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Background: Osteoporosis is a highly prevalent disease that causes fractures and loss of motor function. Current drugs targeted for
osteoporosis often have inevitable side effects. Bone marrow mesenchymal stem cell (BMSCs)-derived apoptotic extracellular vesicles
(ApoEVs) are nanoscale extracellular vesicles, which has been shown to promote bone regeneration with low immunogenicity and
high biological compatibility. However, natural ApoEVs cannot inherently target bones, and are often eliminated by macrophages in
the liver and spleen. Thus, our study aimed to reconstruct ApoEVs to enhance their bone-targeting capabilities and bone-promoting
function and to provide a new method for osteoporosis treatment.

Methods: We conjugated a bone-targeting peptide, (Asp-Ser-Ser)s ((DSS)g), onto the surface of ApoEVs using standard carbodiimide
chemistry with DSPE-PEG-COOH serving as the linker. The bone-targeting ability of (DSS)s-ApoEVs was determined using an
in vivo imaging system and confocal laser scanning microscopy (CLSM). We then loaded ubiquitin ligase RING finger proteinl146
(RNF146) into BMSCs via adenovirus transduction to obtain functional ApoEVs. The bone-promoting abilities of (DSS)s-ApoEVs
and (DSS)s-ApoEVs™™NF14® were measured in vitro and in vivo.

Results: Our study successfully synthesized bone-targeting and gained functional (DSS)s-ApoEVsRNF146

and found that engineered
ApoEVs could promote osteogenesis in vitro and exert significant bone-targeting and osteogenesis-promoting effects to alleviate
osteoporosis in a mouse model.

Conclusion: To promote the bone-targeting ability of natural ApoEVs, we successfully synthesized engineered ApoEVs, (DSS)e-
ApoEVsfNFI46 and found that they could significantly promote osteogenesis and alleviate osteoporosis compared with natural
ApoEVs, which holds great promise for the treatment of osteoporosis.
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Introduction

Osteoporosis is a highly prevalent, debilitating disease of global concern, and is characterized by a high morbidity rate
and severe impact on physical function. This chronic disease results in a marked reduction in bone mass, degradation of
bone microstructure, and increased risk of fragility fractures." Bone homeostasis is disrupted when the rate of bone
resorption is faster than that of bone formation, resulting in a discontinuous trabecular bone structure and insufficient
bone density.> Osteoporosis often affects postmenopausal women due to estrogen deficiency, manifesting as a decrease in
bone mass and the risk of fracture.’

Current drugs used for osteoporosis treatment mainly focus on anti-bone resorption or the promotion of bone
formation; however, these drugs have inevitable side effects.* Bisphosphonates are the most widely used bone resorption
inhibitors that can suppress osteoclast activity, but their long-term use may cause medication-related osteonecrosis of the
jaw (MRONYJ) or gastrointestinal discomfort.” Supplementation with exogenous estrogens is often used for postmeno-
pausal estrogen deficiency-induced osteoporosis; however, long-term estrogen administration has a potential risk of
breast cancer, uterine cancer and endometritis."®® Therefore, there is an urgent need to develop novel, biocompatible,
and effective drugs that can target osteoporosis.

Bone marrow mesenchymal stem cells (BMSCs) have been extensively employed as promising cellular entities in the
field of bone regeneration, owing to their robust self-renewal capacity and multifaceted differentiation potential.’
Previous studies have shown that the vast majority of transplanted BMSCs would undergo apoptosis within the first
few days after transplantation, mainly due to ischemia, inflammation and microenvironmental changes.'®'" During
apoptosis, a cascade of events results in the formation and release of nanoscale membrane-wrapped structures called
apoptotic extracellular vesicles (ApoEVs).'?

ApoEVs are a major subtype of extracellular vesicles based on their biogenesis and size, which are generally 0.1-5
um in diameter. The larger ApoEVs were categorized as apoptotic bodies (1-5 pm in diameter), whereas the smaller
ApoEVs were described as apoptotic microvesicles (0.1-1 pm in diameter).'>'* ApoEVs are not just debris but are
implicated in the transfer, recycling, and reuse of materials in cells.'>'® With the advancement of regenerative medicine,
ApoEVs have emerged as a promising therapeutic option for osteoporosis treatment due to their low immunogenicity and
high biological compatibility. Increasing evidence suggests that apoptosis plays a crucial role in initiating regeneration
and immune regulation.'” Previous investigations have demonstrated that ApoEVs derived from MSCs can rescue MSCs
impairment and mitigate osteopenia in various models by activating the Wnt/B-catenin pathway.'® Furthermore, MSCs
derived ApoEVs have been shown to facilitate the proliferation, migration, and differentiation of endogenous BMSCs by
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augmenting intracellular reactive oxygen species (ROS) levels and subsequently activating JNK signaling, thereby
promoting the repair of calvaria defects.'” In terms of angiogenesis, MSCs-derived ApoEVs can stimulate vascular
regeneration by inducing the production of CXCLI12 to counteract apoptosis and recruit endothelial progenitor cells.*
Additionally, ApoEVs derived from SHED (Stem cells from human exfoliated deciduous teeth) can increase the
expression of genes related to angiogenesis after uptake by endothelial cells and subsequently promote pulp vascular
reconstruction through increasing autophagy level.?'

