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Background: Osteoporosis is a major public health concern characterized by decreased bone density. Among various therapeutic
strategies, apoptotic extracellular vesicles (ApoEVs) have emerged as promising agents in tissue regeneration. Specifically, T cell-
derived ApoEVs have shown substantial potential in facilitating bone regeneration. However, it remains unclear whether ApoEVs can
promote bone mass recovery through enzymatic activity mediated by membrane surface molecules. Therefore, this study aimed to
investigate whether T cell-derived ApoEVs could promote bone mass recovery in osteoporosis mice and reveal the underlying
mechanisms.

Methods: ApoEVs were isolated through sequential centrifugation, and their proteomic profiles were identified via mass spectro-
metry. Western blot and immunogold staining confirmed the enrichment of CD39 and CD73 on ApoEVs. The role of CD39 and CD73
in hydrolyzing adenosine triphosphate (ATP) to adenosine was evaluated by quantifying the levels of ATP and adenosine. Inhibitors of
CD39 and CD73, and an A2BR antagonist were used to explore the molecular mechanism of ApoEVs in promoting bone regeneration.
Results: ApoEVs significantly reduced bone loss and promote the osteogenic differentiation of BMMSCs in ovariectomy (OVX)
mice. We observed increased levels of extracellular ATP and a decrease in CD39 and CD73, key enzymes in ATP-to-adenosine
conversion in bone marrow of OVX mice. We found that ApoEVs are enriched with CD39 and CD73 on their membranes, which
enable the hydrolysis of extracellular ATP to adenosine both in vitro and in vivo. The adenosine generated by ApoEVs inhibits the
inflammatory response and promotes osteogenesis through A2BR and downstream PKA signaling.

Conclusion: T cell-derived ApoEVs are enriched with CD39 and CD73, enabling them to hydrolyze extracellular ATP to adenosine,
thereby promoting bone regeneration via A2BR and PKA signaling pathway. Our data underscore the substantive role of T cell-derived
ApoEVs to treat osteoporosis, thus providing new ideas for the development of ApoEVs-based therapies in tissue regeneration.
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Introduction

Osteoporosis is a disease characterized by decreased bone mass and deterioration of bone micro-architecture, often
affecting postmenopausal women due to estrogen deficiency.! Current therapeutic agents for osteoporosis treatment have
shown limited efficacy and adverse side effects.”> Bisphosphonates are the most widely used drugs for osteoporosis, the
main concerns limiting their use including atypical femur fractures and osteonecrosis of the jaw.>* While estrogen
therapy has proven effective in preventing and treating osteoporosis, its associated risks, such as an increased incidence
of cardiovascular events and the potential to raise the risk of breast cancer, limit its suitability as a long-term treatment
for osteoporosis.’ Therefore, there is an urgent need for safe and effective therapeutic interventions.

Studies have shown that activated T cells are key mediators of ovariectomy (OVX)-induced bone loss since they
contribute to elevated levels of proinflammatory cytokines and promote osteoclast differentiation.®” It has been
established that lymphocyte apoptosis plays an important role in regulating inflammation and maintaining physiological
homeostasis.®® Previous research from our group demonstrated that inducing apoptosis in activated T cell in vivo restores
immune homeostasis and promotes bone mass recovery in osteoporotic mice.'® However, the underlying molecular
mechanisms remain to be elucidated. During apoptosis, cells release a large number of apoptotic extracellular vesicles
(ApoEVs) that show a great potential in modulating immune response and facilitating tissue repair.'''* Recent studies
have demonstrated that ApoEVs can significantly enhance dental pulp regeneration by activating autophagy.'> Moreover,
ApoEVs can target hepatic macrophages, modulating their migration, polarization, and functionality.'' Alternatively,
ApoEVs have been found to promote wound healing and hair growth in skin and hair follicle mesenchymal stem cells.'®
As for ApoEVs released by T cells, the natural membrane of these ApoEVs grants them the capability to target
inflammatory regions and regulate inflammatory processes.'’ Furthermore, engineered chimeric T cell-derived
ApoEVs, functionalized with natural membrane and modular delivery system, can effectively modulate inflammation
and ameliorate the inflammatory bowel disease.'® Collectively, these findings confirm that T cell-derived ApoEVs
possess the capability to regulate the immune response and facilitate tissue repair, highlighting their potential therapeutic
applications in osteoporosis. Current understanding of extracellular vesicles mainly focusses on their role as carriers of

biomolecular content and therapeutic agents. Despite their small size, ApoEVs provide a substantial amount of
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membrane surface area.'®*° However, there is still a limited amount of research on how ApoEVs utilize their surface
molecules to exert their functions.

CD39 (ectonucleoside triphosphate diphosphohydrolase-1) and CD73 (ecto-5"-nucleotidase) are membrane-bound
ectonucleotidases that regulate extracellular adenosine triphosphate (ATP) and adenosine by hydrolyzing extracellular
ATP to adenosine monophosphate (AMP) and AMP to adenosine, respectively.zl’22 Extracellular ATP is a danger signal
and functions as an immunostimulatory signal. By activating cell surface receptors, ATP triggers pro-inflammatory
immune responses. Conversely, adenosine possesses potent anti-inflammatory properties and suppresses immune
responses.”> Therefore, CD39 and CD73 facilitate the transition from a pro-inflammatory to an anti-inflammatory
environment by hydrolyzing ATP to adenosine.”’ More importantly, the interconversion between ATP and adenosine
is pivotal in maintaining bone homeostasis. ATP has been shown to promote osteoclast differentiation and induce bone
resorption,”* while adenosine can promote the proliferation of mouse bone marrow mesenchymal stem cells (BMMSCs),
and positively modulate the vitality of osteoblasts.>** Consequently, CD39 and CD73, as key extracellular enzymes in
the ATP-to-adenosine hydrolysis pathway, are potential targets for modulating bone homeostasis. However, it remains
unclear whether T cell-derived ApoEVs express CD39 and CD73 on their surface and promote bone formation through
the enzymatic activity of these ectonucleotidases. We hereby hypothesize that T cell-derived ApoEVs, through the action
of CD39 and CD73, promote bone regeneration by converting extracellular ATP to adenosine.

