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Abstract

Objective Neurological and functional impairments are commonly observed in individuals with spinal cord injury
(SCI) due to insufficient regeneration of damaged axons. Exosomes play a crucial role in the paracrine effects of
mesenchymal stem cells (MSCs) and have emerged as a promising therapeutic approach for SCI. Thus, this study
aimed to evaluate the safety and potential effects of intrathecal administration of allogeneic exosomes derived from
human umbilical cord MSCs (HUC-MSCs) in patients with complete subacute SCI.

Methods This study was a single-arm, open-label, phase | clinical trial with a 12-month follow-up period. HUC-

MSCs were extracted from human umbilical cord tissue, and exosomes were isolated via ultracentrifugation. After
intrathecal injection, each participant a underwent complete evaluation, including neurological assessment using the
American Spinal Injury Association (ASIA) scale, functional assessment using the Spinal Cord Independence Measure
(SCIM-IIT), neurogenic bowel dysfunction (NBD) assessment using the NBD score, modified Ashworth scale (MAS), and
lower urinary tract function questionnaire.
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Results Nine patients with complete subacute SCI were recruited. The intrathecal injection of allogeneic HUC-MSCs-
exosomes was safe and well tolerated. No early or late adverse event (AE) attributable to the study intervention was
observed. Significant improvements in ASIA pinprick (P-value=0.039) and light touch (P-value=0.038) scores, SCIM

Il total score (P-value=0.027), and NBD score (P-value =0.042) were also observed at 12-month after the injection

compared with baseline.

Conclusions This study demonstrated that intrathecal administration of allogeneic HUC-MSCs-exosomes is safe
in patients with subacute SCI. Moreover, it seems that this therapy might be associated with potential clinical and
functional improvements in these patients. In this regard, future larger phase II/1ll clinical trials with adequate power

are highly required.

Trial registration Iranian Registry of Clinical Trials, IRCT20200502047277N1. Registered 2 October 2020, https://

en.irct.ir/trial/48765.
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Introduction

Spinal cord injury (SCI) is a catastrophic medical condi-
tion with an age-standardized incidence rate of 13 per
100,000 individuals. Various conditions, such as verte-
bral fracture or dislocation could lead to compression
or transection of the spinal cord, which in turn, initiates
the pathological process of SCI that progresses through
acute, subacute, and chronic phases [1, 2]. In the acute
phase, local injury leads to edema, necrosis, and immune
cell infiltration due mainly to blood-spinal cord barrier
disruption. The subacute phase of SCI commences with
apoptosis as well as axonal demyelination and the for-
mation of an astrocytic border around the injury site [3,
4]. As the damage advances to the chronic phase, cell
death leads to the creation of cystic cavities enclosed by
an astrocytic border. These cavities as well as the astro-
cytic border significantly restrict the axonal regeneration.
Hence, therapeutic strategies targeting the acute or sub-
acute phase could prevent late changes observed in the
chronic phase, such as apoptosis or the development of
cystic cavities in SCI patients [5, 6].

Recent studies have demonstrated promising results in
terms of impeding the degeneration process in SCI fol-
lowing the transplantation of MSCs [7]. As multipotent
stem cells, MSCs could serve as suitable options for cell
therapy in SCI, given their regenerative and immuno-
modulatory effects [8]. Moreover, MSCs could exert
significant neuroprotective, anti-gliotic, anti-inflamma-
tory, and angiogenic impacts in SCI by releasing vari-
ous molecular agents [9-11]. Among different sources of
MSCs, human umbilical cord MSCs (HUC-MSCs) have
been a viable option for stem cell therapy, given their
low immunogenicity. Further, prior investigations have
shown that HUC-MSCs could significantly improve neu-
rological function in animal models of SCI [12, 13].

Recent evidence, however, suggests that the aforemen-
tioned supportive effects are mostly attributable to the
MSC secretome, in lieu of direct impact of cells, such as
multi-lineage differentiation [14]. Exosomes, as part of

the MSC secretome, are small endosomal vesicles with a
diameter ranging from 40 to 160 nanometers and carry
various molecules, such as miRNA, mRNA, peptides,
proteins, cytokines, and lipids. These extracellular vesi-
cles play a crucial role in tissue regeneration and cellular
communication [15-17]. Many previous animal studies
have shown that exosomes derived from various cellular
sources have neuroprotective and regenerative effects on
SCI [18]. It seems that MSC-derived exosome therapy
might be more effective than MSC transplantation. In
this regard, exosome therapy offers several benefits over
MSCs, such as greater stability, targeted delivery, lower
immunogenicity, and enhanced reparative capabilities
[19]. Moreover, it does not have a number of drawbacks
associated with MSC use, such as cell senescence follow-
ing in vitro expansion or unintended cell differentiation
and/or proliferation [20].

