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ABSTRACT

The technique bottleneck of repairing large bone defects with tissue engineered bone is the vascularization of
tissue engineered grafts. Although some studies have shown that extracellular vesicles (EVs) derived from bone
marrow mesenchymal stem cells (BMSCs) promote bone healing and repair by accelerating angiogenesis, the
effector molecules and the mechanism remain unclear, which fail to provide ideas for the future research and
development of cell-free interventions. Here, we found that Nidogenl-enriched EV (EV-NID1) derived from
BMSCs interferes with the formation and assembly of focal adhesions (FAs) by targeting myosin-10, thereby
reducing the adhesion strength of rat arterial endothelial cells (RAECs) to the extracellular matrix (ECM), and
enhancing the migration and angiogenesis potential of RAECs. Moreover, by delivery with composite hydrogel,
EV-NID1 is demonstrated to promote angiogenesis and bone regeneration in rat femoral defects. This study
identifies the intracellular binding target of EV-NID1 and further elucidates a novel approach and mechanism,
thereby providing a cell-free construction strategy with precise targets for the development of vascularized tissue

engineering products.

1. Introduction

Repairing large-scale defects such as bone and skin is an intractable
clinical problem [1-4]. It has been reported that biological scaffolds
loaded with bone marrow mesenchymal stem cells (BMSCs) significantly
promote the repair of osteochondral defects [5-8]. Our previous study
showed that BMSCs and rat arterial endothelial cells (RAECs) cooperate
to regulate the microenvironment of the defect site and promote bone
regeneration by accelerate vascularization [9,10], but the regulatory
molecules and mechanisms by which BMSCs accelerate vascular
regeneration are not clear. In addition, BMSCs have the limitation of
infection risk and poor therapeutic effect of aging cells [11]. Therefore,
clarifying the mechanism of BMSCs in promoting defect repair will
contribute to the development of new tissue engineering products.

Recent studies have suggested that BMSCs play a therapeutic and
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regulatory role mainly through the paracrine pathway [12-15]. The
secretome derived from MSC contains many effector molecules, which
could affect cellular characteristics and behavior [16]. Extracellular
vesicles (EVs), important carriers of intercellular communication,
transport proteins, lipids and RNAs, target cells to perform regulatory
functions [17,18]. Compared with cell therapy, EVs have a low risk of
pathogenic infection and tumorigenesis, indicative of the potential to
become an ideal bioremediation agent [19-22].

Nidogenl (NID1) is an extracellular matrix (ECM) protein mainly
secreted by stromal cells. NID1 consists of three globular domains (G1,
G2 and G3), that bind to collagen IV and laminin in the ECM [23-25],
and maintain microenvironment homeostasis as a structural protein
[26]. NID1 is demonstrated to be an important component of the
vascular basement membrane (BM) [27], and provides the structural
and mechanical features that support the endothelium and vascular
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integrity [28]. A recent study reported that NID1 attenuated the
apoptotic effect of cardiomyocytes and pancreatic p-cells via the avp3
integrin [29], suggesting that NID1 has the potential to regulate cell
biological functions as a signaling molecule. However, the underlying
mechanism of NID1 as signaling molecule has not been revealed.

This study identified a novel existence and secreted form of NID1
derived from BMSC, namely EV-NID1, and EV-NID1 was shown to
interfere with the formation and assembly of focal adhesions (FAs) by
targeting myosin-10, thereby reducing the adhesion strength of rat
arterial endothelial cells (RAECs) to the ECM, and enhancing the
migration and angiogenesis potential of RAECs. In addition, EV-NID1
was loaded into a sodium alginate/PEG2000/gelatin composite hydro-
gel and implanted into the rat femoral defect site to further evaluate the
repair effect of EV-NID1 in vivo. The results confirmed that EV-NID1
promotes angiogenesis and bone regeneration, providing a cell-free
construction strategy with precise targets for the development of vas-
cularized tissue engineering products.

2. Materials and methods
2.1. Adhesion rate detection

The detection operation was performed according to the instructions
of the cell adhesion kit (Bestbio, BB-48120, China).

2.2. Acquisition and characterization of EVs

When the cell fusion rate reached approximately 85%, the medium
containing 10% exosome-free serum (VivaCell Biosciences, China) was
replaced and incubated for 48 h. The EVs in the cell supernatant were
extracted by ultracentrifugation [30]. Nanoparticle tracking analysis
(NTA) of EVs was performed using a NanoSight instrument (PARTICLE
METRIX, ZetaVIEW S/N17-310, Germany).The morphology and struc-
tural integrity were visualized using a transmission electron microscope
(TEM, H-9500, Hitachi). The biological markers of EVs in each group
were detected by Western blot. For EVs samples, loading buffer was
directly added to mix with EVs solution and heated until protein dena-
turation. It is not necessary to extract total protein with lysate. The
primary antibodies were as follows: CD9 (Abcam, ab92726, UK,
1:1000), HSP90 (Abcam, ab32568,UK, 1:1000), CD63 (SBI,
EXOAB-CD63A-1, USA, 1/1000), and TSG101 (Abcam, ab125011, UK,
1:1000).

