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ABSTRACT: Atherosclerosis is a common pathology present
in many cardiovascular diseases. Although the current therapies
(including statins and inhibitors of the serine protease PCSK9)
can effectively reduce low-density lipoprotein (LDL) cholester-
ol levels to guideline-recommended levels, major adverse
cardiovascular events still occur frequently. Indeed, the
subendothelial retention of lipoproteins in the artery wall
triggers multiple events of inflammation in macrophages and is
a major contributor to the pathological progression of
atherosclerosis. It has been gradually recognized that modulat-
ing inflammation is, therefore, an attractive avenue to forestall
and treat atherosclerosis and its complications. Unfortunately,
challenges with specificity and efficacy in managing plaque
inflammation have hindered progress in atherosclerosis treatment. Herein, we report an NP-mediated mRNA therapeutic
approach to target atherosclerotic lesional macrophages, modulating inflammation in advanced atherosclerotic lesions for the
treatment of atherosclerosis. We demonstrated that the targeted NPs containing IL-10 mRNA colocalized with M2-like
macrophages and induced IL-10 production in atherosclerotic plaques following intravenous administration to Western diet
(WD)-fed Ldlr−/− mice. Additionally, the lesions showed a significantly alleviated inflammatory response, as evidenced by
reduced oxidative stress and macrophage apoptosis, resulting in decreased lipid deposition, diminished necrotic areas, and
increased fiber cap thickness. These results demonstrate the successful delivery of mRNA therapeutics to macrophage-
enriched plaques in a preclinical model of advanced atherosclerosis, showing that this targeted NP inflammation management
approach has great potential for translation into a wide range of clinical applications.
KEYWORDS: mRNA, inflammation-resolving IL-10, targeted nanoparticles, lesional macrophages, atherosclerosis

INTRODUCTION
The progressive worsening of atherosclerotic lesions into
unstable plaques gives rise to acute luminal thrombosis and
adverse cardiovascular events, leading to myocardial infarction
(MI), unstable angina, sudden death from coronary heart
disease, and stroke.1 Over the past three decades, statins and
cholesterol absorption inhibitors (e.g., PCSK9 inhibitors) that
reduce the levels of LDL have consistently been considered the
treatment of choice for atherosclerosis.2,3 However, the current
LDL-lowering therapies do not adequately address the residual
cardiovascular risk which is derived from the underlying
inflammation, and thus, atherosclerosis still remains a major
cause of morbidity and mortality.3−5

Recent evidence has revealed that atherosclerotic plaques
develop through a macrophage-driven, maladaptive inflamma-

tory response to subendothelial retention of apolipoprotein B-
containing lipoproteins.4 This maladaptive response leads to
defects in inflammation resolution that manifests as defective
clearance of apoptotic cells and egress of inflammatory cells,
persistent oxidative stress and inflammatory state, and
eventually, unstable plaques vulnerable to rupture are formed,
triggering thrombosis and MI.6 This pathological process
highlights inflammation as an attractive target in the treatment
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of atherosclerosis; however, the development of anti-
inflammatory drugs (including canakinumab and colchicine)
is hampered by immunosuppressive adverse events accom-
panied by systemic use.3,7 As such, there is an unmet need to
develop therapies that can precisely and safely modulate
inflammation within the local plaque microenvironment to
combat atherosclerotic vascular diseases, providing comple-
mentary benefits in conjunction with LDL-reducing therapies.
Herein, we present a targeted mRNA therapeutic approach:

an atherosclerotic lesional macrophage-targeting nanoparticle
(NP) delivering an anti-inflammatory mRNA, Interleukin-10

(IL-10), promotes the resolution of inflammation in advanced
atherosclerotic lesions to halt the progress of atherosclerosis.
IL-10 is a potent resolving mediator produced predominantly
by macrophages that plays an important role in the resolution
of inflammation and tissue repair within the local athero-
sclerotic lesion.8,9 IL-10 is also known to exert a multifaceted
protective effect against atherosclerotic lesion formation by
modulating lipid metabolism in macrophages, along with its
antiatherogenic role in inhibiting the production of pro-
inflammatory cytokines, MMPs, ROS, and apoptosis.10

Although IL-10 has shown a promising protective role in

Figure 1. Schematic illustration of the NP-aided specific delivery of IL-10 mRNA to atherosclerotic lesional macrophages for enhanced
resolution of inflammation. IL-10 mRNA-loaded M-HNPs enter dysfunctional intima via leaky endothelial junctions followed by active
targeting of M2-like macrophages located in the fibrous cap surrounding the lipid core of plaques through mannose receptor-mediated
interaction, which together facilitate NP accumulation within atherosclerotic plaques. The internalized NPs escape from endosomes, release
therapeutic mRNA, and subsequently induce the expression of IL-10 in M2 macrophages. The secreted IL-10 effectively inhibits the
expression of pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6),
promoting inflammation resolution. The elevated expression level of IL-10 also drives polarization of macrophages toward M2 phenotypes,
diminishes cell apoptosis and necrotic area in atherosclerotic lesions, and increases fibrous cap thickness, which results in a potent
antiatherosclerotic effect.
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atherogenesis, limited success has been achieved in the
translation from bench to bedside due to its short plasma
half-life (∼3 min) and rapid clearance, making it difficult to
reach and maintain therapeutic drug concentrations at the site
of inflammation for desired effects.11,12 We hypothesize that
targeted delivery of mRNA encoding IL-10 (IL-10 mRNA) to
macrophage-rich plaques could be a promising approach for
resolving atherosclerotic plaque inflammation while addressing
formulation and delivery challenges encountered with protein-
based therapeutics.
In vitro transcribed (IVT) mRNA has emerged as a versatile

class of drug, being used in vaccines to therapeutics, due to its
potential to produce any protein of interest.13 To fully harness
the potential of mRNA-based therapy, delivery vehicles capable
of specifically transferring mRNA to the diseased organs and
cells are critically needed.14 A variety of NP platforms have
been explored to circumvent delivery barriers for mRNA,
including rapid blood clearance, nuclease degradation, poor

cellular internalization, and endosomal escape.15−17 However,
most of the developed NPs preferentially target mRNA to the
liver and spleen following systemic delivery, which significantly
limits the clinical use of mRNA-based therapies.18 As a result,
despite the success of SARS-CoV-2 mRNA vaccines, no
mRNA-based protein replacement therapy has been approved.
Considerable efforts have been made to develop tissue- or

cell-targeted delivery systems;19,20 however, NP platforms that
allow selective transfer of therapeutic mRNA to lesional
macrophages have yet to be explored. This work provides a
proof-of-concept for the design and preclinical evaluation of
targeted NPs that can specifically deliver mRNA encoding
therapeutic IL-10 to lesional macrophages for resolving
inflammation (Figure 1). We constructed NPs using our
previously reported cationic lipid-like molecule (designated
G0-C14) and a biodegradable poly(lactide-co-glycolide)-b-
poly(ethylene glycol) (PLGA-PEG) diblock copolymer
through microfluidic self-assembly methods.21 Macrophages,

Figure 2. Preparation and characterization of mRNA NPs. (A) Schematic diagram of mRNA NP design and self-assembly via a modified
microfluidic-based method. (B) Stability of naked mRNA and NP-encapsulating mRNA against serum and RNase. (C and D) The size and
zeta potential of EGFP mRNA@HNPs and EGFP mRNA@M-HNPs were evaluated by DLS (n = 3). (E) TEM images of EGFP mRNA@M-
HNPs. Scale bars, 50 nm. (F) EGFP mRNA@M-HNPs diameters was assessed by DLS in 10% serum condition at 37 °C for 0, 1, 2, 4, 6, 12,
and 24 h (n = 3). (G) Turbidity of EGFP mRNA@M-HNPs in 10% serum at 37 °C for 0, 1, 2, 4, and 6 h was measured by a microplate
reader at the absorbance of 660 nm (n = 3). All data are shown as means ± SD, and statistical significance was determined using a two-tailed
Student’s t test. n.s., not significant.
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especially the M2 polarized macrophages, are known to
localize to the fibrous cap surrounding the lipid core of
plaques and express high levels of mannose receptor (CD206),
making them attractive targets for atherosclerosis diagnosis and

treatment.22,23 Encouraged by this, we functionalized NP
surfaces with mannose to impart a targeting capability to the
G0-C14/PLGA-PEG hybrid NPs (M-HNPs). Using a WD-fed
Ldlr−/− mouse model of atherosclerosis, our results show that

