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A T H E R O S C L E R O S I S

siRNA nanoparticles targeting CaMKII in lesional 
macrophages improve atherosclerotic plaque  
stability in mice
Wei Tao1*, Arif Yurdagul Jr.2*, Na Kong1, Wenliang Li1, Xiaobo Wang2, Amanda C. Doran2†‡§, 
Chan Feng1, Junqing Wang1, Mohammad Ariful Islam1‖, Omid C. Farokhzad1¶,  
Ira Tabas2,3,4¶, Jinjun Shi1¶

Atherosclerotic lesional macrophages express molecules that promote plaque progression, but lack of mechanisms 
to therapeutically target these molecules represents a major gap in translational cardiovascular research. Here, 
we tested the efficacy of a small interfering RNA (siRNA) nanoparticle (NP) platform targeting a plaque-destabilizing 
macrophage molecule—Ca2+/calmodulin-dependent protein kinase  (CaMKII). CaMKII becomes activated in 
advanced human and mouse plaque macrophages and drives plaque necrosis by suppressing the expression of 
the efferocytosis receptor MerTK. When macrophage-targeted siCamk2g NPs were administered to Western diet–
fed Ldlr−/− mice, the atherosclerotic lesions showed decreased CaMKII and increased MerTK expression in macro-
phages, improved phagocytosis of apoptotic cells (efferocytosis), decreased necrotic core area, and increased 
fibrous cap thickness—all signs of increased plaque stability—compared with mice treated with control siRNA 
NPs. These findings demonstrate that atherosclerosis-promoting genes in plaque macrophages can be targeted 
with siRNA NPs in a preclinical model of advanced atherosclerosis.

INTRODUCTION
The activation of specific signaling pathways in macrophages can 
contribute to various disease processes. This scenario is particularly 
relevant to atherosclerosis, a disease characterized by arterial plaque 
deposition that gives rise to cardiovascular disease and stroke (1). 
For this reason, investigators have long considered ways to inhibit 
pro-atherogenic macrophage pathways to combat atherosclerotic 
vascular disease. Unfortunately, problems with specificity and efficacy 
have hindered this effort for many years.

RNA interference (RNAi) is a robust strategy to specifically 
inhibit or silence intractable therapeutic targets (2, 3). A myriad of nano
particle (NP) platforms have been developed for systemic delivery 
of RNAi therapeutics, including small interfering RNA (siRNA). 
These platforms have shown great promise in circumventing delivery 
barriers such as rapid blood clearance, nuclease degradation, low 
accumulation in diseased sites, and insufficient endosomal escape of 
siRNA to the cytoplasm. Several NP-based siRNA delivery platforms 
have been explored in clinical trials for different diseases, such as cancer, 
genetic disorders, hypercholesterolemia, fibrosis, and viral infections 
(4), with many more currently in preclinical phases (5). Notably, the 

first siRNA nanotherapeutic was recently approved by the U.S. Food 
and Drug Administration (FDA) for the treatment of a rare genetic 
disorder (6). Although several siRNA delivery platforms have been 
proposed for the treatment of vascular diseases (7–11), their use to 
specifically target macrophages in atherosclerotic lesions remains untested.

Here, we provide proof-of-principle evidence for the design and 
preclinical use of targeted siRNA NPs directed against the macro-
phage gene Camk2g, which encodes a calcium-activated kinase 
called CaMKII (Ca2+/calmodulin-dependent protein kinase ). 
We chose this target because previous work established that lesional 
macrophage CaMKII is activated in advanced human and mouse 
atherosclerotic plaques, where it promotes the conversion of relatively 
benign, fibrous atherosclerotic lesions into necrotic lesions with 
thin fibrous caps (12). Thin-capped, necrotic lesions represent the 
type of vulnerable plaques in humans that can precipitate plaque 
rupture, acute luminal thrombosis, and acute atherothrombotic 
vascular events, including myocardial infarction, unstable angina, 
sudden coronary death, and stroke (13). The mechanism involves 
CaMKII-mediated interruption of a protective activating transcrip-
tion factor 6 (ATF6)/liver X receptor alpha (LXRα)/c-Mer proto-
oncogene tyrosine kinase (MerTK) pathway that normally functions 
to clear dead cells in lesions through a phagocytic process known as 
efferocytosis (12). Defective efferocytosis results in secondary 
necrosis of the uncleared cells and, ultimately, plaque necrosis, 
heightened plaque inflammation, and fibrous cap thinning.

We constructed NPs from poly(lactic-co-glycolic) acid (PLGA) 
polymer to load the siRNA/cationic lipid complex and from lipid–
polyethylene glycol (lipid-PEG) to enable long-term circulation 
(14, 15). In addition, a peptide called S2P, which recognizes the 
macrophage receptor stabilin-2 (16–18), was conjugated to the lipid-
PEG layer on the NP surface to promote macrophage targeting. Our 
results demonstrate that treatment of fat-fed Ldlr−/− mice with 
established atherosclerosis with S2P-siCamk2g NPs silences lesional 
macrophage CaMKII and promotes efferocytosis, increases fibrous 
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cap thickness, and inhibits atherosclerotic plaque necrosis. This 
study demonstrates the use of siRNA-containing NPs to silence 
genes in lesional macrophages and shows the therapeutic potential 
of this strategy when applied to a specific macrophage molecule 
involved in advanced plaque progression.

RESULTS
Synthesis and characterization of S2P-conjugated siRNA NPs
The targeted siRNA NPs were designed on the basis of the following 
considerations (17, 19–23): (i) increased blood circulation time to 
facilitate permeation through sites in the vasculature with leaky 
endothelium, which includes atherosclerotic lesions; (ii) nanoscale 
size and homing properties to enhance both plaque permeation and 
macrophage endocytosis; and (iii) effective late endosomal escape 
of the siRNA to enable gene silencing. These siRNA NPs were 
formulated by an optimized self-assembly method according to our 
previous reports (14, 15). A cationic lipid–like material G0-C14 (24) 
was used to complex with siRNA, whereas a clinically used poly-
mer, PLGA, formed a stable NP core to carry the G0-C14/siRNA 
complexes (Fig. 1A). Further, an S2P peptide (CRTLTVRKC) was 
conjugated to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[maleimide(polyethylene glycol)] (DSPE-PEG-Mal) through 
maleimide chemistry to enhance macrophage targeting (fig. S1) 
(16–18). To optimize the surface chemistry and targeting efficacy of 
the siRNA NPs, different ratios of DSPE-PEG-S2P and DSPE-PEG 
were tested. Moreover, we considered the possibility that too high a 
content of S2P peptide might shield the PEG layer in a manner that 
would render the NPs unstable. In this context, 50% (w/w) of the 
DSPE-PEG-S2P in the lipid-PEG layer (denoted as S2P50) appeared 
to be near the critical point (the maximum content of the targeting 
components) for maintaining NP stability (fig. S2). NPs with a 
DSPE-PEG-S2P ratio of 60% showed marked precipitation after 
24 hours of incubation in phosphate-buffered saline (PBS) containing 
10% serum, whereas NP formulations with an DSPE-PEG-S2P 
ratio ≤50% showed sufficient stability. Moreover, no obvious changes 
in NP size were observed over a period of 72 hours, further indicat-
ing the stability of our NPs (fig. S3). Because of the incorporation of 
targeting peptides on the surface, the engineered S2P50 NPs showed 
a slightly increased diameter of 116.2 ± 2.5 nm versus 108 ± 2.8 nm 
for the nontargeted S2P0 NPs as measured by dynamic light scatter-
ing (DLS), and a decreased zeta potential of −2.66 ± 1.01 mV 
versus −7.43 ± 0.94 mV for the S2P0 NPs (Fig. 1, B and C). It should 
be noted that the siRNA encapsulation efficiency (EE) was similar 
between the S2P50 and S2P0 NPs (fig. S4). The spherical and uniform 
structure of the targeted S2P50 NPs was revealed by transmission 
electron microscopy (TEM) imaging, and S2P has no obvious effect 
on NP morphology within the tested densities (fig. S5).

