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Macrophages are present in all tissues for maintaining tissue ho-
meostasis, andmacrophage polarization plays a vital role in alle-
viating inflammation. Therefore, specific delivery of polariza-
tion modulators to macrophages in situ is critical for treating
inflammatory diseases. We demonstrate that a size-controlled
miRNA-encapsulated macrophage-targeting liposomes (miR/
MT-Lip) specifically targets macrophages to promote M1-to-
M2 polarization conversion, alleviating inflammation without
cytotoxicity. miR/MT-Lip, approximately 1.2 mm, showed excel-
lent internalization through phagocytosis and/or macropinocy-
tosis in macrophages. miR-10a/MT-Lip, but not scramble
miR-Fluorescein amidite (FAM)/MT-Lip as control, effectively
converted the polarization of lipopolysaccharide (LPS)-induced
M1 macrophages to M2 in vitro. When miR-10a/MT-Lip was
intravenously delivered to mice insulted with LPS for inflamma-
tion, the proportion of M2 macrophages was significantly
increased without disturbing the population of other immune
cells. Furthermore, scramble miR-FAM/MT-Lip was mainly de-
tected in macrophages, but not other immune cells. When our
miR/MT-Lip was administered to mice with Asherman’s syn-
drome that suffer from infertility because of sterile uterine
inflammation, macrophage-specific targeting of miR-10a/MT-
Lip facilitated M1-to-M2 conversion for angiogenesis in the
impaired uterus, resulting in restoration of healthy uterine
conditions. The results indicate that our MT-Lip encapsulating
small RNAs has excellent potential to treat various inflammatory
disorders by fine-tuning macrophage polarization in vivo
without any side effects.

INTRODUCTION
Inflammation is a complex biological response of the immune system
to harmful pathogens.1,2 In maintaining immune homeostasis, acute
inflammatory responses play essential roles in the innate immune sys-
tem as defense mechanisms. However, excessive activation of immune
cells and prolonged acute inflammatory response cause chronic inflam-
mation, resulting in tissue damage.3 Chronic inflammation is respon-
sible for various diseases, such as cancer, arthritis, asthma, diabetes,
arteriosclerosis, inflammatory bowel disease (IBD), and Asherman’s
syndrome (AS).4–6 AS is a complex gynecological disorder character-
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ized by intrauterine adhesions or fibrosis resulting from the destruction
of the basal layer of the endometrium,7 where endometrial stem/
progenitor cells are believed to reside.8 Patients with AS suffer from
recurrent pregnancy loss, amenorrhea, hypomenorrhea, and placental
abnormalities, leading to infertility.9 Mesenchymal stem cells (MSCs)
from various tissues have been applied to restore the function of
impaired endometrium in patients and animal models with AS,
although critical drawbacks, such as long-term safety, immunogenicity,
and heterogeneity, remain unsolved.10 MSCs can interact with various
immune cells, includingmonocytes andmacrophages, to produce anti-
inflammatory effects under a specific microenvironment.11 Thus,
modulating the function of these immune cells with functional plas-
ticity has great potential to ameliorate inflammatory milieu in the
endometrium with AS, and the development of biological platforms
to modulate the immune cell plasticity in vivo is strongly needed.

Macrophages play a key role in maintaining tissue homeostasis and are
also active actors during infection, autoimmunity, inflammation, and
cancer.12 Macrophages show a wide spectrum of plasticity from classi-
cally activated M1 (pro-inflammatory) to alternatively activated M2
(anti-inflammatory), depending on the microenvironment.13 Thus,
the M1/M2 ratio is more informative to demonstrate the polarization
status of macrophages because it is “fluid,” which explains that macro-
phage phenotypes can be dynamically fine-tuned in tissues.14 Inflam-
mation persistence is partially due to a high M1/M2 macrophage ra-
tio.15 In inflamed tissues, monocytes are differentiated into M1
macrophages and promote inflammation by releasing inflammatory
cytokines, reactive oxygen species, and proteases.16 Anti-inflammatory
cytokines such as interleukin-4 (IL-4) have been used in the M2
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polarization of macrophages to treat various inflammatory diseases.17

However, repeated injection of high doses of anti-inflammatory cyto-
kines with a short half-life causes systemic side effects.18 MicroRNAs
(miRNAs), non-coding endogenous ribonucleic acid strands 20–24
nt in length, bind to the 30 untranslated regions of the target mRNA
for post-transcriptional regulation of gene expression.19 Findings that
miRNAs regulate inflammation through macrophage M2 polariza-
tion20,21 show the potential of miRNAs as therapeutic agents for
inflammation. However, naked miRNA has limitations in clinical
application because it is rapidly degraded or inactivated by nucleases
in the bloodstream and has undesired off-target effects.22

Recent work has pursued various nanotechnology strategies for
precisely targeting macrophages to reduce inflammation by altering
polarization.23–26 Such nanoparticles increase the in vivo half-life
of anti-inflammatory agents (e.g., cytokines and miRNA) and
enable macrophage-specific delivery.27,28 Nanoparticles modified
with macrophage-specific ligands can effectively deliver M2 polariza-
tion inducers to macrophages. It is also possible to target macro-
phages through the control of nanoparticle size because the macro-
phage internalization mechanism is phagocytosis dependent. It
has been reported that macrophages effectively phagocytose
particles larger than 500 nm.29,30 Clodronate-encapsulated liposomes
1.5–2.0 mm in size can eliminate 80%–90% of splenic macrophages
with a single administration at the cellular and whole-animal
levels.31,32 Thus, in this study, we produced a functional miRNA-
encapsulated liposome with controlled particle size to specifically
target macrophages (MT-Lips). We encapsulate miR-10a, a miRNA
known to induce M2 polarization of macrophages,33 in MT-Lip as
miR-10a/MT-Lip and demonstrate an effective increase in the
proportion of M2-polarized macrophages without disturbing the
population of other immune cells. This phenomenon alleviates ster-
ile-inflammation-induced uterine fibrosis in a mouse model of AS.
Our liposome-mediated small RNA delivery is a novel therapeutic
approach to alleviate pathological phenotypes of the endometrium
with AS by modulating macrophage polarity in vivo. Finally, our re-
sults propose that miR-10a/MT-Lip could be used as a therapeutic
platform to treat various inflammatory disorders by targeting macro-
phage polarization while maintaining enhanced patient safety.