2.3. Transcriptome sequencing and TMT proteomics

The RNA level changes of RAECs and Co-RAECs were analyzed by
transcriptome sequencing (Sangon Biotech, China), with 3 biological
replicates in each group. Proteins contained in EVs were determined by
TMT Proteomics (KangChen Bio-tech, China), with 2 biological repli-
cates per group.

2.4. In vitro stimulation experiment of EVs on RAECs

In recent years, nanoparticle tracking analysis (NTA) has been
proven to be an effective technology for qualitative and quantitative
analysis of EVs. Therefore, follow-up experiments were performed with
the particle concentration as the design standard. The EVs were diluted
to concentrations of 107, 10® and 10° particles/mL according to the
number of particles, and then added to a six-well plate pre-seeded with
RAECs, incubated at 37 °C for 48 h with 5% CO2 for subsequent
experiments.

2.5. Matrigel plug test in nude mice

RAECs co-cultured with BMSCs*™™Ve“®" and BMSCs*™P! were diges-
ted and resuspended, and the cell density was adjusted to 6x10° cells/
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mL. 600uL of the cell suspension was added into 150uL. of pre-melted
matrigel. Furthermore, 10° particles/mL EVs and EVs®™P! were
added into matrigel, and the same volume of PBS was used as the con-
trol. 250ul. of the above-mentioned matrigel mixture was injected into
the back of nude mice subcutaneous, and the matrigel was solidified
after 30S. The vascular regeneration in the matrigel was observed at 14
days post operation.

2.6. NID1 was overexpressed in RAECs and its binding target was
determined by IP-MS

RAECs were seeded into six-well plate at the density of 1.5x10° cells/
mL. After 12h, 2ul. of overexpression adenovirus was added and the
samples were collected after 24h/48h/72h incubation for subsequent
experiments. According to the results of WB, cells infected with
adenovirus for 48 h were selected for IP test. The details of IP experiment
referred to previous article [29]. The IP products were separated by
narrow-hole high-performance liquid chromatography. Subsequently,
automatic Edman degradation sequencing and database comparison
analysis were performed on the ABI 477A machine.

2.7. Co-IP confirmed the binding of NID1 and myosin-10

The interaction between NID1 and myosin-10 was verified by IP-
NID1 and IP-myosin-10 in Co-RAECs. The dosage of IP antibody was
10uL of anti-NID1 (Proteintech, 13766-1-ap, China) and 8uL of anti-
myosin-10 (Proteintech, 19673-1-ap, China).

2.8. Western blots

The operation details were described in our previous research [10].
Proteins were determined using a bicinchoninic acid assay (InCellGene,
IC-7991, USA). The primary antibodies were anti-NID1 (Proteintech,
13766-1-ap,China,1:500), anti-myosin-10(Proteintech,19673-1-ap,
China,1:200), anti-Racl/cdc42(Affinity, DF6332,USA,1:1000),
anti-Vinculin(Sigma-aldrich,v1931,USA,1:500), anti-Paxillin (Abcam,
ab32115, UK, 1:500), anti-FAK (Abcam, ab40794, UK, 1:1000),
anti-GAPDH (Elabscience, E-AB-20059, USA, 1:2000).

2.9. Animals

Sprague-Dawley (SD) rats and nude mice were obtained from the
experimental animal center of the Fourth Military Medical University.
All experimental animals were maintained in the animal facility of the
experimental animal center of the Fourth Military Medical University.
The experimental protocol was reviewed and approved by the Ethics
Committee for Animal Research of Fourth Military Medical University.

2.10. Composite hydrogel preparation

The EVs of 108particles/mL was the effective concentration in vitro.
However, considering the complex microenvironment in vivo, the EVs-
hydrogel with the concentration of 107particles/mL will be con-
structed in this study. The brief operation details were as follows: pure
water, reagents and consumables were sterilized by high temperature or
filtration. 0.1g sodium alginate and 0.1g PEG2000 were added into 10
mL pure water, stirred for 1h to dissolve, then 0.4g gelatin was added,
stirred and dissolved at 30 °C to obtain mixed prepolymer solution. Then
added EVs, EVs'NIPL o PBS into the solution, transferred to the mold
and solidify naturally within 10 min. Then, 2% CaCl2 solution was used
to crosslink for 15 min, the excess CaCl2 was removed by washing with
PBS, and implanted into the defect site of the rat femoral condyle.

2.11. Rat femoral condyle defect

The WT-SD rats (male, 12 weeks old, 220 + 10 g) were randomly
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divided into four groups with 12 rats in each group. The experimental
animals were fasted overnight before the surgical operation and anes-
thetized by intraperitoneal injection of 2% w/v pentobarbital sodium
salt (30 mg/kg, Merck, Germany). The standard critical cylindrical bone
defect (3.5 mm in diameter and 5 mm in depth) was established at the
medial femoral condyle. The cylindrical hydrogel was implanted into
the bone defect site, and then the muscle and skin were sutured. After-
wards, the rats were kept in SPF environment, and antibiotics (50 kU/kg
penicillin) were applied three days after surgery. Meanwhile, the
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activity and wound healing status of the rats were observed.

