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ABSTRACT: We report a nanoparticulate system capable of

targeting the heart after myocardial infarction (MI). Targeting
is based on overexpression of angiotensin II type 1 (AT1)
receptor in the infarcted heart. Liposomes 142 nm in diameter
were conjugated with a ligand specific to AT1. The nanoparti-
cles were able to specifically target cardiac cells in vitro, and in
the infarcted heart after intravenous injection in vivo. This
system may be useful for delivering therapeutic agents specifi-
cally to the infarcted heart.
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oronary artery disease can lead to myocardial ischemia and/
Cor myocardial infarction (MI), the leading cause of morbid-
ity and mortality in the USA." Since cardiomyocytes are termin-
ally differentiated and cannot proliferate, and given that the
number of stem cells in the heart is limited, the heart cannot
regenerate, leading to chronic cardiac dysfunction. Approxi-
mately 50% of patients who have had a first MI will die within
the next $ years." The only cure for these end-stage patients is
cardiac transplantation. As cardiac donors are scarce, there is an
urgent need to develop new strategies that will promote heart
regeneration.

Many experimental approaches to treating the infarcted heart
involve supplying growth factors, cytokines, drugs, and other bio-
molecules to the dying cells in the scar tissue.” These therapeutic
agents have been delivered by direct injection, or by injecting
biomolecule-loaded microparticles or gels to the left ventricle
(LV).>~® However, the efficacy of these approaches may be
hampered by lack of retention of the factors or microparticles in
the desired area. An alternative extant approach is transplantation
of biomaterials capable of releasing biomolecules into the scar
tissue microenvironment.” " This strategy involves surgery with
its attendant risks and costs.

Targeted nanoparticles provide an attractive approach as they
may be injected intravenously (IV), circulate in the body for long
periods, and bind to desired tissues. Recent studies have success-
fully demonstrated selective targeting of engineered nano-
particles to tumors'>'® and the feasibility of such targeting
systems has already been demonstrated clinically.'"* In the
infarcted heart micro- and nanoparticles have been used to target
macrophages'® and blood vessels.'®
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In order to develop a successful targeting system, two main
obstacles must be overcome. First, the delivery system must
be transferred across the vascular endothelium, which is
difficult under normal circumstances. Nanoparticles can cross
endothelia more readily in circumstances where the vasculature is
abnormal or disrupted, as in tumors — a process referred to as
enhanced permeation and retention (EPR). Second, if active
targeting is desired, a molecular target must be identified at
the desired site of drug action that is substantially enriched
relative to the rest of the body, and a ligand to that target must be
provided.

The technology reported in this paper relies on two main
observations. First, after MI the blood vessels in the LV become
leaky;'” this may allow penetration of nanosized particles in a
manner analogous to EPR. Second, it has recently been shown
that the AT1 receptor is overexpressed in the infarcted heart'®
and thus may serve as a target.

To verify that AT1 receptor overexpression occurs after
hypoxia as after MI, we exposed isolated cardiac cells to low
oxygen levels (48 h at 5% O,). The cells were then fixed and
stained with antibodies against the AT1 receptor. A 3-fold
increase in the expression of the AT1 receptor (p = 0.0009)
was observed in cells subjected to hypoxia compared to cells
grown under normal conditions (Figure 1A,B). This phenom-
enon was also observed in vivo after LV MI induced by occlusion
of the left coronary artery. Cells located in the LV expressed
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Figure 1. AT1 expression in normal and diseased conditions. A, B. in vitro assessment of AT1 receptor expression. A. Cardiomyocytes cultured under
normal conditions. B. Cardiomyocytes cultured under hypoxic conditions (48 h, 5% O2). C. Expression of AT1 in vivo in the LV of the pristine heart. D,
E, Expression of AT1 in vivo 7 days post ML D. Expression in the right ventricle. E. Expression in the LV in the infarcted area. Green: -actin, red: AT1,

blue: nuclei. Bar =200 y#m.
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Figure 2. Concept schematic. After myocardial infarction, the AT1
receptor is overexpressed in the LV. Nanoparticles conjugated with a
ligand specific for the AT1 receptor are injected intravenously. After
circulating in the body the particles specifically target the LV, where they
can release therapeutic agents.

higher AT1 receptor levels than those of the infarcted heart right
ventricle or normal LV (Figure 1C—E).

We designed a nanoparticulate system that could specifically
target cardiac cells based on this phenomenon (Figure 2). The
system comprised a vehicle and a targeter. The vehicle was a
nanosized PEGylated liposome (142 & 8 nm) that could carry a
therapeutic payload (e.g, growth factors, cytokines, etc.) and
release it in a controlled manner. The targeter was composed of
the amino acid sequence Gly-Gly-Gly-Gly-Asp-Arg-Val-Tyr-Ile-
His-Pro-Phe (the AT1 receptor targeter), where the four glycine
residues served as a spacer and the remainin% eight amino acids
are the amino acid sequence of angiotensin IL."* This peptide was
covalently attached to the carboxylic groups on the PEGylated
liposomes to form a nanoparticulate system able to target the
infarcted heart (referred to henceforth as AT1 nanoparticles).

