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Abstract

The route used in the transplantation of mesenchymal stem cells (MSCs) can directly affect the treatment success.
The transplantation of MSCs via the intrathecal (IT) route can be an important therapeutic strategy for neurological disorders.
The objective of this study was to evaluate the safety and feasibility of the IT transplantation of autologous (Auto-MSCs) and
allogeneic (Allo-MSCs) bone marrow mesenchymal stem cells (BM-MSCs) in healthy dogs. Based on neurodisability score,
cerebrospinal fluid (CSF) and magnetic resonance imaging (MRI), no significant differences from the control group were
observed on day | or day 5 after IT Auto- or Allo-MSCs transplantation (P > 0.05). In addition, analysis of matrix metallo-
proteinase (MMP)-2 and MMP-9 expression in the CSF revealed no significant differences (P > 0.05) at 5 days after
IT transplantation in the Auto- or Allo-MSCs group when compared to the control. Intrathecal transplantation of BM-MSCs in
dogs provides a safe, easy and minimally invasive route for the use of cell-based therapeutics in central nervous system diseases.
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enhancement of the regenerative microenvironment mediated
by their anti-inflammatory/immunomodulatory effects and the

Introduction

The potential use of cell-based therapies in the treatment of
neurological disorders is promising in translational medi-
cine. Since companion animal diseases mirror human con-
ditions, naturally occurring diseases offer several advantages
as models of human disease'. Dogs represent an important
translational model due to their sharing of the human envi-
ronment and could therefore predict outcomes in human
patients'%. Inflammatory, traumatic and degenerative dis-
eases of the central nervous system (CNS) in dogs are clini-
cally similar to their counterparts in humans®.
Mesenchymal stem cells (MSCs) are easy to obtain, isolate
and expand in vitro, express multifactorial therapeutic proper-
ties and possess multilineage differentiation capacity*®. The
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application of MSC-based therapies in CNS injuries, including
neurodegenerative, genetic, traumatic, vascular and autoim-
mune diseases, has been widely studied in humans and ani-
mals’ "2, The therapeutic effects of MSCs are associated with
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promotion of neuroprotective activity through the paracrine
secretion of neurotrophic and angiogenic factors'>'>.

The therapeutic effectiveness of MSCs also depends on
the migration, engraftment and viability of the cells at the
lesion site'®. Therefore, concerns exist regarding the selec-
tion of an effective route for transplantation'’. Intrathecal
transplantation (IT) can result in direct cell distribution to
the CNS through cerebrospinal fluid (CSF)'®, thus avoiding
the “first-pass” pulmonary effect, which can result in entrap-
ment of cells and lead to a limited therapeutic effect'®>°.
The IT route also avoids issues related to dependency on
injury-mediated opening of the blood-brain barrier (BBB)
to permit access of the cells to the CNS?'. Although several
studies have demonstrated positive results after IT transplan-
tation of MSCs in animals and humans22*24, studies evaluat-
ing the safety of the IT route of transplantation in companion
animals are still lacking.

The host immunological response to MSCs can influence
therapeutic effects®. Allogeneic (Allo-MSCs) therapy is
useful for transplantation immediately after diagnosis and
has been considered safe and tolerable?®?’; nevertheless, the
production of antibodies against transplanted Allo-MSCs has
been previously reported”®. On the other hand, the use of
autologous (Auto-MSCs) therapy is limited; it can typically
only be used at the late stages of disease due to the time
needed for expansion and to the limited ex vivo sources of
Auto-MSCs*. Research on the in vivo effects of Allo-MSCs
and Auto-MSCs transplantation in which clinical and
inflammatory parameters are evaluated may help clarify the
safety of these cell-based therapies®>.

