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Abstract

Currently, there is no effective strategy to promote functional recovery after a spinal cord injury. Collagen scaffolds can not only provide
support and guidance for axonal regeneration, but can also serve as a bridge for nerve regeneration at the injury site. They can additionally
be used as carriers to retain mesenchymal stem cells at the injury site to enhance their effectiveness. Hence, we hypothesized that trans-
planting human umbilical cord-mesenchymal stem cells on collagen scaffolds would enhance healing following acute complete spinal cord
injury. Here, we test this hypothesis through animal studies and a phase I clinical trial. (1) Animal experiments: Models of completely tran-
sected spinal cord injury were established in rats and canines by microsurgery. Mesenchymal stem cells derived from neonatal umbilical
cord tissue were adsorbed onto collagen scaffolds and surgically implanted at the injury site in rats and canines; the animals were observed
after 1 week—6 months. The transplantation resulted in increased motor scores, enhanced amplitude and shortened latency of the motor
evoked potential, and reduced injury area as measured by magnetic resonance imaging. (2) Phase I clinical trial: Forty patients with acute
complete cervical injuries were enrolled at the Characteristic Medical Center of Chinese People’s Armed Police Force and divided into two
groups. The treatment group (n = 20) received collagen scaffolds loaded with mesenchymal stem cells derived from neonatal umbilical cord
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tissues; the control group (n = 20) did not receive the stem-cell loaded collagen implant. All patients were followed for 12 months. In the
treatment group, the American Spinal Injury Association scores and activities of daily life scores were increased, bowel and urinary func-
tions were recovered, and residual urine volume was reduced compared with the pre-treatment baseline. Furthermore, magnetic resonance
imaging showed that new nerve fiber connections were formed, and diffusion tensor imaging showed that electrophysiological activity
was recovered after the treatment. No serious complication was observed during follow-up. In contrast, the neurological functions of the
patients in the control group were not improved over the follow-up period. The above data preliminarily demonstrate that the transplan-
tation of human umbilical cord-mesenchymal stem cells on a collagen scaffold can promote the recovery of neurological function after
acute spinal cord injury. In the future, these results need to be confirmed in a multicenter, randomized controlled clinical trial with a larger
sample size. The clinical trial was approved by the Ethics Committee of the Characteristic Medical Center of Chinese People’s Armed Police
Force on February 3, 2016 (approval No. PJHEC-2016-A8). All animal experiments were approved by the Ethics Committee of the Charac-

teristic Medical Center of Chinese People’s Armed Police Force on May 20, 2015 (approval No. PJHEC-2015-D5).

Key Words: canine; collagen scaffolds; human; human umbilical cord-mesenchymal stem cells; nerve regeneration; rat; spinal cord injury

Chinese Library Classification No. R459.9; R363; R364

Introduction

The restoration of function following complete spinal cord
injury (SCI) is increasingly considered to be one of the most
challenging global health problems (Maier and Schwab,
2006; Ghatas et al., 2018; Brown and Martinez, 2019; Sun
et al.,, 2020). SCI not only has a tremendous adverse impact
on a patient’s psychology, but also brings about considerable
economic burdens: personal, family, and society (Selvarajah
et al., 2014). To date, although therapeutic strategies for SCI
can extend the lifespan of patients, therapies for promoting
neurological recovery following SCI are largely ineffective
(Harness et al., 2008; Garcia-Altés et al., 2012).

In the acute phase of an SCI, the initial direct trauma
leads to tissue damage involving blood vessels and cell
membranes. Then, subacute damage is triggered, including
hemorrhage, ischemia, edema, excitotoxicity, inflammation,
free radical production, and necrosis and apoptosis of nerve
cells (Fitch and Silver, 2008; David et al., 2012). The failure
of nerve regeneration in the adult central nervous system
may be attributed to several mechanisms, including the ab-
sence of regenerative neurons at the injury site, difficulty in
regenerating myelin, lack of various growth factors or neuro-
trophic stimulation, deficiency of suitable matrices to sustain
and guide axonal extension at the lesion site, and formation
of necrotic tissues and glial scarring in the acute or chronic
injured spinal cord (Schwab and Brosamle, 1997; Profyris et
al., 2004; Properzi et al., 2005; Kadoya et al., 2009).

Many preclinical experiments have shown that mesenchy-
mal stem cell-based therapies are some of the most promis-
ing clinical approaches for SCI. There are various sources of
MSCs, such as bone marrow, the umbilical cord, and adipose
tissue. In particular, human umbilical cord-mesenchymal
stem cells (hUC-MSCs) offer several advantages: they can
be obtained without inflicting pain on the donor, they are
associated with minimal ethical controversy compared to
embryonic stem cells, and they exhibit faster self-renewal
characteristics than other stem cells, such as adipose-derived
mesenchymal stem cells, and bone marrow-derived mesen-
chymal stem cells (Hu et al., 2010). Moreover, as hUC-MSCs
are immunoprivileged, they express limited major histo-
compatibility complex class II and costimulatory molecules,
making them suitable for transplantation. Furthermore, they

can modulate the immune response upon transplantation
via cell-cell interactions and by modulation immune cell
functions (De Miguel et al., 2012). In addition, MSCs inhibit
astrogliosis and microglial activation, inflammatory, and
angiogenic effects, which are advantageous for SCI therapy
(Cizkova et al., 2006; Ruff et al., 2012; Ritfeld et al., 2015;
Noh et al., 2016).

Collagen scaffolds (CSs) have been widely used as bioma-
terials for SCI treatment (Liu et al., 2012; Han et al., 2014;
Li et al., 2016; Snider et al., 2017; Zhang et al., 2019). CSs
offer considerable advantages for this application, including
low antigenicity, excellent biocompatibility, and good biode-
gradability (Han et al., 2009; Fan et al., 2010; Li et al., 2017a;
Wang et al., 2018). In previous studies, CSs have been tested
using rat models with completely transected spinal cords and
have been found to reduce the lesion area, support cell mi-
gration, guide the orderly regeneration of nerve fibers, and
direct axon elongation, all of which promote the recovery of
neurological function (Li et al., 2016; Xu et al., 2017; Wang
et al,, 2018). These experimental results were further verified
in dog models with complete spinal cord transection (Lin et
al., 2006; Han et al., 2009, 2010, 2015; Li et al., 2016). These
results in animal models suggest that implanting CSs into
the lesion site may be effective for treating SCL.

In this study, we conducted animal experiments to assess
the effects of transplanting hUC-MSCs in a CS on functional
recovery in rats and dogs with completely transected spinal
cords. Then, we carried out a clinical trial to evaluate the
safety and efficacy of the hUC-MSC-laden CS transplanted
into the injured spinal cords of patients diagnosed with acute
complete cervical SCI. Zhao et al. (2017) reported that the
transplantation of a CS loaded with hUC-MSCs in chronic
SCI patients promoted functional recovery. However, in our
phase I clinical trial, the control group was designed, and
quantitative DTI analysis was performed, so the results pro-
vide stronger evidence that the application of a hUC-MSC-
laden CS can improve neurological function.

Materials/Subjects and Methods

Pre-clinical studies
CS preparation
The CS was prepared from bovine aponeurosis using previ-
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ously reported methods (Lin et al., 2006; Xiao et al., 2016).
Briefly, fresh bovine aponeuroses were obtained from a
slaughterhouse (Wanlifa, Beijing, China) and repeatedly
rinsed with cold distilled water. Connective tissue, fat, and
residual muscles were removed. The samples were repeatedly
rinsed to thoroughly remove the residual tissues and freeze-
dried. The product was a standard CS that was used in all
experiments. The biological safety aspects of the CS, includ-
ing its acute toxicity, chronic toxicity, cytotoxicity, genetic
toxicity, hemolytic toxicity, intradermal irritation, allergen
detection, and degradability, were evaluated by the National
Institute for Food and Drug Control according to the Chi-
nese Criterion for Medical Devices GB16886.