S2P50 NPs protect siRNA from nuclease degradation 
and enable endosomal escape
To verify the ability of the engineered S2P50 NPs to protect siRNA 
from serum nuclease degradation, we incubated the free siRNA or 
siRNA-encapsulated S2P50 NPs in 100% murine serum at 37°C for 
different durations (0, 3, 6, 9, and 12 hours). The extracted siRNA 
from the S2P50 NPs displayed no obvious degradation, whereas free 
siRNA was rapidly degraded in serum (fig. S6). These data show 
that the solid NP core can provide a stable and rigid nanostructure 
that protects the encapsulated siRNA.

To enable siRNA-mediated gene silencing, NP delivery platforms 
must allow the siRNA to escape from endosomes and be released 
into the cytoplasm (25, 26). To assess escape of S2P50 siRNA NPs 
from endosomes and their silencing efficacy, Dy647-labeled luciferase 
siRNA (siLuc) was incubated with luciferase-expressing HeLa 
(HeLa-Luc) cells. The internalized S2P50-Dy647-siRNA NPs (red) 
were mainly colocalized with late endosomes (green) after the first 
1 hour of incubation, whereas most of the NPs were located outside 
of endosomes after 4 hours of incubation, indicating release of 
the siRNA into the cytoplasm (Fig. 1D). We then tested silencing 
efficiency of these NPs by measuring luciferase expression in HeLa-Luc 
cells upon treatment. The HeLa-Luc cells in control groups showed 
high bioluminescence signals, whereas the treatment of S2P50-siLuc 
NPs led to significantly reduced signals, with some areas even showing 
no bioluminescence (P < 0.001; Fig. 1E). In HeLa-Luc cells, the ability 
to silence luciferase was similar between S2P50 siRNA NPs and S2P0 
siRNA (Fig. 1E and fig. S7, respectively). This was predicted, as the 
relative advantage conferred by S2P is relevant only to cells that 
express stabilin-2 and HeLa cells do not express stabilin-2. On the 
basis of analysis of cell viability, apoptosis, and proliferation assays, 
no obvious in vitro cytotoxicity was observed in different cell lines, 
including HeLa-Luc cells, RAW 264.7 macrophage cells, and human 
embryonic kidney (HEK) 293 cells, even at the highest siRNA 
concentration of 50 nM (figs. S8 to S10).

S2P50 NPs target macrophages in atherosclerotic lesions
The targeting efficacy of the S2P50 NPs was assessed both in cultured 
macrophages and in vivo. NPs of different densities of S2P were 
tested across multiple cell types, including T cells, dendritic cells 
(DCs), polymorphonuclear cells (PMNs), human umbilical vein 
endothelial cells (ECs), human aortic smooth muscle cells (SMCs), 
fibroblasts, cardiomyocytes, and macrophages. NP uptake in CD4+ 
T cells, DCs, PMNs, and cardiomyocytes was low and could not be 
enhanced by increasing S2P ligand densities on the NP surface 
(fig. S11A), whereas NP uptake in ECs, SMCs, and fibroblasts was 
higher than in these other cells and was enhanced by increasing the 
density of S2P. Macrophages showed the most pronounced NP 
uptake (fig. S11, B and C). In addition, uptake of S2P-modified NPs 
by macrophages could be prevented by silencing stabilin-2 (fig. S11, 
B and C). These results indicate that macrophages show the most 
robust stabilin-2–dependent uptake of S2P-modified NPs, consistent 
with the fact that of the cell types assayed, macrophages have the 
highest stabilin-2 expression (fig. S11D). Because the S2P50 NPs 
showed the highest uptake efficiency (Fig. 2A and fig. S11), we used 
this S2P-NP formulation in our subsequent studies.

To test the applicability of our NP platform in vivo, we first 
examined the pharmacokinetics of free Dy647-labeled siRNA, S2P0-
Dy647-siRNA NPs, and S2P50-Dy647-siRNA NPs after intravenous 
injection into BALB/c mice. The circulating lifetime of siRNA was 
prolonged by both NP platforms (t1/2 ≈ 1.2 hours for S2P50 NPs; 
t1/2 ≈ 1.5 hours for S2P0 NPs) compared with free siRNA (rapidly 
cleared within 30 min) (fig. S12), which could improve the localiza-
tion and plaque accumulation of the siRNA NPs (19). In addition, 
the targeting peptides had no obvious influence on the blood circu-
lation of NPs, as evidenced by the similar circulation profile of the 
S2P50-Dy647-siRNA NPs versus S2P0-Dy647-siRNA NPs. We then 
tested the in vivo targeting capability of the NP platform in athero-
sclerotic lesions in Ldlr−/− mice that were fed a Western diet (WD) 
for 12 weeks. Alexa 647–labeled S2P50 NPs or S2P0 NPs loaded with 
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siRNA (siCamk2g) were intravenously injected into these mice. 
Twenty-four hours after the injections, the aorta, kidneys, lungs, 
spleen, and liver were harvested. The fluorescent signals of Alexa 647 in 
the aorta were about twofold greater for the targeted S2P50-siCamk2g 
NPs than for the nontargeted S2P0-siCamk2g NPs (Fig. 2B). Flow 
cytometry analysis of disaggregated aortas revealed that Alexa 647–
labeled S2P50 NPs were specifically taken up by CD45+F4/80+ macro-

phages compared with nonimmune CD45− cells in atherosclerotic 
lesions (Fig. 2C and fig. S13). Moreover, the S2P modification enhanced 
macrophage uptake of NPs by almost threefold compared with non–
S2P-modified NPs. As the first-pass effect occurs in the liver, and as 
the spleen contains a large population of macrophages, it is expected 
that NPs also accumulated in these two organs, with a higher amount 
of S2P50-siCamk2g versus S2P0-siCamk2g NPs in the spleen (fig. S14). 

