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RNAi targeting multiple cell adhesion molecules
reduces immune cell recruitment and vascular
inflammation after myocardial infarction
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Myocardial infarction (MI) leads to a systemic surge of vascular inflammation in mice and humans, resulting in
secondary ischemic complications and high mortality. We show that, in ApoE−/− mice with coronary ligation, increased
sympathetic tone up-regulates not only hematopoietic leukocyte production but also plaque endothelial expression
of adhesion molecules. To counteract the resulting arterial leukocyte recruitment, we developed nanoparticle-
based RNA interference (RNAi) that effectively silences five key adhesion molecules. Simultaneously encapsulating
small interfering RNA (siRNA)–targeting intercellular cell adhesion molecules 1 and 2 (Icam1 and Icam2), vascular
cell adhesion molecule 1 (Vcam1), and E- and P-selectins (Sele and Selp) into polymeric endothelial-avid nanopar-
ticles reduced post-MI neutrophil and monocyte recruitment into atherosclerotic lesions and decreased matrix-
degrading plaque protease activity. Five-gene combination RNAi also curtailed leukocyte recruitment to ischemic
myocardium. Therefore, targeted multigene silencing may prevent complications after acute MI.
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INTRODUCTION

Leukocytes promote inflammation in atherosclerotic plaques (1–3).
Systemically increased myeloid cell levels support disease progression
and complication by delivering inflammatory mediators and tissue-
destabilizing proteases to plaques. The current standard of care mostly
modifies atherosclerosis risk factors and does not target myeloid cells.
Although we will soon be able to identify inflamed plaques with im-
aging and other diagnostics, we currently lack the clinical means to
rapidly and efficiently intervene therapeutically.

Macrophages turn over rapidly in growing arterial lesions (4). Plaque-
dwelling macrophages arise from blood monocytes, and abrogating
leukocyte recruitment drastically reduces atherosclerotic plaque devel-
opment and complication in mice (5–12). After myocardial infarction
(MI), the hematopoietic system produces excess inflammatory cells
(13, 14) that accelerate plaque growth in mice (15) and enhance sys-
temic plaque inflammation in humans (16, 17). Owing to this increase
in inflammation, previously asymptomatic lesions may become un-
stable and trigger subsequent MI. Recurrent ischemic events have
accentuated case fatality (18). If leukocyte recruitment could be
interrupted, then plaque inflammation may wane, rendering ar-
teries less prone to rupture. Patients with acute MI and a high in-
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flammatory burden could specifically benefit from such a treatment,
which potentially prevents further ischemic events.

Neutrophils and monocytes rely on endothelial cell adhesion mole-
cules (CAMs) and interaction between chemokines and their receptors
for recruitment into the arterial wall. Cell recruitment is a multistep
process that involves rolling (mediated by E- and P-selectins), firm
arrest and adhesion [mediated by vascular cell adhesion molecule 1
(VCAM-1) and intercellular cell adhesion molecule 1 (ICAM-1)], and
endothelial transmigration (mediated by ICAM-2) (19–22). Endothelial
cells that line atherosclerotic plaques express high levels of collaborating
leukocyte adhesion molecules (2, 19, 20, 22–24). Loss-of-function studies
investigating single CAMs demonstrate their importance for the devel-
opment of atherosclerosis (7, 25). Data obtained in mice with genetic
deficiency for more than one CAM suggest that inhibiting adhesion
molecule function in parallel has synergistic effects on leukocyte re-
cruitment (8, 24). We thus reasoned that simultaneously inhibiting
five disease-associated adhesion molecules would inhibit leukocyte re-
cruitment effectively and reduce arterial inflammation, especially during
post-MI disease acceleration.

Because small interfering RNA (siRNA) inhibits gene expression
by mediating mRNA cleavage in a sequence-specific manner, concur-
rently delivering five distinct siRNAs offers an appealing approach to
reduce the translation of multiple targets with high specificity. How-
ever, combination therapies require highly efficient delivery vehicles,
which have historically been limited to hepatocyte targeting (26). We
recently developed a nontoxic nanoformulation that delivers siRNA to
endothelial cells at very low doses (27). Here, we use these endothelial-
avid nanoparticles to reduce simultaneously the expression of five en-
dothelial CAM in ApoE−/− mice with accelerated atherosclerosis after
MI. This quintuple-target drug candidate, termed siCAM5, decreased
leukocyte recruitment and plaque inflammation. Similarly, siCAM5

treatment lowered immune cell infiltration into acutely ischemic
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myocardium and improved post-MI recovery in mice. Our study sug-
gests the viability of targeting multiple genes in parallel as a therapeu-
tic avenue for inhibiting inflammatory aspects of atherosclerotic
disease progression after a myocardial ischemic insult.
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RESULTS