RESULTS
Preparation and characterization of miRNA-encapsulated

macrophage-targeting liposomes (miR/MT-Lips)

As illustrated inFigure 1A,weprepared liposomes through the conven-
tional thin-film hydrationmethod by adding various amounts of phos-
pholipid and cholesterol to control liposome size.31,32 The liposome
size increased as the proportion of cholesterol in the total lipid
increased (Figure 1B). The liposomes with larger particle sizes showed
higher macrophage-specific internalization rates (Figures 1C and S1).
A cationic polymer polyethyleneimine (PEI) was also employed to in-
crease the encapsulation efficiency of miRNAs in the liposomes. Elec-
trostatic complexes formed between cationic PEI and anionic miRNAs
can improve interaction with anionic lipids. To find the optimal condi-
tions for encapsulating PEI/miRNA in MT-Lip, we performed a gel
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retardation assay after forming PEI and miRNA complexes with
various Nucleus/PEI (N/P) ratios. Electrostatic complexes of PEI-
miR-10a were successfully formed at N/P ratios of 5, 10, and 20 (Fig-
ure S2A). Cell viability was approximately 60% at a PEI-miR-10a
N/P ratio of 5, and cell viability tended to decline as the N/P ratio
increased (Figure S2B). Based on these results, PEI/miRNA was pre-
pared at an N/P ratio of 5 and encapsulated in MT-Lip for further ex-
periments. ScramblemiR-FAM/MT-Lip was prepared with or without
PEI and then characterized, to assess the encapsulation efficiency of
scramble miR-FAM/MT-Lip (Figure S3A). In the PEI-scramble miR-
FAM group, �69% of the feed miRNA was encapsulated, as opposed
to only 3% in the case of encapsulation of native miRNA without
PEI (Figure S3B). Additionally, we observed scramble miR-FAM/
MT-Lip internalization (intense green fluorescence) in macrophages,
mainly in the presence of PEI (Figure S3C). The zeta potentials of
MT-Lip, native miR-10a, the PEI-miR-10a complex, and miR-10a/
MT-Lip were measured to be�26.8,�1.7, 31.7, and�5.2 mV, respec-
tively (Figure 1D). These results indicate that the positively charged
PEI-miR-10a complex was successfully encapsulated in the negatively
charged lipid membrane. The miRNA-encapsulated MT-Lip was
observed as a spherical shape in the transmission electron microscopy
(TEM) image with a size of �1.24 mm (Figures 1E and 1F). Before
in vitro cell experiments, the cytotoxicity of MT-Lip was evaluated in
RAW 264.7 cells. The MT-Lip and miR/MT-Lip with or without PEI
exhibited no toxicity (Figure 1G). Furthermore, intravenous delivery
of miR-10a/MT-Lip did not affect the immune system and cause sys-
temic toxicity in general (Figure S4).

Cellular internalization of miR/MT-Lip in macrophages

To confirm the macrophage-specific targeting of miRNA-encapsu-
lated MT-Lip, we treated miRNA labeled with an MT-Lip-encapsu-
lating fluorescent molecule (i.e., FAM) with HEK293T cells or RAW
264.7 cells. The cellular internalization of the liposome was evaluated
using a fluorescence microscope and flow cytometry (Figure 2). As
shown in Figure 2A, green fluorescence was observed in RAW 264.7
cells, but not in HEK293T cells. The flow cytometry data also showed
that MT-Lip was internalized in 43.63% of RAW 264.7 cells but in
only 9.44% of HEK293T cells (Figures 2B and 2C). In contrast, the
PEI-miRNA complex showed non-specific cellular internalization
(Figure S5). In fact, the cellular internalization of the PEI-scramble
miR-FAM complex was significantly greater in HEK293T cells
than in RAW 264.7 cells. Interestingly, CD45+CD11b+F4/80+ bone
marrow-derived macrophages (BMDMs) efficiently internalized
MT-Lip with a significantly higher efficiency (95.96%) than RAW
264.7 cells (Figure S6).

To decipher the internalization mechanism(s) of MT-Lip in
macrophages, we evaluated the internalization rates of MT-Lip after
treating several inhibitors of internalization processes in RAW 264.7
cells 8(Figures 2D and 2E). Clathrin-dependent endocytosis inhibitors
chlorpromazine (CPZ) and dynasore did not disturb its internalization,
nor did the caveolar-dependent endocytosis inhibitor MbCD.34 How-
ever, amiloride, a macropinocytosis inhibitor, and cytochalasin D
(CytoD), an inhibitor for both phagocytosis and macropinocytosis,



Figure 1. Preparation and characterization of liposome with controlled particle size to specifically target macrophage (MT-Lips)

(A) Schematic illustration of the MT-Lip preparation process: liposomes were prepared by thin-film hydration technique. The size of the liposome can be controlled by

adjusting the weight ratio of phosphatidylcholine to cholesterol. A complex of cationic polyethyleneimine (PEI) and anionic miRNA is encapsulated in liposomes using the

freeze and thaw process. Finally, MT-Lip with a size of approximately 1 mm was produced for macrophage targeting. Figure was created with BioRender.com. (B) Size

distribution of liposomes prepared with various concentrations of cholesterol. (C) The fluorescent images of RAW 264.7 cells treated with size-controlled MT-Lip stained with

NileRed. The scale bar represents 50 mm. (D) Zeta potentials of MT-Lip, miRNA miR-10a, the PEI-miR-10a complex (PEI-miR-10a), and miR-10a-encapsulated MT-Lips

(miR-10a/MT-Lips). (E) Transmission electron microscopy (TEM) image of miR-10a/MT-Lip. The scale bar represents 1 mm. (F) Size distribution of miR-10a/MT-Lip. (G)

Cell viability was quantified for RAW 264.7 cells treated with MT-Lip samples prepared under various conditions.
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dramatically reduced MT-Lip cellular internalization, suggesting that
the MT-Lip enters macrophages by macropinocytosis and possibly
phagocytosis. The internalization of MT-Lip into macrophages was
monitored over time using confocal microscopy (Figure 2F). We fol-
lowed the intracellular distribution of MT-Lip carrying FAM-labeled
scramble miRNAs (scramble miR-FAM, green). Cellular internaliza-
tion of MT-Lip resulted in the accumulation of MT-Lip in endosomes
(yellow in Figure 2F) labeled with LAMP1 (red). Only endosomes were
visible until 1 h after liposome treatment; MT-Lip was detected in en-
dosomes 2–4 h later. At 6 h, the scramble miR-FAM/MT-Lip signals
exited endosomes and were released into the cytoplasm. These findings
show that MT-Lip encapsulated with miRNAs is internalized via
phagocytosis and/or macropinocytosis, and that delivered miRNAs
then escape from the endosome in macrophages.