Matrix metalloproteinases (MMPs) are matrix-
degrading enzymes that play important roles in many
pathophysiological conditions, such as tumor-associated
processes, infections and immunomodulation®®. The activ-
ities of MMPs are regulated by a complex of transcription
factors, inflammatory cytokines, chemokines, and growth
factors and by the interaction of active MMPs with tissue
inhibitors of metalloproteinases (TIMPs)*'. Matrix metal-
loproteinases are secreted as pro-enzyme forms into the
extracellular space and require activation by multiple
mechanisms to reach their active or mature forms*>. In CNS
diseases, gelatinases metalloproteinase-2 (MMP-2) and
metalloproteinase-9 (MMP-9) contribute to neuroinflam-
mation, disruption of the BBB, oxidative stress and demye-
lination%33. Therefore, the measurement of MMPs in the
CSF has been considered a biomarker for the neuroinflam-
matory response34*36.

We hypothesized that canine bone marrow-derived MSCs
(BM-MSCs) transplanted by the intrathecal route are well
tolerated and do not induce neurological changes, alterations
in CSF (including MMP activity) or produce long-term
abnormalities in the magnetic resonance imaging (MRI).
In this context, our goal was to evaluate the safety and fea-
sibility of autologous and allogenic BM-MSCs after intrathe-
cal transplantation in healthy dogs.

Materials and Methods
Animal Selection

Fifteen healthy mixed-breed adult dogs (average weight
13 kg) were selected and maintained at the Kennel Veterin-
ary Hospital, Sao Paulo State University, Brazil. All dogs
included in this study had normal clinical and neurological
examinations. All experiments involving animals were con-
ducted in accordance with the guidelines of the Institutional
Ethics Committee for Experimental Animal Use (CEUA) of
S3ao Paulo State University (FMVZ/Unesp, protocol
195/2011).

Experimental Design

The dogs were randomly divided into three groups.
The Auto-MSCs group (n = 5) was subjected to the IT
transplantation of autologous BM-MSCs. The Allo-MSCs
group (n = 5) was subjected to the IT transplantation of
allogeneic BM-MSCs. The control group (n = 5) was sub-
jected to the IT injection of phosphate-buffered saline (PBS).

The dogs were clinically evaluated by neurological exam-
ination and application of the neurodisability scoring system
prior to and at 5 days, 6 months, and 12 months after trans-
plantation. Cerebrospinal fluid and CSF concentrations of
the pro- and active forms of MMP-2 and MMP-9 were mea-
sured before and at 5 days after transplantation. Magnetic
resonance imaging (MRI) was performed 1 year after trans-
plantation (Fig. 1).

Isolation and Culture of Canine BM-MSCs

Canine bone marrow was collected from the humerus
with the animal under general inhalation anesthesia. The
marrow was aspirated into a 20-ml syringe containing
1.000 TU heparin/ml (Cristalia, Sdo Paulo, Brazil). The
suspension was filtered, centrifuged and mixed with Dul-
becco’s modified Eagle’s medium (DMEM/F12, Gibco,
Invitrogen, Sdo Paulo, SP, Brazil) at a 1:1 ratio. Subse-
quently, 5 ml of Ficoll-Paque Premium density 1.077
gradient (GE Healthcare-Sigma Aldrich, Sdo Paulo, SP,
Brazil) was slowly added, and the mixture was centri-
fuged at 1500 rpm for 40 minutes. The mononuclear cell
layer was carefully aspirated and centrifuged twice at
1500 rpm for 10 minutes.

The stromal vascular fraction (SVF) was suspended and
cultured in DMEM high glucose supplemented with 20% fetal
bovine serum (FBS), 1% penicillin/streptomycin (10,000 UT/
mL) and 1.2% amphotericin B (250 pg/mL)(all from Gibco,
Invitrogen, Sao Paulo, SP, Brazil). The culture flasks were
incubated at 37°C in a humidified incubator with 5% CO,, and
the medium was changed twice weekly. When the monolayer
reached 80% confluence, the cells were detached with 0.25%
trypsin (Gibco, Invitrogen, Sao Paulo, SP, Brazil) for passage
or transplantation. The viability of the cells was measured
using the trypan blue method. The cells were stored in liquid
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Figure 1. Evaluation of safety and feasibility of autologous and allogenic BM-MSCs in healthy dogs. (I) The dogs were selected and evaluated
with the neurodisability score. The BM-MSCs were harvested, isolated, and characterized with specific positive and negative markers and
storage until intrathecal (IT) transplantation. (2) Three groups were selected; Auto-MSCs group (n = 5), Allo-MSCs group (n = 5) and
control group (n = 5). After culture and expansion, the Auto-MSCs and All-MSCs groups received by IT route autologous or allogeneic BM-
MSC, respectively. The control group received by IT route phosphate-buffered saline (PBS). (3) The neurodisability score, CSF analysis and
CSF pro- and active forms of MMP-2 and MMP-9 were performed before IT transplantation and at 5 days. Finally, at long term the dogs were
evaluated by neurodisability score and brain MRI. lllustration by Luis Renato do Nascimento.

