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Background: After myocardial infarction (M), inflammatory cells infiltrate the infarcted heart
in response to secreted stimuli. Monocytes are recruited to the infarct via CCR2 chemokine recep-
tors along a CCL2 concentration gradient. While infiltration of injured tissue with monocytes is
an important component of the reparatory response, excessive or prolonged inflammation can
adversely affect left ventricular remodeling and worsen clinical outcomes.

Materials and methods: Here, we developed poly(ethylene glycol) (PEG)-distearoylphos-
phatidylethanolamine (PEG-DSPE) micelles loaded with a small molecule CCR2 antagonist to
inhibit monocyte recruitment to the infarcted myocardium. To specifically target CCR2-express-
ing cells, PEG-DSPE micelles were further surface decorated with an anti-CCR2 antibody.
Results: Targeted PEG-DSPE micelles showed eight-fold greater binding to CCR2-expressing
RAW 264.7 monocytes than plain, non-targeted PEG-DSPE micelles. In a mouse model of M1,
CCR2-targeting PEG-DSPE micelles loaded with a CCR2 small molecule antagonist significantly
decreased the number of Ly6C"¢" inflammatory cells to 3% of total compared with PBS-treated
controls. Furthermore, CCR2-targeting PEG-DSPE micelles significantly reduced the infarct
size based on epicardial and endocardial infarct arc lengths.

Conclusion: Both non-targeted and CCR2-targeting PEG-DSPE micelles showed a trend
toward improving cardiac function. As such, PEG-DSPE micelles represent a promising cardiac
therapeutic platform.

Keywords: CCR2, inflammatory monocytes, micelles, myocardial infarction

Introduction

Ischemic heart disease, including myocardial infarction (MI), accounted for ~10 million
deaths in 2016 and is a major cause of morbidity throughout the world.!*> The con-
temporary treatment of MI requires rapid coronary reperfusion using percutaneous
coronary intervention (PCI). Early reperfusion coupled with chronic medical therapy,
including beta blockers, angiotensin inhibition, statins, and antiplatelet therapy have
led to significant improvements in survival. Nevertheless, a significant number of those
who survive the acute event develop large infarctions and postinfarction left ventricular
(LV) remodeling.> Many others present too late to be considered candidates for reper-
fusion with acute PCL.* As a result, a significant number of patients continue to be at
high risk of late complications, such as lethal ventricular arrhythmias and congestive
heart failure.’ Thus, there is an urgent need for new therapeutics that can modify the
course of disease when administered after reperfusion and improve long-term cardiac
repair and restore myocardial function.®® After MI, there is a dynamic cascade of host
inflammatory cells that infiltrate the heart in response to paracrine stimuli secreted
by the damaged tissue.!®!! Monocytes are recruited to the infarct via the chemokine
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receptor CCR2 along a CCL2 concentration gradient. While
monocyte infiltration early after MI is important, excessive or
prolonged inflammation can adversely affect LV remodeling
and impact clinical outcomes.'?

Lipid micelles composed of poly(ethylene glycol) (PEG)-
distearoylphosphatidylethanolamine (PEG-DSPE) are an
attractive class of nano-sized carrier because PEG-DSPE
has high biocompatibility and is an US Food and Drug
Administration-approved excipient.!® Furthermore, due to
their small size, PEG-DSPE micelles can extravasate from
leaky vasculature and accumulate in the heart after MI.!415
By virtue of their hydrophobic core, lipid micelles are ideal
vehicles for poorly water-soluble drugs, which often make
suboptimal therapeutics. While organic co-solvents and
surfactants are frequently used to increase drug solubility,
they can increase toxicity and have other undesirable
effects.'® Aside from their high biocompatibility and ability
to solubilize hydrophobic drugs, PEG-DSPE micelles are
attractive delivery vehicles because they are amenable to
surface modification with different targeting ligands that
could enable multivalent interactions with disease targets
and enhance binding specificity and/or affinity.'*!?