Arterial sympathetic activity increases plaque leukocytes
after MI
Accelerated leukocyte production in the spleen and bone marrow after
MI increases plaque leukocyte numbers. After coronary ligation in
mice, sympathetic nervous system signaling in the bone marrow
contributes to this phenomenon (15). Because previous studies indi-
cated that sympathetic tone also regulates circadian fluctuation of ad-
hesion molecule expression in endothelial cells (28), we explored
whether increased vascular wall sympathetic nervous tone may also
contribute to post-MI arterial inflammation. First, we differentiated
circulating from noncirculating factors by joining ApoE−/− mice in
parabiosis. After 2 weeks, during which shared circulation developed,
www.Sc
we induced MI in one parabiont only (Fig. 1A). Comparing the
vasculature of the infarcted and the noninfarcted parabiont, so we rea-
soned, would allow us to study effects that are not related to blood-
borne signals or circulating cells. Three weeks after coronary artery
ligation, the infarcted and noninfarcted mice sharing circulation in
parabiosis had similarly elevated blood leukocytosis when compared
to steady-state parabionts without MI (Fig. 1B). However, the infarcted
parabionts recruited more neutrophils and Ly6Chigh monocytes into
their aortae, consequently yielding higher plaque macrophage numbers
than both their noninfarcted partners and steady-state parabionts (Fig.
1C). Plaque size was larger in the infarcted than in noninfarcted para-
bionts (Fig. 1D). These data indicate that circulation-independent
processes contribute to acceleration of atherosclerosis after MI, as
infarcted parabionts recruited more cells despite similar blood leu-
kocyte supply.

We next investigated atherosclerotic plaque endothelial expression
of CAM and chemokines after MI in single ApoE−/− mice by using
flow cytometry of aortic endothelial cells (fig. S1). ICAM-1, ICAM-2,
VCAM-1, E-selectin, and P-selectin levels are known to rise on
inflamed, plaque-lining endothelial cells in mice (2, 19, 20, 22–24).
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Fig. 1. Noncirculating factors contribute to expansion of inflammatory
plaque leukocytes and acceleration of atherosclerosis. (A) Experimental

two independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001, two-tailed
paired Wilcoxon test for comparison between connected parabionts; two-
setup. ApoE−/− mice were joined in parabiosis, and one parabiont was in-
farcted 2 weeks thereafter. Three weeks later, leukocytes were evaluated by
flow cytometry. (B and C) Flow cytometric gating and quantification of blood
(B) andaortic (C) leukocytes.Data aremeans±SEM (n=5 to11pergroup from
tailed unpaired Mann-Whitney U for comparison to steady-state parabiosis.
(D) Masson staining of aortic roots. Data are means ± SEM quantifying total
plaque size and necrotic core area per section (n = 5 to 9 per group from two
independent experiments). Scale bars, 250 mm (top) and 100 mm (bottom).
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Three days after MI, aortic endothelial ICAM-2, VCAM-1, and E-
selectin protein amounts increased (Fig. 2, A and B). Endothelial
expression of the CCR2 ligand Mcp1 rose on day 3 after coronary
ligation, likely also supporting increased monocyte recruitment
into plaques after MI (Fig. 2C). Parabiosis experiments, similar to
those examining cellular recruitment described in Fig. 1, revealed
higher protein levels of ICAM-2, VCAM-1, and E-selectin in the aor-
tae of infarcted versus noninfarcted parabionts (Fig. 2, D and E), in-
dicating that circulation-independent processes contributed to the rise
in CAM levels after MI.

To explore the role of the sympathetic nervous system in modulat-
ing CAM expression after MI, we stained whole-mount aortic roots
for tyrosine hydroxylase. This rate-limiting enzyme, located in adven-
titial sympathetic nervous fibers, regulates noradrenaline synthesis by
catalyzing the tyrosine conversion to L-3,4-dihydroxyphenylalanine
(L-dopa). Aortic tyrosine hydroxylase staining increased after MI
(Fig. 3A), as did tyrosine hydroxylase mRNA in aortic roots (Fig. 3B).
In ApoE−/− mice, aortic arch noradrenaline, a sympathetic neuro-
transmitter, increased after permanent coronary ligation (Fig. 3C).
Noradrenaline levels after ischemia/reperfusion injury in wild-type
mice were slightly but not significantly lower than after MI (Fig.
www.Sc
3D). As expected, ablating the sympathetic nervous system with 6-
hydroxydopamine (6-OHDA) dampened the increase in nor-
adrenaline (Fig. 3C). It attenuated the increase of ICAM-2, VCAM-1,
and E-selectin on plaque endothelial cells after MI (Fig. 3E).

Next, we addressed whether aortic endothelial cells can directly sense
locally released noradrenaline. Aortic endothelial cells expressed both a-
and b-adrenergic receptors (Fig. 3F), suggesting that sympathetic ner-
vous system activity enhances arterial leukocyte recruitment via
increased CAM expression, possibly by local action on endothelial cells.