Figure 3. Uptake of IL-10 mRNA-loaded NPs in BMDMs and NP localization in aorta of mice postintravenous injection. (A) CLSM images
of IL-4-stimulated BMDMs after incubation with Cy5.5-labeled NPs (red) for 4 h. Nuclei were stained with DAPI (blue), and BMDMs were
immunostained with CD206 (green). White arrows indicate the colocalization of NPs with CD206-positive cells. Scale bar, 25 μm. (B and C)
Uptake efficiency of Cy5.5-labeled NPs in BMDMs (B) and HUVECs (C) (n = 3). IL-4-stimulated BMDMs or HUVECs were treated with
NPs for 1, 2, 4, and 8 h and mean fluorescence intensity (MFI) of cells was analyzed by flow cytometry. IL-4-induced BMDMs were
pretreated with mannan followed by incubation with IL-10 mRNA@M-HNPs for 1, 2, 4, and 8 h and MFI of cells was analyzed (B). The MFI
of IL-4-stimulated BMDMs or HUVECs (without NP treatment) was used as the baseline value. Statistical significance was determined using
a two-tailed Student’s t test. (D) IVIS imaging of aortas collected at 24 h from the healthy mice or 12-week WD-fed Ldlr−/− mice after
intravenous injection with PBS or Cy5.5-labeled NPs. (E) Quantification analysis of fluorescence signal in aortas by Living Image 4.5
software (n = 5). Statistical significance was determined using one-way ANOVA. (F) Immunofluorescence analysis of the colocalization of
Cy5.5-labeled NPs (red) and CD206+ macrophages (green) in the aortic root. Nuclei were stained with DAPI (blue). White arrows indicate
the colocalization of NPs with CD206. Scale bar, 15 μm. All data are shown as mean ± SD *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. n.s., not significant.
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the IL-10 mRNA-loaded M-HNPs (IL-10 mRNA@M-HNPs)
tend to accumulate within the macrophage-rich region of
atherosclerotic plaques following intravenous (iv) injection,
inducing IL-10 production. These NPs promote resolution of
inflammation, inhibit oxidative stress and apoptosis, and exert
antiatherosclerotic effects by reducing lipid deposition and size
of necrotic areas and increasing fiber cap thickness. Our
findings demonstrate the use of selective delivery of mRNA to
produce the potent inflammation-resolving mediator IL-10
within macrophage-rich plaques, which shows enormous
promise for combating atherosclerosis. Our approach also
provides insights into the management of localized inflamma-
tion with translational potential for addressing many related
conditions.

RESULTS
Synthesis and Characterization of Macrophage-

Targeting NPs Loaded with mRNA. As shown in Figure
2A, a facile self-assembly method was employed to prepare the
targeted mRNA NPs consisting of the following two
components: (i) mannose-conjugated PLGA-PEG (PLGA-
PEG-Mannose, Figure S1) that is capable of increasing plasma
circulation time and facilitating plaque accumulation and (ii) a
self-synthesized cationic lipid-like material termed G0-C14
(Figure S2). G0-C14 was incorporated due to its capabilities to
complex with mRNA via electrostatic interaction and to self-
assemble with PLGA-PEG-Mannose to form stable NPs (M-
HNPs). An agarose gel retardation assay was performed to
study the electrostatic interaction between G0-C14 and mRNA
encoding enhanced green fluorescent protein (EGFP mRNA).
Retardation of mRNA migration in electrophoresis occurred at
a G0-C14/mRNA mass ratio of 20 or above, suggesting a
strong mRNA binding of G0-C14 (Figure S3). We then
prepared the NPs at a G0-C14/mRNA weight ratio of 30 and
did not observe any mRNA leaching, as evidenced by
electrophoresis (Figure 2B), which suggested that mRNA
was effectively encapsulated within the NPs. Additionally, after
incubation with 10% fetal bovine serum (FBS) or RNase,
mRNA degraded rapidly in its free form but exhibited
resistance to degradation over a period of 24 h when
encapsulated within NPs.
The hydrodynamic size and zeta potential of targeted EGFP

mRNA@M-HNPs (122.1 ± 1.1 nm, 2.33 ± 0.12 mV) were
similar to that of nontargeted EGFP mRNA@HNPs (125.2 ±
0.6 nm, 2.38 ± 0.22 mV) as characterized by dynamic light
scattering (DLS), indicating that incorporation of the mannose
moiety on the surface has no significant effect on the particle
size and zeta potential (Figure 2C,D). The spherical and
uniform morphologies of the targeted EGFP mRNA@M-
HNPs were characterized by transmission electron microscopy
(TEM) (Figure 2E). The stability of the EGFP mRNA@M-
HNPs was also examined by monitoring particle size in the
presence of serum at 37 °C, and no significant change was
observed in this in vivo like condition over 24 h (Figure 2F).
There is no serum-induced aggregation, as evidenced by
turbidity measurement (Figure 2G). These results suggest that
the developed M-HNPs have a stable and rigid nanostructure
that can protect the encapsulated mRNA.
Cellular Uptake of M-HNPs by Macrophages. We used

IL-4-activated bone marrow-derived macrophages (BMDMs)
and RAW 264.7, both of which display M2-like phenotype,24,25

to evaluate in vitro targeting efficacy of Cy5.5-labeled M-HNPs
or HNPs loaded with IL-10 mRNA. IL-10 mRNA was

synthesized in vitro using a T7 RNA polymerase-mediated
transcription reaction (Figure S4 and Table S1). The
fluorescence assay demonstrated that IL-10 mRNA was
successfully encapsulated into HNPs or M-HNPs, with
encapsulation efficiencies of 92.3% and 92.8%, respectively.
The integrity of IL-10 mRNA extracted from NPs was
confirmed by capillary electrophoresis (Figure S5). The
hydrodynamic size and zeta potential of IL-10 mRNA-loaded
NPs were found to be similar to those of EGFP mRNA-loaded
NPs (Figure S6). There was no significant change in the
particle size of IL-10 mRNA@M-HNPs after incubation with
serum at 37 °C for 24 h, which further confirmed the stability
of the mRNA-encapsulated M-HNPs under in vivo like
conditions (Figure S7). NP uptake in IL-4-activated BMDMs
was enhanced by increasing the percentage of incorporated
mannose moiety and reached the maximum value when PLGA-
PEG was completely replaced by the mannose-conjugated
copolymer (Figure S8). In addition, confocal laser scanning
microscope (CLSM) images showed that more IL-10 mRNA@
M-HNPs colocalized with CD206 expressed on the cell surface
than nontargeted IL-10 mRNA@HNPs (Figure 3A and Figure
S9A). We also noted that cellular uptake of IL-10 mRNA@M-
HNPs in RAW 264.7 cells was substantially inhibited in the
presence of mannan, which blocks mannose binding to
CD206, thus indicating mannose receptor-mediated endocy-
tosis (Figure S9B).
NP cellular internalization was also quantitatively analyzed

in BMDMs and human umbilical vein endothelial cells
(HUVECs) by flow cytometry. As shown in Figure 3B, a
higher intensity of Cy5.5 signal was detected in BMDMs
treated with IL-10 mRNA@M-HNPs than in the cells treated
with IL-10 mRNA@HNPs, and the magnitude of enhance-
ment in NP uptake dramatically increased along with
incubation time. Additionally, uptake of IL-10 mRNA@M-
HNPs by BMDMs was markedly reduced by the treatment
with mannan, which is likely due to the blockage of mannose
receptors (Figure 3B). As expected, we did not observe any
enhancement in cellular uptake of IL-10 mRNA@M-HNPs in
HUVECs that do not express CD206 (Figure 3C). These
results suggest that NP uptake in BMDMs was significantly
enhanced by mannose conjugation. Both CLSM images and
flow cytometry showed that the IL-10 mRNA@M-HNPs were
internalized by RAW 264.7 cells in a time- and dose-dependent
manner (Figure S9C−F). Taken together, these results reveal
that the ligand−receptor interaction plays a key role in the
macrophage uptake of IL-10 mRNA@M-HNPs.

In Vivo Evaluation of Targeting Efficiency of M-HNPs
to Atherosclerotic Lesions. We determined the pharmaco-
kinetic properties of our NP platform in vivo. C57BL/6 mice
were intravenously injected with an equivalent dose of Cy5-
labeled mRNA encoding Firefly Luciferase (Cy5-Luc mRNA)
in naked or NP forms. The results demonstrated that free
mRNA was rapidly cleared following iv injection with a
circulation half-life of around 17 min, whereas the circulation
half-life of mRNA encapsulated within NPs was significantly
extended to nearly 2 h (Figure S10). Both targeted M-HNPs
and nontargeted HNPs have similar circulation profiles.
We then investigated the capability of the NPs to target

atherosclerotic lesions in vivo. Cy5.5-labeled M-HNPs or
HNPs that encapsulated an equivalent dose of IL-10 mRNA
were intravenously injected into a WD-fed Ldlr−/− mouse
model of atherosclerosis. Aorta tissues and major organs
(including heart, liver, spleen, lung, and kidney) were
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harvested 24 h following injection and measured for Cy5
fluorescence signals using an In-Vivo Imaging System (IVIS).
In Ldlr−/− mice, the fluorescence signal in aorta tissues treated
with IL-10 mRNA@M-HNPs was about 3-fold higher than in
IL-10 mRNA@HNP-treated tissues. In contrast, no fluores-
cence signal was observed in the aorta of healthy mice treated
with IL-10 mRNA@M-HNPs (Figure 3D,E). Immunofluor-
escence staining of cryo-sectioned aortic roots also demon-
strated that the incorporation of mannose moieties markedly

increased NP accumulation within the lesion area of the aortic
root (Figure 3F). Abundant colocalization of IL-10 mRNA@
M-HNPs with the CD206+ lesion area was observed in the
aortic root sections from Ldlr−/− mice, which is attributed to
the fact that the majority of M2-like macrophages are present
in the fibrous cap surrounding the lipid-rich core of plaques
and express a high level of CD206.23 The results indicate that
both prolonged blood circulation and ligand-mediated active
targeting facilitate the homing of the mRNA-loaded M-HNPs