nitrogen for further characterization or for transplantation
after expansion.

Adipogenic, Osteogenic and Chondrogenic
Differentiation of Canine BM-MSCs

To induce trilineage mesodermal differentiation, specific
adipogenesis, chondrogenesis, and osteogenesis differentia-
tion kits were used according to the manufacturer’s instruc-
tions (Stempro® kit, Gibco, Invitrogen, Grand Island, NE,
USA). Adipogenic and osteogenic differentiation was con-
firmed by histological staining with Oil red O and Alizarin
red S, respectively. For chondrogenic differentiation, micro-
mass culture and histological staining with Alcian Blue (pH
2.5) were performed. Cells were cultured in DMEM/20%
FBS (all from Gibco, Invitrogen, Sdo Paulo, SP, Brazil) as
a negative control.

Flow Cytometry

Canine BM-MSCs were characterized by the presence of the
surface markers CD44 and CD105 or the absence of
CD34°"3°. Canine BM-MSCs were characterized by flow
cytometry on a FACSCalibur cell analyzer (Becton Dickin-
son Company, San Jose, CA, USA). The cells were incu-
bated with CD44 rat anti-mouse (Sigma-Aldrich, Saint
Louis, MO, USA) CD45 rat anti-dog (Abd Serotec, Raileigh,
NC, USA), CD90-FITC mouse anti-human (Becton Dickin-
son Company, San Jose, CA, USA), MHC class II rat anti-
dog (Abd Serotec, Raileigh, NC, USA) and and CD34-FITC
anti-human antibodies (Becton Dickinson Company, San
Jose, CA, USA). A secondary antibody, goat anti-mouse
IgG-FITC (Abd Serotec, Raleigh, NC, USA), was used as
an unconjugated marker. A standard protocol was used
according to the manufacturer’s instructions. The results
were analyzed using Cell Quest Pro software (Dickinson
Company, San Jose, USA).



Cell Transplantation

Intrathecal Transplantation of Canine BM-MSCs

The dogs were subjected to general inhalation anesthesia,
and the atlanto-occipital region was aseptically prepared.
A spinal needle (25 G x 3 1/2”’, 0.50 mm x 90) was used
according to a previously described protocol®’. Briefly, the
dogs were positioned in the right lateral recumbency, and
cervical ventroflexion was performed. The needle was
inserted slowly into the cerebellomedullary cistern, and the
CSF was collected. Then, a suspension of 1.5 x 10° cells in
1 mL of PBS or 1 mL of PBS only was injected into the
cerebellomedullary cistern over a period of nearly 1 minute.

Neurological Examination

Neurological examination and Neurodisability score were
performed in dogs in the Allo-MSCs, Auto-MSCs and con-
trol groups prior to and at 5 days, 6 months, and 12 months
after BM-MSC transplantation, as previously described. The
neurological scoring system was applied to assessment of
neurological status (Online Supplemental Material S2). Dur-
ing the neurological examination, behavioral assessment,
mental status, posture and gait, cranial nerves, postural reac-
tions, urinary function, sensory deficits, and epaxial palpa-
tion were evaluated. The system allocates arbitrary scores to
neurological deficits that can be identified in a routine neu-
rological examination, the sum of these providing an overall
disability score. Normal scores are close to zero and the dogs
with presence of severe neurological deficits show an
increase of score close to value of 30*.

