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A B S T R A C T

Spinal cord injury (SCI) is an incurable disorder with an unmet need of an effective treatment. Recently, au-
tologous human bone marrow-derived stem cells have shown to promote functional improvement, due to their
anti-inflammatory and regenerative/apocrine properties. In this study, the primary objective was to test whether
a single intrathecal injection with a 100 μL suspension of 400,000 fresh human bone marrow-derived CD34+ and
an equal number of CD105+ stem cells (Neuro-Cells (NC)), one day after balloon-compression of the spinal cord,
improves motor function and reduces secondary damage in immunodeficient rats. During the first 5 weeks after
this intervention, NC significantly improved locomotor recovery and induced less injury-associated adverse
events compared to vehicle-treated rats.

Histological analysis showed that NC reduced astrogliosis, and apoptosis early after administration (day 4),
but not at a later stage (day 56) after SCI. Proteomic studies (at day 56) pointed to the release of paracrine factors
and identified proteins involved in regenerative processes. As stem cells seem to reach their effects in acute
lesions by mainly suppressing (secondary) inflammation, it is thus realistic to expect a lower magnitude of their
eventual beneficial effect in T-cell deficient rats, a fact reinforcing the robustness of Neuro-Cells efficacy. Taken
together, this study indicates that an intrathecal instillation of Neuro-Cells holds great promise as a neuro-
regenerative intervention in a clinical setting with acute SCI patients.

1. Introduction

The prevalence of spinal cord injury (SCI) worldwide is estimated at
2.5 million cases and the financial burden per case is calculated to be
between 200,000 and 260,000 Euros/year [1]. Pending severity of the
injury, SCIs may cause an (in)complete loss of sensory, motor and ve-
getative functions under the level of the spinal cord involved: in legs
(paraplegia) or in arms and in legs (tetraplegia). Traditionally, in 60%
of the cases, traumatic spinal cord injury is caused by falls and by motor
vehicle accidents [2], but recently more and more combat-wounded
soldiers are affected [3]. Due to the lack of disease-modifying

interventions, life expectancy in SCI patients is impaired [4] and the
quality of their lives is poor [5,6].

As a small functional improvement in SCI patients might come with
a major increase in quality of life and daily independency, recently,
much attention is given to control and reduce collateral damage of
neural tissue by inhibiting the posttraumatic inflammatory cascades
[7–10]. Less than 10% of functional long-tract connections is needed to
enable locomotion [11]. Although this level of connectivity often re-
mains after the injury, axons might become non-functional because of
collateral damage resulting in neurodegeneration at a later stage [12].
Therefore, prevention of secondary damage in the acute phase of spinal
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cord injury is of utmost importance, which offers the opportunity of
functional improvement by disease-modifying interventions [7,13].

Until the recent past, steroids were applied for this purpose [14],
although wide spread use has stopped due to limited effects and severe
adverse effects [15,16]. In SCI, a therapeutic intervention combining
both anti-inflammatory and regenerative properties is an unmet need.
Hypothetically, stem cells may be such an intervention, as one of the
characteristics of adult stem cells (both hematopoietic and mesench-
ymal stem cells) is the ability to both inhibit inflammation and to
mediate regeneration by increasing neuroplasticity in neurodegenera-
tive processes [8,17–25]. Recent studies suggested that not only the site
of the lesion, but also the timing of the administration of stem cells after
the lesion are crucial for their beneficial effects in the context of the
evolving post-traumatic inflammatory response [9,10,23–29]. Dose and
number of cells administrated appear to be of less importance [30].

The objective of this study was to investigate whether a single in-
trathecal administration with ‘Neuro-Cells’ (a not substantial manipu-
lated low immunogenic, fresh human bone marrow-derived stem cell
preparation, depleted of erythrocytes and the majority of the lympho-
cytes according to the manufacturing standard operating procedures of
Neuroplast BV) provided a better survival and functional recovery in T-
cell deficient rats after spinal cord injury.

In this study, a moderate grade SCI was applied in rats by a mod-
erate balloon compression of a spinal thoracic (Th 9) segment.
Unfortunately, treatment of these animals with autologous stem cells or
with a low-immunogenic rat stem cell preparation (following the
manufacturing procedure of Neuro-Cells) is not realistic due to the
limited volume of rat bone marrow, and the invasiveness of the cell
collection procedure itself in rats. Thus, T-cell deficient rats were se-
lected to avoid both rejection of human stem cells and the use of im-
mune suppressive drugs. Immune suppressive drugs are considered
major confounders as they not only interfere with stem cells but also
offer a cell protective effect to local neurons [31–34]. They can sub-
stantially influence the outcome in experimental studies after the effects
of stem cell interventions in favour of the vehicle treated animals.
Therefore, these drugs dampen neuro-inflammation following acute
spinal cord injury and thus final damage, with consequent less sen-
sorimotor and neurovegetative symptoms [35]. In comparison to
normal, immune competent rats, the higher liability to infections may
also have a significant effect on survival of the experimental animals
[35].

We hypothesized that infusion with Neuro-Cells 24h after SCI will
improve locomotor recovery by reducing secondary damage. Functional
behavioral recovery was monitored weekly using the Basso, Beattie,
Bresnahan (BBB) open field test [36]. Histological studies were per-
formed 4 and 56 days post-surgery to determine the number of apop-
totic cells, reactive astrocytes, and microglia infiltration in both vehicle
and Neuro-Cells-treated animals. Moreover, we used mass-spectrometry
technology to screen for and identify peptides in each site relative to the
spinal lesion (rostral, lesion, caudal) obtained in vivo. We hypothesized
that Neuro-Cells changes the composition of local peptides by down
regulation of pro-inflammatory proteins as compared to the vehicle
treated animals. This effect is expected to be the strongest in the lesion
site as compared to the rostral and caudal sites.

2. Methods

2.1. Animals and experimental design

Adult male T-cell deficient A-thymic RH-Foxn1rnu (260–310 g)
purchased from Harlan (Harlan laboratories, The Netherlands) were
housed in pairs during the acclimatization period, for post-operative
care and throughout the rest of the experiments. Rats were maintained
in an isolated part of the animal facility apart from immune competent
animals and under standard housing conditions (12 h light/dark cycle,
lights on at 8:00 a.m., humidity 40–60%, temperature 22 ± 1 °C) with

ad libitum access to food and water. The Animal Care and Use
Committee of the University of Maastricht reviewed and approved all
animal surgeries, procedures, and post-operational care (permit number
DEC2013-013). Laboratory personnel managed animals following the
National Institute of Health Guide for the Care and Use of Laboratory
Animals. A total number of 62 rats underwent surgical procedures for
inclusion in this study (Fig. 1).

2.2. Spinal cord balloon compression

After a subcutaneous injection of buprenorphine (0.05mg/kg), an-
imals were anaesthetized (3–4% Isoflurane) and maintained (1.5–2.5%
Isoflurane, Sigma-Aldrich) in anesthesia with a stable body temperature
of 37 °C. Having removed the spinal processes T10–T11 after a 2-cm
midline incision at T10-L1, a small hole (1.5mm diameter) was drilled
in the vertebral arch T10, using a surgical microscope [37]. After
opening the periosteal membrane in order to allow direct visualization
of the spinal cord with intact dura mater, a groove was drilled in the
midline on the dorsal surface of the vertebral T11 lamina. Then, an
epidural inserted French Fogarty catheter (Baxter Healthcare Corpora-
tion, Irvine, CA) filled with saline and connected to an airtight 50 μL
Hamilton syringe type 1705, cranially for 1 cm, was guided through this
groove, thus positioning the center of the balloon at T8–T9. In case of
SCI-lesioning, but not in sham-lesioning, the balloon was then rapidly
inflated with 15 μL saline and held in situ during 5min before deflating
and removal of the catheter, closing the wound and terminating an-
esthesia. Post-operative care included subcutaneous application of bu-
prenorphine 0.05mg/kg during 4 days to relief the pain.