Figure 4. Transfection efficiency and anti-inflammatory effects of IL-10 mRNA@M-HNPs. (A) Histogram analysis of the in vitro transfection
efficiency in BMDMs by flow cytometry. (B) The percentage of GFP-positive cells in BMDMs was assessed using FlowJo software (n = 3).
Statistical significance was determined using a two-tailed Student’s t test. (C) CLSM images of BMDMs at 4 h after incubation with NPs
incorporated with Cy5-labeled Luc mRNA (red). Nuclei were stained with Hoechst 33342 (blue), and endosomes were stained with
LysoTracker Green (green). Scale bar, 3 μm. (D) ELISA analysis for IL-10 levels in BMDMs treated with Luc mRNA@M-HNPs or IL-10
mRNA@M-HNPs for 24, 48, or 72 h (n = 3). (E) Western blotting of IL-10, STAT3, and pSTAT3 in BMDMs treated with PBS, Luc
mRNA@M-HNPs, or IL-10 mRNA@M-HNPs for 24 h. β-Actin was used as a housekeeping standard (n = 3). (F−I) qRT-PCR analysis for
IL-10 (F), TNF-α (G), IL-1β (H), and IL-6 (I) levels in BMDMs, which were pretreated with IL-10 mRNA@M-HNPs for 6 h and were
stimulated by LPS for 24, 48, or 72 h. Untreated BMDMs were used as the negative control, and LPS-only treatment was used as the positive
control (n = 4). All data are shown as means ± SD, and statistical significance was determined using one-way ANOVA (*P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001). n.s., not significant.
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to atherosclerotic lesions, leading to enhanced plaque
accumulation. Since the liver and kidney are major organs
responsible for drug metabolism and elimination, NP
accumulation is expected in these two organs (Figure S11).
There is no significant difference in fluorescence signals
between organs from the IL-10 mRNA@M-HNP-treated
group and the IL-10 mRNA@HNP-treated group. Our finding
is consistent with previous studies that NPs with small size are
prone to accumulate in the liver, kidney, and spleen following
systemic administration.26

In Vitro Assessment of M-HNP-Mediated mRNA
Transfection. Macrophages are usually considered as hard-
to-transfect cells since they have evolved to recognize foreign
nucleic acids and they are highly differentiated.27 Here, we
conducted in vitro transfection experiments in BMDMs and
RAW264.7 cells using EGFP mRNA as a reporter mRNA and
determined the transfection efficiency by measuring GFP-
positive cells in the entire cell population using flow cytometry.
Cells were transfected with commonly used Lipofectamine
2000 (L2K) as a positive control, and less than 15% of the
treated cells displayed a positive fluorescence signal at an

Figure 5. IL-10 mRNA@M-HNPs inhibit oxidative stress and apoptosis and regulate lipid metabolism in BMDMs. (A) BMDMs were treated
with PBS, Luc mRNA@M-HNPs, or IL-10 mRNA@M-HNPs for 6 h followed by 24 h of LPS stimulation, and generation of ROS was then
analyzed by flow cytometry. DCFH-DA was used as a probe for ROS generation. (B) Histogram analysis of ROS generation for 4 or 24 h
after LPS stimulation, using FlowJo software (n = 3). ROS levels of untreated BMDMs were used as the baseline for normalization. (C) NO
production in BMDMs after 4 or 24 h of LPS stimulation (n = 3). These BMDMs were pretreated with PBS, Luc mRNA@M-HNPs, or IL-10
mRNA@M-HNPs for 6 h. NO levels of untreated BMDMs were used as the baseline for normalization. (D) qRT-PCR analysis for iNOS level
of BMDMs (n = 4). (E) Fluorescence images showing apoptosis of BMDMs pretreated with PBS, Luc mRNA@M-HNPs, or IL-10 mRNA@
M-HNPs for 6 h and then exposed to H2O2 for 30 min. Cells were stained with Calcein (green)/PI (red) apoptosis detection reagent. Scale
bar, 200 μm. (F) Histogram analysis of apoptosis by flow cytometry (n = 3). (G−K) Relative mRNA expression levels of antiapoptosis genes
AIM/CD5L (G), Bcl-2A1 (H), and MCL-1 (I) and lipid metabolism genes PPAR-γ (J) and ABAC1 (K) in oxLDL-induced BMDMs with
different treatments (n = 4). Untreated BMDMs were used as the negative control. All data are shown as means ± SD, and statistical
significance was determined via one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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mRNA concentration of 0.5 μg/mL (Figure 4A,B and Figure
S12). Compared with L2K, M-HNPs showed significantly
higher transfection efficiency (Figure S13) and also exhibited
an mRNA dose-depend increase. 80.8% and 70.2% of GFP-
positive cells were detected respectively in BMDMs and
RAW264.7 cells treated with the highest mRNA concen-
trations of 0.5 μg/mL (Figure 4A,B, and Figure S12). Since
endosomal escape is crucial for effective mRNA delivery, we
monitored intracellular trafficking of the NPs loaded with Cy5-
Luc mRNA to assess the endosomal escape ability of our NP
platform. Figure 4C and Figure S14 demonstrated that the
internalized Cy5-Luc mRNA mainly localized within endo-
somes after 1 h of incubation and escaped from the endosomes
following incubation with cells for 4 h, suggesting NP-assisted
release of mRNA into the cytoplasm.
We then transfected BMDMs using M-HNPs loaded with

IL-10 mRNA to examine the IL-10 expression and anti-
inflammatory effects. IL-10 levels from the supernatants of cells
treated with IL-10 mRNA@M-HNPs were detected by ELISA.
The results as shown in Figure 4D indicated that the
cumulative secretion of IL-10 protein increased with time, up
to 72 h. Western blot analysis of cell lysates demonstrated that
IL-10 mRNA@M-HNPs elicited the expression of the IL-10
protein in BMDMs (Figure 4E). No IL-10 production was
detected in the culture supernatants or cell lysates from the
control or Luc mRNA@M-HNP groups (Figure 4D,E). We
investigated whether the IL-10/signal transducer and activator
of transcription 3 (STAT3) axis is involved in the pathways
through which IL-10 exerts anti-inflammatory effects. As
shown in Figure 4E, compared to the control or Luc mRNA-
loaded NP treatment, IL-10 mRNA@M-HNPs treatment
induced significant phosphorylation of STAT3, implying
successful activation of STAT3 by IL-10. Quantitative reverse
transcription PCR (qRT-PCR) results also confirmed elevated
IL-10 mRNA expression after IL-10 mRNA@M-HNPs treat-
ment as shown in Figure 4F. Substantial levels of the target
gene expression could be still detected 3 days after NP
treatment (Figure 4F). Taken together, these results indicate
that the developed M-HNPs could mediate the efficient
cytosolic delivery of mRNA, leading to prolonged translation
of the mRNA encoding IL-10 in macrophages.
Assessment of Anti-inflammatory Effects. Pro-inflam-

matory cytokines, such as TNF-α, IL-1β, and IL-6, are
considered to be major mediators responsible for the
inflammatory-immunological pathomechanism of atheroscle-
rosis, and their elevation results in complex effects on multiple
signaling pathways involved in lipid processing and plaque
formation.28 Suppression of these pro-inflammatory cytokines
has been shown to provide multiple therapeutic benefits in
atherosclerosis.29 In the next set of experiments, we evaluated
whether the IL-10 mRNA@M-HNPs were able to alter the
lipopolysaccharide (LPS)-induced inflammatory response in
BMDMs. Isolated BMDMs were pretreated for 6 h with IL-10
mRNA@M-HNPs followed by LPS stimulation to induce a
pro-inflammatory response. Cells cultured with the medium
alone or the medium containing LPS served as control groups.
As shown in Figure 4G−I, LPS treatment promoted the
production of TNF-α, IL-1β, and IL-6 in macrophages, and IL-
10 mRNA@M-HNPs substantially suppressed their secretion,
revealing that the expressed IL-10 retains its bioactivity and
exerts a potent anti-inflammatory effect. It is worth noting that
NP treatment significantly inhibited the production of
atherogenic factors TNF-α, IL-1β, and IL-6 up to 48 h post