Cerebrospinal Fluid Analysis

CSF analysis of the dogs in the Auto-MSCs, Allo-MSCs and
control groups was performed prior to and at 5 days after
transplantation. During CSF evaluation, cytochemical anal-
ysis, including total nucleated cell count (TNCC) and mea-
surement of protein concentration, was performed.
The TNCC was considered normal if <5 nucleated cells/uL
were observed, and protein concentrations <30 mg/dL were
considered normal. CSF was collected through the cerebel-
lomedullary cistern in all dogs**.

Gelatin Zymography

The CSF concentrations of the pro- and active forms of
MMP-2 and MMP-9 of the dogs in the Auto-MSCs, Allo-
MSCs, and control groups were determined prior to and at
5 days after transplantation as previously described®. The
gelatinolytic activity of the samples was detected by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gelatin zymography. The results, which are
expressed in arbitrary units (A.U.), were calculated by sum-
ming the pixel values within the digested area of the band
and subtracting the background density using Imagel soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Magnetic Resonance Imaging

Brain MRIs of the dogs in the Auto-MSCs, Allo-MSCs and
control groups were performed 1 year after BM-MSC trans-
plantation to investigate the presence of abnormalities as
mass tumors. T1-weighted (T1 W), T1-weighted (T2 W),
fluid-attenuation inversion recovery (FLAIR), and postcon-
trast T1 sequences (Optimark®, Mallinckrodt Inc., Raleigh,
NC, USA) in the sagittal, transverse, and dorsal planes were
obtained using a 0.25 Tesla scanner (Vet-MR Grande,
Esaote, Ligure, GE, Italy).

Statistics Analysis

The quantitative variables CSF protein, CSF TNCC, pro-
and active forms of MMP-2 and MMP-9 were evaluated for
normality using descriptive statistics, graphical analyses and
statistical tests (Shapiro-Wilk). Statistical analysis was per-
formed with the nonparametric Kruskal-Wallis test. Pair-
wise comparisons were made using the Mann—Whitney
test. All boxplots show median values and interquartile
ranges and minimum and maximum values. The level of
significance between the groups was set at P < 0.05. The
differences were denoted by a single asterisk (P < 0.05), two
asterisks (P <0.01), or three asterisks (P <0.001) (GraphPad
Prism version 8 for Mac, San Diego, CA, USA).

Results

Canine Bone Marrow-Derived Mesenchymal Stem
Cells Exhibited Mesenchymal Fate and Trilineage
Differentiation Potential

The canine BM-MSCs exhibited plastic adherence and fibro-
blastoid morphology, and the assays of trilineage differentia-
tion revealed their multipotentiality. After 9 days of culture
in adipogenic medium, the BM-MSCs differentiated into
adipocytes; the core increased in size and formed bright lipid
vacuoles or fat droplets that were visible after Oil Red stain-
ing (Fig. 2a). Osteogenic differentiation of BM-MSCs, char-
acterized by positive Alizarin Red staining indicating
deposits of calcium in the cells, was observed 21 days after
the induction of differentiation. Chondrogenic differentia-
tion, indicated by positive Alcian Blue staining showing that
the micromass of cells contained sulfated proteoglycans, was
observed 21 days after the induction of differentiation (Fig.
2a).

To analyze the expression of cell surface markers on
canine BM-MSCs, the cells were subjected to immunophe-
notyping at passage three. The flow cytometry results
revealed positive expression of the surface markers CD44
and CD90 and the absence of CD34and MHC-II expression
(Fig. 2b). Canine BM-MSC transplantation was
performed using cells that exhibited > 90% viability.
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Figure 2. Characterization and immunophenotyping of canine
BM-MSCs. (a) Mesodermal differentiation of canine BM-MSCs. The
presence of lipid vacuoles was observed after 14 days of adipogenic
differentiation (Oil red staining). Calcium phosphate deposits and
calcified extracellular matrix were observed after 21 days of osteo-
genic differentiation (Alizarin red staining). Extracellular matrix
deposition with mucopolysaccharides was observed after 21 days
of chondrogenic differentiation (Alcian blue staining). Scale bars
= 100 um. (b) Representative immunophenotype of BM-MSCs.
BM-MSCs express MSC markers CD90 and CD44 and do not
express hematopoietic markers CD34 and CD45 or MHC-II.

