W2). It consisted
of an average of 10.9-fold (SEM, �1.1) and 14.2-fold
(SEM, �7.0) endogenous to miR-199a-3p in the W2
and W1 protocols, respectively (Figure 6C). Individual
values for each of the analyzed sections in 1 animal
are shown in Figure 6B. These levels of over-
expression are in line with those found in our previ-
ous study, when the same vector was administered
immediately after MI,17 and confirm the ability of AAV
vectors to sustain expression of the transgenes over a
long period of time.

Hematoxylin and eosin staining was performed on
the paraffin-embedded tissue sections obtained ac-
cording to the sectioning scheme shown in Figure 6A.
The vast majority of the analyzed sections in the
infarct border zones of the animals treated with
AAV6-miR-199a did not show any unusual phenotype
compared with untreated infarcted animals (repre-
sentative images in Figure 6D). There was no differ-
ence in cardiomyocyte cross-sectional area between
treated and control pigs (P ¼ 0.65 for W1 and P ¼ 0.61
for W2) (Supplemental Figures 2A and 2B), consistent
with our results on LV wall thickening. In only 2
treated animals, we could detect a few clusters of
small cells in the infarct border zone in 2 different
sections (sections 58A and 59S) (Figure 6E) that were
injected with AAV6-miR-199a. These rare clusters
included a small number of cells and were isolated
and occupied an area no larger than 1 mm2 in a whole
tissue section of no <150 mm2. Several cells in
these clusters were positive for Ki67, a marker indi-
cating an active cell cycle state, and for GATA4, which
is a marker of early myogenic development
(Supplemental Figure 2C). Although the clusters were
sporadic and smaller, and thus unlikely to correlate
with the occurrence of possible deadly arrhythmias,
these results confirm that AAV-mediated persistent
expression of miR-199a in the infarcted heart is
associated with the presence of proliferating cell
clusters with an early myoblast phenotype similar to
our previous study.17

Finally, we sought to co-localize, in the AAV6-miR-
199a–treated animals, the areas of vector trans-
duction by in situ RNA hybridization and the levels
and organization of connexin-43–positive interca-
lated disc junctions. The results for 1 representative
animal (of 4 treated and 2 controls analyzed) are
shown in Supplemental Figure 3. AAV-mediated
miRNA expression was clearly detectable in car-
diomyocytes in the infarct and infarct border zone
areas. The levels of transduction were quite nonho-
mogeneous, also as a consequence of the different
extent of tissue damage. We detected an inverse
correlation between the levels of connexin-43 and
those of AAV-expressed miR-199a, with less-intense
staining and less-organized junctions in the areas
that expressed high levels of the vector RNA trans-
gene (r: –0.266, P ¼ 0.019) (Supplemental Figure 3D
for quantification).

DISCUSSION

The present results indicate that an AAV6 vector
expressing the miR-199a pri-miRNA gene is not
effective at stimulating cardiac regeneration when
administered at 1 or 2 weeks after MI in pigs. This is
different from our previous results, which showed
cardiomyocyte proliferation and clinically relevant
cardiac regeneration when the same dose of vector
was administered within the first 20 minutes of
reperfusion after 90 minutes of coronary occlusion.17

Healing from MI is a dynamic process that starts with
inflammation and necrosis and approximately 1 week
later evolves into a stage when fibrosis pre-
dominates.30 During the first few days after MI, the
necrotic tissue is cleaned up by macrophages with
proteinases that degrade the intercellular matrix.
Although this may free up room for newly formed
cardiomyocytes,31 during the following fibrotic phase
the injured area is invaded by myofibroblasts from
the surrounding myocardium and the production of
pro-collagen drastically increases. This later phase is
also characterized by elevated levels of matrix pro-
teins that play important structural and signaling

https://doi.org/10.1016/j.jacbts.2024.12.014
https://doi.org/10.1016/j.jacbts.2024.12.014
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FIGURE 6 Histologic and Molecular Analyses

Systematic assessment of miR-199a-3p expression after AAV6-mediated transduction. (A) Schematic representation of pig heart sectioning for histologic and molecular

studies. Four 1-cm-thick transversal slices were cut starting from the base to the apex (1-4). Each slice was subsequently divided into 2 to 9 regions, each 1 labeled with

a capital letter, and then into additional subregions (letters plus numbers) for targeted molecular and histologic analyses. Sectors T, I, and D correspond to the infarct

border zone, where the vectors were administered, whereas sector L was considered representative of the remote zone. Injection and infarct border segments for each

slice were divided into smaller fragments (dashed lines) to accurately assess the levels of expression of the transgene at 56 days after transduction. (B) Real-time

polymerase chain reaction quantification of mature miR-199a-3p expressed as fold change over endogenous levels (assessed in AAV6-control pigs) in the indicated

regions for a representative animal. (C) Average expression levels of miR-199a-3p in the treated animals. Each data point represents an individual animal, averaging the

highest levels detected in each subsegmented region. Three to 4 per sample. Data are mean � SEM. *P < 0.05, unpaired t test with Welch’s correction.