LPS stimulation, suggesting an intense and prolonged anti-
inflammatory response. Although the LPS-induced inflamma-
tion attenuated drastically at 72 h post LPS stimulation, a slight
reduction in the levels of these atherogenic cytokines was still
observed in the NP-treated cells, which is consistent with the
duration of IL-10 mRNA translation in macrophages. More
importantly, no obvious cytotoxicity was observed in cells at 12
or 24 h after NP treatment at all tested concentrations,
implying excellent biocompatibility of IL-10 mRNA@M-HNPs
(Figure S15).
ROS-Scavenging and Antiapoptotic Activities of IL-10

mRNA@M-HNPs in Macrophages. Under normal physio-
logical conditions, there is a dynamic balance between reactive
oxygen species (ROS) production and the antioxidant defense
system that constitutes cellular redox homeostasis.30 However,
overproduction of ROS will disrupt the redox homeostasis,
which initiates an amplification of inflammatory responses,
thus resulting in oxidative stress and tissue injury.31 Here, we
examined whether the developed IL-10 mRNA@M-HNPs can
suppress the LPS-induced ROS generation in BMDMs. LPS
stimulation induced a high 2′,7′-dichlorofluorescin diacetate
(DCFH-DA) fluorescence signal (Figure 5A,B), implying the
generation of high levels of intracellular ROS. The intracellular
levels of ROS increased with the LPS stimulation time. By
contrast, IL-10 mRNA@M-HNPs significantly reduced LPS-
induced ROS production by ∼78% and 75% over untreated
control and Luc mRNA@M-HNPs, respectively, at 24 h after
LPS challenge (Figure 5A,B).
At the atherosclerotic plaque, overproduced NO reacts with

ROS to form peroxynitrite (ONOO−) which subsequently
interacts with biomolecules such as lipids, DNA, and proteins
to cause oxidative endothelial injury, contributing to the
pathogenesis of acute cardiovascular events.32 Therefore, for
atherosclerosis therapy, it is crucial to prevent peroxynitrite
generation at the inflammation site by controlling NO
production in macrophage cells. Twenty-four h of LPS
stimulation led to a ∼2.7-fold higher NO level in BMDMs
compared to control cells without any treatment (Figure 5C),
whereas the LPS-induced NO production decreased by ∼51%
in the cells pretreated with IL-10 mRNA-loaded M-HNPs.
Additionally, we noted that pretreatment with IL-10 mRNA@
M-HNPs resulted in a significant reduction in the mRNA
levels of inducible nitric oxide synthase (iNOS) in the LPS-
challenged BMDMs (Figure 5D), which led to inhibition of
NO generation. On the other hand, pretreatment with M-
HNPs lacking IL-10 mRNA (e.g., Luc mRNA@M-HNPs)
could not suppress either ROS or NO generation in LPS-
activated macrophages.
Continuous overproduction of ROS causes oxidation of

lipids, DNA, and proteins, ultimately inducing cell apoptosis.33

In this context, we examined the protective effects of IL-10
mRNA@M-HNPs on H2O2-induced cell apoptosis in BMDMs
using a Calcein-AM/PI live/dead staining assay. Immuno-
fluorescence microscopy and flow cytometry data showed that
pretreatment with IL-10 mRNA-loaded M-HNPs resulted in
many fewer apoptotic (PI positive) cells compared to
untreated control and Luc mRNA@M-HNPs (Figure 5E,F).
After pretreatment with IL-10 mRNA@M-HNPs, the survival
rate of H2O2-insulted BMDMs was restored to the basal level
measured in cells cultured with medium alone (Figure 5F). We
subsequently assayed the intracellular mRNA levels of three
well-known macrophage survival proteins: apoptosis inhibitor
in macrophages (AIM/CD5L), Bcl-2A1, and MCL-1 in
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Figure 6. WD-fed Ldlr−/− mice treated with IL-10 mRNA@M-HNPs display a prominent reduction of atherosclerotic lesion and necrotic
core areas and a significant increase in collagen cap thickness. (A) Schematic illustration of the establishment of atherosclerosis and
treatment regimen in Ldlr−/− mice. Samples were collected on the third day after the last injection for analysis. (B) ORO staining of
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BMDMs. The basal levels of the three mRNAs were decreased
when exposed to oxidized LDL (oxLDL) but were markedly
increased by IL-10 mRNA@M-HNPs treatment (Figure 5G−
I). Notably, IL-10 mRNA@M-HNPs also upregulated the
expression levels of PPAR-γ and ABCA1, two key genes
involved in the cholesterol efflux pathway, in the oxLDL-
induced senescent foamy macrophages (Figure 5J,K). These
results imply that IL-10 mRNA@M-HNPs suppress ROS-
induced BMDM apoptosis and promote cholesterol efflux
through the upregulation of the PPAR-γ/ABCA1 pathway,
thus offering antiatherogenic benefits.
Antiatherosclerotic Effects of Targeted NPs Incorpo-

rating IL-10mRNA in Ldlr−/− Mice. Atherosclerosis does not
tend to be clinically symptomatic until the formation of
vulnerable plaques consisting of necrotic cores with distinct
fibrous caps.28 Due to this, patients usually receive medical
treatment after advanced atherosclerosis is already established
and clinical syndromes are detectable. For these reasons, we
investigated the therapeutic efficacy of targeted delivery of IL-
10 mRNA in a mouse model of atherosclerosis, where
treatment began after relatively stable lesions were established
and continued as the disease progressed to vulnerable plaques.
Ldlr−/− mice were fed a Western-type high-fat/high-

cholesterol diet for 16 weeks to develop advanced athero-
sclerotic plaques. At week 13, mice were intravenously injected
with different treatments twice a week for 4 weeks and
sacrificed at week 17 (Figure 6A). On the third day after the
last injection, we conducted histological analysis to examine
hallmarks associated with advanced atherosclerotic plaques
from the whole aorta, brachiocephalic arteries, aortic arches,
and aortic roots. As shown in Figure 6B and Figure S16, the
tissues were stained by Oil Red O (ORO) and the resultant
red region indicates plaque area. After 16 weeks on the WD,
mice treated with PBS (plaque areas of ∼26%, ∼40%, ∼26%,
and ∼49% of the total tissue area), IL-10 protein (∼23%,
∼44%, ∼27%, and ∼47%), or Luc mRNA@M-HNPs (∼25%,
∼41%, ∼26%, and ∼48%) showed large plaque areas in the
whole aorta, brachiocephalic artery, aortic arch, and aortic root
sections (Figure 6C−E and Figure S16). Interestingly, IL-10
mRNA@M-HNP treatment significantly decreased plaque area
down to ∼4%, ∼15%, ∼6%, and ∼28% of the total tissue area
in whole aorta, brachiocephalic artery, aortic arch, and aortic
root sections, respectively. Hematoxylin & eosin (H&E)
staining on the cryosections of aortic roots showed that
lesions from PBS, IL-10 protein, or Luc mRNA@M-HNP
control group were predominantly composed of lipid-rich
necrotic cores. Compared to the control groups, the IL-10
mRNA@M-HNP group exhibited a notable reduction in both
necrotic core area and the ratio of necrotic core area to lesion
size (Figure 6F,G). In parallel, Picrosirius red staining
demonstrated a significantly higher content of collagen around
plaques in the group treated with IL-10 mRNA@M-HNPs,

indicating an enhanced fibrous cap thickness (Figure 6H,I).
These results collectively demonstrate that the plaque
macrophage-targeted M-HNPs containing IL-10 mRNA exert
potent antiatherosclerotic effects by reducing necrotic core
size, thickening the cap, stabilizing the plaque, and facilitating
enhanced resolution of inflammation.
Study of the Antiatherosclerotic Mechanism. We

further tested expression of IL-10 and major pro-inflammatory
cytokines in aortic roots and serum of Ldlr−/− mice with
atherosclerosis to address mechanisms underlying the anti-
atherosclerotic effects of IL-10 mRNA@M-HNPs. Immuno-
fluorescence staining results showed that only the aortic
sections from the group treated with M-HNPs exhibited bright
fluorescence signals corresponding to IL-10 in the lesional
area, and no visible signals were observed in the lesions of mice
treated with PBS or Luc mRNA@M-HNPs (Figure 7A,B). The
ELISA assay further indicated a significant increase in IL-10
expression in the aortic tissues and serum of mice treated with
IL-10 mRNA@M-HNPs compared to the two control groups
(Figures S17 and S18A). Both PBS and Luc mRNA@M-HNP
treatment resulted in strong fluorescence signals corresponding
to TNF-α, IL-1β, and IL-6 in the aortic root sections, implying
the presence of an inflammatory environment in the
atherosclerotic lesion (Figure 7A). In contrast, treatment
with IL-10 mRNA@M-HNPs significantly inhibited the
production of pro-inflammatory cytokines in the plaques
(Figure 7C−E). Meanwhile, there was a notable reduction in
serum levels of IL-1β and IL-6 in mice subjected to IL-10
mRNA@M-HNP treatment (Figure S18B,C). Dihydroethi-
dium (DHE) staining was also conducted to evaluate ROS
levels in the sectioned aortic roots, brachiocephalic arteries,
and aortic arches collected from atherosclerotic mice. Both
observation and quantitative analysis of the sectioned aortic
roots revealed that red fluorescence of ethidium, an indicator
of oxidative stress, was markedly attenuated after treatment
with IL-10 mRNA@M-HNPs when compared with that of
PBS or Luc mRNA@M-HNP treatment (Figure 7F,G).
Similarly, substantially reduced levels of oxidative stress were
observed in the sectioned brachiocephalic arteries and aortic
arches of mice treated with IL-10 mRNA@M-HNPs compared
with those of the two control groups (Figure S19). Aortic root
sections were stained and analyzed by immunofluorescence
imaging for TUNEL+ (terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end-labeling-posi-
tive) apoptotic cells. The results demonstrated that IL-10
mRNA@M-HNP treatment resulted in a significant 2.5-fold
decrease in the apoptosis rates over either PBS or Luc
mRNA@M-HNP (Figure 7H,I).
Matrix metallopeptidase 9 (MMP-9), a collagen-degrading

metalloproteinase secreted by inflammatory macrophages, has
been shown to be an independent predictor of atherosclerotic
plaque instability in coronary heart disease patients.34 It has