Neurological Examination After Intrathecal
Transplantation Showed No Alterations

The neurological examination was unremarkable in 100% of
the dogs in the Auto-MSCs (5/5), Allo-MSCs (5/5), and control
(5/5) groups before transplantation and at 5 days, 6 months, and
12 months after transplantation. Neurodisability score analyses
based in cranial nerves, mentation and postural responses, prior
to and at 5 days, 6 months, and 12 post-transplantation was
unremarkable (score 0) in the dogs of Auto-MSCs, Allo-MSCs
and control groups (Online Supplemental Material S3).

Intrathecal Transplantation of Canine BM-MSCs
Did not Alter CSF Parameters

Total nucleated cell count analysis did not show significant
differences among the Auto-MSCs, Allo-MSCs and control
groups prior to and at 5 days after transplantation (P > 0.05)
(Fig. 3a). The total nucleated cell count values before trans-
plantation were as follows: Auto-MSCs median 1 cell/uL
(range 0-1 cell/uL); Allo-MSCs median 1 cell/uL (range 0—
15 cell/pL); and control median 1 cell/uL (range 02 cell/uL).
The total nucleated cell count values at 5 days after transplan-
tation were as follows: Auto-MSCs median 2 cell/uL (range
1-8 cell/uL); Allo-MSCs median 5 cell/pL (range 1-50
cell/uL); and control median 1 cell/uL (range 1-6 cell/pL).
Five days after transplantation, two dogs in the Auto-MSCs
group showed pleocytosis (8 cells/puL, 8 cells/pL), and one dog
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Figure 3. CSF parameters after BM-MSCs transplantation. The
analyses were determined prior to and at 5 days after transplantation
in all dogs in the Auto-MSCs, Allo-MSCs, and control groups (n =5
for each group). (a) CSF cytology. No significant differences were
found among the groups after BM-MSC transplantation (p > 0.05).
(b) CSF protein concentration. No significant differences were found
among the groups after BM-MSC transplantation (p > 0.05 .

in the Allo-MSCs group presented pleocytosis (50 cells/pL).
For all samples, cell morphology was normal, and no atypical
cells were noted in the CSF prior to or after transplantation.

Total protein concentration analysis did not show signifi-
cant differences among the Auto-MSCs, Allo-MSCs and con-
trol groups prior to and at 5 days after transplantation (P> 0.05)
(Fig. 3b). The values before transplantation were as follows:
median Auto-MSCs 17.2 mg/dL (range 16.8-20.4 mg/dL);
median Allo-MSCs 17.1 mg/dL (range 11.7-31.0 mg/dL); and
median control 15.4 mg/dL (range 10.6-28.0 mg/dL).
The TNCC values at 5 days after transplantation were as follows:
Auto-MSCs median 18.5 mg/dL (range 11.7-28.6 mg/dL);
Allo-MSCs median 30.0 mg/dL (range 14.2-46.7 mg/dL); and
control median 21.4 mg/dL (range 13.3-38.3 mg/dL).
Hyperproteinorrachia was observed in one dog in the
Allo-MSCs group (46.7 mg/dL) after transplantation
(Online Supplemental Material S1).

MMP Expression was not Altered by the Intrathecal
Transplantation of Canine BM-MSCs

The gelatinolytic activity of pro-MMP-2 and active MMP-2
did not show significant differences among the Auto-MSCs,
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Figure 4. Gelatin zymographic of matrix metalloproteinases (MMP)-2 and MMP-9 in the CSF. MMP zymographic analysis and zymograms
were obtained prior to and after BM-MSC transplantation in all dogs in the Auto-MSCs, Allo-MSCs and control groups. (n = 5 for each
group). (a) There were no significant differences in (MMP)-2 and -9 among the groups 5 days after MSCs transplantations (P p > 0.05. (b)
Note the presence of the gelatinolytic bands corresponding to pro-MMP-9 (92 kDa), active MMP-9 (86 kDa), pro-MMP-2 (72 kDa), and

active MMP-2 (66 kDa).