In the present study, we isolated T cell-derived ApoEVs and found that ApoEVs mitigate osteopenia and rescues the
osteogenic deficiency of BMMSCs in OVX mice. Notably, this effect was not observed with apoptotic T cells (ApoEVs-
free). We characterized the proteomic profiles of ApoEVs and apoptotic T cells, and identified a distinct enrichment of
certain ectonucleotidases on the surface of ApoEVs compared with apoptotic T cells. Subsequent investigations revealed
elevated levels of extracellular ATP in the bone marrow of OVX mice, accompanied with reduced expression of CD39
and CD73. Importantly, we demonstrated that ApoEVs were enriched with CD39 and CD73 on their membrane surface,
enabling them to hydrolyze extracellular ATP to adenosine. This enzymatic activity regulated the immune microenvir-
onment and facilitated osteogenic differentiation by activating the A2B adenosine receptor (A2BR) and downstream
protein kinase A (PKA) signaling pathway. Taken together, these findings extended our understanding of ApoEVs,
unravelling their capacity to hydrolyze extracellular ATP and their potential in promoting bone regeneration.

Materials and Methods

Mice

Female C57BL/6 mice housed under a 12-h light/12-h dark cycle, with food and water given ad libitum. All animal
procedures were approved by the Institutional Animal Care and Use Committee at Southern Medical University and
followed all aspects of Guidelines for the Care and Use of Laboratory Animals.

Isolation and Activation of Splenic Pan T Cells

Mouse spleens were crushed and filtered to form a single-cell suspension. ACK lysis buffer (Beyotime, C3702) was used
to remove red blood cells. The cell suspension was cultured in RPMI 1640 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS), 50 mm 2-mercaptoethanol, 2 mm L-glutamine (Sigma-Aldrich), and 1% penicillin/streptomycin
(Invitrogen). For T cell activation, the plate was coated with anti-CD3¢ antibody (5 pg/mL in PBS) (BioLegend, 100340)
for 4 hours at 37 °C prior to cell seeding. Cells were then cultured in RPMI 1640 medium with anti-CD28 antibody
(2 pg/mL) (eBioscience, 16—-0281-85). After 48 hours of incubation, T cells were activated.

Isolation of Apoptotic Extracellular Vesicles (ApoEVs)

Activated T cells were treated with staurosporine (Cell Signaling Technology, 9953) for 12 hours to induce apoptosis.
ApoEVs were isolated from medium of apoptotic cells using a sequential centrifugation method as previously
reported.?’ First, the culture media and cells were collected and subjected to centrifugation at 800 g for 10 minutes
to pellet the cells and debris. The supernatant was then carefully transferred to a new tube and further centrifuged at
16000 g for 30 min at 4°C to concentrate the ApoEVs. After this step, the supernatant was removed, and the pellet was
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washed twice with PBS. The purification process was completed by centrifuging the washed pellet at 16000 g for an
additional 30 minutes at 4°C. Finally, the purified ApoEVs derived from T cells were resuspended in PBS and were
ready for subsequent experiments. The concentration of ApoEVs was determined using a BCA protein assay kit
(TTANGEN, PA115).

Characterization and Identification of ApoEVs

The morphology of ApoEVs was observed by scanning electron microscope (SEM) (Hitachi) and transmission electron
microscope (TEM) (TECNAI Spirit, FEI). For size distribution evaluation, ApoEVs were diluted with PBS. The size of
ApoEVs was examined using nanoparticle tracking analysis (NTA) with Zeta View (Particle Metrix) and corresponding
software Zeta View. For apoptotic marker detection, ApoEVs were characterized by Western blot using anti-CD3, anti-
Caspase-3 and anti-B-Tubulin antibodies, as stated below. Additionally, for phosphatidylserine (PtdSer) detection,
ApoEVs were stained with PE-Annexin V (BD Biosciences Pharmingen, 559763) in binding buffer followed by
observation under a confocal microscope (Nikon) and detection via a flow cytometer (Beckman), ApoEVs were defined
as Annexin V-positive events.

Protein Isolation and Western Blot Analysis

Whole lysates of cells or ApoEVs were extracted using RIPA buffer (Beyotime, PO013B) supplemented with protease
and phosphatase inhibitors (Sigma-Aldrich, S8830), while the membrane proteins were extracted by Membrane Protein
Extraction Kit (Thermo Scientific, 89842) following the manufacturer’s protocol. Equal amounts of protein samples were
loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore). The membranes were blocked with 5% non-fat milk for 2 h at room
temperature, followed by incubation overnight at 4°C with the following primary antibodies: anti-CD3 (Santa Cruz
Biotechnology, sc-20047), anti-Caspase-3 (Cell Signaling Technology, 9662), anti-ALP (Abmart, T55421S), anti-Runx2
(Bimake, A5193), anti-CD39 (Abcam, ab227840), anti-CD73 (Abcam, ab288154), anti-A2BR (Abmart, PA3755S), anti-
p-PKA (Cell Signaling Technology, 5661), anti-B-Tubulin (CWBIO, CW0098), and anti-GAPDH (CWBIO, CW0100).
After washing with PBST (PBS containing 0.1% Tween 20), the membranes were incubated with secondary antibodies
for 2 hours at room temperature. The protein bands were visualized with a Western-Light Chemiluminescent Detection
System (Tanon). Quantification of digital images was performed using ImageJ software.

Establishment of Mice Osteoporosis and Treatment

Eight-week-old female C57BL/6 mice were anesthetized and subjected to either a sham operation (Sham) or bilateral
ovariectomized (OVX). Briefly, 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 Sham group only had some adipose tissue around the ovary
removed. Finally, the tissues were repositioned, and the fascia and skin wound were sutured carefully. Animals were
monitored daily for general health and well-being to ensure the animals maintained a healthy state for the duration of the
surgery. Four weeks later, femurs of mice were isolated after euthanasia for micro-CT scanning to confirm estrogen
deficiency-induced osteoporosis.

For the treatment of OVX mice, mice were randomly separated into several groups using a computer-generated
randomization list. PBS (150 pL), ApoEVs (100 pg in 150 pL PBS), apoptotic T cells (100 pg in 150 pL PBS), POM-1
(POM, CD39 inhibitor) pretreated ApoEVs (100 pg in 150 pL PBS), or PSB-12379 (PSB, CD73 inhibitor) pretreated
ApoEVs (100 pg in 150 uL. PBS) were infused intravenously through the tail vein once a week. For POM-1 or PSB-
12379 pretreated ApoEVs groups, ApoEVs were preincubated with 100 uM POM-1 or 100 uM PSB-12379 for 40 min
at room temperature. Four weeks after the treatment, mice were sacrificed for further analysis. Micro-computed
tomography (Micro-CT) analysis was used to confirm the establishment of mice osteoporosis and evaluate therapeutic
effects.
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Micro-CT Analysis

Femora dissected from mice were fixed in 4% paraformaldehyde overnight and analyzed by high-resolution micro-CT
(Bruker, SkyScan). The specimens were scanned using a voxel size of 8 um at 55 kV and 200 pA. The image
reconstruction software (NRecon), data analysis software (CTAn), and 3D model visualization software (nCTVol)
were applied to analyze the scanned data. Bone mineral density (BMD, mg/cm?®), bone volume to tissue volume (BV/
TV), trabecular number (Tb. N, 1/mm), and trabecular separation (Tb. Sp, mm) for each specimen were quantitatively

analyzed.

