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Stem cell based transplants effectively regenerate tissues; however, limitations such as immune rejection and
teratoma formation prevent their application. Extracellular vesicles (EVs)-mediated acellular tissue regeneration
is a promising alternative to stem cell based transplants. Although neural EGFL-like 1 (Nelll) is known to
contribute to the osteogenic differentiation of bone marrow stem cells (BMSCs), it remains unknown whether EVs
are involved in this process. Here, we present that EVs derived from NellI-modified BMSCs (Nell1/EVs) have a
stronger ability to promote BMSC osteogenesis owing to miR-25-5p downregulation. MiR-25-5p inhibits
osteogenesis by targeting Smad2 and suppressing the SMAD and extracellular signal-related kinase 1 and 2
(ERK1/2) pathway activation. In addition, we demonstrate that the 3D-Nell1/EV-hydrogel system is beneficial
for bone regeneration in vivo, probably stemming from a slow, continuous release and high concentration of EVs
in the bone defect area. Thus, our results have shown the potential of Nelll/EVs as a novel acellular bone
regeneration strategy. Mechanistically, the identification of miR-25-5p-SMAD2 signaling axis expands the

knowledge of Nell1/EVs induced osteogenesis.

1. Introduction

Bone defects can be caused by various clinical diseases and can
severely limit rehabilitation [1,2]. However, repairing large bone de-
fects remains a serious challenge [1,3]. Autografts, allografts, xeno-
grafts, and other approaches have been used to treat bone defects but
clinical challenges such as tissue source, long surgical time, donor site
morbidity [2], risk of disease transmission, and immunoreaction [4,5]
have increased significantly. Recently, tissue engineering has been
considered as a promising approach for bone regeneration that over-
comes these difficulties by utilizing compatible biomaterials, growth
factors, and cells [6,7]. Mesenchymal stem cells (MSCs) are multipotent
cells with great potential for triggering bone healing after systemic/local
infusion with cell-sheets/aggregates [8,9]. Furthermore, bone marrow
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stem cells (BMSCs), a critical category of MSCs, exhibit osteogenic
properties [10,11]. However, their broader applications are severely
limited by the low transplantation retention rate, immune rejection [12,
13], teratoma formation [12], undirected cell differentiation [12,14],
and pathological changes [15]. Numerous studies have shown that
BMSCs exert therapeutic effects primarily through paracrine mecha-
nisms [16-18]. To exploit this, acellular regeneration strategies utilizing
the cell secretome, such as conditioned media (CM), soluble factors, and
vesicular secretions, have been proposed along with the use of extra-
cellular vesicle (EVs) as molecular propellers [19,20].

EVs are nanoparticles (30-200 nm) secreted by various cell types;
they have been used in tissue regeneration because of advantages over
previous delivery mediators [18,21,22]. The lipid bilayer of EVs can
retain their bioactivity for a long time and protect various functional
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molecules, such as microRNAs (miRNAs) [22-25]. More importantly,
EVs can be sterilized through filters, easily stored at —80 °C, utilized
directly upon thawing, and lyophilized as off-the-shelf products [26,27].
Recently, basic preclinical studies have focused on the use of engineered
EV therapies, while EV modification is gaining increasing attention in
clinical studies [28-31]. One of the primary methods for MSC-EV
modification/engineering is gene modification of parental cells before
EV isolation (e.g., preconditioning or transfection/transduction of
MSCs) [29,32]. Proper gene modification of EVs can significantly
improve cellular uptake or therapeutic RNA delivery to promote the
therapeutic efficacy of EVs beyond their native function [33]. Studies
have suggested that gene-modified MSCs-EVs could promote bone
regeneration and treat bone-related diseases [34]. EVs secreted from
bone morphogenetic protein 2 (BMP2) overexpressed MSCs enhanced
critical bone defect healing via its miRNA components [35]. The
hypoxia-inducible factor la-overexpressed MSCs secrete EVs, which
accelerates the bone recovery through angiogenesis [36]. EVs derived
from BMSCs overexpressing glycoprotein non-melanoma clone B at-
tenuates bone loss in an ovariectomized rat model [37]. Increasing ev-
idence has shown that binding to or encasing EVs in a biomaterial matrix
can prolong EVs bioavailability following delivery, achieve EVs sus-
tained and controlled release, maintain the stability of EV cargo, and
potentially augment therapeutic potency [19,38,39]. Recently, the
development of biomaterials enriched with EVs has achieved promising
results in promoting tissue regeneration, especially in localized diseases
such as bone defects [40,41]. However, therapeutic strategies utilizing
biomaterials encapsulating gene-modified BMSC-EVs and biomaterials
with modified BMSC-EVs, particularly for improving the bone repair
process, are lacking.

Neural EGFL-like 1 (NELL1) is a protein that stimulates bone for-
mation and performs better than BMP2 in terms of its antiadipogenic,
anti-inflammatory, and vascularization characteristics. Nelll has
demonstrated efficacy in bone regeneration for systemic and local
osteogenic treatments in various preclinical animal models [42-44]. In
addition, Nelll significantly activates various pathways, including the
mitogen activated protein kinase (MAPK) pathway, Wnt/p-catenin
pathway, and Indian hedgehog pathway, all of which are involved in
regulating osteogenesis [45]. Indeed, Nelll may be a suitable alternative
gene for EV modification, specifically for bone regeneration.