However, natural ApoEVs do not possess satisfactory bone targeting capacity, which greatly limits their clinical
application. Therefore, the development of engineered ApoEVs with bone-targeting functions is of great significance. In
this study, we designed and synthesized a kind of rearranged extracellular vesicle (Asp-Ser-Ser)s-ApoEVs*NF146 (also
named by (DSS)s-ApoEVs™™14%) to improve both bone targeting and osteogenesis promoting function of natural
ApoEVs. The dual modification of the membrane surface and storage of natural vesicles could provide a triple
intervention treatment for osteoporosis. Our strategy would provide a new therapeutic method for osteoporosis and an
important theoretical and experimental basis for treating bone diseases such as osteoporosis.

Materials and Methods

Materials

Bone-targeting peptides (DSS)s and Rhd-(DSS)s (99% purity) were synthesized by Yaguang Peptide Biotechnology
(China). DSPE-PEG-COOH (PG2-CADS-2K) was purchased from NANOCS (USA). EDC (CAS:25952-53-8) and NHS
(CAS:6066-82-6) were purchased from Sigma—Aldrich (USA). Osteogenic induction medium (CTCC-Y001) was pur-
chased from CTCC Biosciences (China). The BCIP/NBT Alkaline Phosphatase (ALP) Color Development Kit was
purchased from Beyotime Biotechnology (China). The Alizarin Red S dye solution was purchased from Servicebio
(China). Staurosporine (9953S), Anti-RUNX2 (D1H7) antibody were purchased from Cell Signaling Technology (USA).
Anti-ALP (ab203106) antibody was purchased from Abcam (USA). Mouse RING finger proteinl46 (RNF146) gene
overexpressed adenovirus (HH20220401XAZC-ADO1) and a negative control were designed and synthesized by Hanbio
Biotechnology (China). Decalcified 17% EDTA solution (pH 7.2) was purchased from Proandy (China). Mouse TNF-a and
IL-6 ELISA kits were purchased from Neobioscience (China).

Animals

All animal experiments were approved and performed in accordance with the guidelines of the Animal Care Committee of
Fourth Military Medical University. Eight-week-old female C57BL/6 mice were used to establish the osteoporosis model.
Four-week-old female wild-type C57BL/6 mice were used to isolate BMSCs and induce apoptosis to obtain ApoEVs.

Extraction and Characterization of ApoEVs
Isolation of BMSCs and extraction of BMSCs derived ApoEVs were performed as described in our previous work.”” The
BMSCs were treated with staurosporine (0.5 uM) for 6 h to induce apoptosis. Then, cell culture medium was collected and
centrifuged at 800 g for 10 min to discard the dead cells, impurities, and other pellet. The supernatant was centrifuged at
16,000 g for 30 min at 4°C. After repeating this twice, the supernatants were removed and ApoEVs pellets were resuspended
in 1xPBS, stored at —80°C for subsequent experiments. The size of ApoEVs was monitored by Dynamic Light Scattering
(DLS) (ZSE, Malvern, UK). The morphology of ApoEVs was observed using transmission electron microscopy (TEM)
(Hitachi, Japan). The solution containing ApoEVs was applied to a copper grid coated with carbon membrane and air-dried.
Negative staining was performed with 2% phosphotungstic acid. Samples were observed at an acceleration voltage of 75 kV.
Flow cytometry (FC) and Western blotting were performed to characterize specific ApoEVs markers. Annexin V-FITC
staining was conducted using an Annexin V-FITC/PI apoptosis assay kit (eBioscience, BMS500FI-300/300T) following the
manufacturer’s protocol. Specifically, ApoEVs were collected, resuspended in 100 pL of 1xbinding buffer, and stained with
5 pL FITC-labeled Annexin V for 15 min. The stained ApoEVs were analyzed using FC (Beckman-Coulter, CytoFLEX)
and confocal laser scanning microscope (CLSM) (Nikon, Japan). Specific ApoEVs protein levels were determined by
Western blotting.
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Synthesis of DSPE-PEG-(DSS)¢

DSPE-PEG-(DSS)¢ was synthesized by conjugation of (DSS)s and DSPE-PEG-COOH via an amidation reaction. DSPE-
PEG-COOH (18 mg) was dissolved in distilled water and EDC (61.2 mg) and NHS (37.2 mg) were used to catalyze the
reaction for half an hour. (DSS)s (12 mg) was added to the reaction system and rotated for 10 h in the dark. The
uncoupled molecules were removed by overnight dialysis (molecular weight cut-off of 3000 Da) (YOBIOS,
YD20DG28). DSPE-PEG-(DSS)¢ was freeze-dried and the powder was stored at —20 °C until use. Fourier-transform
infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS2, USA) and high-resolution mass spectroscopy (HRMS,
Thermo Scientific Q Exactive, USA) were used to identify the correct compound.

Preparation and Characterization of (DSS)¢-ApoEVs

DSPE-PEG-(DSS)¢ and the desired amount of ApoEVs were incubated for 2 h with rotation at 37 °C in the dark,
followed by centrifugation at 16,000 g for 30 min to obtain (DSS)s-ApoEVs compounds. The characterization of (DSS)e-
ApoEVs was based on the characterization of ApoEVs.

In vivo Fluorescence Imaging

ApoEVs were collected and resuspended in the DiR dye (5 uM) (Invitrogen, D12731). After 15 min, (DSS)s-ApoEVs
were injected into the mice through the tail vein for distribution analysis, while natural ApoEVs were also injected as
control. Three hours later, the mice were euthanized, and the tissues were excised and examined using an in vivo imaging
system (Caliper Life Science, IVIS Lumina II). Fluorescence in the femurs was measured and analyzed using Living
Image software.

