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Chitosan and its degradation product, oligosaccharides, have been shown to facilitate peripheral nerve regen-
eration. However, the underlying mechanisms are not well understood. In this study, we analyzed the protein
expression profiles in sciatic nerves after injury using proteomics. A group of proteins related to exosome
packaging and transport is up-regulated by chitosan oligosaccharides (COS), implying that exosomes are
involved in COS-induced peripheral nerve regeneration. In fact, exosomes derived from fibroblasts (f-EXOs)
treated with COS significantly promoted axon extension and regeneration. Exosomal protein identification and
functional studies, revealed that TFAP2C is a key factor in neurite outgrowth induced by COS-f-EXOs.
Furthermore, we showed that TFAP2C targets the pri-miRNA-132 gene and represses miR-132-5p expression
in dorsal root ganglion neurons. Camkk1 is a downstream substrate of miR-132-5p that positively affects axon
extension. In rats, miR-132-5p antagomir stimulates CAMKK1 expression and improves axon regeneration and
functional recovery in sciatic nerves after injury. Our data reveal the mechanism for COS in axon regeneration,
that is COS induce fibroblasts to produce TFAP2C-enriched EXOs, which are then transferred into axons to
promote axon regeneration via miR-132-5p/CAMKK]1. Moreover, these results show a new facet of fibroblasts in

axon regeneration in peripheral nerves.

1. Introduction

Unlike axon regeneration in the central nervous system (CNS), axon
regeneration in the peripheral nervous system (PNS) is relatively easy
and achievable [1-3]. However, long distance defects in the PNS remain
a challenge at clinics [4]. Autologous nerve implantation exhibits the
best outcomes and is considered as the gold standard of surgical inter-
vention for peripheral axon regeneration [5]. However, limited sources
and permanent injuries at the donor sites significantly impede wide
application of this technique. Therefore, artificial grafts are used at the
center of peripheral nerve surgery [6,7].

Artificial grafts made of natural and/or synthetic biopolymers that
are designed to have the necessary mechanical and biochemical cues for
neural regeneration. There has been numerous of studies reported on
various fronts (design, materials, preparation methods, factors, etc.) to
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achieve the onerous task of getting an ideal artificial graft [8,9]. The
basic expectations of a material include biocompatibility, biodegrad-
ability, and appropriate mechanical properties. The physical, chemical,
biochemical and topographical features regulate functional recovery of
damaged peripheral nerves, which should be considered in the design of
artificial grafts by different fabrication methods [10]. The advent of
advanced technologies such as injection molding, 3D bioprinting, elec-
trospining, have been employed for fabricating artificial grafts. Injection
molding technique was used to fabricate artificial grafts with intra-
luminal channels. Different patterns of aligned and random fibrous re-
gions can be generated by electrospining [11]. 3D bioprinting could be
beneficial in easing the production of patient-specific artificial grafts
[12]. Artificial grafts loaded with neurotropic factors, drugs and genes
are some of the futuristic areas of interest since the sequence, timing,
dosage, delivery vector, and duration of therapy remain to be solved [7].
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Chitosan is a naturally derived polysaccharide with distinguished
biocompatibility, bio degradation, and antimicrobial properties [13].
Hence chitosan itself and its derivatives are widely employed for diverse
biomedical applications such as food processing, water treatment, cos-
metics, and fabrics [14]. It has been shown that chitosan-based nerve
grafts achieve great successes in peripheral nerve regeneration in
various animals including rats, dogs, and monkeys [15-18]. Notably, the
nerve scaffolds constructed by chitosan exhibit excellent performances
in clinical trials [19]. Recently, one chitosan-based nerve graft was
developed by our group, which received a certificate of pharmaceutical
product from the National Medical Products Administration in China
(approval number, 20203130898). In addition to being a conduit for
connecting injured nerves, scaffold degradation products, chitosan oli-
gosaccharides (COS), are vital to peripheral nerve regeneration. For
example, COS stimulate Schwann cell proliferation and thus promote
sciatic nerve regeneration [20]. Moreover, by constructing a favorable
microenvironment at the injury site, COS facilitate peripheral nerve
regeneration after injury in rats [21]. Axon regeneration is a key event in
peripheral nerve regeneration [1]. However, COS and axon regeneration
in peripheral nerves have not been investigated sufficiently.
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Exosomes are nanometer-sized vesicles secreted by cells under both
normal and pathophysiological settings [22]. Exosomes contain various
biological molecules such as proteins, lipids, and nucleic acids, which
endow them with essential roles in cellular communications [23].
Numerous studies have shown that exosomes are involved in the pro-
gression of various diseases including cancer, diabetes, osteoporosis,
atherosclerosis, and neurodegeneration associated disorders [24-28].
Exosomes from healthy tissues or stem cells facilitate the treatment of
the diseases as mentioned above [29-33]. Engineered or regulatable
exosomes with specific cargo and target molecules may offer significant
therapeutic potentials [34].

Therefore, in the present study, we performed a series of experiments
to determine the effects of COS on axonal growth and regeneration in
peripheral nerves. Our data showed that fibroblast derived exosomes (f-
EXOs) are key in axon extension and regeneration after injury. COS
treatment could reinforce TFAP2C expression in EXOs produced from
fibroblasts, which are then transferred into axons and facilitated axon
growth by targeting the miR-132-5p/CAMKK]1 axis.
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2. Results

