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a b s t r a c t

Brachial plexus injury (BPI) with motor neurons (MNs) damage still remain poor recovery in preclinical
research and clinical therapy, while cell-based therapy approaches emerged as novel strategies. Previous
work of rat skin precursor-derived Schwann cells (SKPeSCs) provided substantial foundation for
repairing peripheral nerve injury (PNI). Given that, our present work focused on exploring the repair
efficacy and possible mechanisms of SKP-SCs implantation on rat BPI combined with neurorrhaphy post-
neurotomy. Results indicated the significant locomotive and sensory function recovery, with improved
morphological remodeling of regenerated nerves and angiogenesis, as well as amelioration of target
muscles atrophy and motor endplate degeneration. Besides, MNs could restore from oxygen-glucose-
deprivation (OGD) injury upon SKP-SCs-sourced secretome treatment, implying the underlying para-
crine mechanisms. Moreover, rat cytokine array assay detected 67 cytokines from SKP-SC-secretome, and
bioinformatic analyses of screened 32 cytokines presented multiple functional clusters covering diverse
cell types, including inflammatory cells, Schwann cells, vascular endothelial cells (VECs), neurons, and
SKP-SCs themselves, relating distinct biological processes to nerve regeneration. Especially, a panel of
hypoxia-responsive cytokines (HRCK), can participate into multicellular biological process regulation for
permissive regeneration milieu, which underscored the benefits of SKP-SCs and sourced secretome,
facilitating the chorus of nerve regenerative microenvironment. Furthermore, platelet-derived growth
factor-AA (PDGF-AA) and vascular endothelial growth factor-A (VEGF-A) were outstanding cytokines
involved with nerve regenerative microenvironment regulating, with significantly elevated mRNA
expression level in hypoxia-responsive SKP-SCs. Altogether, through recapitulating the implanted SKP-
SCs and derived secretome as niche sensor and paracrine transmitters respectively, HRCK would be
further excavated as molecular underpinning of the neural recuperative mechanizations for efficient cell
therapy; meanwhile, the analysis paradigm in this study validated and anticipated the actions and
mechanisms of SKP-SCs on traumatic BPI repair, and was beneficial to identify promising bioactive
molecule cocktail and signaling targets for cell-free therapy strategy on neural repair and regeneration.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction attracted our attention. Previous works have evidenced that
Brachial plexus injury (BPI) is a common and frequently-
occurring clinical problem belong to peripheral nerve injury
(PNI), the incidence of which has been on the rise in recent years.
Usually, traumatic BPI is caused by cervical spine procedures, in-
dustrial injury, traffic accident, or birth injury [1]. Anatomically
brachial plexus can be divided into five sections: roots, trunks, di-
vision, cords and terminal branches, and ends with five terminal
branches, including upper limb innervation, musculocutaneous,
median nerve, axillary nerve, radial and ulnar nerve [2]. Given the
sensatory and locomotive function of brachial plexus in the upper
extremities, shoulder and back, and chest, once occur BPI, the pa-
tient would suffer from partial or complete loss of upper limb
function, even leaving them with lifelong disability [1]. BPI can be
divided into the upper trunk injury, extended upper trunk injury,
lower trunk injury, and swinging hand with all roots injury
involved [2], including preganglionic and postganglionic BPI [3].
Consequently, the therapy for BPI is still in challenge that depends
on the type of BPI and the approach strategy development [4].

It hasbeen recognized thatpatientswith lower trunk injuryoften
lose most of their target muscles functions, especially paralysis of
the flexion muscle of the arm, impairment of finger flexion, and
incapacitation of the intrinsic muscles of the hand [4]. Moreover,
researcher reported that following lesion of peripheral nerve in
mammals, motor neurons (MNs) underwent a cell death, the sig-
nificant MNs loss causing the paralysis of the target muscle groups
[5,6]. There have been fewer approaches for the repair of injuries to
the brachial plexus lower trunk, which mainly include intercostal
nerve, phrenic nerve or contralateral C7 nerve transfer, the curative
effect was remain poor with worse muscle force recovery [7].
Despite recent work combined an electroencephalography-based
humanemachine interface with the classic contralateral C7 nerve
transfer operation approach, motor cortical remodeling was still a
vital toughie for BPI repair [8]. Therefore, it is urgent to seekingnovel
therapeutic modalities to help reconstruct the neural and muscular
morphology and function quickly and effectively.

Due to all movements are modulated by the activation of MNs
[9], the severity and regenerative capacity of the injured MNs after
PNI were the key element to improve functional recovery, and
maintaining the survival of affected MNs is extremely essential for
axonal regeneration. The advances of intervention strategies in
promoting MN activity mainly contained small molecules [10],
neurotrophic factors [11], stem cell implantation [12], stem cell-
derived neurons implantation [13], and stem cell-sourced secre-
tome [14]. Upon stem cell-based therapy, to sustain neuronal sur-
vival and axonal outgrowth, exogenous cells may interact with
various endogenous cells through paracrine cytokines after im-
plantation to promote nerve regeneration. Notably, these paracrine
bioactive factors might have similar or different regulatory potency
on distinct cell types, covering Schwann cells, vascular endothelial
cells, neurons, inflammatory cells and implanted cells themselves,
involved in orchestrating the neural regeneration microenviron-
ment [15]. Currently, cell secretome components has emerged as a
novel therapeutic strategy for the treatment of neuropathy [16].

For PNI repair, Schwann cell application was well-known as the
gold criteria of cell-based therapy [17,18]. Due to the scarcity of
native Schwann cells at injury spot, prompting damage to other
nerves for sufficient autologous cells [19], alternative Schwann-like
cells originated from abundant stem cells as novel sources is an
emerging consensus and worthy to be extensively applied and
deeply delineated. Given that, rodents and human skin-derived
precursors (SKPs) as self-renewing and pluripotent adult stem
cells, can provide sufficient source of Schwann-like cells [20], that
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Schwann cells derived from skin precursors (SKPeSCs) presented
neuroprotection for the injured and dysmyelinated nervous system
[21], improving behavioral function recovery after acute or chronic
sciatic nerve injury [22], myelination capacity in demyelinated focal
tibial nerve [23], and sensory recovery after PNI [24]. SKP-SCsmight
promote nerve regeneration via immunomodulatory properties
[25], nevertheless, the underlying action mechanisms of SKP-SCs
on boosting peripheral neural regeneration are still remain to be
further uncovered.

Aim to validate the effects of rat SKP-SCs treatment on rat
traumatic BPI and damaged MNs, a transected model of the lower
trunk of branchial plexus in rats was established. Then the in vitro
expanded SKP-SCs were injected to the damaged nerve post-
stumps-coaptation. Functional evaluations were performed
through the recovery period, and morphometric analysis of nerve
and muscle were used to assess the efficacy. Meanwhile, MNs from
the fetal rats were obtained and cultured to simulate a damaged
model via oxygen and glucose deprivation (OGD) procedure, then
neuronal morphology observation and cell viability assay were
performed to prove the therapeutic potential of SKP-SCs-sourced
conditioned medium (SKP-SC-CM) on injurious MNs.