(D) Hematoxylin & eosin staining of paraffin-embedded tissue sections in pigs injected with AAV6-miR-199a or AAV6-control. The pictures show representative

images from the infarct border zone, which was injected, and a remote area. No apparent differences were detected in any analyzed sections taken from the treated

pigs, except for the 2 sections shown in E. (E) Macroscopic picture of the only 2 sections in which small cell clusters were identified from 2 animals injected with

AAV6-miR-199a. These sections were stained with hematoxylin & eosin and observed at 2 different magnifications.
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roles in scar formation.30,32-34 Such processes
contribute to maintain ventricular integrity, scar
compaction, and stability, hence preventing wall
aneurism and rupture,30,35 but they also create a
disadvantageous milieu for proliferating car-
diomyocytes. Consistent with these observations,
other studies have shown that an attempt at tissue
healing by spontaneously proliferating car-
diomyocytes occurs immediately after MI in both ro-
dents36 and humans.37 We can envisage that the
expression of miR-199a is able to amplify the tran-
sient proneness of cardiomyocytes to proliferate
immediately after MI, while this window of permis-
sivity is closed at later times, during infarct healing
process, when the fibrotic response predominates.
Consistent with this conclusion, our original studies
testing AAV6-miR-199a delivery at a very early stage
of MI had already shown that the proliferation of
cardiomyocytes had already ended 12 days after
treatment, despite the continuous expression of the
miRNA.17

These observations do not preclude the efficacy of
other attempts at inducing endogenous car-
diomyocyte proliferation as a mean to achieve cardiac
regeneration at later times after MI. In species that
regenerate their organs, such as zebrafish, heart
regeneration is nevertheless preceded by extensive
scar formation.38 In the adult mouse heart, car-
diomyocyte proliferation itself is a main driver for the
resolution of scars, because fibrotic mouse hearts can
still regenerate if the pro-proliferative YAP tran-
scriptional cofactor is activated long after infarc-
tion.39 Thus, although miR-199a may be effective only
when administered early after coronary occlusion and
reperfusion, other pro-proliferative treatments,
including alternative miRNAs identified by our and
others’ screenings,8,40 are worth testing under the
same experimental conditions of the present study,
long after MI.

The beneficial effects of miR-199a on post-MI car-
diac recovery were lost when viral vector adminis-
tration was delayed, and nonetheless most pigs still
died suddenly at 6 to 7 weeks after AAV administra-
tion, possibly because of ventricular fibrillation, as we
have previously recorded this lethal arrhythmia by
implanted miniature electrocardiogram recorders
(Medtronic) in pigs treated with AAV6-miR-199a.17 On
the other hand, PES, the standard test for ventricular
arrhythmia susceptibility used in human patients,
ruled out higher inducibility of ventricular fibrillation
in miRNA-199a–treated hearts compared with the
control group. PES induced ventricular fibrillation in
100% of the control pigs without preceding ventric-
ular tachycardia, likely because of the aggressive
stimulation protocol used. These findings seem to
confirm that PES, although the best available choice
for clinical assessments, is not an effective predictor
of sudden cardiac death.41,42 Another important
aspect to be considered is that deadly cardiac events
have never been observed in mice delivered with
AAV-miRNA-199a.8 Moreover, cardiac electrophysi-
ology in pigs is characterized by differences relative
to humans and other mammals.43

It is interesting that the long lag time between
treatment and sudden death remained the same, no
matter if AAV6-miRNA-199a was delivered during the
period immediately after ischemia/reperfusion17 or
weeks after MI, as tested in the current study. What
could be the reason for such possible arrhythmogenic
effect occurring so long after vector administration?
Our recent work in a different setting showed that
transgene expression from AAV vectors starts a few
hours after injection in infarcted hearts.44 Therefore,
the delayed lethal episodes are an unlikely conse-
quence of the lag between vector administration
and miRNA expression. In our previous study, we
attributed this adverse effect to the continuous, pro-
proliferative effect of miR-199a causing the forma-
tion of clusters of poorly differentiated myoblast cells
interspersed among myocardial fibers.17 In the pre-
sent study, these infiltrating cell clusters were not
detected in most cardiac sections we analyzed from
the AAV6-miR-199a–treated animals (clusters of cells
were only present in the 2 sections shown in
Figure 6E). Thus, it appears highly unlikely that this
occurrence could be linked to the development of
arrhythmias.