Isolation, culture, and identification of human umbilical
cord-mesenchymal stem cells

hUC-MSCs were derived from the umbilical cord of a hu-
man donor (37-42 weeks of gestation). The umbilical cord
was obtained without adverse effects on either the pregnant
women or the neonate. The harvest of the human umbilical
cord was approved by the Characteristic Medical Center of
Chinese People’s Armed Police Force (approval No. PJLEC-
2016-R8), and consent was obtained from the mother and
her family. hUC-MSCs were isolated, cultured, and iden-
tified as described previously (Tu et al., 2012; Zhao et al,,
2017). Briefly, two arteries and one vein were dissected. The
blood and epidermal tissues were removed. The remaining
Wharton's jelly was cut into 1-2 cm” pieces and successively
digested with collagenase (Solarbio Science & Technolo-
gy Co., Ltd., Beijing, China) and 0.25% trypsin (Solarbio
Science & Technology Co., Ltd.) at 37°C for 18 hours. The
undigested tissue was then removed using a 100 um filter to
procure a cell suspension. This cell suspension was seeded in
Dulbecco’s modified eagle’s medium (DMEM/F12; Thermo
Fisher Scientific Co., Ltd., Shanghai, China) containing 20%
fetal bovine serum (MRC Biotechnology Co., Ltd., Jiangsu,
China), 2 mM glutamine (Sigma-Aldrich, St. Louis, MO,
USA), and 100 U of penicillin and streptomycin (Solarbio
Science & Technology Co., Ltd.). Cells were incubated in a
37°C, 5% CO, incubator. The medium was replaced after 3
days of incubation to remove non-adherent cells. Thereafter,
the medium was changed twice weekly. The cells were pas-
saged when they reached 80% confluence.

To prepare the cells for transplantation, 4 x 10" cells were
aliquoted,, and the hUC-MSCs were identified by flow cy-
tometry (Beckman Coulter, Brea, CA, USA) with antibodies
against CD105, CD73, CD90, and human leukocyte anti-
gen-antigen D related (HLA-DR; Abcam, Cambridge, UK).
Hence, approximately 4 x 10" hUC-MSCs were identified
from the aliquot.

hUC-MSCs were seeded on the CS and allowed to ad-
sorbed over 7 days of incubation. After the co-culture pe-
riod, the growth of the hUC-MSCs was observed under an
inverted phase-contrast microscope (Boshida Optical In-
strument, Shenzhen, China). In addition, the CS was fixed,
dehydrated, dried, and coated with gold, and the hUC-MSC
morphology was examined under a scanning electron mi-
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croscope (Hitachi, Tokyo, Japan). The CS was maintained
pathogen- and virus-free and throughout the preparation,
and bacterial endotoxin testing was performed.

Scaffold biocompatibility

The prepared CS was sterilized by “Co irradiation, placed in
24-well plates, and incubated overnight in low-sugar DMEM
containing 10% fetal bovine serum (MRC Biotechnology
Co., Ltd.). hUC-MSCs at passage 3 were placed in the wells
containing prepared CS at a density of 1 x 10°/well and cul-
tured in a 37°C, 5% CO, incubator. Routine adherent cell
culture was used for the control group without CS. Five rep-
licate wells were prepared in each group. The medium was
removed after 1, 3, 5, and 7 days after transferring to the well
plates and carefully washed twice in phosphate-buffered sa-
line (PBS). Then, serum-free medium containing 10% CCK-
8 reagent (Solarbio Science & Technology Co., Ltd.) was
added to each well and incubated for an additional 2 hours.
Next, 100 pL of the solution was transferred from each well
and into a 96-well plate to measure the optical density (OD)
at 450 nm using a microplate reader (Thermo Fisher Scien-
tific, Waltham, MA, USA). Thus, the OD values reflect cell
proliferation over the culture period. The OD values of five
replicate wells were averaged.

At 7 days of incubation on the CS, the growth of the
hUC-MSCs was observed under an inverted phase-con-
trast microscope. In addition, the CS was fixed, dehydrated,
and coated with gold, and the hUC-MSC morphology and
growth were observed on a scanning electron microscope
(Hitachi, Tokyo, Japan).

Animals

Forty female specific-pathogen-free Sprague-Dawley rats
weighing 250-300 g and aged 8 weeks were supplied by the
Military Academy of Medical Sciences of Chinese People’s
Liberation Army (animal license No. SYXK (Jing) 2018-
0013; animal batch No. 2018-0026.7). The rats were normally
housed in controlled animal quarters at room temperature in
the range of 18-22°C and relative humidity between 50% and
60%, with fluorescent light lighting on 12-hour day and night.

Twenty healthy female beagle canines aged 1 year old and
weighing 11-14 kg were supplied b Beijing Fangyuanyuan
Animal Center, China (animal license No. SCXK (Jing)
2018-0026; animal batch No. 12425316725936). The canines
were fed in single cages with laminar flow purification. The
room temperature was maintained in the range of 22-23°C
and the relative humidity was in the range of 40-45%.

The animal experiments were approved by the Ethics
Committee of Characteristic Medical Center of Chinese
People’s Armed Police Force on May 20, 2015 (approval No.
PJHEC-2015-D5). The animals were fed in the Experimental
Animal Center of Characteristic Medical Center of Chinese
People’s Armed Police Force. The animals were allowed free
access to food and water. After successful model establish-
ment, an air cushion was placed at the bottom of the cage to
prevent pressure sores.



Deng WS, Ma K, Liang B, Liu XY, Xu HY, Zhang J, Shi HY, Sun HT, Chen XY, Zhang S (2020) Collagen scaffold combined with human umbilical
cord-mesenchymal stem cells transplantation for acute complete spinal cord injury. Neural Regen Res 15(9):1686-1700. doi:10.4103/1673-5374.276340

Spinal cord injury and transplantation

Rats were randomly divided into the sham group (receiving
the hUC-MSC-laden CS without SCI, n = 10), SCI group (re-
ceiving spinal cord transection without hUC-MSC/CS treat-
ment, n = 10), CS group (receiving spinal cord transection
followed by implantation of the CS, n = 10), and CS + hUC-
MSCs group (receiving spinal cord transection followed by
implantation of the hUC-MSC-laden CS, n = 10).

All rats were anesthetized by intraperitoneal injection
with 1% sodium pentobarbital (40 mg/kg; Sigma-Aldrich) to
prevent infection. Under an operation microscope, the skin
and muscles were opened, and the paravertebral muscles
were dissected away to expose the spinous processes and
lamina of T9, T10, and T11. Following laminectomy at the
levels of T9 to T11, the spinal cord was exposed. A 1.5 mm-
long section of the spinal cord at the T10 level was cut using
microsurgical scissors and removed (Figure 1A). Immedi-
ately after the SCI, a 4-mm-diameter CS was implanted into
the completely transected gap of the CS group, and a 1 X
10° hUC-MSC-laden CS was implanted into the completely
transected gap of the CS + hUC-MSCs group (Figure 1B).
The subcutaneous tissue and skin incisions were sutured lay-
er-by-layer. The hind limbs of the rats were immediately par-
alyzed, demonstrating that the model was successful. After
the operation, the bladder was squeezed twice daily until the
bladder function was recovered. Hindlimb motor function,
wound condition, and food and water intake were noted dai-
ly. The wound was disinfected with iodophor, and 200,000
units of penicillin were injected intramuscularly every day
for 7 days following surgery.

