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ABSTRACT

Utilizing transplanted human umbilical cord mesenchymal stem cells (HUMSCs) for cartilage defects yielded
advanced tissue regeneration, but the underlying mechanism remain elucidated. Early after HUMSCs delivery to
the defects, we observed substantial apoptosis. The released apoptotic vesicles (apoVs) of HUMSCs promoted
cartilage regeneration by alleviating the chondro-immune microenvironment. ApoVs triggered M2 polarization
in macrophages while simultaneously facilitating the chondrogenic differentiation of endogenous MSCs. Mech-
anistically, in macrophages, miR-100-5p delivered by apoVs activated the MAPK/ERK signaling pathway to
promote M2 polarization. In MSCs, let-7i-5p delivered by apoVs promoted chondrogenic differentiation by
targeting the eEF2K/p38 MAPK axis. Consequently, a cell-free cartilage regeneration strategy using apoVs
combined with a decellularized cartilage extracellular matrix (DCM) scaffold effectively promoted the regen-
eration of osteochondral defects. Overall, new mechanisms of cartilage regeneration by transplanted MSCs were
unconcealed in this study. Moreover, we provided a novel experimental basis for cell-free tissue engineering-
based cartilage regeneration utilizing apoVs.

1. Introduction

shown that only a small fraction of transplanted MSCs can survive and
integrate into the host [9,10]. A growing body of evidence suggests that

In recent years, mesenchymal stem cells (MSCs) transplantation has
been widely considered a potential treatment strategy for diseases such
as diabetes, autoimmune diseases, cartilage injuries, and osteoarthritis
(OA) [1-4]. The potential therapeutic mechanisms of this treatment
include immune modulation [5], differentiation [6], paracrine signaling
[7], and extracellular vesicle (EV) secretion [8]. Previous studies have

Peer review under responsibility of KeAi Communications Co., Ltd.

transplanted MSCs survive for only a short time in the recipient [11],
including after implantation into the root canal [12] and intravenous
injection for graft-versus-host disease (GvHD) [13]. Our previous pre-
clinical studies have also indicated that transplanted HUMSCs in scaf-
folds are minimally present in regenerating cartilage tissue [14,15].
However, in the field of cartilage tissue regeneration, the destiny of
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transplanted HUMSCs in scaffolds has not been fully elucidated.
Whether the non-survival HUMSCs affect cartilage regeneration or not
needs more scientific research.

In the human body, billions of cells undergo apoptosis, which is a
fundamental metabolic process for maintaining physiological homeo-
stasis, every day [16-18]. During apoptosis, apoptotic vesicles (apoVs),
initially referred to as apoptotic bodies (apoBDs), are formed through
membrane budding. These vesicles are not merely fragments; they
display a specific distribution of intracellular contents and serve as
regulators of biological processes [19]. ApoVs, as a subset of EVs,
contain various biomolecules, including microRNAs (miRNAs), mRNAs,
DNA, lipids, and proteins [17,18,20]. Recently, studies have shown that
apoVs play important roles in regulating immune responses and tissue
recovery in multiple tissues and organs [21-23]. Nevertheless, the
mechanisms by which apoVs affect macrophage polarization and carti-
lage regeneration have not yet been fully elucidated.

The delicate balance between stem cell-mediated proliferation and
apoptosis of adjacent stem cells or somatic cells plays an essential role in
tissue regeneration following injury [24]. Studies have shown that
apoptotic cell-induced Wnt3 and c-Jun N-terminal kinase (JNK)
signaling contributes to compensatory proliferation [25,26]. Recent
research has also shown that apoptotic epithelial stem cells promote the
proliferation of neighboring stem cells through the cysteine-dependent
generation of apoVs containing Wnt8a [27]. Li et al. reported that
osteoclast-derived apoVs promoted the osteogenic differentiation of
bone marrow MSCs (BMSCs) [23]. This finding suggests that the
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plasticity of stem cells enables them to adapt to tissue homeostasis and
regenerative needs upon sensing apoptotic cell signaling. However, the
impact and mechanisms of apoVs on host MSCs in cartilage regeneration
remain unclear. Analyzing the key molecules and pathways involved in
how apoptotic vesicles promote cartilage regeneration is crucial for
understanding new mechanisms of stem cell-induced regeneration and
developing targeted therapeutic strategies for these key molecules and
pathways.

In this study, we demonstrated most of donor HUMSCs in DCM
scaffolds implanted in cartilage defects underwent apoptosis and then
secreted apoVs. ApoVs derived from HUMSCs combined with DCM
scaffolds enhanced cartilage regeneration by delivering enriched miR-
100-5p and let-7i-5p to the defects. MiR-100-5p, which activated
ERK/MAPK pathway, and let-7i-5p, which directly targeted eEF2K/p38
MAPK signaling pathway, orchestrated cartilage defects repair via pro-
moting macrophage M2 polarization and chondrogenesis (see Scheme
1).

2. Materials and methods
2.1. Ethical approval statement
This study was conducted in full compliance with the ethical prin-

ciples outlined by the Ethics Committee of the Chinese PLA General
Hospital.
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Scheme 1. Schematic summary of our main findings. Intra-articular injection of HUMSC-derived apoVs delivers miR-100-5p into macrophages and promotes M2
macrophage polarization by activating MAPK/ERK1/2, delivers let-7i-5p to MSCs and promotes chondrogenesis by targeting the eEF2K/p38 axis. ApoVs combined
with DCM scaffolds facilitate cartilage defect repair. HUMSCs: human umbilical cord-derived mesenchymal stem cells, DCM: decellularized cartilage extracel-

lular matrix.
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2.2. Cell culture, apoV collection, and apoV identification

2.2.1. Cell culture

HUMSCs were isolated and extracted per our previous protocol [28]
and were cultured with alpha-minimum essential medium (a-MEM)
(Corning, USA) supplemented with 10 % fetal bovine serum (FBS)
(Gibco, USA) and 1 % penicillin/streptomycin (Invitrogen, USA). Cells
at passages 3 to 5 were utilized to ensure viability. The isolation and
culture of murine bone marrow-derived macrophages (BMDMs) and
BMSCs were performed as previously described [29]. Briefly, male
C57BL/6 mice aged 6-8 weeks were purchased from Beijing Weiton-
glihua Company. The bone marrow was flushed out and then cultured
for a period of 7 days in DMEM/F12, 10 % FBS, 50 ng/ml mouse
macrophage colony-stimulating factor (M-CSF, PeproTech, USA), 100
U/ml penicillin, and 100 U/ml streptomycin. Forty-eight-hour-old
C57BL/6 mice were used for BMSCs isolation. The bone marrow was
flushed out and then cultured at 37 °C and 5 % CO; in complete culture
medium for MSCs: a-MEM, 10 % FBS, 100 pg/ml streptomycin, and 100
U/ml penicillin. BMSCs at passages 3 to 5 were used for subsequent
assays.

