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The differentiation shift from osteogenesis to adipogenesis of bone marrow mesenchymal stem cells (BMSCs)
characterizes many pathological bone loss conditions. Stromal cell-derived factor-1 (SDF1) is highly enriched in
the bone marrow for C-X-C motif chemokine receptor 4 (CXCR4)-positive hematopoietic stem cell (HSC) homing
and tumor bone metastasis. In this study, we displayed CXCR4 on the surface of exosomes derived from
genetically engineered NIH-3T3 cells. CXCR4 " exosomes selectively accumulated in the bone marrow. Then, we
fused CXCR4" exosomes with liposomes carrying antagomir-188 to produce hybrid nanoparticles (NPs). The

hybrid NPs specifically gathered in the bone marrow and released antagomir-188, which promoted osteogenesis
and inhibited adipogenesis of BMSCs and thereby reversed age-related trabecular bone loss and decreased
cortical bone porosity in mice. Taken together, this study presents a novel way to obtain bone-targeted exosomes
via surface display of CXCR4 and a promising anabolic therapeutic approach for age-related bone loss.

1. Introduction

Bone marrow mesenchymal stem cells (BMSCs), the progenitors of
bone marrow adipocytes and osteoblasts, constitute niches of hemato-
poiesis in the bone marrow [1]. Under various pathological conditions,
BMSCs shift from osteogenesis to adipogenesis with impaired bone
formation and increased adipocytes accumulation in the bone marrow
[2-4]. To inhibit adipogenic differentiation and promote osteogenic
differentiation and bone formation from BMSCs have been explored as a
promising therapeutic option for bone loss diseases [5-9].

Multiple microRNAs (miRNAs/miRs) have been identified to regu-
late the differentiation fate of BMSCs [10,11]. MiR-188, which is
remarkably increased with aging, significantly promotes adipogenesis
and inhibits osteogenesis of BMSCs. Knockdown of miR-188 reversed the
age-related BMSC adipogenic differentiation shift and ameliorated bone
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loss in aged mice [12].

RNA interference (RNAi) that regulates gene expression in a highly
precise manner, could be theoretically used to target any pathogenic
gene of interest [13-15]. To target mir-188 could serve as a treatment to
promote bone formation. However, systemic administration of large
doses of siRNA that need to stimulate bone formation could have
adverse effects in non-skeletal tissues [16]. Several bone targeting de-
livery systems have been reported. Dioleoyl trimethylammonium pro-
pane (DOTAP)-based cationic liposomes attached to six repetitive
sequences of aspartate, serine, serine ((AspSerSer)6) could deliver siR-
NAs specifically to bone-formation surfaces [17]. CH6
aptamer-functionalized lipid nanoparticles (LNPs) encapsulating osteo-
genic pleckstrin homology domain-containing family O member 1
(Plekhol) siRNA (CH6-LNPs-siRNA) nuclear acid aptamers could facil-
itate osteoblast selective uptake of Plekhol siRNA [18]. Despite the
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Fig. 1. Characterization of CXCR4" exosomes. A) Schematic illustration of exosome-guided miRNA blocking. B) Schematic illustration of CXCR4" exosomes con-
struction. C) CXCR4 expression levels in NIH-3T3 cells (3T3) and CXCR4-expressing NIH-3T3 cells (3T3-R4) determined by RT-qPCR (p < 0.0001). D) Western
blotting results of exosome markers (Tsg101, CD9, and CD63) and CXCR4 in 3T3-R4 exosomes. E) TEM results showing the classical bilayer structure (black arrow) of
CXCR4" exosomes (scale bar = 100 nm). F) NTA results demonstrating the size distribution of CXCR4" exosomes.

effects, the toxicity of nanomaterials remains a challenge. For nano-
particles could result in both physical and chemical damages to cells
[19]. Therefore, biologically friendly bone targeting delivery systems
with high targeting and delivery efficiency and a wide source and easy
acquisition are worth further exploring.