Moreover, cytokines as bioactive factors can be directed released
into secretome, namely soluble cytokines, also may be encapsu-
lated into extracellular vesicles (EVs). Since EVs and secretome both
can be utilized as cell-free therapeutic strategies [16], more
recently, our studies revealed the EVs derived from SKP-SCs pro-
cessing desirable efficacy of enforcing the cell viability and neurite
regrowth of OGD- or axotomy-damaged neurons [26,27]. Thereby
here we focused on soluble molecules in secretome, in spite of the
previous findings demonstrated that SKP-SC-CM could provide
neuroprotective effect on neurons through inhibiting apoptosis and
regulating autophagy by PI3K/AKT pathway [28,29], and insulin-
like growth factor-2 (IGF-2) was screened out as an useful target
for Parkinson's disease treatment via mass spectrometry analysis
[28,30], the other bioactive factors such as crucial cytokines and
chemokines in SKP-SC-secretome remained unclear. On this basis, a
protocol named cytokine array assay and corresponding bioinfor-
matics analysis was subjected to further explore the cytokines in
SKP-SCs-sourced secretome, revealing the underlying molecular
reparative mechanisms and possible microenvironment regulation
paradigm.

2. Materials and methods

2.1. Culture and characterization of SKP-SCs

In our previous work, the primary rat SKP-SCs were obtained
and cryopreserved at early passages [26]. Here, the cell resuscita-
tion and expansion of SKP-SCs were performed for experimental
application. The proliferating SKP-SCs were cultured in Schwann
cell proliferation medium, namely DMEM/F12 medium (Corning,
Manassas, VA, USA) containing 1% penicillin/streptomycin (Beyo-
time, Shanghai, China), 5 mm forskolin (SigmaeAldrich, St Louis,
MO, USA), 50 ng/mL heregulin-1b (R&D, Minneapolis, MN, USA), 2%
N2 supplement (StemCell Technologies, Vancouver, BC, Canada),
and 1e5% fetal bovine serum (FBS) (SigmaeAldrich).

The identification of SKP-SCs were performed via immunocy-
tochemistry staining with rabbit anti-S100b antibody (1:400,
Invitrogen, Thermo Fisher Scientific, Rochester, MN, USA) and
chicken-anti-glial fibrillary acidic protein (GFAP) antibody (1:1000,
Abcam, Cambridge, UK) respectively at 4 �C overnight, followed by
reaction with secondary antibody of goat anti-rabbit-IgM-Cy3
(1:400, Abcam) and donkey anti chicken IgG-fluorescein
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isothiocyanate (FITC) (1:400, Abcam) at 25 �C for 2 h, then cells
were counterstained with Hoechst 33258. Images were captured by
Confocal Microscope.

2.2. Animal surgical procedures and grouping schemes

In this study, the lower brachial plexus injury (LBPI) model was
performed in adult male SD rats (8 weeks old, weighing
220e240 g), animals were obtained from the Laboratory Animal
Services Centre of Nantong University. Total 30 animals were
divided randomly into three groups: sham group, phosphate buffer
saline (PBS) group and SKP-SC group. For each group 10 rats were
used to perform the behavioral test and the electrophysiological
examination, and the nerve and target muscle morphologic
observation, as well as nerve myelination structure observation.
Rats were anesthetized by intraperitoneal injection with 3%
pentobarbital sodium (SigmaeAldrich) (30 mg/kg). In sham group,
a skin incision (2e3 cm) along the lower edge of the right clavicle
wasmade slightly, then the skin incisionwas sutured by 5e0 suture
needle. In the other two groups, the right branchial plexus,
including medium trunk and inferior trunk, was exposed after
bluntly separating the coveredmuscles; then the inferior trunk was
separated and transected, followed by coaptation using 8-0 micro-
suture; next, 5 ml cell suspension (about 2 � 1010 cells) or PBS was
injected into epineurium in distal site 5 mm close to the axotomy
respectively; finally, the skin incision was sutured the same as that
in sham group. All the animal experimental procedures according
to the Institutional Animal Care Guidelines of Nantong University
were approved by the Jiangsu Provincial Administration Committee
of Experimental Animals (No. 20150305e030), and ethically
approved by the Laboratory Animal Center of Nantong University
(No. IACUC202202151005) on February 15, 2022.

2.3. Motor and sensory behavior test

Following surgery, we performed the Terzis grooming test (TGT)
weekly to evaluate the motor function of the upper limbs [31]. Each
rat was placed in a spacious and quiet environment, 3e5 ml
bacteria-freewater was sprayed on the nose of the experimental rat
with a 10-mL syringe to induce bilateral grooming behavior of the
upper limbs. A 0e5 rating scale was utilized depending on the
highest position where the affected forelimb could reach. Grading
systems of 0e5 are as follows: 0, no response; 1, elbow flexion but
unable to reach the nose; 2, elbow flexion reaching the nose; 3,
reaching below the eyes; 4, reaching the eyes; 5, reaching the ear or
beyond. Meanwhile, the cold sensitivity was measured by an
acetone evaporation test as described previously [32]. After the
acetone (250 ml) was squirted onto the mid-plantar surface of the
right forepaw, the withdrawal responses were evaluated on a scale
of 0e3 points: 0, the pawwas notmoved; 1, a response inwhich the
paw had little or no weight on it; 2, a response in which the paw
was elevated and was not in contact with any surface; 3, a vigorous
response in which the rat licked, bit or shook the paw. The test to
each rat was repeated for not less than 3 times, and the internal of
each time not less than 15 min.

2.4. Electrophysiological evaluation of biceps muscles

At 6 weeks postoperatively, rats were subjected to electro-
physiological examinations in each group. By incision, the regen-
erated brachial plexus was re-exposed under anesthesia, and the
compound muscle action potential (CMAP) was recorded using a
Keypoint 2 portable electromyography system (Dantec, Copenha-
gen, Denmark). The brachial plexus was stimulated at the distal end
of the injury site by electric stimuli with a hook electrode, and a
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monopolar needle recording electrode was inserted in the biceps
mid-melly muscle. Supramaximal stimulation (with an intensity of
1 mA) was given to evoke the maximum CMAP response. The
amplitude of CMAP was recorded for each rat.
2.5. Morphologic observation of nerves

Six weeks postoperatively, to assess the regeneration of nerve
and neurovascular bundles, rats were deeply anesthetized with an
overdose of pentobarbital sodium (100 mg/kg, i.p.) and then
perfused transcardially with PBS followed with 4% para-
formaldehyde. The regenerated brachial plexus of rats was excised,
routinely post-fixed and dehydrated by gradient sucrose. Then the
12 mm thick longitudinal or cross-sectional sections of nerve were
cut by Cryostat (CM3050S, Leica, Mannheim, Germany), then were
incubated with primary antibodies respectively overnight at 4 �C,
including mouse anti-neurofilament 200 (NF200) (1:400, sigma-
Aldrich), mouse anti-S100b (1:400, Abcam, Cambridge, UK), and
rabbit anti-CD31, followed by incubating with the secondary anti-
body at room temperature for 2 h, including goat anti mouse IgG
488 (1:400, Jackson, West Grove, PA, USA), goat anti mouse IgG Cy3
(1:400, Jackson), and goat anti-rabbit-IgM-Cy3 (1:200, Abcam). All
above sections were counterstained with Hoechst 33258 (Abcam).
The samples were observed under the Confocal Microscope (TCS
SP5, Leica, Mannheim, Germany) and the fluorescent microscope
(Axio Imager M2, Zeiss, Oberkochen, Germany). And the captured
images were quantitatively analyzed by using Image J software
(version 1.8.0; National Institutes of Health, Bethesda, MD, USA).