Plaque endothelial cells take up nanoparticle siRNA carriers
Limiting CAM expression may provide a therapeutic option to coun-
teract leukocyte recruitment after MI. Viable siRNA sequences target-
ing CAM were identified by in vitro screening of in silico–predicted
candidates (fig. S2A and table S1). The best duplexes were selected for
scale-up and nanoparticle formulation and modified to minimize im-
munostimulation and off-target silencing (29). We delivered all siRNAs
with a nanoparticle recently optimized for in vivo delivery to endothelial
cells (27). These nanoparticles were formulated with either control
siRNA targeting luciferase (termed siCtrl) or a combination of five
siRNAs targeting Icam1, Icam2, Vcam1, Sele, and Selp (termed siCAM5).
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Fig. 2. Noncirculating signals contribute to expansion of plaque leuko-
cyte recruitment after MI. (A) Gating strategy and histograms of leukocyte

group from two independent experiments). P values are determined byMann-
Whitney U test. (D) Experimental setup. ApoE−/−mice were joined in parabiosis,
adhesion molecules on aortic endothelial cells from ApoE−/− mice 3 days
afterMI or noMI controls. (B) Mean fluorescence intensity (MFI) of adhesion
molecules expressed by aortic endothelial cells from animals in (A). Data
aremeans ± SEM (n = 11 to 13 per group from two independent experiments).
P values versus no MI are determined by Mann-Whitney U test. (C) Chemokine
mRNA in aortic roots from animals in (A). Data are means ± SEM (n = 7 to 8 per
andoneparabiontwas infarcted2weeks thereafter. Threedays later, CAMlevels
on aortic endothelial cells were evaluated by flow cytometry. (E) MFI on aortic
endothelial cells fromanimals in (D)was evaluatedby flowcytometry. Data are
means normalized to steady-state parabiosis ± SEM (n= 7per group from two
independent experiments). P values compare respective infarcted to nonin-
farcted parabionts and are determined by two-tailed paired Wilcoxon test.
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Reflecting their individual in vitro siRNA potency (fig. S2B), the five
siRNAs were admixed in a molar ratio of 1:0.35:1:1:1, with siRNA tar-
geting Icam2 being represented at 0.35 (fig. S3A). After formulation
with siCtrl or siCAM5, transmission electron microscopy revealed siRNA
and lipid multilamellar structures with a particle diameter 45 ± 16 nm
(SD) measured by dynamic light scattering (fig. S3, B and C).

To examine how effectively these particles delivered siRNA to ar-
terial endothelial cells in ApoE−/− mice with atherosclerosis, we formu-
lated fluorochrome-conjugated siRNA in nanoparticles and injected
them intravenously (1.0 mg/kg siRNA). Two hours later, fluorescent
signal was detected histologically in CD31high endothelial cells lining
atherosclerotic plaques in the aortic root and arch (fig. S3D). Cy3-
labeled siRNA was undetectable in deeper plaque layers (fig. S3, E
and F). To quantify in vivo siRNA delivery, we measured uptake in
aortic endothelial cells, blood leukocytes, and plaque macrophages by
flow cytometry. The fluorescence intensity increased more than 54-
fold in CD45low CD31high CD107ahigh endothelial cells isolated from
aortae (fig. S3G), indicating effective siRNA delivery to endothelial
cells. In line with the histologic findings, plaque macrophages lacked
siRNA (fig. S4A). In contrast, blood neutrophils and monocytes
incorporated siRNA, but to a far lesser extent than endothelial cells
(28- and 11-fold lower, respectively; fig. S4B).
www.Sc
Next, we measured five target genes’ mRNA and protein levels in
aortic endothelial cells in vivo. Over the course of 1 week, mice were
injected twice with siCtrl (3 mg/kg) or siCAM5 before CD45low

CD31high CD107ahigh cells were flow-sorted from ApoE−/− aortae.
Compared to siCtrl-treated mice, those that received siCAM5 treat-
ment had significantly decreased target gene mRNA and protein levels
(Fig. 4). With RNA interference (RNAi), there was no significant reduc-
tion in circulating cells (fig. S5A), and the overall profile of circulating
myeloid cells was comparable between the siCtrl and siCAM5, with
the exception of Il1b, Tnfa, and Mpo (fig. S5B). Total blood cholesterol
levels were unchanged after treatment with siCAM5 (fig. S6).

siCAM5 treatment suppresses leukocyte recruitment to
atherosclerotic plaques
To determine whether siCAM5 treatment curtails leukocyte recruit-
ment to atherosclerotic plaques in vivo, we treated ApoE−/− mice with
siCAM5 over a period of 2 weeks (three intravenous injections of 3 mg/kg
cumulative siRNA dose) before adoptive intravenous transfer of 2 mil-
lion green fluorescent protein–positive (GFP+) neutrophils admixed
with 2 million GFP+ Ly6Chigh monocytes. These myeloid cells, which
rely on adhesion molecules for recruitment into plaques, promote
plaque growth and inflammation (1, 2). Two days after cell transfer,
Fig. 3. Aortic sympathetic tone regulates leukocyte adhesionmolecule
expression after MI. These experiments examine the vascular innervation

