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Abstract Cell therapy is reaching the stage of phase I
clinical trials for post-traumatic, post-ischemic, or neuro-
degenerative disorders, and the selection of the appropriate
cell source is essential. In order to assess the capacity of
different human neural stem cell lines (hNSC) to contribute
to neural tissue regeneration and to reduce the local
inflammation after an acute injury, we transplanted GMP-
grade non-immortalized hNSCs and v-myc (v-IhNSC),
c-myc T58A (T-IhNSC) immortalized cells into the corpus
callosum of adult rats after 5 days from focal demyelina-
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tion induced by lysophosphatidylcholine. At 15 days from
transplantation, hNSC and T-IhNSC migrated to the
lesioned area where they promoted endogenous remyeli-
nation and differentiated into mature oligodendrocytes,
while the all three cell lines were able to integrate in the
SVZ. Moreover, where demyelination was accompanied
by an inflammatory reaction, a significant reduction of
microglial cells’ activation was observed. This effect cor-
related with a differential migratory pattern of transplanted
hNSC and TIhNSC, significantly enhanced in the former,
thus suggesting a specific NSC-mediated immunomodula-
tory effect on the local inflammation. We provide evidence
that, in the subacute phase of a demyelination injury, dif-
ferent human immortalized and non-immortalized NSC
lines, all sharing homing to the stem niche, display a dif-
ferential pathotropism, both through cell-autonomous and
non-cell autonomous effects. Overall, these findings pro-
mote ThNSC as an inexhaustible cell source for large-scale
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preclinical studies and non-immortalized GMP grade
hNSC lines as an efficacious, safe, and reliable therapeutic
tool for future clinical applications.

Keywords Fetal Human Neural Stem Cells -
Re-myelination - Transplantation -
Lysophosphatidylcoline - Immunomodulation

Introduction

The identification of cells with stem-like properties in the
mammalian central nervous system (CNS), including that of
humans, throughout development and adulthood [1-3] elu-
cidated the key role played by neural stem cells (NSC) in
adult neurogenesis and CNS homeostasis. However, the
ability of endogenous stem cells to spontaneously repair the
nervous tissue after brain injuries results often insufficient
[4, 5] and current studies are addressed to achieve the inte-
gration of functional new neuronal and non-neuronal cells by
the mobilization of endogenous cells [6, 7] or by transplan-
tation of exogenous cells from different sources. Given their
ability to respond to host environmental cues directing their
migration and differentiation along multiple phenotypic
pathways [8], NSCs represent optimal candidates for cell
therapy of neurodegenerative diseases in humans and this
challenge is progressively fostering the establishment of
human NSC (hNSC) lines to the clinical stage.

We generated hNSC lines from the telencephalic—dien-
cephalic region of human fetal brain [9-13] under the very
same process used for GMP-grade culture conditions. In
contrast to their rodent counterpart, hNSCs are resilient to
expansion ex vivo, thus strongly limiting their availability
for extensive experimental studies. In order to circumvent
this issue, we obtained two immortalized hNSC lines,
respectively, transduced with v-myc (v-IhNSC) [14, 15]
and c-myc T-58A (T-IhNSC) [16]. In vitro, the immortal-
ized cells display a higher self-renewal potential compared
to the non-immortalized hNSCs, although retaining a stem-
like functional stability and multipotency [14, 16]. In par-
ticular, we showed that upon the removal of mitogens
hNSC, v-IhNSC and T-IhNSC can generate significant
percentages of oligodendrocytes in vitro, with T-ThNSC
remarkably prone to early differentiation. These findings
supported hNSC and ThNSC as an appealing source of
oligodendroglial progenitors for transplantation in animal
models of demyelinating disorders. However, most studies
have provided compelling evidence that the therapeutic
efficacy of hNSC mainly relies on their ability to efficiently
engraft into the host tissue, to migrate to the lesion, and to
exert a plethora of “healing” actions, such as blunting of
toxic molecules, neurotrophic support, and immunomodu-
lation of the local inflammatory environment [17-20], with
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replacement of damaged cells having a minor effect [21].
Actually, NSC therapy is determined by the synergy
between the spontaneous brain remodeling and the proper
targeting of transplanted NSCs [22-25]. hNSCs were
previously shown to generate large amounts of oligoden-
droglial progenitors in vivo after pretreatment in vitro with
oligodendrogenic factors [26] and to delay the progression
of the pathology in non-human primate animal models of
multiple sclerosis (MS) after systemic transplantation
[25, 27]. In parallel, we proved that v-IhNSCs are able to
engraft into the brain of adult rats lesioned by transient
global ischemia more efficiently than into the brain of
healthy matching controls. v-InNSC therapeutic efficacy
was assessed by their ability to dampen injury-induced
microgliosis and astrogliosis, for long-term survival, and to
establish functional synaptic junctions with host neuronal
cells even under a transient immunosuppression regimen
[28].