To investigate the nerve remyelination, 5 mm long nerve seg-
ments distal to the injury sitewere post-fixed and stainedwith lead
citrate and uranyl acetate, followed by observation under Trans-
mission Electron Microscopy (TEM) (Hitachi, Tokyo, Japan). And
images were taken from random fields of each section to measure
the thickness of myelin sheaths, the diameter of myelinated nerve
fibers, and the number of myelin sheath lamellar using Image J
software.
2.6. Morphometric analysis of muscles

Similar to the above, both ipsilateral and contralateral target
biceps muscles were collected and weighed, then the ipsilateral/
contralateral wet weight ratio was calculated. Next, the muscles
were post-fixed, and dehydrated by sucrose, then cut into 12 mm
thick transverse sections with Cryostat. The samples were reacted
with the primary anti-laminin antibody (1:500) (Abcam) and sec-
ondary FITC-anti-rabbit-IgM antibody (1:400) (Proteintech,
Wuhan, Hubei, China). After counterstaining with Hoechst 33258,
the fluorescent photos were taken to be analyzed by Image J soft-
ware. Moreover, for evaluating the neuromuscular junction, 12-mm
thick longitudinal muscle sections were directly co-stained with a-
bungarotoxin (a-BTX) (1:220) (SigmaeAldrich) at room tempera-
ture for 2 h in dark, and images of motor endplates were captured
by the Confocal Microscope.

Besides, the post-fixed muscle samples were dehydrated by
gradient ethanol at 4 �C, and embedded in paraffin blocks. The
prepared 5 mm transverse tissue sections were deparaffinized, and
subjected to Masson's trichrome staining according to the kit in-
structions (Solarbio, Beijing, China). The muscle images were taken
under the Light Microscope (Axio Imager M2, Zeiss, Oberkochen,
Germany). Using Image J software, the percentage area of muscle
fiber and collagen fiber in gross morphology were measured; in
random fields of view, the mean cross-sectional area of muscle fi-
bers and the average percentage of collagen fiber area were further
measured.
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2.7. Culture and identification of MNs

To obtain MNs, on gestation day 13.5 a pregnant rat was iso-
flurane anesthetized, and sacrificed via cervical dislocation, and the
fetal rats were removed from the uterus. The spinal cord of fetal rats
soaked in Leibovitz's L-15 medium (Gibco, Carlsbad, CA, USA) was
separated, then digested with 0.125% trypsin at 37 �C for 30 min.
The purification of the MNs was performed in 15% OptiPrep
gradient centrifugation solution (SigmaeAldrich, St. Louis, MO,
USA). Finally, the primary single cell suspension was obtained, and
cultured on Poly-L-lysine (PLL) (SigmaeAldrich) coated plates in
DMEM medium (Corning) containing 1% penicillin/streptomycin
and 10% FBS for 4 h. Next, culture medium changed to the ™Neu-
robasal medium (Gibco) containing 2% B27 (Gibco), 1% glutamine
(Gibco) and 1% penicillin/streptomycin (Beyotime, Shanghai,
China), and refreshed every other day.

In order to identify MNs, the primary antibody of chicken anti-
choline acetyltransferase (ChAT) (1:200, Abcam) andmouse anti-b-
tubulin III (TUJ1) (1:600, Abcam) were incubated with neurons at
4 �C overnight, followed by reaction with secondary antibody of
goat anti mouse IgG-Cy3 (1:600, Jackson) and donkey anti chicken
IgG-fluorescein isothiocyanate (FITC) (1:400, Abcam) at 25 �C for
2 h, then neurons were counterstainedwith Hoechst 33258. Images
were captured by Confocal Microscope.

2.8. Treatment of OGD-injured MNs with SKP-SC-CM

SKP-SCs were seeded on the dishes coated with Poly-D-lysine
(PDL) (SigmaeAldrich)-Laminin (Corning). At about 80% cell
confluence after culture, medium was switched to serum-free
medium for another 48 h. The supernatant, namely SKP-SC-CM,
was collected and went through sequential ultracentrifugation
800 g for 10min at 4 �C to remove the cell debris. Next, to obtain the
20 times concentrate supernatants, the SKP-SCs supernatants was
added to the concentrated filter column (Amicon Ultra-15 Centrif-
ugal Filter Devices, washing by sterilized Milli-Q water twice) and
centrifuged with 3000 g for 20 min at 25 �C.

In order to establish an OGD-injured model of MNs, after inoc-
ulating for 4 days, the primary cultured neuronswerewashed twice
by Neurobasal™-A medium (Gibco), then cultured in Neuro-
basal™-A medium (Gibco), containing 2% B27, 1% glutamax, and 1%
penicillin/streptomycin, in 37 �C incubator with 5% CO2 and 1%
oxygen concentration for 1 h. Then the cultures were switched back
into the Neurobasal™mediumwith or without the SKP-SC-CM, and
cultured in the normal incubator for 24 h. The control group was
treated with the routine exchange of the cell medium every other
day.

2.9. Neuronal morphology observation and cell viability assay

To detect the effect of SKP-SC-CM on the cell viability of OGD-
injured neurons, MNs were inoculated into 96-well plates in den-
sity of 105/well. After OGD for 1 h, neurons were switched to
normal culture condition for 24 h, added 1.25%, 2.5%, 5%, 10% or 20%
SKP-SC-CM to medium respectively according to the concentration
gradient groups. The neuronal cell viability was assessed with
tetrazolium salt reduction assay by Cell counting kit-8 (CCK8)
(Dojindo, Kumomoto, Japan) assay. In short, CCK8 solution at a 10:1
ratiowas added into different groups of 96-well plates (6 wells each
group), and incubated at 37 �C for 4 h. The value of optical density
was measured at 450 nm byMicroplate Reader (BioTek, Burlington,
VT, USA). The results were expressed as a percentage value relative
to the control group.

Meanwhile, OGD-injured MNs inoculated on 24-well plates
were treated with 20% SKP-SC-CM for 24 h. Then TUJ1
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immunofluorescence staining was performed, neurons were
observed, and fluorescence photographs were taken randomly. The
average length of the longest neurites and the average branch
numbers of neurites were counted for not less than 100 neurons in
each group by Image J software.

2.10. Cytokine array assay and analysis of SKP-SC-sourced
secretome

Firstly, the cytokines secreted from SKP-SCs was tested by Rat
Cytokine Array GS67 (RayBiotech, Guangzhou, China) following the
manufacturer's instructions. According to the expression abun-
dance results, cytokines that with greater expression abundance
(more than 1000 Mean signal values) were screened out from the
primary data. Then, the biological processes of gene ontology (GO)
annotations of each cytokine (Rattus Norvegicus) was downloaded
from the UniProt Database (http://www.uniprot.org).

Secondly, the associated cell types involved in nerve regenera-
tion microenvironment was designated, including neurons,
Schwann cells, vascular endothelial cells (VECs), inflammatory cells,
and the implanted SKP-SCs. Several crucial medical subject head-
ings (MESH) and expanded corresponding annotation terms used
for searching were confined on the basis of the different cellular
biological functions or response activities of each cell type
respectively.

Thirdly, the various cytokines were further analyzed to confirm
whether any annotated biological process was relevant to any
MESH. If necessary, the result would be further determined by
searching relevant literature. The retrieved cytokines and annota-
tions were finally conducted enrichment analysis, forming the ta-
bles of the data set.

Finally, the GO clusters of the classified candidate cytokines
were displayed via scatter plot; then the associated cytokine
number to each cellular MESH, and the relevant cell type number to
each cytokine were showed by aggregated numbers in histograms.