Fig. 1. Characterization, endosomal escape, and silencing efficacy of S2P-conjugated siRNA NPs. (A) Schematic diagram of targeted NP design. (B and C) NP diameter 
as assessed by DLS and zeta potential of nontargeted NPs (S2P0) and targeted S2P-NPs (S2P50) (n = 3 preparations of each type of NP, mean ± SEM). PDI, polydispersity 
index. (D) Laser scanning confocal microscopic images of HeLa-Luc cells after incubation for 1 or 4 hours with Dy647-siRNA (red)–loaded S2P50 NPs. Nuclei were stained 
with Hoechst 33342 (blue), and late endosomes were stained with LysoTracker Green (green). Scale bar, 50 m. (E) Bioluminescence imaging of luciferase-expressing 
HeLa (HeLa-Luc) cells after 24 hours of treatment with S2P50 NPs loaded with the indicated concentrations of siLuc. The graph shows the average radiance of the cells 
(n = 3 plates of cell per group, mean ± SEM). Statistical significance was determined using one-way ANOVA (***P < 0.001).
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Similar to lesional macrophages, splenic macrophages also showed 
enhanced NP uptake with the S2P modification (fig. S15).

S2P50-siCamk2g NPs silence CaMKII in lesional 
macrophages and promote plaque stabilization
To test the silencing efficiency of S2P50-siCamk2g NPs in macrophages, 
we treated bone marrow–derived macrophages (BMDMs) with 
control siRNA (CtrRNA)–loaded S2P50 NPs or siCamk2g-loaded 
S2P50 NPs and analyzed the protein expression of CaMKII. The 
data show that CaMKII was decreased by ~60% (Fig. 3A). As deletion 

of CaMKII increases the expression of MerTK in macrophages 
(12), we also assessed MerTK expression and found that it was 
increased in S2P50-siCamk2g NP–treated macrophages (Fig. 3A). 
Moreover, macrophages treated with S2P50-siCamk2g NPs showed 
increased efferocytosis (figs. S16 and S17). To test the ability of 
S2P50-siCamk2g NPs to silence CaMKII in atherosclerotic lesional 
macrophages, Ldlr−/− mice were fed a high-fat WD for 8 weeks and 
then injected intravenously twice a week for 4 weeks with PBS, 
S2P50 NPs carrying 1 nmol of CtrRNA, or S2P50 NPs carrying 
1 nmol of siCamk2g. Immunostaining of lesions for CaMKII and 

Fig. 2. Uptake of siRNA-loaded NPs by macrophages and localization in aorta after injection into WD-fed Ldlr−/− mice. (A) Bone marrow–derived macrophages 
(BMDMs) were incubated for 2 hours without (control) or with Dy647-labeled NPs with the indicated percentage of S2P modifications and with an siRNA concentration of 
50 nM. After the cells were rinsed and fixed, fluorescence images were captured. Representative merged bright-field fluorescence images are shown. The percent uptake 
of labeled NPs was quantified by counting (n = 3 plates of BMDMs per group, mean ± SEM). Statistical significance was determined using one-way ANOVA (*P < 0.05 versus 
0 and 25 S2P groups). Scale bar, 25 m. (B) Twelve-week WD-fed Ldlr−/− were injected intravenously with nontargeted Alexa 647–conjugated S2P0-siCamk2g NPs or Alexa 
647–conjugated S2P50-siCamk2g NPs at a dose of 1 nmol of siRNA per mouse. The mice received another injection 24 hours later. Twenty-four hours after the second 
injection, the mice were euthanized, and the aortas were imaged and quantified using ImageJ software (n = 5, mean ± SEM). Statistical significance was determined using 
Student’s t test. **P < 0.01. (C) Representative flow plots and quantification of macrophages containing AF647-labeled NPs in aortas harvested from 8-week WD-fed Ldlr−/− 
mice 24 hours after they were injected intravenously with PBS, S2P0 AF647-NPs, or S2P50 AF647-NPs. Aortic cells were isolated and then immunostained for CD45 
and F4/80 followed by flow cytometry analysis (n = 4 to 5 mice per group, mean ± SEM). Statistical significance was determined using Student’s t test. *P < 0.05. 
a.u., arbitrary unit.
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macrophages showed marked decrease in the enzyme in lesional 
macrophages in the S2P50-siCamk2g NP cohort versus the other 
two cohorts (Fig. 3B). We also examined CaMKII silencing effi-
ciency in other cell types in the plaques, including SMCs and ECs. 
Consistent with the fact that S2P-modified NPs are not taken up by 
CD45− cells in atherosclerotic plaques, there was minimal CaMKII 
silencing in ECs and SMCs (fig. S18). We also observed silencing of 
CaMKII in both splenic and liver macrophages (figs. S19 and S20, 
respectively), which is consistent with the biodistribution data 
showing NPs in the spleen and liver.

Further, as predicted from our previous study and the above 
data, macrophage MerTK staining was increased in the lesions of the 
S2P50 NP–treated mice (Fig. 3C). Thus, treatment of atherosclerotic 
mice with S2P50-siCamk2g NPs successfully lowers lesional macro-
phage CaMKII and induces a biological process downstream of 
CaMKII, namely, an increase in MerTK.

S2P50-siCamk2g NPs improve efferocytosis, increase fibrous 
cap thickness, and decrease necrotic core areas in WD-fed 
Ldlr−/− mice
To determine the therapeutic potential of S2P50-siCamk2g NPs, we 
designed a study that specifically tested whether silencing CaMKII 

in established plaques would reduce features associated with plaque 
instability. Ldlr−/− mice were fed the WD for 8 weeks and then intra-
venously injected with PBS, S2P50-CtrRNA NPs, or S2P50-siCamk2g 
NPs twice a week for an additional 4 weeks while the mice were 
maintained on the WD. The lesions of the S2P50-siCamk2g NP 
cohort showed reduced necrotic core area and reduced ratio of 
necrotic core area to lesion size, whereas collagen cap thickness was 
enhanced, indicating increased plaque stability (Fig. 4, A to E). 
Because lesional MerTK expression is enhanced in mice treated 
with S2P50-siCamk2g NPs, we next tested whether lesional macro-
phages had an increased ability to execute efferocytosis. Aortic root 
cross sections were assayed by immunofluorescence microscopy for 
TUNEL+ (terminal deoxynucleotidyl transferase–mediated deoxy-
uridine triphosphate nick end labeling–positive) apoptotic cells 
(ACs) that were either associated with Mac2+ macrophages, which 
indicates efferocytosis, or “free” of macrophages. The ratio of 
macrophage-associated ACs to free ACs was significantly increased 
in the lesions of mice treated with S2P50-siCamk2g NPs (P < 0.05; 
Fig. 4F), indicative of enhanced efferocytosis. Relevant systemic 
features, including total cholesterol, blood glucose, body weight, 
and blood leukocytes, neutrophils, lymphocytes, monocytes, eosin-
ophils, basophils, Ly6Chigh, and Ly6Clow cells, and circulating tumor 