2.1. Identification of differentially expressed proteins in sciatic nerves
induced by COS

Chitosan degradation products such as COS have been shown to
facilitate peripheral nerve regeneration after injury [20]. To reveal the
underlying mechanisms, 10 mm defects in rat sciatic nerves were con-
structed and bridged with silicone tubes filled with COS. The sciatic
nerves were harvested at 6 h, 12 h, 1 d, 4 d and 7 d post-surgery and used
for protein sample preparation, subsequently, they were subjected to
proteomic analysis using isobaric tags for relative and absolute quanti-
fication (iTRAQ) (Fig. 1a). The resulting mass data were processed using
a common pipeline to obtain 2049 total quantified proteins. Differen-
tially expressed proteins were identified based on the following criteria:
P < 0.05 and at least 1.5-fold changes (Table S1). Using these criteria,
337 up-regulated and 228 down-regulated proteins were induced by
COS across all the time points (Fig. 1b). Cellular component analysis
showed that these differentially expressed proteins are closely related to
vesicle formation, transport, budding or endocytosis, which are evident
in components such as plasma membrane, vesicle, organelle membrane,
cytoplasmic vesicle, whole membrane, focal adhesion, and mitochon-
drion (Fig. 1c). The heatmap further indicated that exosome-related
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proteins such as CD9, CD81, RAB21, ERP29 and RTN3 were increased
at the early stages (Fig. 1d). Other clusters, including lipid, myelination,
axon and the cell cycle are pivotal events in nerve regeneration [35,36].
These data strongly implied that exosome-related biological events are
involved in COS-induced improved peripheral nerve regeneration after
injury. Fibroblasts, Schwann cells, axon and macrophages are the main
components at the injured sites of sciatic nerves [35]. To determine the
cells that contribute to exosome secretion, therefore, we performed
immunofluorescence analysis using antibodies against RTN3 or RAB21
(exosome-related proteins), Vimentin (fibroblast marker), S100
(Schwann cell marker), NF (axon marker), or CD68 (macrophage
marker). The results showed that both RTN3 and RAB21 were colo-
calized with Vimentin positive cells (Fig. 1e). No obvious overlapping
signals were observed between RTN3/RAB21 and S100/NF/CD68
(Fig. 1e). These evidences suggest that exosomes mainly derived from
fibroblasts (f-EXOs), which are responsible for COS-induced sciatic
regeneration after injury. In fact, {-EXOs have been shown to promote
Schwann cell myelination in peripheral nerves [37].

2.2. Exosomes derived from COS-treated fibroblasts promote neurite
outgrowth in vitro

Our above data indicate that f-EXOs might contribute significantly to

Fig. 2. Exosomes derived from COS-treated fibro-
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nerve regeneration induced by COS. Therefore, we next isolated f-EXOs
and examined their effects on neurite growth. Transmission electron
microscopy images showed that the prepared f-EXOs exhibited a cup-
like shape (Fig. 2a). The diameters of the f-EXOs are mainly ranged
from 50 to 150 nm (Fig. 2b). Exosomal markers such as CD9 and CD81
were presented in the isolated f-EXOs (Fig. 2¢). The immunofluores-
cence data showing f-EXOs (PKH-26; red) could be internalized by
dorsal root ganglion (DRG) neurons (Fig. 2d). This exosome internali-
zation in DRG neurons was gradually increased along with time elon-
gation (Fig. S1). All these features confirmed that the prepared
extracellular vesicles are exosomes [22]. Next, we examined the effects
of f-EXOs on neurite outgrowth. As shown in Fig. 2e, the neurite
outgrowth was markedly promoted by f-EXOs and EXOs from
COS-treated fibroblasts (COS-f-EXOs). Notably, compared with f-EXOs,
COS-f-EXOs further fortified neurite outgrowth (Fig. 2e and f). More-
over, this promotion occurred in a dose-dependent manner within the
ranges from O to 14 x 10° exosome particles/ml; subsequently, the
promotion on neurite outgrowth stabilized (Fig. 2g and h). In addition,
the treatment of COS increased cell viability and proliferation in primary
fibroblasts (Figs. S2a-c). However, COS had no effect on exosome
characteristics (Figs. S3a and b). These results clearly indicate that
f-EXOs, especially COS-f-EXOs, can stimulate neurite outgrowth in vitro.

2.3. COS-f-EXOs improve axon regeneration in sciatic nerves after injury

To evaluate the potential effects of COS-f-EXOs on axon growth in
vivo, 10-mm long defects in rat sciatic nerves were bridged with silicone
tubes filled with f-EXOs or COS-f-EXOs. In comparison with the control

a

Control

COS-f-EXOs

Control
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group, the elongation of amputated axons was promoted by f-EXOs,
particularly by COS-f-EXOs, at the 14th day after surgery (Fig. 3a and b).
Moreover, results of walking track analysis showed that both the in-
tensity and contact area of the left hind (LH) paws were reduced
significantly after injury compared with those of the uninjured right
hind (RH) paws (Fig. 3c). The application of f-EXOs and COS-f-EXOs
attenuated these reductions in terms of intensity and contact area
(Fig. 3d and e). Notably, compared with f-EXOs, COS-f-EXOs exhibited
better performances in terms of axon regeneration and in the walking
track analysis. Together, these in vitro and in vivo functional studies
strongly suggest that f-EXOs are the main executor for translating the
beneficial roles of COS in peripheral nerve regeneration.

2.4. Exosomal TFAP2C is a key factor for neurite outgrowth

Next, we attempted to identify the constituents in the COS-f-EXOs
that contribute to the observed benefits for axon growth. Hence, we
prepared protein samples from EXOs and analyzed them by mass spec-
trometry. In total, 673 proteins were identified, among which 237
proteins were defined as differentially expressed proteins in COS-f-EXOs
(Table S2). Of these differentially expressed proteins, 130 proteins were
downregulated and 107 proteins were upregulated (Table S2). Func-
tional annotation showed that these upregulated proteins are closely
related with axon growth as evidenced by modules of neuron projection,
axon, and neurofilament (Fig. 4a). More importantly, most of the pro-
teins in these modules were increased in the COS-f-EXOs (Fig. 4b). We
focused on protein TFAP2C, as it is a master transcriptional factor with
pleiotropic roles in various cellular events including maintaining stem