2.3. Neuro-Cells

Neuro-Cells (NC) is the working name (patent WO2015/059300A1)
of a fresh, standardized human bone marrow derived stem cells con-
taining product, that is produced under good manufacturing practices
(GMPs) without expansion and/or labeling (or other major manipula-
tion) of the stem cells. Neuro-Cells comprises of hematopoietic stem
cells and their progenitors (HSCs), mesenchymal stem cells and their
progenitors (MSCs) and other mononuclear cells. Four healthy male
volunteer donors were recruited with informed consent for collection of
50–75mL bone marrow from their iliac crest under local anesthesia,
following standard operating procedures. Neuro-Cells was depleted
from erythrocytes by Ficoll (GE Healthcare, Chicago, Ill.) density gra-
dient centrifugation (at 400g, at room temperature) and the number of
lymphocytes was substantially reduced (Table 1) by positive selection
between 95 and 97%, and resuspending the remaining cells in Ringer-
lactate. MSCs and HSCs were characterized by flow cytometry (Mil-
tenyi, Germany). The group of MSCs was identified by being positive
for CD73, or CD90, or CD105 and negative for CD34 and CD45 and
CD14 [38]. HSCs were positive for CD34, and CD38. Every Neuro-Cells
batch fulfilled the GMP release criteria of at least 4 million HSCs and an
equal number of MSCs suspended in 10mL Ringer-lactate for

Fig. 1. Experimental design. At day 0 (d0), spinal cord injury (SCI) or a sham
lesion was induced in T-cell deficient rats. Rats were injected intrathecal with
vehicle or Neuro-Cells, caudal to the lesion at day 1. Immunohistochemistry
(IHC) was performed at day 4 and day 56 after administration. Proteomic
studies were performed at day 56. Throughout the study, Basso-Beattie-
Bresnahan (BBB) measurements for assessing locomotor behaviour [36] were
performed on a weekly base.
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intrathecal application. As for the intra-donor variation, the intrathecal
treatment of the SCI-rats was calibrated to 4.0×105 CD34+ cells in
vials of 100 μL. However, due to the fresh nature of the cells and the
calibration based on the number of CD34+ cells, the individual number
of MSCs will differ per used donor. Table 1 gives an overview of the
number of cells applied to the individual rats.

2.4. Intrathecal infusion

At day 1 post-surgery, we subcutaneously injected the rats with
0.05mg/kg buprenorphine (AST Farma B.V., The Netherlands) and
further anaesthetized them with isoflurane (induction phase with 3–4%
isoflurane and maintenance phase with 1.5–2.5% isoflurane), keeping
the rats' body temperature at 37 °C using heating pads. The wound of
the first operation was reopened in order to visualize the dura. Then the
dura was punctured and, after collection of a drop of cerebrospinal fluid
(CSF), a syringe, either filled with Neuro-Cells or vehicle (Veh.; Ringer
lactate), was connected and emptied, caudally of the lesion, through a
microliter pump over a time period of 5min. We infused SCI-treated
rats with 100 μL Neuro-Cells or 100 μL vehicle. Post-operative treat-
ment and care were identical to those after the lesioning. Local pressure
at the puncture hole and applying some drops of the animal's blood on
the puncture hole prevented for CSF leakage.

2.5. Post-operative care

Animals' wellbeing, general health condition, urodynamic and body
weights were assessed twice per day until day 35. The bladder was
emptied manually twice a day until the rats were able to spontaneously
empty their bladder again, usually within 14 days after the lesion.
During the period of manual bladder emptying, the urine was routinely
checked for bacteria growth using a urine dipstick.

2.6. Functional evaluation

Rats were assessed for locomotor behavior with the Basso-Beattie-
Bresnahan (BBB) open field test [36]. Locomotor recovery was tested
pre-SCI (baseline) and at days 1, 7, 14, 21, 28 and 35 post-lesion. At
post-surgery day 1, SCI-lesioned rats had to display a flaccid paraplegia
(BBB score 0) before the application of Neuro-Cells or vehicle. Based on
the established natural recovery, SCI-lesioned animals were also ex-
cluded when scoring was below 4 (protracted recovery) and/or above 8
(partial lesion) at day 7 [37]. The exclusion parameters of animals were
established before the execution of the experiment. Open field loco-
motor function was assessed by two independent researchers, evalu-
ating videotapes not aware of the treatment.

2.7. Immunohistochemical analyses

At days 4 and 56, four rats out of the NC- and Veh.-treated SCI
animals and three out of the NC- and Veh.-treated Sham animals were
anaesthetized with isoflurane (induction phase with 3–4% isoflurane
and maintenance phase with 1.5–2.5% isoflurane) and sacrificed by

transcardial perfusion with Ringer lactate (Baxter, pH 7.4). The spinal
cord tissue of the entire affected area was positioned into cryo-molds in
a longitudinal orientation and embedded in optimal cutting tempera-
ture compound (OCT, VWR, The Netherlands; for rats sacrificed 4 days
post SCI) or porcine gelatin (10%, Sigma Aldrich; for rats sacrificed
56 days post SCI). Subsequently, the spinal cord tissue was snap frozen
in liquid nitrogen and stored at −80 °C until further processing. To
assess the presence of human-derived transplanted cells, as well as as-
trogliosis, inflammation and apoptosis of the infused cells, serial long-
itudinal cryosections of the spinal cord (10 μm) were cut through the
areas of interest: the rostral part of the lesion (RO), the center of the
lesion (CE), and the caudal part of the lesion (CA), using a cryostat
(Leica Biosystems), and then stored at −20 °C until further processing.
To identify human stem cells transplanted into the rat spinal cord at day
4 after infusion caudally to the lesion, antibodies directed against
human mitochondrial (MAB1273C3, 1:100, clone 113–1, Millipore)
were used. To study the early- and late-effects of Neuro-Cells in in-
flammation, astrogliosis and apoptosis, sections were incubated over-
night at 4 °C with the following primary antibodies: rabbit anti-CD68
(Abcam, 1:500, ab125212), rabbit anti-GFAP (Abcam; 1:500, ab7260),
and rabbit anti-cleaved caspase-3 (Cell signaling, 1:500, [Asp175]
9661). Sections were washed with 1× PBS and incubated with sec-
ondary antibodies [(donkey anti-rabbit Alexa 488 (Invitrogen, 1:100)
or donkey anti-mouse Alexa 488 (Invitrogen, 1:100))] in 0,1% blocking
buffer for 1 h at room temperature. Cell nuclei were stained for 10min
with 4′,6-diamidino-2-phenylindole (DAPI, Thermofisher).