We hypothesized that Nelll modification could induce a series of
changes in BMSCs as well as EVs. Based on the results of our previous
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study, which verified the osteo-inductive capacity of BMSC-EVs on the
titanium surface of dental implants [46], we examined whether EVs
secreted from Nelll-modified BMSCs (Nell1/EVs) could induce osteo-
genesis in vitro and acellular bone regeneration in vivo (Fig. 1). Indeed,
Nell1/EVs showed favorable osteogenic capability involving the
miR-25-5p-SMAD2 signaling axis. Meanwhile, 3D-EV-hydrogel with
Nell1/EVs was used to achieve acellular bone regeneration. Taken
together, the acellular regeneration method based on Nelll1/EVs is a
promising strategy for bone defect healing. A key mechanism in this
process is the altered fate-modifying EV-miRNAs and miRNA-target
gene regulatory network, which improves the understanding of the
osteo-inductive effect of Nelll.

2. Materials and methods

All methods can be found in the accompanying Supplemental In-
formation file II.

3. Results

3.1. Nelll/EVs are essential component of Nelll/CM in promoting
osteogenic differentiation

Rat BMSCs were identified based on their morphology (Fig. S1A) and
flow cytometric analysis (Fig. S1B). Primary cells exhibited a typical
spindle shape for single BMSCs and a whirlpool-like arrangement for
BMSC colonies. The phenotypic characterization of BMSCs was
confirmed by positive staining for CD29 and CD90 and negative staining
for CD34 and CD45. Next, Nelll-modified BMSCs (Nell1/BMSCs) were
obtained by transfection of full-length Nell1; after 48 h of transfection,
more than 50% of the cells were positive for GFP (Fig. 2A). BMSCs
transfected with negative lentivirus (Ctrl/BMSCs) were used as negative
controls. As shown in Fig. 2B-D, Nelll protein and mRNA expression
were much higher in Nell1/BMSCs than Ctrl/BMSCs.

As shown in Fig. 2E-G, Nell1/CM induced robust osteogenic differ-
entiation of BMSCs on days 7 and 14 based on an enhanced alkaline
phosphatase (ALP) expression and calcium deposition. As such, a clas-
sical EV blocker (GW4869) was employed to investigate whether EVs
play a key role in this pro-osteogenic effect. Quantification of EVs pro-
tein content was quantified, and the results suggested that GW4869
reduced the number of EVs acquired via ultracentrifugation by ~50%
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Fig. 1. Acellular bone tissue regeneration by Nell1-modified-EVs (Nell1/EVs). (A) Nell1/EVs were isolated from Nell1-modified-BMSCs. (B) In vitro studies of the
induction and mechanism of action of Nell1/EVs regulatory BMSC osteogensis. (C) In vivo, calvarial defects were used as animal models to evaluate the bone defect
repair capacity of 3D-Nelll/EV-hydrogel. Nelll/EVs and negative control EVs were encased in the hydrogel for further implantation in defects.

458



Y. Lan et al. Bioactive Materials 17 (2022) 457-470

B
Fluorescence i Ctrl/BMSCs Nell1/BMSCs NELL1

*k

ing
(=)

-
i

°
il

Intensity relative to Ctrl/BMSCs
=9
o

o 0.0
o ]
Nell1 © &
500 D 50 & S
g - kK G@\ \,\\
‘© 400 g W Ctr/BMSCs @
¢ 400+ T = No//1/BMSCs
2 300 ;.:_
g o 300
2 200 2
2 2 o
© -
° 100 % 200 T
< <
z 4
Z 10 g 100 |
£ S ] - E !
0 -
CtrilBMSCs Nell1/BMSCs 2d
E CtrlicM  Nell1/CM G . Osx He - s
° 3 S S 8 CHICM . -gg ns *k
g 2 o J= NenticM 9=
g 83
s L F
- =
[ 24 20
2 k 52,
2 ™ 32
£ 3 8 s
- o o]
< £ £ oo .
CHriICM Nell1/CM 14d N & £° &c;’;
\ &
c & o N
CtrlICM  Nell1/CM e Su Ocn & & &R
p
ok
53 S ®]
IS 27 64
s 8 = ok
2% 8 4
S &M <
g
p E ol
| CHri/CM Nell1/CM 7d 14d
Osx Alp
30 Rk %
§0]= ctem g® _ &5 &30
g |= Nelticm [ = 2 2
So0]™ Nell1-GW4869/CM 58 5 s
g ot s 8 s g g
2 . 24 2 2
& 5 3 g
©10 ° ns: o5 10
2{ s
S S g b
i © o 4
€y E Eo £
2d 6d od 2d 6d ad 2d 6d od

I ctriicm  Nelrt/cm  Nell1-Gwases), o KoculcM  Nelll/cM Nell1-Gwases/ ,. .
z | 25
g1 =5
=
Ee 0 .
> & &
O \
C}‘\\ %a\\ &\\’\' C;@ C}\\\ V\Q’\\\ )