Here, we assessed if lipid micelles loaded with a poorly
water-soluble CCR2 small molecule antagonist and surface
decorated with a CCR2-targeting antibody had therapeu-
tic utility in a pre-clinical model of MI. First, we tested
the ability of CCR2-targeting lipid micelles to bind to
CCR2-expressing macrophages in vitro. Then, we assessed
the ability of the CCR2-targeting, loaded lipid micelles to
reduce the number of inflammatory cells at the infarct site in
a mouse model of MI. Finally, the therapeutic efficacy was
tested by measuring cardiac function and infarct size in vivo.

Materials and methods

Reagents

mPEG-DSPE and NHS-PEG-DSPE were obtained from
Avanti Polar Lipids (Alabaster, AL, USA). Mouse CCR2
antibody (Clone # 475301) was purchased from R&D Sys-
tems, Inc. (Minneapolis, MN, USA) and had a molecular
weight of 593.66 Da. Both 1,1-dioctadecyl-3,3,3,3,-tetram-
ethylindodicarbocyanide (DiD) and DAPI were purchased
from Invitrogen Life Technologies (Carlsbad, CA, USA).
The CCR2 antagonist BMS CCR2 22 was purchased from
Tocris Bioscience (Bristol, UK). Anti-NK1.1-biotin, anti-
CD49b-biotin, anti-Ly6G-biotin, anti-MHC II-biotin, anti-
CD90.2-biotin, anti-CD45R (B220)-biotin, anti-F4/80-APC,
anti-CD11¢c-PE, and anti-Ly6C-fluorescein isothiocyanate
were purchased from Miltenyi Biotec (Auburn, CA, USA).

Anti-CD11b-BV421 and V500 streptavidin beads were
purchased from BD Biosciences (San Jose, CA, USA), col-
lagenase II was purchased from Worthington (Lakewood,
NJ, USA), and DNase I was from Thermo Fisher Scientific
(Waltham, MA, USA). The RAW 264.7 cells were purchased
from American Type Culture Collection. All other chemicals
and solvents were purchased from Thermo Fisher Scientific
unless otherwise stated.

Micelle synthesis

Plain and CCR2-targeting micelles were prepared as follows:
mPEG-DSPE/NHS-PEG-DSPE/DiD (98/2/0.5) were dis-
solved in chloroform and mixed with the CCR2 antagonist
dissolved in methanol.'*'®!? The small molecule antagonist
CCR2 was loaded into the lipid micelles at 1:22 molar ratio,
which corresponds to a loading of 4.5% w/w. The solvent
was removed by rotary evaporation to yield a lipid film. The
dried film was rehydrated with PBS. The micelles contain
the far-red fluorescent, lipophilic DiD, which incorporates
into the lipophilic region of the micelles upon rehydration.
The mPEG-DSPE film and the mPEG-DSPE/NHS-PEG-
DSPE mixture were then sonicated for 5 minutes at room
temperature. The mPEG-DSPE/NHS-PEG-DSPE mixture
was incubated for 4 hours with an anti-CCR2 antibody for
conjugation to the NHS-PEG-DSPE lipid. The PEG-DSPE
micelles contained 0.3 mol% of anti-CCR2 antibody. The
particle size and zeta potential of the plain and CCR2-targeted
micelles were measured by dynamic light scattering (DLS)
using the Nanobrook Omni (Brookhaven Instruments,
Holtsville, NY, USA).

Binding of CCR2-antibody conjugated

micelles to CCR2-expressing cells

The binding and internalization of DiD-labeled CCR2-
targeting and plain micelles to RAW 264.7 cells were mea-
sured by flow cytometry. A total of 10° cells were incubated
with the micelles for 1 hour at 4°C and washed three times
before measurement. MACSQuant from Miltenyi Biotec was
used for flow cytometry at ex/em wavelengths of 644/663 nm.
Data were analyzed with FCS Express 5 (De Novo Software,
Glendale, CA, USA). All experiments were performed
in triplicate, and data are represented as mean = SD.

