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Neutrophils are critical mediators of both the initiation and resolution of
inflammation after myocardial infarction (MI). Overexuberant neutrophil sig-
naling after Ml exacerbates cardiomyocyte apoptosis and cardiac remodeling
while neutrophil apoptosis at the injury site promotes macrophage polariza-
tion toward a pro-resolving phenotype. Here, we describe a nanoparticle that
provides spatiotemporal control over neutrophil fate to both stymie Ml
pathogenesis and promote healing. Intravenous injection of roscovitine/cat-
alase-loaded poly(lactic-co-glycolic acid) nanoparticles after Ml leads to
nanoparticle uptake by circulating neutrophils migrating to the infarcted
heart. Activated neutrophils at the infarcted heart generate reactive oxygen
species, triggering intracellular release of roscovitine, a cyclin-dependent
kinase inhibitor, from the nanoparticles, thereby inducing neutrophil apop-
tosis. Timely apoptosis of activated neutrophils at the infarcted heart limits
neutrophil-driven inflammation, promotes macrophage polarization toward a
pro-resolving phenotype, and preserves heart function. Modulating neu-
trophil fate to tune both inflammatory and reparatory processes may be an
effective strategy to treat MI.

Myocardial infarction (MI) is one of the leading causes of morbidity
worldwide'”. Neutrophils are short-lived immune cells that play critical
roles in initiating both the inflammatory and reparatory processes
following MPP~. Neutrophils migrate to the heart shortly after Ml in
response to damage-associated molecular patterns (DAMPs) and other
inflammatory cues released by dying cardiac cells®. Upon arrival,
neutrophils are activated by reactive oxygen species (ROS)-dependent

pathways to secrete pro-inflammatory cytokines, chemokines, pro-
teases, and neutrophil extracellular traps (NETs)*”, which incite car-
diomyocyte death and tissue damage®® and amplify the inflammatory
cascade through pro-inflammatory macrophage polarization'*'%
While cardiac neutrophil activation is crucial for the initiation of
the inflammatory cascade post-MI, cardiac neutrophil death, particu-
larly through the immunologically silent process of apoptosis, is
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instrumental in orchestrating the resolution of inflammation after
MI*™5, This is because cardiac macrophage efferocytosis of apoptotic
neutrophils results in macrophage polarization into pro-reparatory
macrophages'®”. Overall, the detrimental effects of neutrophils at the
early stages of MI pathogenesis outweigh their reparatory effects®,
highlighting the need to downregulate neutrophil-mediated inflam-
mation and promote neutrophil-mediated healing,.

Neutrophil targeting has emerged as an attractive therapeutic
strategy for MI treatment, given the dynamic roles of neutrophils after
MI”8° However, several preclinical and clinical studies that employ
either small molecules which downregulate neutrophil activation or
neutrophil-depleting antibodies, have failed to demonstrate ther-
apeutic efficacy'®**% This may be because, as demonstrated by a
previous study, cardiac neutrophils are necessary for cardiac macro-
phage efferocytosis and M2 polarization'®. The dearth of neutrophil-
specific moieties owing to their similarity with other myeloid lineage
cells also makes it difficult to target neutrophils with high specificity,
which increases the risk of off-target effects** >, Clinical trials involving
neutrophil downregulation have often shown disappointing efficacy
and adverse side effects®*”".

Here, we show that poly(lactic-co-glycolic acid) (PLGA) nano-
particles can be tuned to offer unique characteristics for neutrophil
modulation. PLGA nanoparticles are readily taken up by neutrophils® .
We modified PLGA nanoparticles to release drug in response to ROS
produced under inflammatory conditions, which could allow for drug
delivery to activated neutrophils at the infarct site. In this study, we
fabricated hydrogen peroxide (H,0,)-responsive, roscovitine- and
catalase-loaded PLGA nanoparticles (RC NPs). RC NPs can be readily
taken up by neutrophils migrating to the infarcted heart. Activated
neutrophils at the infarcted heart generate H,O, which would be con-
verted to oxygen by the catalase in RC NPs. The buildup of oxygen gas
would cause internalized RC NPs to detonate and rapidly release ros-
covitine in the neutrophils (Fig. 1). Roscovitine is a cyclin-dependent
kinase inhibitor that has been shown to effectively induce neutrophil
apoptosis and has demonstrated to be safe in clinical trials?®*~°,
By loading roscovitine inside RC NPs, activated neutrophils can undergo
apoptosis specifically within the infarcted heart, thereby mitigating
neutrophil-mediated cardiac damage. RC NP-induced-apoptotic
neutrophils can then promote cardiac macrophage efferocytosis and
subsequent M2 polarization”. Previous strategies which employed
small molecules or neutrophil-depleting antibodies to downregulate
neutrophil activation, impair M2 polarization'**°?, In contrast, RC NPs
could offer a more balanced mode of modulating neutrophils and
macrophages, both of which are essential for cardiac repair. We inves-
tigated the effect of RC NPs on initial cardiac pathology, cardiac
remodeling, and heart function. Here, we demonstrate that a single
intravenous injection of RC NPs in MI rats induces robust neutrophil
apoptosis at the infarct heart. This leads to subsequent reparatory
macrophage polarization and ultimately preserves heart function. This
study highlights the therapeutic potential of targeting neutrophils to
modulate inflammatory and reparatory processes following MI.

Results

Design and characterization of H,0,-responsive RC NPs

Several previous studies have demonstrated neutrophil tropism for
nanoparticles”, particularly for PLGA nanoparticles with sizes ranging
between 350 and 500 nm and negative surface charges**””, and we
designed our nanoparticles to fit within this mold. RC NPs had
hydrodynamic diameters of 429.7+72.8 nm with a polydispersity
index (PDI) of 0.058 and a zeta potential of —25.5+4.9 mV (Fig. 2a).
To encapsulate both the water-insoluble drug roscovitine and the
water-soluble enzyme catalase, RC NPs were prepared by a two-step
water-in-oil-in-water emulsification procedure, resulting in a homo-
genous capsule-like structure (Fig. 2b). RC NPs displayed stability in
both phosphate buffered saline (PBS) and serum conditions over

7 days at 37 °C (Fig. 2c). Catalase loaded in RC NPs reacted with H,0,
(Fig. 2d) and produced oxygen (Fig. 2e). RC NPs released roscovitine at
a faster rate under H,O, conditions than without H,O, (Fig. 2f).
Extracellular H,O, concentration of phorbol-12-myristate-13-acetate
(PMA)-activated neutrophils is ~65 uM*. Also, extracellular H,0, con-
centration can reach up to 100 uM after ischemia reperfusion injury®.
Our nanoparticles act inside neutrophils, and intracellular H,O, con-
centration is expected to be higher than extracellular H,O, con-
centration. Therefore, we used H,O, concentrations of greater than
65 uM, specifically, 100 and 200 uM in Fig. 2f. Rapid rather than sus-
tained roscovitine release is crucial for neutrophil targeting as neu-
trophils are inherently short-lived cells and NETosis, the predominant
form of neutrophil death under inflammatory conditions, is hypothe-
sized to take place within 3 to 8 hours after neutrophil activation**. We
were able to confirm that the elevated rate of drug release under H,0,
conditions was due to catalase as R NPs (PLGA nanoparticles with
roscovitine but without catalase) under H,O, conditions displayed
drug release kinetics similar to that of RC NPs under normal conditions
(Fig. 2f). Also, the rates of roscovitine release from R NPs and RC NPs
were similar in non-H,0, conditions, which suggests that catalase does
not affect drug release in non-H,0, conditions. All NPs displayed over
30% roscovitine release within the first 12 to 24 h (Fig. 2f). The initial
burst release of roscovitine in the R NP groups and the non H,0,-
treated RC NP group can be attributed to a combination of PLGA
degradation and drug diffusion, which initiate in the first few days after
incubation in water***2, The enhanced rate of drug release in the H,0,-
treated RC NP groups can be attributed to morphological deformation
(Fig. 2g) in addition to PLGA degradation and drug diffusion. RC NPs
were found to detonate in response to H,O, with the extent of mor-
phological deformation getting more pronounced as time progressed
(Fig. 2g). RC NPs that were not exposed to H,0, and R NPs that were
exposed to H,0, did not show any discernable changes.