Despite promising preclinical findings, no clinical trial
has investigated the use of allogeneic MSC-derived exo-
somes in SCI patients thus far. Therefore, this phase I
clinical trial was designed to investigate the safety and
potential efficacy of intrathecal administration of alloge-
neic HUC-MSC-derived exosomes in patients with sub-
acute complete SCI for the first time.

Methods

Study design and participants

This study was a non-randomized, open-label, single-
arm phase I clinical trial designed in accordance with the
Declaration of Helsinki. The current study was approved
by the institutional review board of Shohada Tajrish hos-
pital as well as the ethics committees of Tarbiat Modares
University and Shahid Beheshti University of Medical
Sciences (IR.SBMU.MSP.REC.1399.235). In addition, the
present clinical trial was registered at the Iranian Registry
of Clinical Trials (IRCT20200502047277N1). All patients
with subacute SCI who were referred to the neurosurgery
department of Shohada Tajrish hospital between October
2020 to November 2021 were screened for eligibility. All
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participants were fully informed about the experimental
process of the study, unpredicted outcomes, and poten-
tial adverse events (AEs). Following that, all participants
signed the informed consent form before enrollment in
the study and performing any intervention. For further
improvement in the reporting quality, the Consolidated
Standards of Reporting Trials (CONSORT) guidelines
were followed in the present investigation.

Study inclusion criteria were: (1) Complete SCI com-
patible with the American spinal injury association
(ASIA) Impairment Scale (AIS) grade A; (2) Age between
18 and 60 years; (3) Signed informed consent form; (4)
Between two weeks and six months elapsed since the
injury. Exclusion criteria were: (1) Other spinal diseases
(herniated disk, spinal stenosis, tethered cord syndrome);
(2) Intracranial conditions (mass lesions, cerebral edema,
hydrocephalus); (3) Neurodegenerative and movement
disorders; (4) Severe comorbidities (diabetes, cancer, car-
diovascular disease); (5) History of any surgeries affect-
ing the results (augmentation cystoplasty, duraplasty,
colectomy); (6) Active infections; (7) Bone disorders
(osteoporosis, osteopenia); (8) Immunological disorders
(autoimmune diseases, immunodeficiency); (9) Psy-
chiatric disorders (major depression, bipolar disorder,
schizophrenia).

HUC-MSC isolation and characterization

The research protocols of Shohada Tajrish hospital were
followed for the collection of human umbilical cords.
Immediately after cesarean delivery, the umbilical cords
were transferred to a clean room specifically designed
for manufacturing cell therapy products, under com-
pletely sterile conditions. The stem cell extraction pro-
cess was initiated afterward. The use of human umbilical
cord samples was approved by the aforementioned ethics
committees. Written informed consent was also obtained
before sampling from donors. Pieces of cord tissue were
placed in phosphate-buffered saline (PBS) and 1% peni-
cillin/streptomycin (Gibco, USA). Once blood clots and
vessels were removed, the tissue was repeatedly washed
with PBS and cut into small portions mechanically after-
wards. After that, 3 mL of fragmented tissue, as well
as 1 mL of collagenase type IV (Sigma-Aldrich, USA),
were added to a 15 mL centrifuge tube. The sample was
then incubated at 37 °C with agitation for 90 min until
complete tissue digestion. Shaking was performed for
10 min, and centrifugation was carried out at 1250 rpm
for 5 min. After removing the supernatant, samples were
transferred to a T75 flask containing DMEM/F12 (Gibco,
USA), 10% fetal bovine serum (FBS; Gibco, USA), and
1% penicillin/streptomycin for 3 to 5 days (5% CO, and
37 °C). The cells were observed and passaged based on
their growth every day thereafter. In the third passage,
using flow cytometry surface markers, including CD29,
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CD105, CD90, CD73, CD45, and CD34 were charac-
terized. The HUC-MSC multipotency was assessed by
evaluating adipogenic and osteogenic differentiation
capacities.