MTT assay

MTT assay was performed to determine the cytotoxicity of
the non-targeted and CCR2-targeting micelles loaded with
the CCR2 small molecule antagonist. RAW 264.7 cells were
plated into 96-well plates at a density of 8,000 cells/well.
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RAW 264.7 cells were incubated with increasing micelle
concentrations for 24 hours. The media was replaced and
the MTS substrate (Sigma Aldrich, St Louis, MO, USA) was
added to the wells and incubated for 2 hours at 37°C. The
formazan dye produced by the viable cells was measured
using a SpectraMax i3 plate reader at 490 nm.

In vitro migration assays

Transwell migration assays were performed using a chemot-
axis cell migration assay with a membrane pore size of 5 um
from MilliporeSigma (Burlington, MA, USA). RAW 264.7
cells were serum starved for 18—24 hours prior to assaying
and then plated onto the transwells. CCL2, a chemokine
ligand of the CCR2 receptor, was loaded into the basolateral
chamber. The cells were incubated for 4 hours at 37°C in
a humidified 5% CO, incubator. Cells were pretreated with
the CCR2 antagonist for 30 minutes. Cells that migrated to
the feeder tray were lysed with lysis buffer and fluorescently
labeled with CyQuant GR Dye for quantification. A plate
reader was used to measure fluorescence at ex/em wave-
lengths of 480/520 nm. Measurements were performed in
triplicate, and data are represented as mean + SD.

Mouse model of Ml

Male C57BL/6 mice were used (10—12 weeks) for the in vivo
studies. All animal procedures were approved by the University
at Buffalo — State University of New York Institutional Animal
Care and Use Committee. All methods and experiments were
performed in accordance with the US National Institute of
Health Guide for Care and Use of Laboratory Animals. Mice
were anesthetized with isoflurane via inhalation (1%—3%).
The body temperature was maintained with a heating pad.
A small incision under the mandible was made to visualize
the trachea. Mice were intubated with a 20 gauge blunt needle
and connected to a ventilator (Harvard Rodent Ventilator;
Harvard Apparatus, Cambridge, MA, USA). A left lateral
thoracotomy was made by use of a micro-dissecting micro-
scope (Leica Biosystems, Wetzlar, Germany) to expose the
heart. The left anterior descending (LAD) artery was identi-
fied and occluded permanently with an 8—0 nylon suture.
Successful LAD ligation was confirmed by blanching and LV
dysfunction. The thorax was closed in layers (ribs, muscles,
and skin). Analgesia (buprenorphine and carprofen) was
provided according to the protocol, and mice were monitored
carefully. In parallel subgroups, the mice had a similar sur-
gical procedure without ligating the suture around the LAD
(sham group). The survival rate after MI was 84%, with no
significant differences between treatment groups.

Analysis of Ly-6C"&" monocyte
accumulation in the infarcted heart

and spleen of C57BL/6 mice by flow

cytometry — Group |

To determine the accumulation of inflammatory Ly-6Chieh
monocytes in the infarcted heart and spleen (Group I), animals
were treated with plain and CCR2-targeting micelles 48 and
72 hours after MI. Mice subjected to permanent LAD occlu-
sion were randomized to receive PBS (n=5), plain micelles
(33 mg/kg, n=5), or CCR2-targeting micelles (33 mg/kg, n=5)
via tail vein injections 48 hours and 72 hours after inducing
MI. Both micelles were loaded with the CCR2 small molecule
antagonist at a dose of 1.5 mg/kg. A total of 1.5 mg/kg of
CCR2 small antagonist in 33 mg/kg micelles was adminis-
tered because from the three doses tested (1 mg/kg, 1.5 mg/kg,
and 2 mg/kg of CCR2), it proved to be the maximum tolerated
dose without causing fur ruffling in mice. Twenty-four hours
after the final injection (96 hours post-infarction), animals
were euthanized and hearts and spleens were isolated and
digested to quantify inflammatory monocytes by flow cytom-
etry. Spleens were removed, rinsed in Hanks’ balanced salt
solution (HBSS) at 4°C, digested, and filtered through a 40
micron cell strainer. Hearts were removed, rinsed in HBSS,
minced with fine scissors, and placed into a cocktail of 600
U/mL collagenase I and 60 U/mL DNase I for 1 hour at 37°C
with 400 rpm shaking. Single-cell suspensions were filtered
through a 40 micron cell strainer and counted. Monocytes
were enriched by CD11b microbeads using MACS LS col-
umns (Miltenyi). Cell suspensions were incubated with a
cocktail of monoclonal antibodies for 1 hour at 4°C. For the
last 15 minutes of incubation, V500 streptavidin beads were
added. A total of 15,000 cells were counted for spleen samples
and 10,000 cells for heart samples. Monocytes were identi-
fied as CD11b" (CD90/B220/CD49b/NK 1.1/Ly-6G/I-Ab)
(F4/80°/CD11c)" Ly-6C". Reported cell percentages were cal-
culated as the percent of live cells within the monocyte gate.
Data were acquired on a MACSQuant Analyzer 10 (Miltenyi)
and analyzed with FCS Express 5 (De Novo Software).