2.2.2. Induction and characterization of HUMSCs apoptosis

Undifferentiated HUMSCs were rinsed twice with PBS, and the cul-
ture medium was replaced with complete medium containing EV-
depleted FBS and 250 nM staurosporine (STS) (Cell Signaling Technol-
ogy, USA). After 3 h of treatment, HUMSCs apoptosis was assessed
through morphological observation and TUNEL staining performed with
the One Step TUNEL Apoptosis Assay Kit (Beyotime Biotechnology,
China) per the manufacturer’s protocol.

2.2.3. Isolation and characterization of HUMSC-derived apoVs

ApoVs derived from HUMSCs were obtained with an optimized
protocol [21]. Initially, the supernatant of apoptotic cells was harvested
12 h after apoptosis induction and centrifuged at 800xg for 10 min. The
resulting supernatant was further centrifuged at 12,000 x g for 30 min to
isolate apoVs, which were then washed twice with filtered PBS. The
apoVs were quantified by determining the protein concentration using a
BCA Protein Assay Kit (Beyotime Biotechnology, China). ApoVs were
characterized with transmission electron microscopy (TEM) (JEOL,
Japan) and dynamic light scattering (DLS) (Beckman Coulter, Germany)
to assess the morphology and size distribution, respectively. Addition-
ally, Western blotting analysis (details provided in the supplementary
materials) was performed to assess specific apoV markers (histone H3,
histone H2B, C3b, and C1QC), while Annexin V Fluos labeling reagent
staining (Beyotime Biotechnology, China) was utilized for further
characterization. Component analysis of apoVs was conducted through
proteomic analysis and RNA sequencing (RNA-seq) analysis (details are
provided in the supplementary materials).

2.2.4. In vitro internalization of apoVs by BMDMs and BMSCs

DiO-labeled apoVs were coincubated with either BMDMs or BMSCs
for various durations (3, 6, 12, and 24 h). Subsequently, the labeled cells
were washed thoroughly with fresh culture medium to eliminate any
unbound apoVs then fixed with a 4 % paraformaldehyde solution, and
stained with DAPI (10 pg/ml). Fluorescence images were acquired using
a fluorescence confocal microscope (Nikon, TCS-SP8).

2.2.5. Analysis of apoVs-induced macrophage polarization in vitro

The macrophages were cultured for 24 h and then seeded in well
plates at a concentration of 1 x 10° cells/cm?. The cells were subse-
quently incubated in complete macrophage culture medium containing
varying concentrations of apoVs (2.5 pg/ml, 5 pg/ml, and 10 pg/ml) for
an additional 24 h, with macrophages without added apoVs serving as
the control group. Macrophage phenotypes were assessed through
immunofluorescence staining (details are provided in the supplemen-
tary materials), while specific genes associated with immunomodulation
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were analyzed using quantitative real-time polymerase chain reaction
(qRT-PCR) (details are provided in the supplementary materials). All
primer sequences are listed in Table S1. Additionally, RNA-seq analysis
(details provided in the supplementary materials) was conducted to
further elucidate the molecular mechanisms involved.

2.2.6. Collection of apoVs-treated BMIDMs-conditioned medium (Mgpovs-
CM)

The native macrophages were exposed to medium containing apoVs
at a concentration of 2.5 pg/ml. After two washes with PBS, the cells
were cultured in serum-free medium for 24 h. Subsequently, the cell
supernatant was collected to obtain Mapevs-CM (apoV-treated
macrophage-derived conditioned medium).

2.2.7. Analysis of BMSCs proliferation

Cell proliferation was assessed using a Cell Counting Kit (CCK-8)
assay (Dojindo, Japan). BMSCs were seeded in 96-well plates at a density
of 2 x 10° cells per well (n = 4) and then incubated in medium con-
taining different concentrations of apoVs (250 ng/ml, 2.5 pg/ml, and 5
pg/ml). Cells cultured in medium without apoVs served as the control
group. Additionally, we investigated the impact of Mapovs-CM on BMSCs
proliferation by CCK-8.

2.2.8. Scratch assay

BMSCs (5 x 10° cells) were plated in each well of six-well plates at a
confluence of 100 %. A scratch was created perpendicular to the hori-
zontal axis using a 10 pl pipette tip. The cells were then treated with
either apoVs (250 ng/ml, 2.5 pg/ml and 5 pg/ml) or Mapovs-CM (n = 3).
The samples were imaged at 0 h and 12 h using a phase-contrast mi-
croscope. The change in the scratch area was quantified using ImageJ
software (NIH Image, US).

2.2.9. Transwell assay

Transwell migration assays were conducted as follows: a BMSCs
suspension (100 pl; 2 x 10° cells/ml) was added to the upper Transwell
compartment (Corning, US). Subsequently, 650 pl of medium was added
to the lower chamber, with varying concentrations of apoVs (250 ng/ml,
2.5 pg/ml and 5 pg/ml) or Mapevs-CM. The cells were then cultured at
37 °C for 24 h. Afterward, the migrated cells were stained with DAPI and
quantified using ImageJ software.

2.2.10. The effect of apoVs and Mgpovs-CM on BMSCs chondrogenic
differentiation

To assess the impact of apoVs and Mapys-CM on BMSC chondrogenic
differentiation, we employed pellet aggregate culture as previously
described [29]. After a 14-day coculture period in three distinct types of
media (standard chondrogenic differentiation medium, Mapoy-CM
chondrogenic differentiation medium, and apoV chondrogenic differ-
entiation medium), QRT-PCR analysis was conducted to examine the
expression levels of chondrogenic genes [ACAN, SOX9, and collagen II
(COL2)]. Detailed primer information can be found in Table S1 of the
supplementary materials. Subsequently, Safranin O staining, Alcian blue
staining, and COL2 immunohistochemistry were carried out on the
BMSC pellets after 21 days of chondrogenic differentiation culture.

2.2.11. Transfection of miRNA mimics or inhibitors

MiRNA mimics and inhibitors were procured from RiboBio
(Guangzhou, China). BMDMs were differentiated into mature macro-
phages and subsequently transfected with 50 nM mimics or 100 nM
inhibitors of hsa-miR-143-3p, hsa-miR-21-5p, hsa-miR-100-5p, hsa-
miR-26a-5p or negative control (RiboBio, China) using Lipofectamine
RNAIMAX transfection reagent (Life Technologies, USA). After 24 h,
RNA was extracted for qRT-PCR, and the cells were incubated in glass
bottom dishes and fixed for fluorescence observation to verify the
transfection efficiency. The cells were fixed for immunofluorescence
staining and protein extraction after 48 h for Western blot. After 3-5
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passages, BMSCs were incubated in 6- or 12-well plates and subjected to
transfection with mimics, a negative control mimic, an inhibitor, or an
inhibitor negative control of hsa-let-7i-5p using a riboFECT™ CP
Transfection kit (RiboBio, China) when they reached 50 % confluence.
Transfection efficiency was evaluated by qRT-PCR and fluorescence
observation after 24 h. Transfections were performed twice with an
interval of 3 days. Chondrogenic differentiation of BMSCs was induced
using a Chondrogenic Differentiation Kit (Cyagen, China) according to
the instructions at the beginning of miRNA transfection. The chondro-
genic media were changed every other day. The cells were harvested for
Western blot analysis on the 7th day and for immunofluorescence
staining after 21 days (see supplementary materials for details).