Fig. 2. Osteogenic differentiation capacity of conditioned media from Nell1/BMSCs (Nell1/CM) depends on EVs. (A) Representative images of Nelll-green
fluorescent protein (GFP) adenovirus (Ad-Nell1) infection in BMSCs in vitro. (B) Immunofluorescence-based detection of NELL1. (C) Determination of Nelll over-
expression in BMSCs by RT-qPCR. (D) RT-qPCR analysis of Nelll transcription in BMSCs infected with Ad-Nelll at day 2, 6, and 9. (E) Alkaline phosphatase (ALP)
staining and quantitative ALP assay of BMSCs incubated with Nell1/CM or Ctrl/CM for 7 days. (F) Alizarin red staining and semi-quantitative analysis of BMSCs
incubated with Nell1/CM or Ctrl/CM for 14 days. (G) RT-qPCR determination of osteogenic markers expression on day 7 and 14. (H) Quantification of EV protein
content. EVs were collected from the conditioned media of each group: Ctrl/BMSCs, Nell1/BMSCs treated with or without GW4869. (I) Mineralization induction in
fresh osteoinductive medium with Nell1/CM, Ctrl/CM, or Nell1-GW4869/CM. RT-qPCR determination of osteogenic marker expression on day 2, 6, and 9. (J) In co-
incubation mineralization experiments, ALP staining and quantitative ALP assay at day 14. (K) Alizarin red staining of BMSCs and semi-quantification at day 21. *p
< 0.05, **p < 0.01, ***p < 0.001, NS, non-significant, via t-test or one-way analysis of variance, n = 3. CM, conditioned media.
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(Fig. 2H) compared with Nelll/BMSCs. Interestingly, the mRNA
expression of osteogenic markers, including Osterix (Osx), Alp, Osteo-
pontin (Opn), and Osteocalcin (Ocn), was substantially increased in the
Nelll/CM group; however, it decreased when EV production was
inhibited (Fig. 2I). Consistently, the increased ALP expression (Fig. 2J)
and mineralization capability (Fig. 2K) in the Nelll/CM groups were
reduced when EV production was inhibited. Together, these results
suggested that Nell1/EVs are essential component of Nell1/CM in pro-
moting osteogenic differentiation.

3.2. Characterization and pro-osteogenic ability of Nelll/EVs

To further evaluate the role of EVs in osteogenic differentiation,
Nell1/EVs and Ctrl/EVs were isolated from Nell1/CM and Ctrl/CM using
ultracentrifugation [47]. Before isolating EVs, we demonstrated that the
viability of Nell1/BMSCs and Ctrl/BMSCs was over 98% at the time of EV
harvest (Fig. S2). Transmission electron microscopy analysis suggested
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the presence of 50-200 nm particles that were morphologically consis-
tent with EVs (Fig. 3A). Analysis with a NanosightNS300 revealed that
particles isolated from Ctrl/CM and Nelll/CM had mean diameters of
153.0 £+ 38.5 nm and 136.0 + 31.5 nm, respectively (Fig. 3B). Particles
isolated by ultracentrifugation expressed EV-specific markers (Alix,
CD54, Flotillin-1, and Annexin V); however, they did not express
GM130, a Golgi matrix protein (Fig. 3C). These results suggested that
Nell1/EVs and Ctrl/EVs were successfully isolated with high purity. The
results of the western blotting (WB) analysis demonstrated that the
expression of NELL1 was significantly higher in Nelll/BMSCs than in
Ctrl/BMSCs; however, there was no noticeable difference in NELL1
expression between Nelll1/EVs and Ctrl/EVs. In both the EVs, NELL1
protein expression was extremely low (Fig. 3C).

We also examined whether Nelll1/EVs could enhance the osteogenic
potential of BMSCs in vivo. Significantly higher expression levels of
Runx2, Bmp2, Ocn, and Opn were observed in Nell1/EVs on days 3 and 6
as compared with those in the phosphate-buffered saline (PBS) and Ctrl/
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Fig. 3. Characterization and pro-osteogenic ability of Nelll-modified-EVs (Nell1/EVs). (A) Representative transmission electron microscopy images of the
ultrastructure of Nell1/EVs and Ctrl/EVs. Scale bars: 200 nm. (B) Nanoparticle transport analysis of the size distribution and particle concentration of the two types of
EVs. (C) Representative immunoblots showing expression of Alix, CD54, Flotillin-1, Annexin V and NELL1. GM130 was used here as a negative marker and ACTIN as
a loading control. (D) RT-qPCR analysis of osteoblast gene markers in BMSCs treated with PBS, Nell1/EVs, or Ctrl/EVs at 3 and 6 days. (E) ALP staining images and
ALP activity in BMSCs treated with PBS, Nell1/EVs, or Ctrl/EVs on day 14. (F) Alizarin Red-stained images and semi-quantification of BMSCs treated with PBS, Nell1/

EVs, or Ctrl/EVs at day 21. *p < 0.05, **p < 0.01, ***p < 0.001, NS, non-significant, via t-test or one-way analysis of variance, n = 3.
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EV groups (Fig. 3D). Correspondingly, ALP activity and calcium deposits
in the Nelll/EV group at days 14 and 21 were increased compared to
those in the PBS and Ctrl/EV groups (Fig. 3E and F). These results
demonstrated that Nelll/EVs function as molecular propellers to
modulate the osteogenic differentiation of BMSCs.

To investigate the mode of Nell1/EVs interaction mode and deter-
mine whether Nell1/EV and BMSCs communication is surface binding
dependent, fluorescence-labeled EVs and BMSCs were cocultured at 4 °C

Bioactive Materials 17 (2022) 457-470

and 37 °C, respectively (Fig. 4A). As shown in Fig. 4B, confocal fluo-
rescence microscopy revealed hardly any Nelll/EVs (or Ctrl/EVs) were
seen on BMSCs surface when coculture at 4 °C. However, the colocali-
zation of BMSCs and Nelll/EVs (or Ctrl/EVs) was evident after 30 min of
coculture at 37 °C. When the coculture time was extended to 5 h, there
was also no significant colocalization of cells and EVs (Fig. S3). After
coculture at 37 °C for 12 h, confocal fluorescence microscopy revealed
that 80-90% of the BMSCs showed colocalization with EVs; there was no
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Fig. 4. Nelll/EVs interact with recipient cells in a surface binding-independent manner. (A) Experimental set-up to examine the mode of Nell1/EV interaction
with target BMSCs. Schematic picture was created with BioRender. (B) BMSCs were cocultured with an equivalent amount of Nell1/EVs or Ctrl/EVs (10 pg/ml),
incubated for 30 min under two temperature conditions: 4 °C and 37 °C. Z-stacks were observed by confocal microscopy. White arrows indicate Ctrl/EVs or Nelll/
EVs. (C) Two types of EVs were taken up by BMSCs for 12 h at 37 °C. NS, non-significant, via t-test, n = 3.
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significant difference between Nell1/EVs and Ctrl/EVs (Fig. 4C). These
findings suggested that the Nell1/EVs-BMSCs interaction was in a sur-
face binding-independent manner, and internalization (cargo delivery)
of Nell1/EVs is more likely necessary for their pro-osteogenic effect.