For quantitation, two sections per rat were visualized with a con-
focal microscope (DSU, Olympus® BX51W1; 20× objective) and
StereoInvestigator software (MicroBrightField, Williston, VT) and
ImageJ programs (NIH, Bethesda, MD) were used for analysis. Image J
was used to calculate the area of each anatomical region (rostral, lesion
and caudal) and integrated mean density. The corrected total cell
fluorescence (CTCF) of GFAP+ and CD68+ was calculated as integrated
density – (area of selected region x mean fluorescent intensity of
background reading). For the CA and RO sites of the lesion, fluores-
cence intensity was measured at the outer surface of the spinal cord and
at the middle part of the section 2 points at each part of the lesion
(Appendix S1, Fig. 1). For the CE part, fluorescence intensity was
measured at the border of the center lesion. The average values of
fluorescence intensities from 2 images were used as the reference for
comparisons within each group.

Serum of the rats sacrificed at day 4 was taken for ELISA testing to
determine the concentration of interleukins and compare the con-
centrations of the vehicle and Neuro-Cells treated SCI-lesioned animals
with the sham lesioned animals. To study the concentrations of IL-1β,
IL-6 and TNFα in a blood plasma, rat enzyme-linked immunosorbent
assay (ELISA) was performed using Rat Interleukin 1 beta (Rt IL-1β)
ELISA kit (ThermoFisher Scientific, Waltham, MA, USA), IL-6 Rat ELISA
Kit (ThermoFisher Scientific, Waltham, MA, USA) and TNFα (Rt TNFα)
Rat ELISA Kit (ThermoFisher Scientific, Waltham, MA, USA) according
to the manufacturer's instructions. The microwell absorbance was
measured at 450 nm with Promega microplate reader for all cytokines
(Promega, Madison, WI, USA).

2.8. Statistical analysis

Analyses were performed using statistical package SPSS 17.0 for
Windows XP. Data were normally distributed as determined by Shapiro-
Wilk tests for normality and we therefore performed parametrical sta-
tistical analyses on datasets. We performed a two-way ANOVA (with
‘group’ as the predicting factor and ‘lesion site’ as the moderating
factor) to assess the data obtained from the histology study. If a group
effect, level on spinal cord effect or an interaction effect (group x lesion
site) was significant a post hoc Fishers Least Significant Difference
(LSD) test was performed, after determining equality of variances using
Levene's test (which was the case unless stated otherwise). Repeated

Table 1
Characterization of cell population in ‘Neuro-Cells’.

Cell population in Neuro-
Cells

Mean absolute number of cells injected in each
animal (in 100 μL)

Total nucleated cells 1.2×107

HSC: total CD34+ cells 4.0×105

MSC: CD271+ cells 7.8×104 ± 2.6× 104

MSC: CD133+ cells 1.5×104 ± 0.5× 104

MSC: CD90+ cells 3.7×103 ± 1.3× 103

MSC: CD105+ cells 3.5×105 ± 2.0× 105

MSC: CD73+ cells 4.5×103 ± 2.1× 103
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measures ANOVA was used to analyze the BBB score and the bladder
recovery function over the different days with within-subjects factor
“testing day”, and “group” as fixed between-subject factors. Huynh-
Feldt correction was used to correct for violations of sphericity. Rat
survival as a function of treatment was determined as Kaplan-Meier
estimates, and differences in the survival curves were evaluated with
this method. There were no censored data. A p value ≤.05 was con-
sidered significant. Data are presented as mean with standard error of
the mean (SEM).

2.9. Proteomics

2.9.1. Materials
For proteomic studies in NC-treated and Veh-treated rats, sacrificed

at day 56, ammonium bicarbonate, dithiothreitol, iodoacetamide and
trifluoroacetic acid (ULC grade) were purchased from Sigma-Aldrich,
urea from GE Healthcare, the enzyme mix trypsin/lysC (mass spec
grade) from Promega, and water, acetonitrile, formic acid, all ULC
grade, from Biosolve.

2.9.2. Sample preparation
Gelatin was removed from the spinal cords by 3 washes in warm

(30–35 °C) 50mM Ammonium bicarbonate (ABC). After washing, 5M
Urea in 50mM ABC was added to the spinal cord tissues. Tissue dis-
ruption and lysis was performed by three freeze-thaw cycles using a
warm water bath and liquid nitrogen. During 45min, the lysate then
was reduced with 20mM Dithiothreitol (DTT) before being alkylated
with 40mM Iodoacetamide (IAM) for another 45min in the darkness.
The alkylation was terminated by 20mM DTT to consume any excess
IAM. Digestion was performed with a mixture of LysC and Trypsin,
which was added at a ratio of 1:25 (enzyme to protein). After two hours
of digestion at 37 °C in a water bath, the lysate was diluted with 50mM
ABC to 1M Urea and further digested at 37 °C overnight. The digestion
was terminated by addition of formic acid (FA) to a total of 1%.
Biognosys iRT's were added to each peptide sample according to
manufacturer's instructions (required for the DIA analysis using
Spectronaut X software, Biognosys Inc., Beverly, MA, USA).

2.9.3. Liquid chromatography – Mass spectrometry
Peptide separation was performed on a Thermo Scientific (Dionex)

Ultimate 3000 Rapid Separation UHPLC system equipped with an
Acclaim PepMap C18 analytical column (2 μm, 100 Å,
75 μm×150mm). Peptide samples were first desalted on an online
installed C18 trapping column. Desalted peptides were then separated
on the analytical column with a 90min linear gradient from 5% to 35%
Acetonitrile (ACN) with 0.1% FA at 300 nL/min flow rate. The UHPLC
system was coupled to a Q Exactive HF mass spectrometer (Thermo
Scientific). DDA settings were as follows. Full MS scan between 375 and
1500m/z at resolution of 120,000 followed by MS/MS scans of the top
15 most intense ions at a resolution of 15,000. The HRM DIA (data-
independent acquisition) method consisted of a survey full MS scan at
120,000 resolution at 350–1650m/z. Then 58 DIA windows were ac-
quired at 30,000 resolution (S2, Table 1).

2.9.4. Data analyses
For protein identification the DDA spectra were analyzed with

Proteome Discoverer (PD) version 2.1.1.21. Within the PD software, the
search engine Sequest was used with the SwissProt Human (Homo sa-
piens (TaxID= 9606) (v2016-11-30)) and Rat (Rattus norvegicus
(TaxID=10,116)) (v2016-11-30) databases and the Biognosys iRT
peptide sequences (supplied by Biognosys). The database search was
performed with the following settings: enzyme was trypsin, a maximum
of 2 missed cleavages, minimum peptide length of 6, precursor mass
tolerance of 10 ppm, fragment mass tolerance of 0.02 Da, dynamic
modifications of methionine oxidation and protein N-terminus acet-
ylation, static modification of cysteine carbamidomethylation. The DDA

measurements were used to create a spectral library using spectral li-
brary generation in Spectronaut 9 [39] (Biognosys). Only identifica-
tions with FDR of maximum 1% at peptide and protein level were taken
into account for spectral library generation. For protein quantitation,
the DIA data were analyzed with Spectronaut 9, with the manufac-
turer's recommended default settings.

2.9.5. Differential abundance testing
Within each site of the lesion (RO, CE, CA), differential protein

abundance between Neuro-Cells- and vehicle-treated conditions was
tested using Spectonaut's built-in algorithm. Abundance data for pro-
teins found differentially abundant with q-value below 0.05 was sub-
mitted to downstream functional analysis.