In Vivo Biodistribution of ApoEVs in Tibiae and Femurs

To detect the distribution of ApoEVs in tibia and femur, ApoEVs were prelabeled with DiR (Yeasen Biotechnology,
40757ES25) according to the manufacturer’s instructions, and injected intravenously into OVX mice. PBS was used as
negative control. After 6, 12, 24, 36 and 48 hours, freshly dissected tibiae and femurs were collected and analyzed for the
fluorescence signal. The luminescence was acquired for a few seconds in an ex vivo IVIS imaging system (PerkinElmer).

Isolation and Culture of Mouse Bone Marrow Mesenchymal Stem Cells (BMMSCs)
BMMSCs were flushed out of the tibiaec and femurs from C57BL/6 mice. Briefly, tibiae and femurs were dissected out
and cleaned of connective tissue. Bone marrow cells were flushed out from long bones by a syringe with a-MEM
medium supplemented with 20% FBS, 2 mm L-glutamine (Sigma-Aldrich), and 1% penicillin/streptomycin (Invitrogen).
Single-cell suspensions were seeded in dishes and initially maintained in an atmosphere of 5% CO, at 37 °C.

Osteogenic Differentiation Assay

For osteogenic differentiation, BMMSCs were seeded in 6-well (2x10° cells per well) or 12-well (1x10° cells per well) in
o-MEM medium supplemented with 20% FBS, 2 mM L-glutamine (Sigma-Aldrich), and 1% penicillin/streptomycin
(Invitrogen). When cells reached 80-90% confluence, the growth medium was changed into osteogenic differentiation
medium: a-MEM with 10% FBS, 1% penicillin/streptomycin, 5 mM B-glycerophosphate, 50 pg/mL ascorbic acid and 10
nM dexamethasone (Sigma-Aldrich). The medium was refreshed every other day. For quantitative real-time PCR
analysis, the cells underwent differentiation for 5 days in osteogenic differentiation medium. For Western blot assays,
the differentiation period was extended to 10 days. Additionally, for alizarin red staining,”® the cells were differentiated
for 21 days, and the alizarin red staining was performed according to the manufacturer’s instructions (Beyotime,
C0148S). Photographs were taken by an inverted optical microscope. The quantitative analysis was conducted by
dissolution with 10% cetylpyridinium chloride, and the OD value at 562 nm was measured.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted using TRIzol Reagent (Mishu Shengwu, MI100617) and cDNA was synthesized from 1 pg of
total RNA by using the Reverse Transcription Kit (TaKaRa, RR037A). Next, real-time PCR was performed using
a Quantitative SYBR Green Kit (Takara, RR820B) and detected by CFX 96Touch (Bio-Rad). Relative gene expression
was calculated by the —2AACt method and GAPDH was used as reference for normalization. Primer sequences used are
listed below: ALP (Forward: 5'-CCAACTCTTTTGTGCCAGAGA-3'; Reverse: 5'-GGCTACATTGGTGTTGAGCTTTT
-3"); Runx2 (Forward: 5'-GACTGTGGTTACCGTCATGGC-3"; Reverse: 5'-ACTTGGTTTTTCATAACAGCGGA-3");
A1R (Forward: 5-CTACCTTCTGCTTCATCGTATC-3’; Reverse: 5'- GTACCGATCCACAGCAATAG-3'); A2AR
(Forward: 5-CCAACTTCTTCGTGGTATCTC-3'; Reverse: 5'- TCGGATGGCGATGTATCT-3"); A2BR (Forward: 5'-
GCTCCATCTTTAGCCTCTTG-3";  Reverse:  5-CTGGTGGCACTGTCTTTAC-3"); A3R  (Forward:  5'-
CTGCATCCTCCAGGTTAATG-3"; Reverse: 5- GTCACAACAGTCCAGAGAAC-3'); GAPDH (Forward: 5'-
TGTGTCCGTCGTGGATCTGA-3"; Reverse: 5'-TTGCTGTTGAAGTCGCAGGAG-3").
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Proteomic Analyses

Protein lysates of apoptotic T cells and ApoEVs were prepared. After rapid freezing in liquid nitrogen, samples were
transported to Lc-Bio Technologies for subsequent analysis. Four-dimensional (4D) label-free quantitative proteomics
analysis by time-of-flight mass spectrometry (Thermo Scientific) was performed to measure the protein content The
reproducibility of the quantification results was assessed and evaluated, and the differentially expressed proteins were
identified and subjected to functional classification and analysis. Proteins that were significantly upregulated in ApoEVs
were included for further functional analysis based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases.

The Enzymatic Activity of ApoEVs in Hydrolyzing Adenosine Triphosphate (ATP)

To detect the enzymatic activity of ApoEVs and apoptotic T cells in hydrolyzing ATP, we established an in vitro reaction
system. Firstly, 10 uM ATP was added into each well of a 96-well plate. Based on the experimental design, 0, 10, 20 or
30 pg/mL ApoEVs or apoptotic T cells and POM-1 (POM, a CD39 inhibitor) or PSB-12379 (PSB, a CD73 inhibitor)
preincubated ApoEVs were added to the respective wells. To prepare CD39- or CD73-inhibited ApoEVs, 30 pg/mL of
ApoEVs were preincubated with 100 uM POM (dissolved in DMSO, MedChemExpress) or PSB (dissolved in water,
MedChemExpress) for 40 minutes at room temperature. The plate was then incubated in the dark for 30—45 min at room
temperature. ATP concentration was determined as described below.

ATP and Adenosine Assay

Quantification of ATP was carried out using an enhanced ATP Assay Kit (Beyotime, S0027) following the manufac-
turer’s protocol. For the detection of extracellular ATP levels in bone marrow, tibia and femur were flushed with 600 puL
PBS to collect whole marrow. The flush was then centrifuged at 4000 rpm for 10 min at 4°C to separate the cell and
plasma fractions. Samples and standard solutions (20 uL) were added to the 96-well plates containing the ATP reaction
mix and incubated at room temperature in the dark for 1 min. The plates were read using a luminometer (PerkinElmer),
and the ATP amount was calculated from the standard curve.