Next, we tested the cytocompatibility of RC NPs with neutrophils
in vitro. Over 90% of neutrophils were RC NP* after one hour (Sup-
plementary Fig. 1) and RC NP internalization was verified by confocal
microscopy after 2 hours (Fig. 2h). To test whether RC NP internaliza-
tion could affect the migratory capacity of neutrophils, we conducted a
transwell migration assay using formylmethionylleucylphenylalanine
(fMLP), a neutrophil chemotactic peptide*, to create a chemokine
gradient between the upper and lower chambers. Neutrophils were
observed to migrate through the transwell at a threefold higher rate
due to the fMLP gradient (Supplementary Fig. 2) and the number of
migrating neutrophils was unchanged upon addition of varying num-
bers of RC NPs (Fig. 2i). RC NP uptake did not induce aberrant activa-
tion or apoptosis of unactivated neutrophils in vitro. RC NP-treated
neutrophils showed similar SYTOX Green (a dye that stains strongly for
NETs) intensities compared with PBS-treated neutrophils and sig-
nificantly weaker intensities compared with neutrophils treated with
PMA, a protein kinase C activator that induces potent neutrophil acti-
vation, ROS generation, and NET formation** (Fig. 2j). These data
indicate that RC NP uptake did not induce neutrophil activation and
NET release. Neutrophils treated with RC NPs containing lethal doses of
roscovitine (20 uM) exhibited over 90% viability 6 h after treatment,
significantly higher than that of neutrophils treated with equimolar
concentrations of roscovitine in its free form (Fig. 2k, Supplementary
Fig. 3). This is important as indiscriminate neutrophil killing can (1)
reduce the number of neutrophils undergoing apoptosis at the desired
injury site, thereby reducing the efferocytosis capacity of cardiac
macrophages and (2) increase the risk of adverse effects such as
neutropenia. In sum, RC NPs were designed for optimal neutrophil
tropism, H,O,-responsive roscovitine release, and cytocompatibility.

RC NPs modulate neutrophil fate in vitro
Neutrophils activated in vitro by PMA or in vivo by DAMPs generate
ROS (including micromolar concentrations of H,0,>*), release
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Fig. 1| Schematic illustration of neutrophil and macrophage (M¢) dynamics in
the heart following myocardial infarction (MI) with and without intravenous
injection of roscovitine/catalase-loaded poly(lactide-co-glycolide) nano-
particles (RC NPs). Neutrophils infiltrate the ischemic heart shortly after MI, where
they are activated by stimuli from dying cardiac cells. (Upper panel) Activated
neutrophils produce reactive oxygen species (ROS, e.g., H,0,) and secrete MMPs,
inflammatory cytokines, and NETs that promote cardiomyocyte apoptosis and
tissue destruction. Overexuberant neutrophil signaling also suppresses reparatory
processes mediated by M¢s by promoting pro-inflammatory macrophage

.

® |ntracellular release of

roscovitine

signaling. These processes collectively impair heart function. (Lower panel) Intra-
venously injected RC NPs are taken up by neutrophils migrating to the ischemic
heart. At the infarct area, H,0, produced by activated neutrophils is converted to
oxygen by catalase in RC NPs. The buildup of oxygen gas in RC NPs causes the
nanoparticles to explode and rapidly release roscovitine, inducing timely neu-
trophil apoptosis. This inhibits neutrophil-mediated inflammation and promotes
M polarization to the reparatory phenotype, ultimately protecting the heart from
MI damage. Created in BioRender. Kim, B. (2024) BioRender.com/c60t349.

pro-inflammatory cytokines and proteases through ROS-dependent
pathways, and finally undergo NETosis. We hypothesized that H,O,
produced by activated RC NP* neutrophils could be consumed by the
internalized RC NPs and trigger the release of roscovitine, which would
induce timely neutrophil apoptosis to limit secretion of TNF-q,
pro-MMP-9, and neutrophil elastase (Fig. 3a). The terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL) assay is one of
the most reliable methods to measure apoptosis of activated neu-
trophils as several other viability assays (Annexin V, propidium iodide,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, etc.) are
unsuitable in discriminating between NETosis and apoptosis*®. PMA
treatment significantly reduced the fraction of neutrophils undergoing
apoptosis (Supplementary Fig. 4). To test whether RC NPs could
redirect activated neutrophils to apoptosis, neutrophils were first
treated with nanoparticles or their free drug counterparts in vitro and
activated with PMA two hours later. We observed that RC NP treatment

significantly enhanced the proportion of apoptotic neutrophils com-
pared with PBS treatment in PMA-activated neutrophils (Fig. 3b). This
effect was contingent on the elevated rate of roscovitine release from
RC NPs as nanoparticles without either catalase or roscovitine (R NPs
and C NPs respectively) did not induce significant neutrophil apopto-
sis. Roscovitine in its soluble form (Free R) and roscovitine and catalase
in their soluble forms (Free RC) served as positive controls to verify the
immunomodulatory effects of roscovitine on neutrophils. The increase
in apoptosis in RC NP-, Free R-, and Free RC-treated PMA-activated
neutrophils was inversely proportional to the extent of NETosis
(Fig. 3¢). While C NPs suppressed NETosis in PMA-activated neutrophils
(Fig. 3c), the relative abundance of SYTOX Green-negative nuclei and
the low percentage of TUNEL" cells (Fig. 3b) show that C NPs promote
neutrophil survival but are unable to redirect activated neutrophils to
apoptosis. These findings are in line with that of previous studies that
use exogenous catalase to reduce PMA-induced NETosis and/or extend
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Fig. 2 | Characterization of RC NPs. a Hydrodynamic diameter and zeta potential of
RC NPs determined by dynamic and electrophoretic light scattering respectively
(n=7). b Scanning electron microscopy (SEM, left) and transmission electron
microscopy (TEM, right) images of RC NPs. Scale bars, 1 um (SEM) and 200 nm (TEM).
¢ RC NP size stability in PBS and 50% serum at 37 °C (n =3 biological replicates; n.s.,
not significant). d Remaining amount (Amplex Red intensity) of H,0, after reaction
with nanoparticles at various H,0, concentrations (n =3 biological replicates).

e Oxygen production by RC NPs under H,0, conditions (n = 3 biological replicates).
f Accelerated roscovitine release from RC NPs under H,0, conditions (n = 3 biological
replicates). g Time-dependent deformation (arrows) of RC NPs upon addition of H,0,
determined by SEM. Scale bars, 1um. h RC NP uptake by neutrophils visualized by

Time (hours)

Time (hours)

confocal microscopy. Scale bar, 20 um. WGA stains for cell membrane. Dotted lines
show edge of cell membrane. i Effect of RC NPs on neutrophil migration along
chemokine (fMLP, 1 M) gradient (n =3 biological replicates; n.s., not significant).

j SYTOX Green intensity of neutrophils following treatment with various agents (n=3
biological replicates). PMA (100 nM) served as a positive control. k Neutrophil via-
bility following treatment with various agents (n =4 biological replicates). Free ros-
covitine (R; 20 uM) served as a positive control. All data presented as mean + standard
deviation (SD). One-way ANOVA was used for the comparison in i. Two-way ANOVA
was used for the comparisons in ¢, j, k. Experiments in b, g, h were each performed
thrice independently, yielding similar results each time. Schematic in i created in
BioRender. Kim, B. (2024) BioRender.com/c05i014.

neutrophil lifespan in vitro*®*’. Extended neutrophil survival however
had little to no effect on the secretion of proteases and cytokines by
PMA-activated neutrophils. Activated neutrophils that were redirected
by RC NPs, Free R, or Free RC to apoptosis secreted significantly lower

levels of TNF-a, pro-MMP-9, and elastase than PBS-, R NP-, and C NP-
treated neutrophils (Fig. 3d-f). RC NPs therefore induce timely apop-
tosis in activated neutrophils, reducing NETosis and the secretion of
pro-inflammatory cytokines and proteases.
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Fig. 3 | RC NP-mediated modulation of neutrophil fate in vitro. a Diagram

illustrating RC NP modulation of activated neutrophils. b RC NP (50 uM) treatment
induces apoptosis (arrows) of PMA (750 nM)-activated neutrophils as determined
by the TUNEL assay (biological replicates n = 8 for PBS, 9 for R NP, C NP, and Free R,
and 10 for Free RC and RC NP). Scale bars, 50 um. ¢ RC NP intervention reduces the
amount of NETs (arrows) extruded from PMA-activated neutrophils as determined
by SYTOX Green staining (biological replicates n = 8 for Free R, 9 for PBS, Free RC,
and RC NP, 10 for CNP, and 11 for R NP). Scale bars, 50 um. RC NP-induced apoptosis

PMA-activated

of activated neutrophils decreases secretion of d TNF-a (n = 4 biological replicates),
e pro-MMP-9 (biological replicates n =4 for all PMA-activated groups, 5 for PBS),
and f elastase as determined by enzyme-linked immunosorbent assays (ELISAs)
(biological replicates n = 4 for all PMA-activated groups, 5 for PBS). *p < 0.05 versus
PBS (PMA-activated); *p < 0.05 vs R NP; 5p < 0.05 vs C NP; 'p <0.05 versus RC NP;
#p<0.05 vs Free R; 'p <0.05 vs Free RC. All data presented as mean + SD. One-way
ANOVA was used for all comparisons. Figure a created in BioRender. Kim, B. (2024)
BioRender.com/h86n476.