Micelle biodistribution — Group Il

To assess micelle biodistribution (Group II), C57BL/6 mice
were administered plain micelles (33 mg/kg, n=3) and CCR2-
targeting micelles (33 mg/kg, n=3) via tail vein injection
48 hours after inducing MI (Figure S1). Mice were sacri-
ficed 4 hours after injection, and organs (lung, spleen, heart,
liver, and kidneys) were collected for in vivo imaging using
the IVIS Spectrum system (PerkinElmer, Waltham, MA,
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USA) (n=3). Whole blood was centrifuged at 2,000 rpm for
10 minutes to obtain serum. The percentage of the injected
dose was determined using a standard curve.

Measurement of cardiac function and
infarct size 12 days after inducing
Ml — Group Il

To assess longer term functional effects of two boluses of
the CCR2 antagonist-loaded micelles, cardiac function was
assessed by echocardiography and infarct size determined
by Masson trichrome staining. Mice subjected to permanent
LAD occlusion were randomized to receive PBS, plain
micelles (33 mg/kg), or CCR2-targeting micelles (33 mg/kg)
via tail vein injections 48 and 72 hours after inducing MI.
Both micelles were loaded with the CCR2 small molecule
antagonist at a dose of 1.5 mg/kg. Cardiac function and
infarct size were determined 10 days after the final injection
(sham [n=6], PBS treated [n=6], plain micelle groups [n=6],
and CCR2-targeting micelle groups [n=4]). Under isoflurane
anesthesia (1%—3%), echocardiograms were performed
with a Vivid 7 system (GE Healthcare, Little Chalfont,
UK) equipped with an i13L probe. Two-dimensional mode
parasternal long- and short-axis views were recorded. The
LV dimensions and wall thicknesses were determined from
the M-mode images at the mid-papillary muscle level. LV
stroke volume was calculated as the difference between the
end diastolic volume (EDV) and end systolic volume (ESV).
LV ejection fraction (EF) was calculated as ([EDV-ESV]/
EDV)*100. All measurements were performed with inves-
tigators blinded to experimental groups.

Mice were subsequently euthanized under anesthesia
using potassium chloride injected into the left ventricle to

A

U7

1
o~
RN

IR

CCR2-targeting micelles

? PEG-DSPE

4, CCR2 small
““" molecule inhibitor

Y’ Anti-CCR2 antibody

Number (%)
3

L

1 10

Diameter (nm)

arrest the heart in diastole. Heart samples were embedded
in Tissue-Tek® O.C.T.™ compound and sliced transversely
from the apex to base at intervals of 900 um between each
section. Heart sections (10 wm) were fixed with 10% for-
malin solution and stained with the Masson Trichrome
Stain Kit (Richard-Allan Scientific, Thermo Fisher Scien-
tific). Whole heart imaging was performed using a Zeiss
Axiolmager Microscope. The infarct size was measured
with ImageJ and calculated as infarct size = (sum of infarct
areas from all sections)/(sum of left ventricle areas from all
sections) X 100. The infarct size based on length measure-
ment was quantified as published by Takagawa et al.?° All
measurements were performed with investigators blinded
to treatment groups.