In this paper, we document the differential ability of
hNSC, v-IhNSC, and T-IhNSC lines to engraft in a focal
demyelination animal model [29, 30] and to migrate to the
lesioned area. Most importantly, we have shown that they
are differentially able to promote endogenous repair, to
generate oligodendroglial cells, and to modulate the
inflammatory environment generated by the lesion.

Moreover, in the perspective of future clinical applica-
tions, given the very recent approval of three clinical trials
for the exploitation of fetal neural stem cells (StemCells
Inc.) in Batten’s disease or neuronal ceroid lipofuscinosis
(NCL) [31], of fetal neural stem cells (Neuralstem) in ALS
patients [32], and of conditionally immortalized neural
stem cells (Reneuron) in stroke affected patients [33], for
the first time, we compare a non-immortalized hNSC line
with v-InNSC and T-IhNSC lines (the latter analyzed for
the first time in vivo) [14]. We show that they display a
common tendency to “home” to the SVZ niche, and a
different pattern of migration to the lesion site and differ-
entiation, suggesting a diverse “pathotropism”. Therefore,
the ability to target hNSC fate choice by modulating their
intrinsic properties appears as pivotal to the employment of
immortalized ThNSC as a tool for the screening of novel
drugs and therapeutic protocols in preclinical studies and of
non-immortalized clinical-grade hNSC in the therapy of
neurodegenerative diseases.

Materials and methods
Focal demyelination model
Animal studies were approved by the Ethics Review

Committee for Animal Experimentation of the Italian
Ministry of Health according to protocol 37/2007B. Adult
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female Sprague—Dawley rats (250-275 g) were anesthetized
with an intraperitoneal injection of ketamine (60 mg/kg) and
xylazine (10 mg/kg).

Lysolecithin  (L-a-Palmitoyl-lysophosphatidylcholine,
Sigma) was solubilized in PBS solution (2%), 3pl of this
solution were injected unilaterally into the rat cc (antero-
posterior: —0.3; lateral: +2; dorsoventral: —2.8). The
animals were treated with antibiotics and analgesics with
daily subcutaneous injections of enrofloxacin 10-15 mg/kg
and carprofen 5 mg/kg for 7 days.

Cell preparation

In this work, we used immortalized cell lines and cell lines
derived from a brain specimen obtained, according to the
CEAS authorization 13/12/2004 protocol number 7139/05/
L, from aborted fetuses. For transplantation, hNSC-P,
T-IhNSC-P and v-IhNSC-P neurospheres were mechani-
cally dissociated and seeded (1 x 10* cells/cmz) onto
laminin (Roche, Basel, Switzerland, http://www.roche-
applied-science.com) coated tissue culture flasks (or glass
coverslips for immunostaining assay), in FGF2-containing
medium (20 ng/ml) for 3 days. The cells were then har-
vested using versene (Gibco, Auckland, NZ), counted, and
resuspended in HBSS (medical) (density of 1 x 10° cells/
pl) and transplanted.

Western-blot analysis

Immunoblots were performed as described [34]. Cells were
washed, pelleted, and lysed in Laemmli buffer containing
inhibitors. Aliquots containing 50 pg of protein were size-
fractionated on SDS-PAGE and electroblotted onto PVDF
membranes (Millipore, Bedford, mass). After blocking
with 4% non-fat dried milk, membranes were incubated
with monoclonal antibodies for CXCR7, Sox2 (R & D
systems), phospho-Tyr1173-EGFR (NanoTools, Germany),
vinculin (Sigma, Italy) and with polyclonal antibodies for
notchl (Rockland, PA, USA), PDGF«R (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), PDGFfR (upstate) and
EGFR (Cell Signaling Technology, Beverly, MA, USA).
PVDF membranes were incubated with antibodies in sealed
bags using the XBLOT P100 hybridization instrument
(Isenet, Milan, Italy). Antibody binding was detected with
ECL SuperSignal (Pierce, Rockford, IL), and bands quan-
titated with ImageQuant.