Control of macrophage polarization by miR-10a/MT-Lip

Next, the M2 polarization of macrophages by MT-Lip encapsu-
lated with miR-10a (miR-10a/MT-Lip) was evaluated (Figure 3).
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Figure 2. Evaluation of cellular internalization efficiency and cellular internalization mechanisms of MT-Lips

(A) Fluorescent images for evaluation of cellular internalization of scramble miR-FAM/MT-Lip in HEK293T and RAW 264.7 cells. The scale bar represents 150 mm. (B) Flow

cytometry histograms for evaluation of cellular internalization of scramble miR-FAM/MT-Lip in HEK293T and RAW 264.7 cells. (C) Quantitative analysis of cellular inter-

nalization of scramble miR-FAM/MT-Lips in HEK293T and RAW 264.7 cells. Data are based on flow cytometry results. Each bar represents the mean ± standard deviation of

three independent experiments. *p < 0.05. (D) Flow cytometry histograms to evaluate the internalization of scramble miR-FAM/MT-Lips in the presence of various inter-

nalization inhibitors in RAW 264.7 cells. (E) Quantitative analysis of cellular internalization of scramble miR-FAM/MT-Lips in the presence of various internalization inhibitors in

RAW264.7 cells. Data are based on the flow cytometry results. Each bar represents themean ± standard deviation of three independent experiments. *p < 0.05. (F) Confocal

microscopy images for evaluation of the process of cellular internalization of scramble miR-FAM/MT-Lip in RAW 264.7 cells. Confocal images show immunofluorescence

staining for LAMP-1 (late endosomemarker). Each bottom panel shows an enlarged image representing the white boxed area in the panel above. White arrowheads indicate

the co-localization of scramble miR-FAM/MT-Lips and endosomes. Green arrowheads indicate scramble miR-FAM/MT-Lips escape from endosomes. The nucleus, FAM-

labeled RNA, and endosome are represented in blue, green, and red, respectively.
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miR-10a causes macrophage M2 polarization and is currently being
investigated for the treatment of a variety of inflammatory disor-
ders.35,36 LPS is known to induce inflammatory responses by stimu-
lating the Toll-like receptor 4 (TLR4) of monocytes and macro-
phages.37 As seen in Figure 3A, we examined miR-10a/MT-Lip for
the M2 polarization of macrophages in vitro. The expression profiles
of M1- andM2-related markers were examined at the mRNA level af-
ter miR-10a/MT-Lip treatment in LPS-inducedM1macrophages. M1
666 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
markers remarkably increased in macrophages following LPS treat-
ment, whereas M2 markers decreased. IL-4, an anti-inflammatory
cytokine, was used as a control to induce M2 polarization in macro-
phages.37,38 Similar to IL-4, miR-10a/MT-Lip decreased the expres-
sion of M1 markers iNos and Socs3 and increased the expression of
M2 markers Arg1 and Mrc1 (Figures 3B and 3C). Western blotting
analyses demonstrated that miR-10a/MT-Lip treatment significantly
decreased the expression of M1 markers (p-p65, p65, and inducible
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nitric oxide synthase [iNOS]) in macrophages while increasing the
M2 markers (ARG1 and CD206), in agreement with the results at
the mRNA level (Figure 3D). Interestingly, 38.67% and 36.09% of
RAW264.7 cells treated with miR-10a/MT-Lip and IL-4 after the
LPS challenge remained in the M1 population, respectively
(Figures 3E and 3F), althoughmiR-10a/MT-Lip and IL-4 significantly
suppressed expression of M1 markers.

Macrophage-specific targeting of miR/MT-Lip to convert

macrophage polarization in vivo

We then examined the in vivo functionality of miR-10a/MT-Lip for
the M2 polarization of macrophages in mice conditioned with LPS
for inflammation (Figure 4). As shown in Figure 4A, mice were
treated with LPS to promote inflammation, followed by miR-10a/
MT-Lip given intravenously 12 and 24 h later. miR-10a/MT-Lip
doubled the proportion of M2-polarized macrophages without
changing the number of M1 macrophages in the spleen of LPS-in-
jected mice (Figure 4B). Although MT-Lip and scramble miRNA/
MT-Lip did not affect the macrophage polarity in CD45+F4/80+

splenic macrophages, miR-10a/MT-Lip effectively decreased the
M1/M2 ratio by increasing M2 macrophages from 12.8% to 25.9%
(Figure 4C). miR-10a/MT-Lip did not alter the population of other
immune cells, such as neutrophils, NK cells, T cells, B cells, or
dendritic cells (DCs), in the spleen (Figure 4D). To evaluate macro-
phage-specific targeting of our miR/MT-Lip in vivo among immune
cells, we analyzed splenocytes and peripheral bloodmononuclear cells
(PBMCs) after scramble miR-FAM/MT-Lip injection. Flow cytome-
try analysis revealed that the fluorescence signal of scramble miR-
FAM was immediately observed (1 h after injection), mainly in
splenic macrophages, and this signal became decreased with time
(Figure 4E). However, this signal was barely detected in splenic neu-
trophils, NK cells, T cells, B cells, DCs (Figure 4E), and PBMCs (Fig-
ure 4F). These results collectively suggest that miR-10a/MT-Lip spe-
cifically targets macrophages without disturbing other immune cells
in the mouse spleen with inflammation induced by LPS.