2.12. Statistics analysis

Data were presented as the mean + SD. Comparisons between two
groups were accomplished using independent sample T-tests and cor-
relation analysis. Statistical analysis was performed using SPSS 22.0
software. P values < 0.05 were deemed significant, with * representing
P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 1. BMSCs promote the migration and tubule formation of RAECs by regulating cell adhesion. (A) Schematic diagram of Transwell co-culture system of BMSCs
and RAECs. (B)The wound healing rate of RAECs and Co-RAECs in 24h. The distance between the yellow dotted lines represents the scratch gap. (C) Transwell assay
was used to detect the migration ability of RAECs and Co-RAECs. (D) Tubule formation ability of RAECs and Co-RAECs, and compared the total branching points
between the two groups; (E) Principal component analysis (PCA) of the gene changes. (F) Gene function classification analysis diagram of differential genes. Light-
colored columns represent differentially expressed genes, and dark-colored columns represent all genes (including differential and non-differential genes). The light-
colored column is higher than the dark-colored column, indicating that the significantly differentially expressed genes have an enrichment trend in this term. (G)
Differential gene volcano plot of RAECs and Co-RAECs, the red genes was up-regulated relative to RAECs and green means down-regulated genes. (H) The
morphology of RAECs and Co-RAECs was observed by scanning electron microscope (SEM). (I) Cell adhesion rate of RAECs and Co-RAECs. Data were represented as

the mean =+ SD. **p < 0.01.
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3. Results

3.1. BMSCs regulate the migration, tube formation and adhesion of
RAEC:s in a paracrine manner

To explore the regulatory effect of BMSCs on RAECs, we established a
Transwell co-culture system in vitro (Fig. 1A, Fig. S1). In the Transwell
system, the interaction between BMSCs and RAECs was mediated by the
culture medium. The biological phenotypes of RAECs were evaluated by
a series of experiments such as wound healing, Transwell migration, and
tubule formation in Matrigel. The results showed that the wound healing
rate (Fig. 1B), migration (Fig. 1C) and tubule formation abilities
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(Fig. 1D) of RAECs were significantly enhanced after co-culture with
BMSCs. In addition, the early apoptotic cells of co-cultured RAEC (Co-
RAEC) were reduced (Figs. S2A and B), and the proliferation capacity
was increased (Fig. S2C). To further clarify the changes of gene
expression in RAECs after co-culture with BMSCs, transcriptome
sequencing of RAECs and Co-RAECs was performed, and principal
component analysis (PCA) showed significant changes in Co-RAECs at
the transcriptional level (Fig. 1E). Gene Ontology (GO) analysis showed
that the differentially expressed genes in Co-RAECs were enriched in the
following functional modules: cellular component organization or
biogenesis; location; biological adhesion; extracellular matrix; tran-
scription factor activity, protein binding (Fig. 1F). The volcano plot
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Fig. 2. Nidogenl-enriched EV (EV-NID1) derived from BMSCs may be a key candidate mediator. (A) Schematic diagram of the cytology experiment. RAECs were
incubated with concentrated conditioned medium (CM) for 48 h, the EVs were analyzed by TMT proteomics. (B) Wound healing of RAECs incubated with CM or EVs-
free-CM (PBS as the Control). (C) Relative migration capacity. (D) Comparison of tubule formation ability and total branching points. (E) The adhesion rate of RAECs
in each group. (F) The expression of specific markers (CD63, TSG101 and HSP90) in BMSC-EVs, RAEC-EVs and Co-culture-EVs. (G) Nanoparticle tracking analysis
(NTA) showed the particle size distribution of BMSC-EVs. (H) Transmission electron microscopy (TEM) imaging of BMSC-EVs, Scale bar, 50 nm. (I) Heat map of TMT
proteomics analysis. The green box indicates that NID1 enriched in BMSC-EVs and Co-culture-EVs, but absented in RAEC-EVs, and was proposed as a candidate
effector molecule. (J) The abundance of NID1 in EVs was verified by Western blot. Data were represented as the mean + SD. *p < 0.05; **p < 0.01; ns, not significant

from Student’s t-test.
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showed that the expression of genes that positively regulated cell
adhesion, such as Thbs1 and Lims2, was significantly down-regulated,
while the expression of genes that negatively regulated cell adhesion,
such as Mmp10, Mmpl3 and Bcl6, was significantly up-regulated
(Fig. 1G).

We further observed the cell morphology of the two groups by
scanning electron microscopy (SEM) and found that the cells in the
RAEC group were fully extended and tightly bound to the ECM, while
approximately 40% of the cells in the Co-RAEC group had pseudopodia
contraction, and these cells became detached and migrated (Fig. 1H).
Correspondingly, the adhesion rate of Co-RAECs decreased significantly
(Fig. 1I). These results indicated that BMSCs might secrete functional
molecules to drive cytoskeletal remodeling of RAECs, weaken the cell-
ECM adhesion strength, and thereby promote the migration and tube
formation of RAECs.

3.2. NID1 is enriched in EVs derived from BMSCs

To investigate whether BMSCs regulated the biological functions of
RAECs through EVs or soluble factors in the supernatant, the condi-
tioned medium (CM) of BMSCs was separated into EVs and EVs-free-CM
by ultracentrifugation, and their effects on RAECs were observed
respectively. Finally, TMT proteomics was performed to further identify
the biological components (Fig. 2A).