A similar procedure was also conducted in canines. Twen-
ty canines were randomly divided into sham group (Only
exposing the spinal cord without SCI, n = 5), SCI group (re-
ceiving spinal cord transection without hUC-MSC/CS treat-
ment, n = 5), CS group (receiving spinal cord transection
followed by implantation of the CS, n = 5), and CS + hUC-
MSCs group (receiving spinal cord transection followed by
implantation of the hUC-MSC-laden CS, n = 5).

All canines underwent preoperative fasting for 12 hours.
The canines were subcutaneously administered atropine sul-
fate (0.025 mg/kg; Roche Group, WuHan, China) 30 minutes
before anesthesia. The animals were anesthetized by intrave-
nous propofol administration (7 mg/kg; Fresenius Kabi AB,
Baden Humboldt, Germany) followed by isoflurane anesthe-
sia by inhalation (volume concentration 2.0%, oxygen flow
2 L/min; RuiTaibio, Beijing, China). The anesthetized ca-
nines were placed in a prone position, and their limbs were
fixed, and the hair on the back of each animal was shaved.
Blood pressure, heart rate, pulse, oxygen saturation, body
temperature, and other vital signs were monitored. The skin
and subcutaneous tissue were cut with a posterior median
straight incision (T8-11) to expose the lamina, the spinous
processes at T8—11 were dissected out, and a laminectomy
was performed at T8-11 levels (Figure 1C). The dura mater
of T8-11 was cut longitudinally with an approximately 1.5
cm incision to expose the spinal cord (Figure 1D). A 3 mm-
long section of the spinal cord at T8-11 levels was com-

pletely transected using microsurgical scissors, neurosurgi-
cal bipolar forceps, and suction (Figure 1E). After complete
hemostasis, a 5 mm-diameter, 3 mm-long CS was implanted
in the gap in the spinal cord for the CS group, and the CS
co-cultured with 1 x 10" hUC-MSCs was implanted for the
CS + hUC-MSCs group (Figure 1F). The dura mater was
sutured tightly, and the paraspinal muscles and skin were
sutured separately and bandaged. The loss of motor function
(i.e., both hind limbs of each canine were paralyzed) indicat-
ed successful model establishment. The beagles were kept in
the laboratory animal room with suitable temperature and
humidity. The bladder of each animal was squeezed six times
per day using the method described by Crede (Momose et
al., 1997). Catheters were placed in any beagles exhibiting
dysuria until spontaneous urination was restored. As a pro-
phylactic against infection, the beagles were given intramus-
cular injections of gentamicin (80,000 units/day; Solarbio
Science & Technology Co., Ltd.) every day for 7 days follow-
ing the procedure. Ringer’s lactate solution (200 mL/day)
(Sigma-Aldrich) was administered intravenously once each
day for 3 days after surgery to prevent complications such as
hypothermia and hypotension.

Behavioral assessment
Locomotor function was assessed in a double-blind manner
for each rat before surgery and 1, 2, 3, 4, 6, and 8 weeks after
surgery. The rats were individually observed and recorded for
5 minutes by two laboratory workers (Basso et al., 1995) and
rated on the 21-point Basso-Beattie-Bresnahan (BBB) loco-
motor rating scale. Higher BBB scores imply better recovery
of motor function. The modified Rivlin slope experiment
(Rivlin and Tator, 1977) was also performed, and the highest
angle of inclination was defined as that which could be main-
tained for 5 seconds. Each animal underwent this assessment
five times, and the average measurement was recorded.
Locomotor function was assessed in canines before sur-
gery and at 0.5, 1, 2, 3, 4, 5, and 6 months after surgery. The
canines were placed in an open area and allowed to move
freely; the animals were individually recorded, and the cap-
tured videos were evaluated in a double-blind manner. The
Olby scoring system (Olby et al., 2001) was used to assess the
automatic and non-automatic movements of the hindlimbs
in terms of the joint movement, deep pain reflex, muscle
strength, weight-bearing capacity, and gait. The scores were
on a scale from 0 to 15, with 15 points representing the best
recovery of motor function. The score was measured three
times. The mean score was taken as the result.

Evaluation of electrophysiological changes

The motor evoked potential (MEP) was measured in each
rat as described previously (Chen et al., 2017) 8 weeks after
the SCI. Briefly, the rats were anesthetized by intraperito-
neal injection of 5% chloral hydrate (7 mL/kg). Stimulating
electrodes were placed at the intersection of the coronal and
sagittal sutures. The recording electrode was placed over the
posterior tibial nerve. The stimulation intensity was 46 V, the
stimulation frequency was 1 Hz, the stimulation pulse width
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was 0.2 ms, and the volatility was 540 uV. The MEP signals
of the left and right hind limbs were recorded using Nicolet
Viking Quest evoked potential equipment (Nicolet Biomedi-
cal Inc., San Carlos, CA, USA).

MEP recording was performed in canines 6 months after
the SCI using the same recording equipment to evaluate the
recovery of motor function (Jiang et al., 2018). Four stim-
ulating electrodes were inserted into the biceps femoris of
the left and right hind limbs and the cranial muscles corre-
sponding to the human C1 and C2 regions according to the
standard 10-20 international electrode placement system.
Stimulation was applied with a voltage of 80-160 V (pulse
width of 0.5 ms and stimulation frequency of 150 Hz).

Magnetic resonance imaging

At 6 months after surgery, a 3.0 T magnetic resonance im-
aging (MRI) scanner (Magnetom Verio, Siemens, Germany)
was used to visualize the recovery of the SCI site in each
canine. The T2-weighted image (T2WI) data were obtained
with a repetition time of 3200 ms and an echo time of 77 ms
at a layer thickness of 1.5 mm in a 256 x 256 scan, matrix
with a field of view of 80 mm x 64 mm. Data were acquired
five times.

Clinical experiment

Patients

A phase I open-label clinical trial was approved by the
Ethics Committee of the Characteristic Medical Center of
Chinese People’s Armed Police Force on February 3, 2016
(approval No. PJHEC-2016-A8). This trial was conducted in
accordance with the Declaration of Helsinki and registered at

ClinicalTrials.gov as NCT 02510365 in February 2016. All
patients provided written informed consent.

Forty patients with acute complete cervical SCI were se-
lected at the Characteristic Medical Center of Chinese Peo-
ple’s Armed Police Force. Before enrollment, 32 of the pa-
tients underwent posterior decompression and stabilization,
and the remaining 8 patients received the same therapy with
an anterior approach.

Forty patients were divided into the treatment group (n
= 20) and control group (n = 20). In the treatment group, a
hUC-MSC-laden CS was implanted in the injury site of each
patient. The control group did not receive the transplant.
There was no significant difference in the sex distributions,
ages, American Spinal Injury Association (ASIA) Impair-
ment Scale scores, activities of daily living (ADL) scores,
residual urine volumes, or lesion lengths before enrollment
between the two groups (P > 0.05; Tables 1 and 2). Table 2

Table 1 Patient characteristics between the two groups at baseline

Items Treatment group Control group P value
Age (yr) 33.70+9.03 34.55+£10.89 > 0.05
Sex (male/female) 5/15 7/13 > 0.05
Time after injury (d) 12.45+5.74 13.10+£5.23 >0.05
RUV (mL) 218.75+55.00 212.50+44.56 > 0.05
Motor score 18.45+4.34 17.65+4.51 >0.05
Sensory score 30.95+5.04 32.30+5.38 >0.05
ADL score 22.00+6.57 24.00+7.36 >0.05

Data are expressed as the mean + SD or n. ADL: Activities of daily
living; RUV: residual urine volume; Motor and seneory functions were
assessed using the ASIA motor and sensory scores.