arch noradrenaline content in permanent ligation versus 45min of ischemia
followed by reperfusion. Data are means ± SEM (n = 8 to 10 wild-type mice
after coronary ligation. (A) Tyrosine hydroxylase (TH) staining of aortic roots
in steady-state and infarcted atherosclerotic mice. L, lumen; M, media; A, ad-
ventitia; P, atherosclerotic plaque. Scale bar, 70 mm. TH+ area per high-power
field was quantified from fluorescent images as means ± SEM (n = 5 ApoE−/−

miceper group). P value is determinedbyMann-WhitneyU test. (B) ThmRNA
levels in aortic roots. Data are means ± SEM (n = 7 ApoE−/− mice per group
from two independent experiments, normalized to controls without MI). P
value is determined by Mann-Whitney U test. (C) Aortic arch noradrenaline
content. Data are means ± SEM (n = 4 to 5 ApoE−/− mice per group). P
values are determined by one-way analysis of variance (ANOVA). (D) Aortic
per group from two independent experiments). P value is determined by
Mann-Whitney U test. (E) CAM expression by aortic endothelial cells in
post-MI atherosclerosis (3 days after MI; red) and after MI + 6-OHDA (blue).
The bar graph showsMFI on aortic endothelial cells by flow cytometry (n = 7
to 8 ApoE−/− mice per group from two independent experiments), normal-
ized to noMI controls. P values are determinedby one-way ANOVA. (F) Adre-
noceptor a1–2 and b1–3 mRNA levels (Adra and Adrb) in sorted murine aortic
endothelial cells. Data aremeans ± SEM (n = 8 ApoE−/−mice and 5 B6mice
as steady-state myocardium). P values are determined by Mann-Whitney
U test.
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the number of GFP+ CD11bhigh myeloid cells recruited into the aortae
of siCAM5-treated mice was 50% lower than in mice treated with
siCtrl, whereas their numbers in blood were similar (Fig. 5A).

With respect to plaque character in ApoE−/− mice, although circu-
lating neutrophils and Ly6Chigh monocytes did not change, their
numbers decreased in the aortae by at least one-third (Fig. 5, B and
C). The number of plaque macrophages also decreased (Fig. 5B). Im-
munohistochemical and real-time quantitative polymerase chain reac-
tion (RT-qPCR) studies further supported reduced leukocyte
recruitment by siCAM5 treatment. Specifically, we observed at least
40% reduction in myeloid cells and neutrophils in aortic root sections
stained for myeloid markers CD11b and Ly6G (Fig. 5D).

To explore whether parallel silencing of multiple CAMs is syner-
gistic, we compared aortic leukocyte numbers in mice treated with
siCAM5 with mice treated with a single siRNA at a similar cumulative
dose. We chose silencing Vcam1 because its involvement in athero-
sclerosis is well documented (19). Treatment with siVcam1 reduced
aortic neutrophil, monocyte, and macrophage numbers compared
with siCtrl but was significantly less effective than siCAM5 (Fig. 5E).
To compare blockade of distinct steps in the recruitment cascade, we
injected ApoE−/− mice with siRNA combinations targeting either leu-
kocyte rolling (Sele and Selp) or adhesion and transmigration (Icam1,
Icam2, and Vcam1) at a similar cumulative dose. Blocking mediators
of rolling reduced monocyte uptake more efficiently than targeting ad-
hesion and transmigration (fig. S7).

Expression of myeloperoxidase (Mpo), a product of neutrophils
and the inflammatory monocyte subset, and F4/80, a marker for
macrophages, decreased in aortic plaques of siCAM5-treated mice by
www.ScienceTranslationalMedicine.org
at least 75% (Fig. 6A). Atherosclerotic
plaques also expressed less of the proin-
flammatory cytokines Tnfa, Il6, Il1b, and
Il12 (Fig. 6A). Matrix metalloproteinases
(MMPs) released by inflammatory cells
promote extracellular matrix degradation
in fibrous caps, support vessel remodel-
ing, and may destabilize atherosclerotic
plaques (30). Mmp2 , Mmp3 , and
Mmp9 mRNA levels decreased in mice
treated with siCAM5 by up to 85%
(Fig. 6A). Protease activity also signifi-
cantly decreased in mice treated with
siCAM5 (Fig. 6B) and, accordingly,
plaque collagen increased (Fig. 6C). As
a result, we observed smaller necrotic
cores and thicker fibrous caps in mice
treated with siCAM5, whereas plaque
size remained unaffected by this 2-week
treatment (Fig. 6D).

siCAM5 reduces inflammation
after myocardial ischemia
Because we developed siCAM5 for a
clinical scenario that necessitates rapid
inflammation reduction, we tested the
approach in ApoE−/− mice that under-
went coronary ligation, which acceler-
ates inflammation within atheromata
(15). Mice received siCAM5 for 3 weeks
(weekly injection of 3 mg/kg siRNA) after MI. MI increased the num-
ber of inflammatory leukocytes in aortic plaques (Fig. 7A and fig. S8)
and augmented both lesion and necrotic core size (Fig. 7B) compared
to ApoE−/− mice that had no MI, as described previously (15). Treat-
ment with siCAM5 limited these post-MI changes by blocking inflam-
matory cell recruitment (Fig. 7A) and reducing plaque size to those of
control animals without MI (Fig. 7B).