Fig. 3. Silencing efficiency of S2P50-siCamk2g NPs in cultured macrophages and in lesional macrophages of WD-fed Ldlr−/− mice. (A) BMDMs were treated with 
S2P50 NPs delivering either 50 nM control siRNA (CtrRNA) or 50 nM siCamk2g. Three days after NP treatment, the cells were lysed and immunoblotted for MerTK, CaMKII, 
and -actin. Immunoblots and quantified densitometric data are shown (n = 5 plates of macrophages per group). Data were nonparametric, and statistical significance 
was determined using a Mann-Whitney U test. *P < 0.05. (B and C) Eight-week WD-fed Ldlr−/− were injected intravenously twice a week with PBS, S2P50 NPs loaded with 
CtrRNA (1 nmol of CtrRNA per injection), or S2P50 NPs carrying siCamk2g (1 nmol of siCamk2g per injection) for another 4 weeks while being maintained on the WD. Cross 
sections of the aortic root were immunostained for CaMKII, MerTK, and Mac2 and counterstained with DAPI. Scale bars, 200 m. The staining data were quantified using 
FIJI software as mean fluorescence intensity (MFI) relative to the PBS group as follows: using Mac2+ area for CaMKII and total lesion area for MerTK as the denominators 
(n = 7 to 9 mice per group). Data were normal, and statistical significance was determined using one-way ANOVA. *P < 0.05 versus the other two groups.
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necrosis factor– (TNF-) were similar among the three groups of 
mice (fig. S21). These data demonstrated that targeted siRNA NPs 
can be used to silence a plaque-destabilizing gene in lesional macro-
phages and thereby stabilize plaques.

In vivo toxicity of S2P50-siCamk2g NPs
To test the in vivo toxicity of the targeted S2P50-siCamk2g NPs, 
hematological, blood biochemical, and histological end points were 
investigated in healthy BALB/c mice after different treatment regi-
mens. For acute toxicity studies, S2P50-siCamk2g NPs were injected 
intravenously once daily for five continuous days, and for long-term 
toxicity studies, S2P50-siCamk2g NPs were injected intravenously 
twice per week for 4 weeks. Mice treated with PBS were used as con-
trols. Three days after the last injection, the acutely and chronically 
treated mice were euthanized, and hearts, livers, spleens, lungs, kidneys, 

and blood were harvested. Analysis of 
hematoxylin and eosin (H&E)–stained 
organs revealed no obvious signs of organ 
injury (Fig. 5, A and B), which was also 
confirmed in the above Ldlr−/− mouse 
model receiving 4 weeks of NP treatment 
(two injections per week; fig. S22). There 
were also no significant differences in 
hematological parameters, including red 
blood cell count (RBC), white blood cell 
count (WBC), neutrophil count (NPC), 
mean corpuscular volume (MCV), mean 
corpuscular hemoglobin concentration 
(MCHC), lymphocyte count (LY), hema-
tocrit (HCT), and hemoglobin (Hb), or in 
alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and blood urea 
nitrogen (BUN) (Fig. 5, C and D). Last, 
in a separate experiment, we assayed plas-
ma for TNF- and interleukin-12 (IL-12) 
24 hours after a single intravenous injec-
tion of PBS, empty S2P50 NPs, or S2P50-
siCamk2g NPs and found no difference 
among the three groups of mice (fig. S23). 
These combined data indicate that the NP 
platform used in this study is not overtly 
toxic when administered to mice over the 
short term or long term.

DISCUSSION
The overall objective of this study was 
to determine whether a targeted siRNA 
NP platform could be used to silence 
the expression of a plaque-destabilizing 
gene in atherosclerotic lesional macro-
phages and thereby promote plaque 
stability. As a test case, we chose macro-
phage Camk2g as the gene target, be-
cause we have shown previously that 
conventional gene targeting of this gene 
in myeloid cells, such as using Lyz2Cre 
Camk2gfl/fl mice, in an atherosclerosis 
mouse model promotes plaque stability 

by a well-defined mechanism (12). In that report, data with human 
macrophages and human atheroma provided evidence that activation 
of CaMKII in lesional macrophages promotes advanced plaque 
progression in humans (12). The data reported here show that S2P50-
siCamk2g NPs successfully silence CaMKII in macrophages both 
in vitro and in atherosclerotic lesions. Moreover, consistent with our 
previous mechanistic studies, treatment of atherosclerotic mice with 
these NPs promotes plaque stability, including increased expression 
of the efferocytosis receptor MerTK in lesional macrophages and 
increased efferocytosis (fig. S24). Thus, in addition to establishing 
the concept that targeted siRNA NPs can be used for gene silencing 
in atherosclerotic lesional macrophages, the example used herein can 
now be considered as a type of new strategy to combat acute athero-
thrombotic vascular disease. This disease, manifested as myocardial 
infarction, unstable angina, sudden coronary death, and stroke, is a 

Fig. 4. Treatment of WD-fed Ldlr−/− mice with S2P50-siCamk2g–loaded NPs lowers plaque necrosis and 
increases lesional efferocytosis. (A to F) Aortic roots from the mice in Fig. 3 (B and C) were stained with picrosirius 
red and quantified for lesion size and necrotic core area. The collagen cap thickness was measured at the midpoint 
and shoulder regions of each lesion and quantified as the ratio of cap thickness to lesion size. Lesional efferocytosis 
was quantified as the ratio of TUNEL+ cells (red) associated with Mac2+ macrophages (green) to free TUNEL+ cells. 
Arrows represent free TUNEL+ cells, and arrowheads represent TUNEL+ cells associated with Mac2+ macrophages. 
Scale bars, 200 m (A) and 50 m (F). For all data, n = 7 to 9 mice per group. Statistical significance was determined 
using one-way ANOVA. *P < 0.05 versus the other two groups; n.s., not significant.
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major cause of death throughout the world, and it is the minority of 
lesions that become unstable that is a key root cause of these clinical 
events (13). Thus, specifically targeting a cellular mechanism of vul-
nerable plaque formation would be expected to have great promise 
in preventing acute vascular disease.