HUC-MSC-exosome isolation and characterization

For exosome extraction, in the third passage with about
80% confluence, HUC-MSCs were washed with PBS.
Incubation was then performed in a serum-free culture
medium (at 37 °C, 5% CO2, and 90% humidity) for 72 h.
After collecting the conditioned medium from all flasks,
centrifugation was first performed at 300xg, (at 4 °C
and for 10 min) for cell removal, and then at 2000xg (at
4 °C and for 10 min) and 10,000xg for 30 min for dead
cell and cell debris removal, respectively. After that, the
supernatant was collected and passed through a 0.22 pm
filter. Ultracentrifugation was performed subsequently at
100,000 x g (at 4 °C and for 90 min). The supernatant was
then discarded and loaded with 5 mL of PBS. Ultracentri-
fugation was performed thereafter at 100,000 x g (at 4 °C
and for 90 min). Purified exosomes were finally collected
and dissolved in 500 pl of isotonic serum. Exosomes were
then stored at -80 °C for further studies. Quantification of
exosomes was performed using the Micro BCA Protein
Assay Kit (Thermo Fisher Scientific, USA) for determin-
ing the total protein concentration of the exosome prepa-
ration. This assay measures protein concentration, which
correlates with the amount of exosomes, as they are rich
in proteins. The dose for intrathecal administration was
set at 300 pg of total exosomal protein per patient. The
total protein content was used as an index for exosome
quantity to ensure consistent dosing. For size distribution
measurement, dynamic light scattering (DLS) was imple-
mented via Zetasizer 3000-HA (Malvern Instruments,
UK). In addition, transmission electron microscopy
(TEM) was performed to evaluate the exosome shape
and morphology using a Zeiss EM10C transmission elec-
tron microscope (Zeiss, Germany). Further, Western blot
was used to detect CD81 (RRID: AB_10618892), CD9
(RRID: AB_377219) as exosome surface markers. Regard-
ing this, RIPA buffer and protease inhibitor were used
for exosome lysis. Proteins were transferred to 0.45 pm
PVDF membranes at room temperature for 2 h, follow-
ing SDS-PAGE electrophoresis. After washing the PVDF
membranes with TBST, overnight incubation with pri-
mary antibodies was performed at 4 °C. Following that,
PVDF membranes were washed with TBST three times.
Incubation was then performed with the secondary anti-
body for 2 h at room temperature. Enhanced electroche-
miluminescence was then used to detect blots.

Procedures
After enrollment, patients were hospitalized for the
study intervention, which was intrathecal injection of
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allogeneic HUC-MSC-exosomes. Following the hospital-
ization, patients underwent thorough physical examina-
tion, and complete laboratory investigations were carried
out to screen for any potential infection or comorbid
condition. After that, patients were admitted to the oper-
ating room for the intrathecal injection of 300 pg of total
protein of exosome precipitated in 5 mL of PBS (60 pg/
mL). The injection was carried out in the operating room
through a lumbar puncture with a 24 G spinal needle at
L4/L5 levels. The intrathecal injection was started and
slowly preceded after confirming the entrance of the spi-
nal needle to the arachnoid space. The needle was not
withdrawn for 1 min to diminish the risk of cerebrospinal
fluid (CSF) leakage.

All patients in the study received surgical decom-
pression and vertebral fixation within the first 24-36 h
post-injury. No additional surgical or pharmacological
interventions were administered following the exosome
injection. During both the subacute and chronic phases
of SCI (before and after the exosome injection), patients
underwent standard rehabilitation therapy. This included
physical, occupational, and neuromuscular re-educa-
tion therapy. Patients attended regular therapy sessions,
typically several times per week, with the frequency and
intensity tailored to individual needs and progress. These
sessions were monitored and adjusted by a physical ther-
apist to ensure optimal outcomes.

Follow-up and outcome measures

Following the injection of allogeneic HUC-MSC-exo-
somes, patients were followed up for 12 months after the
study intervention. The primary outcome measure of the
study was the safety profile and incidence of potential
adverse events (AEs) after the intrathecal administration
of allogeneic HUC-MSC-exosomes. For safety monitor-
ing, patients underwent complete assessments, includ-
ing thorough physical examination, complete laboratory
evaluations, and electrocardiography. All the aforemen-
tioned measures were taken at baseline, weekly after
the injection until one month, and monthly afterward
until the 3-month follow-up. Additionally, after injec-
tion and before discharge, all patients were educated
on the potential complications, AEs, or safety concerns.
Regular phone calls were also made on a weekly basis,
and patients were contacted during the study period.
Moreover, patients were monitored in terms of safety
outcomes and underwent complete evaluations 6 and
12 months after the injection. All AEs were graded and
reported according to the Common Terminology Criteria
for Adverse Events (CTCAE) Version 5.0. Magnetic reso-
nance imaging (MRI) was also performed 6 months after
the injection to evaluate potential anatomical complica-
tions after the study intervention.