Fig. 3. Exosomes derived from COS-treated fibro-
blasts promote axon regeneration and functional re-
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Fig. 4. Exosomal protein identification.
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cell pluripotency [38], germline formation [39], carcinogenesis [40],
keratinocyte development [41], cell collision guidance [42], estrogen
receptor-driven cell proliferation [43], and embryo polarization [44].
Results from bioinformatics analysis revealed that TFAP2C might be
involved in axon cytoplasm, axon guidance and development, and
neurofilament (Fig. 4c), suggesting that TFAP2C may be a strong
candidate for promoting axon regeneration. To verify this prediction, we
transfected DRG neurons with a plasmid expressing Tfap2c by electro-
poration and discovered that this treatment markedly induced neurite
outgrowth (Fig. 5a). Furthermore, we downregulated Tfap2c expression
using siRNAs in DRG neurons (Fig. 5b and c¢). Knockdown Tfap2c by
siRNA2 largely repressed neurite outgrowth (Fig. 5d). To further
confirm the critical role of TFAP2C in axon growth, we also manipulated
Tfap2c expression in fibroblasts to alter its expression in EXOs. As shown
in Fig. 5e, the exosomal TFAP2C was increased in EXOs prepared from
fibroblasts transfected with the plasmid of Tfap2c. As expected, the
neurite outgrowth was enhanced owing to TFAP2C-enriched EXOs
(Fig. 5f). Moreover, TFAP2C-deficient EXOs were prepared from
siRNA2-transfected fibroblasts (Fig. 5g). Using these engineered EXOs to

253

GO Term

treat DRG neurons reduced neurite outgrowth (Fig. 5h). These data
clearly indicate that exosomal TFAP2C from fibroblasts is crucial in
transducing the benefits in axon regeneration induced by COS. In line
with our findings, TFAP2C has been shown to be crucial in inducing
adult hippocampal glutamatergic neurogenesis in mice [45].

2.5. TFAP2C targets miR-132-5p for inducing neurite outgrowth

Next, we investigated the downstream effectors of TFAP2C in neurite
growth. First, we analyzed the potential promoters with binding ca-
pacity with TFAP2C, since the latter is a transcriptional factor [38,39].
Motifs such as 5'-GCCN3GGC-3', 5'-GCCN4GGC-3', 5'-GCCN3,4GGG-3/,
and 5’-CCCCAGGC-3' have been shown to be promising binding sites for
TFAP2C [46]. We blasted these motifs with the genome and focused on
one gene for pri-miRNA-132 because its promoter contains all known
binding sites for TFAP2C. In addition, we noticed that the gene for
encoding pri-miRNA-132 was an intergenic miRNA located in chromo-
some 10 (Fig. 6a). To examine whether TFAP2C affects the expression of
pri-miRNA-132, we constructed four plasmids, in which luciferase was



Y. Zhao et al. Bioactive Materials 26 (2023) 249-263

2000+

a EV TFAP2C E b_
= ° i
..'E 1500+ % 1.0
g’ ) *kk
© 1000 S ik
"?-‘J %— 05_ *kk
= 500 ‘E_U
> = ﬁ
z 0- o0+
SN o)
(o)
. @‘Qs&@‘"
_gﬁ & & &
)
<\
c Soeyd E ™
LS SiRNA-Con SIRNA2 =
_g 500
< " e 2 o
§ : o
e N
=) Ny
__EXOs _ o0
e EV + - EV-EXOs TFAP2C-EXOs E
TFAP2C —  + 2 1500
TFAP2C [T | gmo—
coo [ :
2 ‘S 500
3) . =
il z
B EV + -
E TFAP2C - +
Fo EXOs
9 _EXOs h .
siRNA-Con  + - e o
GRNA2 - SIRNA-Con-EXOs SIRNA2-EXOs e
< 10004
(;D‘?E S
3 3
610 1*] z 0
& o wx siRNA-Con +  —
E al siRNA2 — +
oo EXOs

(caption on next page)

254



Y. Zhao et al. Bioactive Materials 26 (2023) 249-263

Fig. 5. TFAP2C is a positive regulator for neurite outgrowth.

a TFAP2C induces neurite outgrowth. Cultured DRG neurons were transfected with the plasmid expressing Tfap2c by electroporation. 24 h post-transfection, neurons
were subjected to immunofluorescence analysis using an anti-NF antibody. Scale bar = 500 pm. n = 8.b-¢ Knockdown of Tfap2c. Cultured DRG neurons were
transfected with siRNA-Con, or siRNA-1, or -2, or -3 by electroporation. 48 h post-transfection, neurons were harvested for gene expression analysis by qRT-PCR (b)
or western blot (c). Gapdh was used as an internal control in qRT-PCR analysis, while Actin was used a loading control in western blot analysis. n = 3.d Knockdown of
Tfap2c represses neurite outgrowth. Cultured DRG neurons were transfected with siRNA-2 by electroporation. 48 h post-transfection, DRG neurons were subjected to
immunofluorescence analysis using an anti-NF antibody. Scale bar = 500 pm. n = 8.e Preparation of TFAP2C-enriched exosomes from fibroblasts. Primary fibroblasts
were transfected with the plasmid expressing Tfap2c by electroporation. 48 h post-transfection, cell culture medium was collected for preparing exosomes. Exosomal
TFAP2C was analyzed by western blot. CD9 was used as a loading control. n = 3.f TFAP2C-enriched exosomes stimulate neurite outgrowth. Cultured DRG neurons
were treated with TFAP2C-enriched exosomes for 24 h, and neurite outgrowth was analyzed by immunofluorescence staining with an anti-NF antibody. Scale bar =
500 pm. n = 8.g Preparation of TFAP2C-deficient exosomes from fibroblasts. Primary fibroblasts were transfected with Tfap2c siRNA-2. 72 h post-transfection, cell
culture medium was collected for preparing exosomes. Exosomal TFAP2C was analyzed by western blot. CD9 was used as a loading control. n = 3.h TFAP2C-deficient
exosomes impede neurite outgrowth. Cultured DRG neurons were treated with TFAP2C-knockdown exosomes for 24 h, and neurite outgrowth was analyzed by
immunofluorescence staining with an anti-NF antibody. Scale bar = 500 pm. n = 8.EV: empty vector. Error bar represents +SD.*P < 0.05, ***P < 0.001, Student’s
t-test.
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driven by different sequences containing the bindings sites present in the two abovementioned miRNAs in cultured DRG. The results showed that
up-stream region of the pri-miRNA-132 gene. As shown in Fig. 6b, miR-132-5p is a predominant isoform in DRG neurons (Fig. 6¢), hence, it
luciferase activities were decreased by TFAP2C, with luc-2 being the was selected for further analysis. Next, we examined the direct effect of

most affected. Pri-miRNA-132 gene contains two products, miR-132-3p TFAP2C on miR-132-5p expression in axons. Cultured DRG neurons
and miR-132-5p. To determine the miRNA that is the downstream were transfected with a plasmid expressing Tfap2c. As expected, the
substrate of TFAP2C, we first examined the expression profiles of the expression of miR-132-5p was decreased significantly due to TFAP2C
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(Fig. 6d). Next, we examined whether miR-132-5p affects axon growth.
In this regard, we transfected cultured DRG neurons with a miR-132-5p
mimic or inhibitor. As shown in Fig. 6e, the miR-132-5p mimic repressed
neurite outgrowth. By contrast, miR-132-5p inhibitor stimulated neurite
outgrowth (Fig. 6f). These data indicate that TFAP2C targets and re-
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2.6. miR-132-5p downregulates CAMKK]1 expression to repress neurite
growth