To further quantify the targeting efficiency, ApoEVs were labeled by DiD dye (5 uM) (Yeasen, 40758ES25) and then
resuspended in DiD solution for 30 min in the dark. The same doses of ApoEVs-DiD (use as control group) and (DSS)-
ApoEVs-DiD were injected into the mice through the tail vein, while PBS was also injected as blank control. Femurs
were harvested and fixed to obtain frozen sections. CLSM was used to observe the distribution of ApoEVs.

Safety Evaluation of (DSS)¢-ApoEVs In vivo
Mice were intravenously injected with PBS (blank control group), natural ApoEVs (control group), and (DSS)s-ApoEVs
(the amount of ApoEVs is 300 pug). After 24 h, the blood samples were collected and centrifuged twice at 4000 rpm for
10 min. The serum concentrations of IL-6 and TNF-a were measured using ELISA. Serum alanine transaminase (ALT),
aspartate aminotransferase (AST), creatine kinase (CK), creatinine (CR), and blood urea nitrogen (BUN) levels were
measured using diagnostic kits (Changchun Huili).

The organs were excised and stained with hematoxylin and eosin (H&E) staining. Paraformaldehyde-fixed tissues
(4%) were dehydrated using a graded ethanol series. The samples were then embedded in paraffin and cut into 4 um-thick

sections. H&E staining was performed to evaluate organ toxicity of (DSS)s-ApoEVs.

Internalization of ApoEVs into BMSCs In vitro

Rhodamine-labeled ApoEVs were obtained by modifying rhodamine-labeled (DSS)¢ onto the surface of ApoEVs,
PKH26-labeled ApoEVs were obtained by pre-labeling with the PKH26 Red Fluorescent Cell Linker Kit (Sigma,
MINI26) according to the manufacturer’s instructions.

The BMSCs (P2) were plated on confocal dishes and maintained in a cell incubator. When the cells reached 50-60%
confluence, ApoEVs labeled with Rhodamine or PKH26 red fluorescence were added to the BMSCs at a concentration of
10 pg/mL for 12 h. After fixation with 4% paraformaldehyde, cells were stained with fluorescein isothiocyanate-
phalloidin (FITC-Phalloidin) (Yeasen, 40735ES75) and cell nuclei staining solution (Hoechst 33342) (Sigma, 14533).
Fluorescence was observed using CLSM.
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ALP and Alizarin Red Staining Experiment

Different types of ApoEVs (natural ApoEVs, (DSS)s-ApoEVs, and RNF146 modified ApoEVs) were used to treat OVX
mice derived BMSCs to determine whether they could induce osteogenic differentiation. After osteogenic induction for 7
days ALP staining and 28 days Alizarin red staining were performed respectively according to the manufacturer’s
protocol. Briefly, for ALP staining, after discarding the medium in the culture plate, wash it twice with PBS, and then add
4% paraformaldehyde for 30 min at room temperature. Then wash it with PBS for twice again, followed by adding BCIP/
NBT dyeing solution and incubating it for 15 min to anticipated coloring in the dark. The BCIP/NBT dyeing solution is
a mixture of 10 mL buffer, 33 uLL BCIP solution (300x%), and 66 pL NBT solution (150x). For Alizarin red staining, after
discarding the medium in the culture plate, wash it twice with PBS, and then add 60% isopropyl alcohol for 30 min at
room temperature. Then wash it with PBS for twice again, followed by adding alizarin red dye for about 1 min, and then
photographed after washing with ddH,O. Finally, the intensity of ALP staining was measured using Imagel software,
while quantitative analysis of alizarin red staining was performed using 10% cetylpyridinium chloride to dissolve the
stain, and the absorbance at 540 nm was measured using an enzymatic immunoassay.

Western Blot Analysis

Western blot analysis was conducted 7 days after osteogenesis induction to verify the expression of osteogenic-related
proteins. Protein samples from different groups of cells (normal BMSCs, OVX mice derived BMSCs, and OVX mice
derived BMSCs treated with (DSS)s-ApoEVs) were extracted using RIPA buffer (Beyotime Biotechnology, P0013)
containing protease inhibitors (Roche, 04693132001). The protein concentration was quantified using a BCA Protein
assay kit (Beyotime Biotechnology, P0012). Denatured proteins from all samples were prepared at a final concentration
of 1 mg/mL, separated by SDS-PAGE, and transferred to polyvinylidene difluoride (PVDF) membranes (Roche,
03010040001) in a Bio-Rad Electrophoresis System. Membranes were blocked with 5% bovine serum albumin (BSA)
solution (DIYIBio, DY60105) and incubated with primary antibodies (anti-RUNX2, anti-ALP, or anti-B-actin) for 12 h at
4°C, followed by incubation with the corresponding secondary antibodies for 1 h, and visualization with an imaging
system (Tanon 5500, Shanghai).

BMSCs Transfection and Isolation of RNF146-Overexpressed ApoEVs

To upregulate the expression of RNF146 in ApoEVs, a specific adenovirus (HH20220401XAZC-ADO1) containing
enhanced green fluorescent protein (EGFP) and stably overexpressed RNF146 was used to transduce cells after screening
for a suitable multiplicity of infection (MOI). BMSCs (P2) were seeded onto confocal dishes and then attached to 50%
confluence, and adenovirus and negative controls were used to transduce the cells. After 2 days, the green fluorescence
expressed in BMSCs was observed using CLSM to detect efficiency. BMSCs were incubated with staurosporine to obtain
RNF146-overexpressed ApoEVs at 36—48 hours after transfection.