Last, we investigated whether siCAM5 affects leukocyte recruit-
ment in acutely ischemic myocardium, an injury that relies on leuko-
cytes for infarct healing but that may be enhanced by an overzealous
immune response (1). A single dose of siCAM5, administered 2 hours
after coronary ligation, reduced Ly6Chigh monocyte numbers by more
than 50% on day 3 after MI, whereas circulating cell numbers did not
change (Fig. 7C). To assess the consequences of reduced monocyte
recruitment to the ischemic heart 3 weeks after MI, we performed car-
diac magnetic resonance imaging (MRI) on ApoE−/− mice that re-
ceived either siCtrl or siCAM5. Treatment with siCAM5 preserved
left ventricular ejection fraction in mice after MI (siCAM5, 33 ± 4%;
siCtrl, 23 ± 4%; Fig. 7D). In summary, RNAi efficiently attenuated
myeloid recruitment to the ischemic heart and consequently improved
recovery after MI.
DISCUSSION

Ischemic organ injury leading to stroke and MI remains the most
prevalent cause of death worldwide (31). Previous work identified sol-
uble and nervous signals that increase innate immune cell production
Fig. 4. siCAM5 results in endothelial CAM knockdown. ApoE−/−mice were injected with either siCAM5 or
siCtrl for 1 week. (A) Histograms showing target proteins in murine aortic endothelial cells after RNAi.

(B) siCAM5 knockdown on protein level measured by flow cytometric MFI in aortic endothelial cells. Data
are normalized to siCtrl. (C)mRNA levels after 1weekof treatmentwith either siCAM5 or siCtrl. RT-qPCRdata
are normalized to siCtrl. Data in (B) and (C) aremeans ± SEM (n= 6 to 7 ApoE−/−mice per group). P values are
determined by Mann-Whitney U test.
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during acute MI (14, 15). Here, we provide evidence that acute ische-
mia increases systemic expression of proteins that recruit leukocytes
into plaques. The stimuli that enhance endothelial CAM expression
include noncirculating factors, specifically sympathetic nervous
signaling. Although recruited leukocytes dominate arterial plaque
events that lead to downstream tissue hypoxia, current clinical therapy
does not target these cells. Rather, beyond reperfusion therapy, stan-
dard care targets platelets, and risk factors such as hyperlipidemia and
hypertension. Further inroads into preventing recurrent events and
complications of acute coronary syndromes require therapeutic op-
tions that allow rapid and decisive interventions beyond standard
measures. Multiple plaques in an individual can provoke such recur-
rence and complications, hence the desirability of a systemic rather
than local intervention. Therapeutically targeting leukocyte supply
offers one promising approach, because macrophages turn over ra-
pidly in atherosclerotic plaques (4)—a process that depends on bone
marrow–derived monocytes and neutrophils. Blood leukocytosis has
been correlated with adverse outcome in cardiovascular patients (32, 33),
www.Sc
and abundant preclinical data show benefits of inhibiting pathways
that recruit leukocytes (6, 8, 25, 34–36).

Leukocyte accumulation is associated with increased plaque vul-
nerability, thrombus formation, vascular occlusion, MI, and stroke.
Macrophages have particular importance because they accumulate
progressively in growing lesions, become foam cells after lipid inges-
tion, and promote disease by producing a myriad of proinflammatory
mediators. Plaque macrophages originate from monocytes recruited
from the blood pool (4). Although neutrophils have a less well under-
stood role in atherosclerosis, these cells are increasingly recognized as
inflammatory mediators that accumulate in the vessel wall during ath-
erogenesis (37). On the basis of these data, blocking chemokine/
chemokine receptor interaction and adhesion molecule function
emerged as a promising strategy that has relied primarily on
small-molecule inhibitors or antibodies (34, 38, 39). However, redun-
dancies in the leukocyte recruitment cascade may affect the efficiency of
single-target strategies. Here, we simultaneously silenced the expression
of all known endothelial CAM. Enabled by a high-efficiency delivery
Fig. 5. siCAM5 reduces leukocyte recruitment into plaque. ApoE−/−mice
were injected with either siCAM5 or siCtrl for 2 weeks. (A) Gating and quan-

experiments). (D) Immunohistochemical staining of aortic roots for myeloid
cells (CD11b) and neutrophils (Ly6G). Bar graphs showpercentage of positive
tification of GFPhigh myeloid cells in plaques and quantification of GFPhigh