In most cases, miRNAs perform their biological functions by sup-
pressing their target genes. To identify the substrate of miR-132-5p, we

performed bioinformatics analysis using the Target Scan software
(Fig. 7a). Among the predicted substrates, we focused on one gene, i.e.,
Camkk1, as its homolog Camkk2 has been shown to contribute signifi-
cantly to cerebellar granule cell development [47], which suggest that

presses miR-132-5p in DRG neurons to facilitate neurite outgrowth.
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Fig. 7. Camkk1 is a substrate of miR-132-5p for its repression on neurite outgrowth.

a Bioinformatics analysis showing miR-132-5p interacts with the 3’-untranslated region (UTR) of Camkk1.b-c The effects of miR-132-5p on Camkk1 expression.
Cultured DRG neurons were transfected with miR-132-5p mimic or inhibitor by electroporation. 36 h post-transfection, Camkk1 expression was analyzed by qRT-PCR
(b) or western blot (c¢). Gapdh was used as an internal control. Actin was used as a loading control. n = 3.d CAMKK]1 stimulates neurite outgrowth. Cultured DRG
neurons were transfected with the plasmid expressing Camkk1 by electroporation. 24 h post-transfection, the neurite length was analyzed by immunostaining for NF.
Scale bar = 200 pm. n = 8.e-f Camkk1 knockdown. DRG neurons were transfected with the Camkk1 siRNAs by electroporation. 48 h post-transfection, the mRNA
levels and the protein levels of Camkk1 were analyzed by qRT-PCR (e) and western blot (f), respectively. Gapdh was used as an internal control in qRT-PCR analysis
and Actin was used as a loading control in western blot analysis.g CamkkI knockdown retards neurite outgrowth. DRG neurons were transfected with the Camkk1
siRNAs by electroporation. 36 h post-transfection, the neurite outgrowth was analyzed by immunostaining for NF. Scale bar = 200 pm. n = 8.h Camkk1 knockdown
abolishes miR-132-5p inhibitor induced neurite outgrowth. DRG neurons were transfected with miR-132-5p inhibitor and Camkk1 siRNAs as indicated by elec-
troporation. 36 h post-transfection, the neurite length was evaluated by immunostaining for NF. Scale bar = 200 pm. n = 8.Data are expressed as means + SD. **P <
0.01, **P < 0.001, Student’s t-test was used to analyze statistical difference in (b, d, e, g). One-way ANOVA was used to analyze statistical difference in (h).
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Camkk1 might participate in neurogenesis such as neurite extension. In
this regard, we first analyzed whether Camkkl was targeted by
miR-132-5p. In cultured DRG neurons, we found that the miR-132-5p
mimic repressed the expression of Camkkl, whereas the miR-132-5p
inhibitor enhanced Camkk1 expression at both the mRNA and protein
levels (Fig. 7b and c). Next, we examined the effects of CAMKK1 on
neurite outgrowth. The transfection of CAMKK1 in cultured DRG neu-
rons markedly increased neurite length (Fig. 7d). Using siRNA-mediated
gene knockdown, CAMKKI1 expression was successfully reduced by
siRNA-2 and -3, whereas siRNA-1 failed to alter the expression of
CAMKK]1 (Fig. 7e and f). Functional studies showed that the neurite
length was decreased by Camkkl siRNA-2 and -3, but not by siRNA-1
(Fig. 7g). Moreover, the increased neurite outgrowth by the
miR-132-5p inhibitor can be mitigated by the knockdown of Camkk1
(Fig. 7h). These data clearly indicate that miR-132-5p targets Camkk1 to
impede neurite outgrowth in the DRG neurons.

2.7. Inhibition of miR-132-5p improves axon regeneration

In the following experiments, we analyzed the in vivo effects of miR-
132-5p on axonal growth. To this end, we used a rat model with a 10-

Con Antagomir
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mm long sciatic nerve defect. The defects were bridged with silicone
tubes, in which miR-132-5p antagomir or negative control was infused.
Fourteen days post-surgery, the injured nerves were harvested for
further analysis. The expression of miR-132-5p was decreased in sciatic
nerves treated with the antagomir (Fig. 8a). Accordingly, the expression
of CAMKK]1 was increased owing to the antagomir (Fig. 8b and c). The
immunofluorescence data showed that axon regeneration in sciatic
nerves was improved by the antagomir (Fig. 8d). Results of walking
track analysis revealed that the locomotor function in rats treated with
the antagomir was fortified as evidenced by the enhanced sciatic func-
tion index (SFI) (Fig. 8e). Results of electrophysiological analysis
showed that the motor nerve conduction velocity in sciatic nerves was
increased by the antagomir, although the compound muscle action po-
tential (CMAP) amplitude was not altered (Fig. 8f-h). These data further
confirmed that the miR-132-5p/CAMKK1 axis plays a key role in axon
regeneration after injury. To reinforce this conclusion, we analyzed the
in vivo effects of COS-f-EXOs on the expressions of miR-132-5p and
CAMKK]1. The results showed that the expression of miR-132-5p was
repressed by COS-f-EXOs, whereas CAMKK1 was stimulated (Fig. 9a—c).
The Akt pathway is a downstream target of CAMKK]1, and its activation
is considered as a positive signal for growth. Therefore, we analyzed this

Fig. 8. Inhibition of miR-132-5p promotes sciatic
nerve functional recovery after injury.