Table 2 Mechanisms of the injury and the initial magnetic resonance imaging characteristics of all patients

Patient Mode Mechanism Lesion length (cm) Patient Mode Mechanism Lesion length (cm)
Treatment group Control group

1 FFH Fracture dislocation 1.5 1 FFH Fracture dislocation 2.2
2 FFH Compression 2.5 2 FFH Fracture dislocation 1.2
3 FFH Compression 3.1 3 TA Burst fracture 1.5
4 TA Flexion distraction 2.7 4 FFH Compression 3.2
5 TA Burst fracture 1.1 5 TA Burst fracture 4.0
6 TA Fracture dislocation 3.3 6 TA Fracture dislocation 2.8
7 FFH Compression 3.9 7 TA Fracture dislocation 3.4
8 TA Burst fracture 0.8 8 FFH Flexion distraction 2.3
9 TA Fracture dislocation 0.7 9 FFH Burst fracture 0.7
10 TA Fracture dislocation 2.1 10 TA Fracture dislocation 3.5
11 TA Burst fracture 1.8 11 FFH Compression 1.3
12 FFH Burst fracture 0.9 12 TA Fracture dislocation 1.8
13 FFH Flexion distraction 2.3 13 TA Fracture dislocation 1.1
14 TA Fracture dislocation 0.6 14 TA Fracture dislocation 2.7
15 TA Burst fracture 3.8 15 TA Flexion distraction 1.6
16 TA Flexion distraction 32 16 TA Burst fracture 1.0
17 FFH Burst fracture 14 17 TA Burst fracture 2.4
18 FFH Fracture dislocation 1.7 18 FFH Flexion distraction 0.9
19 TA Fracture dislocation 1.3 19 FFH Fracture dislocation 3.3
20 TA Flexion distraction 2.6 20 FFH Compression 1.9

FFH: Fall from height; TA: traffic accident.
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shows the mechanisms of the injuries and the initial MRI
characteristics of all patients before treatment.

Inclusion criteria

All patients were (1) male or female adults (18-65 years old)
(2) diagnosed as having acute complete cervical SCI accord-
ing to the ASIA Impairment Scale, MRI, and electrophysiol-
ogy (Xiao et al., 2018) and (3) the ASIA Impairment Scale (4)
from the 4™ cervical (C4) to the 7" cervical (C7) vertebrae (5)
occurring within past 21 days. In addition, all study partici-
pants (6) were willing and able to make regular visits to the
study site for treatment and follow-up according to the study
protocol.

Exclusion criteria

(1) Patients who participated in another trial before enroll-
ment and those exhibiting (2) serious complications were
excluded from the study. In addition, patients who were (3)
lactating or pregnant, (4) had a history of immune-mediated
reactions or serious allergies, (5) had primary hematologic
disorders, (6) had alcohol drug abuse/dependence, (7) took
any drug or treatment known to cause major organ system
toxicity during the past four weeks, or (8) had any other con-
dition that might increase the risk to the subject or interfere
with the clinical trial were also excluded.

Surgical procedure and implantation of hUC-MSC-laden
()

The control group received conventional treatment, such as
infection prevention and supportive treatment. The patients
in the treatment group received the CS with hUC-MSCs in
addition to the conventional treatment. After induction of
general anesthesia, the patient was placed on the operating
table. A pre-incisional antibiotic (2 g ceftriaxone) was ad-
ministered intravenously. The surgical level was determined
based on the pre-operative MRI and computed tomography
(CT) images. The intraoperative site was localized using a
lateral spine X-ray. A posterior midline incision was marked
and sterilized at the level of injury. After the musculature
was separated from the spinous process, a laminectomy was
performed at the same level using a bone rongeur. Under an
operating microscope, the injured dura was incised and sus-
pended to both sides to expose the spinal cord. The injured
spinal cord mainly consisted of necrotic tissue (Figure 2A).
Intraoperative neuroelectrophysiological measurements,
somatosensory-evoked potentials (SSEP) and MEP, were
taken to locate the rostral and caudal boundaries of the ne-
crotic tissue, (Xiao et al., 2016). To locate the rostral necrotic
tissue, electromyography stimulating electrodes (XLTEK";
Natus®, Oakville, Ontario, Canada) were positioned near
the rostral end of the SCI site, and recording electrodes were
placed on the scalp. If a normal SSEP response was detected,
the position of the stimulating electrodes was deemed as
normal spinal cord tissue; if no SSEP response was detected,
the position of the stimulating electrodes was considered to
be necrotic tissue. To locate the caudal necrotic tissue, the
stimulating electrodes were positioned near the caudal end

of the SCI site, and the recording electrodes were placed on
the sphincter ani externus. If a normal MEP response was
detected, the position of the stimulating electrodes was con-
sidered to be normal spinal cord tissue; if no MEP response
was detected, the position of the stimulating electrodes was
deemed as necrotic tissue. Then, the necrotic tissue between
the two identified boundaries was carefully removed under
the operating microscope. The length of the gap in the spinal
cord was measured. 4 x 10" hUC-MSCs were loaded in an
approximately 10 mm-diameter bundle of CS, which was
trimmed to the length of the gap and transplanted into the
SCI site to fill the defect (Figure 2B). The dura was tightly
sutured and repaired (Figure 2C). The spine was stabilized by
internal fixation with a titanic alloy pedicle screw (Medtronic,
Minneapolis, MN, USA; Figure 2D). The muscles, fascia, and
subcutaneous tissue were then sutured sequentially. All sur-
geries were performed by an experienced neurosurgeon.

Rehabilitation program

All patients in the treatment and control groups underwent
constant and regular rehabilitation for 6 months following
surgery. The important components of rehabilitation pro-
grams included respiration, urination, muscle strength, joint
motion, movement, wheelchair use, gait, and ADL.

Neurophysiologic studies

Nicolet Viking Quest evoked potential equipment (Nicolet
Biomedical Inc.) was used to conduct neurophysiologic
examinations before the surgery and 12 months after the
surgery. The MEP and SSEP were measured to evaluate the
recovery of motor and sensory functions. MEP measure-
ments were taken with scalp stimulation to assess the muscle
response as follows. Stimulating electrodes were placed on
the scalp (on the frontal and parietal areas and on the ver-
tex), and recording electrodes were positioned on the target
muscles (on the upper and lower limbs, respectively). A
single-pulse stimulus was applied to evoke an electrical re-
sponse. The SSEP was performed by stimulating the median
or posterior tibial nerves and measuring the response in the
upper or lower limbs, respectively, as follows. To evaluate
the upper limb response, the stimulating electrodes were
positioned on the wrist to stimulate the median nerve, and
the recording electrodes were placed on the contralateral
C3’/C4’. To evaluate the lower limb response, the stimulating
electrodes were positioned on the ankle, and the recording
electrodes were placed at the contralateral Cz. All electro-
physiological measurements were conducted by the same
neurologist.