myeloid cells in blood after adoptive transfer of 2 × 106 GFPhigh Ly6Chigh

monocytes and 2 × 106 GFPhigh neutrophils. Data are means ± SEM (n = 6
to 7 ApoE−/− mice per group from two independent experiments. (B and C)
Gating and quantification of neutrophils, Ly6Chigh monocytes, and macro-
phages in atherosclerotic aortae (B) and in the blood (C). Data are means ±
SEM (n = 6 to 10 ApoE−/− mice per group from three independent
area per region of interest (ROI) or number of cells per high-power field
(hpf). Scale bar, 250 mm. Data are means ± SEM (n = 5 to 6 ApoE−/− mice
per group). P values in (A), (B), and (D) are determined by Mann-Whitney
U test. (E) Quantification of neutrophils and Ly6Chigh monocytes in athero-
sclerotic aortae after treatment with siCtrl, siVcam1, or siCAM5. Data are
means ± SEM (n = 7 to 8 ApoE−/− mice per group from two independent
experiments). *P < 0.05, ***P < 0.001, ****P < 0.0001, one-way ANOVA.
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nanoparticle with avidity for endothelial cells, the required siRNA
doses were low enough to allow combining five duplexes into one de-
livery nanoparticle. This poly-target therapy had profound synergistic
effects and systemically neutralized the increase of leukocyte recruit-
ment into cardiovascular organs triggered by acute ischemia.

Our study has several limitations. The exact relative contribution of
each CAM to leukocyte recruitment remains uncertain, and therefore
also the relative importance of each individual siRNA contained in
siCAM5. Our studies revealed that one siRNA was less powerful in
dampening leukocyte recruitment as a combination of all five siRNAs.
Additional studies should clarify whether all five siRNAs are essential,
www.Sc
or whether the nanoparticle composition could be better tailored and
simplified, a desirable goal from a drug development perspective. Ge-
netically modified mice that develop atheromata, including ApoE−/−

mice, display many features of atherosclerosis that are also observed
in humans, like accumulation of leukocytes, necrotic core formation,
smooth muscle cell migration to the fibrous cap, and fibrotic tissue
accumulation (30). Our treatment lowered plaque leukocyte numbers
and reduced necrotic core expansion and fibrous cap thinning, all hall-
marks of human vulnerable plaque. Other features of human athero-
sclerosis, such as plaque rupture and subsequent thrombus formation, are
rarely observed in mice. Thus, the translatability of the data to human
Fig. 6. siCAM5 reduces inflammation and progression of athero-
sclerotic plaquephenotype.ApoE−/−micewere injectedwith either siCAM5

(3mg/kg) or siCAM5 (3mg/kg). Bar graphs showpercentageof positive staining
per ROI. Scale bar, 100 mm. (D) Masson staining of aortic roots. Bar graphs show
or siCtrl for 2 weeks. (A) mRNA levels in aortic arches; values normalized to
Gapdhwith the siCtrl group set to 1. (B) Aortic root protease activity by fluores-
cence molecular tomography (FMT)/computed tomography (CT). (C) Immuno-
histochemical evaluation of aortic roots for collagen-1 after 3 weeks of siCtrl
fibrous cap thickness, necrotic core area, and total plaque size per section. Scale
bars, 250 mm (low magnification) and 100 mm (high magnification). The arrows
point at a fibrous cap. In (A) to (D), data are means ± SEM (n = 5 to 6 ApoE−/−

mice per group). P values are determined by Mann-Whitney U test.
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patients requires scrutiny. Larger animals that develop plaques, includ-
ing rabbits, pigs, or monkeys, should be tested next. Our previous
work demonstrated minimal toxicity of the endothelial-avid delivery
nanoparticles in mice (27). The safety of these nanoparticles needs to
be established in humans.

Advances in siRNA delivery, together with siRNA modification to
reduce off-target effects, have led to a resurgence in efforts to clinically
translate systemic RNAi (40). We hypothesize that a short-term intra-
www.Sc
venous RNAi treatment course, similar to the one tested in ApoE−/−

mice with MI, could benefit a very high risk population of patients
identified by either risk scores or molecular imaging. Such interven-
tion may also benefit patients with acute ischemic events, who may
have rates of recurrent events exceeding 10% within the first year de-
spite full standard of care (16). Initiating RNAi therapy shortly after an
ischemic event may have a twofold benefit. First, the treatment could
decrease recruitment of neutrophils and monocytes into the ischemic
Fig. 7. siCAM5 reduces inflammation of infarcted myocardium and im-
proves functional recovery after ischemia. The baseline cohort of ApoE−/−