2.9.6. Representations of biological functionality
The following complementary knowledge-based classifications of

protein functionality were used in combination, to create biological
interpretation of the detected lists of differentially abundant proteins: i)
Gene Ontology (including Biological Process and Cellular Component
branches of the hierarchy) were adopted from GSEA website of Broad
Institute [40] ii) regulons, generated by collecting the known tran-
scription-target relationships from HTRIdb [41] and CellNet [42] and
iii) Reactome pathways [43]. For all the functionality representations,
members of the gene ID-based categories were remapped to protein IDs
with Bioconductor's biomaRt package [44]. The sets of protein IDs were
restricted to proteins actually detected in the experiment (at any lesion
site and condition).

2.9.7. Protein set enrichment analysis
Functionality enrichment tests with lists of responsive proteins [40]

in context of the 3 functionality representations described above, were
performed with goseq package [45] using Wallenius approximation and
correction for protein length. Statistical significance of the enrichment
tests was estimated with 100,000 data permutations.

2.9.8. Protein-sharing networks
To identify response patterns at a general level rather than in-

dividual functional categories, we generated protein-sharing networks.
For this purpose, we collected respective category-protein relationships
(e.g. Reactome pathways) and restricted them to proteins that were
called responsive to Neuro-Cells in at least one of the three sites.
Subsequently, for each pair of the categories (network nodes), the
number of shared proteins was recorded and used to map to the width
of the edge connecting those two nodes. The analysis was performed
with a combination of R programming language (R core team, 2014)
and Cytoscape network analysis platform [46] version 3.6.1.

3. Results

3.1. Animals

During the quarantine period, 66 rats were randomized into two
groups: group 1 (N=49) for SCI-lesioning, and group 2 (N=17) for
sham-lesioning. Before this lesioning, though, one animal belonging to
group 2 was lost because of intercurrent health problems, and during
the SCI-lesioning another one (out of group 1), because of anesthesia-
related death. The 48 surviving SCI-lesioned animals in group 1 were
further randomized in 24 rats for treatment with Neuro-Cells (SCI-NC
animals) and 24 rats for treatment with the vehicle (SCI-Veh animals).
The 16 surviving sham-lesioned rats were randomized into 7 animals
for a treatment with Neuro-Cells (Sham-NC animals) and 9 animals for
the intervention with the vehicle (Sham-Veh animals). All SCI-lesioned
animals had a BBB score of 0 points before the application of their
treatment. Day 4 of the study, 4 SCI-NC and 4 SCI-Veh as well as 3
Sham-NC and 3 Sham-Veh. animals were sacrificed for im-
munohistochemistry. Within the first week after the SCI-lesioning, 13
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animals had to be excluded from the experimental design: 2 SCI-NC
animals (due to direct perilesional surgical complications and shock)
and 3 SCI-Veh animals (due to direct post-lesional convulsions, shock,
and artificial-induced bladder rupture). Conform the protocol, another
4 SCI-NC rats had to be excluded because of a BBB-score at day 7 < 4
(probably because of a histological confirmed increase of the SCI-lesion
due to the intrathecal injection of the viscous Neuro-Cells preparation),
and 4 SCI-Veh rats because of a BBB-score > 8 (probably because of an
impartial SCI lesion). During the study, 1 SCI-NC rat and 5 SCI-Veh
animals reached a humane endpoint due to SCI-surgery-induced com-
plications. The 9 Sham-Veh and 7 Sham-NC treated animals, during the
study, did not suffer any surgery-related complication, nor did they
reach any humane endpoint. So, in the end 13 SCI-NC, 8 SCI-Veh, 6
Sham-Veh, and 4 Sham-NC treated rats completed the study, and were
sacrificed at day 56. An overview of the study is displayed in Fig. 2.

3.2. Survival

There were no mortalities in the 16 sham-lesioned animals. In the
SCI-lesioned animals, apart from the 5 peri-lesional direct SCI-surgery
related deaths, during the 56 days following lesioning, 5 out of 13
Vehicle-treated animals reached a humane endpoint, due to develop-
ment of ascites (n=3; day4, day5, day6), kidney failure (n= 1; day18)
and severe body weight loss (n=1; day38). In Neuro-Cells treated rats
only 1 out of 14 animals reached a humane endpoint at day 10 post-
surgery, due to severe body weight loss (Fig. 2). The SCI-lesioned rats
treated with Neuro-Cells appear to survive longer, as group differences
reached significance (p≤0.05). A plot of the survival function is shown
in Fig. 3.

3.3. Adverse events, general health conditions, body weight and urodynamic
functions

There were no serious health problems in the 16 sham-lesioned
animals. During the 56 days following lesioning, 5 out of 13 vehicle-
treated animals reached serious adverse events (SAEs) with a humane
endpoint, due to development of ascites (n=3; day4, day5, day6),
kidney failure (n= 1; day18) and severe body weight loss (n=1;
day38). In Neuro-Cells treated rats only 1 out of 14 animals reached
such SAE at day 10 post-surgery, due to severe body weight loss

(Fig. 2). The SCI-lesioned rats treated with Neuro-Cells appear to suffer
significant less SAEs (p≤0.05). A plot of the survival function is shown
in Fig. 3. Apart from these SAEs, surviving animals, suffered a higher
incidence in the NC-treated group (p=0.12) of a temporary cystitis,
favorably reacting to a treatment with Baycal.

All surviving animals, after a modest loss of body weight during the
first week after surgery, did gain body weight during the following
weeks of the study period. Animals that underwent spinal cord injury
and that were treated with Neuro-Cells did not differ in body weight
compared to vehicle-treated group at day 1 and day 35 post-surgery
(S5, Table 4). Sham-lesioned animals, whether treated with Neuro-Cells
or Vehicle, did not suffer any adverse event, loss of body weight, or any
loss of urodynamic functions.

Regarding the SCI-related loss of urodynamic functions, after sur-
gery, all animals needed assistance with bladder voiding. Measuring
manually expelled urine, NC-treatment did not affect the recovery of
bladder control throughout a 14 day observation period (repeated-
measurement ANOVA, p= 0.916) as compared to the Vehicle-treated
animals (see S6, Fig. 3).

3.4. BBB Score

On day 1, the sham-lesioned groups received almost normal BBB
scores, whereas both the SCI-treated groups scored the lowest possible

Fig. 2. Flowchart with the number of rats used in this study. Red squares represent animals excluded from the study as described in the text. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Kaplan-Meier estimates of postoperative survival (adverse events
reaching humane end point) stratified by treatment with either vehicle or
Neuro-Cells. Rats of the SCI-Neuro-Cells group survive longer (p≤ 0.05).
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(0 points), demonstrating the validity of this rat model of SCI. The
scores increased in both SCI-vehicle and SCI-Neuro-Cells groups over
time (repeated measure ANOVA, F (6,114)= 2.72, p < 0.032).
However, by 14 days and 35 days post-surgery, there was a statistically
significant difference in BBB scores between the Neuro-Cells- and ve-
hicle-treated rats (p < 0.01; p < 0.008 respectively; Fig. 4). These
results indicated that Neuro-Cells induced functional improvement
after SCI in rats.

3.5. ELISA-serum

The concentration of serum interleukin-1β, 6 and TNF-α were
measured by ELISA. Fig. 5 compared the mean differences between the
vehicle respectively Neuro-Cells treated SCI-lesioned animals with the
vehicle and Neuro-Cells treated sham lesioned animals.

3.6. Immunohistochemistry

The survival of human transplanted stem cells was evaluated 3 days
post-implantation of Neuro-Cells. Human positive cells were found
partially attached to the spinal cord surface, which were identified by
human mitochondrial epitopes (Fig. 6B and C).