Establishment of Mice Osteoporosis Model and Evaluation of Therapeutic Effect
Eight-week-old female C57BL/6 mice were subjected to bilateral sham or ovariectomy (OVX) using a dorsal approach.
The mice were anesthetized with an intraperitoneal injection of sodium pentobarbital. The skin around the midline of the
back was then shaved and disinfected. Linear incisions were made bilaterally on the skin along the lumbar vertebrae to
expose ovaries. Then, the bilateral ovaries and fat tissues were gently removed from mice to establish the osteoporosis
model, while the mice in the control group only had some adipose tissue around the ovary removed as a control. Finally,
the tissues were repositioned, and the muscle tissue and skin were sutured carefully.

To investigate the potential application of different types of ApoEVs in osteoporosis therapy, the mice were randomly
separated into groups to receive PBS or different types of ApoEVs via tail vein injection from the fourth week after OVX
surgery, while normal C57 mice were used as normal control. The therapeutic dose was 10 mg/kg once a week for four
weeks. Micro-computed tomography (micro-CT) analysis (LCT; AX-2000, Always Imaging, China) was used to evaluate
therapeutic effects. The femoral samples were scanned beginning at 1 to 1.5 mm away from the growth plates and
extending along the femur diaphysis to the proximal direction for 50 continuous slices of about 1 mm at a resolution of
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5.2 um, After 3D image reconstruction, the bone mineral density (BMD), bone volume over tissue volume (BV/TV),
trabecular number (Tb. N), trabecular thickness (Tb. Th), bone surface/bone volume (BS/BV), and trabecular separation
(Tb. Sp) were obtained to evaluate new bone formation using auxiliary software (VG Studio MAX 3.5).

Statistical Analysis

Data are presented as the mean + SD. Data distribution was tested using the Shapiro—Wilk test. For normally distributed
data, Student’s ¢-test (two-tailed) and one-way analysis of variance (ANOVA) were performed to compare two groups
and multiple group comparisons, respectively. Tukey’s multiple comparison test was used to determine the significance
between groups after one-way ANOVA. When data were abnormally distributed, the Mann—Whitney and Kruskal-Wallis
tests were performed. P values were considered statistically significant at P < 0.05. Statistical analyses and graphs were
generated using GraphPad Prism8.02 (GraphPad Software, USA).

Results
Synthesis and Characterization of (DSS)¢-ApoEVs

Natural ApoEVs were isolated from the culture supernatants of apoptotic mBMSCs by differential centrifugation after
induction of apoptosis by staurosporine. Based on phosphatidylserine exposure on the ApoEVs plasma membrane, FC
and CLSM showed that more than 90% of ApoEVs were Annexin V-positive (Figure S1A and B). Western blot analysis
showed that the isolated ApoEVs expressed the specific marker cleaved caspase-3 (Figure S1C).

To enhance the bone-targeting ability of ApoEVs, bone-targeting peptide (DSS), was modified on the membrane surface
of ApoEVs. DSPE-PEG-COOH (MW:2781.42) and (DSS)s (MW:1866.6447) were conjugated by loss of H,O (MW:18.0153)
to obtain the final compound DSPE-PEG-(DSS)s. The modified product, DSPE-PEG-(DSS)e, had typical cleavage peaks of
the polymer with a MW of 2313.3058, which coincides with the theoretical MW of 2313.5162 (Figure 1A). FTIR spectra
provided supportive evidence that (DSS)s was conjugated to DSPE-PEG-COOH. The characteristic bands of the peptide at
3289 and 1632cm ™" were present in pure (DSS)g and (DSS)¢-bound lipids. Characteristic bands of PEG were also observed at
2918,2887, 1112cm ' in both DSPE-PEG-COOH and DSPE-PEG-(DSS), (Figure 1B). The HRMS and FTIR results showed
that an amidation reaction occurred between (DSS)s and DSPE-PEG-COOH.

To confirm that (DSS)4 was successfully conjugated with ApoEVs membranes, (DSS), was labeled with rhodamine to
form Rhd-(DSS)s. The FC results showed that the ApoEVs conjugated with (DSS)s showed a strong red fluorescence
signal, which accounted for approximately 48% (Figure 1C). ApoEVs were labeled with PKH67 using the PKH67 Green
Fluorescent Cell Linker Kit (Sigma, MINI67), after reacting with Rhd-(DSS)e, the co-localization of Rhd-(DSS)s and
ApoEVs™®H®7 was observed by CLSM, indicating that Rhd-(DSS)s successfully bound to the ApoEVs membrane
(Figure 1D). DLS showed that the average diameter of (DSS)s-ApoEVs was 220-396 nm, which was not significantly
different from that of the naked ApoEVs (average diameter 220-342 nm) (Figure 1E). Transmission electron microscopy
(TEM) was used to confirm the size measured by DLS. The morphology of the (DSS)s-ApoEVs, which were spherical
and intact, was also observed using TEM (Figure 1F). These results showed that (DSS)s can be successfully modified
onto the surface of ApoEVs by inserting a “phospholipid tag” DSPE-PEG-COOH, into the lipid membrane of ApoEVs.
The modified (DSS)s-ApoEVs maintained their size and shape.