2.11. Quantitative reverse transcriptase-polymerase chain reaction
(qRT-PCR)

Total RNA was isolated from SKP-SCs using Trizol reagent
(Sigma), and cDNA was obtained using HiScript ® III 1st Strand
cDNA Synthesis Kit (Vazyme, Nanjing, China) according to the
manufacturer's instructions. qRT-PCR was performed with Taq Pro
Universal SYBR qPCR Master Mix (Vazyme) on the BIO-RAD system
(BIO-RAD-96CFX) according to standard methods. The mRNA
expression of nine cytokines in normoxia SKP-SCs and hypoxia SKP-
SCs were detected. The primer sequences for each gene are
described in Table 1. The expression of actin was used for stan-
dardization. The results were analyzed by the 2-△△Ct method.

2.12. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0.1
software (GraphPad Prism Software Inc, San Diego, CA, USA). All
data are presented as means ± SEM. One-way ANOVA followed by
Tukey's multiple comparisons test for multiple comparisons, p
value < 0.05 was considered to be statistically significant.

3. Results

3.1. Morphology of SKP-SCs

The resuscitated SKP-SCs remained the typical morphology in
passage culture, with a bipolar spindle-shape and strong refrac-
tivity of the cell body, as well as the side by side alignment along

http://www.uniprot.org/


J.-n. Chen, X.-j. Yang, M. Cong et al. Regenerative Therapy 27 (2024) 365e380
the longitudinal axis (Fig. 1A). Meanwhile, immunofluorescence
staining results demonstrated the positive co-expression of
Schwann cell associated marker proteins S100b and GFAP in SKP-
SCs, based on the purity identification, cells were used in
following experiments (Fig. 1B).

3.2. Anatomical morphology of brachial plexus in Sprague Dawley
rats compared to that in Wistar rats

To construct an appropriate operation approach and route for
BPI in Sprague Dawley (SD) rats, we first contrasted the anatomy
morphology of brachial plexus in SD rats and Wistar rats [33]. The
morphology of branchial plexus in SD rats was shown after removal
of clavicle and covered muscles through our dissection operation
(Fig. 1C), the same as that in Wistar rats [33], branchial plexus is
divided into the truncus superior (TS) composed of C5 and C6, the
C7 formed truncus medius (TM), and the truncus inferior (TI)
composed of C8 and T1. However, the location of C5 and C6 of
branchial plexus was too deeper to expose via operation under
clavicle in SD rats, based on maintaining the normal cervical skel-
etal muscle system structure and function. Accordingly, a sepa-
rating and transecting injury model of the lower brachial plexus in
SD rats was feasibly established in present work, and following
coaptation the SKP-SCs implantation was performed to treat the
inferior trunk injury (Fig. 1D).

3.3. SKP-SC treatment enhanced the functional recovery of upper
limb

The recovery of motor function in rat upper limb was evaluated
using TGT weekly. Before surgery, all the animals displayed normal
elbow flexion with a mean score of 5. All the injured groups had a
score of 0 at 24 h post-injury indicating a total loss of motor
function and proved a successful surgical operation of BPI. Func-
tional recovery was initially observed from the first week after
surgery and the scores increased from week to week in all surgical
groups. Moreover, the average scores in SKP-SC treated group were
remarkably improved when compared with the PBS treated group
(Fig. 2A). At 6 weeks after surgery, there were two rats with a score
of 5 in the SKP-SC group, while no rats in the PBS group reached this
level.

Besides, the cold sensitivity evaluation result was similar to the
motor function recovery trend. In short, the recovery of rat
response to acetone stimuli improved gradually, and the score of
SKP-SC group was significantly better than the score of PBS group.
More obviously, at week 4 after operation, all rats in SKP-SC group
reached full score (Fig. 2B).

To further confirm the function recovery, animals were sub-
jected to the electrophysiological assessments 6 weeks after sur-
gery, presented the CMAP at the distal end of brachial plexus
interior trunk. Compared with that in the PBS group, the CMAP
Table 1
Primer sequences for qRT-PCR.

Gene name Protein name Sense Primer S

actin Actin TGTCACCAACT
Cx3cl1 Fractalkine TCCAAAGCTCA
Icam1 ICAM-1 CGCCAGAGGA
Il1a IL-1a AGCCTGTGTTG
Il1b IL-1b AGTTGACGGA
Ccl2 MCP-1a TGCTGCTACTC
Pdgfaa PDGF-AA GCCATTCCCGC
Tnfa TNF-a CGTCGTAGCAA
Vegfa VEGF-A TCAGGAGGAC
Nothch1 Notch1 GCAGCCACAG
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amplitudes in SKP-SC and sham groups were significantly higher
(Fig. 2C). Altogether, SKP-SC treatment contributed to a better
functional recovery of BPI than PBS control.

3.4. SKP-SC treatment facilitated nerve regeneration

According to the immunohistochemistry (IHC) staining results
of the longitudinal nerve frozen sections, it was showed that the
fluorescence expression intensity of NF200 and S100b in PBS group
was significantly decreased compared with that in sham group,
while the expression of SKP-SC group was significantly increased
compared with PBS group (Fig. 3A,B,C). It was demonstrated that
the outgrowth of nerve was improved and the proliferated
Schwann-like cells facilitated to the regeneration.

Moreover, the expression of CD31 in PBS group was lower than
that in sham group, while that was higher in SKP-SC group than in
PBS group, according to the immunostaining results of the Cross-
sectional nerve frozen sections (Fig. 3D), suggesting that the pro-
neuroregeneration effect of SKP-SCs was in agreements with the
pro-angiogenesis effect.

Furthermore, the ultrastructure of regenerated nerve fibers was
observed under TEM. The significantly regenerated nerve fibers
were presented, and the myelinated axons were surrounded by
thick and electron-dense myelin sheaths with clear lamellas
(Fig. 4A). The statistical analysis of three indicators, the diameter of
the myelinated nerve fibers, the thickness of myelin sheath, and the
number of myelin lamellas in each group, showed significant
decrease in PBS group compared with that in sham group, while
markedly increase in SKP-SC group compared with that in PBS
group (Fig. 4B,C,D). To sum up, above results indicated that inject-
ing SKP-SCs into injured branchial plexus can promote the
remyelination of the regenerated nerves.

3.5. SKP-SC treatment alleviated muscle atrophy

The neuromuscular system plays an important role in the pro-
cess of movement. After nerve injury, muscular atrophy will be
induced by denervation. To a certain extent, the muscle recovery
depends on the nerve regeneration and reinnervation. We assessed
the biceps muscles change among different groups to examine the
repair effect of SKP-SCs on target muscle after BPI. First, results
showed that, except for sham group, biceps muscles at the injured
side displayed obvious atrophy compared with that at the contra-
lateral side (Fig. 5A). The wet weight ratio of target muscles in SKP-
SC group was significantly higher than that in PBS group, despite
slightly lower than that in sham group (Fig. 5B). Through Masson's
trichrome staining, the percentage of muscle fibers in the gross
morphology were statistically analyzed, showing lower percentage
in PBS group than that in sham group, and higher percentage in
SKP-SC group than that in PBS group, while collagen percentage
showing opposite results (Fig. 5C,D,E). With respect to the mean
equence (50 to 30) Anti-Sense Primer Sequence (50 to 30)

GGGACGATA GGGGTGTTGAAGGTCTCAAA
GGATGCAGG AGTAGCTTTTTCCTCGGCCC
AGATCAGGAT AGGTGGGTGAGGGGTAAATG
CTGAAGGAGATTC CTCTGGGAAAGCTGCGGATGTG
CCCAAAAG AGCTGGATGCTCTCATCAGG
ATTCACTGGC CCTTATTGGGGTCAGCACAG
AGTTTG GGCTGGCACTTGACGCT
ACCACCAAGC CCAGTCGCCTCACAGAGCAAT
CTTGTGTGATC CATTGCTCTGTACCTTGGGAA
AACTTACAAATCCAG TAAATGCCTCTGGAATGTGGGTGAT



Fig. 1. Identification of rat SKP-SCs and cell implantation treatment to lower brachial plexus injury (LBPI). (A, B) SKP-SCs showed a typical bipolar spindle-shape with side by side
alignment. Immuno-stained SKP-SCs positively expressed Schwann cell markers S100b (red) and GFAP (green), with DAPI stained cell nuclei (blue). Scale bar, 100 mm. (C) Anatomic
morphology of branchial plexus in SpragueeDawley rats. (D) Photograph showing the operative region at inferior trunk of branchial plexus, the green and blue circle represented
the exposed surgical field and the damaging position respectively, the blue and green arrow represented the transection injury location and cell injection point respectively.