Incubation with concentrated CM for 48 h significantly enhanced the
wound healing (Fig. 2B, Fig. S3A), migration (Fig. 2C, Fig. S3B) and
tubule formation capabilities (Fig. 2D) of RAECs. The results showed
that the adhesion rate of RAECs pretreated with CM decreased signifi-
cantly, which was consistent with the results of co-culture (Fig. 2E). In
contrast, the regulatory effect of EVs-free-CM on RAECs was almost
negligible (Fig. 2B-E, Fig. S3). Therefore, the regulatory effect of BMSCs
on RAECs depended on the biological ingredients in EVs.

EVs derived from BMSCs, RAECs and coculture cells were separated
and identified, and then TMT proteomics was performed to explore the
core active molecules in EVs. Western blot (WB) analysis showed that
EVs in the three groups all expressed CD63, TSG101 and HSP90
(Fig. 2F). Nanoparticle tracking analysis (NTA) indicated that the size
distribution of more than 98% of BMSC-EVs was approximately 129 nm
(Fig. 2G). Transmission electron microscopy revealed that BMSC-EVs
were typically disc-shaped, and their diameter was consistent with the
NTA data (Fig. 2H). The particle size distribution and morphology of
RAEC-EVs and Co-culture-EVs were similar to those of BMSC-EVs
(Figs. S4A and B). Further TMT proteomics analysis showed that NID1
was significantly enriched in BMSC-EVs and Co-culture-EVs, but the
content in RAEC-EVs was extremely low(Fig. 2I). It has been reported
that NID1 plays an important role in ECM assembly, degradation and
neovascularization, suggesting that NID1 may be a candidate active
ingredient for BMSCs to regulate RAECs.

In addition, we verified the NID1 content in EVs by WB, with CD9 as
an internal reference. The results showed that NID1 was abundant in
BMSC-EVs and Co-culture-EVs, but it was almost absent in RAEC-EVs
(Fig. 2J). Moreover, NID1 was highly expressed in BMSCs, but expressed
at low levels in RAECs (Fig. S4C). The above results suggested that
RAECs may capture BMSC-EVs from CM, triggering cytoskeletal
remodeling and multiple functional changes.

3.3. EV-NID1 is a key effector molecule of BMSCs regulating RAECs

To confirm that NID1 is the essential mediator of BMSCs regulating
RAECs, we knocked down NID1 in BMSCs, and then performed EV in-
cubation and Transwell assays (Fig. S5, Fig. S6) to evaluate the essential
role of NID1. The shNID1-2 was first demonstrated to show the highest
knockdown efficiency by WB and was selected for subsequent experi-
ments (Fig. S5B).

EVs (EV-NID1) and EVs™IP! \vere incubated with RAECs for 48 h to
explore the regulatory roles of EV-NID1 directly. The WB results
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confirmed the low expression of NID1 in EVs derived from BMSChNIP
(Fig. 3A), and green fluorescence was observed in the cytoplasm of
RAECs after incubation with PKH67-labeled EVs, indicating that EVs
were internalized by RAECs (Fig. 3B). In this study, three parallel ex-
periments were performed according to the particle concentrations of
EVs, which were 10 particles/mL, 10® particles/mL and 10° particles/
mlL, respectively. EVsshNID1 10° particles/mL) were used as the func-
tional control of EV-NID1.

The results of the wound healing test showed that EVs significantly
accelerated the healing of scratches, and this effect was positively
correlated with the concentration of EVs, while high concentrations of
EVs®™P! did not promote gap closure (Fig. 3C and D). High concen-
trations of EVs (108 particles/mL and 10° particles/mL) promoted the
migration of RAECs. However, the cell migration ability of the 107
particles/mL and EVs*™P! groups was not significantly different from
that of the control group (Fig. 3E and F). The results of tubule formation
potential were consistent with the migration test results (Fig. 3G and H).

In addition, we found that RAECs incubated with EVs were more
sensitive to trypsin. Based on the above results and the transcriptome
data of Co-RAECs (Fig. 1G), we speculated that EVs were captured and
internalized by RAECs, which led to the decrease of adhesion strength
with ECM, thereby enhancing the migration and tube formation capa-
bilities of RAECs. To verify this hypothesis, we measured the cell
adhesion rate and the state of FAs. The results showed that with
increasing of EVs concentrations, the adhesion rate of RAECs decreased
gradually (Fig. 3I). The fluorescence staining images of vinculin/F-actin
(Fig. 3J) and paxillin (Fig. S7) clearly showed cytoskeletal reorganiza-
tion, pseudopodia contraction, FA number reduction in the EV stimu-
lation group, which were mutually confirmed with the adhesion rate
results. In contrast, there were no significant changes in the adhesion
rate and FAs images of EVshNIP1 group, indicating that NID1 in EVs
played an important role in regulating RAECs in vitro. Furthermore, EVs
and EVs"™P! at a concentration of 10° particles/mL were loaded into
Matrigel (the control group was loaded with the same volume of PBS),
and subcutaneously implanted into nude mice to observe vascular
regeneration inside the material. Gross observation showed that
vascular infiltration in the EVs group was sufficient and significantly
better than that in the other two groups. The distribution range of blood
vessels in the EVs™P! group was slightly broader than that in the
Matrigel group. HE staining showed that the EVs group had the most
vascular-like structures and red blood cell distribution inside, and the
number of new vessels in the EVsTNP! group was slightly greater than
that in the Matrigel group. CD31 immunohistochemistry also showed
that the angiogenic effect of EVs was better than those of the other two
groups (Fig. 3K and L). The above experimental results were highly
consistent with the phenomenon of Transwell co-culture.