Cell transplantation

At 5 days post-injury, rats were anesthetized and stereo-
tactically (David Kopf Instruments, Tujunga, CA) injected
with 2.5 pl of each cell suspension (250,000 cells/rat) or
HBSS (control rats) into the SVZ close to the lesioned cc

(anteroposterior: —0.3; lateral: +1.8; dorsoventral: —2.8).
All animals were daily immunosuppressed by subcutane-
ous injection of cyclosporine A (15 mg/kg; Sandimmun,
Novartis).

Immunohistochemistry and immunocytochemistry

Rats were euthanized with Avertin (300 mg/kg) and tran-
scardially perfused-fixed with 4% paraformaldehyde.
Brains were post-fixed overnight, cryoprotected, frozen,
and coronally sectioned (18 um thick) by cryostat. Sections
were blocked with 10% normal goat serum (NGS) and
0.3% Triton X-100 for 90 min. Primary antibodies used:
human specific nuclei (huN), glial fibrillary acidic protein
(GFAP), nestin (nestin), oligodendrocyte marker O4 (04),
Ng2 chondroitin sulfate proteoglycan (Ng2), polysialic
acid-neural cell adhesion molecule (PSA-NCAM): Chem-
icon; huSOX-2, human nestin (huNestin): R&D Systems,
Minneapolis, MN; huNotch-1, EGF, CXCL12, CXCR7,
CXCR4, huEGFR, pEGFR, PDGFRalpha (see Western
blot analysis); PDGF (Novus Biologicals); Neuronal Class
III S-Tubulinlll, TUJ1 (S-Tublll), myelin basic protein
(MBP): Covance; ionized calcium binding adaptor mole-
cule 1 (Ibal, Wako); CD68 (Serotec); NCL-Ki67p (Ki67,
Novocastra). The fluorescent secondary antibodies used
were labeled with Cy3, Cy2 (Jackson), Alexa Fluor 549
and 488 (Molecular Probes). DAPI (ROCHE) was used as
nuclear marker. Labeled samples were analyzed by fluo-
rescence microscopy (Zeiss Axioplan 2 imaging) and by
confocal microscopy (Leica DM IRE2).

Quantification and statistical analysis

The survival rate of transplanted cells was evaluated by
counting huN+ cells in serial brain sections (each 20 pm
apart) spanning the graft area. The total number of sur-
viving transplanted cells was calculated for the whole graft
using the Abercrombie formula [35]. Data are presented as
the average percentage of surviving cells over total trans-
planted cells (250,000).

The antero-posterior migration was calculated by eval-
uating the distance between the most proximal and most
caudal section containing huN+ cells. The maximal
medio-lateral migration was calculated by evaluating the
distance between the rostral migratory stream and the
huN+ cells in the cc, evaluating the section presenting
the most lateral migration of cells.

The evaluation of notch+ cells and neural phenotypes
derived from transplanted cells was performed by calcu-
lating the percentage of huN+ cells co-expressing,
respectively, notch, GFAP, f-tublll, huNestin, Ki67 and
Ng?2 over the total huN+- cells in three serial sections of the
transplanted animals (n = 3).
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The MBP-delineated area was measured by using Axi-
oVision Rel 4.8 (Carl Zeiss). Values shown represent the
average of measurements from three brains per condition
(n = 3, two sections per rat).

The quantification of microglia activation was obtained
by evaluating the antero-posterior and medio-lateral
extension of the lesioned brain region containing Ibal+
cells. Quantification of the percentage of Ibal+ cells over
total DAPI was performed in four regions of interest per
section (cc: corpus callosum, cc/RMS: cc adjacent to the
rostral migratory stream, 1-SVZ: lateral sub-ventricular
zone, v-SVZ: inferior tip of the sub-ventricular zone), on
five representative serial sections per animal (each 200 pm
apart) spanning the central region of lesion and graft.

The quantification of activated macrophagic microglia
was obtained by evaluating the number of CD68+ cells in
the CC (lesioned brain region containing the major con-
centration of Ibal+ cells). Quantification of the percentage
of CD68+ cells over total DAPI was performed on five
representative serial sections per animal (each 200 pm
apart).