Figure 6. continued

brachiocephalic artery, aortic arch, and aortic root cryosections in Ldlr−/− mice with indicated treatments. Scale bar, 200 μm. (C−E)
Quantitative analysis of the relative plaque area in sections of the brachiocephalic artery (C), aortic arch (D), and aortic root (E) (n = 6). (F)
H&E staining of the aortic root sections from Ldlr−/− mice with indicated treatments. The black dotted lines and black solid lines indicate
the plaque area and the necrotic core, respectively. Scale bar, 200 μm. (G) Quantitative analysis of the necrotic core relative to plaque area
by ImageJ software (n = 6). (H) Picrosirius red staining of the aortic root sections from Ldlr−/− mice with indicated treatments. Collagen cap
thickness was measured at the midpoint and shoulder region of each plaque. Scale bar, 200 μm. (I) Quantitative analysis of the collagen cap
thickness relative to plaque area by ImageJ software (n = 6). All data are shown as means ± SD and statistical significance was determined
using one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 7. IL-10 mRNA@M-HNP treatment decreases inflammation, oxidative stress, and apoptosis in WD-fed Ldlr−/− mice. (A)
Immunofluorescence staining of the inflammatory cytokines IL-10 (red), TNF-α (green), IL-1β (green), and IL-6 (green) in the aortic root
of Ldlr−/− mice with indicated treatments. Nuclei were stained with DAPI (blue). The necrotic core (NC) is framed by a white dashed line.
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been reported that elevated expression of MMP-9 is associated
with the increased size of the necrotic core of unstable
atherosclerotic plaques.35 Immunohistochemical staining of
aortic roots showed that the MMP-9 expression level was
significantly reduced in the lesions of IL-10 mRNA@M-HNP-
treated mice (Figure S20A,B), which is one of the reasons
causing the increased fibrous cap thickness. The ratios of
lesion-resident macrophage or smooth muscle cell number to
overall lesion area were similar among all treatment groups
(Figure S20C and D), implying that the beneficial effects of IL-
10 mRNA@M-HNPs were not mediated by decreasing these
cells in lesions. Mice treated with IL-10 mRNA@M-HNPs had
considerably higher levels of CD206 expression in their aortic
root lesions than did the other control groups. Immuno-
fluorescence results revealed a higher number of CD206-
positive cells in the aortic root sections of mice treated with IL-
10 mRNA@M-HNPs compared with the two control groups
(Figure S21). In addition, notable red fluorescence signals
corresponding to pSTAT3 were observed within the CD206-
positive area of aortic root sections in mice treated with IL-10
mRNA@M-HNPs, indicating the activation of Janus kinase 1
(JAK1)/STAT3 signaling pathway in the majority of M2-
polarized macrophages (Figure S22). These findings suggest
that efficient expression of IL-10 in atherosclerotic lesions
mediated by NP delivery of IL-10 mRNA leads to enhanced
resolution of inflammation as well as decreased oxidative stress
and cell apoptosis. Collectively, this approach may represent a
promising treatment strategy for patients with atherosclerosis.
In Vivo Safety Evaluation. Next, we investigated possible

side effects in healthy C57BL/6 mice after 4 weeks of
treatment with IL-10 mRNA@M-HNPs with two injections
per week. The mice were sacrificed under euthanasia 3 days
after the last injection, and hearts, livers, spleens, lungs,
kidneys, brains, and blood were harvested to evaluate the safety
profile of the IL-10 mRNA-loaded M-HNPs. As shown in
Figure S23, we observed no significant differences in body
weight or organ coefficient among all of the treatment groups.
Additionally, no obvious signs of injury were detected in the
H&E-stained organs of each treatment group (Figure 8A).
There were also no significant differences in a series of
hematological and biochemical parameters, including red
blood cell count (RBC), white blood cell count (WBC),
hemoglobin (HGB), hematocrit (HCT), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), lympho-
cytes, alanine aminotransferase (ALT), aspartate amino-
transferase (AST), total protein (TP), albumin (ALB),
triglycerides (TG), low-density lipoprotein (LDL), total
cholesterol (TC), creatinine (Crea), urea nitrogen (BUN),
and glucose (Glu) (Figure 8B).
In vivo safety of IL-10 mRNA@M-HNPs was also confirmed

by the aforementioned Ldlr−/− mice model in histological,
blood biochemical, and hematological end points after 4 weeks
of NPs treatment with two injections per week (Table S2 and

Figures S24 and S25). In contrast to the two control groups,
the plasma lipid profile in the IL-10 mRNA@M-HNP
treatment group exhibited slightly lower levels of TC, TG,
and LDL (Figure S24E−G). We observed a low level of fat
accumulation in a few areas of the liver sections from the mice
treated with PBS and Luc mRNA@M-HNP, which was not
observed in the liver sections from the IL-10 mRNA@M-HNP
treatment group (Figure S25). This finding is consistent with
the slightly reduced plasma lipid levels associated with the IL-
10 mRNA@M-HNP treatment. No obvious injuries were
observed in sections of the other organs among all treated
groups. These combined data suggest that intravenous
administration of IL-10 mRNA@M-HNPs is safe at the
examined dosage.

DISCUSSION
Atherosclerosis is considered a chronic inflammatory vascular
disease, driven by complex cellular and molecular mechanisms.
Recent advances in the mechanistic knowledge for athero-
genesis reveal that the activation of inflammatory pathways in
lesional macrophages is crucial throughout the complex
progression of lesions in the artery wall.7,36 Therefore,
modulating inflammation by selectively activating or inhibiting
specific signaling pathways in plaque macrophages represents a
promising route for the management of atherosclerotic risk.
Upon binding to its receptor complex in macrophages, IL-10

activates JAK1/STAT3 signaling pathways and subsequently
induces the production of the anti-inflammatory suppressor of
cytokine signaling 3 (SOCS3).37 Activation of IL-10 receptor
signaling inhibits macrophage apoptosis by inducing the
expression of cell-survival molecules, markedly suppresses the
production of pro-inflammatory cytokines (TNF-α, IL-1β, IL-
6, etc.), and enhances polarization of macrophages toward anti-
inflammatory M2 phenotypes.10 Additionally, IL-10 modulates
lipid metabolism in macrophages by facilitating both
cholesterol uptake and efflux.38 It has been reported that
patients with acute coronary syndrome (ACS) have signifi-
cantly lower plasma levels of IL-10 than healthy controls,39 and
there is a negative correlation between IL-10 levels and future
atherothrombotic events in survivors of myocardial infarc-
tion.40,41 These clinical studies have indicated unequivocally
the promising therapeutic role of IL-10 in the management of
atherosclerosis. However, due to its intrinsic instability, IL-10
is systemically administered at high dosages to maintain the
pharmacodynamic concentration, which may suppress immune
response and increase the risk for infection.42−44 To overcome
the limitations mentioned above, the local expression of active
IL-10 in atherosclerotic lesional macrophages may be an
effective strategy to quell plaque inflammation and athero-
sclerosis.
This is a proof-of-concept study demonstrating that targeted

mRNA delivery can produce the anti-inflammatory and
immunoregulatory IL-10 protein specifically in plaque macro-
phages, resolving inflammation and thereby exerting antiather-

Figure 7. continued

Scale bar, 25 μm. (B−E) MFI quantification of IL-10 (B), TNF-α (C), IL-1β (D), and IL-6 (E) on the aortic root sections, normalized to the
PBS group (n = 6). (F) DHE staining of aortic root sections for superoxide (red) in Ldlr−/− mice with the indicated treatments. Nuclei were
stained with DAPI (blue). Scale bar, 100 μm. (G) MFI quantification of superoxide, normalized to the PBS group (n = 6). (H) TUNEL
staining of aortic root sections for apoptotic cells (red) from mice treated as indicated. Nuclei were stained with DAPI (blue). Scale bar, 50
μm. (I) Quantitative analysis of apoptotic cells shown in (H) relative to the total number of plaque cells (n = 6). All data are shown as means
± SD, and statistical significance was determined using one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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osclerotic effects. Synthetic mRNAs have many advantages
over therapeutic proteins, including (1) the well-established
IVT manufacturing procedure that is cell-free, robust, scalable,
and cost-effective and (2) the ability to produce any desired

protein with intact structure, native glycosylation, and
conformational properties inside the host cells.45,46 Compared
to DNAs and viral vectors previously employed in gene
therapy, mRNAs only need to enter the cytoplasm rather than