Evaluation of therapeutic efficacy ofmiR-10a/MT-Lip in amouse

model of AS

Finally, we evaluated the therapeutic effects of miR-10a/MT-Lip in
targeting macrophages to modulate their polarity in a mouse model
of AS characteristic of sterile inflammation and fibrosis.39 AS was
induced in the uterus by physical insults as described in our previous
study,39 and miR-10a/MT-Lip was administered intravenously 2, 4,
and 7 days afterward (Figure 5A). miR-10a/MT-Lip treatment effec-
tively decreased the M1/M2 ratio by increasing the M2 macrophage
population from 28.75% to 35.37% at 3 days after miR-10a/MT-Lip
Figure 3. M2 polarization of macrophages induced by miR-10a/MT-Lips

(A) Schematic illustration of in vitro experiment. (B) Changes in M1-and M2-related m

analyzed by reverse transcription PCR (RT-PCR). (C) Changes in M1- and M2-related

analyzed by real-time RT-PCR. Each bar represents the mean ± standard deviation of th

expression associated with miR-10a/MT-Lip treatment in RAW 264.7 cells analyzed by

M1, and M2 macrophages. Macrophages were labeled with M0 (F4/80+CD80�CD206�

(F) Bar graph of flow cytometry data from (E), i.e., proportions of macrophages polarize
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treatment (Figure 5B). To examine macrophage-specific targeting
of miR/MT-Lip in the damaged uterus with AS, major uterine
cells, including immune cells, were prepared and analyzed 1 and
6 h after the third delivery of scramble miR-FAM/MT-Lip. Flow cy-
tometry analyses of uterine cells showed that the fluorescence signal
of scramble miR-FAM at 1 h after delivery was mainly detected in
uterine macrophages, but not in uterine epithelial and stromal cells
and other immune cells (Figure 5C). The intensity of scramble
miR-FAM/MT-Lip further accumulated in uterine macrophages,
but not any other cell types, at 6 h after delivery.

miR-10a/MT-Lip treatment significantly reduced the expression of
M1 markers iNos and Socs3 while increasing the expression of M2
markers Arg1 andMrc1 in the uterus with AS (Figure 5D). Hydroxy-
proline assay showed that miR-10a/MT-Lip significantly reduced
collagen deposition, a representative feature of fibrosis, in the uterus
with AS (Figure 5E). Real-time reverse transcription PCR (RT-PCR)
analyses showed that miR-10a/MT-Lip therapy dramatically reduced
the expression of fibrosis-associated genes (Figure 5F) and increased
the expression of angiogenesis-related genes (Figure 5G) in the uterus
with AS. Immunofluorescence staining for collagen 1A1 (COL1A1), a
well-known fibrosis marker, clearly supported the notion that miR-
10a/MT-Lip therapy significantly reduces fibrosis in the damaged
uteri of mice with AS (Figure 5H). Furthermore, immunofluorescence
staining for CD31, an endothelial cell marker, and KI-67, a cell
proliferation marker, demonstrated that miR-10a/MT-Lip therapy
significantly increased angiogenesis in the damaged uterus with
AS (Figures 5H and 5I). These findings collectively suggest that
miR-10a/MT-Lip therapy successfully restored the imbalanced
M1/M2 ratio in the uteri of mice with AS, alleviating chronic inflam-
mation followed by fibrosis.

DISCUSSION
Macrophages found in various tissues become polarized in response
to changes in their environment, resulting in the formation of distinct
macrophage subtypes such as M1 and M2 macrophages.13 In partic-
ular, it is critical to enhance macrophage polarization to M2 to
treat inflammatory disorders.40,41 M2 polarization inducers must be
specifically delivered tomacrophages to efficiently generateM2 polar-
ization of macrophages in vivo. Effective delivery of drugs to macro-
phages has already been accomplished by using active targets with
targeting ligands or passive targets with particle size control.42–44

Although an active targeting technique based on targeting ligands
such as antibodies or mannose has been developed,45–47 a conjugation
process between the targeting ligand and the particle is necessary, as is
purification. The strategy of targeting macrophages via particle size
RNA expression associated with miR-10a/MT-Lip treatment in RAW 264.7 cells

mRNA expression associated with miR-10a/MT-Lip treatment in RAW 264.7 cells

ree independent experiments. *p < 0.05. (D) Changes in M1- and M2-related protein

western blotting. (E) Flow cytometry histogram for evaluating the population of M0,

), M1 (F4/80+CD80+), and M2 (F4/80+CD206+) markers for flow cytometry analysis.

d to M1 or M2 after miR-10a/MT-Lip treatment.



Figure 4. M2 polarization of macrophages by miR-10a/MT-Lips in vivo

(A) Schematic illustration of in vivo experiment. Figure was created with BioRender.com. (B) Flow cytometry histogram for population evaluation of M0, M1, and M2

macrophages in vivo. Macrophages were isolated from the spleen and labeled with M0 (F4/80+CD80�CD206�), M1 (F4/80+CD80+), and M2 (F4/80+CD206+) markers for

flow cytometry analysis. (C) Bar graph of flow cytometry data from (B), i.e., proportions ofmacrophages polarized toM1 orM2 in vivo after miR-10a/MT-Lip treatment. (D) Flow

cytometry histograms evaluate changes in populations of various immune cell types associated with miR-10a/MT-Lip treatment in vivo. (E and F) Flow cytometry analysis of

scramble miR-FAM/MT-Lip distribution following intravenous delivery in mice. Immune cells in the spleen (E) and peripheral blood mononuclear cells (F) were analyzed 1 and

6 h after intravenous delivery of scramble miR-FAM/MT-Lips. The mean fluorescent intensity of scramble miR-FAM in each immune cell population is shown in the graph.
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control has the process advantage of reasonably straightforward
production. It is well established that macrophages identify and
phagocytose particles larger than 500 nm in size.29,30 By carefully
regulating the cholesterol level throughout the liposome synthesis
process, we were able to successfully construct MT-Lip with a diam-
eter of approximately 1 mm; this size-delimited MT-Lip was well
internalized by macrophages.