Page 4 of 13

In addition to safety, potential clinical and functional
effects of intrathecal allogeneic HUC-MSC-exosome
administration were investigated in this study. Hence,
patients were evaluated in terms of secondary outcome
measures at baseline, 6, and 12 months after the intra-
thecal injection. Secondary outcome measures included
ASIA (sensory and motor scores), Spinal Cord Indepen-
dence Measure version III (SCIM III - total score as well
as self-care, mobility, and respiratory and sphincter man-
agement subscale scores), neurogenic bowel dysfunction
(NBD) score, modified Ashworth scale (MAS), and uri-
nary tract questionnaire to assess potential clinical and
functional changes during the study period [21-24].

Statistical analyses

All the quantitative data were presented as mean=*stan-
dard deviation (SD). All the qualitative data were
expressed as frequency with percentage. Wilcoxon
signed-rank test was used to compare continuous data
between the baseline and each study time point after the
injection. P values less than 0.05 were considered statis-
tically significant in the present study. All the statistical
analyses were performed using SPSS 24 (SPSS, Inc., Chi-
cago, IL, USA).

Results

HUC-MSC cell and exosome characterization

Flow cytometric analysis demonstrated positive expres-
sion of CD29 (99.9%), CD73 (99.9%), CD90 (99.8%), and
CD105 (99.9%), while concurrently revealing negative
expression for CD34 (1.01%) and CD 45 (0.668%) mark-
ers in HUC-MSCs (Fig. 1A). The multipotency of HUC-
MSCs was confirmed through osteogenic and adipogenic
differentiation.

The DLS technique was performed to evaluate the size
distribution of HUC-MSC-exosomes, and 1 mL of the
prepared sample was used for this purpose. Size distribu-
tion assessment demonstrated that HUC-MSC-exosomes
had a mean size of 63.2 nm with a standard deviation of
15.2 (Fig. 1B). TEM demonstrated the round morphology
of the vesicles suggesting exosomes (Fig. 1C). Moreover,
western blot also confirmed the presence of exosome
markers, including CD9 and CD8 (Fig. 1D; additional file
1: uncropped blots).

Patient characteristics

Seventeen patients with complete subacute SCI were
screened between 16 October 2020 and 20 November
2021. Among them, 9 patients met the study criteria and
were included in the present study. This study included 5
(55.6%) males and 4 (44.4%) females. Participants had a
mean age of 33.56+7.62. The mean time elapsed since the
injury was 2.78£1.33 months in this investigation. A total
of 6 patients had a thoracic level of injury (66.7%) in this
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Fig. 1 (A) Flow cytometric analysis revealed positive expression of CD29, CD73, CD90, and CD105, while indicating negative expression for CD34 and CD
45 markers in HUC-MSCs. (B) The size distribution of exosomes was determined through dynamic light scattering analysis; Mean 63.2 nm, SD: 15.2 nm. (C)
Transmission electron microscopy images illustrate the structural features of exosomes. (D) Western blot analysis indicated the expression of exosomal

surface markers, including CD9 and CD81 (additional file 1: uncropped blots)
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study. The most common cause of injury was an accident
in this study, which had occurred in 7 patients (77.8%).
Table 1 demonstrates the baseline demographic and clin-
ical characteristics of each of the included patients. Fig-
ure 2 demonstrates the study CONSORT flow diagram.

Primary outcome measure

Over the 12-month study period, 7 AEs were found in
five (55.6%) patients. All the reported AEs were evaluated
by the medical safety committee regarding their grade
(based on CTCAE version 5), causality, and need for
medical intervention. Among all the observed AEs, five
(71.4%) were grade I and two (28.6%) were grade II in the
present study. Among these seven AEs, four (57.1%) were
not related, and three (42.9%) were unlikely related to
the study intervention. Therefore, none of the observed
AEs were related to the intrathecal injection of exo-
somes. Table 2 illustrates different characteristics of the
observed AEs in this study.