Figure 8. Safety evaluation in C57BL/6 mice. Healthy C57BL/6 mice were injected with PBS, Luc mRNA@M-HNPs, or IL-10 mRNA@M-
HNPs twice per week for 4 weeks, and the indicated organs (A) and blood (B) were harvested on the third day after the last injection for the
histological, hematological, and biochemical analyses. The organs were cross-sectioned and stained with H&E. Scale bars, 100 μm. The
tested parameters in blood include RBC, WBC, HGB, HCT, MCV, MCH, MCHC, lymphocytes, ALT, AST, TP, ALB, TG, LDL, TC, Crea,
BUN, and Clu, n = 6 mice per group. All data are shown as means ± SD. One-way ANOVA was performed to determine statistical
significance, and there were no significant differences detected among the three groups.
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the nucleus, which reduces the risk of insertional mutagenesis
and lowers the cellular barriers for functional delivery.47

mRNA technology has generated widespread interest in the
biotechnology and pharmaceutical industry, especially since
the rapid and successful clinical translation of SARS-CoV-2
mRNA vaccines.48−50 Recent progress in the development of
lipid NP (LNP) delivery systems is another major contributor
to the clinical translation of RNA-based therapeutics and
vaccines. The use of NP-formulated mRNA for vaccination,
protein replacement therapy, and genome editing have
cemented this as a robust platform technology that holds
great potential to revolutionize the treatment of a wide range
of diseases that are difficult to treat.51−53 However, most of the
systemically administered NP-formulated mRNAs, including
lipid or lipid derivative NP formulations, accumulate primarily
in the liver and spleen, which dramatically restricts the
applicability of this nucleic acid modality to hepatic diseases.47

It thus remains challenging to leverage this transformative
technology to create effective drug products due to the lack of
delivery strategies that enable the potent and specific transfer
of mRNA to extrahepatic tissues.
In atherosclerotic lesions, macrophages, especially M2-like

macrophages, are well-known as major producers of IL-10,
providing multifactorial benefits including clearing apoptotic
cells and debris by efferocytosis, facilitating tissue remodeling
and regeneration through collagen formation, and altering lipid
metabolism by generating pro-resolving lipid mediators.54 M2
macrophages that are predominantly found in the fibrous cap
surrounding the lipid core of plaques overexpress CD206 and
are targets for the diagnosis and therapy of atherosclerosis.54

Lymphoseek, the only FDA-approved lymphatic mapping
agent, selectively targets macrophages through the specific
binding of its mannose-based ligand and CD206 on the surface
of macrophages.55 To endow nanocarriers with both macro-
phage-targeting ability and high mRNA delivery efficiency, we
designed a versatile NP platform composed of our previously
reported cationic lipid G0-C14 and a mannose-modified
PLGA-PEG copolymer. We incorporated clinically approved
polymer building blocks (e.g., PLGA, PEG or their derivatives)
to endow NPs with versatile characteristics, such as multi-
functional surface modifications, controlled release profiles,
stability, and biocompatibility. Cationic G0-C14 was devel-
oped to effectively entrap mRNA and facilitate its endosomal
escape, whereas PLGA-PEG-Mannose was incorporated as a
biodegradable polymeric matrix to encapsulate mRNA, pro-
long the circulating lifetime, and facilitate cellular uptake by
lesional macrophages. Unlike other previously reported
atherosclerosis-related studies that focus on gene down-
regulation strategies,56,57 this present work is primarily focused
on developing an mRNA-based nanotherapeutic approach for
improved plaque stability by selectively delivering mRNA
encoding inflammation-resolving factors within plaque lesions.
To the best of our knowledge, NP-assisted targeted delivery of
mRNA to lesional macrophages has seldom been explored for
the treatment of atherosclerosis treatment.
Our results show that the developed IL-10 mRNA@M-

HNPs can be sufficiently internalized by M2-like macrophages
through CD206-mediated interactions and efficiently induce
IL-10 production. In a well-established WD-fed Ldlr−/− mouse
model of atherosclerosis, we demonstrate the successful in vivo
mRNA delivery to macrophage-rich plaques following iv
injection of the targeted M-HNPs. Intriguingly, the data reveal
that this approach can markedly inhibit the production of

major pro-inflammatory cytokines, improve fibrous cap
thickness, and decrease necrotic core area. The NP-mediated
antiatherogenic benefit is most likely due to the resolution of
inflammation through STAT3-dependent signaling and
upregulated expression of cholesterol efflux-relative genes.
Additionally, the safety profile of IL-10 mRNA@M-HNPs was
verified in both WD-fed Ldlr−/− mice and healthy C57BL/6
mice, further demonstrating the promising translational
potential of this targeted mRNA-based therapy for athero-
sclerosis.
Despite these encouraging results, additional investigations

should be performed using different animal models (e.g.,
humanized mouse models and nonhuman primates) that
reflect pathologic features of human atherosclerosis at different
disease stages to further validate this strategy for translational
potential. Note that we developed a microfluidic-based method
to prepare the hybrid NP formulation in this study. It is
necessary to systemically study the scalability of this NP
formulation method and develop a scalable manufacturing
process that allows more controllable and reproducible mass
production of such mRNA-NP systems, required for preclinical
pharmacology and toxicology evaluation. It is worth noting
that antiatherosclerotic effects of IL-10 mRNA@M-HNPs
could be further enhanced by administration in combination
with other therapeutic or treatment modalities (e.g., lipid-
reducing therapies), which may improve the clinical transla-
tional potential of this inflammation-targeted mRNA therapy.
The present study sheds light on an attractive concept: that
mRNA can be transferred to a specific cell type in
atherosclerotic plaques via this NP-platform, which can also
be employed in delivering other types of RNA therapeutics
(e.g., microRNA, small interfering RNA, and their combina-
tions), offering tremendous opportunities to explore and
validate treatments for a broad range of cardiovascular diseases.

CONCLUSIONS
In summary, we developed a robust NP platform capable of
delivering mRNA encoding IL-10 to plaque macrophages and
investigated its therapeutic effects in a WD-fed Ldlr−/− mouse
model of atherosclerosis as a proof-of-concept. This work
shows enormous promise and demonstrates an encouraging
step toward the clinical translation of inflammation-targeted
therapies, potentially offering an effective therapeutic inter-
vention for other related diseases.

EXPERIMENTAL SECTION
Preparation of Modified IL-10 mRNA. IL-10 mRNA was

synthesized as described previously.58 In brief, IL-10 Open Reading
frame (ORF), 5′ untranslated region (UTR), and 3′ UTR sequences
were constructed in the circular murine plasmid. mRNA templates
were amplified from this plasmid using forward primers and reverse
primers, including 120 poly(T) in PCR reactions. Templates were
purified by the Universal DNA Purification and Recovery Kit
(TIANGEN) and then examined by agarose gel electrophoresis
(native agarose gel, 110 mV, 30 min). All mRNAs were in vitro
transcribed by T7 RNA polymerase. Anti-Reverse Cap Analog
(ARCA, APExBIO) and pseudouridine-5′-triphosphate (ΨTP;
APExBIO) instead of uridine-5′-triphosphate (UTP) were added
into this reaction. mRNA was purified using RNA Clean &
Concentrator (Zymo Research) and analyzed by agarose gel
electrophoresis (native agarose gel, 110 mV, 10 min). The fragment
integrity of mRNA was analyzed by capillary electrophoresis (CE,
QSep100 BiOptic Inc.). mRNA was quantified by NanoDrop 2000
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spectrophotometer (Thermo Fisher Scientific) and stored at −80 °C
for future use.
Synthesis of Polymers and Lipids. Copolymer PLGA-PEG-

Mannose, Cy5.5-labeled PLGA-PEG (Cy5.5-PLGA-PEG), and
PLGA-PEG were synthesized as described previously. In brief,
tBOC-NH-PEG-NHS (0.2 g, 0.06 mM) was mixed with 4-
aminophenyl α-D-mannopyranoside (MAN, 0.0195 g, 0.072 mM)
and the reaction proceeded by catalysis by diisopropylethylamine
(DIPEA, 103 μL, 0.6 mM) at room temperature (RT) for 12 h,
followed by deprotection of BOC-protected amines by trifluoroacetic
acid (TFA, 50 vol %) to obtain NH2-PEG-Mannose. Cy5.5-PEG-NH2
was synthesized by a Maleimide-Thiol click reaction where sulfo-
Cy5.5-maleimide (5 mg, 0.072 mM) and NH2-PEG-Thiol (0.014 g,
0.06 mM) were mixed and stirred in phosphate-buffered saline (PBS,
pH = 7.0, 2 mL) accompanied by N2 purging at RT for 48 h. PLGA-
COOH (0.2 g, 5 μM) was transformed into PLGA-NHS by adding
excessive N-hydroxysuccinimide (NHS, 5.7 mg, 0.05 mM) in the
presence of 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide
(EDC, 10 mg, 0.05 mM). NH2-PEG-Mannose, NH2-PEG-Cy5.5, or
NH2-PEG-OCH3 was added into PLGA-NHS and then reacted at RT
for 48 h, accompanied by the catalyzation of DIPEA. The yielded
PLGA-PEG-Mannose, Cy5.5-PLGA-PEG, and PLGA-PEG were
precipitated in precool methanol/diethyl ether (50/50 v/v) and
ultimately dried in a vacuum.
Cationic lipid compound G0-C14 was synthesized through a ring-