Magnetic resonance imaging

Prior to surgery (baseline), and 12 months after surgery, a
3.0 T MRI scanner (MAgnetom Verio) was used to image
each participant. The T2WI data were recorded with a rep-
etition time of 3000 ms and an echo time of 90 ms at a layer
thickness of 3.5 mm in a 269 x 384 scan matrix with a field
of view of 272 cm x 275 cm. In addition, a workstation (Ad-
vantage Windows, version 4.2; GE Healthcare, Waukesha,
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WI, USA) was used to capture diffusion tensor imaging (DTT)
images with a repetition time of 6100 ms and echo time of
73 ms at a layer thickness of 1.5 mm in a 96 x 96 scan matrix
with a field of view of 107 mm x 107 mm; the b-value was
600 s/mm”. The image acquisitions were repeated six times.
The apparent diffusion coefficient (ADC) and fractional an-
isotropy (FA) values of the spinal cord segments were deter-
mined using FuncTool software (GE Healthcare). All MRIs
were performed by the same radiologist, and the images
were captured by a second radiologist.

Neurological function assessment

Neurological function was assessed in terms of the ASIA
motor and sensory scores, ADL score (Dai et al., 2013), and
bowel and bladder function before transplantation and 12
months after transplantation. The maximum ASIA motor
score is 100, the maximum sensory score is 224, and the
maximum ADL score is 100; on all scales, higher scores in-
dicate better patient recovery. The residual urine volume was
measured using a B-mode ultrasound system (GE Health-
care) and calculated as 0.5 x top-to-bottom diameter x left-
to-right diameter x anteroposterior diameter. All ultrasound
images were captured by the same sonographer and assessed
by the same neurologist to eliminate inter-rater variability.

Postoperative follow-up
The follow-up time was 12 months after surgery for both the
treatment and control groups.

Statistical analysis

Data are presented as the mean + standard deviation (SD).
Data were analyzed using the SPSS 15.0 package (SPSS,
Chicago, IL, USA). Statistically significant differences in
age, time of injury, ASIA scores, ADL scores, residual urine
volume, lesion length, ADC, fractional anisotropy (FA), and
OD value were determined by a two-sample ¢-test and paired
t-test. A Chi-square test was used to compare classification
variables, such as sex. One-way analysis of variance followed
by the Student-Newman-Keul post hoc test was used to com-
pare BBB scores, Rivlin slope scores, Olby scores, and MEP
measurements in the preclinical experiments. P values less
than 0.05 were considered statistically significant.

Results

Pre-clinical studies

Structure and biocompatibility of the CS

The CS was freeze-dried for visual analysis (Figure 3A).
Scanning electron microscopy images showed that the CS
had a three-dimensional porous structure and that the pores
were interconnected (Figure 3B and C). Phase-contrast mi-
croscopy images after 3 days of incubation with hUC-MSCs
revealed that the cells were mostly fusiform or flat (Figure
3D). Immunofluorescence staining at this time point re-
vealed that the hUC-MSCs expressed typical MSC markers,
CD105, CD73, and CD90 (Figure 3E-H), as well as specific
hUC-MSC biomarkers, CD73, CD90, and CD105 (Figure
3I-L). After the CSs were incubated with the hUC-MSCs for
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7 days, inverted phase-contrast microscopy and scanning
electron microscopy images showed that the hUC-MSCs ad-
hered firmly to the surface of the CS and were growing well
inside the pores (Figure 3M and N).

The proliferation of hUC-MSCs in the CS and control
groups over 7 days was evaluated using the Cell Counting
Kit 8 (CCK-8) assay. There was no statistically significant
difference between the OD values of the two groups at any
time point (P > 0.05; Figure 30), indicating that the CS had
good cytocompatibility.

Implanting the hUC-MSC-laden CS improves locomotor
function after SCI in rats and canines

Recovery of motor function in rats: Before surgery, the BBB
scores were 21 points for all groups. Immediately after the
SCI, the hindlimbs of rats were completely paralyzed. In the
two weeks following injury, the BBB scores of the SCI, CS,
and CS + hUC-MSCs groups were below 3 points. However,
4, 6, and 8 weeks after injury, the BBB scores in the CS +
hUC-MSCs group were significantly higher than those in the
SCI and CS groups (P < 0.05; Figure 4A).

In the modified Rivlin slope experiment, 3, 4, 6, 8 weeks
after injury, the highest inclination angles in the CS + hUC-
MSCs and CS groups were significantly larger than those in
the SCI group (P < 0.05; Figure 4B). Furthermore, the angle
in the CS + hUC-MSCs group was significantly higher than
that in the CS group at 3, 4, 6, and 8 weeks after injury (P <
0.05; Figure 4B). In the SCI group, the rats passively dragged
their hind limbs, and their hind paws often fell off the grid;
they struggled to climb the inclined mesh with their forelimbs
(Figure 3C). However, the rats in the CS and CS + hUC-
MSCs groups could place their paws on each level of the grid
and kept their hind limbs on the grid (Figure 4D and E).
Moreover, in the CS + hUC-MSCs group, the rats’ hind limbs
were more powerful, their front and rear limbs were more co-
ordinated, and they made more attempts to move their hind
limbs onto the grid compared with the CS group.

To evaluate axonal regeneration, an electrophysiological
examination was performed at 8 weeks after the injury. The
amplitude and latency were notably improved in the CS +
hUC-MSCs group and CS group compared with the SCI
group (Figure 5A—C). The results showed that implantation
of the hUC-MSC-laden CS markedly enhanced the ampli-
tude and shortened the latency of MEPs compared with im-
plantation of the CS without hUC-MSCs (Figure 5A—C).

Recovery of motor function in canines: The Olby scoring
scale was performed to assess the locomotion recovery int
he canines after surgery. The Olby scores in the SCI, CS, and
CS + hUC-MSCs groups were below 2 points within the first
month after surgery but gradually increased in the follow-
ing months, indicating gradual recovery of motor function
(Figure 4F). At 3, 4, 5, and 6 months after injury, the Olby
scores in the CS group and the CS + hUC-MSCs group were
significantly greater than those in the SCI group (P < 0.05
and P < 0.01, respectively; Figure 4F). Furthermore, during
the period of 3—6 months after injury, the Olby scores in the
CS + hUC-MSCs group were significantly better than those
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in the CS group (P < 0.05; Figure 4F). After 6 months of re-
covery after injury, the hind limbs of the canines in the CS +
hUC-MSCs and CS groups showed some standing and am-
bulating abilities, while the SCI group demonstrated no vol-
untary movement (Figure 4G-I). In addition, the amplitude
and latency of the MEP were noticeably improved in the CS
+ hUC-MSCs group compared with the CS and SCI groups
(Figure 5D-F). These results indicate that the implantation
of the hUC-MSC-laden CS can improve muscle strength
and result in more frequent weight-bearing behavior during
movement compared with no treatment or implantation of
the CS alone.

Implanting the hUC-MSC-laden CS facilitates nerve fiber
regeneration after SCI in canines

At 6 months after surgery, T2WI of the CS + hUC-MSCs
group showed continuity between the rostral and caudal
stumps of the transected spinal cord. In addition, more
regenerated nerve fibers traversing the lesion gap were ob-
served in the CS and CS + hUC-MSCs groups than in the
SCI group (Figure 6B1, B2, C1, C2, D1, and D2). Further-
more, CS + hUC-MSCs group exhibited markedly better
regeneration of nerve fibers at the injury site than the CS
group (Figure 6C1, C2, D1, and D2).

Clinical trial

Implanting the hUC-MSC-laden CS improves neurological
function after SCI in humans

ASIA grade change: In the treatment group, nine patients
(45%) improved from ASIA grade A to B, and two (10%) im-
proved from grade A to C. In the control group, no improve-
ment was recorded in terms of ASIA grading.