To investigate the potential of the AT1 nanoparticles to bind
cardiac cells, we isolated cardiac cells as previously described*’
and cultured them in 8-well chamber slides (2.5 x 10° per well)
for 48 h. Twenty microliters of AT1 nanoparticles (~1.5 x 10"*
particles/mL) containing fluorescent dye were cultured with the
cells for 30 min. The medium was removed and the cultures were
carefully washed. To demonstrate AT 1 targeter specificity, these
particles were compared to others bearing a targeter with the
same amino acids in a scrambled order. AT1 particles showed
greater targeting ability (Figure 3A,B). After 30 min, 52% of the
cells incubated with AT1 nanoparticles were targeted in compar-
ison to only 27% of the cardiac cells incubated with the scrambled
particles (p = 0.0003). When cells were subjected to 48 h of

hypoxia (5%), the proportion of targeted cells rose from 52% to
more than 83% (p = 0.007) (Figure 3C—E).

We demonstrated the potential of AT1 nanoparticles to target
the infarcted heart in mice in which MIs were induced by ligation
of the left descending coronary artery. Fluorescently labeled
nanoparticles (AT1 or scrambled peptide) were injected into the
right jugular vein 1, 4, and 7 days after MI. We allowed the
nanoparticles to circulate in the body for 24 h before sacrificing
the animals. The hearts were isolated and immediately imaged
using an in vivo imaging system (IVIS) and the signal intensity
was measured. As shown by the representative pictures of the
isolated hearts, the particles accumulated mainly in the left
ventricle (Figure 4A). Thin sections of the LV wall after MI
further validated that the particles were present in the LV
(Figure 4B). Quantification of the fluorescence in the hearts
revealed statistically significantly higher levels of AT1 nanopar-
ticles compared to scrambled particles on days 1 (p = 0.05) and 7
(p = 0.02) post infarction (Figure 4C). To ensure that the
binding we obtained after MI is specific to injured hearts and did
not occur in healthy animals we injected AT1 or scrambled
nanoparticles into sham-operated mice (i.e, animals without
coronary occlusion). There was negligible binding in these LVs
(Supporting Information Figure S1). The amounts of AT1 nano-
particles accumulated in the infarcted heart on days 1, 4, and
7 were 48, 39, and 27% of the total amount accumulated in
all organs studied respectively (Supporting Information Figure S2).
The differences in accumulation over time may be attributable to
concurrent changes in inflammation, perfusion, and vascularization
after infarction.

In conclusion, we report two principal findings. First, nano-
particles will target the injured but not the healthy heart,
suggesting that this could be an approach that could be exploited
for drug delivery after MI in a manner analogous to the way in
which nanoparticles are used to preferentially but passively target
tumors.”" Second, AT1 targeting further enhanced delivery to
the injured myocardium. Both approaches could be used to
reduce systemic toxicity of delivered drugs and, most impor-
tantly, increase local therapeutic effect. Decreasing particle size
and optimizing targeter density could further increase targeting
efficiency. These systems could provide sustained release of
bioactive molecules specifically to the infarcted heart and pro-
mote cardiac tissue regeneration. Many biomolecules have been
reported to have a therapeutic effect on the infarcted heart.
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Figure 3. Cardiac cell targeting in vitro. (A) Targeting cardiac cells with nanoparticles conjugated with nonspecific scrambled peptide as a targeter.
(B) Targeting with AT1 nanoparticles. (C) Cardiac cells cultured under hypoxic conditions targeted by AT1 nanoparticles. (D) Higher magnification of
C reveals multiple particles binding to each cell. Sarcomeric actinin (green), nuclei (blue), and nanoparticles (red). Bar = 20 um in all panels.
(E) Quantification of percentage of targeted cells (n = 6). Data are means % SD.
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Figure 4. Targeting the infarcted myocardium. (A) IVIS images of hearts injected with AT1 or scrambled (S) nanoparticles 1, 4, and 7 days after
infarction. The hearts were isolated 24 h post injection and imaged. LV is located in the lower right side of each image. (B) Accumulation of AT1
nanoparticles injected one day post infarction in the LV of the infarcted heart. Nanoparticles, red; tissue autofluorescence, green. Bar = 200 um.
(C) Quantification of fluorescence in isolated hearts harvested 1 day post injection.

For example, microparticles containing a p38 inhibitor injected
directly to the infarcted heart were able to reduce the fibrotic
area.” Furthermore, the release of insulin-like growth factor,
hepatocyte growth factor,” platelet-derived growth factor,* stro-
mal-cell-derived growth factors,*” or periostin® in close proxi-
mity to cardiac infarcts was able to attenuate the deterioration of
the LV. These nanoparticulate formulations have the advantage
of being delivered intravenously, obviating the need for cardiac
catheterization or surgical procedures.