2.2.12. Dual-luciferase reporter assay

HEK293T cells were transfected with Firefly/Renilla dual-luciferase
vectors (Aidisheng, China) containing wild-type eFF2K-3'UTR (eFF2K-
3'UTR-WT) and mutant eFF2K-3'UTR (eFF2K-3'UTR-MU), respectively.
Cells seeded in 24-wells plates were co-transfected with let-7i-5p mimic
or NC mimic using Lipofectamine 2000 reagent (Invitrogen, USA). Cells
were harvested after 24 h, and the luciferase activity was determined by
a Luc-pair duo-luciferase assay kit (Beyotime Biotechnology, China).
And the level of luciferase activity was calculated as the normalized
relative Firefly luciferase/Renilla ratio.

2.2.13. Preparation of DCM scaffolds

The porcine cartilage extracellular matrix and scaffolds were pre-
pared as previous method [36]. Briefly, cartilage pieces were minced.
Acetic acid, deionized H50, nucleases, PBS, and differential centrifu-
gation were used to decellularize the cartilage tissue. DCM scaffolds
were fabricated using a simple freeze-drying and crosslinking method.
Scaffolds with a diameter of 2 mm and a thickness of approximately 1
mm were produced and finally sterilized by 60Co y-irradiation at 5
mRad.

2.2.14. Determination of the HUMSCs fate in cartilage defects

The porcine DCM scaffolds were prepared following previously
established methods [30] (see supplementary materials for details).
DCM scaffolds loaded with DiO-labeled HUMSCs were implanted into a
rat osteochondral defect model. After 0, 1, and 3 days, the scaffolds were
fixed, rinsed, and incubated overnight at 4 °C with a primary antibody
against Annexin V (1:100; Abcam). After rinsing, the scaffolds were
incubated with a fluorescent secondary antibody at room temperature
for 1 h. The results were observed under a laser scanning confocal mi-
croscope (Nikon, TCS-SP8). Semiquantitative analysis of the results was
performed using ImageJ software.

2.2.15. Internalization of apoVs by MSCs and macrophages in vivo

Immunofluorescence was utilized to trace the localization of the
injected apoVs, which were labeled with the DiO Green Fluorescent Cell
Linker Kit (Abcam, USA), following the manufacturer’s instructions.
These prelabeled apoVs were injected into the articular cavity of the
osteochondral defect model along with DCM scaffolds. Subsequently,
the scaffolds were fixed, rinsed, and incubated overnight at 4 °C with
primary antibodies against CD105 (1:100; Abcam, USA) or CD68 (1:100;
Abcam, USA). After thorough rinsing, the scaffolds were incubated with
fluorescent secondary antibodies at room temperature for 1 h. The re-
sults were observed using a laser scanning confocal microscope (Nikon,
TCS-SP8).

2.2.16. Regulatory effect of apoVs on the articular cavity
microenvironment

Nine Sprague-Dawley (SD) rats were randomly assigned to either
the PBS group or the apoV group. Under aseptic conditions, a 2.0-mm-
diameter trephine was used to create an osteochondral defect approxi-
mately 1 mm deep in the femoral trochlea of the left leg, causing slight
bleeding. The patella was then repositioned, and the soft tissue and skin
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were sutured. Each rat received an injection of either 20 pl of PBS or an
equivalent volume of a 1 pg/ml apoV suspension into the knee joint
cavity. These injections were repeated every 3 days. After surgery, the
rats were allowed free movement and unrestricted access to food. After 7
days, all rats were euthanized, and the joint synovium was collected.
Macrophage polarization was evaluated via immunofluorescence
staining for CD206 and CD86. Additionally, specific genes associated
with immunomodulation (IL-1, TNF-oa, Arg-1, and CD206) were
analyzed using qRT-PCR.

2.2.17. In vivo cartilage regeneration studies

Eight-week-old male SD rats were randomly allocated to four groups:
(A) the control group, (B) the DCM scaffold group, (C) the apoV group
and (D) the apoV + DCM scaffold group (n = 5). For the apoV and apoV
+ DCM scaffold groups, 20 pl of PBS solution containing apoVs was
injected into the joint cavity at a concentration of 1 pg/ml, and the
medication was administered at 1, 3, and 7 days after surgery. The rats
in the control group received an equal volume of PBS.

After sampling, macroscopic evaluation, mechanical property anal-
ysis, and microcomputed tomography (micro-CT) analysis were per-
formed for each group to preliminarily analyze the extent of cartilage
repair in the defect area. Macroscopic evaluation involves visual in-
spection of the joint surface to assess gross changes such as tissue color,
texture, and the presence of any abnormalities or defects. This approach
can provide initial indications of the extent of cartilage repair and any
remaining defects. Mechanical property testing provides important in-
formation about the strength, stiffness, and overall integrity of the
repaired tissue. Through application of controlled compression me-
chanical forces to the sample, the response of the tissue can be
measured, indicating its functional capacity and how well it is integrated
with the surrounding tissue. Micro-CT analysis is a powerful imaging
technique that allows nondestructive, three-dimensional visualization of
bone structure at high resolution. This method can provide quantitative
data on parameters such as bone density, volume, and morphology,
allowing a detailed assessment of subchondral bone.

Histological examination of cartilage sections at both 6- and 12-
weeks post-treatment involved staining with H&E to visualize tissue
morphology. For determination of the proteoglycan content and for
bone analysis, Safranin O/Fast Green staining was used. The evaluation
of histological sections was conducted using the modified O’Driscoll
histology scoring system (MODHS), which is tailored for rat cartilage
repair, with a sample size of n = 5 for each time point. Additionally,
histochemical staining for COL2 (1:200) was carried out to examine the
presence of COL2, an essential component of the cartilage matrix. The
stained sections were analyzed for COL2 expression levels. Quantitative
analysis of COL2 immunohistochemical staining was performed using
ImageJ software. This analysis involved assessing three sections from
three biological replicates to ensure the robustness and reliability of the
results. For comprehensive experimental protocols and methodologies,
please consult the Supplementary Information provided.

2.2.18. Statistical analysis

The statistical analysis was conducted using GraphPad Prism 8.0
software, with a significance threshold set at p < 0.05. The data are
presented as the means + standard deviations (SD). For comparison of
two groups, Student’s t tests were used. For comparisons among multi-
ple groups, one-way ANOVA was utilized, followed by a Tukey post hoc
test for pairwise comparisons.