RNAi technology can target any gene of interest and has been 
widely used to identify and validate putative therapeutic targets 
(3, 27). RNAi can also robustly modulate genes and pathways that 
are considered “undruggable” or need time-consuming and complex 
development of effective inhibitors (2, 28). With recent FDA 
approval of the first siRNA product for the treatment of a disease, 
hereditary transthyretin amyloidosis (6), we anticipate that RNAi-
based therapies will be validated as a treatment strategy for other 
diseases. Different NP platforms have been developed for delivery 
of conventional drugs (such as pitavastatin, simvastatin, liver X 
receptors agonist, pioglitazone, and TRAF6 inhibitor) to macro-
phages (21, 29–35), and targeted macrophage ablation could also be 

achieved via light-activated NP platforms (36, 37). Another study 
demonstrated that NP-mediated siRNA delivery targeting CCR2 
to a subset of circulating monocytes can reduce atherosclerosis 
(38). However, to our best knowledge, NP-based specific delivery 
of siRNA to atherosclerotic lesional macrophages has not previously 
been reported.

To address the barriers associated with systemic siRNA delivery, 
including rapid clearance, nuclease degradation, poor plaque targeting 
and accumulation, lack of specific and effective uptake by macro-
phages, and insufficient endosomal release of the siRNA to the 
cytoplasm, we designed a unique lipid-polymer NP platform. Cationic 
G0-C14 was developed to effectively absorb the siRNA and enable 
its escape from late endosomes (39, 40), whereas clinically approved 
PLGA polymer was used to encapsulate the siRNA/C0-C14 com-
plexes, protect the siRNA from serum nuclease degradation, and 
enable good biocompatibility (14, 24). The lipid-PEG (DSPE-PEG) 
was used to stabilize the NPs, achieve an increased circulating lifetime, 

Fig. 5. In vivo safety evaluation of the targeted S2P50-siCamk2g NPs by hematological, blood biochemical, and histological analyses. Female BALB/c mice were 
injected intravenously with either PBS or S2P50-siCamk2g NPs at a dose of 1 nmol siRNA per mouse. For acute toxicity studies (A and C), treatment with PBS or 
S2P50-siCamk2g NPs was carried out for five consecutive days, with one injection per day. For long-term toxicity studies (B and D), treatment with PBS or S2P50-siCamk2g NPs 
was carried out for 4 weeks, with two injections per week. Three days after the last injection, the mice were euthanized and the indicated organs were sectioned and 
stained with H&E. Scale bars, 100 m. Blood was analyzed for the indicated biochemical and hematological end points (n = 3 mice per group, mean ± SEM). The tested 
parameters include red blood cell count (RBC), white blood cell count (WBC), neutrophil count (NPC), mean corpuscular volume (MCV), mean corpuscular hemoglobin 
concentration (MCHC), lymphocyte count (LY), hematocrit (HCT), hemoglobin (Hb), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and blood urea 
nitrogen (BUN). None of the differences between PBS and S2P50 groups were statistically significant as determined by Student’s t test.
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and avoid rapid clearance (41, 42). A plaque macrophage–targeting 
peptide (S2P), which binds to the macrophage stabilin-2 receptor 
(16–18), was incorporated on the lipid-PEG layer of the NP surface. 
Our results demonstrate that siCamk2g can be efficiently encap-
sulated in ~100-nm targeted NPs, which are within the preferred 
size range for effective enhanced permeability and retention, which 
is a key feature that promotes NP entry into the arterial wall at 
sites where the endothelial barrier is impaired (43). In the context 
of our previous studies using targeted polymeric NPs to deliver 
biologics, e.g., proteins and peptides, to atherosclerotic plaques 
(19, 20, 44), this study extends to the application of siRNA NPs 
to target specific signaling pathways in a specific cell type in the 
plaque tissue.

In summary, as proof of concept of using a targeted siRNA NP 
platform to silence gene expression in atherosclerotic lesional macro-
phages, we show that treatment of mice with established athero-
sclerosis with S2P50-siCamk2g NPs reduces CaMKII expression in 
lesional macrophages and promotes plaque stabilization. As the 
current study is limited to the WD-fed Ldlr−/− mouse model, addi-
tional confirmatory studies will be needed to further validate this 
strategy for potential translation, including evaluation in larger 
preclinical models such as fat-fed pigs and nonhuman primates. As 
continuous long-term treatment is generally required for chronic 
diseases such as atherosclerosis, the siRNA NPs can be further opti-
mized to reduce the dosing frequency and prolong the silencing 
effect, for example, by using fully chemically modified siRNA with 
drastically enhanced stability. In addition, more robust formulation 
strategies may be required for the scale-up and manufacturing of 
such targeted siRNA NPs. Considering the key role of macrophages 
in atherosclerosis (1, 45), this strategy can be applied for silencing 
other genes in lesional macrophages shown to be important in 
human atherosclerosis, such as those involved in inflammasome 
activation of IL-1 secretion (46). It remains elusive whether con-
current delivery of multiple siRNAs against different pro-atherogenic 
macrophage pathways may lead to synergistic efficacy. Moreover, 
the findings herein may shed light on the application of NP-mediated 
delivery of other types of RNA therapeutics, such as microRNA 
and mRNA, to lesional macrophages for the purpose of explor-
ing and validating new targets and pathways in the treatment of 
atherosclerosis.

MATERIALS AND METHODS
Study design
The aim of this study was to rationally develop targeted siRNA NPs 
that can specifically silence a plaque-destabilizing molecule—CaMKII 
in atherosclerotic lesional macrophages, and to verify the therapeutic 
efficacy of this strategy in atherosclerotic mice. The physicochemical 
properties of the targeted siCamk2g NPs were characterized by 
measuring size, morphology, zeta potential, EE, and stability. Capa-
bilities of the targeted NPs in endosomal escape, lesional macrophage 
targeting, and gene silencing were verified through different exper-
iments. Animal studies were performed in WD-fed Ldlr−/− mice 
(for evaluating the targeting ability and therapeutic efficacy in vivo, 
and for mechanistically clarifying the therapeutic principles) and 
BALB/c mice (for confirming the in vivo safety of the targeted siRNA 
NPs) according to the protocols approved by the Institutional Animal 
Care and Use Committees at Columbia University and Brigham 
and Women’s Hospital, respectively. Mice were randomly assigned to 

each study group. All experiments in this study were conducted with 
at least three independent replicates (specified in the figure legends). 
The researchers were not blinded to the identity of the study groups.