Fig. 2. Functional recovery evaluation of regenerated nerves. (A, B) Evaluation of Terzis grooming test score and cold sensitivity score increased with time by week, showing
significant recovery in SKP-SC group than in PBS group in six weeks. (C) Representative electrophysiological CMAP curves of the injured side at six weeks after surgery, the sig-
nificance difference of CMAP amplitudes was statistically analyzed. Data are presented as Mean ± SEM, n ¼ 6; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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cross-sectional area of muscle fibers, that in PBS group was
significantly reduced compared with Sham group, while in SKP-SC
groupmuscle atrophywas significantly ameliorated comparedwith
PBS group, by detecting stained paraffin section in each group. In
addition, in agreement to the gross morphology, the average
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percentage of collagen in PBS group presented significant increase
compared with that in sham group, while that in SKP-SC group
decreased markedly compared with that in PBS group (Fig. 5F,G,H).

Second, the morphological changes of muscle fibers were eval-
uated using laminin immunostaining in frozen transverse muscle



Fig. 3. The pro-regenerative effect of SKP-SCs on injured branchial plexus. (A) Representative image of nerve regeneration in three groups in vivo. NF200 (green) stained
regenerating neurofilaments and S100b (purple) stained Schwann cells showed the higher fluorescence intensity expressed in SKP-SC group than that in PBS group. Scale bar,
250 mm. (B, C) Statistical histograms showed the average fluorescence intensity of NF200 and S100b of regenerated nerves among three groups. Data are presented as Mean ± SEM,
n ¼ 3; *, p < 0.05; **, p < 0.01; ***, p < 0.001. (D) The regeneration of neurovascular bundles in three groups in vivo showed the expression CD31 (red) in three groups, with NF200
(green) labeled neurofilaments and Hoechst (blue) labeled nucleus. Scale bar, 75 mm.
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sections, and the average cross-sectional area of muscle fibers was
consistent with Masson's trichrome staining muscle fibers in each
group statistically (Fig. 6A and B).

Third, longitudinal frozen muscle sections displayed that most
of the motor endplates in PBS group were immature plaque
compared with mature pretzel ones in sham group, while there
were more mature and intermediate motor endplates in SKP-SC
group compared with that in PBS group (Fig. 6C). That suggested
the neuromuscular junction remodeling.

3.6. SKP-SC-CM treatment improved cell viability and neurites
growth of MNs

After culture for 4 days, MNs showed axonal outgrowth with
sprouting branches and bright cell bodies (Fig. 7A). Immunofluo-
rescence staining indicated that MNs positively co-expressed ChAT
and TUJ1, and the purity was more than 95%, that suggested the
cultured MNs can be used for subsequent experiments (Fig. 7B).

To investigate whether SKP-SC-CM can promote the recovery of
the cell viability and neurite growth of injured MNs, we established
a neuron OGD injury model as above. CCK8 test found that the cell
viability of motor neurons decreased to about 60% in OGD group
compared to the control group, while increased significantly in
SKP-SC-CM treatment groups with different concentrations in a
dose-dependent manner. When the concentration reached 10%, the
cell viability was similar to the control group. It's more obvious that
the cell viability has exceeded that of the control group when the
concentration reaches 20%. Collectively, SKP-SC-CM can repair the
cell viability of OGD-injured neurons significantly (Fig. 7C).
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Immunostaining experiment was performed to evaluate the
MNs growth discovered that OGD could cause neuronal cell death
and axonal rupture, besides that the neurite length was signifi-
cantly shorter and the number of branches was significantly
reduced compared with the control group. After treatment with
20% SKP-SC-CM, the phenomenon of axonal rupture alleviated
significantly (Fig. 7D). This was further illustrated by the average
length of the longest neurites and the average branch numbers of
neurites (Fig. 7E and F). The results demonstrated that neuronal
morphology in OGD group was significantly impaired than that in
the control group, while compared with OGD group, that was
ameliorated significantly in SKP-SC-CM group.

3.7. Bioinformation analysis of SKP-SC-CM contained cytokines

First, the mean signal values of the detected 67 cytokines varied
from 505 to 2784 relatively, among them 36 SKP-SC-sourced cy-
tokines with greater expression abundance (Mean signal values
more than 1000) have been screened out. After retrieval, analysis,
and summary of the annotation information provided for Rattus
norvegicus by UniProt database, finally 32 informative cytokines
were deemed to be relevant to neural regenerative process. The
histograms showed the involved cell type number (upper panel)
(Fig. 8) of 32 candidate cytokines (bottom panel) respectively. The
GO clusters of these cytokines involved in different cellular bio-
logical processes of distinct cell types were presented in scatter plot
(middle panel) (Fig. 8).

Moreover, the implicated cytokine number of each biological
process of each cell type, involving with neurons, Schwann cells,



Fig. 4. The evaluation of the ultrastructure of the regenerated nerve fibers under transmission electron microscope. (A) Representative images of the regenerated nerve fibers (Scale
bar, 5 mm) and (B) the myelin lamellar in three groups (Scale bar, 500 nm). Statistical analysis of (C) the diameter of myelinated nerve fibers (n > 40), (D) the thickness of myelin
sheath (n > 40), and (E) the number of myelin lamellar (n ¼ 14) of the regenerated nerve fibers in three groups. Data are presented as Mean ± SEM. **, p < 0.01; ***, p < 0.001.
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inflammatory cells, vascular endothelial cells, and SKP-SCs, were
displayed in corresponding histograms (right panel), matched to
MESH terms (left panel) respectively (Fig. 8). For neurons, mainly
there were 21 cytokines associated with 4 relevant biological pro-
cesses, including apoptosis inhibition (17), neurogenesis (10), axon
extension (5), and axon guidance (3). For Schwann cells (SCs),
mainly there were 24 cytokines involved with cell proliferation
(19), cell migration (16), apoptosis inhibition (14), and cell adhesion
(10) respectively, 4 clusters were enriched. For VECs, mainly there
were 26 cytokines relevant to 5 clusters respectively, including cells
proliferation (20), cell migration (17), apoptosis inhibition (15),
angiogenesis (11), and cell adhesion (10). For inflammatory cells,
mainly there were 24 cytokines implicated with cell chemotaxis
(15), inflammation regulation (12), cell proliferation (9), and cell
differentiation (7) respectively, 4 clusters were enriched. Con-
cerned to the implanted SKP-SCs themselves, there were 21 main
cytokines related with 4 cell responsive clusters, respectively to
inflammation (14), to hypoxia (9), cell metabolism (9, including cell
response to ATP, glucose and insulin), and to growth factors (4)
(Fig. 8).