Results

Physicochemical characterization of
CCR2-loaded plain and targeted PEG-

DSPE micelles

Schematics of plain and CCR2-targeting PEG-DSPE micelles
encapsulating the small molecule CCR2 antagonist in their
hydrophobic core are shown in Figure 1. The CCR2-targeting
PEG-DSPE micelles were surface modified to carry an anti-
CCR?2 antibody to bind inflammatory CCR2-positive cells.
Plain PEG-DSPE micelles were 21.1+4.7 nm in hydrody-
namic diameter as measured by DLS. CCR2-targeting PEG-
DSPE micelles were slightly larger in size (34.7£14 nm) due
to the addition of the CCR2-antibody. The hydrodynamic
diameter of the antibody alone was 11.244.7 nm with a zeta
potential of —1.5+1.0 mV. The zeta potential of plain micelles
was approximately —9.2+1.0 mV and for CCR2-targeting
micelles —10.9£1.2 mV.

21.124.7 nm 34.7+14 nm

1,000 1 10 100 1,000

Diameter (nm)

100

Figure | Structure and size of PEG-DSPE Micelles. (A) Schematics of CCR2-targeting and non-targeted but loaded micelles. (B) Hydrodynamic diameter of non-targeted

(plain) and (C) CCR2-targeting micelles by dynamic light scattering.
Abbreviation: PEG-DSPE, poly(ethylene glycol)-distearoylphosphatidylethanolamine.
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CCR2 small molecule antagonist inhibit
macrophage migration

The CCR2 inhibitory effect of the small molecule antagonist
was first assessed in a transwell cellular migration assay.
Monocytes and macrophages are known to express CCR2 and
migrate toward high local concentrations of cytokines, such
as CCL2.2' RAW 267.4 cells were incubated with increas-
ing concentrations of the CCR2 small molecule antagonist
(Figure 2A). The CCR2 small molecule antagonist (Figure 2B)
inhibited macrophage migration with an IC_ of 8 nM.

Binding to CCR2-expressing RAW 264.7

cells

We next assessed if lipid micelles decorated with a CCR2-
targeting antibody bound to CCR2-expressing RAW 264.7
macrophages. RAW 264.7 CCR2 overexpressing cells were
incubated with plain and CCR2-targeting micelles encapsu-
lating the CCR2 inhibitor. CCR2-targeting micelles showed
significantly greater binding to RAW 264.7 cells than
plain micelles. RAW 264.7 cells incubated with antibody-
coated targeting micelles showed an eight-fold increase in
peak MFI (6483) compared with the plain, non-targeted
micelles (821 MFI) (Figure 3A and B). Enhanced binding
of CCR2-targeting micelles to RAW 264.7 cells compared
with non-targeted micelles were further confirmed by
fluorescence microscopy (Figure 3C and D). RAW 264.7
cells showed high binding of CCR2-targeting micelles,
visualized in red, while binding of non-targeted micelles
to RAW 264.7 cells was minimal. Both, non-targeted and
CCR2-targeting micelles loaded with the CCR2 small mol-
ecule antagonist displayed high biocompatibility. Even at
very high concentrations (1,000 nM), no toxic effects were
observed (Figure 3B).
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Targeted CCR2-loaded micelles decrease
Ly-6C"&" monocyte accumulation in the