This study employed miR-10a, which is known to induce macrophage
M2 polarization.35 Previous investigations have shown that miR-10a
blocks the pro-inflammatory nuclear factor kB (NF-kB) pathway.48–50

However, naked miRNA has limitations: poor stability in vivo and dif-
ficulty in specifying delivery solely to macrophages. Internalization of
miR-10a intomacrophages was promoted in this study using liposomes
with controlled particle size. The cholesterol ratio was tuned to control
the particle size of the liposome. As illustrated in Figure 1A, the particle
size increased dependent on the cholesterol content. PEI, a cationic
polymer, was employed to efficiently encapsulate miR-10a in MT-Lip.
Cationic PEI created an electrostatic combination with anionic miR-
10a, enhancing the encapsulation efficacy (Figure S1). Although the
PEI-miR-10a complex was cytotoxic when unencapsulated (Figure S1),
it was non-toxic when encapsulated in MT-Lip (Figure 1G). The cyto-
toxicity of PEI-miR-10a is thought to be due to cell membrane damage
caused by the cationic-charged polyplex.51–53 However, effective
toxicity is reduced by the anionic lipid’s masking of the positive charge
of the PEI/miRNA encapsulated in the liposome, implying the biocom-
patibility of MT-Lip and miRNA/MT-Lip. As shown in Figure 2,
scramble miR-FAM/MT-Lip particles were internalized by macro-
phages via phagocytosis or macropinocytosis, presumably because of
scramble miR-FAM/MT-Lip’s relatively large size of �1 mm.29,30

Our miR-10a/MT-Lip particles systemically reduced theM1/M2 ratio
of splenic macrophages without provoking other immune cells in vivo
(Figure 4). Furthermore, miR-10a/MT-Lip efficiently repolarized
LPS-driven M1 phenotypes in macrophages in vitro at a level compa-
rable with the key anti-inflammatory cytokine IL-4 (Figure 3). This
finding suggests the macrophage specificity of MT-Lip. However,
DCs differentiated frommonocytes encounter phagocytosed antigens
or pathogen-like macrophages in peripheral tissues.54 Considering
the similar phagocytic activities between macrophages and DCs, it
is important to mention that DCs in the spleen after the LPS challenge
Figure 5. Evaluation of therapeutic efficacy of miR-10a/MT-Lips in a mouse m

(A) Schematic illustration of in vivo therapeutic experiment using miR-10a/MT-Lips. Fig

evaluation of M0, M1, and M2 macrophages in vivo. Macrophages were isolated from th

(F4/80+CD206+) markers for flow cytometry analysis at 3 days after miR-10a/MT-Lip

following intravenous delivery in mice. Immune and uterine cells were analyzed 1 and 6

intensity of scramble miR-FAM in each immune cell population is shown in the graph. (D)

miR-10a/MT-Lip treatment as analyzed by real-time RT-PCR. iNos and Socs3 are inv

macrophage M2 polarization. (E) Hydroxyproline content after miR-10a/MT-Lip treatm

treatment-associated changes in expression of fibrosis-related mRNAs in the uterus with

RT-PCR of angiogenesis-related genes, such as Hif1a, Vegf-a, and Ang-1, after miR-1

independent experiments. *p < 0.05. (H) Histological changes in the endometrium ass

performed by hematoxylin and eosin (H&E) staining and COL1A1, CD31, and KI-67 imm

(red nuclei). (I) Quantification of results in (H). GE, glandular epithelium; LE, luminal epit
(Figure 4E) and in the uterus with AS (Figure 5C) did not internalize
scramble miR-FAM/MT-Lip as efficiently as macrophages. The func-
tional difference between both immune cells in this study could be
caused by two different functional states of DCs, immature and
mature.55 Immature DCs actively internalize antigens, but once
immature DCs become mature under stimulation by inflammatory
and pathogenic signals, they decrease phagocytic capacity and upre-
gulate expression of MHC class II.56 Because the spleen (in Figure 4)
and uterus (in Figure 5) were challenged by LPS and physical trauma,
respectively, we assume that DCs in the spleen and uterus faced in-
flammatory signals from LPS and AS so that they became mature
in these conditions. It is consistent with the result that immature
DCs derived from bone marrow internalize scramble miR-FAM/
MT-Lip as efficiently as RAW 264.7 cells (Figure S6). These data sug-
gest that macrophage-specific targeting with various carriers,
including liposomes and NPs, may constitute an effective strategy
for treating diseases in preclinical animal models.57 Taken together,
this approach may significantly benefit patients suffering from in-
flammatory diseases in future clinical applications of this technology.
However, the safety and delivery mechanisms of macrophage-specific
carriers should be clearly evaluated before human clinical trials.

Proinflammatory M1 macrophages exacerbate the pro-fibrotic pro-
cess in inflamed tissues.58 In this circumstance, M1macrophages acti-
vate myofibroblasts by releasing matrix metalloproteinases (MMPs)
that promote epithelial/endothelial-to-mesenchymal transition
(EMT) and fibroblast recruitment for fibrosis. In contrast, M2macro-
phages contribute to an anti-inflammatory environment and promote
the healing and regeneration of wounds.59 In this point of view, M2
macrophages become a friend to support tissue-repair processes.
However, when the insult is not properly controlled, M2 macro-
phages could act as an enemy for tissue homeostasis. Excessive M2
macrophage in theM1/M2 ratio promotes a pro-fibrotic environment
by producing a large amount of pro-fibrotic factors, such as trans-
forming growth factor b (TGF-b), that promote myofibroblast prolif-
eration, EMT activation, and collagen deposition.60,61M2 represents a
breakpoint between wound healing and aggravation of the profibrotic
process depending onmicroenvironments.62 Whereas a persistent in-
flammatory environment pushed the M1/M2 ratio to an M1-biased
condition in the uterus with AS (Figure 5), excessive profibrotic M2
macrophages (reduced M1/M2 ratio) caused fibrosis in mouse lung
odel of Asherman’s syndrome (AS)

ure was created with BioRender.com. (B) Flow cytometry histogram for population
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treated with bleomycin where M2-to-M1 conversion is required to
mitigate fibrosis.63,64 Therefore, M1 macrophage-directed regulation
of inflammation and timely polarization toward regenerative M2
macrophages are essential to accomplish successful tissue repair.