ADL score improvement: To confirm the recovery of
neurological function, the ADL score was assessed. Results
showed that one patient recovered flexion and extension of
the left little finger 12 months after treatment. The motor,
and ADL scores before and after transplantation were sig-
nificantly different in the treatment group (P < 0.05) but not
in the control group (P > 0.05; Table 3).

Implanting the hUC-MSC-laden CS facilitates bowel and
bladder function recovery after SCI in humans

In the treatment group, the residual urine volume at 12
months (139.20 + 42.20 mL) was significantly decreased
compared with preoperative residual urine volume (218.75
+ 55.00 mL; P < 0.05). However, the residual urine volume
in the control group was not significantly different before

and after recruitment (212.50 + 44.56 and 203.60 + 43.44
mL, respectively; P > 0.05). In the treatment group, two
patients (10%) partially recovered urination and defeca-
tion after 12 months. On the contrary, bowel and bladder
functions were not significantly altered in the control group
during follow-up.

Electrophysiological findings

MEP improvement: In the treatment group, two patients
(10.0%) exhibited no MEP signal before treatment (Figure
7A) but significant MEP in the lower limbs 12 months after
the treatment (Figure 7B). Of the patients who exhibited
some MEP activity before treatment, nine (45.0%) demon-
strated improvements in the MEP latency and amplitude
while the other nine (45.0%) did not exhibit any change. In
the control group, no patients showed improvement in the
MEP activity.

SSEP improvement: In the treatment group, the SSEP la-
tency and amplitude in the lower limbs were significantly
improved in two patients (20.0%) after 12 months compared
with the pre-operative measurements (Figure 7C and D).
None of the patients in the control group showed improve-
ment in terms of the SSEP activity.

Magnetic resonance imaging and diffusion tensor imaging
findings

In the treatment group, T2WI showed that there was a cav-
ity at the spinal cord before treatment. However, after 12
months of recovery following treatment, this cavity disap-
peared, and nerve-fiber-like streaks appeared while the di-
ameter of the spinal cord slightly increased where the hUC-
MSC-laden CS was implanted (Figure 8B1, B2, B5, and B6).
Compared with the preoperative DTI, the DTT at 12 months
following treatment confirmed that continuous fibers were
newly formed during recovery (Figure 8B3, B4, B7, and
B8). There was no evidence of tumorigenesis at the implant
site. In the control group, the T2WI before and after enroll-
ment showed that the cavity at the injury site did not notice-
ably change, and the DTI did not reveal any continuous fiber
signaling (Figure 8 A1-A8). In the treatment group, the FA
values were notably higher (P< 0.01), and the ADC values
were significantly lower than in the control group (P < 0.01;
Figure 8C and D).

Adverse events
All adverse events in the treatment group during follow-up
were recorded (Table 4). No serious adverse events asso-

Table 3 Comparison of motor, sensory and ADL scores in patients between both groups

Treatment group

Control group

Before observation After observation

Items Before transplantation After transplantation
Motor score 18.45+4.34 27.625.48'

Sensory score 30.95+5.04 40.85+6.24

ADL score 22.00+6.57 32.50+10.94

17.65+4.51 18.39+4.43
32.30+5.38 32.95+5.17
24.00+7.36 26.25+6.46

Data are expressed as the mean + SD (paired t-test). TP < 0.05, vs. before transplantation in treatment group; ADL: Activities of daily living. Motor
and seneory functions were assessed using the ASIA motor and sensory scores.
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Figure 1 Spinal cord transection in rats (A, B) and canines

(A) Transection of the spinal cord (yellow arrow). (B) Im-
plantation of the CS (yellow arrow). (C) SCI model was
established under an operating microscope. (D) Exposure
of the spinal cord (yellow arrow). (E) Transection of the spi-
nal cord (yellow arrow). (F) Implantation of the CS (yellow
arrow). CS: Collagen scaffold; SCI: spinal cord injury.

Figure 2 Necrotic tissue resection and collagen scaffold implantation

in the treatment group.

(A) The spinal cord was exposed after opening the dura mater; the
asterisk denotes necrotic tissue. (B) Collagen scaffold with human um-
bilical cord-mesenchymal stem cells (yellow arrow) transplanted into
the gap in the spinal cord. (C) The damaged dura mater was repaired
by implanting an artificial dura mater to prevent cerebrospinal fluid
leakage. (D) A metallic material was used to repair the spine.
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Figure 3 Morphology and characterization
of human umbilical cord-mesenchymal
stem cells (hUC-MSCs) and the collagen
scaffold (CS).

(A) CS. (B, C) Scanning electron microscope
images of the CS. (D) hUC-MSC morphol-
ogy observed by phase-contrast microsco-
py. (E-H) Flow cytometry analysis of cell
surface markers with antibodies against
CD73, CD90, and CD105. (I-L) Immuno-
fluorescence images of hUC-MSCs immu-
nostained with CD73, CD90, and CD105:
blue indicates DAPI, green indicates CD90,
and red indicates CD105. (M) Morpholog-
ical observation of hUC-MSCs cultured on
the CS under a phase-contrast microscope:
the blue arrow denotes the CS, and the red
arrow denotes hUC-MSCs. (N) Morphology
of the CS co-cultured with hUC-MSCs as
visualized by scanning electron microscopy:
the red arrows indicate hUC-MSCs. (O) Cell
Counting Kit-8 assay of the hUC-MSCs cul-
tured with the CS after 1, 3, 5, and 7 days of
co-culture. Data were expressed as the mean
+ SD. Scale bars: 5 um in B, N; 10 um in G;
100 ym in D, I, J, K, L; 200 pym in M. CD:
Cluster of differentiation; CD73APC: cluster
of differentiation 73 antigen-presenting cell;
DAPI: 4,6-diamino-2-phenyl indole; FITC:
fluorescein isothiocyanate; NegPE: negative
phycoerythrin; OD: optical density; Per-
CP-Cy5.5: polydinoflavin-chlorophyll-pro-
tein complex-Cyanine 5.5.
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Figure 4 Post-injury behavioral evaluations in rats (A-E) and canines (F-I).
(A) BBB scores before and 1, 2, 3, 4, 6, and 8 weeks after surgery (n = 10). (B) Modified Rivlin slope experiment results before and 1, 2, 3, 4, 6,
and 8 weeks after surgery (n = 10). (C-E) Representative images of rats in the SCI group (C), the CS group (D), and the CS + hUC-MSCs group
(E) during the slope grid experiment at 8 weeks post-injury. (F) Olby scores before and 0.5, 1, 2, 3, 4, 5, and 6 months after surgery (n = 5). (G-I)
Representative images of canines in the SCI group (G), the CS group (H), and the CS + hUC-MSCs group (I) during the slope grid experiment at
6 months post-injury. The red arrows indicate the hind limbs. Data are expressed as the mean + SD (one-way analysis of variance followed by the
Student-Newman-Keul post hoc test). *P < 0.05, **P < 0.01, vs. SCI group; #P < 0.05, ##P < 0.01, vs. CS group. BBB: Basso-Beattie-Bresnahan; CS:
collagen scaffold; hUC-MSCs: human umbilical cord-mesenchymal stem cells; SCI: spinal cord injury.
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Figure 5 Electrophysiological results
for all groups.