Synthesis of lipids and polymers
The S2P peptide–conjugated lipid-PEG was synthesized by conju-
gating CRTLTVRKC peptide (GLS Biochem Systems Inc., catalog 
no. 652358) to DSPE-PEG-Mal [PEG molecular weight (MW), 
3.4 kDa; Nanocs Inc., catalog no. PG2-DSML-3k) via the free thiol 
of the C terminus using maleimide chemistry. The final products 
were washed and purified in cold methanol and characterized by 
1H nuclear magnetic resonance (NMR). The cationic G0-C14 was 
synthesized from 1,2-epoxytetradecane (Sigma-Aldrich, catalog 
no. 260266) and PAMAM dendrimer G0 (Sigma-Aldrich, catalog 
no. 412368) at a molar ratio of 7:1 by a ring-opening reaction 
according to our previous reports (14, 24). The fluorescent PLGA–
Alexa 647 polymer was synthesized by coupling Alexa Fluor 647 
Cadaverine (Thermo Fisher Scientific, catalog no. A30679) to the 
C terminus of 50:50 PLGA (inherent viscosity range of 0.55 to 0.75 dl/g, 
43.4 kDa, LACTEL Absorbable Polymers by DURECT Corporation, 
catalog no. B6013-2).

Formulation of siRNA-loaded NPs
The targeted NPs were prepared by a modified, robust self-assembly 
method based on our previous studies (14, 15). Briefly, 2 nmol of 
siRNA in 20 l of nuclease-free HyPure water (GE Healthcare Life 
Sciences, catalog no. SH30538) was mixed with 250 g of G0-C14 in 
100 l of acetone (2.5 mg/ml) for 10 s to form siRNA/G0-C14 com-
plexes and enable full electronic interactions. Then, PLGA (2.5 mg 
in 500 l of acetone) was further added followed by gentle mixing to 
achieve a homogeneous solution. The solution was subsequently 
added dropwise to 10 ml of HyPure water containing 1 mg of 
hybrid lipid-PEGs, i.e., DSPE-PEG-S2P/DSPE-PEG hybrids at dif-
ferent ratios. The targeted NPs formed instantly upon mixing. After 
magnetic stirring at 1000 rpm for 1 hour, the NPs were collected by 
centrifugation for 20 min at 4000 rpm using Amicon Ultra-15 
centrifugal filter units [MW cutoff (MWCO), 100 kDa; Millipore, 
catalog no. UFC9100], followed by washing three times with HyPure 
water. Last, the NPs were resuspended in PBS (GE Healthcare Life 
Sciences, catalog no. SH30256) at different concentrations. Using 
this procedure, we made targeted NPs with four different DSPE-
PEG-S2P/DSPE-PEG ratios (w/w): S2P10, 10% of DSPE-PEG-S2P 
in lipid-PEG layer; S2P30, 30% of DSPE-PEG-S2P in lipid-PEG layer; 
S2P50, 50% of DSPE-PEG-S2P in lipid-PEG layer; and S2P60, 60% 
of DSPE-PEG-S2P in lipid-PEG layer. For nontargeted NP prepara-
tion, all the steps were the same, except that only nontargeted 
DSPE-PEG (MW, 3 kDa; Avanti Polar Lipids, catalog no. 880320) 
was used to construct the lipid-PEG layer of the NPs (named S2P0 
NPs). For the fluorescent NP preparation, PLGA/PLGA–Alexa 647 
hybrid polymers at the weight ratio of 1:1 were used instead of pure 
PLGA to construct the solid polymeric core.

Physicochemical characterization and stability of  
siRNA-loaded NPs
The targeted and nontargeted siRNA NPs were characterized by 
size, zeta potential, EE, morphology, and stability. The size and zeta 
potential were measured by DLS (Brookhaven Instruments Corpo-
ration). The morphology and shape of the NPs were assessed by a 
transmission electron microscope using a JEOL 1200EX electron 

 at C
olum

bia U
niversity Libraries on July 30, 2020

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

http://stm.sciencemag.org/


Tao et al., Sci. Transl. Med. 12, eaay1063 (2020)     22 July 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

9 of 12

microscope at 80 kV. The EE is defined by the fraction of added 
siRNA that is encapsulated by the NPs. To measure the siRNA EE, 
NPs loaded with Dy647-labeled siRNA (Dy647-siRNA) were made 
according to the method described above. A 5-l volume of the NP 
solution was mixed with 95 l of dimethyl sulfoxide, and the fluo-
rescence intensity of the extracted Dy647-siRNA was determined 
by an Infinite M200 PRO spectrophotometer (TECAN) and com-
pared to a 1 nmol/ml solution of free Dy647-siRNA. EE is defined 
as the fraction of fluorescent siRNA added during the NP construc-
tion procedure that was extracted from the purified NPs. To check 
the in vitro stability of the NPs, they were incubated with PBS con-
taining 10% serum and then subjected to 24 hours of rotation at 
37°C at 100 rpm, after which the degree of dispersion was observed 
and recorded by a camera. To evaluate the protection of siRNA by 
the NPs, free siRNAs or siRNA-loaded S2P50 NPs were added to 
100% serum at a volume ratio of 1:1 and then incubated at 37°C for 
3, 6, 9, or 12 hours. The NPs were then collected by centrifugation 
at 4000 rpm for 15 min using Amicon Ultra-15 centrifugal filter 
units (MWCO, 100 kDa). Chloroform was used to dissolve the 
pellet, and the siRNA was extracted in 0.5 M NaCl containing 0.1% 
SDS (14). The free siRNA and NP-extracted siRNA were subjected 
to electrophoresis on ethidium bromide–infused E-Gel 4% agarose 
gels (Thermo Fisher Scientific, catalog no. G501804) and imaged 
under ultraviolet (UV) light.

Assessment of endosomal escape of NP-siRNA
HeLa-Luc cells were seeded in Nunc glass bottom dishes (Thermo 
Fisher Scientific, catalog no. 150680) at a density of 2 × 105 cells per 
well and incubated for 24 hours in 1 ml of RPMI 1640 medium con-
taining 10% fetal bovine serum (FBS). Dy647-siRNA–loaded S2P50 
NPs were then added and incubated with the cells for 1 or 4 hours. 
The medium was then removed, and the cells were rinsed three 
times with PBS. Hoechst 33342 (Thermo Fisher Scientific, catalog 
no. H1399) was used to stain the nuclei, and LysoTracker Green 
(Thermo Fisher Scientific, catalog no. L7526) was used to stain late 
endosomes. The cells were observed and imaged using an FV1000 
laser scanning confocal microscope (Olympus).

In vitro assessment of gene silencing by siRNA-loaded NPs
HeLa-Luc cells were seeded in 12-well plates at the density of 
106 cells per well and incubated for 24 hours in 1 ml of RPMI 1640 
medium containing 10% FBS. The cells were then incubated with 
siLuc-loaded NPs for 24 hours, followed by washing with fresh 
medium and a 5-min incubation with Steady-Glo Luciferase Assay 
System (Promega Corporation, catalog no. E2520). Firefly luciferase 
expression was assessed by quantifying bioluminescence using an 
In-Vivo Xtreme imaging system with a charge-coupled device 
(CCD) camera. Bruker MI SE software was used to quantify the 
average radiance (photons per second per cm2 per steradian) within 
regions of interest, and GraphPad software was used to plot the 
changes of average radiance.