cap thickness, and necrotic core area. Data are means ± SEM (n = 5 ApoE−/−

mice per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way

mice (NoMI athero) received noMI and no therapy. Cohorts of ApoE−/−mice
after coronary ligation received either siCtrl (MI athero & siCtrl) or siCAM5 (MI
athero & siCAM5) for 3 weeks. Treatment started 2 hours after MI. All cohorts
are age-matched and received a similar atherogenic diet. (A) Gating and
quantification of neutrophils, Ly6Chigh monocytes, and macrophages in ath-
erosclerotic aortae. Data aremeans ± SEM (n= 8 ApoE−/−mice per group from
two independent experiments). P values are determined by one-way ANOVA.
(B) Masson staining of aortic roots. Bar graphs show plaque size, fibrous
ANOVA. (C) Wild-typemice received one injection of either siCAM5 or siCtrl 2
hours after coronary ligation. Flow cytometric gating and quantification of
inflammatorymonocytes in infarct and blood 3 days afterMI. Data aremeans ±
SEM (n= 6mice per group). P values are determined byMann-WhitneyU test.
(D) ApoE−/− mice received either siCAM5 or siCtrl for 3 weeks after coronary
ligation, starting 2 hours after MI. Left ventricular ejection fraction (LV-EF)
was assessed by cardiac MRI 21 days later. Data are means ± SEM (n = 5 to
6 ApoE−/−mice per group). P values are determined by Mann-Whitney U test.
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brain or myocardium, thus reducing injury (41, 42). Second, silencing
endothelial CAM could attenuate the acceleration of atherosclerosis
observed after MI in mice (15) and patients (43). Our data support
the further pursuit of these therapeutic avenues and demonstrate
the utility of multigene targeting therapies to study and treat diseases
that involve endothelial dysfunction. Thus, such RNAi-based multi-
gene silencing may be a safe and viable treatment paradigm for endo-
thelial dysfunction promoted by complex genetic networks.
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MATERIALS AND METHODS

Study design
To study RNAi in ischemic heart disease, we performed experiments
in ApoE−/− mice that were fed a high-cholesterol diet (HCD). A
power analysis justified the sample size based on the variance (for
instance, for plaque leukocyte numbers) that we obtained from pre-
vious experiments in ApoE−/− mice (15). We excluded outliers that
were identified by a ROUT Identify Outliers test. Leukocyte
numbers, plaque size, plaque protease activity, and protein/mRNA
levels were investigated as predefined end points in this study.
Age- and sex-matched mice were assigned randomly to the experi-
mental groups. Studies were not performed in a blinded fashion.
Sample size and number of experimental replicates are displayed
in the figure captions.

Sequence identification
The set of siRNAs targeting each gene were designed using custom R
and Python scripts. The rationale and method for the set of siRNA
designs are as follows: the predicted efficacy for every potential
19-mer siRNA from the start of the coding region to the end of the
3′ untranslated region (UTR) was determined with a linear model
derived from the direct measure of mRNA knockdown from more
than 20,000 distinct siRNA designs targeting a large number of verte-
brate genes. Subsets were subsequently identified with perfect or near-
perfect matches between human, rodent, and cynomolgus monkey
orthologs. For each strand of the siRNA, a custom Python script
was used in a brute force search to measure the number and positions
of mismatches between the siRNA and all potential alignments in the
target species transcriptome (defined as National Center for Bio-
technology Information’s RefSeq collection for each species). Extra
weight was given to mismatches in the seed region, defined here as
positions 2 to 9 of the antisense oligonucleotide, as well as the cleavage
site of the siRNA, defined here as positions 10 and 11 of the antisense
oligonucleotide. The relative weight of the mismatches was 2.8 (1.2:1
for seed mismatches, cleavage site, and other positions up to antisense
position 19). Mismatches in the first position were ignored. A speci-
ficity score was calculated for each strand by summing the value of
each weighted mismatch. Preference was given to siRNAs whose
antisense score in human and cynomolgus monkey was ≥3.0 and
predicted efficacy was ≥70% knockdown.

Synthesis and in vitro screening of siRNAs
All RNAs were modified to reduce immune stimulation and improve
specificity as described previously (29, 44). To select an siRNA for a
given gene, sequences targeting the 3′UTR of the gene were synthe-
sized and tested. The siRNAs targeting Sele, Selp, Icam1, and Icam2
were transfected in bEnd.3 murine endothelial cells [American Type
www.Sc
Culture Collection (ATCC)] using Lipofectamine 2000 (Invitrogen);
the siRNAs targeting Vcam1 were tested in C2C12 cells (ATCC). In
all cases, the siRNAs were dosed at 1 nM. Lead candidates were
selected from this panel and tested at various doses in bEnd.3 cells
to measure in vitro potency. In all cases, target gene mRNA was nor-
malized to murine Gapdh; this ratio was compared to cells that were
not transfected with siRNA. In all cases, mRNA analysis was per-
formed 48 hours after transfection, and cells were passaged in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum.
To generate consistent inflammatory gene expression in these cell
lines, the bEnd.3 cells were exposed to lipopolysaccharide (LPS;
0.01 ng/ml) (LPS-EB; InvivoGen) 1 hour before transfection, and the
C2C12 cells to tumor necrosis factor–a (TNFa) (InvivoGen). The best
duplexes were selected for scale-up, formulation, and subsequent na-
noparticle encapsulation.

siRNA formulation into 7C1 nanoparticles
7C1 was synthesized by reacting low–molecular weight poly(ethylene-
imine) (600 daltons; Sigma-Aldrich) with an epoxide-terminated C15

alkyl tail in 100% ethanol at 90°C for 48 hours. After synthesizing 7C1,
it was purified on a silica column with increasing amounts of dichlor-
omethane, as described previously (27). 7C1 nanoparticles were for-
mulated by mixing the chemical compound 7C1 with C14PEG2000