Macrophages could be a key player in uterine regeneration under
physiological and pathological conditions. Macrophages are likely to
play a key role during menstruation, which requires tissue clearance
and regeneration for the next cycle. These processes reach their peak
at 6%–15% of all cells within the endometrium during the menstrual
period following progesterone withdrawal.65 In the endometrium of
patients with AS, not only the total macrophage count but also the
M2macrophage count significantly decreased in the endometria of pa-
tients with AS, possibly because of the down-regulation of Colony
stimulating factor 1 (CSF1), which is critical for macrophage differen-
tiation.66 Furthermore, the M2 macrophage secretome promotes the
proliferation andmigration of endometrial epithelial cells in vitro, sug-
gesting the possibility of macrophage modulation as a therapeutic op-
tion for AS. In mice with AS, miR-10a/MT-Lip treatment not only
considerably elevated the expression of M2 markers (Figure 5D) but
also significantly reduced the expression of fibrosis-related genes
andfibrotic regions in the uterus (Figures 5E, 5F, and 5H). It is believed
that miR-10a/MT-Lip facilitates the M1-to-M2 polarization conver-
sion of macrophages, alleviating sterile inflammation and thus
reducing uterine fibrosis. M2 macrophage transfer regulates the
TGF-b/Smad7 pathway to reduce renal injury, viral myocarditis,
and acute nephritis. These connections indicate thatM2macrophages
have a protective role in tissue recovery, and that M2 macrophage
transplantation can serve as potential cell therapy in disease treat-
ment.67 Thus,M2macrophages repolarized bymiR-10a/Lip treatment
in this study may have therapeutic potential in recovery from uterine
fibrosis. Although amiRNAwas used in this work tomodulatemacro-
phage polarization, our treatment concept could be extended in the
future by using mRNA-based therapeutics. Additionally, by devel-
oping the scope of knowledge gained in this work to include various
polymers or inorganic nanoparticles, as well as lipid nanoparticles, it
may be possible to use this platform in the targeted treatment and im-
aging of macrophages. This platform technology is likely to be used to
treat various inflammatory illnesses in the future, including IBD. The
MT-Lip technology developed in this study is expandable to macro-
phage-targeting drug-delivery platforms encapsulated with miRNA
and other nucleic acid therapeutics and chemical drugs.

MATERIALS AND METHODS
Materials

All reagents and solventswere obtained commercially andusedwithout
further purification. Phosphatidylcholine, cholesterol, ethanol, PEI
(branched, 25 kDa), NileRed, CytoD, amiloride hydrochloride hydrate
(amiloride), CPZ,MbCD, dynasore hydrate (dynasore), Tween 20, and
Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Chloroform was purchased from Daejung (Siheung, Republic
of Korea). Fluorescein-labeled negative control miRNA (scramble
miR-FAM, Negative control) and 10a mimic miRNA (miR-10a,
50-UACCCUGUAGAUCCGAAUUUGUG-30) were purchased from
672 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
BIONEER (Daejeon, Republic of Korea). Dulbecco’s modified Eagle’s
medium (DMEM), antibiotics (penicillin/streptomycin), Dulbecco’s
phosphate-buffered saline (PBS; DPBS), and trypsin-EDTA solution
(trypsin, 1X) were obtained from Hyclone (Logan, UT, USA). PBS
(1X, pH 7.4) and fetal bovine serum (FBS) were obtained from Gibco
BRL (Invitrogen, Carlsbad, CA, USA). A D-Plus CCK cell viability
assay kit (CCK-8)was purchased fromDonginbiotech (Seoul, Republic
of Korea). Protein block serumwas purchased fromDako (Carpinteria,
CA, USA). BSA and DAPI were obtained from Thermo (Rockford, IL,
USA). 4% paraformaldehyde (PFA) was obtained from BioPrince
(Gangwon, Republic of Korea). TRIzol reagent was obtained from
Ambion (Carlsbad, CA, USA). Moloney Murine Leukemia Virus
(M-MLV) reverse transcriptase was obtained fromPromega (Madison,
WI, USA). SYBR Green Dye, TBS, skimmed milk powder, nitrocellu-
lose membrane, and an enhanced chemiluminescence (ECL) western
blotting substrate kit were obtained from Bio-Rad (Waltham, MA,
USA). PRO-PREP was obtained from iNtRON (Seongnam, Republic
of Korea). A phosphatase inhibitor was purchased fromRocheApplied
Science (Indianapolis, IN, USA).

Preparation of MT-Lip

In a round-bottom flask, phosphatidylcholine 710 mL (1 mg/mL in
ethanol) and cholesterol were mixed at various weight ratios (160:3,
160:12, and 160:24) in ethanol (2 mL). After dispersion, the solvent
was completely removed using a vacuum rotary evaporator, forming
a thin, uniform translucent film on the flask walls. PBS (2 mL) was
added to the flask to dissolve the film. The liposomal suspension
was sonicated in a water bath for 6 min and hydrated using a rotary
evaporator for 2 h. Liposomes were pelleted by centrifuging at 4�C
and 8,000 rpm for 20 min. The supernatant was decanted, and the li-
posomes were redispersed in PBS (2 mL). This process was repeated
twice, finally yielding MT-Lip.

Gel retardation assay

Electrophoresis was used to determine the ability of miRNA and PEI
to form electrostatic complexes. PEI-miRNA complexes produced at
various N/P ratios were mixed with 6� loading buffer and electro-
phoresed on a 1% agarose gel. Chemi-doc was used to photograph
the gel (Chemi Doc MP System; Bio-Rad, Hercules, CA, USA).

In vitro cytotoxicity test

Cells were seeded at 2.5 � 105 cells/well to evaluate cytotoxicity in
12-well plates. PEI-miRNA complexes (mass of RNA: 1 mg) were
incubated with cells for 4 h at various N/P ratios. Cells were then
rinsed with DPBS and incubated for 2 h at 37�C in serum-free media
containing 10% CCK-8 solution (Dojindo, Tokyo, Japan). The absor-
bance at 450 nm was determined using a microplate reader (Synergy
H1 Microplate Reader; BioTek).

Preparation of miR/MT-Lip

For miRNA encapsulation in MT-Lip, a complex of PEI and miRNA
(PEI-miRNA) was prepared as follows. miRNA and solutions of
PEI in distilled water were mixed gently by pipetting at room
temperature, resulting in various N/P ratios (0, 0.1, 0.5, 1, 5, 10,
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and 20). PEI-miRNA was added to MT-Lip to achieve final miRNA
and lipid weights of 1 mg and 2 mg, respectively. After five rapid
freeze-thaw cycles, the mixture was pelleted by centrifuging at
4�C and 8,000 rpm for 35 min. The supernatant was decanted, and
liposomes were redispersed in PBS (100 mL). The centrifugation
and decantation processes were repeated once. Finally, miRNA/
MT-Lip (120 pmol miRNA/MT-Lip) was stored at 4�C for subse-
quent use.