Statistical analysis was performed by one-way ANOVA.
Data is reported as means == SEM. Each value represents
the average of n = 5 animals unless differently stated in
the text. Data is considered not statistically significant
unless indicated in the figures (* indicates p < 0.05,
** indicates p < 0.01, *** indicates p < 0.001).

Results
Focal demyelination

In order to assess the oligodendrogenic capacity of hNSC,
T-IhNSC, and v-IhNSC cells in vivo, we first established a
focal demyelination rat model, lesioned by a unilateral
LPC injection into the cc. This treatment induces a rapid
but brief influx of T cells [36] accompanied by the acti-
vation of macrophages/microglia and demyelination [37,
38]. Given the inflammatory nature of this kind of injury,
we investigated the progression of the lesion during the
subacute phase of the lesion, which is at 5 days from the
injection: a marked increase of the cell density (Fig. 1a, al)
and reactivity for the astroglial and microglial markers,
respectively GFAP (Fig. 1b, bl) and Ibal (Fig. lc, cl),
were remarkably evident in the cc. Parallel demyelination
was evidenced by the reduced number of MBP+ oligo-
dendroglial cells with respect to healthy animals (Fig. 1d, d1).
At 20 days from the lesion (DAL), the inflammatory
reaction appeared slightly reduced (Fig. 1a2, b2, c2) and
the recovery of myelin in progress (Fig. 1d2), while a
significant decrease of fS-tublll+ fibers (12.36 % 0.48 vs.
18.0 £ 1.73% in sham controls at 20 DAL or vs.
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16.91 £ 1.26% in lesioned animals at 5 DAL, p < 0.05)
indicated the concomitant slow and progressive neuronal
degeneration (Fig. le—e2). We also observed a progressive
increase of PSA-NCAM+ and nestin+ cells from 5 to 20
DAL in the SVZ, suggesting an increase of host early
neuronal progenitors in the lesioned animals (Fig. 1f—f2)
[30].

hNSC, v-IhNSC, and T-hNSC display a common
“homing” to SVZ, but a differential tropism
to the lesion in demyelinated rats

Given the hostile inflammatory environment developed soon
after injury, we transplanted hNSC-, v-hNSC-, and T-hNSC-
derived neural progenitors in the LPC injection site 5 days
after lesioning, in order to rapidly contribute to myelin
regeneration. At the end of the acute phase of the disease, i.e.,
15 days following transplantation, we evaluated the graft
efficiency of the different cell lines, which were easily
identified by the expression of huN. hNSC were detected in
100% (n = 8/8), T-IhNSCin 71.4% (n = 5/7), and v-IhNSC
in 87.5% (n = 7/8) of the animals. In the successfully
engrafted transplants, we evaluated the percentage of cell
survival. Non-immortalized hNSC displayed an increased
survival rate (10.26% =+ 1.73,n = 5) compared to T-ThNSC
(5.398 £ 1.75%, n = 5, p > 0.05) and v-IhNSC (3.31 +
045%, n=15, p <0.01) (Fig. 2a). In addition, hNSC
also migrated more extensively (graft extension along the
antero-posterior axis, 2,840 &= 83.67 um, n =5) with
respect to T-TNNSC (1,160 £303.32 um, n = 5, p < 0.01)
and v-ThNSC (1,920 £+ 151.66 pm, n =15, p < 0.05)
(Fig. 2b).

Although all cell lines successfully integrated in the
ventricular wall, they showed a differential pattern of dis-
tribution and migration to the lesioned area (Fig. 2b, c—f
and d1-f1). In particular, ANSC migrated from the dorsal to
the ventral and medio-lateral SVZ and partially to the cc,
showing a striking tropism for both the niche (Fig. 2d, d1)
and for the lesioned area, whereas T-IhNSC appeared
as mostly migrating from the dorsal SVZ to the cc
(Fig. 2e, el) (1.45 mm maximum medio-lateral migration
from the injection site, n = 2, p < 0.01). Conversely,
v-IhNSC appeared aggregated in small clusters protruding
from the ependymal layer (EL) into the ventricular lumen
(VL) (Fig. 2f, f1). These results suggested that different
hNSC lines display in vivo a common bias to homing, but a
specific integration and migration abilities. Interestingly,
when we evaluated the presence of astrogliosis in prox-
imity to the SVZ by the expression of GFAP, the immuno-
labeled area appeared dramatically reduced in transplanted
animals (Fig. 2d1-f1) with respect to control lesioned
animals (Fig. 2c1). To note, no significant differences
were detected in the integration of hNSC-, v-InNSC-, and
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Fig. 1 Inflammatory reaction
and tissue damage after LPC
lesion: Analysis of cc in
control (not lesioned) rats
(a—f), and animals lesioned