Exosomes (EXOs) are lipid bilayer extracellular vesicles with a
diameter range of 40-160 nm [20]. As naturally derived nanocarriers,
exosomes show intriguing potential in drug delivery, with low
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biotoxicity and high barrier penetrating capacity [21,22]. To improve
their cell targeting properties, the surface display of signal regulatory
molecules has been reported [23]. For example, CD47-expressing exo-
somes from genetically engineered fibroblasts could achieve targeted
accumulation in tumors by binding to the signal regulatory protein
alpha receptor (SIRPa) [24,25]. To overcome the encapsulating prob-
lems, an exosome-liposome hybrid delivery system was introduced by
Lin et al. [26], which was capable of delivering large plasmids in vitro.
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The hybrid NPs could edit genes by the encapsulated CRISP/Cas 9 sys-
tems, indicating the excellent biocompatibility and medicinal potential
of exosome-liposome hybrid NPs.

Stromal cell-derived factor 1 (SDF1), also known as C-X-C motif
chemokine 12, acts as the ligand for C-X-C motif chemokine receptor 4
(CXCR4) and is predominantly expressed by BMSCs [27]. SDF1 consti-
tutes niches of hematopoietic stem cells (HSCs) and regulates hemato-
poiesis [28]. The high levels of SDF1 in bone marrow recruits CXCR4™
peripheral HSC homing and promotes bone metastasis of several
CXCR4™" tumor cells [29]. For example, breast cancers that highly ex-
press CXCR4 tend to seed in SDF1-rich environments like the bone
marrow. Thus, blocking CXCR4 could either increase peripheral HSCs or
block tumor bone metastasis [30,31]. Considering the critical role of the
CXCR4-SDF1 axis in chemotaxis behavior, we assume that
CXCR4-positive exosomes could be recruited to the bone marrow.

Based on the aforementioned evidence and our previous work on
bone-targeting exosomes [32], we constructed genetically engineered
NIH-3T3 cells that highly expressed CXCR4. We then collected the
exosomes and demonstrated that the CXCR4 receptor was displayed on
their surface, and fused them with liposomes carrying antagomir-188 to
obtain hybrid NPs with both bone-targeting and anti-miR-188 capac-
ities. We showed a specific bone gathering of the hybrid NPs, which
significantly reversed age-related trabecular bone loss and decreased
cortical bone porosity by inhibiting adipogenesis and promoting osteo-
genesis of BMSCs in aged mice. This study provides a novel strategy for
constructing bone-targeted NPs for RNAi delivery as an anabolic therapy
for aged bone loss (Fig. 1A).

2. Materials and methods
2.1. Cell culture

NIH-3T3 cells were purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China), and cultured in high glucose
Dulbecco’s Modified Eagle’s Medium supplemented with 10% (v/v)
fetal bovine serum (FBS) and 100 pg mL™! penicillin-streptomycin
(Gibco, Waltham, MA, USA) at 37 °C in a 5% CO, humidified incu-
bator. The cells were mycoplasma-free and passaged at 80-90%
confluence.

2.2. Real-time quantitative polymerase chain reaction (RT-qPCR)

For CXCR4 transfection, total RNA from the cultured cells was
extracted using a TRIzol regent kit (Invitrogen, Carlsbad, CA, USA), and
normalized to an internal RNA reference control. Quantification was
performed using a one-step RT-qPCR kit with a Roche PCR system
(Basel, Switzerland). The primers used for this analysis were as follows:
CXCR4, forward: 5'-GACTGGCATAGTCGGCAATGGA-3' and reverse: 5'-
CAAAGAGGAGGTCAGCCACTGA-3'; GAPDH, forward: 5'-CATCACTGC-
CACCCAGAAGACTG-3' and reverse: 5-ATGCCAGTGAGCTTCCCGTT-
CAG-3'; Sp7, forward: 5'-ACCAGGTCCAGGCAACAC-3’ and reverse: 5'-
GCAAAGTCAGATGGGTAAGTAG-3’; Bglap, forward: 5-TGAGGAC-
CATCTTTCTGCTCACT-3' and reverse: 5'-GGCATCTGTGAGGTCAGA-
GAGA-3'; Ppary, forward: 5-GGGATCAGCTCCGTGGATCT-3' and
reverse: 5'-TGCACTTTGGTACTCTTGAAGTT-3’; Fabp4, forward: 5'-
AAATCACCGCAGACGACA-3' and reverse: 5-CACATTCCACCAC-
CAGCT-3'; Mice were treated with hybrid NPs, antagomir-negative
control (NC), and hybrid NPs + antagomir-188 for two weeks (n =
12). BMSCs were sorted by flow cytometry. The antibodies used were
Sca-1 (108108; BioLegend, San Diego, CA, USA), CD29 (102206; Bio-
Legend), CD45 (103132; BioLegend), and CD11b (101226; BioLegend).
The primers used for this experiment were as follows: mir-188, forward:
5'-GCCGCCATCCCTTGCATG-3' and reverse: 5'-CCAGTGCAGGGTCC-
GAGGTA-3’; U6, forward: 5'-CTCGCTTCGGCAGCACA-3' and reverse: 5'-
AACGCTTCACGAATTTGCGT-3'.
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2.3. Exosome isolation