For the detection of adenosine, an adenosine assay kit (Abmart, AB-6078A) was used to measure the concentration of
adenosine in plasma of bone marrow flush or the in vitro reaction system, according to the manufacturer’s instructions.

Detection of CD39 and CD73 in Bone Marrow

The whole bone marrow flush was collected from tibia and femur as described above. The flush was centrifuged at
4000 rpm for 10 min at 4°C. Remove the supernatant and resuspend the pellet in RIPA buffer to lysis the proteins in bone
marrow and obtain protein samples for subsequent experiments. Subsequently, Western blot was used to detect the
expression of CD39 and CD73 in bone marrow from OVX mice and sham-operated mice.

Detection of CD39 and CD73 on the Surface of ApoEVs

To confirm the presence of CD39 and CD73 on the surface membrane of ApoEVs, Western blot and immunogold
staining were conducted. For Western blot, membrane proteins of cells and ApoEVs were extracted as stated above. For
immunogold staining, ApoEVs were mixed with an equal volume of 2.5% glutaraldehyde for 20 min at room temperature
and then applied to 200-mesh nickel grids. After blocking with 5% BSA, the grid was incubated with a 1:50 dilution of
the primary antibodies (anti-CD39 antibody and anti-CD73 antibody) overnight at 4 °C. After washing with ultrapure
water, the grid was treated with 10-nm gold-labeled secondary antibody (Abcam, ab270555) for 30 min. The grid was
then washed with ultrapure water and stained with 2% phosphotungstic acid hydrate for 30s, followed by rinsing with
ultrapure water. After dying, all grids were examined by TEM (TECNAI Spirit, FEI).

Enzyme-Linked Immunosorbent Assays of Cytokines
Peripheral blood samples were collected from mice and centrifuged at 2500 rpm for 10 min to isolate serum. Mouse IFN-
v, IL-17, and TNF-a were detected using an ELISA kit (4abio) according to manufacturer’s instructions.
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Statistical Analysis

For multiple group comparisons, statistical significance was calculated by one-way ANOVA with Tukey’s post hoc test.
For two group comparisons, significance was assessed by unpaired Student’s ¢ test (two-tailed). All data were expressed
as mean * standard deviation (SD). GraphPad Prism 9 were used to analyze and visualize the data. P values less than 0.05

were considered significant.

Results

Isolation and Characterization of T Cell-Derived ApoEVs

We first investigated the biological properties of T cell-derived AopEVs. Splenic T cells were isolated and activated
in vitro. Activated T cells showed larger size (Figure S1A) and higher expression of CD25 (Figure S1B) than those of
unactivated T cells. Staurosporine (STS) was then used to induce apoptosis of activated T cells.” Subsequently, we
isolated ApoEVs from apoptotic T cells using the optimized gradient centrifugation protocol (Figure 1A). The concen-
tration of ApoEVs isolated from apoptotic T cells was significantly higher than that from activated T cells (Figure 1B).
Subsequent analyses via scanning electron microscopy (SEM) and transmission electron microscopy (TEM) revealed

A
800 g 16000 g
STS A 10 min 30 min
QQ Qe a —
12h
Dlscard cell Dlscard T cell derived-
Activated T Apoptotic T debris supernatant ApoEV
cells poEVs
cells
B E
0 500+ 4x108
2 400
5 L— E 3x108
E 3004 E
=4 S 2x10°8
= 200- £
b c
W 100 - 1x108
<
N 0
d‘"\\% oe\\" 1 10 100 1000 10000
6« < Diameter (nm)
2 o
st R
L
C) .
F 00\\6 °€\ G Annexin V
< W =
=
CD3 | " B | 25 kDa 8 200 1 IL
Caspase3 | W= s | 35 kDa 4 150
100
cleaved “ | 19kDa 50
Caspase3 W [ 17 kDa L
0 R e e
B-Tubulin EI 50 kDa 10" 102 103 104 105 10° 107
» Annexin V

Figure | Isolation and characterization of T cell-derived ApoEVs. (A). The schematic diagram shows the isolation protocol of T cell-derived ApoEVs. (B). Quantification of
T cell-derived ApoEVs after activated T cells were treated with STS for 12 hours (N = 3). (C). Representative scanning electron microscopy (SEM) image of T cell-derived
ApoEVs (scale bar = 200 nm). (D). Representative transmission electron microscopy (TEM) image of T cell-derived ApoEVs (scale bar = 200 nm). (E) Size distribution of
ApoEVs detected by nanoparticle tracking analysis (NTA). (F) Western blot analysis showing the presence of CD3 and Caspase-3/cleaved Caspase-3 in T cells and ApoEVs.
(G) Representative confocal microscopy images (red) and flow cytometric analysis of Annexin V staining in ApoEVs (scale bar = 20 um). Data are presented by mean * SD;
*##P< 0.001 by unpaired Student’s t test.
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a typical circular or elliptical morphology of ApoEVs (Figure 1C and D). Nanoparticle tracking analysis (NTA) showed
that most ApoEVs were within the 100-600 nm diameter range (Figure 1E). Next, we detected the expression of
membrane markers by Western blot. The results confirmed that ApoEVs expressed the same membrane marker, CD3, as
T cells (Figure 1F). Additionally, the presence of cleaved Caspase-3, a specific marker of apoptotic cells, within ApoEVs
was detected, suggesting the retention of apoptotic components in ApoEVs (Figure 1F). Immunofluorescent staining and
flow cytometric analysis showed that ApoEVs were also positive for apoptosis-specific markers phosphatidylserine
(PtdSer), as indicated by Annexin V staining (Figure 1G). These results indicated the successful induction of apoptosis in
activated T cells and confirmed the specific characteristics of ApoEVs.