10-mm sciatic nerve defects were constructed in rats
and bridged with silicone tubes filled with miR-132-

5p antagomir or control.a The expression of miR-

CAMKK1 132-5p in sciatic nerves was reduced by miR-132-5p
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Fig. 9. The in vivo effects of f-EXOs and COS-f-EXOs on the expressions of miR-132-5p and CAMKKI.

Transected sciatic nerves were bridged with silicone tubes filled with saline, f-EXOs, or COS-f-EXOs. 7 days post-surgery, the proximal nerve stumps were collected
for further analysis.a COS-f-EXOs repress the expression of miR-132-5p. qRT-PCR was used to analyze miR-132-5p expression and U6 was used as an internal control.
n = 3.b COS-f-EXOs stimulate the expression of Camkk1. Camkk1 expression was analyzed by qRT-PCR and Gapdh was used as an internal control. n = 3.c COS-f-
EXOs increase CAMKK1 expression and phosphorylated Akt (p-Akt). Proteins were analyzed by western blot and Actin was used as a loading control. n = 3.d-e
Quantification of CAMKK1 (d) and p-Akt (e). n = 3.f Schematic model for elucidating the molecular mechanism of COS-f-EXOs induced neurite outgrowth.Data are
expressed as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA.

pathway and found that phosphorylated Akt (p-Akt) was enhanced by
COS-f-EXOs (Fig. 9c-e). The proposed working model was illustrated in
Fig. of.

3. Discussion

In the present study, we aimed to investigate the mechanisms
involved in COS, a degradative product of chitosan, which induced axon
regeneration in peripheral nerves after injury. Our data showed that
COS targets fibroblasts to produce TFAP-2C enriched exosomes, which
are then transferred into axons and promote axon growth. In detail,
TFAP-2C binds to the promoter region of the pre-miR-132 gene, thus
reducing the expression of miR-132-5p. Consequently, Cammk]l
expression was stimulated because it is a substrate gene of miR-132-5p.
Eventually, increased expression of Cammkl promotes axon growth in
the sciatic nerves. By this way, COS play a beneficial role in axon
regeneration in peripheral nerves.

Chitosan is a deacetylated derivative of chitin, which is an abundant
natural biopolymer comprising of b-1,4-linked glucosamine moieties.
Chitosan has been widely used in the pharmaceutical and biomedical
fields due to its biodegradable, nontoxic, antimicrobial, and hemostatic
properties [13,14]. In our laboratory, we developed a
chitosan-constructed nerve graft to bridge transected peripheral nerves,
which has achieved significant success in clinical trials. Consequently, it
was approved by the National Medical Products Administration in China
with the reference number of 20203130898. During the research and
development stage of this nerve graft, we found that it not only func-
tioned as a tunnel for guiding axon regeneration [16,19,48], but also its
degradation products, i.e., COS, favored axon regrowth and Schwann
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cell proliferation in peripheral nerves after injury [20,21,49]. Because
axon regeneration is a pivotal event in nerve repair [35], we investi-
gated the mechanism by which COS promote axon regrowth in this
process. To this end, we performed proteomic analysis using injured
sciatic nerves and found that several proteins related to exosome for-
mation, secretion, and transport were upregulated by COS, indicating
that exosomes might mediate the transduction of the benefits of COS
during axon regrowth. Immunofluorescence data revealed that these
exosome-related proteins were highly expressed in fibroblasts. Notably,
fibroblasts are the main type of cells in peripheral nerves, which
constitute 25% of the total composition [50]. However, information
regarding the role of cells in the function of sciatic nerves is scarce.
Studies have been shown that fibroblasts are vital to wound healing [51,
52], tissue repair [53], scar formation [54], and tumor metastasis [55],
although their main task is to synthesize and organize matrix proteins
[56]. We previously showed that fibroblasts derived exosomes promoted
Schwann cell-mediated peripheral neuron myelination [37]. In the
present study, we similarly found that COS may target fibroblasts to
induce axon regrowth, which involves exosomes. Our evidence further
supports this notion, that is, fibroblasts derived exosomes can promote
neurite outgrowth, particularly when fibroblasts are treated with COS.

Exosomes are nano-sized vesicles with a diameter measuring 30-150
nm and are secreted by the most types of cells via exocytosis [26].
Exosomes contain different bioactive molecules such as proteins, lipid,
nucleic acids, and glycoconjugates [22]. By transporting these molecules
into other cells, exosomes are considered as a transfer cargo for medi-
ating cell-to-cell communications [22,26]. To identify the molecule(s) in
exosomes that transduce the benefits of COS on neurite outgrowth, we
compared the protein expression profiles between f{-EXOs and



Y. Zhao et al.

COS-f-EXOs via proteomic analysis. Among the up-regulated proteins in
COS-f-EXOs, we focused on one protein TFAP2C, owing to its pleiotropic
biological functions [38-40,45,46]. Both gain-of-function and
loss-of-function studies confirmed that TFAP2C positively affects neurite
growth. As a transcriptional factor, TFAP2C generally stimulates
downstream gene expression after binding with specific motifs in the
promoter [57]. However, in the present study, we found that TFAP2C
represses the pri-miRNA-132 gene, which might be due to TFAP2C
competitively interacting with some specific sites in the upstream region
of pri-miRNA-132 gene, thus impeding the binding of other factors to
induce the gene expression. In fact, TFAP2C has been characterized as a
negative regulator of CDKN1A [58]. Moreover, TFAP2A has been shown
to negatively regulate the expression of several genes, including
MCAM/MUC18, c¢/EBP-a and c-myc [59,60]. Additionally, exosomal
miRNAs may also play a role in the observed neurite outgrowth. Exo-
somal miR-20b-5p derived from hypothermia-treated microglia has
been shown to promote neurite outgrowth and synapse recovery after
traumatic brain injury [61]. Likewise, it has been shown that miR-133b
in multipotent mesenchymal stromal cells produced exosomes stimu-
lates neurite outgrowth [62].