3.6.1. Early effects (day 4) on post-injury cellular responses
Monocytes and macrophages are key players of the inflammatory

modulation and of the resolution of inflammation after SCI [47,48]. In
comparison to sham lesioned, vehicle or NC-treated animals, we ob-
served a significant effect at the SCI-induced lesion site (F(1,

42)= 56.02, p < 0.001) in CD68+ expression at day 4, with an in-
crease at the central part of the lesion. Post hoc analysis showed that
the CD68+ expression was significantly increased (p < 0.008) at the
CA in the Neuro-Cells-treated rats compared to vehicle-treated rats
(Fig. 7B). No differences were found in the CD68+ expression at the RO
between the two treated groups (Fig. 7B).

SCI-induced astrogliosis is an important process in glial scar tissue
formation, as reactive astrocytes increase their expression of GFAP. In
order to assess astrogliosis in SCI rats (vehicle vs. Neuro-Cells) 4 days
post-injury, we examined the GFAP expression at the RO, CE and CA
site of the lesion, in relation to those in the sham lesioned, vehicle or
NC-treated animals (Figs. 6C and 7D). Analysis showed a significant
main effect of the SCI-induced lesion site in GFAP expression (F
(1,42)= 29.05, p < 0.001) with an increase in GFAP+ expression at
the central part of the lesion. There was also a significant main effect of
the group (F (1,42)= 4.61, p <0.038), as Neuro-Cells treated rats had
an overall lower number of GFAP+ expression as compared to the ve-
hicle-treated group of rats. Post hoc analysis revealed a significant de-
crease in GFAP+ expression at the CE in the Neuro-Cells-treated rats
(p < 0.042; Fig. 7D) when compared to vehicle-treated rats. No dif-
ferences were found in the GFAP+ expression between the Neuro-Cells-
and vehicle-treated groups at the RO or the CA site of the lesion
(Fig. 7D).

Components of the caspase-3 apoptotic pathway are activated after
traumatic SCI in rats and occur early in neurons at the injury site and
hours to days later in oligodendroglia adjacent to and distant from the
injury site [49,50]. To examine the effects of vehicle and Neuro-Cells on
apoptotic cell death after SCI, we quantified the expression of cleaved

Fig. 4. Effects of Neuro-Cells and vehicle (placebo)
on locomotor function in rats after SCI-surgery and
sham SCI surgery. The first BBB evaluation took
place at day 0, before surgery. At that time, no sta-
tistically significant differences in BBB scores were
found between NC and Veh treated SCI-rats, whereas
the BBB scores in the sham-operated rats during the
whole study were different from SCI-operated rats
(p < 0.001). During the whole study, BBB scores in
NC-treated SCI-rats were higher as those in Veh-
treated SCI-rats, differences reaching significance at
days 14 and 35 (*p < 0.01).

Fig. 5. Differences in serum concentration between the Veh.- and NC-treated SCI-lesioned and sham-lesioned animals at day 4. At that time, there was a significant
increase of serum Interleukin-1β and serum TNF-α in the Veh.-treated SCI-lesioned animals compared to the Veh.- and NC-treated sham-lesioned animals, but not for
the NC-treated groups (*p < 0.05). The serum Interleukin-6 was lower in the NC treated SCI lesioned animals as compared to the Veh.-treated SCI-lesioned animals
but both were significantly higher as compared to their sham-lesioned counterpart.
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caspase-3+ at day 4 post-injury in relation to those in sham-lesioned,
vehicle or NC-treated rats (Fig. 7E and F). We found a significant effect
in the SCI-lesion site (F(1, 42)= 9.30, p < 0.001), namely an in-
creased number of cleaved caspase-3+ cells at the lesion site and a

significant main group effect (F (1, 42)= 6.13, p < 0.017). Interest-
ingly, a significant interaction effect (F(1, 42)= 4.45, p < 0.018) was
observed, suggesting that the pattern of cleaved caspase-3+ expression
differs along the sites of the lesion depending on the group (vehicle

Fig. 6. Presence of human cells at CA (and less in CE) in NC-treated SCI rats detected by human mitochondrial epitopes, displayed in representative images at CA,
3 days after the treatment. A) DAPI, B) Human mt, C) Overlay. Scale bars represents 50 μm.

Fig. 7. CD68+, GFAP+ and cleaved caspase-3+ cells in Veh.- and NC-treated rats across the RO, CE and CA sites (Lesion=CE) relative to the lesion at day 4 post-
injury. Panels show representative examples of fluorescent labeling of CD68+ (A), GFAP+ (C) and caspase-3+ cells (E). For the caspase-3+ cells we quantify the total
number of positive cells (E). Magnification bar represents 50 μm. The effects of NC in CD68+, GFAP+ and caspase-3+ at the RO, CE and CA sites are shown (B, D, F).
The data are expressed as mean ± SEM. n=7–8 sections per animal in each group. *: significant, p≤ 0.05.
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versus Neuro-Cells). Post hoc analysis revealed a significant decrease in
cleaved caspase-3+ cells in rats treated with Neuro-Cells at the CA
(p < 0.003; Fig. 7E and F) and at the CE (p < 0.012), suggesting a
decreased apoptosis in both segments. The number of cleaved caspase-
3+ cells did not differ between Neuro-Cells and vehicle-treated rats at
the RO site of the lesion (Fig. 7E and F).

3.6.2. Late effects (day 56) on cellular responses
At day 56, we found a significant effect of the SCI-lesion site (F(1,

40)= 54.72, p < 0.001) with a significant increase in CD68+ ex-
pression at the CE site but no significant differences were observed
between Neuro-Cells- and vehicle-treated rats at the RO, CE and CA
sites (Fig. 8A and B). A significant main effect of the lesion site (F(1,
41)= 6.56, p < 0.003) with an increase in GFAP+ expression was also
found at the CE site (Fig. 8C). Post hoc analysis revealed no differences
in GFAP+ expression between Neuro-Cells- and vehicle-treated rats at
any site of the lesion (Fig. 8D). A significant main effect of the lesion
site (F(1, 42)= 8.67, p < 0.001) was found in the number of cleaved
caspase-3+ cells but post hoc comparisons between Neuro-Cells and
vehicle-treated rats did not reach significance, suggesting that the
number of cells that are undergoing apoptosis was not different be-
tween both groups 56 days post-injury (Fig. 8E and F).

3.7. Proteomic studies

3.7.1. Differential protein expression
We quantified 573 protein abundances in SCI rats that were injected

with Neuro-Cells and in SCI rats that were injected with vehicle at day
56 after administration. For this purpose, we used tissues from the three
different anatomical sites of the lesion: i) rostral (RO), ii) center (CE),
and iii) caudal (CA). We compared the functional analyses of the dif-
ferentially abundant proteins with alternative functional classifications
to assess the biological functionality relevant to the Neuro-Cells effects
(see Methods). The most relevant representations appeared to be
Regulons, Gene Ontology Cellular Component and Reactome pathways
taken in a gene-sharing network context.