Apoptotic neutrophils promote macrophage polarization

Neutrophils at the ischemic site are critical in mediating the resolution
of inflammation by promoting the development of reparatory mac-
rophages. One way in which neutrophils promote macrophage polar-
ization is through their apoptosis'. Apoptotic neutrophils allow for

myeloid-epithelial-reproductive tyrosine kinase (MertK)-mediated
macrophage efferocytosis, and activate an anti-inflammatory response
in macrophages characterized by reduced secretion of pro-
inflammatory cytokines and increased secretion of TGF-BI'°. To
investigate the impact of RC NP-treated PMA-activated neutrophils on
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Fig. 5 | Biodistribution of RC NPs. a RC NP uptake by circulating monocytes and
neutrophils at various time points after intravenous injection in uninjured mice as
assessed by flow cytometry (n =5 mice for 72 h, n = 6 mice for 30 min and 24 h, and
7 mice for 10 min). b Percentage of RC NP*CD45" monocytes and neutrophils
among all circulating RC NP*CD45" cells 30 min after intravenous injection in both
uninjured mice and MI rats as determined by flow cytometry (n=3 Ml rats and 6
normal mice). ¢ Pharmacokinetics of DiR-labeled RC NPs in the bloodstream fol-
lowing intravenous injection in uninjured rats (n = 3). d Ex vivo images and average
radiance of sham and MI hearts 24 h after intravenous injection of DiD-labeled RC

NPs (n=3). e Average radiance of DiD-labeled RC NPs in major organs of sham and
MI rats (n =3; n.s., not significant). f Flow cytometric analysis to determine the
various cell types responsible for RC NP uptake in sham and MI hearts 24 h after
intravenous injection of DiD-labeled RC NPs (n =4 for sham, 5 for MI). All data
presented as mean + SD. Two-way ANOVA was used for the comparisons in a (Sidak
when comparing between cells, Tukey when comparing between time points).
Multiple unpaired two-sample ¢ tests were used for the comparisons in f. Unpaired
two-sided ¢ tests were used for comparisons in b-e.

macrophages, we conducted an in vitro coculture assay. Neutrophils
treated with nanoparticles or corresponding free drugs were activated
with PMA and then fed to macrophages together with lipopoly-
saccharide (LPS), which served to mimic the inflammatory MI micro-
environment. Flow cytometry (Fig. 4a) and confocal imaging (Fig. 4b)
showed that macrophage efferocytosis of RC NP-treated PMA-acti-
vated neutrophils was significantly higher than that of PBS-, C NP-, orR
NP-treated PMA-activated neutrophils. Enhanced efferocytosis of
apoptotic neutrophils by macrophages promoted the development of
a pro-reparatory phenotype as determined by flow cytometry, quan-
titative reverse transcription-polymerase chain reaction (qQRT-PCR),
enzyme-linked immunosorbent assay (ELISA), and immunocy-
tochemistry (ICC). Significantly fewer macrophages cultured with
either RC NP-, Free R-, or Free RC-treated PMA-activated neutrophils
displayed the costimulatory B7 molecules CD80 and CD86 compared
with macrophages cultured with either PBS-, R NP-, or C NP-treated
PMA-activated neutrophils (Fig. 4c, d, and Supplementary Fig. 5).
Similarly, mRNA and protein expressions of inducible nitric oxide
synthase (Nos2 and iNOS respectively) (Fig. 4e, f) and secretion of pro-
inflammatory cytokines TNF-a (Fig. 4g), IL-12 p40 subunit (Fig. 4h), and
IL-6 (Fig. 4i) were significantly lower in macrophages cultured with RC
NP-treated PMA-activated neutrophils compared with macrophages

cultured with PBS-treated PMA-activated neutrophils. mRNA expres-
sion of Mertk (Fig. 4j), secretion of pro-resolving cytokine TGF-B1
(Fig. 4k), and protein expression of CD206 (Fig. 41) were also sig-
nificantly higher in RC NP-, Free R- and Free RC-treated groups com-
pared with other groups. Taken together, RC NPs can indirectly
promote the development of pro-reparatory macrophages by enhan-
cing neutrophil apoptosis and subsequent macrophage efferocytosis.

Biodistribution of RC NPs in vivo

Nanoparticle uptake by circulating cells in vivo can mainly be attrib-
uted to monocytes and neutrophils®®. We intravenously injected
RC NPs into BALB/c mice and analyzed the fraction of circulating
RC NP* monocytes and neutrophils at various time points after
injection. BALB/c mice were our model organism of choice for deter-
mining relative nanoparticle uptake by circulating phagocytes as both
neutrophils and monocytes are well-defined in mice compared
with rats and other animals. The percentage of RC NP uptake
in CD45'Ly6G +CD11b* neutrophils exceeded 55% 10 and 30 min
after injection and was consistently higher in neutrophils than in
CD45'Ly6G CD11b'Ly6C" monocytes at these early time points (Fig. 5a,
Supplementary Fig. 6a). Thirty minutes after injection, over 47% of
circulating RC NP* cells were neutrophils in both normal mice and Ml
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Fischer 344 (F344) rats while less than 14% were monocytes (Fig. 5b,
Supplementary Figs. 6b, 7). Collectively, our data show high neutrophil
tropism and selectivity for RC NPs at early time points after RC NP
injection. However, we noticed that the percentage of circulating RC
NP* neutrophils and monocytes decreased significantly after 24 and
72 h (Fig. 5a). This can be attributed to the short circulating half-lives of
neutrophils and monocytes***°. Our pharmacokinetic data show that
RC NPs also have a short half-life in vivo (Fig. 5c). We observed a sharp
decrease in the fluorescence signal of DiR-labeled RC NPs within 24 h
of intravenous injection followed by a sustained decrease in fluor-
escence signal up to 72 h after injection. RC NPs were then intrave-
nously injected into sham and MI F344 rats and found to accumulate
at a 3.0-fold higher level in the hearts of Ml rats than in the hearts of
sham rats (Fig. 5d). A high portion of the injected RC NPs also accu-
mulated in the livers, spleens, and lungs of sham and Ml rats (Fig. 5e).
Importantly, the average radiance of MI hearts was significantly
higher than that of sham hearts (Fig. 5e). F344 rats were our model
organism of choice for MI experiments as the MI rat model exhibits
smaller variance, allows for more precise image acquisition, and
more closely mimics human pathology compared with mouse
models®. Flow cytometry analysis revealed that the composition of
RC NP* cells was significantly different between MI and sham rats
(Fig. 5f, Supplementary Fig. 8).15.2% of all RC NP’ cells in the hearts of
Ml rats were CD45 negative cells while 65.2% of all RC NP* cells in the
hearts of sham rats were CD45 negative cells (Fig. 5f, Supplementary
Fig. 8). 35.1% of all RC NP’ cells in the hearts of MI rats were neu-
trophils while only 5.4% of all RC NP* cells in the hearts of sham rats
were neutrophils. 13.4% of all RC NP* cells in the hearts of Ml rats were
monocytes, while 7.7% of all RC NP* cells in the hearts of sham rats
were monocytes. Other immune cell types such as B cells, T cells, and
NK cells each made up 5% or less of all the RC NP* cells in the hearts of
both MI and sham rats.

RC NPs modulate immune cell dynamics post-MI

RC NPs were intravenously injected into F344 rats one hour after Ml
and cardiac neutrophils and macrophages were analyzed 24 and 72 h
later. The Free RC group was excluded from in vivo analyses due to
the poor cellular uptake of catalase in its “free form”>%, its rapid
degradation by plasma proteases®, and the nonspecific biodis-
tribution and lack of targeting ability of intravenously injected
enzymes®. Furthermore, there were no significant differences
between Free R and Free RC groups in vitro (Figs. 3 and 4), which
suggests that there is no added benefit to using catalase in its free
form. We found that RC NP injection significantly increased the
percentage of TUNEL" neutrophils in the infarcted heart 24 h after MI
(Fig. 6a). This increase in TUNEL" neutrophils corresponded with a
decrease in CitH3" (a NET marker) neutrophils (Fig. 6b), indicating
that RC NPs redirected neutrophils from NETosis to apoptosis. RC
NP-mediated neutrophil apoptosis also resulted in a decrease in the
percentage of iNOS" macrophages and an increase in the percentages
of CD206" and Arginase 1' (Argl’) macrophages compared with all
other groups (Fig. 6¢, d, and Supplementary Fig. 9). Flow cytometric
analysis of cardiac macrophages also showed that RC NP treatment
led to a significant decrease in expression of M1 markers CD86 and
CD8O0 in cardiac macrophages (CD68" cells) (Fig. 6e, Supplementary
Fig. 10). Five days after MI, the numbers of M1 (CD80+) macrophages
and neutrophils were significantly decreased in the hearts of RC NP-
treated rats compared with that of PBS-treated rats (Supplementary
Fig. 11a, b), while the numbers of total leukocytes, macrophages, and
T cells in the hearts of Ml rats were unchanged by RC NP treatment
(Supplementary Fig. 1llc-e). These data further reinforce our
hypothesis that RC NPs exert their therapeutic effects by modulating
cardiac neutrophils and the phenotype of cardiac macrophages. We
also observed lower serum levels of NET-associated protein SI00A9
and neutrophil granule-derived LL-37 in RC NP-treated MI rats

compared with PBS-treated Ml rats (Fig. 6f, g). Together, our results
indicate that a single injection of RC NPs enables powerful control
over neutrophil activation and death in the infarcted heart which
subsequently promotes the development of a reparatory macro-
phage microenvironment.