Evaluation of the Bone Targeting Ability of (DSS)¢-ApoEVs

Subsequently, the bone-targeting ability of the (DSS)-ApoEVs was tested in vivo. Three hours after DiR-labeled (DSS)g
-ApoEVs were intravenously injected into the mice, bone samples were collected for testing. Ex vivo fluorescence
imaging showed that the amount of (DSS)s-ApoEVs accumulated in the bone was significantly higher than that of the
ApoEVs (Figure 2A and B). Frozen sections under CLSM showed that the DiD fluorescence distribution of the femur in
the (DSS)s-ApoEVs-DiD group was significantly greater than that in the ApoEVs-DiD group (Figure 2C and D). These
results showed that (DSS)s modified ApoEVs could enhance bone-targeting ability.
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Figure | Characterization of (DSS)s-ApoEVs. (A) ESI-HRMS analysis of the (DSS)¢ conjugation with DSPE-PEG-COOH. (B) FTIR analysis of the (DSS), conjugation with
DSPE-PEG-COOH via amidation reaction. (C) Flow cytometry showed the Rhd-(DSS)¢-ApoEVs had strong red fluorescence signal, with an insertion rate of ~48%. (D)
Representative confocal laser scanning microscopy image showed the co-localization of Rhd-(DSS)¢ (red) with ApoEVs™ <7 (green), indicated that (DSS)g could insert into

the membrane of ApoEVs. Scale bar, 10 pm. (E) Size distribution of ApoEVs and (DSS)¢-ApoEVs analyzed by DLS. (F) Representative TEM image of ApoEVs and (DSS)e-
ApoEVs, showed intact spherical structure. Scale bar, 200 nm.

The Biosafety of (DSS)¢-ApoEVs

To determine the safety of (DSS)s-ApoEVs in vivo, tissues (the heart, liver, spleen, lungs, and kidneys) were collected for
histopathological examination. No obvious tissue damage was observed by H&E staining (Figure 3A). Serum levels of ALT,
AST, CK, CR, and BUN were measured to assess liver, heart, and kidney function. No significant difference was observed
between the (DSS)s-ApoEVs group and PBS groups (Figure 3B). (DSS)s-ApoEVs did not cause an increase in the serum levels
of IL-6 and TNF-a (Figure 3C), indicating that there were no evident immune responses caused by (DSS)s-ApoEVs. The body
weight of each group of mice was also recorded; the (DSS)s-ApoEVs group showed no significant difference compared with the
control or ApoEVs groups but was slightly lighter than that of the OVX group with statistical difference (Figure 3D). These
results indicated that (DSS)s-ApoEVs are safe for in vivo applications.

Biological Function of (DSS)¢-ApoEVs In vitro

We determined whether (DSS)s-ApoEVs regulate the biological functions of BMSCs. First, mBMSCs were incubated
with (DSS)s-ApoEVs to determine whether recipient BMSCs engulfed (DSS)s-ApoEVs. After treatment with (DSS)e-
ApoEVs for 24 h, compared with natural ApoEVs (Figure S1D), Rhodamine-labeled exogenous (DSS)s-ApoEVs were
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Figure 2 Evaluation of bone targeting ability of (DSS)¢-ApoEVs. (A) In vivo fluorescence distribution of DiR-labeled ApoEVs and (DSS)s-ApoEVs in mouse femurs after
injection. (B) Quantitative analysis of the fluorescence intensity in mouse femurs (n = 6). (C) Representative fluorescent images of DiD-labeled ApoEVs and (DSS)s-ApoEVs
in frozen femur sections observed by CLSM. Scale bar, 100 um. (D) Quantitative fluorescence analysis of positively stained ApoEVs targeted to the bone region was
performed using Image] software (n = 3). *P < 0.05.

Abbreviations: DiR, iodide [I,|-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide]; DiD, |,1'-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate.

engulfed by phalloidin-labeled mBMSCs, mainly around the nucleus (Figure 4A), suggesting that (DSS)s-ApoEVs can
be engulfed by BMSCs.

(DSS)s-ApoEVs were then added to the medium during osteogenic induction to verify the effect of (DSS)s-ApoEVs on the
osteogenic differentiation of BMSCs. ALP is an important indicator for detecting the osteogenic differentiation of BMSCs,
whereas Alizarin red staining showed mineralized nodule formation. After osteogenic induction for 7 and 28 days, ALP
(Figure 4B) and alizarin red staining (Figure 4C) of the calcium nodules were performed, respectively. The results showed
that the osteogenic differentiation ability of OVX-BMSCs treated with (DSS)s-ApoEVs was significantly higher than that of the
OVX group. The expression of the osteogenic markers ALP and runt-related transcription factor 2 (RUNX2) in mice treated with
(DSS)s-ApoEVs was remarkably increased compared to that in the OVX group (Figure 4D). These results indicated that (DSS)g-
ApoEVs enhanced the osteogenic differentiation of BMSCs.
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Figure 3 Evaluation of biocompatibility of (DSS)s-ApoEVs in vivo. (A) H&E staining images of organs from PBS-treated-and (DSS)s-ApoEVs-treated groups. Scale bar, 100
um. (B) Levels of serum ALT, AST, BUN, CR, and CK in the PBS-treated, ApoEVs-treated, and (DSS)¢-ApoEVs-treated groups. All values were within the normal range (ALT:
10.06-96.47 U/L; AST: 36.31-235.48 U/L; BUN:10.81-34.74 mmol/L; CR:10.91-85.09 umol/L; CK:0-2070.55 U/L). (C) Serum TNF-a and IL-6 levels were measured by
ELISA. (n = 3). (D) Body weights of mice in different groups (n = 4). *P < 0.05.