3.7.2. Network of the functional responses: Reactome pathways
Analysis of the sets of proteins that significantly changed their

abundance in response to Neuro-Cells (with q-value below 0.05) in
context of Reactome pathways, and limiting the search to pathways
affected in either direction with p < 0.001, revealed 17 responsive
pathways at RO, 33 at CE and 17 at CA. The total number of pathways
that responded in any direction at any of the 3 levels of the lesion was
60. In order to reveal more general functional patterns that transcend
categories of individual pathways, we constructed a protein-sharing

Fig. 8. CD68+, GFAP+ and cleaved caspase-3+ cells in Veh.- and NC-treated rats across the RO, CE and CA sites (Lesion=CE) relative to the lesion at day 56 post-
injury. Panels show representative examples of fluorescent labeling of CD68+ (A), GFAP+ (C) and caspase-3+ cells (E). For the caspase-3+ cells we quantify the total
number of positive cells (E). Magnification bar represents 50 μm. The effects of NC in CD68+, GFAP+ and caspase-3+ at the RO, CE and CA sites are shown (B, D, F).
The Data are expressed as mean ± SEM. n= 7–8 sections per animal in each group. *: significant, p < 0.05.
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Fig. 9. Protein-sharing network of the 55 responsive
Reactome pathways that share proteins assigned to
them. Significance of the pathway enrichment
among proteins overexpressed with Neuro-Cells is
mapped to red color, while pathway enrichment
among lower expressed proteins is mapped to blue
color. A, Rostral part of the lesion; B, Central part of
the lesion; C, Caudal part of the lesion; D, Color map
showing the range of -log10(FDR) values. Numerical
pathway IDs: 1, Platelet activation, signaling and
aggregation; 2, Respiratory electron transport, ATP
synthesis by chemiosmotic coupling, and heat pro-
duction by uncoupling proteins; 3, Advanced glyco-
sylation end product receptor signaling; 4, Binding
and Uptake of Ligands by Scavenger Receptors; 5,
Cardiac conduction; 6, Chondroitin sulfate/der-
matan sulfate metabolism; 7, Collagen biosynthesis
and modifying enzymes; 8, Collagen formation; 9,
Complex I biogenesis; 10, COPII (Coat Protein 2)
Mediated Vesicle Transport; 11, Cristae formation;
12, CS/DS degradation; 13, Defective B4GALT1
causes B4GALT1-CDG (CDG-2d); 14, Defective
CHST6 causes MCDC1; 15, Defective ST3GAL3
causes MCT12 and EIEE15; 16, Diseases associated
with glycosaminoglycan metabolism; 17, Diseases of
glycosylation; 18, ECM proteoglycans; 19,
Extracellular matrix organization; 20, Formation of
ATP by chemiosmotic coupling; 21, G alpha (12/13)
signaling events; 22, Gluconeogenesis; 23, Glucose
metabolism; 24, Glycolysis; 25, Glycosaminoglycan
metabolism; 26, Hemostasis; 27, HuR (ELAVL1)
binds and stabilizes mRNA; 28, Integrin cell surface
interactions; 29, Ion homeostasis; 30, Ion transport
by P-type ATPases; 31, Keratan sulfate/keratin me-
tabolism; 32, Keratan sulfate biosynthesis; 33,
Keratan sulfate degradation; 34, Metabolism of car-
bohydrates; 35, Metabolism of fat-soluble vitamins;
36, Metabolism of RNA; 37, Metallothioneins bind
metals; 38, Netrin-1 signaling; 39, Neurotransmitter
receptors and postsynaptic signal transmission; 40,
Neutrophil degranulation; 41, RA biosynthesis
pathway; 42, Recycling pathway of L1 R-HSA-
437239; 43, Reduction of cytosolic Ca++ levels; 44,
Respiratory electron transport; 45, Response to metal
ions; 46, Retinoid metabolism and transport; 47,
Retrograde transport at the Trans-Golgi-Network; 48,
Scavenging by Class A Receptors; 49, Sema4D in
semaphorin signaling; 50, Sema4D induced cell mi-
gration and growth-cone collapse; 51, Semaphorin
interactions; 52, Smooth Muscle Contraction; 53,
SRP-dependent cotranslational protein targeting to
membrane; 54, Transport of Mature mRNA derived
from an Intron-Containing Transcript; 55, Transport
of Mature Transcript to Cytoplasm. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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urine network. Out of 60 responsive pathways, 55 (~92%) shared the
underlying responsive proteins with at least one another pathway.
Overall, all the 55 pathways were found in 3 densely connected clusters
and 2 outlier clusters of 2–3 pathways (Fig. 9). While those clusters
were identified on the basis of connectivity only, irrespective to the sign
of response of their members to Neuro-Cells, subsequent visualization
of the directions of the effect of Neuro-Cells on expression of the 55
pathways at every level of the lesion revealed that the highly connected
clusters also showed a trend to consistent sign of response at a parti-
cular level, despite the much less consistent responses at pathway (and
especially – individual protein) levels between the site of the lesion.
Hence, by generalizing the considered biological entity from protein to
pathway and then to network of pathways, we found a progressively
more consistent response to Neuro-Cells-treated rats at the different
levels.

In particular, the first cluster from the left was enriched in glyco-
sylation, extracellular matrix, scavenger receptors, keratan and col-
lagen metabolism related proteins. This cluster showed a clear trend to
be impaired at the RO and CE sites, and to be upregulated at the CA site,
although this last trend was no longer present after multiple testing
correction. The second cluster, in the middle of the network, was en-
riched in generally defined functional pattern of ion movements across
membrane (including such categories as cardiac construction, ion
homeostasis, ion transport, reduction of cytosolic Ca2+ levels, ion
transport-by-type-ATPases) and semaphorins. This middle cluster had a
trend to be upregulated by Neuro-Cells at all the 3 sites of the lesion.
The rightmost smaller cluster of 10 pathways was not connected in as
dense manner as the major 2 clusters, and the response pattern of the
pathways comprising it, was more site-dependent. Interestingly, “me-
tabolism of carbohydrates” operated as a link between the two highly
connected clusters with opposite trend of response to Neuro-Cells.
“Extracellular matrix organization” also provided some protein-sharing
links between the two clusters.

3.7.3. Insights on the upstream transcriptional regulatory events from
proteomics

Besides functional summarization of the observed protein-level
changes, we also leveraged the known transcription factor – target gene
relationships to gain preliminary insights on the possible upstream gene
regulatory events mediating the observed responses to Neuro-Cells.
While transcriptome data is required to draw this level of conclusions
more directly and accurately and post-transcriptional and post-trans-
lational events alter the gene expression-based signatures. We used
backward projection of the en masse protein level changes, in order to
map them to known sets of transcription factor targets to identify the
responsible upstream transcriptional regulators. With this approach, 33
regulons were identified to be upregulated in Neuro-Cells injected rats
compared to vehicle-treated SCI rats at the CE, 17 regulons at the RO
and 21 regulons at the CA respectively (S3, Table 2). When we ex-
amined the functions of the candidate regulons of the 3 areas, we found
that the regulons identified at the CA and CE level had an identical
reported function. In those regions 13 upregulated regulons involved in
differentiation could be identified, though none at RO. These CA and CE
situated regulons play a role in spinal cord motor neuron differentiation
(LMO4), neuron differentiation (NLX2–2, RUNX2), astrocyte differ-
entiation (NKX2–2, PAX6) and oligodendrocyte differentiation (OLIG1,
OLIG2, SOX10). GOCC analysis revealed that in the actin cytoskeleton
and actin filament the regulons identified at the CE were mainly located
in the plasma membrane, whereas the regulons identified at the CA and
at the RO were located in the mitochondrial membrane (Table 3, S4).