3.8. Expression of the hypoxia responsive cytokines at mRNA level
in SKP-SCs

In order to screen the key cytokines that exerting vital effects on
nerve injury microenvironment regulation, we performed RT-PCR
detection of nine hypoxia responsive cytokines in hypoxia-treated
SKP-SCs compared to normoxia SKP-SCs. The results showed that
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at 24 h after hypoxia, the mRNA expression of platelet-derived
growth factor-AA (PDGF-AA), vascular endothelial growth factor-
A (VEGF-A) and interleukin-1 beta (IL-1b) in SKP-SCs were signifi-
cantly elevated, other cytokines did not show marked increase in
hypoxia SKP-SCs than that in normoxia SKP-SCs (Fig. 9).

4. Discussion

Adult traumatic BPI are occurring with growing frequency, the
devastating outcome that even be life-altering seems require a
multidisciplinary team approaches to address [34,35]. To explore
novel medical approaches, the present work investigated the repair
effect of combining local SKP-SCs implantation with end-to-end
neurorrhaphy on BPI post-neurotomy. In developmental studies,
SKP-SCs originate from neural crest cells, the ancestor of the
Schwann cells. Here rat SKP-SCs implantation were proved enable
to enhance the therapy efficacy and reached morphology and
function reconstruction after rat LBPI, in accordance with previous
work on sciatic nerve injury [36]. Besides, SKP-SC-CM displayed
repair effect on cell survival and neurite regrowth of OGD-injured
MNs in vitro, that attracted our focus on secretome. Additionally,
GO annotations of cytokines detected in SKP-SC-CM were sorted
out through manual cluster enrichment analysis based on UniProt
database. We take the 32 cytokines as example, provided recogni-
tion on how SKP-SCs affects various biological processes of diverse
types of cells in paracrine soluble molecular level, and speculated
the possible key reverberations of SKP-SC-secretome on multiple
cell types for creating neural regenerative microenvironment.



Fig. 5. Analysis of the gross morphology and Masson's trichrome staining of target muscles paraffin section. (A) Representative gross photograph of bilateral biceps muscles of three
groups at six weeks postoperatively. (B) Histograms showed the wet weight ratios of targeted muscles (right injured side/left contralateral uninjured side) in three groups (n ¼ 6).
(C) Representative overall images of Masson's trichrome staining biceps muscles paraffin sections in three groups (Scale bar, 500 mm). Statistical histograms showed (D) the
percentage of muscle fiber area and (E) the collagen fiber area in the whole muscle (n ¼ 3; 3 fields per rat). (F) Representative images of regional biceps muscles paraffin sections in
three groups (Scale bar, 100 mm). (G) Statistical histograms showed the mean cross-sectional area of muscle fibers and (H) the average percentage of collagen fiber area in the
regional muscle (n ¼ 3; not less than 4 random fields per rat). Data are presented as Mean ± SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Firstly, during the process of branchial plexus anatomy and
injury model construction in SD rats, we found that it was less
infeasible to remove the clavicle and more muscles to expose
truncus superior of branchial plexus, because that could lead to
unreasonable harm to the animals, owning to the location of C5 and
C6 of branchial plexus in SD ratswas too deeper compared to that in
Wistar rat s [33,37,38]. Depending on that, here SD ratswere proved
proper to establish the infraclavicular types of traumatic BPI model
with applied traction and transection, as that, lower brachial plexus
injury (LBPI) was established in this study.

In this work, taking the advantage of SKP-SCs with proliferating
capacity and multiple passaging stability, in vitro expanded SKP-
SCs were sufficient for implantation to treat rat traumatic LBPI,
then the repair effects were ascertained through behavioral func-
tion evaluation and tissue morphology assessment. The results of
TGT evaluating the restoration of elbow flexion and shoulder sta-
bility, and cold sensitivity test evaluating pain sense recovery,
showed significantly enhanced recovery of rat forelimb locomotive
and sensory function, in agreement with electrophysiological ex-
amination recording CMAP improvement. Furthermore, the thera-
peutic effects of SKP-SCs were demonstrated through the vascular
regeneration companied with the nerve regrowth, and the axonal
remyelination with thicker clear lamellar sheath morphology.
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Moreover, morphometric analysis of reinnervated muscle indicated
that implanted SKP-SCs might dramatically attenuate target muscle
atrophy, augment motor endplate remodeling, highlighting the
improved support and nourishment efficacy of regenerative
brachial plexus on muscles. Previously researchers found the syn-
ergistic role of allogenic SKP-SCs and acellular nerve allograft on
nerve regeneration [39], similarly, recently researchers developed a
tissue engineered nerve graft modified with extracellular matrix
generated by SKP-SCs and expanded its application in defect of
upper BPI [40]. While this work proved the repair effect of SKP-SCs
on LBPI. These findings evidenced that SKP-SC-based therapy can
markedly promote the recovery of traumatic PNI, in agreement
with the reported review regarding the role of Schwann cell-
sourced secretome [18].

Additionally, the underlying mechanisms of the repair effects of
implanted SKP-SCs on PNI were paracrine secretome dependent,
that was further implied in this work. Since it was reported that, the
transection of peripheral nerves in rodents may retrogradely
induce death of parent MNs in the spinal cord, and motor axon
degeneration, and de-innervation of targeted muscles, resulting in
serious functional deficits in the forelimb [9]. Therefore, here the
sequent damage of MNs was simulated in vitro and treated with
SKP-SCs-sourced secretome, which really could alleviate cellular



Fig. 6. Cross-sectional area of muscle fibers and neuro-muscular junction analysis of target muscles freezing section. (A) Statistical histograms showed the average cross-sectional
area of targeted muscle fibers (n ¼ 3; not less than 9 random fields per rat). (B) Representative images of laminin immunostaining of cross-section of targeted muscles in different
groups. (C) Representative images of a-bungarotoxin staining of motor endplates in three groups, showing mature pretzel, intermediate morphology, or immature plaque. Data are
presented as Mean ± SEM. *, p < 0.05; ***, p < 0.001. Scale bar, 50 mm.
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death and neurite rupture of OGD-injured MNs. Moreover, the
interaction between endogenous Schwann cells and other cells
during repair of PNI has been highlighted [41], thus it was essential
that the exogenous SKP-SCs might interact with distinct types of
cells post-implantation via secretome signals. Given that, further
confirmation onwhat cytokines derived from implanted exogenous
SKP-SCs communicated with various endogenous cell types via
paracrine secretome arising our interest.

As crucial players in the progression or regression of a patho-
logical process, these molecules provide a window through which
mechanisms can be explored. The Sensitivity and repeatability
advantage of protein chip arraywas utilized in this work. In order to
measure cytokine levels, an array assay of 67 rat cytokines was
performed, next, the associated 32 cytokines with greater detecting
value in SKP-SC-CM were classified depending on the annotated
biological functions, and matched with the function-related cell
types in a scatter-plot manner. The cluster enrichment analyses
findings of shared or unique or superimposed cytokines ensembles
information further demonstrated that various cellular biological
processes of Schwann cells, VECs and inflammatory cells could be
effectively coordinated by exogenous SKP-SCs-sourced secretome
components.

First and foremost, the bioinformatic analysis results indicated
that transplanted SKP-SCs perhaps maintained own cellular
metabolism for survival via response to ATP, glucose, insulin and
growth factors in microenvironment, through autocrine of corre-
sponding cytokines. There are 11 associated cytokines were
enriched according to annotations. It was demonstrated that a va-
riety of classic biologic molecules and mediators are beneficial to
creating permissive microenvironment for cell implantation [42].
Up to date, IL-4 has been identified as a promising signaling
pathway target for traumatic PNI repair, the IL-4 responding cells
implicated in nerve regeneration including Schwann cells, macro-
phages, fibroblasts, and neurons, which either indirectly via other
immune cells, or promoting nerve regrowth directly [43].