Abbreviations: NS, not significant; CON, control; ALT, Alanine transaminase; AST, Aspartate aminotransferase; CK, creatine kinase; BUN, blood urea nitrogen; CR, creatinine.

Anti-Osteoporotic Effects of (DSS)¢-ApoEVs In vivo

After confirming the enhancement of osteogenic differentiation of BMSCs caused by (DSS)s-ApoEVs in vitro, the effects
of (DSS)e-ApoEVs in osteoporosis treatment in vivo were explored (Figure 5A). Micro-CT results showed that (DSS)4-
ApoEVs increased bone mass in OVX mice compared to that in the ApoEVs group (Figure 5B), which was also
emphasized by the quantities of BMD and BV/TV (Figure 5C and D). Moreover, the bone microstructure parameters in
the distal femora, such as Tb. N and Tb. Th, were increased, whereas BS/BV and Tb. Sp were significantly decreased in
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Figure 4 Antiosteoporosis efficacy of (DSS)s-ApoEVs in vitro. (A) Representative images of (DSS)s-ApoEVs taken up by BMSCs observed by CLSM. Red, Rhodamine-
labeled (DSS)s-ApoEVs; green, phalloidin labeled cytoskeleton; blue, Hoechst labeled nucleus. Scale bar, 50 um. (B) ALP staining showed ALP activity of BMSCs treated by
(DSS)s-ApoEVs after osteogenic induction for 7 days. Quantitative analysis of ALP staining was measured by Image] software (n = 3). (C) Alizarin red staining of calcium
nodules showed mineralized nodule formation of BMSCs treated by (DSS)s-ApoEVs after osteogenic induction 28 days. Quantitative analysis of Alizarin red staining was
conducted by the measurement of absorbance at 540 nm (n = 3). (D) Western blot analysis showing the expression of ALP and RUNX2 of BMSCs treated with (DSS)e-
ApoEVs. *P < 0.05, **P < 0.01.

(DSS)s-ApoEVs group post-treatment. However, there were no significant differences in Tb. Th and BS/BV between the
(DSS)¢-ApoEVs and ApoEVs groups (Figure 5E). These results suggested that (DSS)s-ApoEVs promote osteogenesis
under osteoporotic conditions.

Biological Function of ApoEVs"N'#¢ |n vitro
To obtain ApoEVs enriched with RNF146, HBAD-EGFP adenovirus carrying RNF146 was used to transfect BMSCs
with the MOI of 100, which is appropriate for high expression of the target protein and acceptable toxicity to cells
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Figure 5 Evaluation of antiosteoporosis efficacy of (DSS)¢-ApoEVs in vivo. (A) The therapeutic design of the (DSS)s-ApoEVs. (B) Micro-CT 3D structure image of mice
femora of PBS-treated, ApoEVs-treated and (DSS)¢-ApoEVs-treated groups, compared with the control group. Scale bar, 0.75 mm. (C) BMD in distal femora were obtained
from micro-CT analysis. (D) BV/TV in distal femora were obtained from micro-CT analysis. (E) Tb. N, Tb. Th, BS/BV, Tb. Sp in distal femora were obtained from micro-CT
analysis. (n = 4). *P < 0.05, **P < 0.01, **P< 0.001.

Abbreviations: NS, no significant; BMD, bone mineral density; BV, bone volume; TV, total volume; Tb. N, bone trabeculae number; Tb. Th, trabecular thickness; BS, bone

surface; Tb. Sp, trabecular space.
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(Figure S2). The expression of RNF146 reached its peak between 36 h and 48 h after adenovirus transduction
(Figure 6A). After adenovirus transduction, BMSCs overexpressing RNF146 showed a better osteogenic differentiation
capacity (Figure 6B and C). A green EGFP fluorescence signal was also found in ApoEVs induced after transduction,
confirming that RNF146-overexpressed ApoEVs could be obtained using this method (Figure 6D). After loading
RNF146 into the vesicles and further modifying with (DSS)e, particle size was detected by DLS. Compared to
ApoEVs and (DSS)s-ApoEVs, the size of ApoEVs®™ %€ increased slightly after loading with RNF146, with an average
diameter of 295-396 nm. The size of (DSS)s-ApoEVs*™"'4¢ did not change significantly, with an average diameter of
295-396 nm (Figure 6E).

Furthermore, we performed in vitro experiments on drug-carrying vesicles. After 24 h of co-culture with BMSCs,
most of the ApoEVs carrying upregulated RNF146 were ingested by cells and gathered around the nucleus (Figure 6F).
ALP and Alizarin red staining showed that ApoEVs*NF14® facilitated the osteogenesis of BMSCs (Figure 6G and H).
These results indicate that transducing BMSCs with an adenovirus carrying the target gene and inducing apoptosis
enables the generation of ApoEVs that overexpress the target proteins. RNF146 delivered by BMSCs-derived ApoEVs
promotes osteogenic differentiation of BMSCs.