(A) MEP traces of the left and right
hindlimbs of rats at 8 weeks after sur-
gery. (B, C) Amplitude (B) and latency
(C) of the MEPs in the left and right
hindlimbs of rats at 8 weeks after sur-
gery (n = 10). (D) MEP traces of the
left and right hindlimbs of canines at 6
months after surgery. (E, F) Amplitude
(E) and latency (F) of the MEPs in the
left and right hindlimbs of canines at 6
months after surgery (n = 5). Data are
expressed as the mean + SD (one-way
analysis of variance followed by the
Student-Newman-Keul post hoc test).
*P < 0.05, %P < 0.01 vs. SCI group; #P
< 0.05, ##P < 0.01, vs. CS group. CS:
Collagen scaffold; hUC-MSCs: human
umbilical cord-mesenchymal stem
cells; MEP: motor evoked potential;
SCI: spinal cord injury.

1695



Deng WS, Ma K, Liang B, Liu XY, Xu HY, Zhang ], Shi HY, Sun HT, Chen XY, Zhang S (2020) Collagen scaffold combined with human umbilical
cord-mesenchymal stem cells transplantation for acute complete spinal cord injury. Neural Regen Res 15(9):1686-1700. doi:10.4103/1673-5374.276340

Table 4 Adverse events in the treatment group

Adverse events n(%) Corresponding treating measures

Intracranial infection - No complications

Cerebrospinal fluid - No complications

leakage

Tumorigenesis - No complications

Neurologic deterioration — No complications

Constipation 6(30) Symptomatic treatment

Urinary system infection 5(25) Antibiotic injection

Pulmonary infection 4(20)  Antibiotic injection

Psychological disorder =~ 4(20) Psychological intervention

Osteoporosis 3(15) Medication therapy (alendronate
sodium, calcium)

Pressure sores 2(10)  Strengthening nursing, dressing

change daily
Deep venous thrombosis 1(5)  Anticoagulation and thrombolysis

therapy

ciated with the transplantation, such as cerebrospinal fluid
leakage, tumorigenesis, neurologic deterioration, or intra-
cranial infection, were observed. A minority of the patients
exhibited mild adverse events: Six patients (30%) reported
constipation, which was mitigated by symptomatic treat-
ment. Five patients (25%) developed urinary system infec-
tions. Four patients (20%) suffered from psychological dis-
orders, but these conditions were resolved by psychological
intervention. Four patients (20%) suffered from pulmonary
infections, which were cured with antibiotics. Three patients
(15%) had osteoporosis, which was addressed by prescribing
medication. Two patients (10%) developed pressure sores,
which were healed by providing additional nursing care and
changing the wound dressing daily. One patient (5%) under-
went deep venous thrombosis 2 months after the operation,
and after this the patient was cured by anticoagulation and
thrombolysis therapy.

Discussion

SCI leads to the disruption of axons, resulting in severe defi-
cits of motor and sensory functions below the level of injury
as well as urination and defecation (Dyck and Karimi-Ab-
dolrezaee, 2018). Conventional therapeutic methods, includ-
ing operation, pharmacology, and rehabilitation, have no
robust effects on neurological repair. Functional electrical
stimulation merely improves some of the effects associated
with SCI such as spasticity, neuropathic pain, and distur-
bances in urination and defecation functions (Ahuja et al.,
2017). There is still no effective therapy to improve motor
and sensory functions following SCI.

MSCs can not only differentiate into neural tissue, such as
neurons, astrocytes, and oligodendrocytes, but can also pro-
duce immunoregulatory cytokines, inhibit astrogliosis and
microglial activation, and secrete growth factors (Cizkova
et al,, 2006; Ruff et al.,, 2012; Ritfeld et al., 2015; Noh et al.,
2016). Biomaterials previously applied in clinical studies were
mainly neural tubes comprising polylactic acid and glycolic
acid (Theodore et al., 2016) and CSs (Zhao et al., 2017; Xiao
et al.,, 2018). CSs have been shown to bridge the gap of the
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lesion and form a suitable microenvironment at the injury
site, guiding and providing support for axon growth along its
fibers and inhibiting scar formation in rat and canine models.
CSs also act as carriers to better deliver nerve growth factor
to stem cells to promote neural regeneration (Han et al.,
2009, 2010, 2015; Orive et al., 2009; Li et al., 2013; Fihrmann
et al., 2017). Hence, it is expected that CSs loaded with stem
cells will be a new strategy for SCI treatment.

The preclinical results with rat models confirmed that the
CS can reduce the lesion area, guide the orderly regenera-
tion of nerve fibers, and promote recovery of neurological
function. Subsequently, the same results were seen in canine
models.

Several clinical trials have been done to evaluate the safety
of transplanted human cells of different origin in patients
with acute or chronic SCI. First, the transplantation of
Schwann cells and olfactory ensheathing cells into injured
spinal cords was shown to promote axonal regeneration and
myelination. The study demonstrated that this method was
safe and feasible, but no obvious effect on patients with SCI
was found (Féron et al., 2005; Anderson et al., 2017). Second,
Curtis et al. (2018) grafted fetal spinal cord-derived neural
stem cells in four patients with chronic SCI (T2-12, pre-oper-
ative ASIA grade A) 12-24 months after injury. Their results
indicated that the treatment was well tolerated in all patients
for 18-27 months after grafting. However, motor, sensory,
and electrophysiological results showed that only 2 of the 4
patients exhibited mild changes at 1 or 2 neurological levels.
In our study, neurological function significantly improved in
transplanted patients. Third, a recent phase III clinical trial
of mesenchymal stem cell transplantation demonstrated pa-
tient safety, but the expected recovery of motor function was
not observed (Oh et al,, 2016). Although these studies did
not achieve satisfactory therapeutic effects, no complications
were observed. Overall, these clinical trials have demonstrat-
ed the safety and feasibility of stem cell grafting in patients
with acute or chronic SCI. However, until now, grafting of
hUC-MCs on a CS has not been tested in clinical studies
for the treatment of SCI. CS is a well-known biomaterial for
nerve regeneration and is authorized by the China Food and
Drug Administration for experimental spinal transplantation
in patients. The results of our clinical trial supported our
findings in animal models, indicating that this technique is
safe and effective for patients with complete SCI.

From a safety perspective, no surgery related to severe
adverse events, such as intracranial infection or cerebro-
spinal fluid leakage, was noted in any of the patients. There
were several mild adverse events, including urinary system
infection, psychological disorder, constipation, deep venous
thrombosis, and pressure sores. However, these events are
common symptoms associated with SCI, and it is unlikely
that they were related to the transplantation of hUC-MSC-
laden CS. In addition, the motor, sensation, and residual
urine volume data showed that no patient underwent neuro-
logic deterioration over the 12 months post-transplantation.
Further, MRI analysis showed no detectable hemorrhage,
inflammatory change, syringomyelia, or tumorigenesis in or
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around the transplantation area in any of the patients. We
have performed a 12-month follow-up, but longer-term fol-
low-up is important to fully assess possible complications.

Compared with the baseline, the scores of motor, sensa-
tion, and ADL were significantly enhanced in the treatment
group; however, no improvement was observed in any
patients in the control group. The increases in ADL scores
reflected improved ability to carry out daily activities such as
dressing and moving, which reflects improved motor func-
tion. In the treatment group, 45% of patients were re-diag-
nosed from a “complete” SCI to an “incomplete” SCI in the
12 months following treatment. The ADL scores and ASIA
grades also demonstrated that the implantation of the hUC-
MSC-laden CS facilitated better recovery of neural function
in patients with SCI compared with the control group. The
electrophysiological results further supported the finding
that this treatment improved motor and sensory functions
after SCI. The improvement in the MEP response may be
attributed to the establishment of new reticular circuitry
and functional reconnection of spinal motor centers. Even
though axon regeneration may have begun during the study
period, the velocity of the axonal growth in the central
nervous system may be slower than the elongation rate of
peripheral nerves, which is approximately 0.25 mm per day
through scar tissue (Xiao et al., 2016). Therefore, a long-term
clinical follow-up is merited, and the data are expected to be
intriguing.