Evaluation of immune cell profiles and general toxicity after

intravenous delivery of miR/MT-Lip

Whole blood was withdrawn 24 h after intravenous delivery of saline
or miR-10a/MT-Lip into mice. As described previously, immune cell
profiles and general toxicity were immediately evaluated in these
blood samples.39

Measurement of miRNA encapsulation efficiency in MT-Lip

The fluorescence intensity of encapsulated scramble miR-FAM in
scramble miR-FAM/MT-Lip was evaluated using a microplate reader
set to excitation = 500 nm and emission = 560 nm. The encapsulation
efficiency of miRNA inMT-Lip was calculated based on themeasured
fluorescence intensity.

Characterization of MT-Lip

MT-Lip particle size distribution and zeta potential were determined
by Dynamic Light Scattering (DLS) (Zetasizer Nano ZS; Malvern In-
struments, Malvern City, UK). MT-Lip particle size was measured us-
ing a disposable plastic cuvette with an equilibration time of 1 min.
After completion of the size measurement, the zeta potential was
measured using a zeta cuvette with an equilibration time of 1 min.
The morphology of miR-10a/MT-Lip was observed by scanning elec-
tron microscopy (SEM; Hitachi, Chiyoda, Tokyo, Japan) and trans-
mission electron microscopy (TEM; H-7600, Hitachi). For TEM
observation, negative staining was performed with a 2% uranyl ace-
tate solution.

Cell culture

Cell lines (human embryonic kidney cells, HEK293T; murine macro-
phage cells, RAW 264.7) were used for experiments. Cells were main-
tained with culture media made of DMEM (Hyclone) containing 10%
FBS (Gibco) or 1% penicillin/streptomycin (DMEM; Hyclone) incu-
bated at 37�C under a 5% CO2 atmosphere. The DC2.4 cells, mouse
DC line, were cultured in RPMI 1640 medium supplemented with
10% FBS (Gibco) and 1% penicillin/streptomycin (Hyclone) incu-
bated at 37�C under a 5% CO2 atmosphere.68

Isolation of bone marrow cells

Bone marrow cells were isolated from tibias and femurs of C57BL/6
male mice. Cells were collected in a 5-mL round-bottom tube with
a cell strainer cap (Falcon, San Jose, CA, USA) via flushing the
bone marrow with DPBS added to 2% FBS (Gibco). Cells were centri-
fuged at 500� g, washed with DPBS added to 2% FBS, and incubated
with red blood cell (RBC) lysis solution (BioLegend, San Diego, CA,
USA) for 5 min at 4�C. After being washed with DPBS added to 2%
FBS, collected cells were seeded for 7 days with 25 ng/mLmacrophage
colony stimulating factor (M-CSF; PeproTech, Rocky Hill, NJ, USA)
into RPMI medium (Gibco) supplemented with 10% FBS and 1%
penicillin/streptomycin (DMEM; Hyclone) incubated at 37�C under
a 5% CO2 atmosphere. The attached cells are macrophages, and the
supernatant cells are DCs. The rate of differentiation to macrophage
was analyzed by staining CD45, CD11b, and F4/80, and DCs were
analyzed by staining CD11c.69

Cellular uptake

Cells were seeded at 1� 106 cells/well in six-well plates in culture me-
dia. To confirm uptake according to liposome size, MT-Lip samples
were stained with NileRed. The MT-Lip or scramble miR-FAM/
MT-Lip was treated with cells at a concentration of 2 mg/mL for 4
h. After treatment, cells were washed with DPBS (Hyclone) before
a DMEM change. After 24 h, the cellular internalization of MT-
Lip was visualized by fluorescence microscopy (ECLIPSE Ti2-A;
Nikon).

Flow cytometry

For flow cytometry analysis on a Beckman Coulter Flow Cytometer
with CyExpert software (Beckman Coulter, Brea, CA, USA), cells
were detached with 0.25% trypsin and centrifuged at 500 � g for
5 min at 4�C. The supernatant was removed, and the cell pellet was
resuspended with 0.1% BSA (Thermo) in 1� DPBS (Hyclone) three
times. The data represent the mean fluorescent signals from 30,000
cells. Antibodies used for flow cytometry are shown in Table S1.

Inhibition of endocytosis

To inhibit the endocytosis pathway, we used five different pharmacolog-
ical inhibitors: 20 mM CytoD (an inhibitor of phagocytosis; Sigma-
Aldrich), 50 mM amiloride (an inhibitor of macropinocytosis;
Sigma-Aldrich), 10 mM CPZ (an inhibitor for clathrin-coated vesicles;
Sigma-Aldrich), 100 mM methyl-b-cyclodextrin (MbCD; an inhibitor
for the formation of caveolin-coated vesicles; Sigma-Aldrich), and
50 mM dynasore (an inhibitor for the scission of clathrin- and caveo-
lin-coated vesicles; Sigma-Aldrich). Each inhibitor was pretreated in
RAW264.7 for 1 h before incubation with liposomes for 4 h in the pres-
enceof inhibitors.After treatment, the cellular internalizationofMT-Lip
was measured by flow cytometry.