3.3. Identification of differentially expressed miRNAs using high-
throughput sequencing

Since miRNAs are key regulators of bone development, regeneration,
and function [48-50]; EVs are the main route by which small RNA
species are transferred between cells [24,47,51]. Moreover, we
demonstrated previously that the cargos of Nelll/EVs are dominant to
contribute to their osteogenic capacity. High-throughput sequencing

A B
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was applied to investigate the role of miRNAs in Nelll/EV-induced
osteogenic differentiation, and the results revealed differentially
expressed miRNAs (DEMs) between Nelll/EV and Ctrl/EV groups. The
heatmap showed the top 20 genes with the most significant differential
expression (Fig. 5A). A scatterplot of Gene Ontology (GO) annotations
showed the top 9 most enriched GO-biological process (BP) annotations
of these DEMs (Fig. 5B); here, the TGF-p pathway was the most enriched,
suggesting that it could play regulatory functions in Nelll/EV-induced
bone formation. Kyoto Encyclopedia of Genes and Genomics (KEGG)
enrichment analysis was performed to reveal pathways that were most
significantly related to Nell1/EVs. Among these pathways several oste-
ogenic differentiation-related processes were worth noting, such as
aging, ERK1 and ERK2 cascade, angiogenesis, BMP signaling pathway,
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Fig. 5. Differentially expressed miRNAs profile in Nelll-modified-EVs (Nell1/EVs) and negative control EVs (Ctrl/EVs) were determined by miRNA
sequencing. (A) Heatmap depicting the expression of differentially expressed miRNAs (DEMs) in Nell1/EVs or Ctrl/EVs. The top 20 miRNAs with the highest fold-
change were identified. (B) Scatterplot of GO annotations. The top nine significant GO-BP annotations of the target genes of the DEMs are shown. The correlation
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validated by qRT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001, via t-test, n = 3. * Colors indicate those chosen as the focus of this study. Osteogenic-related signaling
pathways are shown in bold font; pathways related to neurodevelopment are marked in italics.
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and osteoblast development (bold in Fig. 5C). In addition, several
neurodevelopmental-related pathways were identified (italics in
Fig. 5C). The network of miRNAs regulating critical genes was shown in
Fig. 5D. The key regulatory positions of the 9 miRNAs are indicated. In
conjunction with the heatmap data, the expression of rno-miR-148b-3p,
rno-miR-27b-5p, and rno-miR-25-5p was further validated by reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) and
bioinformatics analysis (Fig. S4). Rno-miR-25-5p exhibited the most
pronounced changes (Fig. 5E), whereas the miR-25-5p level in EVs was
reduced in response to Nelll modification.

3.4. miR-25-5p suppressed osteogenic differentiation by directly targeting
SMAD2

We further investigated the potential mechanism of miR-25-5p in
osteogenic differentiation. BMISCs were transfected with different miR-
NAs (miR-25-5p mimics and miR-25-5p inhibitors) and corresponding
controls (negative control (miR-NC) and inhibitor negative control (anti-
miR-NC)). Intracellular miR-25-5p was markedly upregulated in cells
transfected with miR-25-5p mimics and markedly downregulated in
cells transfected with miR-25-5p inhibitors, as compared to that in the
corresponding controls (Fig. 6A). The proliferation of BMSCs was
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significantly increased after treatment with miR-25-5p inhibitors. In
contrast, when miR-25-5p was overexpressed, BMSCs showed decreased
proliferation ability, particularly at later time points (Fig. 6B). These
results indicated the suppression of miR-25-5p promoted BMSCs pro-
liferation in vitro. Functionally, the results showed that miR-25-5p in-
hibitors upregulated the expression of osteogenesis-related genes such
as Alp and Ocn; however, miR-25-5p mimics downregulated these genes
(Fig. 6C). Furthermore, miR-25-5p overexpression reduced ALP staining
and mineralized nodule staining. In contrast, knockdown of miR-25-5p
had the opposite effects (Fig. 6D and E). These results showed that miR-
25-5p significantly inhibited the proliferation and differentiation of
BMSCs toward the osteogenic lineage.