at 5 (al-fl) and 20 (a2—f2)
days after LPC injection.
Immunohistochemistry: a—a2
hematoxylin and eosin; b—b2
GFAP; c—c2 Ibal; d-d2 MBP;
e—e2 f-Tublll; f£1 nestin/PSA-
NCAM. Total nuclei are shown
by DAPI staining (blue). Scale
bars, in a—f2 50 pm. lv Lateral
ventricle, cc corpus callosum

striatum

striatum

FNestin

striatum

T-IhNSC-derived neural progenitors when transplanted in
healthy rats: all the cell lines were detected only in prox-
imity to the injection site, displaying a comparable
expression of early markers such as nestin and GFAP. In
considering that no distinctive results were obtained in
healthy animals, the data presented below refer to lesioned
ones. This analysis demonstrates that either immortalized
or non-immortalized hNSCs efficiently survive in vivo and

striatum

A

striatum

b-tublll

striatum
F1 Nestin

striatum

b-tublil

striatum

F2 Nestin

striatum

their engraftment and migration capacities are differen-
tially improved in lesioned brain.

Among the possible mechanisms responsible for the
differential migration to the demyelinated area, we inves-
tigated the expression of selected markers involved in the
residence of NSC or mobilization of neural progenitors
from the SVZ niche. We performed a Western-blot analysis
of hNSC-, TIhNSC-, and vIhNSC-derived progenitors
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Fig. 2 Differential distribution of hNSC, T-IhNSC and v-IhNSC into
the LPC-lesioned rat brain: quantification of the survival (a) and
migration ability (b) of hNSC and IhNSC. c—f Maps showing the
activated regions of the SVZ (20 DAL, GFAP+) (c, cl), colonized

before transplantation, and a confocal microscopy analysis
of the cc and the SVZ 15 days after transplantation.
Western-blot analysis showed that in vitro the three lines
expressed comparable levels of hSox2, a marker of neural
precursor cells, while v-ThNSC displayed a higher expres-
sion of notchl, a marker of resident NSC, with respect to
T-IhNSC (p < 0.05) and to hNSC (p < 0.01) (Fig. 3a, b).
A consistent trend was observed in vivo: the three lines
generated comparable fractions of hSox2+ (not shown)
cells in the SVZ (average 19.83 £ 2.27%, 18.4 + 1.79%,
and 22.76 £ 6.38% of HuN+ cells, respectively, in hNSC,
T-IhNSC, and v-IhNSC, p > 0.05). In contrast, a higher
percentage of huN-+/notchl+ cells was detectable in rats
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(yellow square) by transplanted hNSC (d), T-IhNSC (e), and v-ThNSC
(f), and respective distribution of huN+ and/or GFAP+ cells in the
SVZ (hNSC in d1, T-IhNSC in el, and v-IhNSC in f1). Scale bars in
cl-f1 50 pm

transplanted with v-IhNSC compared to those transplanted
with hNSC and T-IhNSC (respectively, 42 + 3.2 vs.
37.8 £ 3.5% and 304 + 2.1%, p < 0.05 Fig. 3cl), in
accordance with a major tendency of v-IhNSC to remain in
the SVZ (Fig. 2b, 2f, f1). Since previous studies had shown
an involvement of CXCL12, EGF, and PDGF in the pro-
liferation and migration of oligodendroglial progenitors
toward demyelinated areas [39-45], we investigated their
possible relevance in our system. Confocal analysis
revealed an enhanced expression of the CXCL12 ligand in
the ipsilateral SVZ (Suppl. Fig. 1 a, b) but not in the lesion
site or in the contralateral hemisphere (Suppl. Fig. 1b).
Consistently, the endogenous expression of CXCR4 and
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CXCR?7 receptors appeared mostly concentrated in the
SVZ (Fig. 3¢3—c6). In transplanted animals, in accordance
with a comparable expression in vitro (Fig. 3a, b), only
sporadic huN+/CXCR4+ and huN+/CXCR7+ cells were
detectable (Fig. 3c4, c6) for all the three cell lines.