Secondary outcome measures

In terms of motor improvement, a total of 4 patients dem-
onstrated recovery over the study period based on ASIA
motor score (Fig. 3). Mean ASIA motor scores in the
overall study population also demonstrated an increase at
6- (37.89£20.65, p=0.066) and 12-month (38.22£20.95,
p=0.066) after the intrathecal injection in compari-
son with the baseline (36.22420.92), yet it was not sta-
tistically significant. In addition, significant changes
were observed in ASIA sensory scores in patients. The
mean ASIA sensory light touch score showed signifi-
cant improvement at 6- (53.67%28.38, p=0.041) and
12-month (54.56+28.62, p=0.038) after the intrathecal
injection in comparison with the baseline (51.67+27.51).
Similarly, mean ASIA sensory pinprick score signifi-
cantly improved at the 6- (53.33£27.93, p=0.042) and
12-month follow-up (54.44%28.53, p=0.039) compared
with the baseline (50.89+27.00). Among participants, the
most remarkable changes were noted in patients 1, 3, 5, 6,
and 8 as depicted in Fig. 3.

Table 1 Patients'baseline demographic and clinical characteristics
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With respect to functional outcomes, significant
improvements were found in patients over the study
period. The SCIM III total score showed significant
improvement at the 6- (38.78+£16.33, p=0.028) and
12-month follow-up (44.67122.84, p=0.027) after the
intrathecal injection in comparison with the baseline
(29.78+11.19). Among participants, six demonstrated
notable improvements in SCIM III total score (Fig. 3).
Similar to SCIM III total score, the self-care and respi-
ratory and sphincter management subscales showed
significant improvements over the study period. The
mean self-care subscale score significantly improved at
12-month (11.56%7.37, p=0.042) after the intrathecal
injection in comparison with the baseline (8.89+5.62).
Likewise, the mean respiratory and sphincter manage-
ment subscale score showed significant improvement at
12 months (26.56+£11.91, p=0.042) after the intrathecal
injection in comparison with the baseline (16.56+5.66).
Concerning the mobility subscale, four participants
(patients 1, 2, 8, and 9) showed improvements over time,
yet the mean score at 12 months (6.56+4.85, p=0.068)
after the intrathecal injection was comparable with the
baseline (4.3312.78). Figure 3 demonstrates changes in
SCIM III total and subscale scores in study participants 6
and 12 months after the injection.

Significant changes were also observed in NBD 12
months after the injection, especially in patients 2, 3, 6, 7,
and 8. Among them, patients 3, 7, and 8 showed improve-
ments in NBD grades from severe to moderate, minor to
very minor, and moderate to very minor, respectively. The
mean NBD score of the study population significantly
decreased at 6- (12.4416.62, p=0.042) and 12-month
(11.56+5.94, p=0.042) after the intrathecal injection
in comparison with the baseline (14.67+7.37). Figure 3
illustrates changes in NBD scores over the study period
in patients individually.

Changes in the spasticity after the intrathecal injection
of allogeneic HUC-MSC-exosomes were also assessed.
A total of 6 (66.7%) patients had spasticity at baseline,
based on assessments of the hip extensor, knee exten-
sor, knee flexor, and ankle plantar flexor muscle groups.

Patient number Sex Age (years) Cause of injury Lol Interval between injection and trauma (months)
1 Male 32 Accident T12 2

2 Male 28 Accident T6 4

3 Female 44 Accident () 2

4 Male 21 Falling T11 3

5 Female 36 Accident T10 3

6 Male 34 Accident 6 1

7 Male 39 Falling () 55

8 Female 26 Accident T12 2

9 Female 42 Accident T4 25

LOL: Level of injury
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Assessed for eligibility

Enrollment n=17)
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\ 4

Excluded (n=8)
+ Not meeting inclusion criteria (n = 8)

+ Declined to participate (n = 0)

No randomization

[ Allocation ]

+ Received allocated
intervention (n = 9)

Allocated to Intervention (n = 9)

[ Follow-Up ] A
Lost to follow-up (n = 0)
Discontinued intervention (n = 0)
[ Analysis ] A

Analysed (n = 9)

Fig. 2 Consolidated Standards of Reporting Trials (CONSORT) 2010 flow diagram

Table 2 Adverse events according to Common Terminology Criteria for adverse events (CTCAE).