RC NPs preserve heart function post-MI

MI induction, RC NP injection, Evan’s blue (EB) and triphenylte-
trazolium (TTC) staining, Masson'’s trichrome staining, and IHC ana-
lysis of myocardium and vessels at border and infarct zones were
performed according to the scheme illustrated in Fig. 7a. EB and TTC
staining of infarcted hearts 24 h after MI showed similar areas at risk
(AAR) among various groups but significantly decreased infarct sizes
in Free R- and RC NP-treated rats (Supplementary Fig. 12). Masson'’s
trichrome staining revealed that RC NP treatment significantly
reduced the fibrotic scar tissue area while preserving the myocardium
(Fig. 7b). TUNEL analysis of infarcted tissues 72 h post-MI showed that
RC NP-mediated neutrophil modulation significantly protected car-
diomyocytes and cardiac endothelial cells from neutrophil-mediated
cell death (Fig. 7c,d). Improved cardiomyocyte and endothelial cell
survival at the early stages of MI upon RC NP treatment resulted in a
significantly greater cTnT* myocardium area and CD31" endothelial
cell vessel density at both border and infarct zones 4 weeks post-Ml
(Fig. 7e, f). The RC NP-mediated decrease in fibrosis and increases in
cardiomyocyte and endothelial cell survival in the infarcted heart
post-MI collectively resulted in preserved heart function, which was
determined using transthoracic echocardiography and pressure-
volume (PV) loops according to the scheme shown in Fig. 8a. Echo-
cardiography was conducted 4 h, 3 days, and up to 4 weeks post-MI
(Fig. 8b). Ejection fraction and fractional shortening, representative
indicators of the left ventricle’s (LV) ability to pump out blood,
sharply drop after MI and progressively decrease with time. RC NP
treatment significantly preserved ejection fraction and fractional
shortening post-MI compared with all other treatments (Fig. 8c, d) as
soon as 1 week post-MI. Left ventricular internal diameter end diastole
(LVIDd) and left ventricular internal diameter end systole (LVIDs),
parameters of adverse cardiac remodeling, and anterior wall thick-
ness, a measure of myocardium thickening in the infarct area, were
significantly preserved upon RC NP treatment (Fig. 8e-g). In addition,
RC NP-treated MI rats showed a significant preservation of global
circumferential strain, an index of LV function, 1 and 4 weeks post-MI
compared with PBS-treated MI rats (Supplementary Fig. 13). Load
independent evaluation of hemodynamic parameters using an inva-
sive PV catheter 4 weeks post-MI showed similarly promising results
(Fig. 8h). RC NP-treated MI rats showed significantly higher cardiac
output and stroke volume (indicators of the volume of blood pumped
from the LV per minute and per beat respectively) (Fig. 8i, j), steeper
slopes of end-systolic pressure-volume relationship (ESPVR, a mea-
sure of end-systolic ventricular inotropy) and end-diastolic pressure-
volume relationship (EDPVR, a measure of end-diastolic ventricular
compliance) (Fig. 8k, I), higher maximum and minimum rates of
pressure change (dP/dt.x and dP/d¢,, indicators of myocardial
contraction and relaxation respectively) (Fig. 8m, n), and significantly
lower maximum volume (Vj,2x, @ measure of cardiac remodeling at
maximum diastole) (Fig. 80) compared with all other groups. Col-
lectively, our results suggest that RC NP treatment reduces initial
cardiac impairment post-MI by protecting cardiomyocytes and car-
diac endothelial cells from neutrophil-mediated apoptosis. These
effects persist post-MI, preserving and even ameliorating various
parameters of heart function. This may be in part due to the
reparatory microenvironment generated by cardiac macrophages
that have phagocytosed apoptotic, RC NP* neutrophils. While Free R
treatment also resulted in considerable therapeutic benefit com-
pared with PBS treatment in terms of reduced fibrosis, increased
myocardium area and endothelial vessel density, improved ejection
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Fig. 6 | RC NP-mediated modulation of immune cell dynamics post-MI.
aRepresentative IHC images and quantitative analysis of apoptotic (TUNEL", green)
neutrophils (MPO’, pink) in infarcted rat hearts 1 day post-MI (n =3 for sham, 6 for
other groups). Scale bars, 25 um. b Representative IHC images and quantitative
analysis of neutrophils (MPO", red) that have undergone NETosis (CitH3', green) in
infarcted rat hearts 3 days post-MI (n =3 for sham, 6 for other groups). Scale bars,
25 um. ¢ Representative IHC images and quantitative analysis of iNOS* (green)
macrophages (CD68", red) in infarcted hearts 3 days post-MI (n =3 for sham, 6 for
other groups). Scale bars, 25 um. d Representative IHC images and quantitative
analysis of CD206" (green) macrophages (CD68", red) in infarcted hearts 3 days
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post-MI (n=3 for sham, 6 for other groups). Scale bars, 25 um. e CD86 and CD80
expression in macrophages (CD68" cells) 3 and 5 days after MI as determined by
flow cytometry (biological replicates n = 4 for D3/D5 sham, D3R NP, D3 Free R, D5 C
NP, and D5RC NP, 5 for D3 PBS, D3 C NP, D3 RC NP, D5 R NP, and D5 Free R, and 6 for
D5 PBS). f Serum levels of NET-associated chemoattractant protein SI00A9 1 and
3 days post-MI as determined by ELISA (n =3 biological replicates). g Serum levels
of neutrophil granule-derived LL-37 1 day post-MI as determined by ELISA (n=3
biological replicates). *p < 0.05 vs PBS; $p < 0.05 vs C NP; *p < 0.05 vs R NP; #p < 0.05
vs Free R; "p <0.05 vs RC NP; “p < 0.05 vs Sham. All data presented as mean + SD.
One-way ANOVA was used for all comparisons.

fraction, and other parameters of heart function, RC NPs exhibited
significantly higher therapeutic efficacy than the free roscovitine
treatment group in most of the aforementioned parameters. We
attribute the superior therapeutic efficacy of RC NPs to their ability to

preferentially induce apoptosis in activated neutrophils within the
infarcted heart, which then promotes macrophage reprogramming
(Fig. 6), while Free R indiscriminately affects circulating and cardiac
neutrophils, thereby only dampening inflammation in the early
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Fig. 7 | RC NPs mitigate adverse remodeling post-MI. a Experimental timeline for
in vivo histological analysis of RC NP efficacy. b Representative Masson’s trichrome-
stained histological images of infarcted hearts (purple, scar tissue; red, viable
myocardium) and quantification of fibrosis and myocardium 4 weeks after Ml (n=3
for sham, 6 for other groups). ¢ Representative IHC images and quantitative ana-
lysis of cardiomyocytes (cTnT", red) and apoptotic cardiomyocytes (TUNEL'cTnT")
at the infarct zone 3 days post-MI (n =3 for sham, 6 for other groups). Scale bars,
25um. d Representative IHC images and quantitative analysis of endothelial cells
(CD31%, red) and apoptotic endothelial cells (TUNEL'CD31") at the infarct zone

3 days post-MI (n =3 for sham, 6 for other groups). Scale bars, 25 um.

e Representative IHC images and quantitative analysis of cardiomyocytes (cTnT,
red) at the border and infarct zones 4 weeks post-MI (n =3 for sham, 6 for other
groups). Scale bars, 100 um. f Representative IHC images and quantitative analysis
of capillary density (CD31, green) at the border and infarct zones 4 weeks post-MI
(n=3for sham, 6 for other groups). Scale bars, 100 um. *p < 0.05 vs PBS; $p < 0.05 vs
CNP;p<0.05vs RNP; “p <0.05 vs Free R; 'p < 0.05 vs RC NP. All data presented as
mean + SD. One-way ANOVA was used for all comparisons.

stages of MI. This further highlights the potential of targeted, spa-
tiotemporal drug delivery.