(Alnylam Pharmaceuticals) in a poly(dimethylsiloxane)-based micro-
fluidic device (45). More specifically, the 7C1 compound and
C14PEG2000 were solubilized in 100% ethanol and loaded into a glass
syringe (Hamilton). siRNAs were solubilized in 10 mM citrate buffer
(pH 4.0) and loaded into another syringe. The two 7C1/C14PEG2000

ethanol phases were mixed with the RNA citrate buffer phase at a flow
ratio of 1:3 using a syringe pump (Harvard Apparatus). The fluid
speeds were 600 and 1800 ml/min, respectively. Particles were then
dialyzed against 1× phosphate-buffered saline at 4°C for at least 3
hours and sterilized using a 0.22-mm filter.

Nanoparticle and siRNA dosing
Nanoparticle size and structure were characterized as described in
Supplementary Materials and Methods. Nanoparticles were injected
intravenously via a tail vein in a volume of 10 ml/g body weight. For a
1-week study, we injected particles on days 1 and 3, and for longer studies
once a week thereafter. Particles contained either siRNA (3.0 mg/kg)
targeting luciferase (termed siCtrl) or a combination of five siRNAs
(3.0 mg/kg) encapsulated in the same particle targeting the leukocyte
adhesion molecules Icam1, Icam2, Vcam1, Sele, and Selp (siCAM5).
Nontargeting siRNAs are frequently used as controls in siRNA studies
(27, 46–50). We selected an siRNA targeting luciferase because the pro-
tein is not expressed in any mice used in this study and, as a result,
could be used in any experiment. Notably, the control sequence we
selected was modified at the 2′ position to avoid off-target effects and
has been used previously as a control in many experiments (27, 46–50).

Mice
Female C57BL/6J mice (wild type), female ubiquitous GFP mice
[C57BL/6-Tg (UBC-GFP) 30Scha/J], and female apolipoprotein E–
deficient mice (ApoE−/−; B6.129P2-Apoetm1Unc/J) were purchased
from The Jackson Laboratory. At 12 weeks of age, ApoE−/− mice
were fed an HCD (21.2% fat by weight and 0.2% cholesterol;
TD.88137, Harlan Teklad) for 3 to 6 weeks. All procedures were
approved by the Institutional Animal Care and Use Committee
ienceTranslationalMedicine.org 8 June 2016 Vol 8 Issue 342 342ra80 9
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(IACUC) Subcommittee on Research Animal Care, Massachusetts
General Hospital (MGH), Charlestown, MA.

MI and parabiosis
MI was induced by permanent ligation of the left anterior descending
coronary artery as described previously (14). ApoE−/− mice were an-
esthetized with isoflurane, intubated, and ventilated. All mice received
buprenorphine (0.1 mg/kg, intraperitoneally) twice daily for 3 days,
starting on the day of the surgery, as stipulated by the local IACUC.
Sham MI surgery was carried out as described for the MI surgery, but
instead of tying a knot that permanently ligated the coronary artery,
the suture was not closed. Ischemia-reperfusion injury was induced as
described previously (14). In brief, we ligated the left anterior descend-
ing coronary artery and released the suture after 45 min of ischemia.

Mice were joined in parabiosis as described previously (14). To in-
duce MI, mice were anesthetized with isoflurane. All mice received
buprenorphine (0.1 mg/kg, intraperitoneally) twice daily for 3 days,
starting on the day of the surgery. Experiments began 14 days after
induction of parabiosis so that a shared circulation was established
before one parabiont was subjected to coronary artery ligation.

Statistical analysis
Statistical analyses were performed using GraphPad Prism software
(GraphPad Software Inc.). Results are depicted as means ± SEM.
For two-group comparisons, an unpaired two-tailed t test was applied
to normally distributed variables (D’Agostino-Pearson omnibus nor-
mality test) and a two-tailed Mann-Whitney U test to non-normally
distributed variables. For comparing more than two groups, an
ANOVA test, followed by a Sidak’s test for multiple comparisons,
was applied. Because mice joined in parabiosis are considered
dependent, these data were analyzed using a stepwise t test strategy.
First, we used a two-tailed paired Wilcoxon test to compare infarcted
(red; Fig. 1) with noninfarcted (blue) parabionts. A paired test was
chosen for this comparison because these animals have a common
blood circulation. We next performed two separate unpaired two-
tailed t tests to compare infarcted or noninfarcted parabionts with
the average of steady-state parabiosis (gray). P < 0.05 indicated statis-
tical significance.
016
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Fig. S1. Identification of aortic endothelial cells by flow cytometry.
Fig. S2. siRNA candidate screening and relative potency.
Fig. S3. siRNA delivery.
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Fig. S5. The effect of RNAi on blood myeloid cells.
Fig. S6. Blood cholesterol levels.
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Table S1. siRNA sequences screened for siCAM5.
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