Pt. System organ class Preferred Number of AE (% Causal link with exo- Degree
Terms respect to number of some administration
AE per patient)
1 General disorders and administration site conditions Fatigue 1 (100.00%) Unlikely Grade |
2 Nervous system disorders Headache 1 (50.00%) Not related Grade Il
Gastrointestinal disorders Nausea 1 (50.00%) Not related Grade ll
5 Nervous system disorders Headache 1 (100.00%) Not related Grade |
7 Gastrointestinal disorders Nausea 1 (50.00%) Not related Grade |
General disorders and administration site conditions Fatigue 1 (50.00%) Unlikely Grade |
8 General disorders and administration site conditions Fatigue 1 (100.00%) Unlikely Grade |

AE: Adverse event
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scores in patients at baseline, 6-, and 12-month after the intrathecal injection

Among 20 spasms in 24 muscle groups, 11 muscle groups
experienced recovery. Of them, 3 (15%) showed improve-
ments in spasticity in ankle plantar flexors, 3 (15%)
showed improvements in spasticity in knee extensors, 2
(10%) showed improvements in spasticity in knee flexors,
and 3 (15%) showed improvements in spasticity in hip
extensor muscles. Mean MAS scores of the overall study
population for ankle plantar flexors (baseline: 1.22+0.97;
12-month: 0.78+0.97, p=0.102), knee extensors (base-
line: 1.11£+1.05; 12-month: 0.8+0.8, p=0.083), knee flex-
ors (baseline: 0.56+0.73; 12-month: 0.33£0.50, p=0.157),
and hip extensors (baseline: 0.44+0.53; 12-month:
0.11+0.33, p=0.083) were comparable between the
baseline and 12-month after the injection. Table 3 dem-
onstrates changes in MAS scores in patients with SCI-
induced spasticity over the study period.

In addition, changes in lower urinary tract function
were evaluated in the present study. The number of uri-
nary incontinence episodes per week showed a reduction
at 6- (4.89%+1.45, p=0.059) and 12-month (4.56+1.74,
p=0.066) after the intrathecal injection in comparison
with the baseline (5.8911.27), yet it was not statistically
significant. Moreover, patients 1 and 8 reported subjec-
tive improvements in bladder filling sensation and blad-
der voiding ability. Table 4 shows changes in urinary tract
function over the study period in the study population.

Discussion

This single-arm phase I clinical trial, for the first time,
showed remarkable findings regarding the intrathecal
administration of allogeneic HUC-MSC-exosomes in
patients with complete subacute SCI. The major find-
ing of this clinical trial was the safety profile of the study
intervention, which was the intrathecal administration
of allogeneic HUC-MSC-exosomes. Concerning this,
no early or late AEs attributable to the intrathecal injec-
tion were observed. Moreover, it seems that intrathe-
cal administration of allogeneic HUC-MSC-exosomes
could lead to notable improvements in various aspects
of SCI, such as sensorimotor function, NBD, and func-
tional status. However, although significant findings
were observed, the present investigation mainly aimed to
evaluate the safety profile and merely included 9 patients
for such purpose, and is underpowered for efficacy
evaluations.

To the best of our knowledge, this is the first trial to
provide clinical data on intrathecal administration of
allogeneic exosomes in patients with complete SCI. The
entire group showed a significant improvement in ASIA
sensory scores for light touch and pinprick, as well as
ASIA motor recovery in four patients. Additionally, dur-
ing the one-year follow-up after treatment with allo-
geneic HUC-MSCs-exosomes, there was a significant
improvement in the SCIM-III total score and subscales
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Table 3 Patients'modified Ashworth score following injection of exosomes

Hip extensors
Baseline

Ankle plantar flexors

knee flexors
Baseline

knee extensors

12-month

6-month

Baseline 6-month 12-month

12-month

6-month

Baseline 6-month 12-month

MAS

Case 1

1

Case 2

Case 3

Case 4

Case 5

Case 6

Case?7

1
1

Case 8

Case 9

(2024) 15:264

MAS: modified Ashworth score
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for self-care, respiratory, and sphincter management.
Although the improvement in NBD score was statisti-
cally significant, patients also reported non-significant
improvements in bladder filling sensation, voiding ability,
urinary incontinence, and lower limb muscular spasticity.
Numerous clinical trials have been conducted to assess
MSC effects on SCI. Abo El-kheir et al. investigated the
use of autologous bone marrow-derived cell therapy in
chronic SCI and observed significant improvements in
motor, pinprick, and light touch ASIA scores, as well as
in the functional independence measure in 15 complete
SCI subjects [25]. Vaquero J. et al. assessed the efficacy of
intrathecal autologous mesenchymal stromal cell injec-
tion in nine chronic SCI subjects and observed recovery
in ASIA motor, pinprick, and light touch scores during
their 10-month follow-up. The SCI functional rating scale
of the International Association of Neurorestoratology
and its sphincter sub-scale also demonstrated improve-
ment in treated patients. Furthermore, following autolo-
gous mesenchymal stromal cell injection, there was a
significant increase in NBD score, while a non-significant
decrease in MAS was observed [26].