CAMKK1 is a Ca®*/calmodulin-dependent protein kinase belonging
to the serine/threonine protein kinase family. CAMK1, CAMKI1D,
CAMK1G, and CAMKA4, as substrates of CAMKK1, have been shown to be
phosphorylated by CAMKKI. In the present study, we observed that
CAMKK]1 stimulates neurite outgrowth in DRG neurons, whereas the
knockdown of CAMKKI1 represses neurite extension. To date, direct
evidence to support the positive effects of CAMKK1 on neurite growth is
not available. However, several lines of indirect evidence showed that
CAMKK1 may have such a potential. For instance, CAMK1, a substrate of
CAMKK]1, has been shown to stimulate neurite elongation and growth
cone motility [63]. Furthermore, in that study, the treatment of neurons
with STO-609, which is an inhibitor of CAMKK, was shown to reduce
neurite elongation and growth cone motility; notably, these inhibitory
effects can be reversed by transfection with constitutively active CAMK1
[63]. Moreover, CAMK1 has been shown to promote neurite outgrowth
by phosphorylating MARK2 on novel sites within its kinase domain [64].
Loss of CAMK1a markedly impairs the terminal axonal extension and
thereby perturbs the projections from the interhemispheric callosal into
the contralateral cortices [65]. In addition to CAMK1, CAMK4 was
considered as a positive regulator of neurite outgrowth and dendrite
elongation [66,67]. The abovementioned findings further support our
conclusion that CAMKK1 promotes neurite outgrowth in DRG neurons.

In summary, our data revealed the underlying mechanisms for COS-
promoted axon regeneration, i.e., COS targets fibroblasts in sciatic
nerves and induces TFAP2C-enriched exosome secretion, thereby
transferring TFAP2C into recipient axons, where TFAP2C down-
regulates miR-132-5p to relieve its repression on CAMKKI, thus
resulting in upregulated CAMKK1. Finally, increased expression of
CAMKK1 promotes neurite outgrowth and thus facilitates axon regen-
eration in the peripheral nerves. These data provide insights into axon
regeneration by defining the crosstalk between axon regrowth and fi-
broblasts. Moreover, our data also provide a theoretical basis for the
clinical application of chitosan-based biomaterials in regenerative
medicine.

4. Methods
4.1. Animal surgery and tissue preparation

The experiments were performed on adult male Sprague-Dawley
(SD) rats weighing 180-220 g. The procedures for animal surgery and
sciatic nerve tissue preparation were described previously [21]. Briefly,
animals were anaesthetized by an intraperitoneal injection of 3% so-
dium pentobarbital solution (30 mg/kg). The sciatic nerves were
exposed by making a skin incision and splitting the underlying muscles
in left lateral thighs. Segments of sciatic nerves were resected and
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removed, leaving a 10-mm long defect following retraction of the nerve
ends. The nerve defects were bridged with silicone tubes filled with 50 pl
of 0.12 mg/ml COS or saline. To inhibit miR-132-5p in vivo, the trans-
ected sciatic nerves were bridged with silicone tubes filled with the
miR-132-5p antagomir or control at the dosage of 5 nmol/rat. 6 rats
were included in each group. After the implants were sutured to the
proximal and distal nerve stumps, surgical incisions were closed in a
routine fashion. All rats were housed and fed routinely, and euthanized
at different time points. The regenerated nerves were collected for
further immunochemical or biochemical analysis. All the animal pro-
tocols were approved by the Animal Care and Use Committee of Nan-
tong University and the Jiangsu Province Animal Care Ethics Committee
(Approval ID: SYXK (SU) 2017-0046), and the methods were carried out
in accordance with the approved guidelines.

4.2. iTRAQ and bioinformatics analysis

After surgery, 8 mm-length sciatic nerves at proximal ends were
collected for preparing protein samples. 3 rats were included at each
time point (0,6 h, 12h, 1 d, 4 d and 7 d). The normal (unlesioned) nerve
sample that was collected as control. The samples were processed by
integrating trichloroacetic acid/acetone precipitation with phenol
extraction [68]. Exosomes from fibroblasts treated with or without COS
were prepared by ultracentrifugation. Exosomal proteins were extracted
with a commercial kit from Invitrogen (Catalog No. 44-785-45). The
prepared exosomal protein samples were subjected to proteomic anal-
ysis using iTRAQ at LuMing Biotech (Shanghai, China). iTRAQ prote-
omics was performed using an 8-plex procedure so that all experimental
samples were processed in the same mass spectrometry (MS) run,
together with the normal (unlesioned) nerve samples that were used as
the baseline standards. Briefly, the proximal ends of regenerated nerves
were harvested and subjected to SDS-PAGE. The resolved samples in gels
were digested with trypsin solution at a ratio of protein: trypsin = 50 : 1
overnight to generate proteolytic peptides, which were then labeled
with iTRAQ reagents. iTRAQ-labeled and trypsin digested peptide
mixtures were then pooled and subjected to strong cation exchange
(SCX) fractionation. The collected fractions were analyzed by liquid
chromatography (LC) coupled with MS/MS (LC/MS/MS) analysis for
both identification and quantification. The raw mass data were analyzed
by the Proteome Discoverer 2.1 software (Thermo Fisher Scientific)
based on the database connected to Uniprot website (http://www.unip
rot.org/). The p value was calculated according to Student’s t-test. P
value was set as < 0.05 to identify proteins that were differentially
expressed. To obtain an overview of the COS related proteomics, the
differently expressed proteins were categorized based upon their
expression profiles. Functional enrichment analysis was performed
using Gene Ontology (GO) (http://www.geneontology.org/).
Protein-protein interaction (PPI) networks are used for distinguishing
hub genes, which are defined as genes with a high degree of connectivity
that play an essential role in stabilizing the PPI network structure. PPI
information was obtained from the STRING database; highest confi-
dence of 0.900 was chosen (version 11.5, https://string-db.org/). The
PPI networks for upregulated genes was constructed using Cytoscape
software [69].

4.3. Preparation of primary fibroblasts

Fibroblasts were isolated from sciatic nerves of 1-day old Sprague
Dawley (SD) rats with the method described elsewhere [37]. Briefly, the
sciatic nerves were digested with 0.125% trypsin for 30 min and 1%
collagenase for 10 min at 37 °C. The resulting cells were cultured in
DMEM medium supplemented with 10% FBS. After 1 h-incubation, the
supernatant was discarded and the precipitated cells were cultured in
fresh DMEM medium with 10% FBS. Subsequently, the medium was
changed every two days with fresh DMEM containing 10% FBS. Cells
were passaged when cell confluency reaches 90% and cultured in DMEM
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containing 10% exosome-free FBS. Cells of passage 3 were used to
prepare exosomes.