Similarly, confocal analysis revealed a remarkably
higher level of EGF in the SVZ of the ipsilateral hemi-
sphere (Suppl. Fig 1c), with respect to the contralateral
one (Suppl. Fig 1d), but only a sporadic and faint EGFR
or pEGFR (phosphorylated EGFR, activated form)
expression both in resident (Fig. 3c7, ¢8) and transplanted
cells (not shown). These results suggested that neither
CXCL12 nor EGF were feasible candidates for the
attraction of oligodendroglial progenitors to the lesioned
site. We finally analyzed the expression of PDGF
(Fig. 3d1, d2) and of its receptors PDGFzR and PDGFfR
(Fig. 3d3, d4). The expression of endogenous PDGF
appeared to follow a gradient particularly higher in the
lesioned cc (Fig. 3d1, d2) compared to the contralateral
hemisphere. This pattern was mirrored by a remarkable
overexpression of PDGFzR and, while no significant
endogenous expression of PDGFfSR was detectable,
PDGFaR+ progenitors apparently migrating from the
SVZ to the cc were evident (white arrow Fig. 3d3). In
order to exclude that a transient upregulation of EGF and
CXCLI12 within few days from LPC injection could
account for the induction of transplanted cells to migrate
to the lesion, we evaluated the distribution of the ligands
at 5 days after LPC injection: the pattern appeared quite
similar to that revealed at 15 days, showing that specific
upregulation of PDGF expression in the cc appears early
after lesion. (not shown).

Interestingly, T-IhNSC and v-IhNSC progenitors dis-
played in vitro a strikingly higher expression of PDGFaR
compared to hNSC (Fig. 3a, b), but this pattern appeared
remodeled in vivo. Comparable fractions of hNSC,
T-IhNSC, and v-IhNSC were PDGFaR+ in the SVZ
(respectively, 31.26 £+ 1.16%, 32.21 £ 1.93% and 25.27 &
4.26% of HuN+ cells, p > 0.05, Fig. 3d5-d6) but, con-
versely to CXCR4 and EGFR, PDGFoR expression was
retained by both hNSC and T-IhNSC when engrafted in the
cc (Fig. 3d7—-d8), thus suggesting PDGF as a conceivable
candidate for the differential tropism of hNSC and
T-IhNSC to the demyelinated areas.

Analysis of the phenotype of transplanted hNSC lines

The findings above prompted us to investigate the differ-
entiation potentials of the different cell lines. Given the
common homing of hNSC, T-IhNSC, and v-IhNSC lines to
the SVZ (Fig. 2d—f, d1-f1 and Fig. 4a—c), we first inves-
tigated the expression of stemness-related markers like
GFAP and nestin by immunofluorescence and confocal

Fig. 3 Candidate mechanisms for hNSC, T-IhNSC, and v-IhNSC
differential migration: Western-blot (a) and relative quantification
(b) of Sox2, notchl, CXCR4, CXCR7, pEGFR, EGFR, PDGF«R, and
PDGFfR in hNSC-, T-IhNSC-, and v-IhNSC-derived progenitors.
¢ Immunohistochemistry showing the distribution and colocalization
with huN+ of putative proteins involved in the integration of
transplanted cells into the SVZ. ¢l Chart showing the percentages of
huN+/notch1+ cells over total huN+ cells and ¢2 confocal image
of huN+/notchl+ cells in the ventricular wall. Co-localization of
CXCR4 (c3, c4), CXCR?7 (c5, ¢6), huEGFR (¢7), and pEGFR (¢8 and
inset) with huN+ T-IhNSC in the SVZ. d Putative proteins involved
in the migration of transplanted cells to the lesioned area. Distribution
of endogenous PDGF ligand (d1-d2) and PDGF«R (d3-d4), respec-
tively, in the lesioned (d1, d3) and contralateral (d2—d4) hemisphere.
Note PDGFR-o+ cells migrating to the lesioned cc (arrows d3).
Co-localization of PDGFxR with huN in lv (d5, d6) and in cc
(d7, d8). Total nuclei are shown by DAPI staining (blue). Scale bars,
in cl, ¢4 15 pum, in €2, ¢7 23 pm, in €3, c5, d1-d5, d7 75 pm, c6
7 pm, ¢8 37 pm (inset 5 pm) and d6, inset, d8 12 um. lv lateral
ventricle and cc corpus callosum