infarcted heart and spleen

Next, we examined whether CCR2-targeting of loaded lipid
micelles inhibited migration of inflammatory monocytes
to the heart after MI. The small antagonist CCR2 was
loaded into the lipid micelles at 1:22 ratio, which cor-
responds to a loading of 4.5% w/w. Myocardial infarcts
were induced in mice followed by intravenous injection of
plain and CCR2-targeting lipid micelles at post-operative
days 2 and 3. Both micelle formulations contained the
CCR?2 small molecule antagonist. The splenic reservoir
has recently been reported to be the main contributor of
Ly-6Chieh inflammatory monocytes, which are recruited
to heart tissue post-MI mediated by CCR2 to give rise to
classical macrophages and promote inflammatory disease
progression.?? Thus, we hypothesized that therapeutic
treatment with a CCR2 small molecule antagonist would
decrease the number of infiltrating, inflammatory mono-
cytes. As shown in Figure 4, systemic administration of
non-targeted and CCR-targeting micelles reduced the
number of monocytes identified as CD11b"¢" (CD90/B220/
CD49b/NK 1.1/Ly-6G/I-Ab)¥ (F4/80°/CD11c)°" Ly-6Chieh,
The number of inflammatory Ly-6C"¢" monocytes decreased
from 10.2+5.7% in PBS-treated animals to 7.0+1.6% in
non-targeted and 3.24+2.2% in CCR2-targeting micelles in
the heart. In the spleen, these fell from 11.2+2.8% in PBS-
treated animals to 6.91£2.9% in non-targeted and 3.2+2.2%
in CCR2-targeting micelles. Considering that the CCR2-
targeting and plain micelles showed similar deposition in
the heart (8.1+£1.2% vs 6.3+1.2% ID) and spleen (2.71£2.1%
vs 2.612% ID) as shown in Figure S1, the ability of the
CCR2-targeting micelles to mediate significant reductions
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Figure 2 (A) The small molecule CCR2 antagonist inhibits migration of RAW 264.7 cells. (B) The molecular structure of the BMS CCR2 small molecule antagonist with a

molecular weight of 593.66 Da.
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Figure 3 Binding of CCR2-targeting and non-targeted (plain) micelles to RAW 264.7 cells as analyzed by (A) flow cytometry and (B) MFI, and (C, D) fluorescence
microscopy with nuclei stained in blue (DAPI) and DiD-labeled CCR2-targeting micelles shown in red. Scale bar =50 um. Data are presented as mean + SD, ****P<0.0001
by one-way ANOVA followed by Dunnett’s test. (E) MTT assay of CCR2-targeting and non-targeted (plain) micelles in RAW 264.7 cells.
Abbreviation: MFl, mean fluorescence intensity.

Lineage (VioGreen) >

w

F4/80 (APC)

Lineage (VioGreen) w)

m

F4/80 (APC)

PBS Non-targeted micelles
108 =
[
g
(O]
2
10° b3
[
10 g
o
102 47.73% 5 25.94%
Joe 100 104 10° 102 10° 104 10°
CD11b [VioBlue] CD11b [VioBlue]
PBS Non-targeted micelles
108 108
10.43% 3.67%
o
a
<
[=}
©
®
<5
w
-10?
Jot10e 100 10+ 108 —q0110: 100 10t 108
Ly6C [FITC] Ly6C [FITC]
PBS Non-targeted micelles
108 = 1
[
104 g 0
(O]
k=
100 S
[
. 8 1
10 g 10
-10? 5 -1
102 10° 100 10° -102  10° 104 10°
CD11b [VioBlue] CD11b [VioBlue]
PBS Non-targeted micelles
108 108
9.37% 8.10%
10¢ o 10
o
<
10° = 10
o
©
<
102 ¥ o
-10' T -10' o

-10"10? i 10° 104 10°
Ly6C [FITC]

B R T
Ly6C [FITC]

Lineage (VioGreen) F4/80 (APC) Lineage (VioGreen)

F4/80 (APC)

CCR2-targeting micelles
108

21.34%

-10? 10° 10* 10°
CD11b [VioBlue]

CCR2-targeting micelles
108

0.94%

<

2

R

L
]

_for10e 100 10+ 10°
Ly6C [FITC]

CCR2-targeting micelles
108

-102 10° 104 10°
CD11b [VioBlue]

CCR2-targeting micelles
108

2.79%

5

2

%

—10'{

R A T A
Ly6C [FITC]

% of cells

Ly6Chish Mo

Ly6CPish Mo
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of the cardiac and splenic inflammatory Ly-6Ch&" population
is most likely the result of their ability to specifically tar-
get CCR2-positive cells (Figure 3). Furthermore, based
on our immunohistochemical analyses, CCR2-targeting
micelles showed significantly higher colocalization
with CCR2-positive cells in the infarcted myocardium
than non-targeted micelles (P=0.0004, Figure S2).