Polymorphonucleocyte depletion reduces efficacy of RC NPs
To verify the extent to which the therapeutic effects of RC NPs observed
in Ml rats could be attributed to neutrophil modulation, we conducted a

neutrophil depletion experiment according to the scheme illustrated
in Fig. 9a. For our depletion experiments, we used an anti-
polymorphonucleocyte (anti-PMN) antiserum that is commonly used
to deplete neutrophils in rats* . Rats not receiving antiserum were
injected with equal volumes of control serum. Heart function was
determined using transthoracic echocardiography conducted at various
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Fig. 8 | RC NP-mediated preservation of heart function post-MI. a Experimental
timeline for in vivo analysis of RC NP efficacy. b Representative M-mode images at
various time points post-ML. ¢ Left ventricular ejection fraction, (d) fractional
shortening, (e) LVIDd, (f) LVIDs, and (g) AWT of Ml rats at indicated time points
n=3 for sham, 7 for PBS, Free R, and RC NP, 8 for C NP, and 9 for R NP.

h Representative hemodynamic pressure and volume (PV) curves 4 weeks post-MI.
i Cardiac output, (j) stroke volume, (k) ESPVR, (I) EDPVR, (m) maximal rate of

pressure change during systole (dP/dt.x), (n) minimal rate of pressure change
during diastole (dP/dt ), and (0) maximum volume (Viax) 4 weeks after Ml. n=3
for sham, 7 for PBS, Free R, and RC NP, 8 for C NP, and 9 for R NP. *p < 0.05 vs PBS;
$p < 0.05 vs C NP; p <0.05 vs R NP; #p < 0.05 vs Free R; "p < 0.05 vs RC NP. All data
presented as mean + SD. Two-way ANOVA was used for comparisons in ¢-g. One-
way ANOVA was used for comparisons in i-o.

time points post-MI (Fig. 9b). Importantly, we found that the ejection
fraction and fractional shortening of RC NP-treated rats were sig-
nificantly higher than those of neutrophil-depleted RC NP-treated rats
(Fig. 9¢, d). The LVIDs of RC NP-treated rats and neutrophil-depleted RC
NP-treated rats were not significantly different (Fig. 9e). However, the
LVIDs of RC NP-treated rats were significantly lower than that of PBS-
treated rats for 4 weeks post-MI, while the LVIDs of neutrophil-depleted
RC NP-treated rats was only significantly lower than that of PBS-treated

rats up to 1 week post-MI (Fig. 9e). This slight, transient improvement in
LVIDs observed in neutrophil-depleted RC NP-treated MI rats may be
due to other cardiac cells, such as macrophages, being affected by the
roscovitine released by RC NPs®*“!, The LVIDd of RC NP-treated rats and
neutrophil-depleted RC NP-treated rats showed no significant difference
(Fig. 9f). Collectively, our neutrophil depletion data suggest that neu-
trophils are significantly but not completely responsible for the ther-
apeutic effects of RC NPs.
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Fig. 9 | Reduced efficacy of RC NPs upon polymorphonucleocyte depletion.
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indicated time points (n = 3 for sham, 5 for other groups). *p < 0.05 vs PBS; 5p < 0.05
vs anti-PMN + RC NP. All data presented as mean + SD. Two-way ANOVA was used
for all comparisons.

Biocompatibility of RC NPs

As indiscriminate neutrophil killing can cause neutropenia which
increases vulnerability to pathogens, we measured the levels of cir-
culating neutrophils after MI and found that RC NPs had no effect on
circulating neutrophils (Fig. 10a, Supplementary Fig. 14a, b). RC NPs
significantly reduced cardiac neutrophil counts 3 days after MI
(Fig. 10b), which may be due to the cardioprotective properties of RC
NPs. As RC NPs largely accumulate in the liver and spleen, we screened
for potential long-term cell cycle arrest or apoptosis in the livers and
spleens of uninjured rats. RC NP treatment did not induce significant
long-term cell cycle arrest (Fig. 10c, Supplementary Fig. 15) nor did RC
NP treatment alter the mRNA expression of apoptosis regulatory
proteins Bax, Bcl2, and Bclxl in the livers and spleens of uninjured rats
(Fig. 10d). Histological analysis showed that RC NPs did not induce
discernable toxicity in major organs (Fig. 10e). We found that blood
chemistry profiles were not affected by RC NP injection in both unin-
jured and MI rats, except for significantly lower serum lactate dehy-
drogenase (LDH; an indicator of tissue damage) levels in RC NP-treated
animals 3 days post-MI (Supplementary Figs. 14 and 16). This may be
another indication of potential cardioprotection conferred by RC NPs.
Therefore, although RC NPs accumulate in other major organs apart
from the heart, its accumulation results in no significant side effects
(Fig. 10, Supplementary Figs. 14-16), perhaps due to the slower and
more sustained rate of drug release in non-ROS conditions. As the
toxicity of Free R-treated uninjured and Ml rats were also similar to that
of both NT and RC NP-treated uninjured and MI rats (Supplementary
Figs. 14 and 16), it is possible that the lack of evident toxicity in RC NP-
treated rats could also be due to the moderate doses of roscovitine
used in our in vivo studies. Collectively, our results suggest that RC NPs
are neutrophil-tropic, specific, and accumulate in infarcted hearts
without discernable side effects.

Discussion
Increased access to medical care and technological advances in cardi-
ology have improved mortality following MI, but morbidity remains a
profound problem'. Ml affects over 7 million individuals worldwide each
year but as of present, there is no effective intervention to recover
injured myocardium or mitigate LV cardiac remodeling"®>. As our
understanding of the immunopathogenesis underlying MI grows, so
does the opportunity for novel therapeutic strategies®***. The CANTOS
trial, which showed that the IL-13-blocking antibody canakinumab sig-
nificantly lowers the rate of recurrent atherosclerosis-related cardio-
vascular events, highlights the exciting potential of immunotherapy for
cardiovascular diseases®. Here, we showed that nanoimmunotherapy
targeting neutrophils in a spatiotemporal manner has therapeutic
potential for the most lethal manifestation of cardiovascular disease, MI.
RC NP therapy has significant advantages over regenerative stra-
tegies for ML. Since the adult heart has little to no inherent ability for
repair or regeneration®®, RC NP-mediated cardioprotection which
mitigates largely irreversible MI injury could be advantageous over
strategies that aim at repairing the damaged and fibrotic heart.
Regenerative strategies such as stem cell therapies for Ml are com-
plicated by poor engraftment, non-off-the-shelf properties, and lim-
ited clinical benefits®”"°. In contrast, RC NPs are off-the-shelf and exert
their cardioprotective and healing effects after intravenous injection
by leveraging the intrinsic neutrophil response to MI. Generation of
autologous de novo cardiomyocytes ex vivo by fibroblast repro-
gramming to replace apoptotic cardiomyocytes after Ml is expensive,
complicated, and subject to variability”. The RC NP fabrication process
is relatively inexpensive, facile, and results in homogenous nano-
particles. miRNA-based regenerative strategies are marred by the dif-
ficulty of delivering therapeutically relevant doses of miRNA to the
heart and potent side effects’>”>. RC NPs in contrast accumulate in
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Fig. 10 | Toxicity evaluation of RC NPs. a Percentage of circulating neutrophils in
sham and Ml rats shows no evidence of RC NP-induced neutropenia (n = 4 for all MI
groups, 5 for sham). b Number of cardiac neutrophils per 10° myocardial cells in
sham and Ml rats (with or without RC NP intervention) 1 and 3 days post-MI
determined using flow cytometry (n =4 for sham, Ml + PBS DI/D3, and 5 for Ml + RC
NP D1/D3). ¢ Percentage of cells in GO/G1, S, and G2/M phases in the livers and
spleens of uninjured rats 1 and 2 weeks after RC NP injection (n =3 for liver/spleen
at 2 weeks, and 4 liver/spleen at 1 week). d Relative mRNA expression of apoptosis

Spleen

regulatory proteins Bax, Bcl2, and Bclx! in the livers and spleens of uninjured rats 1
and 2 weeks after RC NP injection (n =3 for liver/spleen at 2 weeks, and 4 liver/
spleen at 1 week). n.s., not significant. e Representative H&E-stained histological
sections of major organs 14 days after RC NP injection in healthy F344 rats (n=3).
Scale bars, 100 um. All data presented as mean + SD. One-way ANOVA was used for
comparisons in a and b. Multiple unpaired two-sample ¢ tests were used for the
comparison in ¢. Unpaired two-sided ¢ tests were used for the comparisons in d.

infarcted hearts at therapeutically relevant doses without discernable
side effects (Figs. 5-10).

RC NPs directly modulate the activation and death of neutrophils
and through neutrophil modulation, influence macrophage pheno-
types during the early stages of MI (Fig. 6). The early stage of Ml is
typically regarded as the first 72 h after M, and is characterized by
massive cardiomyocyte death and neutrophil infiltration’*”>. As RC NPs

modulate mainly neutrophils, we anticipate that the therapeutic
effects of RC NPs would be diminished if RC NPs were administered
during the late stages of MI, which occur for weeks after the early stage
and is characterized by lower levels of pro-inflammatory infiltrating
neutrophils’”.

Conventional neutrophil targeting strategies are relatively one-
dimensional as they indiscriminately downregulate neutrophil activity
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and sacrifice neutrophil-regulated healing at the injury site. In contrast,
RC NPs are capable of both downregulating overexuberant neutrophil
signaling and promoting neutrophil-mediated repair. This can be
ascribed to the unique characteristics of RC NPs. RC NPs are readily
taken up by circulating and cardiac neutrophils (Fig. 5a, b, f). After
uptake, RC NPs induce apoptosis in cardiac neutrophils in infarcted
hearts (Fig. 6a) as RC NPs are able to rapidly release roscovitine in H,0,
conditions (Fig. 2f). RC NP-induced apoptotic neutrophils can promote
macrophage efferocytosis (Fig. 4a, b). Following efferocytosis, cardiac
macrophages are polarized to the M2 phenotype (Fig. 6¢c-€, Supple-
mentary Fig. 9). As RC NPs release roscovitine in unactivated neu-
trophils and non-H,0, conditions more slowly than in H,0, conditions
(Fig. 2f), RC NPs would not induce aberrant neutrophil apoptosis in
organs apart from the infarcted heart, or induce other forms of toxicity
(Fig. 10, Supplementary Figs. 14-16). To validate the clinical viability of
RC NPs, further testing in more diverse preclinical models is required
as the population and phenotypes of neutrophils are known to differ
between rodents and humans, males and females, and oscillate
between day and night’®”%, Further analysis of potential side effects
such as complement activation are also warranted due to the non-
stealth nature of RC NPs”,

Roscovitine has shown safety but low efficacy in clinical trials
dealing with advanced malignancies. With growing evidence that
roscovitine exerts its effects by inducing neutrophil apoptosis***°-5?,
roscovitine has reentered clinical trials targeting inflammatory dis-
eases such rheumatoid arthritis®* and Cushing’s disease®. Our data
suggest that roscovitine in its soluble form has therapeutic potential
for the treatment of MI and that RC NPs can provide more powerful
and precise control over neutrophil fate than roscovitine alone
(Figs. 6-8). We anticipate that our work will contribute to the
development of multifaceted neutrophil targeting treatments for
neutrophil-mediated inflammatory diseases.