Experimental Section. Cardiac Cell Isolation. Ventricular
myocytes were isolated from neonatal (1—2 d) Sprague—Daw-
ley rats as previously described®® using 6—7 cycles of enzyme
digestion. Isolated ventricles were cut to approximately 1 mm?>
pieces and incubated (37 °C, 30 min) repeatedly (6—7 times) in
buffer with collagenase type II (95 U/mL; Worthington, Lake-
wood, NJ) and pancreatin (0.6 mg/mL; Sigma, St Louis, MO).
After each digestion round, the mixture was centrifuged (600 g,
S min, 25 °C), and the cell pellet was resuspended in cold M-199
medium supplemented with 5% FBS (Invitrogen, Carlsbad, CA).

Immunostaining. Immunofluorescence staining was per-
formed as described.”* In brief, samples were fixed and permea-
bilized in cold methanol, and then blocked for 1 h at room
temperature in PBS containing 2% serum. After three buffer
washes, the samples were incubated for 1 h with antibodies to
P-actin (FITC-conjugated, Sigma), AT1 (Abcam, Cambridge, MA)
or sarcomeric actinin (Invitrogen). The samples were incubated for
an additional 1 h with goat antimouse Alexa conjugated antibodies
(Sigma). For nuclear detection, the cells were incubated for 3 min
with Hoechst 33258 (Sigma) and washed. Imaging was performed

with an inverted Zeiss fluorescence microscope model Axiovert
200 M and analysis was performed using AxioVision 4.5. Images
were quantitated using Image ] software (NIH).

Liposome Preparation and Targeter Conjugation. L-a-phos-
phatidylcholine (HSPC), M,, 762.1, (Avanti Polar Lipids,
Alabaster, AL), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[carboxy(polyethylene glycol)-2000], M,, 2849.5, (Avanti),
and cholesterol (Sigma) in a mole ratio of 67.9:2.4:29.7, respec-
tively, were dissolved in absolute ethanol at 62—65 °C. The lipid
solution was hydrated in an aqueous solution containing a
fluorescent probe (DyLight 649, Thermo Scientific, lipid conc.
40.4 mg/mL, dye conc. 0.4 mg/mL) to form multilamellar
vesicles. The multilamellar vesicles were downsized by step-
wise extrusion through polycarbonate membranes (Osmonics,
Trevose, PA) using a Lipex extruder (Northern Lipids, Vancouver,
Canada) starting at a pore diameter of 400 nm and ending at
100 nm. Nonencapsulated dye was removed by dialysis against
PBS using 10° MW cutoff cellulose ester tubing (Spectra/Por
Biotech, Ranco Domingues, CA). A mean particle diameter of
142 £ 8 nm was measured by dynamic light scattering. Con-
jugation of the targeter was performed as described.”® In brief,
5 mL of liposome solution (~1.5 x 10*/mL) was incubated
with 20 mg of 1-(3-dimethylaminopropyl)-3-ethylcarbodimide
hydrochloride (EDC, Sigma) and 40 mg of sulfo-N-hydroxysuc-
cinimide (NHS, Sigma) for 2.5 h at room temperature with gentle
stirring. The resulting NHS-activated particles were covalently
linked to 4 mg of NH2-GGGGYDRVTIHPF-NH2 or the scrambled
peptide NH2-GGGGFHPDYRVI-NH2 (GenScript Corp., Pis-
cataway, NJ) overnight at room temperature with gentle stirring.
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Assessment of Cell Targeting in Vitro. Cardiac cell targeting
was assessed as described.”® In brief, on the day of experiments,
cells were washed with prewarmed PBS and incubated with
prewarmed media with addition of nanoparticles. The cultured
cells were washed with PBS three times, fixed, and stained. The
number of targeted cells was quantified by fluorescent micro-
scopy at 20X magnification and divided by the total cell number.
All measurements were averaged over three consecutive images
within every well (n > 6).

Mouse Model of MI and Nanopatrticle Injection. MI was
induced as described.”® C57/BL6 female mice were anesthetized
(IP injection) with a combination of ketamine (40 mg/kg) and
xylazine (10 mg/kg), intubated, and mechanically ventilated.
The chest was opened by left thoracotomy, the pericardium was
removed, and the proximal left coronary artery was permanently
occluded with an intramural stitch. One, 4, and 7 days post-M]I,
nanoparticles (100 #L) were injected into the right jugular vein.
Twenty-four hours postinjection, the mice were sacrificed and
their hearts were taken for evaluation. All animal procedures were
approved by the Institutional Animal Care and Use Committee
of the Harvard Medical School.

Assessment of Cell Targeting in Vivo. Isolated heart (1 = 4 for
each time point) imaging was performed with an IVIS Spectrum
measurement system (Xenogen, Hopkinton, MA). Fluorescent
images were captured at an excitation wavelength of 605 nm and
emission wavelength of 720 nm under optimized imaging con-
figurations. Data were analyzed using the manufacturer’s Living
Image 3.1 software.

Statistical Analysis. Data are presented as means *+ SD.
Univariate differences between the groups were assessed with
Student’s f test. All analyses were performed using GraphPad
Prism version 5.00 for Windows (GraphPad Software, San Diego,
CA). p < 0.05 was considered statistically significant.
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