4. Discussion

A large body of literature provides evidence for the beneficial effects
of cell-based therapies in patients with SCI [51]. Many studies have
investigated the effects of stem cells as a potential treatment for SCI,

however most of the studies failed to demonstrate safety and substantial
functional improvement, after the use of manipulated stem cells [52].
Manipulation of stem cells before administration leads to proliferation
and/or to differentiation in a disease-free signaling environment that is
not relevant to the initial aim of the transplantation. Without exposure
to signaling proteins in the direct disease environment, active labelling
and/or expanding will change the phenotype and function of the stem
cells, and will bring these cells into the next stage of differentiation in
which they are able to expand and/or to exert only basic functions. The
latter, however, is key to the working mechanism in neurodegenerative
disorders [30]. mesenchymal stem cells (MSCs) and hematopoietic stem
cells (HSCs) are not able to pass the blood-brain and central nervous
system (CNS)-CSF barrier and after intrathecal application float in the
CSF [53–55]. However, signaling proteins are able to freely trespass
these barriers and thus interact with these cells [56,57]. We have de-
veloped therefore a standardized bone marrow fraction of not- or
marginally-manipulated MSCs and HSCs (Neuro-Cells), which can be
intrathecally injected into the disease environment.

By depleting the erythrocytes and the majority of the lymphocytes
of the original bone marrow-derived stem cell preparation, Neuro-Cells
is suitable to be injected straight into the cerebrospinal fluid without
eliciting an inflammatory reaction (rejection) [58,59]. The advantage
of Neuro-Cells over similar products is the fact that the HSCs and MSCs
are not labelled or expanded, but are kept in their original state until
intrathecally administered, allowing the exposure to the disease specific
signaling environment and thus activating the release of paracrine
factors by the stem cells to better control the neuron hostile environ-
ment [60–63].

Both bone-marrow- and adipose-tissue-derived stem cells seem to
improve motor dysfunction, though the exact mechanisms remain un-
clear. In this study, the human bone-marrow derived stem cells (Neuro-
Cells) offer the advantage that they were not labelled nor expanded
when infused directly into the cerebrospinal fluid in SCI-treated rats,
they interact with the disease specific signaling environment [64–67].
We speculate that the beneficial effects of Neuro-Cells during the first
days after its intervention in acute SCI might be induced by its anti-
inflammatory properties, as evidenced by histological findings and
differences in serum interleukin concentrations at day 4 of the study.
56 Days after this intervention, histological analysis did not reveal any
signs of anti-inflammatory properties anymore, though proteomics then
provided enough insights in regulons and pathways to suggest that the
improvement in locomotor activity at that time was rather associated
with neurogenesis and axonal regeneration. Further research, though, is
needed to indeed get proof of stem cell-exerted dedicated apocrine ef-
fects (maybe through extracellular vesicles), induced by the specific
pathological environment.

Several studies have shown that the therapeutic activity of MSCs is
mainly mediated by MSC-secreted factors, suggesting the possible in-
volvement of extracellular vesicles (EVs) as important players med-
iating the therapeutic effects of cells being used as therapeutics (such as
MSCs and endothelial cells) via regenerative and anti-inflammatory
modes of action [64–67]. For instance, MSC-EVs were found to exert
immune-suppressive effects, by enforcing M2 macrophage polarization
and stimulating T cell induction [68].

4.1.1. Early-onset effects of Neuro-Cells in SCI
Treatment with Neuro-Cells 24 h after surgery did not induce ser-

ious side effects or mortality in SCI-lesioned and sham-lesioned rats.
Apart from a higher incidence of a temporary Baycal-responsive cystitis
in the NC-treated animals (P < 0.12), their ‘well-being’, body weight,
and bladder control recovery during the entire study was comparable to
that in Vehicle-treated rats (S5, Table 2, and S6, Fig. 3). Importantly,
not only SCI-related survival (serious adverse events leading to human
end points) reached significance, NC-treated animals also reached
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(significant) better BBB scores.
Considering the histological analyses, rats treated with Neuro-Cells

initially showed a significant reduction in GFAP+ expression at CE,
indicative for a lower number of reactive astrocytes. These glial cells
are, among others, one of the key players in scar tissue formation fol-
lowing an insult to the spinal cord. Previously, it has been suggested
that the improved motor function is associated with a reduction in as-
trogliosis [69]. This question, though, is beyond the scope of the current
study.

Furthermore, we showed that an early intervention with Neuro-
Cells significantly increased the CD68+ cells, caudal of the lesion,
5 days after the acute injury. Several studies testing cell-based therapies
in SCI have reported a decrease in inflammation, however it must be
noted that different markers have been used to assess inflammation in
SCI rats. In our study, we used CD68, which is frequently used as a
marker for microglia and peripheral-derived macrophages, two cell
types that are morphologically indistinguishable from each other. The
primary role of microglia/macrophages is to remove tissue and cellular
debris, thereby enabling the resolution of inflammation and tissue re-
pair [70]. Since blood-derived macrophages enter the site of injury after
approximately 3 days, we speculate that our results mainly reflect the
activation, and possibly the proliferation of resident microglia at the
lesion and caudal site of the lesion following SCI and the rapid injection
of viscous Neuro-Cells [71]. The residual presence of human macro-
phages in Neuro-Cells may be another factor explaining the increased
CD68+ cells caudal to the lesion site in the rats treated with the xe-
notransplant. The anti-CD68 antibody used for immunostaining was
specific for rat as well as for human proteins, thus possibly reflecting an
immune reaction to the xenotransplant. It has also been reported that
subpopulations of HSCs and MSCs do express CD68, which could ex-
plain the increased expression of CD68+ we observed caudal to the
lesion and the lesion itself. Over time, due to migration and differ-
entiation, the number of the CD68+ cells will eventually increase at all
levels.

Interestingly, we found significantly less apoptotic cells in the same
anatomical regions (central and caudal part of the SCI-induced lesion)
in the Neuro-Cells-treated SCI rats compared to the vehicle-treated rats.
We found that 4 days after infusion with Neuro-Cells, rats in those parts
of the lesion had significantly less caspase-3+ cells. The latter is in line
with a recent study indicating that transplantation of bone-marrow
stem cells in SCI mice downregulated the caspase-3+ cells after SCI
[72].

Importantly, cells that stained positive for the human mitochondria
antibody were detected at CA and only few at CE in NC-treated rats,
4 days after administration (Fig. 6). These results may suggest that
Neuro-Cells migrated from the intrathecal space to the lesion and are
able to integrate into the spinal cord tissue. Since only a few positive
cells were detected at the lesion, these data also may suggest that the
majority of the Neuro-Cells remained in the intrathecal space. Urdzi-
kova et al. studying the immunomodulatory effects of human-derived
MSCs administered in immune-competent rats with SCI have reported
similar observations [73].

4.1.2. Late-onset effects of Neuro-Cells in SCI
Neuro-Cells continued to improve motor recovery during the

35 days post-injury observation. No effects though were found in
GFAP+, CD68+ cells as well as the number of cleaved caspase-3+ cells
in Neuro-Cells-treated as compared to vehicle-treated T-cell deficient
SCI rats at any site of the lesion, at 56 days after administration. We
speculate that the recovery has already happened during the study
period resulting in no detectable difference in GFAP and CD68 positive
cells. Moreover, it appears that Neuro-Cells-treated SCI rats had a
higher number of cleaved caspase-3+ cells at the lesion 57 days post-
injury, which may be explained by a recently demonstrated role of
caspase-3 in mediating the differentiation of HSCs [74,75]. Since
Neuro-Cells also contains HSCs, we speculate that HSCs pass on their

immunomodulatory effect to resident cells. However, it must be noted
that small changes in long tracts can result in a significant improvement
of locomotor functions and are not always related to the extent of the
lesion [76].