3. Results and discussion
3.1. HUMSC apoptosis occurs in transplanted cartilage defects
Stem cell therapy has shown encouraging therapeutic benefits and

positive clinical results across a spectrum of diseases and has also proven
to be effective for addressing cartilage defects and OA in preclinical
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studies and ongoing clinical trials [31-33]. However, the in vivo sur-
vival and destiny of transplanted stem cells are still being debated. A
recent clinical trial demonstrated the successful regeneration of trans-
parent cartilage in knee joints with cartilage injuries through the
transplantation of allogeneic BMSCs without detection of any allogeneic
DNA in the newly formed cartilage [34]. This finding suggests that the
implanted MSCs may provide initial stimulation but subsequently un-
dergo death and clearance from the tissue. Previous research from our
team demonstrated that MSCs loaded into a DCM scaffold effectively
increased the repair of cartilage defects [30], but only a few implanted
MSCs remained in the repaired tissue [14]. To determine the fate of stem
cells implanted in cartilage defects, we implanted DiO-labeled HUMSCs
loaded on DCM scaffolds into a rat cartilage defect model. Confocal
microscopy revealed a notable reduction in the number of DiO-labeled
HUMSCs at 1 and 3 days after implantation, and increased cell
apoptosis was demonstrated by an increase in the red
fluorescence-labeled specific apoptosis marker Annexin V (Fig. 1A).
These findings indicate that many stem cells undergo apoptosis during
the early stages after implantation. After transplantation, MSCs undergo
cellular death within a brief period of time; this process is primarily
attributable to a combination of adverse environmental factors such as
nutrient and oxygen deprivation, along with factors such as anoi-
kis—loss of matrix support and adhesion to the ECM—and
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inflammation, which precipitates oxidative stress [35,36]. Oxidative
stress-induced injury is the primary stimulator of MSC apoptosis [37],
while anoikis promotes apoptotic signaling [38], and cellular starvation
triggers autophagy [39]. Given the articular microenvironment
post-cartilage injury [40] and the types of cell death [41], MSCs intro-
duced into the joint cavity may undergo simultaneous apoptotic, auto-
phagic, and necrotic processes, with apoptosis likely representing the
predominant form of death.

Previous studies have shown that systemically injected apoVs are
mainly phagocytosed by liver macrophages, which are specialized
phagocytic cells involved in clearing apoptotic cells [42,43]. To inves-
tigate the distribution and fate of apoVs derived from implanted MSCs in
an osteochondral defect model, we first induced the apoptosis of
HUMSCs in vivo using STS. The results showed significant changes in
cell morphology at 3 h and 12 h and positive TUNEL staining at 3 h
(Fig. S1), which confirmed the successful induction of cell apoptosis. We
collected apoVs using a gradient centrifugation protocol [44]. The size
distribution of apoVs was assessed using DLS analysis. The morphology
was evaluated utilizing TEM. As shown in Fig. 1B, apoVs were typically
round with a diameter of approximately 1245 nm (Fig. 1C). Immuno-
fluorescence staining demonstrated positive labeling of apoVs with
Annexin V (Fig. 1D). Western blot analysis revealed the presence of
specific markers, such as histone H3, histone H2B, complement C3b, and
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Fig. 1. Fate of transplanted HUMSCs in cartilage defects. (A) Confocal microscopy images illustrating the reduction in HUMSCs and increasing number of apoptotic
cells within the DCM scaffold at 0 h, 24 h, and 72 h post-implantation. (B) TEM image showing the morphology of apoVs. (C) Size distribution of apoVs. (D) Confocal
microscopy images displaying Annexin V staining of apoVs. (E) Western blot analysis of H3, H2B, C3b, and C1QC in both HUMSCs and apoVs. (F) Distribution of
injected apoVs within cartilage defects and the synovium. (G) Phagocytosis of dio-labeled apoVs by MSCs and macrophages within cartilage defects.
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complement C1QC (Fig. 1E). Subsequently, DiO-labeled apoVs were
administered into the joint cavity of mice with knee articular cartilage
defects. Twenty-four hours later, confocal microscopy revealed that
green fluorescence was distributed in the defect site and synovium
(Fig. 1F). To further explore the internalization of apoVs by cells in vivo,
we used a rat model of knee articular cartilage defects and injected
DiO-labeled apoVs into the joint cavity. Three days after surgery,
immunofluorescence staining was performed to label MSCs with CD105
and macrophages with CD68. As shown in Fig. 1G, both MSCs (red) and
macrophages (red) were able to internalize apoVs (green). These results
suggest that many MSCs undergo apoptosis shortly after being implan-
ted into the joint cavity and that the apoVs produced are phagocytosed
by MSCs and macrophages, which may be a potential mechanism un-
derlying their ability to promote cartilage defect repair and
regeneration.

3.2. ApoVs derived from HUMSCs are rich in various functional proteins
and miRNAs

Although the scientific community has shown strong interest in EVs
originating from viable cells, our current knowledge regarding apoVs
generated from apoptotic cells remains limited. The molecular compo-
sition of apoVs is a central focus in this area of research due to their
payload of diverse functional proteins [45,46]. The packaging of cargo
within apoVs depends on the cell type of the parent cell; therefore,
apoVs originating from distinct cell types may exhibit varying func-
tionalities [47]. To determine the precise proteomic traits of apoVs
derived from HUMSCs, we extracted proteins from both the apoVs and
the parent HUMSCs. We then conducted LC-MS/MS analysis, which
enabled us to identify a comprehensive sum of 4333 proteins, with 345
upregulated in apoVs (Figs. S2A and B). We performed enrichment and
functional analyses of the differentially expressed proteins. In our study,
we observed notable upregulation of several crucial apoptotic markers
within apoVs, including the apoptosis regulator BAX [48], apoptotic
protease activating factor 1 (Apaf-1) [49,50], and p53 apoptosis effector
related to PMP-22 (PERP) [51,52]. We utilized the Gene Ontology (GO)
database for functional annotation and discovered that the proteins
upregulated in apoVs were associated with many terms spanning the
three domains “cellular component,” “molecular function,” and “bio-
logical process.” This finding suggested that a broad array of functional
proteins were encapsulated within apoVs (Fig. S2C). Enrichment anal-
ysis revealed that upregulated proteins in apoVs were mainly involved in
“cell adhesion,” “cell migration,” and “integrin-mediated signaling
pathway”. In terms of cellular components, apoVs were enriched in
“extracellular exosome,” and in molecular function, they were involved
in “calcium ion binding” and “integrin binding.” During the biological
process enrichment analysis, we additionally identified upregulated
proteins within apoVs that played roles in “regulating macrophage
migration” and “maintaining stem cell populations” (Fig. S2D).
Furthermore, we explored the signaling pathways involving these
upregulated proteins through Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway analysis. Our findings illustrated that these
proteins play important roles in the “ECM-receptor interaction” and
“cell adhesion molecule” signaling pathways (Fig. S2E). The KEGG re-
sults further indicated that these proteins are linked to various processes
and pathways across different domains. Specifically, in the “cellular
process” domain, these proteins are associated with “cellular commu-
nity,” “transport and catabolism,” and “cell growth and death.” In the
“environmental information processing” domain, these proteins are
involved in “signal transduction.” Additionally, in the “human diseases”
domain, the proteins are implicated in “immune disease.” In terms of
metabolism, these proteins play a role in “carbohydrate metabolism.”
Moreover, within the “organismal systems” domain, the proteins are
associated with the “immune system,” “nervous system,” and “endocrine
system” (Fig. S2F). Protein-protein interaction (PPI) analysis revealed a
complex network illustrating the functional interplay among proteins
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(Fig. S2G). These results underscore the abundance of functionally
relevant proteins within apoVs, particularly those closely tied to cellular
behavior, signal transduction, and the modulation of both immunity and
metabolism. We identified a notable enrichment of specific proteins in
apoVs that play a role in the regulation of macrophage
anti-inflammatory (M2) polarization. These proteins include the 60 kDa
heat shock protein (HSPD1), which is a small heat shock protein known
to effectively promote macrophage M2 polarization [53]; Annexin A5
(ANXAS5), which has been shown to play a specific role in the phenotypic
polarization of liver macrophages from M1 to M2 [54]; and integrin
alpha-5 (ITGA5), which may be an important regulator of tumor im-
mune cell infiltration [55]. These proteins may mediate the immuno-
regulatory effects of apoVs at the molecular level.