Effect of CCR2-loaded micelles on

cardiac function and infarct size

To assess the therapeutic efficacy of targeted and plain
CCR2-loaded micelles, we determined the infarct size and
cardiac function of mice with induced MI in a pilot study

(Figure 5). Masson trichrome staining was performed on heart
sections 12 days after inducing MI to assess the infarct size.
Sequential heart sections from the apex to base are shown
(Figure 5D). Using this method, fibrotic tissue appears blue—
violet. Infarct areas were determined based on epicardial
and endocardial infarct arc lengths® and area measurements
expressed as infarct area/LV area (%) (Figure 5B and C).%°
When the length measurement was used for analysis, the
CCR2-targeting micelles significantly decreased the infarct
size from 34.915.6% in PBS controls vs 28.0£8.2% in
non-targeted micelles and 22.4+6.9% in CCR2-targeting
micelles (Figure 5B). The infarct area of mice treated with
non-targeted micelles (18.0£3.6%) and CCR2-targeting
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Figure 5 (A) Schematic depicting the timeline of Ml induction and treatment with CCR2-targeting and plain micelles containing a CCR2 small molecule antagonist. (B)
Infarct area quantified by length, *P<<0.05 by one-way ANOVA followed by Dunnett’s test. (C) Infarct area expressed as percentage of LV area and total area. (D) Masson
trichrome staining (12 days after MI) of sequential heart sections of mice treated with PBS, non-targeted micelles, and CCR2-targeting micelles. (E) EF % and FS % 12 days
post Ml of mice treated with PBS (n=6), non-targeted micelles (NT, n=6), and CCR2-targeting micelles (T, n=4). Sham-treated mice served as controls. Data are presented
as mean £ SD.

Abbreviations: EF, Ejection fraction; FS, fractional shortening; LV, left ventricular; MI, myocardial infarction.
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micelles (17.214.6%) tended to decrease vs PBS controls
(21.6+4.9%) but did not reach statistical significance
(Figure 5C). Likewise, EF in PBS-treated mice averaged
37.313.1% while it demonstrated a trend to be higher after
treatment with plain (47.515.8%) and CCR2-targeting loaded
micelles (44.217.3%) (Figure SE). Similar changes were seen
for fractional shortening (Figure SE).

Discussion

Inflammatory responses are an important factor in tissue
repair and cardiac remodeling after MI. Inflammatory mono-
cytes can negatively affect healing during MI, decrease car-
diac function, and increase infarct size. For example, CCR2
knockout mice showed significantly improved healing after
MI compared with wild-type mice,? at least, in part, due to
the lack of CCR2 expression preventing monocyte migration
to the infarct and attenuation of LV remodeling after MI.
CCR2 knockout mice showed a decrease in collagen deposi-
tion in the infarcted area, which could ultimately contribute
to fibrosis. Similar effects were observed when lipid nano-
particles containing anti-CCR2 siRNA were administered
to mice | hour after injury in a mouse model of reperfused
MI.>* While early reperfusion is the optimal treatment for
acute MI, many patients present after the critical 6 hours
time frame to impact myocardial infarct size.* In fact, less
than half of all patients are treated within 12 hours after the
onset of infarction.” This underscores the need for adjunc-
tive therapies that can ameliorate the decline in LV function
when administered at later time points.

The overall objective of this study was to assess the
effects of PEG-DSPE lipid micelles loaded with a CCR2
small molecule antagonist on inflammatory cell migration
and cardiac function. To address the need for therapies that
can be given independently of reperfusion and that are less
time-sensitive, the CCR2-targeting and plain micelles were
administered 2 days after MI. A secondary objective was to
evaluate if decorating the PEG-DSPE micelles with a CCR2-
targeting ligand could further improve therapeutic effects.
For this purpose, we engineered PEG-DSPE lipid micelles to
deliver a CCR2 small molecule antagonist to inflammatory
monocytes infiltrating the heart after MI.