opening reaction according to the method described previously,59

while the molar ratio has been optimized. 1,2-epoxytetradecane was
mixed with PAMAM dendrimer G0 at the molar ratio of 5:1 and
stirred at 90 °C for 48 h. The products were characterized by 1H
NMR (400 MHz, chloroform-d), 3.63−3.51 (m, 5H), 3.47−3.12 (m,
10H), 2.81−2.19 (m, 36H), 1.53−1.13 (m, 110H), 0.86 (t, J = 6.8
Hz, 15H).
mRNA Complexation Ability of G0-C14. EGFP mRNA was

complexed with G0-C14 at different weight ratios ranging from 1 to
90, and then mixtures were incubated at RT for 10 min. The samples
were mixed with loading dye (Beyotime) and analyzed by
electrophoresis in a 2% agarose gel running for 10 min at 110 V.
The mRNA ladder was the double-stranded marker A (Sangon
Biotech). Finally, the gel was imaged using a ChemiDoc system (Bio-
Rad, USA).
Preparation of mRNA NPs. The mRNA NPs were formulated

using a microfluidic device. In brief, copolymer (PLGA-PEG or
PLGA-PEG-Mannose) and G0-C14 were dissolved in DMF at a
weight ratio of 1:1, and the yielded solution was mixed with sodium
acetate buffer (pH 4.6, 25 mM) containing mRNA by using the
microfluidic system (Micro&Nano, China). The final weight ratio of
three substances was 30:30:1 (copolymer: G0-C14: mRNA). The
mixture was further dialyzed against PBS (10 mM, pH 7.4) for 2 h at
4 °C using cassettes with molecular weight cutoff of 3,500 MWCO
(Thermo Fisher Scientific) to form stable mRNA NPs. Cy5.5-PLGA-
PEG was incorporated into the preparation of NPs at 10% of the
copolymer weight to form Cy5.5-labeled NPs used for cellular uptake
and biodistribution studies. The size and zeta potential of mRNA NPs
were measured by dynamic light scattering (DLS, Malvern, UK) and
morphologies were characterized with a transmission electron
microscope (TEM, Thermo Fisher Scientific, USA). mRNA
encapsulation efficiencies of different NPs were determined by
Quant-it RiboGreen RNA Assay kit (Thermo Fisher Scientific). NPs
was mixed with 2% Triton X-100 for 2 min. A series of concentrations
mRNA standard and NP samples were incubated with RiboGreen
reagent for 5 min, and the fluorescence intensity was determined with
a microplate reader (excitation/emission, 480/520 nm; Tecan,
Switzerland).
mRNA NPs Stability Assessment. The capability of naked

mRNA and mRNA encapsulated in NPs against FBS and RNase was
tested and visualized by agarose gel electrophoresis. Briefly, 1 μg of
naked EGFP mRNA or EGFP mRNA@M-HNPs was incubated with
FBS (10%, v/v) or RNase A (10 ng/mL) at 37 °C at predetermined
time points. The mRNA encapsulated in NPs was extracted with 50
mg/mL heparin sodium and was subjected to Gel-red-infused 2%

agarose gel electrophoresis, followed by imaging by the ChemiDoc
system. The NPs were incubated with PBS containing 10% FBS at 37
°C while being shaken (100 rpm) to mimic in vivo conditions. At
predetermined time points, the particle size of the NPs solution in
triplicate was analyzed by DLS, and the aggregation states of the NPs
were measured using a microplate reader (Tecan, Switzerland) at 660
nm.
Cell Culture. BMDMs were isolated as described previously.60

Briefly, C57BL/6J mice were euthanized with isoflurane, then femurs
and tibias of hind legs were harvested and flushed by RPMI 1640
medium, and the suspensions were collected. The suspensions were
passed over a 40 μm filter and treated with red blood cell lysate,
followed by centrifuging at 500g for 5 min at 4 °C to harvest the cell
pellet. The cells were cultured in RPMI 1640 complete medium with
20 ng/mL M-CSF (Peprotech) for 6−7 days and were employed in
the indicated experiments. Human umbilical vein endothelial cells
(HUVECs), NIH3T3, and RAW 264.7 cells were cultured in DMEM
medium containing 10% FBS, 2 mM L-glutamine, and 100 units/mL
penicillin and 100 mg/mL streptomycin, at 37 °C and in a humidified
5% CO2 atmosphere.
Cellular Uptake Activity. BMDMs were seeded in 24-well plates

(1 × 105 cells per well) overnight for adherence and then treated with
20 ng/mL IL-4 (PeproTech) for 48 h to obtain M2-like macrophages.
Cells were incubated with Cy5.5-labeled NPs incorporated with the
different percentages of mannose moiety (0%, 20%, 50%, and 100%)
at a 0.5 μg/mL IL-10 mRNA concentration for 4 h, and the
fluorescence signals of these cells were detected by the BD
LSRFortessa cell analyzer (BD Biosciences, USA).
BMDMs, HUVECs, and RAW 264.7 cells were inoculated at a

density of 1 × 105 cells per well on 24-well plates overnight and then
cultured in a complete medium containing 20 ng/mL IL-4 for 48 h.
Cells were incubated with Cy5.5-labeled HNPs or M-HNPs at a 0.5
μg/mL IL-10 mRNA concentration for 1, 2, 4, or 8 h, and the
fluorescence signals of these cells were quantitatively analyzed by flow
cytometry and were visualized at 4 h by confocal laser scanning
microscope (CLSM). M2 macrophages were treated with a complete
medium containing 1 mM mannan (CD206 receptor antagonist) for
30 min and were incubated with Cy5.5-labeled M-HNPs (0.5 μg/mL
IL-10 mRNA) for 1, 2, 4, or 8 h, and the fluorescence signals of these
cells were analyzed by flow cytometry and CLSM.
mRNA NP In Vitro Transfection Activity. BMDMs and RAW

264.7 cells were respectively inoculated at the density of 1 × 105 cells
on a 24-well plate and cultured in a complete medium for 12 h to
attach. Cells were transfected with EGFP mRNA@M-HNPs at various
mRNA concentrations (0.0625, 0.1250, 0.2500, and 0.5000 μg/mL)
for 24 h. EGFP mRNA transfection with Lipofectamine 2000 reagent
was performed according to the manufacturer’s protocol as a positive
control. To assess the transfection efficiency, cells were washed three
times with PBS and harvested to measure the percentages of GFP-
positive cells using flow cytometry, followed by histogram analysis by
Flowjo software. CLSM was used to capture the fluorescence images
of cells transfected with different formulations at 0.5 μg/mL EGFP
mRNA.
Assessment of mRNA NPs Endosomal Escape. BMDMs were

seeded in confocal dishes (Costar) at a density of 1 × 105 cells per
well and cultured for 12 h. Cells were incubated with HNPs or M-
HNPs incorporated with Cy5-labeled Luc mRNA at 0.5 μg/mL
concentration for 4 h and were stained with Hoechst 33342
(Beyotime) and LysoTracker Green (Beyotime), and the fluorescence
signals of these cells were analyzed by CLSM.
Western Blotting Assay. BMDMs (5 × 105 cells/well) were

seeded in 6-well plates and then treated with fresh complete medium,
Luc mRNA@M-HNPs (0.5 μg/mL), or IL-10 mRNA@M-HNPs (0.5
μg/mL) for 24 h. The protein was extracted from these cells using
RIPA lysis buffer supplemented with protease inhibitors (Beyotime).
According to the manufacturer’s instructions, total protein concen-
trations were determined by a BCA protein assay (Beyotime). The
samples were separated by SDS−PAGE and then transferred to a
poly(vinylidene fluoride) membrane (PVDF, Millipore). The PVDF
membranes were blocked with 5% skim milk powder in TBST (50
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mM Tris-HCl, pH 7.4 and 150 mM NaCl, and 0.1% Tween 20) for 1
h at rt and were incubated overnight with appropriate primary
antibodies (anti-IL-10, anti-STAT3, anti-pSTAT3, anti-β-Action) at 4
°C. After incubating with secondary antibodies at room temperature
for 1 h, the membranes were added to electrochemiluminescence
(ECL) chromogenic substrate and the band images were acquired
using a ChemiDoc imaging system (Bio-Rad, USA).
Cytotoxicity Evaluation. BMDMs, RAW 264.7 cells, and