Notably, the response of SKP-SCs to hypoxic microenvironment
could induce the relevant cytokines secretion, here defined as a
panel of hypoxia-responsive cytokines (HRCK). Intriguingly, each
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HRCK as signal target may initiate diverse biological process
regulation of implicated endogenous cell types in neural micro-
environment. For instance, Fractalkine (namely chemokine (C-X3-C
motif) ligand 1, CX3CL1) was identified as a signal inducing
microglia-mediated synapse elimination to regulate synaptic con-
nectivity [44] and mitigating inflammation [45]; Intercellular
adhesion molecule-1 (ICAM-1) was reported could protect neurons
against Amyloid-b and improve cognitive behaviors in mice by
inhibiting NF-kB [46]; Monocyte chemoattractant protein-1 alpha
(MCP-1a, namely chemokine (CeC motif) ligand 2, CCL2) has been
identified involved in the autophagy and apoptosis signaling
pathway axis after spinal cord injury [47]; Notch1 signaling
pathway has been reported could promote angiogenesis of cerebral
microvasculature to protect ischemia reperfusion injury [48]; Sol-
uble tumor necrosis factor-alpha (TNF-a) selectively inhibition was
reported could change the neuroinflammatory response after
moderate spinal cord injury in mice [49]; Interleukin-1 alpha (IL-
1a) preconditioned mesenchymal stem cells exhibited promotive
neuroprotection properties for ischemic stroke mice [50]; while IL-
1bwas reported as inhibitory target in inflammsome axis-mediated
neutrophil infiltration could protect neurons in neurodegenerative
disease [51]; PDGF-AA has been reported could improve the func-
tion recovery of spinal cord injury via subcutaneous administration
[52]; and VEGF-A has been reviewed as the leading promoter of
angiogenesis in health and disease, thus became the therapeutic
targeting [53]. Therefore, the possible modulation effect of HRCK on
neuronal and non-neuronal cells in neural injury position was
especially concerned in our multiple cluster analyses.

Meanwhile, the implanted SKP-SCs also might directly response
to inflammation micro-circumstance and then release associated
cytokines, that comprise the HRCK except for Notch 1 and PDGF-AA,
added other 7 factors. Taken together, above-mentioned total 21
cytokines involved in SKP-SCs response to extracellular stimulation
possibly could facilitate the exogenous SKP-SCs to adapting to the
acute inflammation microenvironment after implantation post-
nerve-injury, and speeding the clearance process of demyelinated
debris of Wallerian degeneration. Thus, inflammatory regulation is
indispensable in acute neuroinflammatory phase [54], SKP-SCs



Fig. 7. Identification of motor neurons and treatment of OGD-injured neurons with SKP-SC sourced conditioned medium (SKP-SC-CM). (A) Morphology of primarily cultured motor
neurons with extended neurites forming a network at day 4. Scale bar, 100 mm. (B) Immunofluorescence stained motor neurons positively expressed ChAT (green) and TUJ1 (red)
with Hoechst labeled nuclei (blue). Scale bar, 75 mm. (C) Statistical histograms showed the increasing neuronal cell viability in a dose-dependent manner. (D) Immunofluorescence
stained motor neurons positively expressed TUJ1 (green) in each group (control, OGD, OGD þ SKP-SC-CM). Scale bar, 75 mm. (E, F) Statistical histograms of the average longest
neurite length and the number of primary neurites per cell was better in OGD þ SKP-SC-CM group than that in OGD group. For each group and experiment, about 100 neurons per
condition were assessed. Data are presented as Mean ± SEM, n ¼ 3; ***, p < 0.001.
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implantation might potentiate to recruit various type of inflam-
matory cells to injurious plot by respective cytokines.

As well known, white blood cell exudation is the most impor-
tant feature of the inflammatory response, which contain a variety
of inflammatory cells. Here total 15 cytokines are contained rele-
vant to inflammation cell chemotaxis, among them 12 factors
overlapping with above sorted SKP-SCs inflammation response
cytokines cluster. Besides, plus 3 cytokines: Galectin-3 relative to
neutrophils, eosinophils, and monocyte-macrophages, even lym-
phocytes chemotaxis; triggering receptor expressed on myeloid
cells 1 (TREM-1) relate to neutrophils and macrophages chemo-
taxis; particularly VEGF-A annotated relation to mast cell chemo-
taxis. Recent decade, the recruitment of inflammatory cells has
been growingly reported, especially, macrophages are the most
notable cell type, showing active phenotype polarization and
recuperative potency for axonal regeneration [55,56].

In order to sustain controllable inflammation regulation, cell
proliferation of lymphocytes might be induced in vivo. IL-2 and IL-4
was annotated relative to both T cell and B cell proliferation.
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Particularly, Galectin-3, gp130, interferon gamma (IFN-g), IL-1a, IL-
1b, IL-13 was annotated relevant to T cell proliferation. Although
fibroblast cells proliferation also probably participates into the in-
flammatory process triggered by PDGF-AA, simultaneously IFN-g
might exert negative regulation of fibroblast proliferation. More-
over, self-renewing macrophages in dorsal root ganglia has been
reported contribute to promote nerve regeneration [57].

Inflammation cell differentiation also involved in the inflam-
matory regulation process, the analyzed clustering results showed
there are 7 cytokine factors related to the differentiation process
of distinct inflammatory cell types respectively. For instance, IL-1
R6, IL-2 [58], IL-4, in positive regulation of T cell differentiation;
IL-4 in dendritic cell and T-helper 2 cell differentiation; and VEGF-
A relate to monocyte and macrophage differentiation. As far novel
tissue macrophage subsets have already been revealed in work
performed within large international projects, such as the Human
Cell Atlas, because in inflammatory conditions, myeloid cells
exhibit substantially vaster heterogeneity than previously antici-
pated [59].



Fig. 8. Bioinformatic cluster analysis and classification of screened cytokines contained in SKP-SC-CM. (Upper panel) The histograms showed the involved cell type number of
(Bottom panel) 32 informative cytokines respectively. (Middle panel) The different candidate cytokines involved in 5 cell types, associated cellular biological processes were
presented in the scatter plots. (Right panel) the implicated cytokine number of each cellular biological process, involving with neurons, Schwann cells, inflammatory cells, VECs, and
implanted SKP-SCs, were displayed in histograms, corresponding to biological process terms (Left panel) respectively.
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Certainly, inflammation regulation as the key biological process
involved in SKP-SC-secretome triggering in microenvironment,
beyond the chemotaxis, proliferation and differentiation modula-
tion, because the balance modulation between anti-inflammation
and pro-inflammation is vital to remain the neural microenviron-
ment homeostasis [60]. Although Galectin-1 and above-mentioned
so many cytokines can join in positive regulation of inflammation,
IL-2, IL-4, IL-10, together with IL-13 can exert negative regulation of
inflammatory response. Besides, Fractalkine might negatively
regulate the IL-1a production, TNF production, and microglial cell
activation. Since inflaming impairs peripheral nerve homeostasis
maintenance and regeneration [61], manageable inflammation is
beneficial to anti-impairment and anti-apoptosis, excessive or
persistent inflammation would incite further tissue destruction.