We also performed miRNA sequencing of apoVs to further charac-
terize their molecular composition. The miRNA expression levels were
quantified using the transcript per million (TPM) metric [56]. We
screened for miRNAs with TPM>2 and identified a total of 343 miRNAs
for GO analysis. The relative expression levels of the top 20 miRNAs are
shown in Fig. 2A. Using the GO database, we categorized the target
genes into various terms from the “biological process,” “cellular
component,” and “molecular function” domains. This analysis de-
lineates the payload of diverse active molecules within apoVs (Fig. 2B).
To further explore the involvement of miRNAs in cartilage regeneration
and repair, we conducted enrichment analysis on the GO terms associ-
ated with target genes using the keywords “stem cell” and “macro-
phage”. The findings revealed that the miRNAs contained in apoVs
primarily contribute to “stem cell maintenance and differentiation”
(Fig. 2C). Furthermore, pathway enrichment analysis utilizing the KEGG
database revealed that genes associated with stem cells are involved in
the “Wnt and Hippo signaling pathways” (Fig. 2E). Moreover, the GO
analysis of target genes specifically chosen for macrophages illustrated
that the miRNAs found in apoVs primarily engage in “macrophage
activation, chemotaxis, and differentiation” (Fig. 2D). KEGG analysis
revealed that the genes related to macrophages are primarily involved in
the “Toll-like receptor signaling pathway” (Fig. 2F). These discoveries
have contributed to our understanding of HUMSC-derived apoVs and
serve as a reference for our subsequent studies.

3.3. ApoVs facilitate M2 polarization of macrophages by delivering miR-
100-5p to activate the MAPK/ERK signaling pathway

Given our observation of macrophages phagocytizing apoVs in vivo,
coupled with their crucial involvement in tissue regeneration and ho-
meostasis, we identified a notable connection between macrophages and
the uptake of apoVs, underscoring their essential contribution to tissue
equilibrium [57]. In particular, M2 macrophages are crucial for regu-
lating inflammation and tissue repair [58-60]. Recent research has
shown the important roles of M2 macrophages in OA and chondro-
genesis [61-63]. Our aim was to investigate whether internalization of
apoVs induces phenotypic changes in macrophages. The isolation and
characterization of mouse BMDMs were detailed in our prior investi-
gation [29]. After addition of DiO-labeled apoVs to cultured BMDMs, we
observed that apoVs were internalized by BMDMs in a time-dependent
manner using confocal microscopy (Fig. 3A). To investigate the effects
of apoVs on macrophage phenotype, we first conducted a dose—response
analysis of apoVs. Our results indicated a significant increase in the
expression of the M2 marker CD206 following treatment with apoVs,
while there was no significant increase in the expression of M1 markers
after treatment with different concentrations of apoVs (Fig. S3A). We
also observed a notable decrease in the expression levels of M1 in-
flammatory markers such as iNOS, TNF-a, and IL-6. Conversely, we
observed a marked increase in the expression of M2 macrophage
markers, including CD206, Arginase-1, and TGF-f1 (Fig. S3B). Given its
cost-effectiveness, we chose to use 2.5 pg/ml apoVs for subsequent ex-
periments. We further introduced lipopolysaccharide (LPS)-induced M1
macrophages as a positive control to confirm the effects of apoVs on the



Bioactive Materials 41 (2024) 455-470

G. Tian et al.
Top 30 GO Term
A 25000+ miRNA expression levels B Biclogical Pracess Cellular Component Malecular Function
A 3
é 200004 T 5 -
5 §
& 15000+ so-
=
Q
2 10000- Illlllll II IIII'I
=
g ;j«‘o & @° &S 'a o'o“ 3 \&\ 3&‘%@«9@\@ \&4\
= 5000+ = F@-z‘ d‘(\ oA 0‘0\ S 'b o
& LT LS *?\Q«Q N
o 1 S é@@% @

R oR AR kyﬁ R R R R R b‘? 'aQ '\ﬁ R faQ R KR d’é\ o ¢ & & &

& g a8 A Lty £ ‘?p <& Y e & S

'«“@'x’q- «v\e« P T s s (O

S o"(‘ 'k\@ "° & v«\"o :z."‘ Jp S & a’ﬁx“\q. ¢ "5@ Q%Q
F & T T p & EEL S & & &

Gene Nui mbev

PO °a

\\
\‘5‘@‘\

‘IIIIlllIIII.......III-------
% S &
%\ &

TS 'l-@‘@ & N

"Q;\\\n @\‘?}z?o \\\\\O\éc\\

S

oo

Gene Num

6}0 ee-"&@

I||||||||||
@ oy

S O (\
OB B S
r@‘go\'& S E Fs gf"@b O 5 ‘* P
IS 958 RSSO AS
Qo AR & aY B ga‘\ @\g ‘)Giéb \3’3{\ A
RN © A N2 @% %0559 28
5O 2 O SRS 0 P P
SRS WS OB BN ST
RAL FONSEIP LA NS
PEE & TSR IS
Ny ) @5 FIAL & (@
& o I & 3
> N & £
& ¢ &S
) § & “\6‘
& »:
’ KEGG Enrichment top 20 F KEGG Enrichment top 20
E Signaling pathways regulating pluripm...-| ® ‘; WVEGF signaling pathway 1
Sphingelipid signaling pathway | '
Wnt signaling pathway ® 2 pring Flpas sngnahng zath\vai ® i
Hippo signaling pathway ® = APK signaling pa!hway:
e o 5 T
kol L B Number AGE-RAGE signaling pathway in diab... ® —
RNA pol: 1
POyISAne G e 4 PD-L1 expression and PD-1 checkpo... L ] = A
Basal cell carcinoma . : : Hepatitis B @
Spinocerebellar ataxia Q ® Chagas diseass | ;
Huntington disease (@} e~ Measles| ® Z
Gastric cancer - @ Yersinia infection L ]
Parkinson disease{ @ ® = Tubargcosiy pualue
Alzheimar disease . Kaposi sarcorma-associated herpesvir... it
. I %
Hepatocellular carcinoma| @ = Toll-like receptor signaling pathway ° i
Breast cancer o = . 7506-92 RIG-I-like receptor signaling pathway L] 103
Prion disease{ @ 5.08-02 Inflammatory mediator regulation of T... @ .
Pathways of neurodegeneration — muit... . —— GnRH signaling pathway 1 z
Proteaglycans in cancer . Qsteoclast differentiation ® =
Epstein—Batr virus infaction Growth hormone synthesis, secretion ...
Amyotrophic |ateral sclerosis Relaxin signaling pathway ®
Pathways in cancer | @ Vascular smacth muscle contraction | L4
3 4 8 10 12
Melanogenesls-i I& Enrichment Scare
10 20 30