Exosome-depleted FBS was prepared from original FBS by ultracen-
trifugation at 110000 x g for 70 min. When the cells reached nearly 75%
confluence, they were treated with exosome-free medium for 24-48 h
before the supernatant harvest. Non-adherent cells and debris in the
culture medium were removed by centrifugation at 2000 rpm for 5 min,
and organelle and diminutive debris were purged by high-speed
centrifugation at 10,000xg for 60 min. The final supernatant was
ultracentrifuged at 110,000xg for 70 min, resuspended in PBS buffer
and the ultracentrifugation process was repeated once again. Exosomes
were stored at —80 °C no more than 30 days before use or further
detection.

2.4. Biophotonic imaging analysis

Six-week-old Balb/c male mice were purchased from Slack Labora-
tory Animal Corp. (Shanghai, China), and all animal experiments were
approved by the Ethics Committee of Changhai Hospital. For the in vivo
tracking process, exosomes with or without cyanine 5 (Cy5) labeling
were intravenously injected through the tail vein of mice. For the
tracking process of hybrid NPs, a Cy5-labeled miRNA analogue was used
instead of the dye itself. We set a concentration gradient to determine
the optimal ratio of exosomes and liposomes; 1:4 stands for 200 pg
protein equivalent exosomes versus 4 mg of liposome in 1 mL PBS, 1:1
implies 200 pg protein equivalent exosomes versus 1 mg of liposome in
1 mL PBS, and 4:1 represents 800 jig protein equivalent exosomes versus
1 mg of liposome in 1 mL PBS. Animals were sacrificed 4 h after injec-
tion, and relevant organs were harvested. Finally, fluorescence imaging
of the distribution was performed on a Quickview 3000 system (Bio-Real
Sciences, Salzburg, Austria).

2.5. Liposome and hybrid NPs synthesis

1,2-dioleoyl-3-trimethylammonium-propane (890890; Avanti Polar
Lipids, Alabaster, AL, USA) and cholesterol were dissolved in chloroform
at a molar ratio of 1:1, and the vacuum rotatory evaporator was used for
the concentration. The lipid layer was washed with RNase-free water
and scattered by sonication for the extrusion assay. Exosomes (200 ug
protein equivalent) and liposomes (100 pL of 10 mM concentration)
were added into RNase-free water, filled to 1 mL and extruded 20 cycles
through a 100 pm polycarbonate membrane (610005; Avanti Polar
Lipids) in a mini extruder (610000; Avanti Polar Lipids) at 45 °C, ac-
cording to the manufacturer’s instructions.

2.6. Fluorescence resonance energy transfer (FRET) assay

Membrane fusion of exosomes and liposomes was demonstrated
using the FRET process. Briefly, 1.5% of nitrobenzoxadiazole (NBD)-
phosphatidylserine (PS; 810195]; Avanti Polar Lipids) and rhodamine
(Rho)-phosphatidylethanolamine (PE; 810150; Avanti Polar Lipids)
were added during liposome synthesis, then the liposomes and exosomes
were extruded as described previously. When excited at a wavelength of
460 nm, the emission energy was transferred to adjacent Rho-PE
through the FRET process, which was subsequently detected at a
wavelength of 580 nm. On the other hand, excited NBD-PS without
FRET emitted fluorescence at 534 nm. We measured the fluorescence
value of 534 nm and 580 nm simultaneously at an excitation wavelength
of 460 nm. The proportion of NBD fluorescence increased while the
relative distance between these two dyestuffs was separated by the
newly added exosome membrane ingredient.