In vitro toxicity study
HeLa-Luc, RAW 264.7, and HEK-293 cells were cultured in 96-well 
plates at the density of 5000 cells per well and allowed to adhere 
overnight. The cells were then transfected with siLuc-loaded S2P50 
NPs at the indicated concentrations. After 24 hours, the medium 
was removed and replaced with fresh medium, and after an addi-
tional 48 hours, cytotoxicity was assayed using the alamarBlue cell 

viability reagent (Thermo Fisher Scientific, catalog no. DAL1025) 
according to the manufacturer’s protocol.

Animals
Six- to eight-week-old male C57BL/6J mice, 6-week-old female and 
male BALB/c mice, and 8- to 10-week-old male Ldlr−/− mice were 
purchased from the Jackson laboratory (Bar Harbor, ME). All pro-
cedures were conducted in accordance with protocols approved by 
the Institutional Animal Care and Use Committees at Harvard 
Medical School and Columbia University Irving Medical Center.

BMDMs and Jurkat cells
C57BL/6J mice were euthanized with isoflurane, and hind legs were 
removed. Femurs and tibias were flushed using a 26-gauge needle 
with Dulbecco’s modified eagle medium (DMEM) containing 
glucose (4.5 g/liter), 20% L929 cell-conditioned media, 10% heat-
inactivated FBS, penicillin (10 U/ml), and streptomycin (100 g/ml). 
Cell suspensions were passed over a 40-m filter, centrifuged at 
500g, resuspended in 50 ml of media, and plated into five 100-mm 
dishes. Cells were incubated for 4 days, after which nonadherent 
cells and debris were aspirated, and the medium was replaced with 
fresh medium. After 7 to 10 days of differentiation, with media 
changed every 2 to 3 days, the cells were harvested for use in the 
indicated experiments. Jurkat cells were cultured in DMEM con-
taining glucose (4.5 g/l), 10% (v/v) heat-inactivated FBS, penicillin 
(10 U/ml), and streptomycin (100 g/ml).

Macrophage uptake of Dy647-labeled NPs
BMDMs were incubated for 2 hours with Dy647-labeled NPs with 
varying S2P modifications at an siRNA concentration of 50 nM. 
Cells were rinsed twice with 1× PBS and then fixed in 4% formaldehyde 
for 20 min. Fluorescence images were captured with an Olympus 
DP71 CCD camera attached to an Olympus IX-70 inverted epiflu-
orescence microscope.

In vitro efferocytosis
BMDMs were plated at 0.15 × 106 cells per well in 24-well plates and 
allowed to adhere overnight and then incubated with S2P50 NPs 
carrying either control siRNA or siCamk2g siRNA at a concentra-
tion of 50 nM siRNA. After 3 days, Jurkat cells were labeled with 
PKH67 per the manufacturer’s directions, resuspended in DMEM 
with 10% heat-inactivated (HI)–FBS, and exposed to UV light 
(254 nm, Analytik Jena US LLC) for 15 min to induce apoptosis. 
After two additional hours of culture, ~85% of the Jurkat cells were 
apoptotic. These ACs were added to the BMDMs at a cell ratio of 3:1 
(ACs:macrophages). After 45 min of incubation, the medium was 
removed, and the BMDMs were rinsed twice with PBS. The BMDMs 
were then fixed with 4% formaldehyde for 20 min, and images were 
captured with an Olympus DP71 CCD camera attached to an Olympus 
IX-70 inverted epifluorescence microscope. The percentage of BMDMs 
with engulfed PKH67-labeled ACs was quantified.

Pharmacokinetics study
BALB/c mice were randomly divided into three groups and injected 
intravenously with free Dy647-siRNA, nontargeted Dy647-siRNA–
loaded S2P0 NPs, or targeted Dy647-siRNA–loaded S2P50 NPs at 
the siRNA dose of 1 nmol per mouse. After the indicated times, 
20 l of orbital vein blood was withdrawn from each mouse using a 
pipette tip containing heparin. The wound was then pressed for 30 s 

 at C
olum

bia U
niversity Libraries on July 30, 2020

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

http://stm.sciencemag.org/


Tao et al., Sci. Transl. Med. 12, eaay1063 (2020)     22 July 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

10 of 12

with an alcohol pad to stop the bleeding. The fluorescence intensity 
of the Dy647-siRNA in the blood was determined by an Infinite 
M200 PRO spectrophotometer (TECAN).

Biodistribution of siCamk2g NPs in WD-fed Ldlr−/− mice
Male Ldlr−/− mice fed a WD (TD.88137, 21.2% fat by weight, 
48.5% carbohydrate by weight, and 17.3% protein by weight; 
Envigo) for 12 weeks were injected intravenously with nontargeted 
Alexa 647–conjugated S2P0-siCamk2g NPs or Alexa 647–conjugated 
S2P50-siCamk2g NPs at a dose of 1 nmol of siRNA per mouse. The 
mice received another injection 24 hours later. Twenty-four hours 
after the second injection, the mice were euthanized, and the aorta, 
kidneys, lungs, spleen, and liver were harvested and imaged using 
a CRi Maestro II In-Vivo Imaging System (Cambridge Research 
& Instrumentation Inc.). The imaging data were quantified using 
ImageJ.

In vivo toxicity evaluation
Female BALB/c mice were injected intravenously with either PBS 
or S2P50-siCamk2g NPs at a dose of 1 nmol siRNA per mouse. For 
acute toxicity studies, treatment with PBS or S2P50-siCamk2g NPs 
was carried out for five consecutive days, with one injection per day. 
For long-term toxicity studies, treatment with PBS or S2P50-siCamk2g 
NPs was carried out for 4 weeks, with two injections per week. 
Three days after the last injection, the mice were euthanized, blood 
was analyzed for the indicated biochemical and hematological end 
points in the Longwood Small Animal Imaging Facility at Beth 
Israel Deaconess Medical Center, and sections of organs were 
stained with H&E in the Rodent Histopathology Core at Harvard 
Medical School. To assess possible immunological responses to 
the NPs, female BALB/c mice were injected intravenously with PBS, 
empty S2P50 NPs at the same NP dose as the S2P50-siCamk2g NPs, 
or S2P50-siCamk2g NPs at an siRNA dose of 1 nmol per mouse. 
Twenty-four hours later, serum samples were analyzed by enzyme-
linked immunosorbent assay (ELISA) for TNF- and IL-12 using 
the corresponding ELISA kits (BioLegend, catalog nos. 430907 
and 431601).