To further verify that NID1 is the key signaling molecule by which
BMSCs regulate RAECs, we repeated the above experiments in the co-
culture system of BMSCs™™! and RAEGCs. First, the low content of
NID1 in BMSCs*™P! medium was confirmed by ELISA. Interestingly,
the ineffective regulation of RAECs by EVs-free-CM seems to be attrib-
utable to its low abundance of NID1 (Fig. S5C). Subsequent Transwell
co-culture experiments further confirmed that NID1 plays an important
regulatory role in the migration, tube formation, adhesion and angio-
genesis of RAECs (Fig. S5, Fig. S6).

These results indicated that NID1 interferes with the cytoskeleton
and FA status of RAEGCs, resulting in a decrease of adhesion strength
between RAECs and ECM, which promotes the detachment and then
migration of these cells to form a vascular-like structure.

3.4. NID1 regulates FA formation and adhesion to the ECM by targeting
myosin-10 in the RAECs cytoplasm

Next, we aimed to identify the downstream target and elucidate the
regulatory mechanism of EV-NID1 after internalization by RAECs.
Considering the low expression of NID1 in RAECs, we used adenovirus to
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derived from BMSC, RAEC and BMSC™™ P! was determined by WB. (B) PKH67-labeled EVs were internalized by RAECs. (C and D) EVs derived from BMSCs were
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implanted into nude mice. The angiogenesis in matrigel was evaluated at 14 days post operation. The blue arrow represents neovascularization, and the red arrow
represents CD317" blood vessels. (L) Comparison of relative vascular coverage and CD31 positive areas in matrigel. Data were represented as the mean + SD.*p <

0.05; **p < 0.01; ns, not significant from Student’s t-test.

overexpress NID1 and obtained NID1-binding protein by Co-IP, and then
identified the binding target by mass spectrometry (MS) and database
bioinformatic analysis. WB results showed that the expression of NID1 in
RAECs was significantly increased after 48 h of adenovirus infection
(Fig. 4A), therefore the 48-h infection group was selected for subsequent
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experiments and MS analysis.

The results showed that the capacity of wound repair (Fig. 4B,
Fig. S8A), migration (Fig. 4C, Fig. S8B) and tubule formation (Fig. 4D,
Fig. S8C) in the Ad-NID1 group was significantly enhanced compared
with those of the Ad-NC group and control group. In addition,
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Fig. 4. EV-NID1 regulates the formation and assembly of FAs by targeting myosin-10. (A)Adenovirus was used to overexpress NID1 in RAECs, and the overexpression
efficiency was detected by WB. (B) The effect of endogenous overexpression of NID1 (adenovirus infection for 48h) on the wound healing ability of RAECs. (C) The
effect of NID1 overexpression on the migration of RAECs. (D) Overexpression of NID1 affected the tubule formation of RAECs. (E) The effects of NID1 overexpression
on the expression of Racl/cdc42 and vinculin. (F)The binding of NID1 and myosin-10 was verified in Co-RAECs. Co-immunoprecipitation of myosin-10 by NID1
antibody. (G) Reverse Co-immunoprecipitation of NID1 by myosin-10 antibody. (H) The intracellular location and distribution of NID1 and myosin-10. (I) The
expression of Racl/cdc42, focal adhesion complex (vinculin/paxillin/FAK) and myosin-10 were measured by WB. Co-RAECs were used as positive control. (J)
Relative mRNA expression of vinculin, paxillin, BCL6, MMP10 and MMP13 in RAECs. Data were represented as the mean + SD. *p < 0.05; **p < 0.01; ns, not

significant from Student’s t-test.

cytoskeleton remodeling, pseudopodia contraction, and FAs were
reduced significantly in RAECs overexpressing NID1 (Fig. 4E, Fig. S8D).
These results indicated that the phenotype induced by NID1 over-
expressing was similar to that in EVs treatment and Transwell co-
culture.

MS identification results showed that myosin-10 specific peptides
were enriched (Table 1), and its combination with NID1 was highly
credible. To further verify the direct binding of myosin-10 and NID1, Co-
IP was performed on the total protein of Co-RAECs. Our findings showed
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that myosin-10 was detected in the Co-IP products of NID1 (Fig. 4F), and
NID1 was also detected in the reverse Co-IP product of myosin-10
(Fig. 4G). On the other hand, the myosin-10/NID1 immunofluores-
cence staining indicated that myosin-10/NID1 was evenly distributed in
the cytoplasm of RAECs, while the distribution of myosin-10/NID1 had
obvious polarity in Co-RAECs (Fig. 4H). Previous studies have shown
that the flow of myosin-10 in the cytoplasm drives the rearrangement of
the cytoskeleton, thereby enhancing cell mobility [31,32], which was
also suggested by the polarity distribution of myosin-10/NID1 in
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Table 1
Mass spectrometry results of IP-NID1 products.