Enrichment Score
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(C) GO analysis of target genes associated with stem cells. (D) GO analysis of target genes associated with macrophages. (E) KEGG pathway analysis of the target
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macrophage colony-stimulating factor, D: differentiation.

identified DEGs. This finding underscores the extensive transcriptional
alterations induced in BMDMs after apoV internalization (Fig. S4B).
Notably, within the ’biological process’ category, DEGs associated with
immunity and inflammation were significantly enriched. These terms
included “immune response”, “immune system process”, “intracellular
signal transduction”, and “negative regulation of interleukin-6 produc-
tion” (Fig. 3E). KEGG pathway enrichment analysis indicated a signifi-
cant enrichment in inflammation-related pathways among the DEGs
following apoV internalization. Notably, pathways such as the MAPK,
NOD-like receptor, and TNF pathways were highly enriched (Fig. 3F).
Among these pathways, the MAPK signaling pathway is associated with

macrophage phenotype. LPS-induced macrophages expressed high
levels of M1-related markers, while macrophages treated with apoVs
expressed high levels of M2-related markers (Fig. 3B-F). These data
strongly suggest that the internalization of apoVs promotes M2 polari-
zation of macrophages.

To further elucidate the gene expression profile of BMDMs treated
with apoVs, we performed RNA transcriptome profiling analysis of
apoV-treated BMDMs and control BMDMs. Our analysis identified 3317
differentially expressed genes (DEGs), comprising 1492 upregulated
genes and 1825 downregulated genes (Fig. S4A). Functional analysis
utilizing the GO database highlighted the annotation of the 3317
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Fig. 3. Efferocytosis of apoVs induced M2 polarization

of BMDMs in vitro. (A) Time-dependent engulf of dio-labeled apoVs by BMDMs, with average fluorescence

intensity quantified (n = 3). (B) Relative mRNA levels of M1 marker genes (TNF-a, IL-p and CD86) and M2 marker genes (CD206, CD163 and Arginase-1) in BMDMs
cultured with apoVs (n = 3). (C) Immunostaining for CD206 and CD86 of BMDMs after incubation with apoVs. (D) Quantitative analysis of fluorescently stained
CD86 and CD206 (n = 3). (E) Western blot analysis of TNF-a (M1) and PPAR-y (M2) expression levels. (F) Quantitative analysis of western blot (n = 3) (G) Biological

process enrichment analysis of the differentially expressed genes (DEGs) in BMDMs. (H) KEGG pathway analysis of the DEGs. (I) GSEA revealing a significant increase
in MAPK/ERK pathway gene enrichment score in BMDM + apoVs.
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M2 polarization of macrophages [64]. Gene set enrichment analysis
(GSEA) revealed the upregulation of characteristic genes associated with
the MAPK/ERK signaling pathway in BMDMs following apoV treatment
(Fig. 3G).

Numerous studies have suggested that EVs mediate cellular
communication by delivering miRNAs [65,66]. Based on the miRNA
expression profile of HUMSC-apoVs determined by miRNA sequencing
(Fig. 2A), to further investigate the molecular mechanism underlying
apoV-induced M2 polarization of macrophages, we screened the four
most abundant miRNAs in apoVs: let-7i-5p, miR-143-3p, miR-100-5p,
and miR-21-5p. Mouse BMDMs were cocultured with mimics or in-
hibitors of these four miRNAs, a negative control mimic (NC mimic), or a
negative control inhibitor (NC inhibitor). The transfection efficacy was
confirmed through fluorescence labeling in mimic or inhibitor inter-
nalization experiments and qRT-PCR (Fig. S5). Immunofluorescence
staining of macrophage polarization markers demonstrated a significant
increase in the expression of the M2 marker CD206 and a decrease in the
expression of the M1 marker CD86 upon treatment with the miR-100-5p
mimic (Fig. 4A). Analysis of macrophage polarization-related gene
expression revealed significant changes in various groups. Specifically,
the miR-100-5p mimic substantially upregulated the expression of genes
such as CD206 and Arginase-1 (M2) while downregulating the expres-
sion of genes such as IL-6 and iNOS (M1). In contrast, inhibition of
miR-100-5p led to a notable decrease in CD206 and Arginase-1
expression, accompanied by an increase in IL-6 and iNOS expression
(Fig. 4B). These findings demonstrate that miR-100-5p is a candidate for
M2 polarization of macrophages. Macrophage transcriptome sequencing
revealed significant enrichment of the MAPK signaling pathway after
apoV treatment (Fig. 3F). The MAPK cascade plays a crucial role as an
oncogenic factor in driving M2-like activation of macrophages [64,67,
68]. To explore the potential involvement of miR-100-5p in the activa-
tion of the MAPK pathway, we assessed the levels of key
pathway-associated proteins, such as ERK1/2, p38, and JNK, using
Western blot analysis. As shown in Fig. 4C and D, the miR-100-5p mimic
significantly increased the phosphorylation of ERK1/2. Previous studies
have reported that phosphorylation of ERK promotes M2 polarization of
macrophages [69-71]. Hence, these findings suggest that apoVs facili-
tate M2 polarization of macrophages through the delivery of
miR-100-5p, leading to the activation of the MAPK/ERK signaling
pathway.

3.4. ApoVs and ApoVs treated macrophages promote proliferation,
migration, and chondrogenic differentiation of MSCs in vitro

The migration of host stem cells to the injury site and their subse-
quent differentiation into chondrocytes is a crucial process for cartilage
repair and regeneration [72]. The paracrine effects of different pheno-
types of macrophages regulate stem cell chondrogenic differentiation
[29,62]. Hence, we further investigated the impact of apoVs and
apoV-treated macrophages on the functionality of MSCs. First, coculture
of DiO-labeled apoVs with BMSCs resulted in a time-dependent inter-
nalization of apoVs by BMSCs (Fig. 5A). To investigate the functional
impact of internalized apoVs on the biological processes of BMSCs, we
exposed BMSCs to varying concentrations of apoVs. Interestingly, while
apoV treatment did not lead to an increase in the expression of chon-
drogenic genes (ACAN, COL2, and SOX9), it did increase the expression
of critical factors associated with stem cell chondrogenic differentiation,
such as TGF-p3 and IGF. Moreover, apoVs notably stimulated the
expression of macrophage chemoattractant factor (CCL3) and promoted
the expression of genes related to anti-inflammatory cytokines (IL-4 and
PGE2) (Fig. S6A). These results suggest that after the internalization of
apoVs, BMSCs activate their paracrine functions, potentially positively
affecting surrounding stem cells and M2 macrophage polarization, aid-
ing in cartilage repair. We further investigated the biological functions
of BMSCs. During proliferation, following a 5-day coculture period,
apoV treatment notably increased the proliferation of BMSCs, with the
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most pronounced effect observed at a concentration of 2.5 pg/ml
(Fig. 5B). For migration studies, scratch wound assays demonstrated
that the apoV group exhibited faster wound closure than did the control
group (Fig. 5C). Transwell assays revealed a greater number of
migrating cells in the apoV group than in the control group (Fig. 5D).