Besides, both in peripheral nerve degeneration and regeneration
process, apoptosis inhibition is critical to not only neurons, also
Schwann cells and VECs. These cells are indispensable to neuronal
growth milieu homeostasis reconstructing. In our findings, SKP-SC-
CM provided abundant cytokines to suppress apoptosis. Among the
screened cytokines, HRCK participate in neuronal apoptosis inhi-
bition, despite IL-1a not be cited as apoptosis inhibitor, 6 more
cytokines, including b-NGF, galectin-3, IFN-g, IL-4, IL-10, tissue in-
hibitors of metalloproteinase-1 (TIMP-1), cited as apoptosis sup-
pressors. Moreover, the inhibitory action of IL-13 on VECs and
neurons apoptosis has been cited into database, as well as the
apoptosis inhibition activity of ciliary neurotrophic factor (CNTF)
and gp130 on neurons has been quoted. Notably, the first selective
inhibitor of IL-6 trans-signaling, gp130, has shown therapeutic
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potential in various preclinical models of disease [62]. The cluster
enrichment analyses results suggested that SKP-SC promise to
enhance the survival of damaged neuronal cells, Schwann cells, and
VECs via secretome exerting anti-apoptosis activity [18].

Overriding the acute neuroinflammation phase, Schwann cells
[63,64] and VECs [65] are both subject to cell proliferation and
migration process. Simultaneously, results enumerated abundant
cytokines for promoting the proliferation of Schwann cells and
VECs, based on apoptosis inhibition cytokines for Schwann cells
and VECs, 6 more cytokines can present positive regulation of cell
population proliferation, some of them (CNTF, IL-1a, Notch-2 and
TIMP-2) can modulate MAPK pathway or ERK1/ERK2 pathway,
which is well known responsible to cell survival and growth.
Specially, IL-10 is only quoted responsible to VECs proliferation.
Furthermore, cell migration related cytokines are also essential for
the activation of Schwann cells [66] and VECs, HRCK are incorpo-
rated within this cluster, and 8 more cytokines are listed out.
Among them, b-NGF is positive regulator of ERK1/ERK2 cascade for
migration activation, specially, fibroblast growth factor-binding
protein (FGF-BP) is only cited responsive to positive regulation of
VECs migration, that involved in sprouting angiogenesis of VECs.

Moreover, cell adhesion associated cytokines were clustered for
Schwann cells and VECs, based on 6 cytokines from HRCK, 4 more
cytokines are highlighted on, including erythropoietin-producing
hepatocyte A5 (EphA5), Galectin-1, IFN-g, and TREM-1. It was re-
ported that, Fractalkine could upregulate IACM-1 expression in
endothelial cells through CX3CR1 and promote neutrophil adhe-
sion via the Jak-Stat5 pathway [67]. Recently reported, repair



Fig. 9. Expression of the hypoxia responsive cytokines at mRNA level in SKP-SCs. The histograms showed that at 24 h after hypoxia, the mRNA expression of PDGF-AA, VEGF-A and
IL-1b in SKP-SCs were significantly elevated, other cytokines did not show marked increase in hypoxia SKP-SCs than that in normoxia SKP-SCs.
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phenotype Schwann cell might have greater adherent properties
with more cellular processes than non-repair phenotype Schwann
cells [68].

Furthermore, angiogenesis is a characteristic and essential
process involved in peripheral nerve regenerative processes [65],
the initiation of VECs via SKP-SCs secretome is worth to be
analyzed. Then the associated 11 factors were itemized together,
based on HRCK (except for ICAM-1 and TNF-a), 4 more cytokines
are FGF-BP, Galectin-3, IL-10, and Neuropilin-2, providing pro-
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angiogenic cues to VECs. FGFBP1 signaling axis plays an impor-
tant role in the regulation of angiogenesis in VECs that reported as a
potential therapeutic target for anti-angiogenic therapeutics [69].
Recently angiogenesis was reported can be promoted to protect
neural tissue via activating HIF-1alpha-VEGFA-Notch1 signaling
pathway [48]. Patho-physiologically, cytokines produced by SKP-
SCs might together with cues of nerve injury promote the
vascular network shaping, then the vascular niche can create a
permissive environment that enables different cell types to realize
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their regenerative program [70], not limited to providing blood and
oxygen via vessels. Particularly, the tubule structure of neo-
vascularization might serve as scaffold bridge for Schwann cells to
migrate between two stumps of nerve gap [71], recently SKP-SCs
was reported can be applied to enhance repair complete nerve
transection via efficiently constructing pre-vascularized tissue-
engineered peripheral nerves [72].

Finally, comparing angiogenesis with neurogenesis, there exis-
ted substantial difference between two biological process, but they
shared factors such as Fractalkine [73], IL-1b [74], Neuropilin-2 [75],
and Notch1 [76] that closely relate to the neural development and
regeneration process regulation. Similarly, a pro-angiogenic po-
tential of the secretome from human skin-derived multipotent
stromal cells on wound healing has been verified through an
endothelial cell tube formation assay [77]. The 4 shared factors
together with other 6 more cytokines are clustered closely relative
to neurogenesis process, indicating the possible to evoke neural
regeneration. Among the above-listed 10 cytokines relevant to
neurogenesis, 3 cytokines (EphA5, Neuropilin-2 and VEGF-A)
regarding to axon guidance, and 4 cytokines (b-NGF, CNTF,
Neuropilin-2 and VEGF-A) regarding to axon extension, are laid out
respectively. In addition, PDGF-AA has been highlighted in relation
to axon guidance, it was reported related with retinal ganglion cell
neuroprotection [78].

However, it required to be considered that the bioinformatic
analysis of rat cytokines is not equal to other species such as mice
andhuman, also limited by the refreshing speed of database version.
In this study, we attempted to provide a paradigm towards reca-
pitulating the microenvironment response to exogenous SKP-SCs
via secretome, and analyzing the possible effector molecules and
mechanisms of SKP-SC-based therapy in the insight of microenvi-
ronment improvement. Additionally, we further narrowed down 9
HRCK to 3 cytokines, PDGF-AA, VEGF-A and IL-1b, according to the
elevated mRNA expression level in hypoxia-treated SKP-SCs.
Particularly, PDGF-AA and VEGF-A highly secreted from SKP-SCs
responsive to hypoxia involved in both the neuronal and non-
neuronal biological processes above-mentioned. The novel molec-
ular response and downstream signaling pathways of implicated
kinds of cell types to SKP-SCs secretome components remain to be
further verified via overexpression and inhibitory experiments.
Notably, to further engineer the secretome, tailor its therapeutic
effects and the delivery strategies [79], define the SKP-SC secretome
in an inflammatory, hypoxic, andoxidative stressmicroenvironment
simulating post-implantationmight be a challenged work in future,
further trials in vivo for pro-neuroregeneration are also essential,
that would provide solid underpinnings to cell-free therapy,
including precisemolecule-therapy [43] and gene-therapy [80]. The
present work anticipated application prospect of SKP-SCs-based
therapy for neural repair and regeneration.

5. Conclusion

Collectively, this study provided therapeutic efficacy of
combining neurorrhaphy with cell implantation for traumatic LBPI
repair and repair effect of SKP-SC-secretome on damaged MNs.
Here we cluster enriched 32 cytokines from SKP-SC-secretome and
especially concerned on cytokines responded to hypoxia, termed as
HRCK, that were annotated associating with distinct cell types and
various biological process corresponding to nerve regeneration,
especially focused on PDGF-AA and VEGF-A. It was demonstrated
that SKP-SCs can create a permissive milieu homeostasis for
neuronal survival and axonal regeneration. In further work, the
SKP-SC-secretome not limited in HRCK would provide more targets
for promoting the translational prospect for cell-based therapy
application strategy.
378
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