Bioinformatic analysis showed that SMAD?2 is a potential target of
miR-25-5p, with a top-ranked predictive score. Western blotting
revealed that SMAD2 expression was decreased by miR-25-5p mimics
and increased by miR-25-5p inhibitors (Fig. 6F). The same trend was
observed for the expression of Smad2 mRNA (Fig. 6G). Additionally, 3'-
untranslated region (UTR) luciferase reporter constructs containing
wild-type (WT Smad2 3'-UTR reporter) and mutant (MUT Smad2 3'-UTR
reporter) sequences of the miR-25-5p binding sites in the Smad2 locus
(Fig. 6H) were constructed. Co-transfection of BMSCs with the miR-
25-5p mimics and luciferase plasmid confirmed that miR-25-5p

A ns . B 0.5- C Alp Ocn**
< 30000 s ] 2.5- o 2.0 s
7 0.4 7 IS — c
€ 200004 I anti-mir-nC r / ] g 5o T § T
] iR-NC E ¢ 157
£ 10000 " g %% / £ 4 g
£ ti-miR-25-5 A / - =]
::: :’:‘i;_;r;_s P g 554 / o4 anti-miR-NC é T 21 0 -
s ) — P = 7 miRNC £ 1.0+ = £
q I | I 8 F anti-miR255p £ 2
: 1 = 0.1 5 i 0.5
g 05 == T u/ miR2s-5p & 08 g
Qo o —
S I I = 0.04+—— 0.0-
0 1d 2d 3d 1 PR < P
D antimiR-NC  miR-NC  anti-miR-25-5p miR-25-5p : & " & é-g"” &
o 23, < & & &
= 2 &
£ <2 -
P RN R e o e
\ > v <R
% 0 & & F cos
< SEFLE 3
& © 0.4
E itimirNe & SMAD2 [= o e === &
£
2 B-Actin GEDEEDED e © *7
s=
b4 g e 0.0
| 8 g S R
< © 01 b}
£2 & & &5
< O N &
= 0. 7;\"0 N (\‘L\/& 6\&
0. >
Smad2 :
G 2.0 H & 15— [ miR-NC
H . S . [ miR-25-5p
5 s 2 ek
8 1.5 £
i © | —
EES) — NN — W A [
< 9]
4 1.0 - £
[ WT SMAD2 3'UTR 5-UUAACGUACCAACUCCUCCGCCA- 73 o
[ .5
£ 0.5 [T 2
2 miR-25-5p 3'--CGUUAACGGGCACAGAGGCGGA- g
0= & o MUT SMAD2 3UTRS-UUAACGUACCAACUCAGAAUAAA- 0T —r—r—r—r =
‘gﬁ Q‘% ,;’ R Lucvector 4+ 4 - S
Rl & & ,
S gf S LUc3UTRWT  _ - 4+ 4+ - -
° LUC3UTRMUT = - - -+ +

Fig. 6. Downregulation of miR-25-5p promoted osteogenic differentiation of BMSCs by directly targeting Smad2. (A) Expression levels of miR-25-5p were
validated by RT-qPCR after transfection with miR-25-5p mimics or inhibitors. (B) Effect of miR-25-5p on BMSCs proliferation was measured using CCK-8 assays. (C)
RT-qPCR was used to determine the expression of osteogenic markers (Alp and Ocn) after miRNA transfection. (D) ALP staining of BMSCs transfected with different
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was assessed by (F) western blotting and (G) qRT-PCR (H) Luciferase reporter assay of the association between miR-25-5p and Smad2. MiR-25-5p, miR-25-5p
mimics; anti-miR-25-5p, miR-25-5p inhibitors; miR-NC, mimic negative control; anti-miR-NC, inhibitor negative control. One-way analysis of variance was used. *p
< 0.05, **p < 0.01, ***p < 0.001, NS, non-significant, n = 3.
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specifically binds to the predicted target region in Smad2 mRNA. The
luciferase reporter activity of the WT Smad2 3'-UTR was significantly
reduced after transfection with the miR-25-5p mimics; however, this
was not observed in MUT Smad2 3'-UTR. These results indicated that
miR-25-5p directly targets Smad2 and binds to its 3'-UTR.

3.5. miR-25-5p/SMAD2/ERK as the critical mechanistic link for the
osteogenic capacity of Nelll/EVs

The expressions of SMAD2 and p-SMAD2 were increased by miR-
25-5p inhibitors and decreased by miR-25-5p mimics, as compared
with those of the internal reference protein (Fig. 7A). Although the ratio
of phosphorylated SMAD2 (p-SMAD2/SMAD2) was not altered by miR-
25-5p mimics, the total amount of phosphorylated SMAD2 (p-SMAD2/
B-actin) was significantly downregulated. Moreover, transfection with
the miR-25-5p mimics inhibited the phosphorylation of extracellular
signal-related kinase 1 and 2 (ERK1/2) in BMSCs (Fig. 7B). Further,
immunofluorescence revealed that miR-25-5p mimics decreased the
expressions of p-SMAD2 and p-ERK1/2, which indicated the inhibition
of SMAD and ERK pathways (Fig. 7C and D). Collectively, these results
verified that miR-25-5p negatively regulates the activation of SMAD
and ERK pathways.

Next, we tested the role of miR-25-5p downregulation in the func-
tion of Nell1/EVs. As shown in Fig. 7E, when cells were pretransfected
with miR-NC, the Nelll/EVs significantly upregulated the ratio of
phosphorylated ERK1/2 to total ERK1/2, SMAD2 to ACTIN, and phos-
phorylated SMAD2 to ACTIN (Fig. 7E) in BMSCs. However, when BMSCs
were pretransfected with miR-25-5p mimics, this difference was not
noted. Meanwhile, when pretransfected with miR-NC, Nelll/EV-treated
BMSCs showed a marked increase in the protein level of osteogenic
markers, OSX, Collagen I, and OPN. No significant difference in the
expression of these osteogenic proteins was found between Nell1/EVs
and Ctrl/EVs groups when cells were pretransfected with miR-25-5p
mimics (Fig. 7E). Moreover, the level of ALP activity and mineralized
nodules of BMSCs (with miR-NC pretransfection) treated by Nelll1/EVs
was significantly greater than that in Ctrl/EVs group, but it was reduced
when pretransfected with miR-25-5p mimics (Fig. 7F). These results
suggested that miR-25-5p/SMAD2/ERK is the critical mechanistic link
required for the Nelll/EV-induced osteogenic differentiation.