Numerous studies have demonstrated the immense
potential of MSCs in protecting the damaged spinal
cord from degenerative mechanisms after an injury [27].
MSCs achieve this effect by secreting various factors,
among which exosomes are believed to be the primary
source of therapeutic benefits due to their ability to pro-
mote tissue repair [28]. Exosomes have several distinct
advantages that make them powerful therapeutic agents
compared to MSCs. Exosomes are protected from the
hydrolysis due mainly to their bilayer lipid shield. More-
over, they could evade the phagocytosis and engulfment
by lysosomes given their small size [29, 30]. Addition-
ally, adhesion molecules, such as the carbohydrate/lectin
receptors, intercellular adhesion molecule, heparan sul-
fate proteoglycans, and tetraspanins could substantially
improve the targeted delivery and uptake of them [31,
32]. Exosomes also have a significantly lower potential
for carcinogenicity, lower immune rejection, and ease of
acquisition, storage, and transport through the blood-
brain barrier in comparison with MSCs [33-36].

SCI is a complex condition with a multifaceted patho-
physiology that can be divided into primary and second-
ary injuries [37]. Primary injury occurs due to a sudden
impact, leading to fractures and displacements of ver-
tebrae, which in turn cause bone fragments, ligament
ruptures, nerve parenchyma destruction, axonal dam-
age, haemorrhage, and disruption of glial membranes
[38]. Secondary injury is characterized by a cascade of
responses triggered by the initial damage, including ele-
vated levels of proinflammatory cytokines, reactive oxy-
gen species, oxidative stress, excitatory amino acids, such
as glutamate, disrupted ion homeostasis, mitochondrial
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Table 4 Changes in urinary function following injection of exosomes

Baseline 6-month 12-month

Urinary incontinence (number of episodes per week) 589+1.27 4.89+1.45 456+1.74
Bladder filling sensation Yes 3 4
No 6 5
Bladder voiding ability Yes 3 3
No 6 6

dysfunction, and cell death [39]. The primary factors con-
tributing to the secondary damage after SCI are apopto-
sis and inflammation. [40].

SCI leads to disruption of the blood-brain barrier,
which facilitates the rapid infiltration of neutrophils and
M1 macrophages from the bloodstream into the dam-
aged spinal cord tissue, resulting in the release of various
inflammatory mediators, such as IL-6, TNF-«, and IL-1f3
[41, 42]. Heightened TNF-«a and IL-1f levels during the
initial stages of SCI instigate an inflammatory response
that triggers neuronal apoptosis, demyelination, astro-
cyte toxicity, oligodendrocyte death, and excitotoxicity
[3]. Conversely, M2 macrophages balance the inflam-
matory immune response by generating cytokines, such
as IL-4 and IL-10 [43, 44]. IL-10, an anti-inflammatory
cytokine, significantly suppresses TNF-a production by
astrocytes as well as antigen presentation by both astro-
cytes and microglia, leading to marked improvements in
functional recovery after SCI [45, 46].

Exosomes derived from MSCs (MSC-exosomes)
exhibit potent anti-inflammatory properties by reduc-
ing levels of proinflammatory factors, such as TNF-a and
Nuclear factor kappa-light-chain-enhancer of activated
B (NF-kB). This reduction leads to decreased activation
of Al astrocytes. Treatment with MSC-exosomes inhib-
its the nuclear translocation of the NF-kB p65 subunit,
thereby lowering the expression of TNF-a, Interleukin
(IL)-1a, and IL-1p while simultaneously increasing anti-
inflammatory cytokines. This regulatory action results in
smaller lesion areas and improved motor function, as evi-
denced by higher blood-brain barrier (BBB) scores [47].
Additionally, MSC-exosomes diminish the polarization
of macrophages to the M1 phenotype, induced by reac-
tive oxygen species (ROS), through the MAPK-NF«B P65
signaling pathway. By breaking the cycle between ROS
production and M1 macrophage activation, these exo-
somes help reducing the secondary damage and inflam-
mation following SCI, showcasing their potential in
mitigating ROS-related damage [48].