Anti-Osteoporotic Effects of (DSS)s-ApoEVs™™F '€ |n vivo

To investigate whether modification of the content packaged in ApoEVs can further enhance its osteogenic function,
(DSS)s-ApoEVs™146 was established and administered to OVX mice via tail vein injection (Figure 7A). Micro-CT
results showed that (DSS)6—Ap0EVsRNF146 increased bone mass in OVX mice compared to that in the (DSS)s-ApoEVs
group (Figure 7B). Although we found that engineered ApoEVs with bone-targeting function significantly promoted
BMD and BV/TV index, further loading of RNF146 to ApoEVs with bone-targeting function only promoted BMD index
(Figure 7C and D). In addition, there were no significant differences between the DSS-ApoEVs™™ 46 and DSS-ApoEVs
groups in terms of the micro-indicators of bone structures, such as Tb. N, BS/BV, and Tb. Sp (Figure 7E). These
unexpected findings indicated that improving the bone-targeting function of ApoEVs might be more effective in
alleviating osteoporosis than merely enhancing the biological function of ApoEVs.

Discussion

The current methods used for the treatment of osteoporosis possess inherent limitations, including the potential adverse
effects of MRONJ and gastrointestinal dysfunction.”* 2> MSCs derived ApoEVs have demonstrated promising osteo-
genic capabilities, thus offering a novel avenue for the treatment of osteoporosis.l&19 However, the clinical translation
still faces significant challenges that natural ApoEVs are prone to be eliminated by phagocytic cells such as macrophages
in the liver or spleen during blood circulation.”**® Consequently, the quantity of ApoEVs that ultimately reaches the
desired target site is significantly diminished compared to the initial dosage, which would diminish the therapeutic effects
of natural ApoEVs. Therefore, the development of engineered ApoEVs with a bone-targeting function holds great
potential in augmenting the therapeutic efficacy of natural ApoEVs.

The strategic coupling of bone-affinity molecules onto natural vesicles significantly enhances these vesicles’ capacity
for bone targeting. Currently, bisphosphonates (BPs), tetracyclines (TCs), and oligopeptides are three stable types of
bone-targeting molecules known to exhibit bone-targeting effects.?’ BPs, due to their inherent affinity for bone and
regulatory role in bone mineralization, are considered the primary therapeutic option for osteoporosis.’’>? However,
employing BPs as a bone-targeting component can potentially lead to complications, such as atypical femur fractures,
mandibular osteonecrosis, and extraneous skeletal adverse reactions.?>?+33 TCs, capable of chelating with Ca?" in

3435 exhibit not only bone-targeting properties but also inhibit collagenase,*® thereby minimizing bone

hydroxyapatite,
resorption. Despite these advantages, TCs usage may result in side-effects like rashes, dizziness, and nausea.’” Acidic
oligopeptides, comprising repeating aspartic acid or glutamic acid, can also function as a bone-targeting mechanism,
since these recurrent acidic amino acids—present in native bone proteins—can interact with Ca®" in mineralized
tissues.”®

In our research, we specifically selected a peptide with a repeat sequence of Asp-Ser-Ser due to its strong binding

affinity towards hydroxyapatite. This peptide structure bears resemblance to the unique Asp-Ser repeat sequence found in
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ALP activity of BMSCs transduced with adenovirus overexpressing RNF |46 after osteogenic induction for 7 days. Quantitative analysis was performed using ImageJ software (n = 3). (C)
Alizarin red staining of calcium nodules showing mineralized nodule formation in BMSCs transduced with an adenovirus overexpressing RNF 46 after osteogenic induction for 28 days.
Quantitative analysis was conducted by measuring absorbance at 540 nm (n = 3). (D) Representative images of ApoEVs induced by transduced BMSCs. Green: EGFP carried by RNF146.
Scale bars: 20 (left) and 10 um (right). (E) Size distribution of ApoEVs™™F'*¢ and (DSS)-ApoEVs""'*¢ analyzed by DLS. (F) Representative images of ApoEVs carrying upregulated
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osteogenic induction for 28 days. Quantitative analysis was conducted by measuring absorbance at 540 nm (n = 3). *P < 0.05, **P < 0.01, **P< 0.001.

Abbreviation: NS, no significant.
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Figure 7 Evaluation of antiosteoporosis efficacy of (DSS);,-ApoEVsRNFI46 in vivo. (A) The therapeutic design of the (DSS)6-ApoEVsRNF'46. (B) Micro-CT 3D structure image
of mice femora of PBS-treated, (DSS)s-ApoEVs-treated and (DSS)¢-ApoEVs™™F'*_treated groups, compared with the control group. Scale bar, 0.75 mm. (C) BMD in distal
femora were obtained from micro-CT analysis. (D) BV/TV in distal femora were obtained from micro-CT analysis. (E) Tb. N, Tb. Th, BS/BV, Tb. Sp in distal femora were
obtained from micro-CT analysis. n = 4. *P < 0.05, **P < 0.0, **P< 0.001.

Abbreviations: NS, no significant; BMD, bone mineral density; BV, bone volume; TV, total volume; Tb. N, bone trabeculae number; Tb. Th, trabecular thickness; BS, bone

surface; Tb. Sp, trabecular space.
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dentin phosphoproteins, thereby inherently facilitating cellular uptake and internalization by various cell types.
Furthermore, it demonstrates a simplistic spatial configuration, diminished immunogenicity, appreciable biocompatibility,
and effortless modification.>®™* These beneficial attributes render them exceptionally appropriate for in vivo applica-
tions. In addition, functionalized poly (ethylene glycol) (PEG) derivatives, such as pegylated phospholipids, which have
been shown to greatly enhance the blood circulation time and stability of capsules, consequently reducing the elimination
by the phagocytes in liver and spleen.***