3.6. Characterization of the 3D-EV-hydrogel system

To obtain EV delivery carriers for implantation at bone defect sites, a
hydrogel system containing EVs was fabricated (Fig. 8A). Ctrl/EVs and
Nelll/EVs were labeled with PKH67 and PKH26, respectively; then, they
were incorporated into the hydrogel. The PBS-loaded hydrogel was used
as a negative control. As shown in the fluorescence microscope image,
Ctrl/EVs (green dots) and Nell1/EVs (red dots) were homogeneously
distributed in the hydrogel, whereas there were few fluorescent dots in
the PBS-loaded hydrogels (Fig. 8B). Furthermore, scanning electron
microscopy images showed that the Ctrl/EVs and Nelll/EVs were
incorporated into the hydrogel (Fig. 8C). These results demonstrated
that 3D-EV-hydrogel system was built successfully.

Further studies on the weight remaining ratio of the hydrogels in
doubly distilled water (DDW) at 37 °C were conducted. For the 3D-EV-
hydrogel in DDW, the weight nearly remained unchanged during the
first 4 days. A considerable decrease was observed between day 4 and
day 8; then, the weight remainingslowly decreased to near zero over
approximately one month (Fig. 8D). Moreover, the 3D-EV-hydrogel
showed an initial (first 6-8 days) relatively rapid delivery of EVs fol-
lowed by a more sustained and continuing release for up to 16 days
(Fig. 8E).

To further demonstrate the advantage of using the hydrogel system
to deliver EVs, the EVs retention ability was investigated in vivo. In
experiment group, the 3D-EV-hydrogel was implanted into the bone
defects directly. Control groups received an equal volume of EV
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suspension injections into the tail vein or directly into bone defects. As
shown in Fig. 8F, the hydrogel system demonstrated the possibility for
high doses of EVs (fluorescence-labeled) to exert therapeutic effects in
calvarial defect in situ, and excellent fluorescence signal was still
observed in the EV-hydrogel system after 9 days of implantation.
However, even after 24 h, there were few EVs were observed at calvarial
defect area in tail vein and local injection groups. These results showed
that the 3D-EV-hydrogel could drastically improve EV retention rate in
vivo.

3.7. Acellular hydrogel encasing Nell1/EVs induced bone tissue
regeneration in vivo

Our findings revealed the highest level of tissue regeneration in the
Nell1/EV-hydrogel group. Notably, the amount of newly formed bone in
the Nell1/EV-hydrogel group was significantly greater than that in the
Ctrl/EV-hydrogel, EV-free hydrogel, and control groups at an advanced
stage (8 weeks, Fig. 9). Although the effects were less pronounced in the
early stages (4 weeks, Fig. S5). The 3D sectional micro-computed to-
mography (micro-CT) images showed reconstruction of anatomical
structure of skull in the three groups (Fig. 9A). Quantitative micro-CT
analysis (Fig. 9B-F) revealed that the bone volume/tissue volume
(BV/TV) of the Nelll/EV-hydrogel group (26.14% =+ 4.42%) was
significantly higher than that of the Ctrl/EV-Hydrogel group (23.94% +
7.23%). The hydrogel group (19.06% + 5.61%) performed poorly, with
a BV/TV lower than that in the Control group (23.93% =+ 5.85%). Bone
mineral density (BMD), bone surface density (BS/TV), and trabecular
thickness (Tb. Th) showed a similar trend; that was, the group treated
with Nell1/EV-hydrogel showed significantly better bone regeneration
than the control group.

Consistent with the micro-CT findings, hematoxylin and eosin (H&E)
staining revealed that new bone formation in the defect area was
markedly increased in the Nelll/EV-hydrogel group, whereas only a
small amount of new bone formation was detected in the Ctrl/EV-
hydrogel and hydrogel without EVs (Fig. 9G). Masson trichrome staining
revealed that the cortical bone in the Nelll/EV-hydrogel group was
almost completely regenerated (Fig. 9H). Moreover, immunostaining
revealed that the expression of osteoblast differentiation markers,
including NELL1 and OCN, was increased in the Nelll/EV-hydrogel
group when compared with Ctrl/EV-hydrogel and hydrogel without EVs
(Fig. 9I-L). The total NELL1-positive and OCN-positive areas differed
among the Nelll1/EV-hydrogel group and remaining groups, indicating
the promotion of bone regeneration in this group. These results suggest
that the hydrogel assembled with Nell1/EVs can induce new bone for-
mation in vivo.

4. Discussion

BMSC-EVs are useful in bone regeneration for overcoming issues
such as inflammation, lower seeding efficiency, and immune response of
cell transplantation, as well as enabling fast release and rapid concen-
tration decay of growth factors [50,52,53]. Based on our previous
findings [46], we further investigated the osteogenic capacity of EVs
derived from Nelll-modified BMSCs and determined how Nell1-induced
differentiation was coordinated with EV-miRNA changes. We isolated
EVs from Nelll-modified BMSCs and demonstrated that modified EVs
were able to induce BMSC osteogenesis in vitro and repaired bone defects
in vivo. Our results indicate the following: (a) as an acellular strategy for
bone tissue regeneration, Nell1/EVs significantly promoted BMSC pro-
liferation and osteogenic differentiation in vitro and in vivo; (b) the
expression profile of miRNAs in BMSC-EVs was altered by Nelll modi-
fication; and (c) the beneficial effect of Nelll/EVs is related to
miR-25-5p and its downstream SMAD2 and ERK pathways (Fig. 10).