Methods

Nanoparticle preparation

RC NPs were prepared using the water-in-oil-in-water double emulsion
method. The aqueous phase was prepared by dissolving 2.3 mg of
catalase (Sigma-Aldrich, St. Louis, MO, USA) in 1ml of 10 mg/ml
poly(vinyl alcohol) (PVA; molecular weight ~31,000, Sigma-Aldrich)
solution. The organic phase was prepared by dissolving 45 mg of PLGA
(acid terminated, molecular weight 7000-17,000, Sigma-Aldrich) and
8 mg of roscovitine (MedChemExpress, Monmouth Junction, NJ, USA)
in 2ml of dichloromethane (Sigma-Aldrich). The aqueous phase was
added dropwise to the organic phase and ultrasonicated (Branson
Sonifier, Branson Ultrasonic, CA, USA) for 10s in an ice bath. For
fluorescence experiments, DiO or Dil or DiD (Sigma-Aldrich for DiO;
Thermo Fisher, Waltham, MA, USA for Dil and DiD) was dissolved in
dichloromethane together with PLGA and roscovitine. The primary
emulsion was then added dropwise to 6 ml of 20 mg/ml PVA solution
and ultrasonicated for 40 s on ice at 10 s intervals to create the double
emulsion. The resulting emulsion was diluted in 20 ml of distilled
water, stirred for 4 h, and washed thrice with distilled water. After the
final wash, RC NPs were resuspended in 0.4 ml of PBS and dialyzed
against PBS before use.

Nanoparticle characterization

Roscovitine content in RC NPs was determined using high-
performance liquid chromatography (HPLC; Agilent 1260 Infinity II
LC System, CA, USA) after dissolving RC NPs in DMSO (Sigma-Aldrich).
Size and morphology of RC NPs were ascertained using dynamic light
scattering (DLS; Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK),
field emission-transmission electron microscopy (JEM-F200, JEOL
Ltd, Tokyo, Japan), and field emission-scanning electron microscopy
(JSM-7800F Prime, JEOL Ltd, Tokyo, Japan) installed at the National
Center for Inter-university Research Facilities (NCIRF) at Seoul

National University. Size stability was determined using DLS with RC
NPs resuspended in either PBS or 50% FBS and incubated at 37 °C.
Oxygen generation by RC NPs upon the addition of 50 mM of H,0, was
measured every 30 s using a dissolved oxygen meter (HI9136, HANNA
instruments, Seoul, Republic of Korea). Roscovitine release was
evaluated by dialyzing RC NPs (molecular weight cutoff 3500) in 35 ml
of PBS with or without 100 or 200 uM H,0, and incubating samples at
37°C with shaking (100 rpm). Samples were removed at indicated
intervals, and roscovitine concentrations were determined using
HPLC. The Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit
(Thermo Fisher) was used to determine the amount of H,O, remaining
after reaction with nanoparticles. 50 uL of H,0, (diluted in 1x reaction
buffer) was mixed with 10 uL of nanoparticles (or PBS) and incubated at
room temperature for 5min before addition of 50puL of working
solution consisting of Amplex™ Red Reagent and horseradish perox-
idase. Fluorescence was measured using a fluorescence microplate
reader. Amplex Red intensity values were subtracted from average
intensity values at O uM H,0,.

Animals

All animal studies were approved by the Institutional Animal Care and
Use Committee (IACUC) of The Catholic University of Korea (Approval
number: CUMC-2022-0081-02). The IACUC and Department of
Laboratory Animals (DOLA) at Catholic University of Korea, Songeui
Campus accredited the Korea Excellence Animal Laboratory Facility
from Korea Food and Drug Administration in 2017 and acquired
AAALAC International full accreditation in 2018. All animal procedures
conformed to the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for scientific
purposes or the NIH guidelines. F344 rats (male, 8-11 weeks old) were
purchased from KOATECH (Gyeonggi. Republic of Korea) and BALB/c
mice (female, 6-10 weeks old) were purchased from JA Bio (Gyeonggi,
Republic of Korea). Animals were kept under a12 h light and dark cycle,
with temperatures ranging between 20 and 24°C, and humidity
between 45 and 55%. All animals were allowed to acclimatize for 1 week
prior to experimentation.

Bone marrow-derived neutrophil and macrophage isolation
Neutrophils and macrophages were derived from the bone marrows of
mice as previously described'>®. To isolate neutrophils, bone marrow
cells were extracted from the tibias and femurs of mice, layered on top
of 3 mLs of Histopaques 1077 and 1119 (Sigma-Aldrich), centrifuged for
30 min at 1000 x g without braking, and obtained at the interface
between the two layers. Neutrophils were washed with PBS and
allowed to rest in wells for one hour before use. For macrophages,
bone marrow cells were extracted from the tibias and femurs of mice
and differentiated for five days in M-CSF (25 ng/ml; Biolegend, San
Diego, CA, USA) 10% FBS (Thermo Fisher) DMEM High medium
(Thermo Fisher). For in vitro experiments, neutrophils were cultured in
3% FBS RPMI medium (Thermo Fisher) while macrophages were cul-
tured in 10% FBS DMEM High medium. Bone marrow-derived neu-
trophils were defined as CDI11b’Ly6G" while bone marrow-derived
macrophages were defined as F4/80°. Purity exceeded 90% for both
cells. Anti-mouse/human CD11b, anti-mouse Ly6G, and anti-mouse F4/
80 antibodies were purchased from Biolegend.

RC NP uptake by neutrophils in vitro

Isolated neutrophils were treated with RC NPs containing 20 uM ros-
covitine and internalization was assessed one hour later by flow cyto-
metry and two hours later by confocal microscopy. For flow cytometry
experiments, 5 x 10° neutrophils were seeded on untreated 12-well cell
culture dishes (Corning, NY, USA), treated with DiO-labeled RC NPs,
and RC NP* neutrophils were analyzed using a FACSCanto™ Il system
(BD Biosciences, Franklin Lakes, NJ, USA) and FlowJo™ software
(Tree Star Inc., Ashland, OR, USA). For confocal experiments, 2.5 x 10°
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neutrophils were seeded on poly-L-lysine (Thermo Fisher)-coated
4-well cell culture slides (SPL Life Sciences, Gyeonggi, Republic of
Korea) and treated with Dil-labeled RC NPs. Neutrophils were washed
with Hank’s Balanced Salt Solution (HBSS; Thermo Fisher), stained with
Sug/ml of 488 Wheat Germ Agglutinin (WGA; Thermo Fisher) for
10 min at 37 °C, washed with HBSS, fixed with 4% paraformaldehyde
for 15 min, washed with HBSS, and counterstained with 4'6-diamidino-
2-pheylindole (DAPI, Vector Laboratories, Burlingame, CA, USA). Cells
were visualized by confocal microscopy (Stellaris 8; LEICA, Wetzlar,
Germany). Unless stated otherwise, all immunofluorescence experi-
ments were conducted on 4-well cell culture slides. All chemical probes
used in our experiments comply with the criteria specified by the
Chemical Probes Portal.

Viability and physiology of RC NP* neutrophils in vitro

NETosis and viability of RC NP* neutrophils were determined using
SYTOX Green (Thermo Fisher) and Zombie Violet (Biolegend) stain-
ing, respectively, 3 and 6 h after RC NP (20 uM) treatment. Fluores-
cence intensity of SYTOX Green-stained NETting neutrophils
was measured using a fluorescence microplate reader (Sunrise™;
Tecan, Minnedorf, Switzerland) while nonviable Zombie Violet"
neutrophils were analyzed using flow cytometry. Chemotaxis of RC
NP* neutrophils was investigated using a transwell migration assay
(polycarbonate membrane, 3.0 um pore size, 6.5 mm diameter, and
0.33 cm? surface area) (Corning). Neutrophils (2.5 x 10° cells per well)
treated with different concentrations of RC NPs were added to the
upper chambers of transwells. Lower chambers were filled with 1M
of fMLP and after 1 h of incubation at 37 °C, neutrophils in the lower
chambers were counted using a hemacytometer. To verify fMLP-
induced neutrophil chemotaxis, neutrophils were seeded in trans-
wells as described above, with 1uM of fMLP in lower chambers, and
neutrophils in the lower chambers were counted after one hour of
incubation.