Analysis of atherosclerotic lesions
After 8 weeks of WD feeding, Ldlr−/− mice were intravenously 
injected twice a week with PBS, S2P50 NPs loaded with control RNA 
(CtrRNA; 1 nmol of RNA per injection), or S2P50 NPs carrying 
siCamk2g (1 nmol of siRNA per injection) for another 4 weeks, while 
being maintained on the WD. At the time of harvest, mice were 
euthanized using isoflurane. Blood was collected by left ventricular 
puncture, and the vasculature was then perfused with cold PBS. The 
heart with attached aortic root was either placed in optical cutting 
temperature (OCT) compound and frozen or fixed in 4% para-
formaldehyde and subsequently paraffin embedded. Serial 8- or 
6-m sections of the aortic root were obtained from frozen or fixed/
paraffin-embedded samples, respectively. For morphometric analysis, 
six sections 60 m apart were stained with Harris’ H&E, and total 
lesion and necrotic core sizes were assessed, as described previ-
ously (12). For immunofluorescence imaging, sections were blocked 
with 1% bovine serum albumin for 1 hour, incubated overnight at 
4°C with anti-Mac2 (Cedarlane Labs, catalog no. CL8942AP, 1:10,000) 
or MerTK (R&D Systems, catalog no. AF591, 1:500), rinsed with PBS 
three times, incubated with fluorescently labeled secondary anti-
bodies for 2 hours, and counterstained with 4′,6-diamidino-2-

phenylindole (DAPI). Immunofluorescence images were captured 
using a Zeiss epifluorescence microscope and analyzed using FIJI 
software. Picrosirius red (Polysciences, catalog no. 24901A) was used 
to stain collagen. Collagen cap thickness was quantified from the 
shoulder regions and the midpoint of every plaque and scored per 
lesion size (12).

Isolation of aortic and splenic cells
Animals were euthanized, and the vasculature was quickly perfused 
by left ventricular puncture using PBS with heparin (20 U/ml). The 
aorta was microdissected, taking great care to remove all periaortic 
fat and adventitia. Aortas and spleen were then harvested under a 
dissection microscope. Aortas were cut with at least 200 times with 
dissecting scissors, homogenized, and incubated for 45 min at 37°C 
in an enzymatic cocktail (1 ml per 10 mg tissue) containing collage-
nase I (1000 U/ml; Sigma-Aldrich, catalog no. C0130), collagenase 
XI (400 U/ml; Sigma-Aldrich, catalog no. C7657), hyaluronidase 
(250 U/ml; Sigma-Aldrich, catalog no. H3506), and deoxyribonuclease 
I (120 U/ml; Sigma-Aldrich, catalog no. D4527) in an enzymatic 
digestion buffer containing PBS and 20 mM Hepes. Spleens were 
harvested and nonenzymatically processed to form a single-cell 
suspension and then placed through a 70-m filter. After red blood 
cell lysis, cells were then stained similar to aortic cell preparations. 
Tissues were then passed through a 70-m cell strainer. Red blood 
cells were lysed from spleen using NH4Cl. Cells were counted, diluted 
to 1 × 106 cells per 100 l, and incubated with antibodies for 2 hours 
at 4°C. Cells were washed and resuspended in fluorescence-activated 
cell sorting (FACS) buffer and analyzed using FlowJo software.

Measurement of glucose, cholesterol, complete blood 
counts, and Ly6Chi/low monocytes
Blood glucose was measured from fasting mice using a glucometer 
(OneTouch Ultra, LifeScan). Cholesterol was assayed using the Free 
Cholesterol E kit from Wako (catalog no. 993-02501) according 
to the manufacturer’s protocol. Complete blood cell counts were 
quantified using a ForCyte Hematology Analyzer (Oxford Science). 
Blood cells were suspended in FACS staining buffer (PBS contain-
ing 2% FBS and 1 mM EDTA) at a density of 1 × 106 cells/100 l 
and incubated with Fc block (anti-mouse CD16/32; BioLegend) for 
1 hour at 4°C. Cell surface immunostaining was carried out with 
fluorescent antibodies for 1 hour at 4°C (CD115, 1:100, BioLegend; 
Ly6C: 1:100, BioLegend). Cells were washed in FACS buffer twice 
and then resuspended for analysis on a BD FACSCanto II flow 
cytometer. Data analysis was carried out using FlowJo software.

In situ efferocytosis assay
Acetone-fixed aortic root sections were incubated with TUNEL 
staining reagents at 37°C for 60 min and then washed three times 
with PBS. Sections were then blocked with 1% (v/v) bovine serum 
albumin in PBS for 60 min, incubated overnight at 4°C with anti-
Mac2 antibody (1:10,000, Cedarlane), incubated with fluorescently 
labeled secondary antibodies, and counterstained with DAPI. In 
situ efferocytosis was scored by counting TUNEL+ nuclei sur-
rounded by or in contact with neighboring Mac2+ macrophages. 
Free ACs showed nuclear condensation and loss of antibody re-
activity and were not in contact with nearby macrophages. Images 
were captured on a Zeiss epifluorescence microscope and analyzed 
using FIJI software. Data were plotted as a ratio of associated-to-
free cells.
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Immunoblotting
Cells were lysed in 2× Laemmli buffer with 50 mM dithiothreitol 
and boiled at 100°C for 10 min. Lysates were separated on 4 to 20% 
gradient SDS–polyacrylamide gels and electrotransferred to polyvi-
nylidene difluoride membranes. Membranes were blocked with 
nonfat dry milk dissolved in tris-buffered saline with 0.1% Tween-20 
for 1 hour. Membranes were rinsed and then incubated overnight at 
4°C with primary antibodies, which included those for CaMKII 
(Novus Biologicals, catalog no. NBP2-15685, 1:400), MerTK (R&D 
Systems, catalog no. AF591, 1:1000), and -actin [horseradish 
peroxidase (HRP) conjugate, Cell Signaling Technologies, catalog 
no. 5125, 1:10,000], and then detected using HRP-conjugated 
secondary antibodies. Densitometry was performed using FIJI 
software.

Statistical analysis
All experiments were performed in triplicate unless otherwise 
stated. Error bars in this study indicate SEM. Statistics were per-
formed using GraphPad Prism 5 software. Normality was deter-
mined using D’Agostino-Pearson and/or Shapiro-Wilk normality 
testing. Unless noted otherwise in the individual figure legends, the 
data displayed fit a normal distribution. P values for normally dis-
tributed data were calculated by either Student’s t test (two-tailed) 
or one-way analysis of variance (ANOVA) with Fisher’s least signif-
icant difference post hoc analysis when three or more groups were 
tested. P values for non–normally distributed data were calculated 
using the Mann-Whitney U test or the Kruskal-Wallis test with 
an uncorrected Dunn’s post hoc analysis. A P value <0.05 was con-
sidered statistically significant. Statistical values shown in all figures 
were according to the following scale: *P < 0.05, **P < 0.01, and 
***P < 0.001.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/553/eaay1063/DC1
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Fig. S10. Proliferation assays.
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model of atherosclerosis. This study establishes proof of concept for siRNA nanoparticles targeting lesional
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