When the expression of osteogenesis-related genes is altered, cells
undergo many molecular and subsequent EV cargo changes, which may
further affect intercellular communication and change osteogenic
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Fig. 7. miR-25-5p/SMAD2/ERK as the critical mechanistic link required for the osteogenic capacity of Nell1/EVs. (A and B) Representative immunoblots and
quantification of Western blot analysis of SMAD2, p-SMAD2, ERK1/2, and p-ERK1/2 protein. (C) p-SMAD2 and (D) p-ERK1/2 levels were analyzed by confocal
immunofluorescence microscopy. Scale bars: 100 pm. (E) Representative immunoblots and quantification analysis of Western blot analysis of SMAD2, p-SMAD2,
ERK1/2, and p-ERK1/2 protein, and osteogenic markers: Osterix (Osx), Osteopontin (OPN), and Collagen I. (F) ALP and Alizarin red staining, quantitative ALP assay,
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with Ctrl/EVs. One-way analysis of variance was used. *p < 0.05, **p < 0.01,
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***p < 0.001, NS, non-significant, n = 3.
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Fig. 8. Construction and characterization of the EV-hydrogel system. (A) Schematic representation of the EV-loaded hydrogel. (B) Distribution of PKH67-
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croscopy (SEM) images of the 3D-EV-hydrogel system. Ctrl/EVs and Nelll/EVs were incorporated into the hydrogels. White arrows indicate Ctrl/EVs and Nell1/EVs.
(D) Weight loss of the Ctrl/EV-hydrogel and Nelll1/EV-hydrogel in doubly distilled water as a function of time. (E) Ctrl/EVs and Nell1/EVs release profile from the
hydrogels. (F) In vivo or ex vivo fluorescence imaging of EVs suspension (EVs in PBS) and in the 3D hydrogel. All groups of EVs were labeled using a near infrared
(NIR) fluorescent labeling agent before implantation. Schematic picture was created with BioRender.

microenvironment. In this study, BMSCs were selected to investigate the
Nelll-mediated osteogenic impact, as EVs are prone to be captured by
cells from the same lineage as producer cells. Our data revealed that
secretion contributed to the Nelll osteogenic therapeutic effects, which
were compromised after inhibiting the secretion of EVs. To the best of
our knowledge, this study is the first to demonstrate that Nelll impacts
bone tissue repair relying on EV-associated intercellular communica-
tion. Unexpectedly, the NELL1 protein, enriched in Nell1/BMSCs, was
not sorted into Nelll/EVs (Fig. 3C). These results demonstrate that
although NELLI protein was overexpressed in BMSCs, the corresponding
EVs do not contain NELL1 protein as an EV content. Consistent with our
research, studies revealed that even though BMP2 was overexpressed in
MSCs, the functionally engineered EVs do not contain BMP2 protein.
Further investigations revealed that EVs derived from BMP2 -overex-
pressed MSCs potentiate the BMP2 signaling cascade, possibly due to an
altered miRNA composition [35].

The modes of EVs interaction with target cells have described two
possible ways: cargo delivery and activation of surface receptors and
signaling [54]. Both these two modes are present at 37 °C; but when the
temperature decreases to 4 °C, cargo delivery is suppressed due to
endocytosis limitations [55,56]. In the present study, few labeled EVs
were observed to bind to BMSCs when cocultured at 4 °C by confocal
microscopy imaging, which demonstrated that Nell1/EVs exerted the
pro-osteogenic effect through cargo delivery than surface binding.

466

Furthermore, we found that the Nelll modification of BMSCs affects
their miRNA secretion through EVs, thereby examining the miRNA
profile of Nelll/EVs and Ctrl/EVs. The miRNA profile of Nelll/EVs
significantly differed from that of Ctrl/EVs. This result is similar to an
earlier finding, in which the miRNA expression profile is radically
altered in response to BMP2 induction [57]. Moreover, the miRNA
profiles indicated that the altered miRNAs in the Nelll1/EV group regu-
lated aging, ERK1/ERK2 cascade, angiogenesis, TGF-p, and BMP
signaling pathways (Fig. 5). These classical signaling pathways have
been shown to drive the osteogenic differentiation of stem cells [58-60].
Our results demonstrate that Nelll regulates BMISC osteogenesis via se-
lective regulation of osteogenic miRNA in EVs.

Through bio-information analysis and biological verification tests,
we screened miR-25-5p and confirmed the important role of the miR-
25-5p/SMAD?2 signaling axis in osteogenesis induced by Nelll. These
findings provide insights into the intricate mechanisms of Nelll in bone
formation. Previous studies showed that Nelll functions through acti-
vating of ERK, JNK, MAPK, and Wnt/p-catenin pathways [59,60], but
TGF-p/Smad signaling or p38 were not elucidated related [61]. How-
ever, we demonstrated that Nell1/EVs regulated osteogenesis through
the TGF-B/Smad pathway. Activated receptor-regulated SMADs,
including SMAD 1, 2, 3, 5, and 8, act as critical intracellular receptors
and intermediaries of the canonical TGF-p and BMP superfamily path-
ways [62]. In the present study, SMAD2 (a key transcription factor
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Fig. 9. Building an acellular hydrogel encasing Nell1/EVs to repair rat calvarial defects. (A) Two circular critical-sized calvarial defects (diameter, 5 mm) were
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where arrows indicate NELL1-positive or OCN-positive cell. Scale bar: 100 pm. (K) and (L) Quantitative immunofluorescence analysis.