4.4. Exosome preparation, characterization and treatment

Primary fibroblasts were plated in coated cell culture dishes at a
density of 5 x 107 cells/ml. Fibroblasts were treated with or without 1
mg/ml COS for 6 h, then the supernatants were harvested and subjected
to serial centrifugations. Debris and dead cells were removed by
centrifugation at 1,000xg for 10 min at 4 °C. The resulting solutions
were filtrated using 0.22 pm filter and then subjected to ultracentrifu-
gation at 100,000xg for 4 h at 4 °C. After washing with PBS, the
exosome-containing pellets were resuspended in PBS and allocated and
stored in —80 °C freezer until use.

The transmission electron microscope (TEM) was used to identify the
morphology of exosomes. Nanoparticle tracking analysis (NTA) was
used to measure exosome diameters and particle numbers. Moreover,
exosome-specific protein markers CD81 and CD9 were detected by
western blot. To monitor exosome internalization in dorsal root gan-
glion (DRG), exosomes were labeled with PKH26 using a PKH26 fluo-
rescent cell linker kit (Sigma-Aldrich). The labeled exosomes were
washed in PBS and collected by ultracentrifugation (100,000xg for 20
min) at 4 °C. The resulting PKH26-labeled exosomes were resuspended
in PBS and used for internalization assays.

For in vivo experiment, SD rats were randomly divided into 3 groups:
control group, f-EXOs group, and COS-f-EXOs group (n = 6 per group).
The transected sciatic nerves were bridged with silicone tubes filled with
exosomes at the dosage of 8.1 x 102 particles/rat. Animals in control
group were received saline.

4.5. Dorsal root ganglion culture

Dorsal root ganglion (DRG) was isolated from embryonic (E14)
Sprague-Dawley rats. DRG was pulled off with micro forceps and
transferred to fresh HBSS medium, where the axon roots and dural tis-
sues were manually removed. The DRG was cultured on Poly-L-Lysine
coated plates with Neurobasal medium supplemented with 2% B27,
Glutamine (2 mM). The next day, cell culture medium was replaced by
Neurobasal medium supplemented with 2% B27, 10 nM uridine, 10 nM
5-fluorodeoxyuridine (FdUr) and 2 mM glutamine. After two days, the
cultures were switched to fresh medium without FdUr and uridine
mixture. To obtain pure DRG, the above steps could be repeated three
times. The medium used above contained 50 ng/ml nerve growth factor
(NGB).

DRG neurons were removed from the embryonic (E14) Sprague-
Dawley rats, and transferred to fresh HBSS medium, where the axon
roots and dural tissue were manually removed. The DRG neurons were
then transferred to 0.1% collagenase type I. Following 30 min incuba-
tion at 37 °C, the DRG neurons were dissociated in 0.25% trypsin
(Gibco) for an additional 10 min at 37 °C, and mechanically triturated
through a pipette into the single cell suspension. To remove non-neuron
cells, a partial purification step was performed by centrifugation at
1000 rpm for 5 min on 5% fetal bovine serum (FBS) in DMEM solution.
The obtained DRG neurons were cultured on coated plates in Neurobasal
and B-27 (Gibco) supplemented with 10 nM uridine, 10 nM FdUr,
penicillin-streptomycin (both 50 U/ml, Gibco), glutamine (2 mM) and
NGF (50 ng/ml). The next day, the cells were purified by 10 pM cytosine
arabinoside. After two days, the cultures were switched to fresh medium
with penicillin-streptomycin, glutamine and NGF. The pure neurons can
be obtained by repeating the steps up to three times.

For neurite outgrowth assay, f-EXOs or COS-f-EXOs were co-cultured
with DRG neurons for 24 h, 48 h or 72 h as indicated. NF staining was
used to visualize neuronal axons and cell bodies. The lengths of neurites
from each DRG neuron were measured by the NeuronJ in the ImageJ
software. In each experiment, 8 neurons per condition were selected
randomly for neurite outgrowth assay.
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4.6. Electroporation

To improve transfection efficiency in cultured DRG neurons, the
electroporation instrument (NEPA21, Japan) was employed for this aim.
The mimic or inhibitor of miR-132-5p, and the siRNAs for Tfap2c and
Camkk1, were designed and synthesized at RiboBio (Guangzhou, China).
The sequences of Tfap2c siRNAs are listed in Table S3. For electropo-
ration, 5 nM miR-132-5p mimic or inhibitor, or Tfap2c siRNA, or
Camkk1 siRNA mixed with Neurobasal medium (Gibco) were used for in
vitro transfection. The electroporation was performed using a CUY900-
13-3-5 adherent cell electrode (2 times, 50 ms pulses at 20V with 50
ms interval).

4.7. Total RNA isolation from rat plasma extracellular vesicles

Total RNA from rat plasma was isolated and purified by using an
exoRNeasySerum/Plasma Midi Kit (QIAGEN, #77064). Briefly, prefil-
tered plasma was mixed with binding buffer and added to the exoEasy
membrane affinity column to bind the EVs to the membrane. After
centrifugation, the flow-through was discarded and wash buffer was
added to the column to wash off non-specifically retained materials.
After 2 time-washing, the vesicles were lysed by adding QIAzol to the
spin column, and the lysate was collected by centrifugation. Following
addition of chloroform, thorough mixing and centrifugation were per-
formed to separate organic and aqueous phases, and the aqueous phase
was collected and mixed with ethanol. The sample-ethanol mixture was
added to a RNeasy MinElute spin column and centrifuged. The column
was washed once with buffer RWT, and then twice with buffer RPE
followed by elution of RNA in water. This procedure allows concen-
trating the exosome RNA from 1 ml plasma or serum into a final volume
of 14 pl of water [70].