During the functional metamorphosis of autologous MSCs, the
interplay between different cell types has emerged as pivotal for tissue
repair. Given the functional modulation of macrophages, we hypothe-
sized that apoV-treated macrophages might exert additional effects on
MSC functionality. To explore this hypothesis further, we procured
conditioned medium derived from macrophages subjected to apoV
treatment (Mapovs-CM) and further treated BMSCs with conditioned
medium. CCK-8 proliferation assays indicated that Mapeys-CM
augmented the proliferative capacity of BMSCs (Fig. S6B). Transwell
assays indicated that Mapoys-CM reduced the migration of MSCs
(Fig. S6C).

The chondrogenic differentiation of endogenous stem cells is a key
step in cartilage repair. We investigated the effects of apoVs and Mapovs-
CM on the chondrogenic differentiation of BMSCs. We induced chon-
drogenic differentiation using pellet culture and coincubated BMSCs
microspheres with apoVs and Mgpovs-CM for 14 or 21 days, followed by
qRT-PCR assays and analysis of the mRNA levels of chondrogenic
genes, including ACAN, SOX9, and COL2. As shown in Fig. 5E, compared
to the control group, the Mapovs-CM group exhibited elevated expression
levels of the SOX9 and COL2 genes, while the apoV group exhibited
elevated mRNA levels of all three genes. Furthermore, we analyzed the
BMSC microspheres using Alcian blue staining. The staining intensity
was greater in the Mapovs-CM group than in the control group and even
greater in the apoV group. Quantitative analysis revealed that apoVs and
Mapovs-CM promoted the secretion of glycosaminoglycans by BMSCs
during chondrogenic differentiation (Fig. 5F). We also analyzed frozen
sections of 21-day differentiated BMSC microspheres using Safranin O,
Alcian blue, and COL2 immunohistochemical staining. As shown in
Fig. 5G, compared to those in the control group, apoV and Mapovs-CM
significantly promoted the deposition of cartilage ECM-related sub-
stances. These results suggest that apoVs and apoV-treated macrophages
contribute to the chondrogenic differentiation of BMSCs.

3.5. ApoVs promote the chondrogenic differentiation of BMSCs through
the delivery of let-7i-5p targeting the eEF2K/p38 MAPK axis

Next, we investigated the mechanism through which apoVs promote
the chondrogenic differentiation of BMSCs. MiRNA sequencing of
HUMSC-apoVs revealed that let-7i-5p showed the highest abundance
(Fig. 3A). Previous reports have demonstrated the close association of
let-7i-5p with the osteogenic differentiation of MSCs [73,74], along with
its role in modulating the TGF-p signaling pathway [75]. Therefore, we
hypothesized that let-7i-5p might be a key effector molecule responsible
for apoV-mediated chondrogenic differentiation of BMSCs. BMSCs were
cocultured with mimics or inhibitors of let-7i-5p, NC mimic, or NC in-
hibitor. The transfection efficacy was confirmed through fluorescence
labeling in mimic or inhibitor internalization experiments and qRT-PCR
(Fig. S5). We initially verified that let-7i-5p mimics stimulated the
expression of chondrogenic proteins, notably ACAN, SOX9, and COL2, in
BMSCs (Fig. 6A). To identify the target genes of let-7i-5p in BMSCs, we
predicted them via miRDB, TargetScan, and microT-CDS. Notably, bio-
informatic analysis predicted that eEF2K is a possible target gene of
let-7i-5p. The database analysis revealed that let-7i-5p can bind to the 3’
untranslated region (UTR) of eEF2K (Fig. 6B). To further validate this
interaction experimentally, we generated luciferase reporter plasmids
containing either the wild-type (WT-pmirGLO-eEF2K) or mutated
(MUT-pmirGLO-eEF2K) 3'-UTRs of eEF2K and transfected them into
293T cells. Upon stimulation with let-7i-5p, luciferase activity was
attenuated, indicating direct binding between let-7i-5p and eEF2K. This
effect was abolished when the 3-UTR of eEF2K was mutated (Fig. 6C).
Eukaryotic elongation factor 2 kinase (eEF2K), belonging to the
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calcium/calmodulin-dependent kinase family, functions as a negative
regulator of protein synthesis. Previous research has shown that the
inhibition of eEF2K promotes myofibroblast proliferation and differen-
tiation through the p38 MAPK signaling pathway [76]. The activation of
the p38/MAPK pathway has been reported to be closely linked with the
chondrogenic differentiation of MSCs [77-79]. We explored whether
let-7i-5p increases p38 MAPK pathway activation via eEF2K inhibition,
thereby promoting chondrogenic differentiation of MSCs. We utilized
Western blot analysis to evaluate the expression levels of pertinent
proteins in BMSCs following chondrogenic induction in cells transfected
with let-7i-5p mimics or inhibitor. Compared to that in the control
group, the protein expression of both total eEF2K and phosphorylated
eEF2K in the let-7i-5p mimic group decreased (Fig. 6D and E). Moreover,
the let-7i-5p mimics substantially increased p38 phosphorylation and
upregulated the expression of the chondrogenic markers COL2 and
SOX9 (Fig. 6D and E). The let-7i-5p inhibitor decreased the expression of
COL2, SOX9 and phosphorylated p38 but significantly increased the
expression of eEF2K (Fig. 6D-F). These findings indicate that let-7i-5p
decreases both the expression and activation of eEF2K in BMSCs,
which in turn promotes p38 MAPK signaling to support chondrogenic
differentiation.

3.6. Promotion of M2 polarization of synovial macrophages by ApoVs
derived from HUMSCs

Given the in vitro evidence that apoVs promote M2 polarization of
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macrophages, we examined the effects of apoVs on synovial macro-
phages in vivo. First, the retention of DiO-labeled apoVs in the joint
cavity was proven through live fluorescence imaging (Fig. S7). At 3 days
post-injection, there was only a small amount of fluorescence signal,
which completely disappeared after 5 days. Then, immunofluorescence
staining and qRT-PCR were conducted on synovial knee joint tissue to
assess M2 macrophage polarization. The immunofluorescence results
revealed a notable increase in the M2 macrophage marker CD206 and a
concurrent decrease in the M1 marker CD86 in the apoV-treated group
(Fig. 7A). In the apoV group, the expression levels of the proin-
flammatory cytokines IL-1 and TNF-a were substantially lower, while
the expression levels of the M2 macrophage-associated genes arg-1 and
CD206 were significantly greater (Fig. 7B). These results suggest that
apoVs promote M2 polarization of macrophages in vivo, modulating the
articular immune microenvironment toward an anti-inflammatory and
proregenerative state, thus providing favorable conditions for cartilage
regeneration and repair.