Protein names Unique LFQ intensity LFQ intensity
peptides Ad-NC Ad-NID1
CAD protein 10 27039000 129300000
Myosin-10 65 54300000 1641700000
Condensin complex subunit 1 10 32766000 111620000
Enhancer of mRNA-decapping 2 0 6911700
protein 4
Nidogenl 17 58000000 22254000000
Putative Polycomb group 2 739210000 643390000
protein ASXL2
Neuropathy target esterase 2 0 26648000
FRASI-related ECM protein 1 1 24194000 0
Myb-binding protein 1A 30 287080000 642650000
ATP-dependent RNA helicase 2 14243000 48408000
DDX42
Sulfhydryl oxidase 2; 2 16132000 16872000
Sulfhydryl oxidase
Rac GTPase-activating protein 2 18228000 0
1
Ataxin-10 3 25989000 28501000
Calcium/calmodulin- 1 13099000 41674000
dependent protein kinase
type II subunit delta
ESF1 homolog 4 19589000 26341000
Gamma-enolase; Enolase 8 8919000 123810000
Trophoblast glycoprotein 3 0 20288000
Na(+)/H(+) exchange 3 30002000 9239700
regulatory cofactor NHE-RF2
Upstream stimulatory factor 1 2 22883000 17970000
Tetraspanin; CD82 antigen 3 55042000 19234000
Ras-related protein Rab-3B 3 17928000 42974000
Heme-binding protein 1 3 0 25087000
ADP-sugar pyrophosphatase 2 12367000 24798000
40S ribosomal protein 528 2 17716000 11937000
Core-binding factor subunit 2 0 22728000

beta

Unique peptides represent the number of characteristic peptides of the target
protein. LFQ intensity represents the protein abundance detected by label-free
quantification.

Co-RAECs.

Furthermore, we evaluated the changes in the molecular biology of
RAECs after internalizing EVs, and used RAECs and Co-RAECs as
negative and positive controls. The results showed that the expression of
Racl/cdc42 (an indicator of pseudopodia formation) was significantly
reduced after EVs stimulation, corresponding to the pseudopodia
contraction results mentioned above. In addition, the expression of the
FAK/vinculin/paxillin complex (FA proteins) was decreased signifi-
cantly(Fig. 4I), which was further confirmed by the fluorescence imag-
ing of FAs in Fig. 3 and Fig. S7, and the overall trend was consistent with
that in the Co-RAECs group. However, the phenotypes of the EVsNP!
group and the control (RAECs) group were not obviously changed,
further confirming that EV-NID1 was directly involved in the cytoskel-
etal remodeling and FAs formation in RAECs. WB results also showed
that the expression of myosin-10 decreased after RAECs internalized
EVs, but there was no significant difference with internalization of
EvsshNID1 (Fig. 41). On the other hand, the expression of genes involved
in FA formation was significantly down-regulated(vinculin and paxillin),
and that of genes driving cytoskeletal remodeling and ECM degradation
(Bcl6, Mmp10, Mmp13) was significantly up-regulated after internali-
zation of EVs, while internalized EVs"™™P! had a slight regulatory effect
on the expression of these molecular markers(Fig. 4J).

Interestingly, we found that RAECs overexpressing NID1 had the
potential to spontaneously form tubular structures (Fig. S9A). In addi-
tion, we accidently observed that with increased cell density in the plate,
the stacked cells aggregated to form tubules, and the tubule network of
RAECs was small and uniform. The tubular structure of the EVs group
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was relatively thick, and there were single cells distributed in the
interstitial space (Fig. S9B). It was speculated that the reduced adhesion
strength of the EVs group caused some cells to fall off and then aggregate
into tubes. While the tubule characteristics of the EVs*™NP! group were
similar to those of the RAECs group, further supporting that NID1 pro-
moted the formation of vascular-like structures by reducing the adhe-
sion of RAECs.

The above data indicated that EV-NID1 derived from BMSCs regu-
lates the adhesion and angiogenesis of RAECs by targeting intracellular
myosin-10.

3.5. EV-NID1 hydrogel accelerates angiogenesis and promotes bone
regeneration

To further dissect and evaluate the therapeutic effect of EV-NID1 in
vivo, we loaded EVs and EVs*™P! into an alginate/PEG2000/gelatin
composite hydrogel and then implanted them into the femoral condylar
defects of Sprague-Dawley (SD) rats. Angiogenesis in the defect area was
observed at 4 weeks, and bone regeneration was evaluated at 8 weeks
post operation (Fig. 5A). The physical characteristics of the hydrogel
scaffolds were as follows: the swelling ratio of each group was approx-
imately 14.2% (Fig. S10A), and the hydration degree was approximately
93% (Fig. S10B). The elastic modulus of the material was approximately
120 KPa, and the stress-strain curve was smooth, indicating that the
material has uniform structure and good mechanical properties
(Fig. S10C). SEM images revealed that a large number of pores were
distributed inside the hydrogel, and there was no significant difference
in pore size. The magnified image showed that granular EVs were
distributed uniformly in the EVs/Hydrogel. The structure of the EVs was
intact, and the particle size was consistent with the NTA data (Fig. 5B).