4.8. Western blot analysis

Tissues were homogenized with a dounce homogenizer in ice-cold
tissue lysis buffer (25 mM Tris-HCl, pH 7.4; 100 mM NaF; 50 mM
Na4P207; 10 mM NagVOg4; 10 mM EGTA; 10 mM EDTA; 1% NP-40; 10
pg/ml leupeptin; 10 pg/ml aprotinin; 2 mM PMSF, and 20 nM Okadaic
acid) [71]. Cells were lysed in lysis buffer as mentioned above. Exosomal
proteins were extracted by using exosomal protein lysis buffer (101Bio).
The protein concentration was quantified by using a protein assay kit
(Bio-Rad) and normalized with lysis buffer to have equivalent amounts
of protein and volume. Protein was denatured by boiling at 100 °C for 5
min in 1X Laemmli buffer. The lysates were cooled to room temperature
and resolved by SDS-PAGE and then transferred to polyvinylidene
fluoride (PVDF) membrane. After 1-h blocking at room temperature
with 10% blocking reagent (Roche), the membrane was incubated
overnight with primary antibodies including anti-CD9 (Abcam,
ab236630), anti-CD81 (Sigma-Aldrich, SAB3500454), anti-Calnexin
(Abcam, ab133615), anti-CAMKK1 (Cell Signaling Technology,
#3357), anti-p-Akt (Cell Signaling Technology, 4060), anti-Akt (Cell
Signaling Technology, 4685), and anti-Actin (Abcam, ab179467) in
Tris-buffered saline solution/Tween (TBST) containing 10% blocking
reagent at 4 °C. After the incubation, the membrane was washed three
times in TBST and incubated with secondary antibody for 1 h at room
temperature. After three-time washing in TBST, the membrane was
developed using a chemiluminescence assay system and exposed to
Kodak exposure films.

4.9. Quantitative real-time PCR

Total RNA was extracted from cells or animal tissues using the Trizol
reagent and transcribed into cDNA by using PrimeScript™ RT Master
Mix (Takara). For miRNA detection, mature miRNAs were reversely
transcribed with specific Bulge-LoopTM miRNA RT primers using a
Bulge-LoopTM miRNA ¢RT-PCR Starter Kit (RiboBio). The gene
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expression analysis was performed with StepOne Real-Time PCR
Detection System (Applied Biosystems) with SYBR Green Supermix. The
relative expression was calculated by the comparative 2AAC method.
The mRNA level was normalized to Gapdh. Primers used in this study are
listed in Table S3.

4.10. Generation of luciferase reporter plasmids and luciferase activity
assay

The plasmid of pLVX-Puro-luc was obtained from Miaolingbio
(Wuhan, China) and was used to construct the dual luciferase reporter
gene system. The four sequences containing predicted TFAP2C binding
sites were synthesized and inserted into pLVX-Puro-luc to construct
luciferase reporter plasmids. The used sequences are listed in Table S3.
To examine the effect of TFAP2C on luciferase activity, HEK293T cells
were co-transfected with 200 ng TFAP2C or empty vector (pcDNA3.1;
Invitrogen), 200 ng luciferase reporter plasmids, and 25 ng PGL4.74
[hRluc/TK] plasmid (Promega). 24 h post-transfection, cell lysates were
prepared and subjected to luciferase activity assay with a commercial kit
(Vazyme).

4.11. Immunofluorescence staining

The procedures of immunofluorescence were described elsewhere
[21]. Briefly, cells were fixed with pre-cooled 95% ethanol for 30 min;
after rehydrating in PBS, the cultures were incubated in blocking solu-
tion (10% normal goat serum and 0.03 g/ml BSA) for 1 h at 37 °C fol-
lowed by incubation with primary antibodies overnight at 4 °C. The next
day, after washing three times in PBS, the cultures were incubated with
the appropriate secondary antibodies for 1 h at room temperature. The
nucleus was labeled with Hoechst for 10 min at room temperature. At
the chosen time points post-surgery, rats were sacrificed and the scaf-
folds, together with nerves, were harvested and cut into sections. Sec-
tions were incubated with monoclonal mouse anti-Vimentin (1:200
dilution, Santa Cruz), monoclonal mouse anti-Rab 21 (1:200 dilution,
Santa Cruz), polyclonal rabbit anti-Rtn3 (1:150 dilution, Proteintech),
monoclonal rabbit anti-CD68 antibody (1:200 dilution, Abcam), poly-
clonal rabbit anti-S100 antibody (1:200, dilution), monoclonal mouse
anti-NF antibody (1:200 dilution), and mouse anti-S100 antibody (1:200
dilution) at 4 °C for 36 h. The sections were further reacted with the
FITC-labeled secondary antibody goat anti-mouse IgG (1:400 dilution),
or the Cy3-labeled secondary antibody sheep anti rabbit IgG (1:400
dilution) at 4 °C overnight, followed by observation under a confocal
laser scanning microscope (Leica, Heidelberg, Germany).

4.12. Behavioral tests

The gait analysis system was performed to assess function recovery
of rats after nerve grafting. Pre-training was given 2 weeks before sur-
gery. Animals were allowed to walk along a glass platform, underneath
which each run was captured by a video camera. The outcome param-
eters include maximum contact area, stride length, and swing speed.
Data were collected and analyzed with the CatWalk software (CatWalk
XT Version 10.5), and mean intensity and sciatic function index (SFI)
value was calculated by the formula based on the method of others [72].
12 weeks after grafting, compound muscle action potential (CMAP) was
measured, and the motor nerve conduction (MCV) was calculated with
the method described previously [73]. Briefly, the sciatic nerves at the
experimental sides were re-exposed under anesthesia. The recording
electrode was accurately inserted into the muscled abdomen of the
gastrocnemius muscle. Then electric stimulation with 5.0 mA and 0.1 ms
pulse width was applied to the distal and proximal parts of the sciatic
nerve, respectively. The CMAP and latency were recorded, and the MCV
was calculated.
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4.13. Statistical analysis

The statistical significance was analyzed by GraphPad Prism 8.0
(GraphPad Software, Inc.). Student’s t-test was used to calculate sig-
nificance between two groups. One-way analysis of variance (ANOVA)
followed by Bonferroni’s Multiple Comparison test, or two-way ANOVA
followed by Sidak multiple comparisons test was employed for
analyzing statistical difference in multiple groups. Data were presented
as mean =+ SD. P < 0.05 was considered statistically significant.
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