Allo-MSCs and control groups prior to and at 5 days after
transplantation (P > 0.05) (Fig. 4a).

CSF zymographic analysis revealed the detection of pro-
MMP-2 in all of the dogs in the Auto-MSCs (60.8, 56.0,
56.4, 66.4, and 59.6 A.U.), Allo-MSCs (54.4, 54.2, 62.8,
50.5, 44.0 A.U.) and control (43.3, 46.9, 45.9, 44.7,
45.5 A.U.) groups before transplantation. Five days after
transplantation, pro-MMP-2 was detected in 5/5 of the dogs
in the Auto-MSCs group (59.2, 53.0, 69.8, 56.3, and 52.0 A.U.),
Allo-MSCs group (54.5, 28.0, 42.9, 52.5, and 37.4 A.U.) and
control group (45.6, 44.4,42.6, 51.4, and 57.1 A.U.).

Active MMP-2 was not detected by CSF zymography
before transplantation or at 5 days after transplantation in any
ofthe dogs in the Auto-MSCs, Allo-MSCs, or control groups.

The gelatinolytic activity of pro-MMP-9 and active
MMP-9 did not show significant differences among the
Auto-MSCs, Allo-MSCs and control groups before and at
5 days after transplantation (Fig. 4a).

CSF zymographic analysis revealed very low levels of
pro-MMP-9 prior to transplantation in two dogs in the
Auto-MSCs group (0.5 and 2.1 A.U.). At 5 days after trans-
plantation, pro-MMP-9 displayed very low levels in two
dogs in the Auto-MSCs group (1.8 and 2.1 A.U.), in one dog
in the Allo-MSCs group (1.5 A.U.), and in one dog in the
control group (1.7 A.U.).

Active MMP-9 was detected in very low amounts in two
dogs in the Auto-MSCs group (1.7 and 1.6 A.U.), in two
dogs in the Allo-MSCs group (2.9 and 4.6 A.U.), and in one

dog in the control group (1.5 A.U.) before transplantation.
Five days after transplantation, active MMP-9 was observed
in one dog in the Auto-MSCs group (1.5 A.U.), in two dogs
in the Allo-MSCs group (2.9 and 4.4 A.U.), and in two dogs
in the control group (0.6 and 2.1 A.U.), as shown in
Fig. 4b (Online Supplemental Material S1).

Long-Term Magnetic Resonance Imaging After
Intrathecal Transplantation of Canine BM-MSCs
Showed no Alterations

MRI exams performed 1 year after the IT transplantation of
BM-MSCs did not reveal alterations or tumor formation in
the brains of the dogs in the Auto-MSCs and Allo-MSCs
groups (Fig. 5).

Discussion

Central nervous system diseases are damaging to humans
and animals, leading to permanent disability and poor qual-
ity of life. The promotion of a neuroregenerative and anti-
inflammatory microenvironment is the main goal of
cell-based therapeutic strategies for CNS diseases. One
approach for improving the therapeutic profile of MSCs is
the direct transplantation of MSCs into the CSF, thus bypass-
ing the blood-brain barrier obstacle. To date, no studies have
evaluated the safety and feasibility of transplantation of
canine autologous and allogenic BM-MSCs by the IT route.
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Figure 5. Normal brain magnetic resonance imaging after the IT transplantation of BM-MSCs from the three experimental groups. (a—c)
Transverse Tl-weighted, T2-weighted, and fluid-attenuated inversion recovery (FLAIR) sequences of the control group (dog I). (d—f)
Transverse Tl-weighted, T2-weighted, and FLAIR sequences of the Auto-MSCs group (dog 5). (g—i) Transverse TI|-weighted,

T2-weighted, and FLAIR sequences of the Allo-MSCs group (dog |).