The CCR2-targeting PEG-DSPE lipid micelles loaded
with a CCR2 small molecule antagonist showed significantly
greater binding to CCR2-positive macrophages than plain
CCR2-loaded micelles (Figure 3). The CCR2-targeting PEG-
DSPE lipid micelles also effectively decreased inflammatory
monocyte infiltration into the infarcted area of the heart and
significantly reduced the number of splenic inflammatory

monocytes (Figure 4). Smaller, non-significant reductions
in inflammatory monocytes in the spleen and heart were
also observed with plain, non-targeted micelles. The ability
of the CCR2-targeting PEG-DSPE lipid micelles to more
efficiently reduce the number of inflammatory monocytes
in both the heart and the spleen is likely due to their ability
to specifically bind to CCR2-expressing cells.

There are several limitations of our study. First, our
in vivo pilot studies were focused on identifying the
acute effects of modulating the inflammatory response
with delayed administration of anti-inflammatory micelle
therapy administered 48 hours after infarction. While we
demonstrated very effective in vitro and in vivo inhibition
of inflammatory monocytes by CCR2-targeting PEG-DSPE
lipid micelles, this translated into only modest improve-
ments in cardiac function and reductions in infarct size in
vivo (Figure 5). This was likely a reflection of the short-
time interval after treatment to assessing the pathology and
functional parameters where LV remodeling is not yet fully
established. In addition to the timing of initial therapy and the
duration of the therapy could also impact the physiological
effects in vivo. In light of the effective in vivo reductions in
pro-inflammatory monocytes in the heart and spleen, more
chronic studies with longer term and repeated administration
of targeted micelles will be required to assess the impact on
postinfarction remodeling.

Conclusion

PEG-DSPE micelles present a promising platform for car-
diac therapeutics. CCR2-targeting PEG-DSPE micelles can
significantly inhibit the number of inflammatory monocytes
in the heart when administered intravenously. Although
quantitative measurements did not reach statistical signifi-
cance, the improvements in cardiac function and infarct size
are encouraging and provide the basis for further improving
CCR2-based small molecule therapeutics. No deleterious
effects of our initial in vivo studies were seen but additional
in vivo studies are needed to optimize the timing and duration
of CCR2 dosing to achieve optimal improvement in cardiac
function under in vivo conditions.
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Figure S| (A) Accumulation of CCR2-targeting and non-targeted micelles in the infarcted heart. (B) Biodistribution of CCR2-targeted and non-targeted micelles in mice
with myocardial infarction.
Note: Data are represented as mean +SD, n=3.
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Figure S2 Colocalization studies of DiD-labeled (A) CCR2-targeting micelles and (B) non-targeted micelles with CCR2-labeled inflammatory cells in the infarcted
myocardium. The colocalization of CCR2-positive cells and DiD-labeled micelles is shown in white. (C) The PCC was used to quantify the degree of colocalization between
CCR2-positive inflammatory cells and the DiD-labeled CCR2-targeting and non-targeted micelles.

Notes: A PCC of | indicates perfect correlation, a PCC of 0 means no correlation, and a PCC of —| means perfect inverse correlation. The CCR2-targeting micelles showed
a significantly greater colocalization with CCR2-positive cells than non-targeted micelles (P=0.0004). Three days after inducing myocardial infarction, mice were treated with
DiD-labeled CCR2-targeting (n=3) and non-targeted micelles (n=3). 6 hours post administration, the hearts were removed and embedded in Tissue-Tek O.C.T. Frozen heart
sections with 10 um thickness were fixed and permeabilized with ice-cold acetone, and blocked with 5% bovine serum albumin in TBST. The sections were stained with an
anti-mouse CCR2 antibody (Thermo Fisher Scientific, PA5-23043) at a 1:50 dilution for | hour at room temperature, followed by 45 minutes incubation with a secondary
antibody labeled with Alexa Fluor 568 at 1:200 dilution. The nuclei were stained with DAPI. The analysis was performed in Image] using the Coloc 2 function. On average,
three cryosections per heart were analyzed. For each cryosection, three representative images were taken. Data are presented as mean * SD. A two-tailed t-test was used
to determine statistical significance (P=0.0004). ***P=0.001.

Abbreviation: PCC, Pearson correlation coefficient.
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