Moreover, MSC-exosomes play a vital role in preserv-
ing the integrity of the blood-spinal cord barrier (BSCB).
They prevent damage to BSCB permeability and promote
natural repair processes by regulating tissue inhibitors
of matrix metalloproteinase 2 (TIMP2). TIMP2 in these
exosomes inhibits the MMP pathway, preserving cell
junction proteins and minimizing damage. Knockout

studies using siTIMP2 underscore the crucial role of
TIMP2 in the efficacy of MSC-exosomes, confirming
their importance in maintaining BSCB integrity and
enhancing functional recovery after SCI [49].

In addition to the inflammatory response, the extent
of apoptosis significantly affects functional recovery,
making it a critical factor for axonal regeneration [40].
Apoptosis is primarily regulated by the Bcl-2 and caspase
families, acting upstream and downstream in the process,
respectively. The pro-apoptotic (BAX) or anti-apoptotic
(Bcl-2) molecules significantly influence the functional
recovery after SCI [50, 51]. Previous studies have indi-
cated that SCI upregulates BAX expression while inhib-
iting the expression levels of Bcl-2 [52, 53]. Animal
experiments have demonstrated that exosome treatment
substantially reduces the expression levels of apoptotic
proteins (BAX) when compared to the control group.
Furthermore, exosomes cause a significant increase in
the level of anti-apoptotic protein (Bcl-2), demonstrat-
ing their neuroprotective effect against SCI-induced
neuronal apoptosis [54]. Prior studies have indicated that
exosomes of bone marrow-derived MSCs significantly
reduce lipopolysaccharide (LPS)-induced apoptosis. They
achieve this by decreasing the levels of pro-apoptotic fac-
tors (e.g., TNF-a and IL-1f) while increasing the release
of anti-apoptotic cytokines (e.g., IL-10 and IL-4). This
effect is facilitated by the downregulation of myeloid
differentiation factor 88 (MyD88), toll-like receptor
4 (TLR4), and NF-«B, underscoring their potential in
reducing cell death and inflammation [55]. This neuro-
protective action promotes better recovery of sensory
and motor functions by preventing secondary damage
and supporting neuron survival. [47, 55].

Although the present clinical trial had remarkable
strengths, there were some limitations. First, this inves-
tigation was performed in one institution, and all SCI
patients received similar care with the same protocol.
Thus, future multicenter studies are highly needed to
evaluate the effects of this therapy in different care set-
tings. Second, the present study was not adequately
powered to evaluate the efficacy of intrathecal injec-
tion of allogeneic HUC-MSC-exosomes as it primarily
aimed to assess the safety profile of this intervention. In
acute and subacute phase SCI trials, neural regenera-
tion is influenced by various factors, especially during
the critical period for neurological improvements within
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the first 1-2 years post-injury. We recognize the concern
that patients with SCI might naturally experience sen-
sory and motor function improvements during this time,
complicating the attribution of observed changes to the
experimental intervention. The influence of this factor
on our results is unavoidable and limits our conclusions.
Therefore, we recommend future phase II/III investiga-
tions including larger sample sizes with control groups to
obtain more definitive and conclusive results. Third, only
patients with subacute complete SCI were included in
this clinical trial. Accordingly, the potential effects of this
treatment on patients with acute or chronic and those
with incomplete injuries are yet to be evaluated. Fourth,
the follow-up period in this study was 12 months. Future
studies with longer follow-up periods could investigate
the potential long-term impacts of intrathecal injection
of allogeneic HUC-MSC-exosomes in SCI patients.

Conclusions

This phase I clinical trial demonstrated that intrathecal
injection of allogeneic HUC-MSC-exosomes in patients
with subacute SCI is safe and tolerable with no early or
late AE. Moreover, it seems that exosome therapy in sub-
acute SCI is potentially associated with improvements
in different aspects of SCI, such as sensorimotor func-
tion, functional status (self-care as well as respiratory and
sphincter management), and NBD. However, the pres-
ent phase I clinical trial was not adequately powered to
evaluate the efficacy of intrathecal injection of allogeneic
HUC-MSC-exosomes. Therefore, future larger phase II
clinical trials are required to assess the efficacy of this
novel therapeutic strategy in SCI patients.
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