The improvement of motor and sensory functions is con-
sidered as a primary result to assess therapeutic effects in
SCI. However, the function of the bowel and bladder has
important clinical consequences and is indispensable in the
evaluation of neurological recovery. Urination and defecation
dysfunction in patients with SCI are common clinical man-
ifestations that respond poorly to conventional treatment;
there are no effective therapeutic methods to recover urina-
tion and defecation function. In the treatment group in our
clinical study, the residual urine volume post-transplantation
significantly decreased compared with the baseline; in con-
trast, the residual urine volume in the control group did not
change significantly. Similarly, Dai et al. (2013) reported a
mild improvement in residual urine volume after treatment
with bone marrow mononuclear cells (BMSCs) in patients
with SCIL. In addition, partial defecation reflex was restored
in two patients in our treatment group. This improvement in
urination and defecation functions was an inspiring result
because it is a very important aspect of neurological recovery.

Previous studies have reported changes under MRI after
stem cell therapy in SCI (Park et al., 2012). The MRI results
in the treatment group showed neurological recovery, in-
cluding the appearance of fiber-like streaks in the cavity,
increased cord diameter at the injury site, and a decreased
cavity size. However, the MRI results of the control group
showed no changes. To describe results of 10 patients who
underwent after MSC therapy for SCI, Park et al. (2012)
reported MRI observations that were similar to our results.
However, there was no significant linear correlation between
MRI changes and neural function improvement (Oh et al.,

2016). Furthermore, based on conventional MRI sequences,
the fiber-like steaks observed at the injury site may not be
specific to axonal regeneration (Oh et al., 2016). As such,
DTI was used to remedy deficiencies associated with rou-
tine MRI. DTI can be used to quantitatively evaluate white
matter tracts and has been shown to accurately predict neu-
rological recovery in patients with SCI (Chang et al., 2010;
Rajasekaran et al., 2012; Liu et al., 2019; Poplawski et al.,
2019). Compared with the control group, the FA and ADC
values in the treatment group were notably improved after
transplantation. In the treatment group, fiber continuity was
not observed on DTI imaging before transplantation, but
DTI imaging after transplantation showed the remodeling of
fiber continuity at the injury site. These results indicate that
the implantation of the hUC-MSC-laden CS filled the gap at
the injury site and promoted nervous tissue repair and axo-
nal regeneration.

CSs can provide support and guidance for axonal regen-
eration, act as a carrier for cells at the injury site, and form a
suitable microenvironment around the injury. In animal ex-
periments, nerve fiber regeneration was shown to be signifi-
cantly improved by implantation of a CS with hUC-MSCs.
Similarly, studies have shown that CS combined with neural
stem cells can guide the orderly regeneration of neural fibers,
reduce diffusion of cells from the injury area, and promote
the neuronal differentiation of transplanted stem cells or en-
dogenous stem cells (Orive et al., 2009; Li et al., 2015; Fiihr-
mann et al., 2017; Xu et al., 2017; Han et al., 2018). When
hUC-MSCs were loaded on the CS, they adhered to the lon-
gitudinally arranged fibers, which prevented their diffusion
from the injury site, and grew along the many tiny channels
on the fibers. Furthermore, differentiated neurons can form
neuronal relays throughout the lesion site, which may fur-
ther reconstruct synaptic connections with host spinal cord
neurons to transmit neural signals across the gap and pro-
mote functional restoration in SCI (Li et al., 2016, 2017b).
We initially demonstrated that motor and sensory functions
were markedly improved after the transplantation of hUC-
MSC-laden CS in human patients. Analogous functional im-
provement patterns in animals and patients imply that this
treatment may promote axonal regeneration in humans as
observed in animals in previous studies.

Although exciting data were obtained in this study, the
sample was limited; as such, the results should be confirmed
in a multicenter study with long-term follow-up. Despite
these shortcomings, the clinical results demonstrated the
safety and efficiency of the hUC-MSC-laden CS and showed
that the treatment may benefit patients by promoting the re-
covery of neural function.

Our clinical study demonstrated, for the first time, that
the implantation of a hUC-MSC-laden CS is safe and effec-
tive in patients with SCI over a 12-month follow-up. Our
preliminary results also demonstrate the feasibility of the
therapy. In conjunction with the demonstrated potential ef-
ficacy in previous animal studies, these results indicate that
this therapeutic strategy may lead to better recovery for SCI
patients.
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Figure 6 Magnetic resonance imaging of canines 6 months after
surgery.

(A-D) T2WT images of the sham group (A1, A2), SCI group (B1, B2),
CS group (C1, C2), and CS + hUC-MSCs group (D1, D2). (A2, B2, C2,
D2) Magnified images of the regions delineated by the yellow boxes
in Al, B1, C1, and DI, respectively. The red arrows denote segments
involved in the SCI at T10. CS: Collagen scaffold; hUC-MSCs: human
umbilical cord mesenchymal stem cells; SCI: spinal cord injury; T2WT:
T2-weighted images; T10: tenth thoracic vertebrae.
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Figure 7 Improvement in nerve electrophysiology in the treatment
group after transplantation of the hUC-MSC-laden CS.

(A) No MEP wave was elicited in the patient before treatment. (B) The
patient exhibited an obvious MEP wave 12 months after treatment. (C) No
SSEP wave was elicited in the patient before treatment. (D) The latency and
amplitude of the SSEP waves in the patient improved after treatment. The
abscissa indicates latency, and the ordinate indicates amplitude. CS: Colla-
gen scaffold; hUC-MSCs: human umbilical cord-mesenchymal stem cells; L:
latency; MEP: motor evoked potential; N: nerve cortical; P: peripheral.

Post-transplantation

Control group
Treatment group

Before After

Figure 8 Typical T2-weighted images (T2WI) and diffusion tensor imaging (DTI).

(A1, A2) In the control group, the T2WI showed a cavity at C4 before treatment. (A5, A6) The sign of a cavity was still evident in the area of the SCI 12
months after treatment, and the discontinuity of the white matter fibers observed by preoperative DTI (A3 and A4, arrowhead) was still visibly by DTI 12
months after transplantation (arrowhead) (A7, A8, arrowhead). In the CS + hUC-MSCs group, the T2WI showed (B1, B2) a cavity at C6 before treatment
and (B5 and B6) fiber-like streaks, the absence of a cavity, and an increased spinal cord diameter at the implantation site 12 months after treatment. In the
CS + hUC-MSCs group, DTI showed discontinuity of the white matter fibers at C6 before treatment (B3, B4). The continuity of fiber signaling was newly
observed at the injured cervical cord after transplantation (B7, B8). (C, D) Fractional anisotropy (FA) value and apparent diffusion coefficient (ADC) be-
fore transplantation and 12 months after transplantation. (A2, A4, A6, A8, B2, B4, B6, B8) Amplified images of the regions in the yellow boxes in Al, A3,
A5, A7, B1, B3, B5, and B7, respectively. Red arrows indicate the spinal cord injury region. C4: The fourth cervical vertebra; C6: the sixth cervical vertebra.
Data are expressed as the mean + SD (n = 5; two-sample ¢-test). $$P < 0.01, vs. control group.
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