In vitro neutrophil activation

Isolated neutrophils were pretreated with 50 uM of RC NPs or free
drugs for two hours before PMA activation (750 nM). Cell culture
supernatants, NETosis, and apoptosis were analyzed 15h after PMA
activation. TNF-a (Biolegend), pro-MMP-9 (Thermo Fisher), and neu-
trophil elastase (R&D Systems, Minneapolis, MN, USA) ELISA were used
according to the manufacturer’s instructions to determine relevant
protein concentrations in supernatants. NETs were stained using
SYTOX Green, visualized by confocal microscopy, and quantified using
Image] software (National Institutes of Health, NY, USA). NET area was
defined as SYTOX Green"DAPI™ area. Apoptosis was detected by TUNEL
(Promega, Madison, W1, USA) staining according to the manufacturer’s
instructions, visualized by confocal microscopy, and quantified using
ImageJ software. DAPI served as a counterstain for both NETosis and
apoptosis experiments. For ELISA experiments, 5x10° neutrophils
were seeded on untreated 12-well cell culture dish plates. For confocal
microscopy experiments, 2.5 x 10° neutrophils were seeded on poly-L-
lysine-coated 4-well cell culture slides.

Neutrophil and macrophage coculture

Neutrophils (5 x 10°) were pretreated with nanoparticles or free drugs
before PMA activation as described earlier. After 15 h, neutrophils were
collected and washed twice with PBS to remove residual RC NPs. 5 x 10°
neutrophils were added to wells containing 1 x 10° macrophages with
1ng/ml of LPS (Thermo Fisher). For flow cytometry efferocytosis
experiments, neutrophils were stained immediately after isolation with
DiD according to the manufacturer’s instructions and macrophage
efferocytosis of apoptotic neutrophils was identified as F4/80'DiD*
events. Percent efferocytosis was then normalized to the PBS group.
Flow cytometry efferocytosis experiments were conducted 20 min
after coculture. For confocal-based observation of efferocytosis,

2.5 x10° neutrophils were stained with Dil and 0.5 x 10° macrophages
were stained with Alexa Fluor™ 488 WGA, both according to the
manufacturer’s instructions. After 40min of coculture, non-
phagocytosed neutrophils were washed away using PBS and samples
were fixed with 4% PFA for 15 min. Cells were counterstained with DAPI
and visualized by confocal microscopy.

For assessment of macrophage polarization after coculture, neu-
trophils and macrophages were cultured as described above. Macro-
phages were analyzed by flow cytometry 24 h into coculture. Anti-
mouse F4/80, anti-mouse CD80, and anti-mouse CD86 antibodies
were purchased from Biolegend. For qRT-PCR, ICC, and ELISA
experiments, neutrophils were removed from coculture by vigorous
pipetting and macrophage phenotypes were allowed to further
develop for another 16 h. For ICC experiments, macrophages were
stained with WGA prior to coculture. After coculture, cells were fixed
with 4% PFA for 10 min, washed with ice-cold PBS, and permeabilized
with 0.1% Triton X-100 if necessary. Samples were blocked with 10%
goat serum in PBS overnight at 4 °C, washed with PBS, incubated in
secondary antibody diluted with 10% goat serum for 1h at room
temperature, washed with PBS, and counterstained with DAPI. Cells
were visualized by confocal microscopy and quantified using ImageJ
software. For qRT-PCR, F4/80" macrophages were sorted by flow
cytometry and total RNA was isolated from macrophages using
Trizol™ (Qiagen, Valencia, CA, USA). cDNAS were prepared using
AccuPower® RT Master Mix (Bioneer, Daejeon, Korea) and SYBR
Green-based qRT-PCR was performed using TOPreal™ qPCR 2x Premix
(Enzynomics, Daejaeon, Korea). The list of primer sequences used in
this study can be found in Supplementary Table 1. For ELISA experi-
ments, cell supernatants were collected, centrifuged at 1000 x g for
10 min, and stored at —80 °C till further analysis. TNF-a, IL-12 p40, IL-6
ELISA kits were obtained from Biolegend. TGF-f1 ELISA kit was
obtained from Thermo Fisher.

Biodistribution and in vivo nanoparticle uptake

To determine relative nanoparticle uptake by neutrophils and mono-
cytes, DiO-labeled RC NPs (200 pl; 2 mg/kg of roscovitine) were intra-
venously injected into tail veins of BALB/c mice. At indicated time
points after injection after injection, blood was drawn by retroorbital
bleeding into heparin-coated syringes. Red blood cells were lysed
using Gibco™ ACK Lysing Buffer (Thermo Fisher) according the
manufacturer’s instructions. Samples were incubated with 100 ug/ml
of IgG (Invitrogen) for 15 min at 4 °C for our FACS experiments prior
to staining with fluorescence-conjugated antibodies to prevent non-
specific binding. Leukocytes were then stained with fluorescence-
conjugated antibodies for 30 min at 4 °C. Anti-mouse CD45, anti-
mouse/human CD11b, anti-mouse Ly6G, and anti-mouse Ly6C anti-
bodies were purchased from Biolegend. To determine RC NP uptake
by neutrophils in rat hearts, DiD-labeled RC NPs (400 ul; 2 mg/kg of
roscovitine) were intravenously injected into tail veins of either sham
or Ml rats. 24 h after injection, hearts were dissected with perfusion,
minced, and digested with 2mg/ml of Collagenase Type IV
(Worthington Biochemical, Lakewood, NJ, USA) and 1.2 U/ml of
Dispase Il (Sigma-Aldrich) in RPMI medium. Heart tissues were
homogenized using a gentleMACS™ Dissociator (Miltenyl Biotec,
Bergisch-Gladbach, Germany) and filtered through a 100 um cell
strainer. Cell suspensions were washed with PBS and flow cytometry
staining buffer before subsequent staining and analysis. Anti-rat CD45,
CD43, CD161, and CD3 antibodies were purchased from Biolegend and
anti-rat His48, CD43, and B220 antibodies were purchased from Invi-
trogen. Rat leukocytes were gated as previously described®.
To determine RC NP distribution in major organs, sham and MI rats
were intravenously injected with DiD-labeled RC NPs (400 ul; 2 mg/kg
of roscovitine). 24 h after injection, hearts, lungs, livers, brains, kid-
neys, and spleens were removed and imaged using an IVIS® Spectrum
In Vivo Imaging System (PerkinElmer, Waltham, MA, USA).
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Pharmacokinetics

RC NPs were labeled with the near-IR dye DiR (Thermo Fisher) and
intravenously injected into the tail veins of uninjured rats. Blood was
sampled 3 min, 20 min, 45min, 6 h, 24 h, 48 h, and 72 h after RC NP
injection. Samples were diluted 10x in PBS and fluorescence intensity
was measured using an absorbance microplate reader (Sunrise™;
Tecan, Mannedorf, Switzerland). Blood from non-treated rats was also
sampled and measured to account for background fluorescence.

In vivo toxicity assessment

To evaluate potential in vivo toxicity, RC NPs were intravenously
injected into (400 ul; 2 mg/kg of roscovitine) uninjured and MI rats.
Whole blood was collected by retroorbital bleeding from uninjured
rats immediately before injection and 3, 10, and 14 days after injection.
Serum was collected by centrifugation and serum levels of AST, ALT,
albumin (ALB), total bilirubin (TBIL), BUN, and CRE were measured
using a chemistry analyzer (DRI-CHEM 3500S 19; Fujifilm, Tokyo,
Japan). Whole blood was collected by retroorbital bleeding from Ml
rats 1 and 3 days after RC NP injection. Serum levels of AST, ALT, BUN,
CRE, TBIL, ALB, and LDH were measured using a chemistry analyzer
and neutrophil counts were measured using a veterinary hematology
system (Hemavet 950; Drew Scientific Inc., Miami Lakes, FL, USA). For
histological analysis, major organs were harvested 14 days after RC NP
injection in uninjured rats, fixed with 4% PFA in PBS, and constructed
into paraffin blocks. Samples were sectioned at a thickness of 5um
using a microtome (RM2125RT, Leica, Germany), stained with H&E,
and imaged using an optical microscope (IX71, Olympus, Tokyo,
Japan). For cell cycle analysis, livers and spleens were minced,
digested with 2 mg/ml of Collagenase Type IV and 1.2 U/ml of Dispase
II in serum-free RPMI medium and homogenized using a
gentleMACS™ Dissociator. Single-cell suspensions were filtered
through a 100 um cell strainer, washed twice with PBS, and fixed in
ice-cold 70% ethanol for 30 min at 4 °C. After fixation, cells were
washed twice, treated with RNase (Sigma-Aldrich) and strained with
propidium iodide (PI) (Biolegend) 15 min before FACS analysis. To
screen for potential apoptosis in the liver and spleen, single-cell
suspensions were prepared as described above and RNA was isolated
using Trizol™. cDNAS were prepared using AccuPower® RT Master
Mix and SYBR Green-based qRT-PCR was performed using TOPreal™
gPCR 2x Premix. The list of primer sequences used in this study can
be found in Supplementary Table 1.