At 4 weeks post operation, HE staining images revealed that the
tissue infiltration status in the defect site of the EVs/Hydrogel group was
relatively sufficient, the material degraded rapidly and there were more
bony connections between the material and the host bone. The interface
integration of the EVsShNIDl/Hydrogel group was less than that of the
EVs/Hydrogel group, and the material degradation rate was relatively
slow. In the hydrogel group, the interface between the material and the
host bone was mostly connected by fibrous tissue, and the material
degradation rate was equivalent to that of the EVsShNIDl/Hydrogel
group. The defect in the Blank group was filled with cord-like connective
tissue (Fig. 5C).

It has been reported that type III collagen is closely associated with
angiogenesis and participates in the process of vascular regeneration
during the process of wound repair [33]. In this study, sirius red staining
showed that the area and proportion of type III collagen in the
EVs/Hydrogel group was much higher than those in the other three
groups (Fig. 5D and E). The endomucin (EMCN) immunofluorescence
and CD31 immunohistochemistry staining showed that EV-NID1
(EVs/hydrogel) recruited more EMCN positive endothelial cells to
accumulate at the defect site which leads to more CD31" capillaries
located in the EVs-hydrogel (Figs. S10D and E). Moreover, the number of
CD31"NID1" (double positive, DP) cells was the highest among these
groups. The colocalization of CD31 and NID1 suggested that NID1
played regulatory roles in angiogenesis. The number of CD31" vessels
and DP cells in the EVs*™®! /Hydrogel group was higher than that in the
Hydrogel and Blank groups, but still significantly less than those in the
EVs/Hydrogel group, indicating that EV-NID1 accelerated angiogenesis
in the microenvironment of bone defects (Fig. 5F and G).

Then, we further evaluated the effect of EV-NID1 on bone regener-
ation. The results of calcein-alizarin red fluorescence double-labeling
showed that the osteogenic rate of the EVs/Hydrogel was significantly
faster than that of the other three groups. There was no significant dif-
ference between the EVs™™NIP! /Hydrogel and Hydrogel groups, but both
of them were faster than the Blank group (Fig. 6A). X-ray imaging
showed that the defect boundary of the EVs/Hydrogel group was
indistinct, indicating that the bone defect was sufficiently repaired,
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while defects remained in the other three groups (Fig. S11A). The Van
Gieson (VG) stained images showed that the new trabecular bone
number in the EVs/Hydrogel group was significantly greater than that in
the other three groups (Fig. 6B). Micro-CT images, bone volume,
trabecular bone number and other analysis data showed that the bone
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repair status of the EVs/Hydrogel group was significantly better than
that of the other three groups, which confirmed the positive effect of EV-
NID1 on bone regeneration. Notably, the EVs""™! /Hydrogel slightly
promoted bone regeneration (Fig. 6C and D, Fig. S11B). Immunohisto-
chemical staining of type I collagen (COL I) and osteocalcin (OCN)
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showed that the contribution of EVs/hydrogel to material degradation
and bone matrix accumulation was significantly better than that of other
groups (Fig. S11C).

In summary, EV-NID1 is internalized by RAECs, and NID1 releases
and binds with myosin-10, which triggers cytoskeletal remodeling, re-
duces the formation and assembly of FAs, and weakens the adhesion
strength of RAECs to the ECM, resulting in RAECs more easily migrating
and orienting to form a tubular structure, and ultimately accelerating
angiogenesis(Fig. 6E). Moreover, the hydrogel scaffold loaded with EV-
NID1 significantly accelerates the angiogenesis process and promotes
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bone regeneration, which is a useful attempt of cell-free treatment. .

4. Discussion

The construction of prevascularized grafts by loading BMSCs is a
common strategy to improve the success rate of large bone defect
healing [34-36]. However, BMSC transplantation is difficult to widely
use in clinical practice due to ethical and safety restrictions [37]. EVs
were demonstrated to be an important mediator of intercellular
communication, and BMSC-derived EVs are considered to have the
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potential to promote angiogenesis and bone regeneration [38-41].
Therefore, cell-free therapies based on EVs have emerged and developed
rapidly, and have the potential to be an effective strategy for clinical
transformation in the future [21,42,43].

The disadvantage is that the quality and composition of EVs pro-
duced under different experimental conditions are not uniform, result-
ing in inconclusive research on their mechanism, which restricts the
therapeutic efficiency and development process of EV biological prod-
ucts. Therefore, accurate identification of effector molecules in EVs,
elucidation of regulatory channels and mechanisms, then construction
and optimization of tissue engineering grafts with specific targets are the
development trends of EV biopharmaceuticals. Here, we found that EVs
derived from BMSCs effectively regulate the biological functions of
RAEGCs, and further identified NID1 as the key signaling molecule in
BMSC-EVs.