Herein, canine Auto-MSCs and Allo-MSCs were trans-
planted by the IT route, and the safety of this method was
evaluated by neurological examination, CSF analysis, and
long-term brain MRI.

Due to pleiotropic characteristics of the MSCs, the Inter-
national Society for Cellular Therapy (ISCT) creates guide-
lines for the definition and characterization of human MSCs.
The parameters included plastic adherence, differentiation
capacity to lineages adipocytes, chondroblasts, and osteo-
blasts and expression of surface markers such as CD90,
CD73, CD105, associated to absence CD11b, CD14, CD19,
CD34, CD45 y MHC- II*’. Although the criteria are not fully
defined for canine MSCs characterization, the canine
BMMSCs showed typical mesenchymal stem cell morphol-
ogy, adherent property, and multilineage differentiation
potential regarding adipogenicity, chondrogenicity, and
osteogenicity. Our flow cytometry assay was able to charac-
terize canine BM-MSCs as CD90", CD44", CD34 ™, CD45 ™,
e MHC II". Herein, canine BM-MSCs exhibited a compara-
ble in vitro profile as described in previous studies®***~*°.

The self-renewal characteristics and proliferation capac-
ity of MSCs are associated with tumor formation or tumor
growth in animal models*’. In our study, advanced imaging

features related to tumor formation and mass effects in the
brain after IT transplantation were not observed in any of the
dogs at the on-year long-term evaluation by MRI scanning.
These findings indicate that neither allogenic nor autologous
BM-MSCs transplanted by the IT route promoted tumor
initiation. In this sense, the dogs used in this study showed
no neurological deficits at 5 days, 6 months, or 12 months
after transplantation. Therefore, clinical aspects also were
not affected by allogenic or autologous BM-MSCs delivered
intrathecally.

CSF analysis following transplantation revealed the
absence of statistical differences in the protein concentration
and number of total nucleated cells 5 days after transplanta-
tion in both groups Auto-MSCs and Allo-MSCs. One dog in
the Allo-MSCs group showed 50 cells/uL and mild protei-
norrachia post-transplantation. Two dogs in the Auto-MSCs
group showed mild pleocytosis (8 cells/uL) post-
transplantation. These findings could be related to some
grade of immune response towards the transplanted cells
or to the chemical/xenogeneic products used for cell expan-
sion or preservation (i.e., dimethyl sulfoxide and FBS).
However, the immune response may not have been sufficient
to cause immune rejection since no adverse effects were
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found upon clinical and neurological examination after the
IT transplantation of BM-MSCs. Mesenchymal stem cells
secrete various cytokines (i.e., TGF-B, IDO, and PGE,),
growth factors and extracellular vesicles that contribute to
the modulation of immune responses*®*’. Therefore, the
balance between the expression of immunogenic and immu-
nosuppressive factors may have contributed to the absence
of adverse effects®>°. These features could explain the
absence of clinical immune rejection for the allogenic trans-
plantation of BM-MSCs observed in our study. Additionally,
pleocytosis could be related to the trauma caused by the
puncture itself for CSF collection. Consistent with our find-
ings, Barberini et al. (2018) showed that after IT Auto-MSCs
transplantation in six healthy horses, five horses developed
mild pleocytosis in the CSF 6 days after transplantation, with
no abnormalities on neurological examination®.

Zymographic analysis was used to measure the levels of
pro- and active MMP-2 and MMP-9 in the CSFs of healthy
dogs prior to and after the transplantation of Auto- and Allo-
BM-MSCs as a basis for evaluating the occurrence of neu-
roinflammation after IT transplantation®®>'. In our study,
there were no significant differences in pro-MMP-2 and
MMP-2 at 5 days after transplantation compared to the con-
trol group. Consistent with previous reports about matrix
metalloproteinases activity in the CSF in dogs***, pro-
MMP-2 was detected in the CSF prior to and after BM-
MSC transplantation in all experimental groups. This was
an expected result since MMP-2 is constitutively expressed
in the brain and bodily fluids such as serum and CSF**. Other
than this, no expression of active MMP-2 was observed in
any of the groups prior to or after transplantation, as evi-
denced in earlier studies®*>®. Higher activity of active
MMP-2 has been correlated with immunodeficiency virus
infection in human neuronal and glial cells’* and in the CSF
of dogs with subacute distemper leukoencephalitis®®.