2.7. Age-related osteoporosis mouse model

All animal studies were performed in a specific pathogen-free labo-
ratory at Changhai Hospital (Shanghai, China). All procedures were
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Fig. 2. Invivo distribution of CXCR4" exosomes. A) Fluorescence of organs from mice sacrificed 4h after intravenous injection of PBS, equivalent Cy5 dissolved in
PBS, Cy5 labeled CXCR4™ exosomes and Cy5 labeled CXCR4™ exosomes. B) Fluorescence intensity quantitation in organs (**p < 0.01).

carried out under the supervision of the Ethics Committee of Changhai
Hospital. Eighteen-month-old male mice were purchased from Sino-
British SIPPR/BK Lab Animals Ltd. (Shanghai, China) and randomly
divided into three groups: hybrid NPs, antagomir, and hybrid NPs +
antagomir. For the antagomir group, 100 pL PBS containing 2 pL anta-
gomir (20 pM) was injected through the tail vein once a week for 8
weeks. For the hybrid NPs group, 100 pL of hybrid NPs without loaded
cargoes was injected using the aforementioned procedure. For the
hybrid NPs + antagomir group, 2 pL antagomir (20 pM) was encapsu-
lated into the liposome before extrusion, and a total of 100 pL liquor was
injected as describe previously.

2.8. Micro-CT analysis

Femora were fixed in 70% ethanol overnight and then 4% para-
formaldehyde at 4 °C in EP tubes each. The scan was performed under
conditions of 8 pm per pixel, a voltage of 80 kV, and a current of 124 pA.
We used the corresponding software DataViewer, CTAn and CTVox for
data analysis. At the distal femur, nearly 100 consecutive sections under
the growth plate were reconstructed and observed. We uses bone vol-
ume fraction (BV/TV), trabecular bone pattern factor (Tb.Pf), trabecular
number (Tb.N), trabecular separation (Tb.Sp) and trabecular thickness
(Tb.Th) for trabecular description as well as cortical thickness (Ct.Th)
and cortical porosity (Po) for cortical description. Micro-CT analysis was
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performed a Skyscan X-ray microtomography system (Skyscan 1275;
Bruker, Germany).

2.9. ALP staining

BMSCs were cultured in 12-well plates at a density of 5 x 10* cells/
well with osteogenic induction medium (MUBMX-90021; Cyagen, Sata
Clara, CA, USA) for 2 weeks, and the culture medium was changed every
3 days. Alkaline phosphatase (ALP) staining was performed using an
ALP color development kit (C3206; Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s instructions.

2.10. Oil Red O staining

BMSCs were treated with adipogenic induction medium (MUBMX-
90031; Cyagen) for 2 weeks following the manufacturer’s instructions.
0Oil Red O staining was performed to detect mature adipocytes (G1262;
Solarbio, Beijing, China). Adipogenic markers were detected after 2
weeks of induction.

2.11. Western blotting

Cultured cells were lysed by 100 pL of RIPA buffer on ice for 20 min.
Western blotting was conducted according to the standard protocols.
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Fig. 3. Construction and description of hybrid NPs. A) Schematic description of exosome-liposome extrusion. B) Schematic illustration of FRET analysis. C) NBD
ratio of the total fluorescence intensity indicates a membrane fusion process (***p < 0.001). n = 3 for each group). Representative TEM and NTA analyses are shown

in D) and E) (scale bar = 100 nm).

Antibodies used for RUNX2 (ab92336; Abcam), FABP4 (ab92501;
Abcam) and PPARy (ab272718; Abcam) were incubated with samples
overnight, according to manufacturer’s instruction, secondary antibody
(ab6721; Abcam) was applied before protein band visualizing.

2.12. Immunohistochemical staining

Immunohistochemical staining was performed as previously re-
ported [12]. Briefly, femur sections were prepared after decalcification
for 30 days. Antigen retrieval was carried out using sodium citrate an-
tigen retrieval solution (C1032; Solarbio). Sections were incubated with
the primary fatty acid-binding protein 4 (FABP4) antibody (ab92501;
Abcam, Cambridge, UK) at 4 °C overnight, and the corresponding sec-
ondary antibody (ab6721; Abcam) for 90 min at room temperature. A
horseradish peroxidase-3, 3’-Diaminobenzidine detection system
(MK210; Takara Bio, Dalian, China) was used for visualization, followed
by hematoxylin counterstaining (C1080; Solarbio).