NIH3T3 cells were seeded into 96-well plates at a density of 2 ×
104 cells per well and cultured overnight. Cells were treated with
different mRNA concentrations (0.0625, 0.1250, 0.2500, 0.5000, and
1.0000 μg/mL) of IL-10 mRNA@M-HNPs for 12 or 24 h. The cell
viability was assessed using cell counting kit-8 (CCK-8) reagents
(Beyotime). In brief, cells in each well were incubated with 10 μL of
the CCK-8 solution for 2 h at 37 °C, and the absorbance at 450 nm
was measured by a microplate reader.
Anti-inflammatory Effect In Vitro. BMDMs were inoculated

with 2.5 × 105 cells per well in 12-well plates and maintained for 12 h.
Cells were incubated with fresh medium or IL-10 mRNA@M-HNPs
(0.5 μg/mL) for 6 h and then stimulated with 500 ng/mL LPS for 24,
48, or 72 h. The total RNA was extracted using Trizol, and qRT-PCR
was used to determine the gene levels of inflammatory cytokines
including IL-10, TNF-α, IL-1β, and IL-6. The primers are summarized
in Supplementary Table S3.
Antioxidative Stress Activity In Vitro. BMDMs were seeded at

a density of 1 × 105 cells per well in 24-well plates for 12 h, incubated
with fresh medium, Luc mRNA@M-HNP (0.5 μg/mL), or IL-10
mRNA@M-HNPs (0.5 μg/mL) for 6 h, and then treated with 500
ng/mL LPS for 4 or 24 h. Untreated cells were used as the blank
control. After incubation with 10 μM DCFH-DA in serum-free
medium for 30 min, cells were rinsed three times with PBS and the
intracellular fluorescence signal was measured by flow cytometry. The
NO level was determined by the NO detection kit (Beyotime), and
the iNOS expression level was detected by qRT-PCR. The iNOS
primers are shown in Supplementary Table S3.
Antiapoptotic Activity in Macrophages. BMDMs were

incubated with fresh medium, Luc mRNA@M-HNP (0.5 μg/mL),
or IL-10 mRNA@M-HNPs (0.5 μg/mL) for 6 h and then exposed to
200 μM H2O2 in fresh medium for 30 min. Untreated cells were used
as the blank control. Cells were washed with PBS and stained with
Calcein/PI apoptosis detection reagents (Beyotime) according to the
manufacturer’s protocol and the fluorescence signals were analyzed by
fluorescence microscopy and flow cytometry.
The adherent BMDMs (1 × 105 cells per well) were treated with

80 μg/mL oxLDL (Yiyuanbiotech) for 24 h to obtain senescent
foamy macrophages. The foam cells were treated with fresh medium,
Luc mRNA@M-HNP (0.5 μg/mL), or IL-10 mRNA@M-HNPs (0.5
μg/mL) for 24 h. The total RNAs were extracted with Trizol and the
AIM/CD5L, Bcl-2A1, MCL-1, PPAR-γ, and ABAC1 gene expression
levels were evaluated by qRT-PCR. The primers are summarized in
Supplementary Table 3.
Animals. C57BL/6J mice and male Ldlr−/− C57BL/6J mice (6−8

weeks old) were purchased from GemPharmatech Co., Ltd. The
Ldlr−/− mice used in the atherosclerosis study have been described in
previous studies.61 In brief, a WD (D12079B, Research Diets)
containing 22.6% protein, 45.4% carbohydrate, and 20% fat was fed to
mice over 12 weeks to establish the atherosclerosis model in the
Ldlr−/− mice. At study completion, the mice were anesthetized with
isoflurane, and blood and tissue samples were collected and stored
until further analysis.
Pharmacokinetic Study of NPs In Vivo. Wild-type C57BL/6J

mice (n = 3) were intravenously injected with Cy5-Luc mRNA, Cy5-
Luc mRNA@HNPs, and Cy5-Luc mRNA@M-HNPs at an mRNA
dose of 15 μg per mouse. At predetermined time intervals (0, 0.5, 1, 2,
4, 8, 12, and 24 h), the whole blood samples with equal volume were
collected into a 96-well blackboard and the fluorescence intensity of
Cy5-mRNA was analyzed with an In-Vivo Imaging System (IVIS,
PerkinElmer). Pharmacokinetic (PK) parameters were assessed by
measuring the fluorescence intensity of Cy5-mRNA in blood at each
time point and normalizing with the initial time point (0 h).

Biodistribution of Cy5.5-Labeled NPs in WD-fed Ldlr−/−

Mice. 12-week WD-fed Ldlr−/− mice or healthy mice received
intravenous injections of Cy5.5-labeled NPs at 15 μg IL-10 mRNA
per mouse. Mice injected with PBS were used as control. After 24 h,
mice were anesthetized and perfused with 4% paraformaldehyde
(PFA) in PBS, then the aorta, heart, liver, spleen, lung, and kidney
were harvested and imaged using the IVIS. The imaging data were
quantified by Living Image 4.5 software.
Atherosclerotic Lesions Analysis. 12-week WD-fed Ldlr−/−

mice were intravenously injected with PBS, IL-10 protein (100 μg
IL-10 protein/mouse), Luc mRNA@M-HNP (15 μg Luc mRNA/
mouse), or IL-10 mRNA@M-HNPs (15 μg IL-10 mRNA/mouse)
twice per week for 4 weeks, and WD-fed was also maintained in the
treatment period. Mice were euthanized and perfused with cold 4%
PFA in PBS on the third day after the last injection. The aorta and
aortic root attached to the heart were fixed in 4% PFA, dehydrated,
placed in an optical cutting temperature (OCT, Servicebio)
compound, and preserved at −80 °C. Serial 10 μm sections of the
brachiocephalic artery, aortic arch, and aortic root were obtained from
frozen samples. For morphometric analysis, the whole aortas or the
cross sections were stained with Oil Red O (ORO, Servicebio) to
evaluate plaque areas, necrotic core size was analyzed with Harris’s
H&E staining, and cap thickness was assessed by collagen staining
with picrosirius red (G-CLONE). Images were captured using a
microscope (Olympus, USA) and quantified by ImageJ software.
Histology Analysis. The aortic roots of mice were analyzed by

immunohistochemistry (IHC) and immunofluorescence. For IHC
staining, the cross sections were pretreated with EDTA (pH 9.0)
epitope retrieval solution for 20 min using a microwave, incubated
with 3% hydrogen peroxide (Servicebio) for 25 min to block
endogenous peroxidase, and blocked with 3% bovine serum albumin
(BSA) in TBST for 30 min. The slides were treated with the primary
antibody (anti-MMP9, anti-CD68, and anti-α-SMA) at 4 °C
overnight and then stained using a diaminobenzidine peroxidase
substrate kit (Impact DAB, Servicebio). For immunofluorescence
analysis, the sections were blocked with 3% BSA for 30 min,
incubated with anti-IL-10, anti-TNF-α, anti-IL-1β, anti-IL-6, anti-
CD206, and anti-pSTAT3 primary antibody overnight at 4 °C, then
treated with the fluorescent-labeled secondary antibody for 50 min at
RT, and counterstained with DAPI for 5 min. Histological images
were captured by a microscope (Olympus) or CLSM and were
quantitatively analyzed using ImageJ software.
Determination of Inflammatory Cytokines in the Aorta and

Serum. The aorta and serum were collected from the mice that
received the indicated treatment. The aortas underwent homoge-
nization in saline, followed by centrifugation. The supernatant was
gathered to quantify the levels of IL-10 using ELISA kits
(NeoBioscience). Similarly, the concentrations of IL-10, IL-1β, and
IL-6 in the serum were determined by the ELISA assay.
Oxidative Stress Evaluation. Dihydroethidium (DHE, Beyo-

time) was used to detect superoxide anion generation in the aorta.
Sections of the aortic root, aortic arch, and brachiocephalic artery
were incubated with DHE (5 μM) in a light-protected humidified
chamber at 37 °C for 30 min and counterstained with DAPI. CLSM
was used to acquire the fluorescence images.
TUNEL Apoptosis Assay. TUNEL test (Servicebio) was applied

to detect in situ cell death of the aortic root caused by DNA double-
strand breaks. Cryosections of the aortic root were treated with
proteinase K for 20 min at 37°C to thoroughly expose DNA. After
three washes with PBS, the sections were incubated with terminal
deoxynucleotidyl transferase (TdT) buffer for 1 h at 37°C, washed
five times with PBS before air drying, and covered with antifade
mount containing DAPI. Immunofluorescence images were acquired
using CLSM and quantitively analyzed by ImageJ software.
Safety Evaluation. To measure potential in vivo toxicity, male

C56BL/6 mice were treated long-term with PBS, Luc mRNA@M-
HNPs, or IL-10 mRNA@M-HNPs twice per week for 4 weeks. Body
weight was recorded every day, and at the end of the experiment, the
blood, heart, liver, spleen, lung, kidney, and brain in different
treatment groups were collected. The organ coefficient was calculated

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c00958
ACS Nano XXXX, XXX, XXX−XXX

P

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00958/suppl_file/nn3c00958_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00958/suppl_file/nn3c00958_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00958/suppl_file/nn3c00958_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00958?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


as the organ weight divided by the body weight. The heart, liver,
spleen, lung, kidney, and brain were histologically assessed by H&E
staining. Blood samples were analyzed for hematological and
biochemical indicators, including RBC, WBC, HGB, HCT, MCV,
MCH, MCHC, lymphocytes, ALT, AST, TP, ALB, TG, LDL, TC,
Crea, BUN, and Clu.
Statistical Analysis. For statistics, Shapiro−Wilk and Kolmogor-

ov−Smirnov normality tests were used to determine normality.
Student’s t test (two-tailed) or one-way analysis of variance
(ANOVA) was used for multiple group comparisons when normal
distribution was determined. Kruskal−Wall’s test was used to
calculate P values of non-normally distributed data. P < 0.05 was
considered statistically significant. All statistics shown in the graphs
were graded according to *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001. v8.2.1 GraphPad Prism 8 software was used for all
statistical analyses.
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