NID1 is a ubiquitous vascular basement membrane (BM) component,
whose interactions in particular with laminin, collagen IV and perlecan
have been considered important for BM formation and capillary ho-
meostasis [28,44]. In addition to its role as a matrix protein, whether
NID1 participates in cell regulation as a signal molecule has not been
clearly elucidated. In 2010, it was reported that the laminin deposition
and distribution of the 1 and B4 integrin chains were significantly
altered during the skin wound healing process in adult NID1 deficient
mice, but these differences did not affect the ultrastructural appearance
of the BM suggesting a non-structural role for NID1 in wound repair
[45]. Moreover, a recent study identified NID1 as a protein enriched in
EVs from metastatic hepatocellular carcinoma (HCC) cells by proteomic
profiling, and confirmed that EV-NID1 activates fibroblasts to secrete
tumor necrosis factor receptor 1 (TNFR1), and facilitate lung coloniza-
tion of tumor cells [46]. Another study showed that NID1 reduces the
cardiomyocyte apoptosis by binding to avf3 integrin and beneficially
modulates immune responses in vitro [29]. These results indicate that
NID1 not only supports microvascular architecture, but may also
modulate cell properties by binding with extracellular targets.

Our study reported the identification, therapeutic effect and signif-
icance of EV-NID1 derived from BMSCs for the first time, discovered that
myosin-10 is the intracellular binding target of NID1, and further clar-
ified the approach and mechanism of EV-NID1 to mediate the biological
changes of RAECs. Previous results and our findings revealed the func-
tional diversity of NID1, including as a structural component or as a
signal molecule interacting with intracellular targets.

Myosin-10 is an actin-based molecular motor that participates in
essential intracellular processes such as filopodia formation/extension,
phagocytosis, and cell migration [47,48]. Myosin-10 affects the polarity
and distribution of stress fibers by targeting FAs, and then regulates cell
adhesion, differentiation and cytoskeleton remodeling [49]. Knockdown
of myosin-10 results in decreased expression of paxillin and vinculin,
while paxillin and vinculin were found to be required primarily for the
recruitment of FAK to robust focal adhesions [50,51]. In this study, the
expression of myosin-10 decreased in RAECs pretreated with EV-NID1
and other phenotypes were consistent with the above studies. Thus, it
is reasonable to suppose that NID1 reduces myosin-10 activity and
regulates cell adhesion. Notably, the mechanism by which NID1 reduces
the expression of myosin-10 remains unclear, and should be further
explored in the future.

A major question in cell biology is how substances (e.g. proteins,
RNA and vesicles) are moved around inside cells. Therefore molecular
motors are essential, as they result in highly directional movement, and
provide highly efficient targeted movement [31,32]. Here, we found
that NID1 seemed to guide the directional flow of myosin-10 in the
cytoplasm, trigger the polarity distribution of F-actin, and then induce
cytoskeletal remodeling and pseudopodia contraction of RAECs.

In addition, EV-NID1 induced cytoskeletal remodeling and ECM
degradation of RAECs by upregulating the expression of Bcl6, Mmp10
and Mmp13. The above results indicated that the regulation of RAECs by
EV-NID1 was hierarchical. The first step was to reduce the formation of
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FAs and drive cytoskeleton remodeling, so as to accumulate energy for
cell migration; Second, EVs induced RAECs to secrete degrading en-
zymes to decompose the ECM and reduce the resistance of cell migra-
tion. As a result, RAECs more easily de-adhere and then migrate to
specific locations to participate in angiogenesis.

Bioactive materials loaded with drugs or biomolecules represent an
interesting strategy to stimulate osteogenesis and angiogenesis [52]. The
generation of a composite of EVs/exosomes and biological carriers to
construct tissue engineering grafts is an important approach for pre-
clinical translational research [53-57]. Professor K.cheng’s research
showed that stents releasing exosomes derived from MSCs in the pres-
ence of reactive oxygen species enhance vascular healing in rats with
renal ischaemia-reperfusion injury [58].Similarly, exosomes derived
from human umbilical cord MSCs were loaded into a hyaluronic
acid-based hydrogel and injected into the femoral fracture site of rats.
The results showed that the exosome-loaded hydrogel significantly
promoted vascular regeneration and fracture repair [38]. To further
verify the therapeutic effects of EV-NID1 in vivo and evaluate the
transformation potential of EV-NID1 loaded grafts, a sodium alginate/-
PEG2000/gelatin composite hydrogel enriched with EV-NID1 was
developed. Physical characterization showed that the EVs/Hydrogel had
a porous structure suitable for cell growth and infiltration. The EVs were
evenly distributed inside the scaffold and the structure was complete,
which ensured the effectiveness of EVs in subsequent applications. In
vivo data confirmed that the EVs/Hydrogel sequentially and signifi-
cantly accelerated angiogenesis and bone defect repair, and NID1 was
the core element mediating the therapeutic activity of the EVs/Hy-
drogel. In addition, the positive effect of NID1 on bone regeneration may
be attributed to angiogenesis in situ. The results of these in vivo exper-
iments verified the effectiveness of EV-NID1, further confirmed the
theory of angiogenesis-osteogenesis coupling [59-61], and provided
new targets and perspectives for future clinical vascularization
strategies.

5. Conclusion

In summary, we found that EV-NID1 binds intracellular myosin-10,
and enhances the migration and angiogenesis activities of RAECs by
regulating cell adhesion to the ECM. This novel approach and mecha-
nism will help to further understand the biological function of NID1.
Furthermore, a new type of tissue engineering scaffold based on EV-
NID1 was successfully developed, which significantly improved the
vascularization level and repair efficiency of the graft. This study is
compatible with precision medicine trends and has certain application
value in the field of vascular regeneration.
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