2.13. Statistical analysis

All data are presented as means + standard deviations, or direct
values. Analysis was conducted using a one-way analysis of variance or
the unpaired Student’s t-test with or without Welch’s correction, as
appropriate. All statistical analysis were performed using GraphPad
Prism 8 software (GraphPad Software, San Diego, CA, USA), and p-
values < 0.05 were considered statistically significant.

3. Results and discussion
3.1. Characterization of CXCR4" exosomes

Despite the advantages of exosomes, their application is limited by
the technical challenges of producing sufficient quantities for in vivo
administration [33]. In this study, NIH-3T3 cells were selected because
they are highly reproductive and easily utilized for gene editing.

Surface modification of exosomes with the introduction of specific
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receptors or ligands is a potential strategy for adjusting the in vivo dis-
tribution properties of exosomes. The SDF1/CXCR4 axis plays a critical
role in HSC trafficking and homing to the bone marrow [34,35], as well
as hematopoietic niche maintenance [36]. Knockout of SDF1 or CXCR4
leads to impaired trafficking of HSCs from the periphery to the bone
marrow [37]. Upregulated CXCR4 expression in HSCs enhances HSC
homing [38]. As the “seed and soil” hypothesis suggests, many CXCR4 "
tumor cells, such as breast cancer cells, use the axis to metastasize to the
bone [39], thus, neutralizing the CXCR4-SDF1 axis prevents bone
metastasis [40]. As a result, we hypothesized that the surface display of
CXCR4 could grant exosomes bone targeting properties.

To test this hypothesis, the CXCR4 gene (species: mouse, gene ID:
12767) was introduced into NIH-3T3 cell lines via the CMV-MCS-PGK-
Puro lentiviral packaging system (Fig. 1B). The successful over-
expression of CXCR4 on NIH-3T3 cells was validated by RT-qPCR
(Fig. 1C) and immunofluorescence (Figure S1). Then, exosomes were
isolated from the supernatant of cultured CXCR4 " NIH-3T3 cells. CXCR4
protein was also detected on CXCR4" NIH-3T3 exosomes (CXCR4"
EXOs), compared to the negative control group using western blotting
(Fig. 1D, bottom). Purified exosomes were characterized by morpho-
logical structure, size contribution and marker protein expression. A
typical bilayer structure of CXCR4" EXOs was observed by transmission
electron microscopy (TEM) (Fig. 1E). Nanoparticle tracking analysis
(NTA) showed a peak particle size distribution value at 142.6 nm
(Figs. 1F), and 99.2% of particles were at that size, which confirmed the
efficiency of the exosome isolation. The exosome protein markers
Tsg101, CD9 and CD63 were detected by western blotting, which further
validated the successful isolation of exosomes (Fig. 1D). Above all, we
successfully constructed high CXCR4-expressing NIH-3T3 cells and
demonstrated that the CXCR4 was expressed on the secreted exosomes.

3.2. In vivo distribution of CXCR4+ exosomes

To test our hypothesis that CXCR4" EXOs possess bone-targeting
properties, we performed an in vivo tracing test. We used Cy5 fluores-
cent dye to label exosomes from both NIH-3T3 cells and CXCR4" NIH-
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Fig. 4. In vivo distribution of CXCR4" hybrid NPs. A) Biophotonic images of the organ distribution 4h after intravenous injection of PBS, Cy5, Cy5 labeled li-
posomes and Cy5-labeled hybrid NPs, with various exosome-liposome ratios. B) Representative fluorescence microscopic images of the femur 1, 2, and 4 h after
injection of Cy5-labeled CXCR4 " hybrid NPs (exosomes-liposomes ratio = 1:1; scale bars on the left, upper right, and bottom right represent 500 pm, 100 pm and 20

pm, respectively).

3T3 cells. Six-week-old male Balb/c mice were randomly separated into
four groups: PBS, Cy5, EXOs and CXCR4" EXOs. The fluorescence in-
tensity of different organs from each group was measured using the
Quickview 3000 system 4 h after tail intravenous injection (Fig. 2). We
found a specific dye enrichment in the femora of the CXCR4" EXOs
group compared to the other groups, which indicated that CXCR4" EXOs
specifically targeted the bone marrow. To our knowledge, this is the first
study to produce bone-targeted exosomes by surface displaying CXCR4
which may provide guidance for exosomes gathering in the bone
marrow.