The observation that the areas showing higher AAV
RNA expression were those in which expression of
connexin-43 was lower can have at least 3 explana-
tions. First, it could reflect a true effect of the miRNA
on connexin-43 levels. We consider this possibility
unlikely, because neither connexin-43 mRNA levels
nor connexin-43 protein localization in the interca-
lated discs were altered on miRNA expression in our
previous studies.3 A second possibility is that the
reduced connexin-43 levels were a consequence of
the uneven levels of transduction, because the vec-
tors only target cardiomyocytes and were adminis-
tered in the infarct border zone, in which the extent
of tissue damage is highly variable and car-
diomyocytes are less tightly connected. A third
explanation relates to the possibility that the miRNA,
although not directly reducing connexin-43 expres-
sion, could induce partial cardiomyocyte dedifferen-
tiation, which in the short term would be required for
cardiomyocyte proliferation but in the long term,
because of the continued expression from AAV



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Despite its

appealing characteristics, no miRNA-based therapy for cardiac

diseases has yet achieved clinical approval. A marked cardiore-

parative capacity of miR-199a carried by AAV vectors (AAV6) was

demonstrated previously in a clinically relevant model of

infarcted pig heart, yet this therapy needs refinements to

prevent possible lethal arrhythmias in the long term.

TRANSLATIONAL OUTLOOK: Using the pig model of MI, the

present study tested whether a delayed administration of AAV6-

miR-199a could be equally effective, while devoid of long-term

severe side effects. That was not the case, because AAV6-miR-

199a proved ineffective as a therapeutic agent while still being

associated to sudden death in the long term. These results,

although negative, provide important preclinical indications for a

correct path toward the possible use of a powerful proreparative

molecule such as miRNA-199a in human patients. It appears

mandatory to administer miR-199a early after MI and through a

modality that does not involve the permanent expression of

pre-miRNA from a viral vector. More studies are warranted to

test miRNA mimics carried by lipid nanoparticles.
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vectors, could become detrimental by impeding
proper electrical coupling of cardiomyocytes, hence
favoring the occurrence of possible arrhythmias.
Further experiments are required to discern among
these possibilities.

STUDY LIMITATIONS. One limitation of our study,
which could be considered among the hypothetical
causes of the observed sudden death, is the use of
AAV vectors expressing the pri-miRNA for miR-199a,
which is processed inside cardiomyocytes to eventu-
ally yield the mature miRNA duplex. Both miRNA
strands of the duplex can then be used by the
endogenous RISC machinery. Therefore, not only the
desired miRNA is produced (in this case, the pro-
proliferative miR-199a-3p), but also the miRNA
encoded by the complementary pre-miRNA stem-loop
strand. In our previous experiments, both miR-199a-
3p and miR-199a-5p were naturally generated by the
same amount,17 with the latter being known to exert
undesirable effects in the heart.45-48

Different from our previous study,17 we did not
perform experiments to assess the presence of
proliferating cardiomyocytes at 12 days after AAV6-
miR-199a administration. However, because of this
limitation, we cannot rule out that there could be a
burst in cardiomyocyte cell cycle when AAV was
administered 1 or 2 weeks after infarction. Our MRI
data on scar size and cardiac function indicate no
adequate regeneration in the infarct border zone.
Another limitation is the missing comparison be-
tween male and female pigs, yet the present study
compares directly with our previous one on AAV-
miR-199a, also performed in castrated male pigs
only.17

CONCLUSIONS

The present results indicate that, for clinical trans-
lation, it appears mandatory to administer miR-199a-
3p early after MI and through a modality that does
not involve the permanent expression of pre-miRNA
from a viral vector. Available evidence already in-
dicates that synthetic miRNA mimics, including
miR-199a-3p, are effective when administered by
lipofection.10,13,16,49 More studies in preclinical large
animal models are warranted to test this alternative
approach. In this respect, an appealing possibility for
future clinical development is the use of lipid nano-
particles obtained through the SNALP (Stable Nucleic
Acid Lipid Particles) technology.50
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