0.001, ****

activated by TGF-p receptors) was identified as a direct and functional
target of miR-25-5p through miRNA-targeting prediction and identifi-
cation. After overexpression of miR-25-5p in BMSCs, SMAD2 expression
was inhibited via direct binding of miR-25-5p to the 3'-UTR of SMAD2.
Thus, mRNA and protein expression of SMAD2 was determined. Since,
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*p < 0.05, **p < 0.01, ***p <

**p < 0.0001, NS, non-significant, using one-way analysis of variance, n = 6.

SMAD?2 is not involved in BMP signaling [63,64], we also did not
observe that Nelll could affect the BMP pathway through EV-mediated
paracrine signaling [44,61]. Liu et al. also confirmed that the
TGF-3/SMAD pathway played a critical role in bone repair by regulating
BMSC-osteoinductive-EVs recently [65]. Moreover, we demonstrated
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Fig. 10. Nelll/EV encasing acellular hydrogel sustained-release systems stimulate better bone formation in calvarial defects of rats. The miR-25-5p/SMAD2
signaling axis and ERK pathway play a role in modulating Nelll1-induced osteogenic differentiation.

that miR-25-5p inhibited the SMAD pathway in BMSCs, which was in
parallel with the ERK1/2 cascade (Fig. 7). Crosstalk between these two
pathways has been reported previously [66], and their activation can
synergistically promote osteogenesis [67]. In this study, we determined
a novel regulatory mechanism by which Nelll induces osteogenesis.
Nelll can affect paracrine signaling by affecting the levels of regulatory
miRNAs in EVs and activating the SMAD and ERK signaling pathways.
The potential of employing EVs as an alternative acellular approach
to cell therapy has attracted wide attention for repairing bone defects.
However, the stability and retention of EVs are main limitations to their
clinical translation, as they are rapidly cleared by the innate immune
system [68]. EVs are rapidly sequestered and cleared when administered
via bolus injections [69] and may cause unanticipated side effects by
encasing various bioactive factors in unintended areas. Bone regenera-
tion is a well-orchestrated process with a specific timeframe. It is favored
that the bioactive substances are slowly and continuously released.
Regarding the implanted materials, they can dissolve over the course of
bone regeneration while providing mechanical support [70]. Bio-
materials can overcome the low tissue retention associated with bolus
EV injections and offer a controlled release platform for healing tissues
[71-73]. Therefore, after the 3D-EV-hydrogel system was established,
we demonstrated that the EVs were released over 16 days (Fig. 8E), and
the duration of release and EV-hydrogel degradation were well syn-
chronized (Fig. 8D). More importantly, when compared with EVs
administered via the tail vein and local injection, the 3D-EV-hydrogel
system was able to sustain a much higher EV concentrations in bone
defect area, thereby considerably reducing the total required EVs
(Fig. 8F). As a result, the computational costs were also greatly reduced.
Collectively, these results indicated that the 3D-EV-hydrogel system
could support bone regeneration, while providing mechanical strength
and releasing the EVs in a sustained mode over a prolonged period.
EVs derived from Nelll/BMSCs can be easily encapsulated in 3D
hydrogel scaffolds. After transplantation, modified EVs release various
molecules (here, we focused on miRNAs) into the microenvironment to
mobilize cells, thereby facilitating tissue remodeling [74-76].
Compared to Ctrl/EV-hydrogel and EV-free hydrogel scaffolds, Nel-
11/EV-hydrogel scaffolds improved the efficacy of acellular bone
regenerative therapies. The healing patterns revealed that-rather than
healing from the center of the defect-the bone defects were filled with
new bone growing from the edge of the parietal bone plates. This result
suggests that Nelll1/EVs initiate the process of intramembranous bone
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regeneration by BMSCs that are present at the edge of the bone defect.
Such a cell-free EV modification strategy circumvents the immune
rejection caused by the transplantation of foreign cells. Compared to
cellular therapy, it is straight-forward and provides extended stability in
bone defects [27,77]. In this study, the Ctrl/EV-Hydrogel group did not
exhibit significant difference with Hydrogel group at 8 weeks. This
agrees with the results of another research that showed no difference in
bone volume/tissue volume between Control EV and Collagen Control
groups at 8 weeks; however, the difference between both groups became
significant at 12 weeks [35]. In both studies, this delayed osteogenic
capacity may partly due to a potential negative side-effects of viral
transduction of host cells. In our study, the Nelll1/EV-hydrogel group
presented significantly enhanced osteogenic properties compared to the
other two groups at 8 weeks. Thus, we will further study the effect of
Ctrl/EV-Hydrogel with more extended observation in future research.
Overall, this study provides insights into the osteoinductive effect of
Nelll and reveals a promising strategy that can be used in regenerative
medicine and tissue engineering for bone repair.

5. Conclusion

Therapeutic strategies based on EVs derived from Nelll-modified
BMSCs (Nelll/EVs) were developed to improve the bone repair process
in vitro and in vivo. We demonstrated that Nelll/EVs can effectively
induce the osteogenic differentiation of BMSCs, and a decrease in miR-
25-5p contributed to Nelll1-induced osteogenesis by targeting the Smad2
gene and mediating SMAD and ERK pathway. A 3D-EV-hydrogel with
Nell1/EVs was established and achieved acellular bone regeneration
within 8 weeks. Hence, our results show that Nell1/EVs can be used to
replace stem cells in bone regeneration thereby providing novel un-
derstanding toward how Nelll mediate cell fate decisions of stem cells,
through EVs.
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