The regulation of spinal cord injury is possibly a function of com-
plex pathway interactions of cellular and biochemical reactions to
trauma-induced primary and secondary inflammatory processes and a
dense scar formation. Protein expression profiling in SCI rats injected
with Neuro-Cells 56 days after treatment clearly demonstrated a dis-
tinct spatial localization at the rostral and caudal sites of the lesion,
which is in agreement with literature [77,78]. Our clustering analysis
revealed upregulated regulons at the lesion that are involved in positive
regulation of differentiation (e.g. astrocyte differentiation, neuron dif-
ferentiation). Our analysis took into account the spatial distribution of
proteins between Neuro-Cells- and vehicle-treated rats. To a certain
extent, the same pattern was observed at CA but not at RO. Among the
regulons that are significantly upregulated at CA are the LMO4, which
is involved in ATP signaling that promotes neuron survival after hy-
poxia [79], and Olig1 and Olig2, which are linked to the development
and maturation of oligodendrocytes [80,81]. Both for CA and CE,
NKX2.2, a regulon that has a critically important role in the differ-
entiation of adult oligodendrocyte progenitor cells (OPCs) into re-
myelinating oligodendrocytes was significantly upregulated [82].
Moreover, upregulation of HIF1A in the lesion itself is linked to re-
generation of lost or damaged tissue in mammals that have a repair
response [83]. Interestingly, in CE and CA, regulons of human origin
could be identified (e.g. UBE2L3, ANXA7, ENO1, MYH11, HNRNPA0,
TPD52), regulons which role is still obscure, thus providing a novel
protein list through which NC might exert its recovery effects. This
result may support previous evidence, suggesting that MSCs rapidly
pass on their effect to resident cells, which may substantially mediate
the NC-induced immunomodulatory and regenerative effects [84]. SCI
regulation might be the result of complex cellular and biochemical
pathway interactions during primary and secondary inflammatory
processes and scar formation.

In the context of reactome pathways, we found a cluster enriched in
glycosylation, keratan and collagen metabolism related proteins that
appeared to be downregulated at the caudal site of the lesion and at the
lesion but upregulated at the rostral site of the lesion. It has been re-
ported, that increased N-glycosylation correlates in vivo with increased
astrogliosis [85]. Down regulation of glycosylation in Neuro-Cells-
treated rats may be responsible for the reduced astrogliosis we observed
at all sites of the lesion. Interestingly, inhibition of collagen matrix
formation in spinal cord lesions have also been associated with axonal
regeneration and motor function recovery [86]. An upregulation in ion
movements across membrane (for instance the Ion transport by P-
type_ATPases) and semaphorins was identified at all three sites of the
lesion. P-type ATPases is a protein family that plays an important role in
the ATP-dependent flipping of phospholipids across the cell mem-
branes, a biological process that is vital in vesicle trafficking. Sema-
phorins are expressed in the adult nervous system and have been im-
plicated in controlling axon guidance [87–89]. However, contrary to
netrins, the role of semaphorins in regeneration has not been studied
extensively. At the lesion, Netrin-1 and L1CAM related proteins are
found to be significantly upregulated. In a rat model of nerve injury, Ke
et al. have shown that overexpression of Netrin-1 in bone-marrow-de-
rived MSCs improves functional recovery [90]. The LICAM im-
munoglobulin family has been involved in the promotion of re-
generative axon sprouting and functional improvement after CNS injury
as well as neuronal migration and synapse formation [91–93]. The
significant upregulation of platelet activation observed at the rostral
site of the lesion has previously shown to be associated with in-
flammation, angiogenesis, and tissue regeneration. Platelets-derived
microparticles were found to trigger endogenous stem cell repair me-
chanisms after middle cerebral artery occlusion in rats [94]. Our pro-
teomic analysis revealed both a signal of plasma-membrane and

J.P.d. Munter, et al. Journal of the Neurological Sciences 402 (2019) 16–29

26



extracellular space restructuring processes at the lesion and unfolded
another two ion transport gene sets at all three sites of the lesion (S7,
Table 5), suggesting a paracrine effect of Neuro-Cells in SCI rats.

Several studies have shown that the therapeutic activity of MSCs is
mainly mediated by MSC-secreted factors, suggesting the possible in-
volvement of extracellular vesicles (EVs) as important players med-
iating the therapeutic effects of cells being used as therapeutics (such as
MSCs and endothelial cells) via anti-inflammatory and apocrine modes
of action [63–66]). For instance, MSC-EVs were found to exert immune-
suppressive effects, by enforcing M2 macrophage polarization and sti-
mulating T cell induction [67]. Extracellular vesicles (EVs), which in-
clude micro-vesicles, play an important role in intercellular commu-
nication both under physiological as well as pathophysiological
conditions [95,96]. EVs are carriers of active molecules regulating in a
paracrine or endocrine manner the recipient cells [97,98].

Taken together, in this particular experimental setting, Neuro-Cells
did induce a beneficial effect over Vehicle in the treatment of acute
balloon compression–induced immune-deficient SCI-rats, significantly
reducing SCI-related mortality and improving locomotor recovery. The
advantage of applying low-immunogenic stem cells into T-cell derived
immune-deficient rats is the prevention for rejection of the graft and/or
host-versus-graft disease, without the co-application of im-
munosuppressive drugs, which may interfere with stem cell activities
[33,34]. Therefore, the significant acceleration of the natural, sponta-
neous recovery after SCI-lesioning in these rats, as shown in this re-
search project, indeed, might be interpreted as a main effect of the stem
cell transplant. The disadvantage in those immune-deficient rats,
though, is that due to the reduced secondary posttraumatic inflamma-
tion in these animals, final balloon compression-induced damage with
consequent sensorimotor and neurovegetative symptoms is significantly
less when compared to immune-competent rats. As stem cells are sup-
posed to reach their effects in acute lesions by suppressing (secondary)
inflammation, it is thus realistic to expect a lower magnitude of their
eventual beneficial effect in SCI-lesioned T-cell deficient rats. Another
disadvantage is that those animals, indeed, especially after an inter-
vention with inflammation-reducing stem cells, are more prone to in-
fections [35]. Most probably, this trend (p < 0.12) to a higher fre-
quency of bladder infections in our NC-treated SCI-lesioned rats (as
compared to the placebo-treated rats) might be explained in this way.

5. Conclusion

Our study provided the first proof of concept that Neuro-Cells im-
proved the survival and accelerated natural motor recovery after SCI.
The effects of Neuro-Cells on pathological processes related to acute SCI
are multiple. We speculate that an intrathecal injection of Neuro-Cells
in spinal cord-injured rats, after some days, improved motor function
initially, but not later on, in combination with a decrease of interleukins
concentrations confirmed by histological established reduction of as-
trogliosis and apoptosis. The continued motor recovery may suggest
that Neuro-Cells exert their effects on a dual role: 1) at an early stage
via their anti-inflammatory properties and 2) resulting at a later stage
in a modulation of the injury environment. Overall, by targeting mul-
tiple mechanistic pathways, the infused Neuro-Cells may induce or pass
on certain aspects of their regenerative properties, providing plausible
biological mechanisms involved in the regenerative process. Therefore,
this treatment holds great promise as a neuroregenerative treatment
including functional recovery in a clinical setting with (sub)acute SCI
patients.
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