Immunofluorescence staining

RAW 264.7 was fixed in 4% PFA (BioPrince) for 15 min and permea-
bilized for 15 min in 0.2% Triton X-100 (Sigma-Aldrich) in PBS
(Gibco). After three washings, non-specific staining was blocked us-
ing protein block serum for 1 h. Cells were then incubated with appro-
priate primary antibodies overnight at 4�C. The following day, cells
were incubated with a secondary antibody for 1 h at room tempera-
ture. After three washings in PBS (Gibco), cells were counter-stained
for nuclei with DAPI (1:1,000; Thermo) for 10 min andmounted. Im-
ages were obtained using a confocal microscope (Zeiss LSM880; Carl
Zeiss, Oberkochen, Germany) and analyzed using the accompanying
software (ZEN, Carl Zeiss). The detailed information for primary and
secondary antibodies is summarized in Table S1.
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RNA preparation, RT-PCR, and real-time RT-PCR

According to the manufacturer’s protocols, total RNA was extracted
from the RAW 264.7 using TRIzol reagent (Ambion). One microgram
of total cellular RNA was subjected to RT using M-MLV (Promega)
reverse transcriptase with random primers and oligo dT for cDNA syn-
thesis. Synthesized cDNAwasused forPCRwith specific gene primers at
appropriate cycle numbers and annealing temperatures (Table S2). The
PCR products were subjected to electrophoresis. For quantification of
expression levels, real-time RT-PCR was performed using SYBR Green
Dye (Bio-Rad). A standard curve of cycle thresholds for several serial di-
lutions of a cDNA sample was established and used to calculate each
gene’s relative abundance to compare transcript levels among samples.
Values were then normalized to the relative amounts of rPL7 cDNA.
All PCRs were performed in duplicate.

Western blotting

RAW 264.7 was lysed in a lysis buffer of PRO-PREP (iNtRON) solu-
tion and 1� phosphatase inhibitor (Roche Applied Science). The pro-
tein samples (10–20 mg/lane) were then separated by 8%–15% SDS-
PAGE, transferred onto a nitrocellulose membrane (Bio-Rad), and
blocked with 5% skim milk (Bio-Rad) in TBS (Bio-Rad) containing
0.1% Tween 20 (Sigma-Aldrich). After blocking, membranes were
subjected to western blotting with appropriate primary antibodies
overnight at 4�C. The following day, membranes were incubated
with a secondary antibody in 5% skim milk for 1 h at room tempera-
ture. The signals were developed using an ECL western blotting sub-
strate kit (Bio-Rad) and detected using Chemi-doc XRS+ (Bio-Rad)
with Image Lab 5.2 software (Bio-Rad). The detailed information for
primary and secondary antibodies is summarized in Table S1.

Lipopolysaccharide (LPS)-induced in vivo inflammation model

According to institutional guidelines for laboratory animals, all mice
used in this study were housed in the Animal Care Facility of CHA
University. This study was approved by the Institutional Animal
Care and Use Committee (approval number 200159). Eight-week-
old C57BL/6 female mice were provided by Orient Bio (Gapyeong,
Gyeonggi, Republic of Korea), housed under temperature- and
light-controlled conditions for 12 h daily, and fed ad libitum. Mice
received a single dose of LPS (5 mg/kg) by intraperitoneal injection.
At 12 and 24 h after LPS administration, MT-Lip with or without
miRNA was injected intravenously.

Isolation of splenic immune cells

The spleen was smashed and ground between the rough sides of
frosted glass slides and then treated with 1 mL of an enzyme cocktail
containing Collagenase D (Sigma-Aldrich), DNase I (Sigma-Aldrich),
and Dispase (Gibco) in HBSS (Gibco) containing 2% FBS (Gibco).
Cell suspensions were passed through a 100-mm nylon cell strainer
(Invitrogen), followed by resuspension of the cells. For lysis of
RBCs (BioLegend), cells were incubated with 1 mL of RBC lysis buffer
(BioLegend) for 2min, washed with washing buffer (with 0.1% BSA in
1� DPBS), and centrifuged at 500 � g for 5 min at 4�C. The super-
natant was removed, and the cell pellet was resuspended with washing
buffer three times. The cells were treated with fluorochrome-conju-
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gated rat anti-mouse antibodies for 30 min at room temperature.
Flow cytometry was used to examine cells after rinsing in washing
buffer. Table S1 lists the antibodies used in flow cytometry.

Experimentally induced murine model of AS

As previously reported,39 8-week-old ICR female mice (Orient Bio)
were utilized to create a mouse model of AS. Following an intraperi-
toneal injection of 240 mg/kg Avertin, a vertical incision in the
abdominal wall was made to expose the uterus. At the utero-tubal
junction, a small incision was created in each uterine horn, and
each horn was traumatized in a standardized manner using a 27G
needle (Korea vaccine, Ansan, Republic of Korea) entering through
the lumen, rotated, and withdrawn 10 times.

Isolation of uterine cells

Uteri were dissected, minced into small pieces, and incubated in
HBSS (Thermo) that contained Dispase and pancreatin for 1 h
at 4�C and 1 h at room temperature. Tissues were incubated at
37�C for 10 min, then the supernatant (the epithelial cell-rich frac-
tion) was collected. The remaining stromal cell-rich pellet was
then digested with collagenase after filtration through a 70-mm
nylon mesh. The cells were treated with fluorochrome-conjugated
antibodies for 30 min at room temperature. Flow cytometry was
used to examine cells after rinsing in washing buffer.

Hematoxylin and eosin staining

The uterus was dissected and then fixed in 4% PFA (BioPrince)
for histology. After tissues were washed and dehydrated, they
were embedded in paraplast (Leica Biosystems, Wetzlar, Germany).
Paraffin-embedded tissues were sectioned using a microtome, stained
with hematoxylin and eosin (H&E; Sigma-Aldrich), and observed by
light microscopy (Carl Zeiss).

Hydroxyproline assay

The uterine tissues� (100mg)were homogenized and added to 100mL
of 6 N concentrated NaOH. Tissue homogenate was heated at 120�C
for 3 h for alkaline hydrolysis. The vial was allowed to cool briefly and
then added to 100 mL of 6 N concentrated HCl to neutralize residual
NaOH. The vial was centrifuged at 10,000� g for 5 min, and superna-
tant was transferred to a new tube. The samples (20 mL) were prepared
in a 96-well plate and incubated at 60�C for overnight. A total of
100 mL of citrate/acetate buffer was added at room temperature for
20 min and added to 100 mL of Ehrlich’s solution at 60�C for
20 min. Absorbance was measured at optical density (OD) 560 nm
on a microplate reader.

Statistical analysis

All values are reported as mean ± standard deviation (SD). For
comparisons between two groups, the Mann-Whitney U test was
used; for comparisons between more than two groups, the
Kruskal-Wallis ANOVA test was used. A p value less than 0.05
was judged statistically significant. Statistical analysis was per-
formed using GraphPad Prism v.8 software (GraphPad Software,
La Jolla, CA, USA).
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