Systemic Infusion of ApoEVs Ameliorates Osteopenia and Rescues the Osteogenic
Deficiency of BMMSCs in OVX Mice

ApoEVs have been shown to promote tissue development and regeneration in multiple systems.'”?*>° In this study, we
investigate whether T cell-derived ApoEVs could promote bone mass recovery in osteoporosis mice and reveal the
underlying mechanism. Four weeks post-OVX surgery, femur bone mass was significantly reduced in OVX mice versus
sham controls (Figure S2A). This was accompanied by decreased bone mineral density (BMD), bone volume to tissue
volume (BV/TV), and trabecular number (Tb.N), as well as increased trabecular separation (Tb.Sp) in OVX mice (Figure
S2B-E). These findings confirm the successful establishment of an osteoporosis model. The distribution of ApoEVs in
tibiae and femurs was tested ex vivo. DiR-labeled ApoEVs were intravenously injected into the OVX mice and bone
samples were collected for analysis at different time points (Figure 2A). Ex vivo fluorescence imaging revealed that
ApoEVs distributed in tibiaec and femurs approximately at 6 hours post-injection and then reached a peak at 24 hours
(Figure 2A). Subsequently, OVX mice were infused intravenously with PBS or ApoEVs once a week for four weeks.
Another one week later, bone mass of the femur was evaluated, with sham-operated mice serving as controls (Figure 2B).
Micro-CT scanning revealed that ApoEVs significantly mitigated bone loss in OVX mice compared with the PBS group
(Figure 2C), which was also emphasized by the quantities of BMD, BV/TV, Tb. N, and Tb. Sp (Figure 2D-G). To further
illustrate the differentiation potential of BMMSCs, we cultured BMMSCs isolated from Sham mice, PBS- or ApoEVs-
treated OVX mice in osteogenic differentiation medium. The results unveiled a remarkable increase in the osteogenic
markers alkaline phosphatase (ALP) and runt-related transcription factor 2 (Runx2) at both mRNA and protein levels in
OVX mice treated with ApoEVs compared to the PBS group (Figure 2H and I). Additionally, alizarin red staining
(Figure 2J) of the calcium nodules was performed, and a similar conclusion could be drawn that the osteogenic
differentiation ability of ApoEVs-treated OVX mice was significantly stronger than that of the PBS-treated OVX mice
(Figure 2J). These results indicated that ApoEVs ameliorates osteopenia and enhances the osteogenic differentiation
ability of BMMSCs in OVX mice.

Moreover, to verify the crucial role of ApoEVs secretion in promoting bone regeneration during apoptosis, we
investigated whether the residual apoptotic T cell (ApoEVs-free) also have the potential to promote bone formation in
OVX mice and compared their efficacy with that of ApoEVs. OVX mice received intravenous infusions of either
ApoEVs or apoptotic T cells (ApoEVs-free) once a week for four weeks. Surprisingly, our findings revealed that
apoptotic T cells failed to mitigate bone loss compared to the ApoEVs group (Figure S3A), which was also emphasized
by the assessments of BMD, BV/TV, Tb. N, and Tb. Sp (Figure S3B-E). Collectively, these data indicated that ApoEVs,
but not apoptotic T cells, ameliorate osteopenia and rescues the osteogenic deficiency of BMMSCs in OVX mice.

T Cell-Derived ApoEVs are Enriched With Specific Ectonucleotidases

To explore why ApoEVs was able to ameliorate osteopenia, the specific proteomic features of T cell-derived ApoEVs were
identified. We prepared proteins samples of ApoEVs and parental apoptotic T cells (ApoEVs-free), and performed mass
spectrometry analysis. A total of 6040 proteins were identified in ApoEVs and apoptotic T cells. Among the 680
differentially expressed proteins between the ApoEVs and apoptotic T cells, 215 were significantly upregulated in the
ApoEVs (Figure 3A). To better understanding the upregulated proteins in ApoEVs, subcellular localization, Gene Ontology
(GO) annotations and a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed (Figure 3B-
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Figure 2 Systemic infusion of T cell-derived ApoEVs ameliorates osteopenia in OVX mice. (A). Schematic diagram showing injection and in vivo tracking of DiR-labeled
ApoEVs (left). Representative fluorescence images of tibiae and femurs 6, 12, 24, 36 and 48 h after intravenous injection of DiR-labeled ApoEVs in OVX mice (right). (B)
Schematic diagram indicating the study design for the treatment of osteoporosis mice. (C) Micro-CT analyses of trabecular bone mass in the femurs. (D-G) Quantitative
analyses of BMD (D), BV/TV (E), Tb. N (F) and Tb. Sp (G) (N = 6). (H) BMMSCs from each group were isolated and cultured in osteogenic medium. Real-time PCR was
performed to detect mMRNA expression of ALP and Runx2 on day 5 after osteogenic induction. (I) Western blot analysis and quantification of the osteogenic-related proteins
ALP and Runx2 on day 10 after osteogenic induction. (J) Alizarin red staining and quantification of mineralized nodules were performed on day 21 after induction. Data are
presented as mean  SD; *P< 0.05; **P< 0.01; ***P< 0.00| by one-way ANOVA with Tukey’s post hoc test.
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Figure 3 T cell-derived ApoEVs are enriched with specific ectonucleotidases. (A). Volcano plot showing significantly upregulated (red dots) and downregulated (blue dots)
proteins in ApoEVs compared with apoptotic T cells (ApoEVs-free). (B) Subcellular localization of significantly upregulated proteins in ApoEVs compared with apoptotic
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G). The elucidation of the subcellular localization of proteins is of great importance for further understanding the function of
proteins. Subcellular localization prediction revealed that most of the upregulated proteins were localized in the cytoplasm
(43.57%), followed by plasma membrane (23.1%), cytoskeleton (12.07%) and extracellular region (7.35%) (Figure 3B). As
to the functional annotations based on the GO database, the upregulated proteins were included into multiple terms within the
three categories: biological process, cellular component, and molecular function (Figure 3C). GO analysis suggesting that the
proteins loaded on ApoEVs perform various biological functions, including “catalytic activity” (Figure 3C). Cellular
component enrichment analysis revealed that ApoEVs exhibited increased expression of proteins located on cell surface,
plasma membrane, and vesicles (Figure 3D). Biological process enrichment revealed that ApoEVs had increased expression
of proteins with regulatory functions, including “regulation of cytoskeleton organization” and “positive regulation of cellular
component movement” (Figure 3E). Molecular function enrichment analysis demonstrated elevated expression of proteins
with catalytic activities including “nucleoside triphosphatase activity”, “pyrophosphatase activity”, and “hydrolase activity”
in ApoEVs (Figure 3F). Furthermore, we explored the pathways that were involved in the upregulated proteins via KEGG
pathway analysis. Results showed that these proteins were associated with “cAMP signaling pathway” (Figure 3G). These
results indicated that ApoEVs are enriched with a group of functional proteins that may possess nucleoside triphosphatase
(NTPase) activity, pyrophosphatase activity and are highly likely to be localized on the membrane surface of ApoEVs.