3.3. Characterization of hybrid nanoparticles

Exosomes are regarded as promising nanocarriers for nuclear acid
cargoes because of their excellent penetrability, biostability and
immunogenicity. However, inserting exogenous anionic nucleic acids
into exosomes leads to low yields [41,42]. Several methods have been
proposed to increase either the yield of exosomes or the loading effi-
ciency of nuclear acid cargoes. In this study, we tested the loading ef-
ficiency of RNA cargoes into exosomes. The efficiency was measured
using both incubation and electroporation protocols (9.58% and
33.66%, respectively) (Figure S2). Cationic lipoplexes have been re-
ported to be promising for gene delivery [43]. Exosome-liposome hybrid
NPs were designed to combine the advantages of both systems, and were
applied for gene delivery in genetic editing systems in previous studies
[44,45].
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Here, we used the extrusion technique to design an exosome-
liposome hybrid NP that is capable of loading RNA cargoes and target-
ing the bone marrow. The zeta-potential of the exosomes and liposomes
were —12.4 to —15 mV and 39.7-40.6 mV, respectively and the value of
the hybrid NPs was —14.2 to —18.8 mV after extrusion. The encapsu-
lation efficiency reached to 99.54% and 97.63% in the lipoplexes and
hybrid NPs group, respectively (Figure S2). To distinguish a membrane
fusion from the physical mixture, a novel FRET assay was performed
[46]. The results demonstrated that the membrane fusion ratio of NBD
fluorescence increased from 7.98% to 16.30% after the extrusion pro-
cedure with statistical significance (p < 0.001) (Fig. 3A-C). We further
characterized the liposomes and hybrid NPs by TEM (Fig. 3D) and NTA
(Fig. 3E). TEM confirmed the typical lipid bilayer structure of the hybrid
NPs with the peak diameters of lipoplexes and hybrid NPs being 159.7
nm and 135.7 nm, respectively.

3.4. Validation of bone targeting properties

We next sought to explore the ratio of exosomes to liposomes. Mice
were injected via the tail vein with PBS (control group, 100 pL), lipo-
somes loaded with Cy5-labeled antagomir-188 (dissolved in PBS, 100
pL) and hybrid NPs loaded with Cy5-labeled antagomir-188 (equivalent
microRNA encapsulated in corresponding vehicles, 100 pL). As shown in
the tracing study, hybrid NPs with exosome/liposome ratios of 1:1 and
4:1 could gather in the bone marrow (Fig. 4A, Figure S3). The fluores-
cent results in different organs were consistent with the in vivo tracing
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Fig. 5. Hybrid NPs carrying antagomir-188 reverse aging-related bone loss. A) Representative micro-CT images of femora from the hybrid NPs, antagomir and
hybrid NPs + antagomir groups. A sagittal section, a three-dimensional reconstruction of trabecular bone, and a horizontal section of cortical bone were presented in
the left, upper right and bottom right, respectively. B) Representative images of FABP4 immunohistochemical staining of the distal femora, scale bar = 20 pm. C)
Representative images of H&E staining of the distal femora. D) Quantification of FABP4 positive cells, scale bar = 20 pm. E) Quantification of bone lining cells.

Statistic difference: *p < 0.05; **p < 0.01; ***p < 0.001.

results. In the heart, spleen, lung and kidney, fluorescence intensity
varied at 1h and 2h, but little residual fluorescence was detected 4h after
injection (Figure S4). Fluorescence intensity was maintained at a high
level in the liver, but there was no significant difference between groups.
In addition, a progressive increase in fluorescence intensity was
observed in mouse femora, which indicated that fluorescence-labeled
cargoes were captured in the bone marrow (Fig. 4B). The cytotoxic-
ities of exosomes, liposomes, and hybrid NPs were then evaluated 48 h
after intravenous administration. No obvious pathological changes were
observed in the heart, liver, spleen, lung, and kidney, after 48 h
(Figure S5) or 8 weeks (Figure S4) of administration. Liver and renal
function remained stable 48 h after administration, which confirmed
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that the NPs had no short-term or long-term cytotoxicity in vivo. In
summary, we combined the advantages of exosomes and liposomes and
constructed biocompatible CXCR4" hybrid NPs with bone-targeting
properties as novel RNA nanocarriers.