In our research, DSPE-PEG-COOH was employed as a linker for the synthesis of (DSS)¢-ApoEVs. The stable amide
linkage facilitated the attachment of (DSS)4 onto the surface of ApoEVs without altering their size and morphology. This
modification effectively eliminated the need for ligand modification, thereby reducing the risk of denaturation and loss of
specific activity. The feasibility of the reaction was verified through HRMS and FTIR, while FC and CLSM analyses
confirmed the binding of the peptide to the membrane surface of ApoEVs. DLS and TEM results indicated that (DSS)-
ApoEVs closely resembled natural ApoEVs in terms of diameter and morphology. Furthermore, in vivo studies using
frozen fluorescent sections of femur under CLSM and fluorescence imaging system demonstrated a significant enhance-
ment in the bone-targeting capability of (DSS)s, consequently improving bone formation. Moreover, (DSS)s-ApoEVs
exhibited improved microstructural indicators of bone tissue, such as BMD, BV/TV, Tb. N and BS/BV, compared to
natural ApoEVs, thus proving their superior therapeutic effects. In vitro studies showed that BMSCs treated with (DSS)¢-
ApoEVs exhibited increased osteogenic differentiation ability, as evidenced by intensified staining of ALP and alizarin
red, along with elevated expression of osteogenesis-related proteins including ALP and RUNX2. Additionally, histolo-
gical and serological analysis revealed no evidence of increased toxicity associated with (DSS)¢-ApoEVs.

ApoEVs can modulate the functions of other cells through three primary mechanisms. Predominantly, ApoEVs are
phagocytosed by other cells and subsequently exert their biological effects through their unique contents. Prior research
demonstrated that upon being phagocytosed and internalized by macrophages, ApoEVs inhibit the polarization of these
cells towards a pro-inflammatory phenotype via the AMPK/SIRTI/NF-kB pathway.”” Another study reported that
ApoEVs delivered mitochondrial Tu translation elongation factor (TUFM) to endothelial cells, leading to an increase
in autophagy levels, thus promoting angiogenesis and dental pulp regeneration.’ The second functional mechanism of
ApoEVs involves using signaling molecules on their vesicle membranes to act through ligand-receptor interactions. For
instance, previous research found that calreticulin (CRT) exposed on the surface of ApoEVs acted as a critical “eat-me”
signal mediating macrophage efferocytosis, which could alleviate type 2 diabetes (T2D) by inducing macrophage
reprogramming.*® The third functional mechanism of ApoEVs entails releasing metabolites through specific protein
channels such as Pannexin 1. A study, for example, reported that ApoEVs can promote muscle regeneration by releasing
creatine via the activated Pannexin 1 channel during the myoblast fusion process.*’ Thus, to further enhance the
osteogenic function of natural ApoEVs, we adopted the classical approach that ApoEVs employ to exert their function,
which entails incorporating osteogenesis-promoting molecules into the cargo of ApoEVs. RNF146, an E3 ubiquitin
ligase with a ring domain, mediates Axin degradation, consequently activating the Wnt/B-catenin pathway to facilitate
osteogenesis.*® Therefore, integrating RNF146 into natural ApoEVs might augment their osteogenic potential.

Presently, there are two methods for drug loading into EVs. One approach, known as exogenous (or post-secretion)
loading, involves loading drugs into EVs after their secretion from cells. This technique is typically achieved through
extrusion, electroporation, ultrasound, and freeze-thaw processes. The second method, referred to as endogenous (or pre-
secretion) loading, introduces drugs into cells before EVs secretion, resulting in the generation of drug-encapsulating
EVs.* In our study, we employed a pre-secretory loading strategy to introduce drugs into cells via targeted adenovirus
transduction. Fluorescence imaging results indicated successful loading of RNF146 into ApoEVs, while DLS results
confirmed that the diameter of RNF146-modified ApoEVs was similar to that of natural ApoEVs. Furthermore,
osteogenic functionality experiments suggested that RNF146-modified ApoEVs could further enhance osteogenesis
in vitro and alleviate osteoporosis in vivo.

In our study, we devised and synthesized engineered ApoEVs with enhanced functionalities. Our engineered
extracellular vesicles exhibited the ability to target bone and stimulate bone formation. However, our study had certain
limitations due to its small-scale nature. Further research is warranted to achieve large-scale in vitro synthesis of
engineered ApoEVs. Additionally, our current comprehension of all the components within ApoEVs remains incomplete,
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rendering them somewhat of a “black box”. Therefore, further investigations are imperative to elucidate the constituents
of ApoEVs more comprehensively.

Conclusion

In summary, in our efforts to enhance the bone-targeting capabilities of natural ApoEVs, we harnessed the bone-affinity
Asp-Ser-Ser repeat sequence, denoted as (DSS)g, to modify these vesicles. Our findings revealed that (DSS)¢-modified
ApoEVs exhibited comparable physical and chemical characteristics while maintaining biological safety, akin to natural
ApoEVs. Furthermore, these engineered (DSS)s-ApoEVs displayed a heightened affinity for bone tissue and demon-
strated a remarkable capacity to promote osteogenesis. This enhanced functionality significantly ameliorated osteoporosis
compared to their natural counterparts. To further enhance the osteogenic potential of ApoEVs, we employed adenovirus
transfection to introduce the Wnt/B-catenin pathway agonist, RNF146, into ApoEVs and finally synthesized (DSS)4-
ApoEVs*NFI46 which exhibited the ability to greatly stimulate osteogenesis in vitro and effectively mitigate osteoporosis
in vivo. These findings hold promise for the future of osteoporosis treatment.
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