The results of pro-MMP-9 and active MMP-9 were not
meaningful at 5 days after transplantation when compared to
the control group. Pro- and active forms of MMP-9 were not
detected or inconsistently detected in very low amounts in a
few samples in the Auto-MSCs, Allo-MSCs, and control
groups either before or after BM-MSC transplantation.
Importantly, the detected levels were not significant com-
pared to those in subjects with inflammatory/infectious dis-
eases’**?. Similarly, Levine et al. (2006) detected
pro-MMP-9 activity in the CSF of one control animal (1/8)
in a study that evaluated the activity of metalloproteinases in
the CSF and serum of dogs with acute spinal cord trauma due
to intervertebral disk disease**. Although the MMP-9 mea-
surements in blood samples may reflect their release by leu-
kocytes during the clotting process in the collection tube™,
not all dogs that presented some degree of blood contamina-
tion had an increased level of MMP-9. Therefore, the authors
believe that this was an unspecific finding associated with
sample processing MMP-9 activity.

Herein, BM-MSC transplantation by the IT route in
healthy dogs is shown to be a feasible and minimally

invasive method for cell-based therapy. The use of the
IT route allows the entry of MSCs directly into the subar-
achnoid space, avoiding the dependency of BBB permeabil-
ity and resulting in a greater number of cells reaching the site
of injury in the CNS'®. In comparison, intravenous and intra-
arterial routes of transplantation may be less invasive*>>;
nevertheless, there is limited evidence showing that a large
number of MSCs reach the target in the CNS when these
techniques are used’®, and most of the cells transplanted by
these routes are entrapped in the lung microvasculature and
other organs due to the large size of the cells and to the
expression of adhesion molecules'*?°. Previous studies have
suggested that MSC accumulate in the lungs within 24 hours
after intravenous administration®”® and, disappeared from
the lungs, but did not reappear in the other tissues, suggest-
ing they did not survive long term in the recipient animals®,
as well as, has been suggested that there is no difference in
the migration of viable MSC to injured and non-injured
organs™. In addition, there is also a significant risk of vas-
cular occlusion by cell aggregates (microembolization)
when cells are delivered by the intra-arterial route, which
can lead to additional cerebral damage®®®'. The intrapar-
enchymal is another alternative route for MSC delivery to
treat CNS diseases and may offer benefits regarding local
cell biodistribution and migration; nevertheless, it is a very
invasive procedure that presents a major risk of CNS
injury®’.

Since the proposition that the positive effects of MSC-
based therapy are mediated via the secretion of trophic and
immunoregulatory factors has been proposed, the concept
that administered MSC engraft and differentiate in specia-
lized cell types has been abandoned™.

Our study indicates a short- and long-term safety profile
of the intrathecal transplantation route for autologous and
allogenic BM-MSCs in healthy dogs, revealing potential use
of IT route for canine CNS diseases. However, some limita-
tions can be point out related to lack of global MMP analysis
including serum samples, since MMP systemic response
could to correlate with CSF production®. We provided pre-
liminary data about a new route of MSC transplantation in
dogs. Meanwhile, a blinded controlled clinical trial involv-
ing more animals with serial transplantations is necessary to
improve the protocol.

Conclusions

The IT transplantation of autologous or allogeneic BM-
MSCs in healthy dogs did not produce neurological def-
icits, CSF alterations or induction of MMP activity in the
CSF. Upon long-term evaluation by advanced MRI, no
changes were detected. MSC transplantation by the IT
route in dogs is safe and feasible. However, future
research involving multiple IT transplantations, different
dosages and MSCs derived from other tissues is necessary
to establish a safe therapeutic protocol for canine CNS
diseases.
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