ApoEVs Hydrolyze ATP to Adenosine and Promote Bone Regeneration via Surface
CD39 and CD73

The above proteomic analysis suggested that ApoEVs may harbor proteins functioning as extracellular nucleoside
triphosphatase and pyrophosphatase. Adenosine triphosphate (ATP) has been reported to serve as a substrate for
nucleoside triphosphatase and nucleotide pyrophosphatase.’’ Thus, we hypothesized that ApoEVs could hydrolyze
ATP via surface enzymes. We established an in vitro reaction system as formerly reported,>® and found that ApoEVs
could hydrolyze ATP dose-dependently (Figure S4). We proceeded to compared the hydrolysis efficiency of ApoEVs
with that of apoptotic T cells (ApoEVs-free). Compared with apoptotic T cells, ApoEVs efficiently hydrolyzed ATP, since
no to low residual ATP could be detected in the presence of ApoEVs (Figure 4A). Furthermore, we investigated whether
there were alterations in extracellular ATP levels in the bone marrow of OVX mice. We found that the extracellular ATP
levels in the bone marrow of OVX mice were significantly higher than those in the Sham group (Figure 4B). CD39
(ectonucleoside triphosphate diphosphohydrolase-1) and CD73 (ecto-5"-nucleotidase) are membrane-bound ectonucleo-
tidases known to regulate extracellular ATP and adenosine by hydrolyzing extracellular ATP to adenosine monopho-
sphate (AMP) and AMP to adenosine, respectively.’> We detected the changes of CD39 and CD73, and found there was
a decrease in the expression of both CD39 and CD73 in OVX mice, which was consistent with a reduction in adenosine
levels in the OVX group compared to Sham mice (Figure 4C and D). Based on the proteomic analysis which suggesting
the potential role of ApoEVs as extracellular nucleoside triphosphatases, we revealed the presence of ectonucleotidases
CD39 and CD73 on ApoEVs and found them to be enriched on ApoEVs (Figure 4E). Further characterization of CD39
and CD73 localization was conducted by immunoelectron microscopy, affirming their presence on the membrane surface
of ApoEVs (Figure 4F). We proceeded to assess the enzymatic activity of CD39 and CD73 on the surface of ApoEVs
in vitro. The results suggested that ApoEVs hydrolyze ATP dose-dependently, which can be significantly mitigated by
POM-1 (POM, a CD39 inhibitor) (Figure 4G). Similarly, the levels of adenosine, the hydrolysis products of ATP,
increased dose-dependently and could be significantly attenuated by POM or PSB-12379 (PSB, a CD73 inhibitor)
(Figure 4H). These results collectively indicated that CD39 and CD73 are enriched on the membrane surface of ApoEVs,
and ApoEVs hydrolyze extracellular ATP to adenosine through its surface-bound CD39 and CD73 in vitro.

Moreover, to investigate whether ApoEVs can hydrolyze ATP via surface CD39 and CD73 in vivo, OVX mice were
intravenously infused with PBS, ApoEVs, POM- or PSB-pretreated ApoEVs, respectively (Figure 5). Compared with the
PBS control group, mice injected with ApoEVs showed a reduction in extracellular ATP levels in bone marrow, which was
counteracted when ApoEVs were pre-incubated with POM (ApoEVs+POM) (Figure 5A). Additionally, the application of
PSB did not affect the efficacy of ApoEVs in ATP hydrolysis (Figure 5A). Correspondingly, the levels of adenosine in each
group of animals changed, with ApoEVs infusion increasing adenosine concentration compared to the PBS group, while
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Figure 4 ApoEVs hydrolyze ATP to adenosine via surface CD39 and CD73. (A) The activity of ApoEVs and apoptotic T cells to hydrolyze ATP was measured in vitro (N
= 3). (B) Extracellular ATP concentration in bone marrow plasma of sham and OVX animals (N = 6). (C) Western blot analysis of CD39 and CD73 in bone marrow of sham
and OVX animals. (D) Extracellular adenosine concentration in bone marrow plasma of sham and OVX animals. (E) Western blot analysis of CD39 and CD73 on the
membrane of apoptotic T cells and ApoEVs. (F) Immunoelectron microscopy detection of CD39 and CD73 on ApoEVs (scale bar = 200 nm). Yellow arrows indicate CD39
and red arrows indicate CD73 adhered by gold particles. (G) The activity of ApoEVs to hydrolyze ATP with or without POM (a CD39 inhibitor) or PSB (a CD73 inhibitor)
was determined in vitro (N = 3). (H) The activity of ApoEVs in hydrolyzing ATP to adenosine with or without POM or PSB was determined in vitro (N = 3). Data are
presented as mean * SD; ns, not significant; **P< 0.001 by one-way ANOVA with Tukey’s post hoc test or unpaired Student’s t test.

POM or PSB pre-treated ApoEVs attenuated this effect (Figure 5B). Based on the above observation, we aimed to elucidate
whether ApoEVs promote bone mass recovery by hydrolyzing ATP through surface CD39 and CD73. Micro-CT analysis
revealed that the bone mass recovery effect of ApoEVs, as observed in Figure 2C, was reversed by POM or PSB pretreatment
(Figure 5C). Consistently, measurements of BMD, BV/TV, Tb. N, and Tb. Sp supported this conclusion (Figure SD-G).
These data indicated that CD39 and CD73 are exposed on the surface of ApoEVs, facilitating the hydrolysis of ATP to
adenosine, thereby promoting bone regeneration in OVX mice. Adenosine is a potent anti-inflammatory modulator and is
considered a crucial mediator of the immune response.***> The immune microenvironment plays an important role in bone
regeneration. We detected the pro-inflammatory cytokines in the serum of OVX mice, and found that IFN-y (Figure 5H), IL-
17 (Figure 51) and TNF-a (Figure 5J) were all decreased in the ApoEVs group compared with those in the PBS group, while
POM or PSB pre-treated ApoEVs attenuated this effect (Figure SH-J). These results indicated that ApoEVs-generated
adenosine inhibits the inflammatory response, thus providing a favorable microenvironment for bone regeneration.