3.5. Validation of anabolic effects in an age-related bone loss model

MiRNAs are small, non-coding RNA segments that regulate gene
expression after transcription. Elevated mir-188 was found in BMSCs
from aged patients, and knockout of mir-188 inhibited adipogenic dif-
ferentiation of senescent BMSCs. In this study, we loaded antagomir-188
into the hybrid NPs in order to decrease bone marrow mir-188 levels and
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rescued aging-related bone loss.

To further investigate the efficacy of hybrid NPs carrying antagomir-
188, we tested the effects on an age-related osteoporosis mouse model in
vivo. Hybrid NPs, antagomir-188 and antagomir-188-loaded hybrid NPs
were weekly injected intravenously into 18-month-old male mice for 8
weeks. Mice treated with antagomir-loaded NPs showed a significantly
higher bone mass reservation compared to vehicle and antagomir-188
groups (Fig. 5A). The relative expression levels of mir-188 were signif-
icantly lower in the antagomir and antagomir-loaded NPs groups
(Figure S6). Micro-CT analysis showed that BV/TV and Tb.N were
elevated in the hybrid NPs group compared to the control group,
whereas Tb.Pf, Tb.Sp, were decreased after treatment with drug-loaded
hybrid NPs (Figure S7A-D). However, no significant difference in Tb.Th
was observed between the three groups of mice (Figure S7E). Notably,
mice treated with the hybrid NPs loaded with antagomir-188 showed
significantly higher Ct.Th (Figure S7F). Cortical bone porosity is used to
reflect the bone formation capacity [47]. Po normally refers to channels
for vessels that traverse the cortex and is the major predictor of fracture
risk and bone mechanical strength [48]. Interestingly, the cortical bone
porosity index Po.V and Po indicated a decreased cortical bone porosity
(Figure S7G-H), which is commonly observed as a result of anabolic
drugs, such as teriparatide [49,50]. The hybrid NPs loaded with
antagomir-188 reduced cortical bone porosity and increased cortical
bone quality.

3.6. Hybrid NPs promote osteogenic differentiation and inhibit adipogenic
differentiation of BMSCs

We next explored osteogenesis and adipogenesis via hematoxylin
and eosin (H&E) staining and the immunohistochemical (IHC) staining
of fatty acid binding protein 4 (FABP4). Antagomir-188-loaded hybrid
NPs decreased the number of marrow adipocytes and increased the
number of bone-lining cells around the trabecular surface (Fig. 5B-E).

For in vitro studies, alkaline phosphatase (ALP) staining demon-
strated that antagomir-188-loaded hybrid NPs increased ALP positive
osteoblasts formation (Figure S8A, B). Osteogenic protein marker runt-
related transcription factor 2 (RUNX2) was up-regulated by
antagomir-188 treatment (Figure S8C). The osteoblast differentiation
gene marker osterix (Sp7) and osteocalcin (Bglap) were significantly
increased after antagomir-188 treatment (Figure S8D-E).

Antagomir-188-loaded NPs inhibited lipid drops formation in BMSCs
after adipogenic induction demonstrated by the Oil Red O staining
(Figure S9A, B). Western blotting results showed that antagomir-188
inhibited peroxisome proliferation-activated receptor gamma (PPARy)
and FABP4 (Figure S9C). QPCR results showed that antagomir-188
decreased Ppary and Fabp4 expression levels (Figure S9D, E).

Taken together, the constructed bone targeting nanotherapeutics
delivering antagomir-188 reversed age-related bone loss by promoting
osteogenic differentiation and inhibiting adipogenic differentiation of
BMSCs.

4. Conclusions

Surface display of signaling molecules on exosomes granted them
specific in vivo behaviors including distribution and clearance etc. In this
study, we displayed CXCR4 on the surface of exosomes which were fused
with liposomes carrying antagomir-188. The CXCR4" exosome-
liposome hybrid NPs tended to accumulate in the bone marrow and
release antagomir-188 which promotes osteogenic differentiation, in-
hibits adipogenic differentiation and reverses the age-related bone loss.
Overall, this study provides an exosome-based bone-targeting RNAi
delivery strategy as an anabolic therapy against pathological bone loss.
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