Determination of infarct size

EB and TTC chloride staining was performed to determine infarct size.
24 h after MI, the suture thread around the LAD artery was retied, and
EB dye (7% in PBS) was injected intravenously into the rats. After 1 min,
the heart was quickly excised and incubated for 10 min at —4 °C. The
heart was cut into 3 slices (each one approximately 2 mm thick) and
incubated with 2% TTC for 30 min at 37 °C in the dark. After being
washed three times, the tissue was fixed in 4% paraformaldehyde. The
non-infarcted myocardium was stained deep blue with EB. The viable
myocardium was stained red with TTC. The infarcted myocardium
appeared white after TTC staining. The area at risk (AAR) and the
infarcted area were determined digitally by ImageJ.

MI model and nanoparticle treatment

Male F344 rats (8-10 weeks old) were anesthetized with 2% inhaled
isoflurane and intubated via the trachea with an 18-gauge intravenous
catheter. The rats were then mechanically ventilated with a rodent
respirator (55-7058, Harvard Apparatus, Canada, USA). Animals were
placed on a 37 °C heating pad to prevent cooling during the procedure.
After shaving the chest and sterilizing with 70% alcohol, left thor-
acotomy was performed. MI was induced by occluding the left anterior
descending (LAD) artery with a 7-0 Prolene suture for 1 hr. The nano-
particles and roscovitine were diluted with PBS (400 ul; 2 mg/kg of

roscovitine) and intravenously injected immediately before reperfusion.
The chest was closed aseptically and cefazolin (10 mg/kg) and keto-
profen (3 mg/kg) were administered before and after surgery. Alter-
nating group randomization was conducted during the operational
window and all experiments were conducted at a similar time of day to
minimize the influence of circadian rhythms.

Neutrophil depletion

Rats were intravenously injected with 0.3 mL of anti-PMN antiserum
(host, rabbit) (Cat #A51140, Accurate Chemical & Scientific, Westbury,
NY) 24 h before MIL. Non-depleted rats received equal volumes of
normal rabbit serum (Cat #JNZ000120, Accurate Chemical & Scientific,
Westbury, NY).

Echocardiography

Animals were lightly anesthetized with isoflurane and maintained at
37 °C using a heating pad. Heart function in Ml rats were analyzed with
echocardiography. Physiological data was recorded using a trans-
thoracic echocardiography system equipped with a 15MHz L15-7io
linear transducer (Affniti 50 G, Philips, Amsterdam, Netherlands).
To establish baseline LV function, we performed echocardiography
4h post-MI (inclusion criterion: ejection fraction <58% based on
echocardiographic evaluation). After baseline (4 h) echocardiography,
serial echocardiography was conducted 3 days, 1 week, 2 weeks, and
4 weeks post-MI. The echocardiography operator was blinded to group
allocations during the experiment.

Cardiac strain analysis

Global circumferential strain was derived parasternal short-axis views,
recorded using a transthoracic echocardiography system equipped
with an 11.0 MHz 12S-RS Sector Probe (Vivid™ iq, GE Healthcare,
Chicago, IL, USA). Sampling points were manually placed along the
epicardial and endocardial layers during the end-systolic period. Using
GE EchoPAC v204 software, tissue speckles were identified and tracked
throughout the cardiac cycle on a frame-by-frame basis, allowing the
calculation of the global circumferential strain.

Hemodynamic measurements

Hemodynamic measurements were conducted 4 weeks post-MI. After
thoracotomy without bleeding, the LV apex of the heart was punctured
with a 26-gauge needle, and a 2F conductance catheter (SPR-838,
Millar) was inserted into the LV. LV pressure-volume parameters were
continually recorded using a PV conductance system (MPVS Ultra,
EMKA Technologies, Paris, France) coupled to a digital converter
(PowerLab 16/35, ADInstruments, Colorado Springs, CO, USA). Load-
independent measurements of cardiac function, including the slopes
ESPVR and EDPVR, were obtained with different preloads, which were
elicited via transient inferior vena cava occlusion with a needle holder.
An aliquot of 50 ul of hypertonic saline (20% NaCl) was injected into the
left jugular vein to calculate the parallel conductance after hemody-
namic measurements. The blood was collected from the left ventricle
into a heparinized syringe and placed into cuvettes to convert
the conductance signal to volume using the catheter. The absolute
volume of the rat was defined by calibrating the parallel conductance
and the cuvette conductance.

Determination of fibrosis

Infarcted hearts 4 weeks post-MI were fixed in 4% PFA and constructed
into paraffin blocks for Masson’s trichrome (Sigma-Aldrich) staining to
determine circumferential fibrosis and viable myocardium. Briefly,
paraffin slides were preincubated in a 37°C dry oven before depar-
affinization and rehydration. The paraffin sections were then refixed
for one hour in 56 °C Bouin’s solution, stained using Weigert’s iron
hematoxylin solution for 15min at room temperature, and further
stained with Biebrich scarlet-acid fuchsin solution for 20 min at room
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temperature. Finally, the sections were counterstained with aniline
blue for 15 min, followed by 1% acetic acid incubation for 1 min at room
temperature. Extensive washes were performed between each step.
Subsequently, heart sections were imaged using a slide scanner (Pan-
noramic MIDI, Budapest, Hungary). The percentage of fibrosis was
calculated as the area of fibrosis to the area of LV circumference
[(infarct area/LV wall area) x100]. The percentage of viable myo-
cardium was defined as the area of myocardium within the infarct
area where the LV wall is dilated, and the fibrotic area is exhibited.
[(myocardium area/infarct area) x100]. Both measurements were
performed using ImageJ software.

Immunohistochemistry

At the time of sacrifice, the hearts were fixed in 4% PFA overnight and
constructed into paraffin blocks. The heart was cross-sectioned into
5pm sections starting at the top of the apex using a microtome
(RM2255; Leica). After deparaffinization and rehydration, antigen
retrieval with target retrieval solution (DAKO, Santa Clara, CA, USA)
was performed. The sections were incubated with diluted primary
antibody at 4 °C overnight. The primary antibodies used in this study
were mouse anti-cTnT (Abcam, Cambridge, UK; 1:200), goat anti-
CD31 (Novus, St. Louis, MO, USA; 1:200), rabbit anti-MPO (Boster Bio,
Pleasanton, CA, USA; 1:200), mouse anti-CD68 (Abcam; 1:200), rabbit
anti-iNOS (Abcam; 1:200), rabbit anti-CD206 (Abcam; 1:200), rabbit
anti-Argl (Novus Biologicals; 1:300). After washing three times with 1%
Tween 20 in PBS, the samples were incubated with secondary anti-
body for 90 min at room temperature in the dark. The secondary
antibodies used in this study were anti-mouse Alexa Fluor 594
(Invitrogen, Waltham, MA, USA; 1:500), anti-mouse Alexa Fluor 647
(Invitrogen; 1:500), anti-goat Alexa Fluor 488 (Invitrogen; 1:500), anti-
goat Alexa Fluor 594 (Invitrogen; 1:500), anti-rabbit Alexa Fluor 488
(Invitrogen; 1:500). After washing thrice with PBS, the sections were
stained with DAPI mounted on slides. The stained sections were
assessed using a fluorescence microscope. Operators were blinded
to groups during acquisition and quantification of all image-based
assays.

Cardiac leukocyte analysis

Hearts were dissected with perfusion, minced, and digested with 2 mg/
ml of Collagenase Type IV and 1.2 U/ml of Dispase Il in RPMI medium.
Heart tissues were homogenized using a gentleMACS™ Dissociator
and filtered through a 100 um cell strainer. Samples were incubated
with 100 pg/ml of anti-mouse IgG (Invitrogen) for 15min at 4 °C to
prevent nonspecific binding. Cell suspensions were then stained with
Zombie NIR (Biolegend) for 15 min at room temperature. Afterwards,
cell suspensions were incubated at 4 °C with fluorophore-conjugated
antibodies. Anti-rat CD45, CD68, CD3, and CD86 antibodies were
purchased from Biolegend, anti-rat His48 antibody was purchased
from Invitrogen, and anti-rat CD80 antibody was purchased from BD
Biosciences. Tru-Nuclear™ Transcription Factor Buffer Set (Biolegend)
was used according to the manufacturer’s instructions when permea-
bilization was required.

Statistical analysis

All quantitative data are presented as the mean + SD unless otherwise
indicated. Differences between two groups were analyzed by two-
tailed Student’s ¢ tests. Differences between groups were analyzed by
one-way ANOVA with Bonferroni’s post-hoc analysis. Differences
between groups over multiple time points were analyzed by two-way
ANOVA with Bonferri’s correction. Results were considered statisti-
cally significant when p <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that all data needed to support the findings of this
study are presented in the Article, Supplementary Information, and
Source Data file. Source data are provided with this paper.
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