3.7. HUMSCs-derived apoVs combined with DCM scaffolds promote
osteochondral defects repair

OA is a major threat to global health [80]. Cartilage defects are
common in the progression of OA and are a major challenge in clinical
practice due to the inherent limitations in their self-healing capacity
attributed to their low cellularity and avascular nature. Extensive strides
have been made in exploring various approaches, such as biomaterials,
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Fig. 7. Regulatory effect on the articular microenvironment and evaluation of cartilage regeneration in vivo (A) Immunofluorescence analysis of the M1 and M2
macrophage markers of synovial macrophages and relative quantification of M1 and M2 macrophages (n = 3). (B) qRT-PCR analysis of the mRNA expression levels of
IL-1, TNF-a, Arg-1, and CD206 in the synovium (n = 3). (C) Representative microscopic observation of the repaired tissues at 6- and 12-weeks post-surgery. (D) ICRS
score for macroscopic assessment. (n = 5). (E) Histological (HE, Safranin O-Fast Green) and immunohistochemical analyses of the osteochondral defect at 6 and 12
weeks. (F) MODHS histological evaluations of repaired cartilage (n = 5). (G) Quantitative analysis of COL2 immunohistochemical staining (n = 5).
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MSCs, and their derivatives, aimed at facilitating cartilage repair. These
endeavors show promise for resolving this medical conundrum through
regenerative strategies [10,81]. Our prior research showed that DCM
scaffolds feature a highly interconnected porous structure that effec-
tively promotes the proliferation of MSCs. In addition, DCM scaffolds
loaded with different MSCs have achieved satisfactory cartilage repair
effects in sheep, rabbit, and rat cartilage defect models [29,82-85].
However, cell therapy under clinical conditions has various limitations,
including immunogenicity, uncontrolled cell differentiation, and
tumorigenic risks [86,87]. Hence, we proceeded to devise a
proof-of-concept investigation to assess the therapeutic efficacy of apoVs
in conjunction with DCM scaffolds rather than relying on stem cells
alone in a rat model of osteochondral defects. The outcomes of the repair
were assessed at 6 and 12 weeks following the surgical procedure. As
illustrated in Figs. 7C and 6 weeks after surgery, the control group dis-
played white fibrous tissue filling the defect site, characterized by a
coarse surface texture and distinct demarcation from the surrounding
cartilage. The apoV group showed relatively even white fibrous tissue
filling. The DCM group and DCM + apoV group displayed partially
regenerative transparent cartilaginous tissue. At 12 weeks
post-implantation, the DCM + apoV group exhibited obvious repair of
the cartilage defect, while the regenerative tissue in the control group
was less voluminous than the adjacent healthy cartilage. The apoV
group and DCM group exhibited repair tissues of similar heights to the
surrounding normal cartilage, indicating successful regeneration. These
findings were further corroborated by the international cartilage repair
society (ICRS) scores, providing additional validation of the study’s
outcomes (Fig. 7D-S8).

We assessed the cartilage defect areas of each group using H&E,
Safranin O/Fast Green, and COL2 immunohistochemical staining
(Fig. 7E). At 6 weeks, no regenerative cartilage tissue was observed in
the defect areas of any of the groups. Notably, the subchondral bone
displayed evident gaps and cavities, with partial retention of the
implanted DCM. However, by the 12-week mark, the defects in the DCM
+ apoV group were filled with uniformly smooth regenerative tissue.
The ECM in the regenerative area exhibited transparent cartilage char-
acteristics, including the production of COL2 and glycosaminoglycans.
In contrast, both the apoV group and DCM group displayed a decrease in
the thickness of the partially regenerated cartilage, while the control
group exhibited no significant generation of transparent cartilage.
Consistent with the staining results, the O’Driscoll scores (Fig. 7F) and
the relative quantification of COL2 by immunohistochemistry (Fig. 7G)
indicated that the DCM + apoV group achieved the highest content of
COL2 and histological scores at 12 weeks.

Micro-CT analysis revealed successful subchondral bone repair in the
DCM + apoV group, whereas the control group exhibited uneven bone
surfaces and bone remodeling, possibly due to persistent inflammatory
reactions (Fig. S9A). We conducted further analysis of important in-
dicators of subchondral bone, including bone mineral density (BMD)
and bone volume/tissue volume (BV/TV) (Figs. S9B and C). The findings
revealed a significant increase in regenerative bone tissue in the DCM +
apoV group compared to that in the control group. Additionally, we
assessed the Young’s modulus of the regenerated tissue, a key functional
indicator of articular cartilage, using the nanoindentation technique
(Fig. S9D). The results indicated a notably greater Young’s modulus in
the DCM -+ apoV group than in the control group at 12 weeks, aligning
more closely with the characteristics of normal cartilage tissue. These
findings strongly suggest that the combination of DCM and apoVs
effectively promotes in vivo regenerative repair of articular cartilage.
This study provides novel research evidence supporting the potential of
apoVs as therapeutic agents for cartilage defect repair.

4. Conclusion

Our study revealed the initial apoptosis of HUMSCs post-
implantation in cartilage defects and highlighted the potential of
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apoVs derived from MSCs to promote cartilage defect repair. These
vesicles regulate macrophage M2 polarization and increase MSC chon-
drogenic differentiation while also suppressing inflammation and facil-
itating cartilage regeneration. Mechanistically, miR-100-5p delivered by
apoVs activates the MAPK/ERK pathway in macrophages, promoting
M2 polarization, while let-7i-5p targets the eEF2K/p38 MAPK axis in
MSCs to increase chondrogenic differentiation. The effectiveness of
combining apoVs with a DCM scaffold was confirmed in a rat model of
osteochondral defects. In summary, our findings broaden the under-
standing of the role of apoVs in cartilage regeneration, offering promise
for treating articular cartilage defects. Furthermore, these insights un-
derscore the potential of using apoVs as an alternative to MSCs for
cartilage repair. By elucidating the mechanisms through which apoVs
influence cartilage regeneration, our research opens new avenues for
developing therapies that could leverage apoVs to enhance tissue repair
and regeneration. This advancement offers a novel approach that could
overcome some limitations associated with MSC-based treatments and
improve clinical outcomes in regenerative medicine. Future research
should focus on elucidating the spatiotemporal distribution of apoVs
post-injection and optimizing dosimetry for effective cartilage regener-
ation in both small and large animal models, as well as scaling up apoVs
production for clinical translation.
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