ApoEVs Generated Adenosine Promotes Bone Regeneration via A2BR Signaling
In addition to inhibiting the inflammatory response, studies have implicated the importance of adenosine and its receptors
in bone fracture repair and bone homeostasis.*®* The BMMSCs cultured in osteogenic induction medium supplemented

https: International Journal of Nanomedicine 2025:20

1094



Yang et al

A B *x * c PBS ApoEVs ApoEVs+POM ApoEVs+PSB
0.8 . ns I 8 e g 3 7 7ig ; : ;
[ | ey | ° L
~ 0.6 * £6
s T £ . y Femur
=1
o 0.4 g4 I
g -
< ]
0.2 <2
i | | I y
0 ‘.’ 0 0
H
& o<" o\“ Q":’ QQ; Q?‘ o\“ & Trabecular
\’9 49 o 6\9 é”
v9 &
D E F
0.10 i i 8 * * 1.5
LI —r—
T 0.08 s g6 — E o
S 0.06 o < . EN
3 $ EMtebflem T =
2 0.04] r S |5 L z
= ] a 0.5
@ 9,02 2 | |
"3 © 7% ¢ o @
% %
Q“’Q?‘O“‘g & ¢ 5
Q o7 R .x
v & W o
& O
vs? N
H | o . J
4000 ok - 400 L
[ | rwwm | L— =
£ 3000 — Z 300 (M E
B T = ' 2
o 4 =
> 2000 Ts Ng 200 c s
=z 5 w
L 1000 | = 100 | =
@ °Te v Q > 'y
)
q’vfé(('4 o\: ? eqé ?°®f6 q,\’g@ Qo\: °
N
S F T &
& & W vS?

Figure 5 ApoEVs promote bone regeneration via surface CD39 and CD73. OVX mice were divided into four groups and injected with PBS, ApoEVs, and POM or PSB
pretreated ApoEVs, respectively (N = 5-6). Extracellular ATP (A) and adenosine (B) concentration in bone marrow plasma in different groups of mice were detected. (C)
Micro-CT analyses of trabecular bone mass in the femurs. (D-G) Quantitative analyses of BMD (D), BV/TV (E), Tb. N (F) and Tb. Sp (G). (H-J) ELISA assays of IFN-y (H),
IL-17 (I) and TNF-a (J) concentrations in the serum of peripheral blood from indicated groups. Data are presented as mean * SD; ns, not significant; *P< 0.05; **P< 0.01;
##4P< 0.001 by one-way ANOVA with Tukey's post hoc test.

with adenosine showed an up regulation of A2BR expression with no considerable differences in the expression of other
adenosine receptors, such as AIR, A2AR, or A3R (Figure 6A). In the present study, to verify whether ApoEVs-generated
adenosine promotes bone mass recovery by A2BR signaling, OVX mice were treated with ApoEVs in the presence or
absence of a potent and selective A2BR antagonist BAY-545 (BAY), with PBS-treated mice serving as controls. Micro-
CT scanning revealed a significant reduction in bone loss in OVX mice treated with ApoEVs compared with those in the
PBS group (Figure 6B). However, this beneficial effect of ApoEVs was mitigated when mice were pre-administered with
BAY before receiving ApoEVs (ApoEVs+BAY) (Figure 6B). The quantifications of BMD, BV/TV, Tb. N, and Tb. Sp
also support these results (Figure 6C—F). Similarly, we isolated BMMSCs from PBS, ApoEVs, ApoEVs+BAY or BAY-
treated OVX mice, and cultured them in osteogenic differentiation medium. The expression of ALP and Runx2 in
BMMSCs isolated form ApoEVs-treated OVX mice remarkably increased compared with that in the PBS group
(Figure 6G). Moreover, alizarin red staining revealed stronger osteoblast activity in the ApoEVs group than that in the
PBS group (Figure 6H). In contrast, no significant improvement in osteogenic differentiation was observed in BMMSCs
from OVX mice that received ApoEVs+BAY or BAY therapy (Figure 6G and H). These in vivo experimental evidences
suggested that ApoEVs treatment inhibits bone loss and rescues the osteogenic deficiency of BMMSCs via A2BR

signaling.
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Figure 6 ApoEVs generated adenosine promotes bone regeneration via A2B receptor (A2BR) signaling. (A) BMMSCs isolated from C57BL/6 mice were cultured in
osteogenic induction medium (CON) or adenosine-supplemented osteogenic induction medium (Adenosine). Real-time PCR was performed to detect mRNA expression of
AIR, A2AR, A2BR and A3R on day |4 after osteogenic induction. (B-F) OVX mice were divided into four groups and injected with PBS, ApoEVs, ApoEVs+BAY (adenosine
receptor antagonist) or BAY, respectively (N = 6). (B) Micro-CT analyses of trabecular bone mass in the femurs. (C-F) Quantitative analyses of BMD (C), BV/TV (D), Tb.
N (E) and Tb. Sp (F). (G) BMMSCs from each group in (B) were isolated and cultured in osteogenic medium. Western blot analysis of the osteogenic-related proteins ALP
and Runx2 were conducted on day 10 after osteogenic induction. (H) Alizarin red staining and quantification of mineralized nodules were performed on day 21| after
induction. (I) BMMSC:s isolated form C57BL/6 mice were cultured for osteogenic induction (CON group). ATP was supplemented to simulate the elevated extracellular ATP
levels observed in OVX mice. Subsequently, PBS or ApoEVs were introduced into the medium (ATP+PBS or ATP+ApoEVs groups). The osteogenic medium supplemented
with adenosine served as the positive control (Adenosine group). Western blot results shown the expression of A2BR, p-PKA, ALP and Runx2. (J) A2BR was blocked with
a selective A2BR antagonist, BAY. Western blot results shown the expression of p-PKA, ALP and Runx2. Data are presented as mean + SD; ns, not significant; **P< 0.01;
***P< 0.001 by one-way ANOVA with Tukey’s post hoc test.

To further explore the downstream molecular mechanism of ApoEVs-generated adenosine in promoting osteogenesis
in vitro, BMMSCs were isolated form C57BL/6 mice and cultured for osteogenic induction (CON group). ATP was
supplemented into the osteogenic medium to simulate the elevated extracellular ATP levels observed in OVX mice.
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Subsequently, PBS or ApoEVs were introduced into the medium (ATP+PBS or ATP+ApoEVs groups). The osteogenic
medium supplemented with adenosine served as the positive control (Adenosine group). Compare with the control group,
it was observed that ATP suppressed the expression of A2BR, while the introduction of ApoEVs resulted in a recovery of
A2BR expression (Figure 6I). Similar results were observed in the phosphorylation of protein kinase A (p-PKA),
downstream of A2BR signaling. In addition, the osteogenic markers ALP and Runx2 were inhibited by ATP, whereas
treatment with ApoEVs restored their expression (Figure 6I). These results are not surprising, as ApoEVs could
hydrolyze ATP to adenosine, which subsequently activates A2BR and induces PKA phosphorylation, thereby promoting
the osteogenesis of BMMSCs. To further validate that ApoEVs-generated adenosine promotes osteogenesis via A2BR
and downstream PKA, we blocked A2BR with a selective A2BR antagonist, BAY, as stated above, and assessed the
phosphorylation of PKA along with the osteogenic markers ALP and Runx2 (Figure 6J). As expected, BMMSCs in the
ATP+ApoEVs group exhibited comparable levels of p-PKA, ALP, and Runx2 expression to those treated with adenosine
(Figure 6J). By contrast, when these cells were treated with BAY in combination, both the phosphorylation of PKA and
expression of ALP and Runx2 decreased (Figure 6J). These in vitro experimental findings further substantiate that
ApoEVs-generated adenosine promotes osteogenesis through A2BR and downstream PKA signaling.

Discussion

Osteoporosis is a major chronic disease worldwide in postmenopausal women and aging population and frequently leads
to fragility fractures, which bring about low quality of life, increased mortality and high healthcare costs.' The most
regular drugs for osteoporosis are denosumab and bisphosphonates, which inhibit the resorption of bone. However, these
treatments may impair intrinsic repair mechanisms and increase the risk of atypical femur fractures.”* Thus, it is required
to develop more ideal strategy for the prevention and treatment of osteoporosis. With the advancement of regenerative
medicine, ApoEVs generated by different apoptotic cells have emerged as a promising therapeutic option for tissue
regeneration due to their low immunogenicity and high biological compatibility.!''*!* In this study, we demonstrated
that T cell-derived ApoEVs ameliorates osteopenia, the most important finding was that ApoEVs are enriched with CD39
and CD73 on their membrane surface, enabling them to hydrolyze extracellular ATP to adenosine. ApoEVs generated
adenosine regulates the immune microenvironment and promotes bone regeneration via A2BR signaling. These findings
provide a new insight into the understanding of ApoEVs and reference for future studies.

Apoptosis is a tightly regulated cell death process, there is now increasing evidence to suggest that ApoEVs released
from cells during apoptosis is closely related to tissue homeostasis.'*'"-**>7 It has been reported that donor MSCs release
ApoEVs to activate autophagy in recipient cells, thereby promoting angiogenesis to improve myocardial infarction or
enhance dental pulp regeneration.'*'> As for the study of ApoEVs in promoting bone regeneration, our results are in line
with previous studies which shown that circulating ApoEVs maintain mesenchymal stem cell homeostasis and ameliorate
osteopenia via transferring multiple cellular factors.”” To achieve satisfactory bone targeting capacity of natural ApoEVs,
researchers also engineered ApoEVs with bone-targeting functions which could significantly promote osteogenesis and
alleviate osteoporosis compared with natural ApoEVs.*®

It has been established that lymphocytes apoptosis and ApoEVs derived from lymphocytes play a crucial role in
regulating inflammation and maintaining physiological homeostasis.'>'” ApoEVs released by T cells could target the
intestines of abdominal irradiated mice and alleviate radiation enteritis.'” Moreover, engineered chimeric T cell-derived
ApoEVs, functionalized with natural membrane and modular delivery system, can effectively modulate inflammation and
ameliorate the inflammatory bowel diseases.'® These advancements highlight the substantial potential of T cell-derived
ApoEVs for various biomedical applications. Based on our previous study, we reported that inducing apoptosis in
activated T cell in vivo restores immune homeostasis and promotes bone mass recovery in osteoporotic mice.'” As
a continuation of the above studies, we isolated ApoEVs and apoptotic T cells (ApoEVs-free). We found that ApoEVs,
but not apoptotic T cells, ameliorate osteopenia and rescues the osteogenic deficiency of BMMSCs in OVX mice. This is
not contradictory to our previous results since the apoptosis of T cells in vivo would subsequently produce ApoEVs to
further exert biological functions. The present study emphasizes the necessity and importance of the generation of
ApoEVs during cell apoptosis.
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While extracellular vesicle (EVs) have been recognized as carriers of genetic information, additional unique
advantages that they could provide for cellular communication remain unclear. Given their small size, EVs have
a large surface compared to volume and provide substantial membrane surface area for long-distance cellular
communication.'” A recent study provided evidence to support that EVs confer a benefit or survival advantage to their
parental cells by serving as decoys to trap and neutralize bacterial toxins.>® This study suggests that EVs can exert their
biological functions by specific membrane receptor binding capacity. Similarly, researchers found that transferrin
receptors (TfR), are integrated on the EVs surface, which ensures the iron recycling capacity of EVs through capture
of the iron-containing molecules to facilitate iron recycling.*® These studies suggest a shift in perspective from viewing
EVs merely as transporters of relevant nucleic acids and proteins to considering their unique biophysical properties as
presentation platforms for long-distance, contact-dependent signaling.

CD39 and CD73 are membrane-bound ectonucleotidases, EVs enriched with CD39 and CD73 are immune
suppressive.*! It has been reported that exosomes derived from diverse cancer cells express CD39 and CD73, which
suppress T cells through adenosine production.*? As to T cell-derived EVs, the enrichment of CD73 on EVs derived from
CDS8 T cells hydrolyzes AMP and promotes the production of adenosine, which plays an immunosuppressive role.*
Here, we confirmed that T cell-derived ApoEVs are enriched with CD39 and CD73, enabling them to hydrolyze
extracellular ATP to adenosine, and promote bone regeneration via A2BR and PKA signaling pathway. Although in
this study we have focused on CD39 and CD73 on the surface membrane of ApoEVs, other ectonucleotidases and
molecules influencing extracellular ATP and adenosine were not investigated. Furthermore, while other studies have
monitored bone mass over a longer duration post-discontinuation of extracellular vesicle administration, our observation
period was relatively short. Consequently, there is a pressing need for further research to investigate the long-term
efficacy of ApoEVs treatment. Such research will not only provide a robust theoretical foundation but also crucial
experimental support for the future clinical translation of ApoEVs.

Conclusions

In summary, our findings revealed that T cell-derived ApoEVs are enriched with CD39 and CD73 on their membrane
surface, enabling them to hydrolyze extracellular ATP to adenosine. The adenosine generated by ApoEVs regulates the
immune microenvironment and facilitated osteogenic differentiation by activating the A2BR and downstream PKA
signaling pathway. Our study extends the understanding of EVs, from viewing EVs merely as transporters to considering
their unique biophysical properties, thus providing new ideas for the EVs-based therapy in tissue regeneration and
immune disorders.
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