microscopy. In the SVZ (Fig. 4d—f), T-IhNSC line gener-
ated a significantly lower amount of GFAP+4/huN+- cells
(30.2 &+ 1.5% over total huN+ cells; Fig. 4d—i, p) with
respect to hNSC (p < 0.01) and v-IhNSC (p < 0.001)
which generated, respectively, 43.7 = 2.8 and 46.6 +
3.7% of GFAP+ cells. Interestingly, also in the cc
T-INNSC originated a significantly lower number of
huN-+/GFAP+ cells compared to hNSC (33.7 &+ 2.9 vs.
45.01 £ 2.3%, p < 0.05; Fig. 4p). Most of the cells in the
SVZ displayed a globular morphology typical of the resi-
dent stem cells (Fig. 4g—i); conversely, GFAP+ cells in the
cc appeared star-shaped, consistent with an astroglial
phenotype (inset in Fig. 4h).

In parallel, we evaluated the expression of nestin pro-
tein. Most of the hNSC and v-IhNSC expressed nestin
when integrated in the SVZ (Fig. 4j, 1), respectively,
70.2 £ 1.6% and 81.3 = 1.5% huNestin+/huN+ cells
were detected over total huN+ cells (Fig. 4p). As expected
[46], these cells were mostly coimmunolabeled by nestin
and GFAP markers (Suppl. Fig.2). By contrast, only
454 £+ 1.8% of T-IhNSC integrated in the SVZ were
huNestin+ (p < 0.01) (Fig. 4k, 4 p). Interestingly, in the
cc, 64.1 + 1.8% of integrated hNSC and 34.5 + 1.8% of
T-IhNSC were detected as huNestin+ (Fig. 4p), suggesting
that the latter have a higher propensity to differentiate.

In order to determine the fraction of proliferating pro-
genitors in situ, we performed immunostaining for the
human proliferation marker Ki67. As expected for a pop-
ulation intended to contain migrating progenitors, we
observed that only low percentages of hNSC and T-IhNSC
were huN+/Ki67+ in the SVZ (Fig. 4m-n) or in the cc
(respectively, 7.8 £ 0.5 and 14.3 £ 1.7% in the SVZ and
10.4 + 1.4 and 10.6 &+ 0.6% in the cc), in sharp contrast to
v-IhNSC, which were exclusively detected in the SVZ and
amounting to 21.6 £ 1.3% huN+/Ki67+ cells (p < 0.01)
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(Fig. 40—p). These results confirmed that hNSC, T-IhNSC,
and v-IhNSC are able to survive after transplantation, to
integrate as stem-like cells in the SVZ and to generate
dividing progenitors in variable proportions, with T-ThNSC
and, even to a lower extent, hNSC rapidly prone to arrest
transient proliferation.
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Differentiation and regional specification of hNSC,
T-IhNSC, and v-IhNSC to neuronal cells

As previously described, the LPC-induced lesion is spatially
confined, transient, and involves mainly the cc, leading also to
a progressive neuronal degeneration (Fig. le-e2). In view of
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Fig. 4 Phenotype of THE ROETNENEE OSSR
transplanted cells into the SVZ A

(a—c) brain map showing the

localization of hNSC (a),

T-IhNSC (b), and v-IhNSC

(¢) immunoreactive for GFAP,

Nestin, and Ki67 in the SVZ of

transplanted rats. d—i huN+/
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T-IhNSC (e, confocal D
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T-IhNSC (k), and v-IhNSC (1).
huN+/Ki674 cells (h(NSC M,
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Total nuclei are shown by DAPI
staining (blue). p Chart showing
the quantification of GFAP+,
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total huN+ nuclei. Scale bars,
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Fig. 5 Neurons derived from
transplanted cells (a—d) brain
map showing the localization
huN+/p-Tublll+ cells for
hNSC (a), T-IhNSC (b, d) and
v-IhNSC (c¢). e~h Distribution
of huN+/f-TublIl+ cells into
the striatum and SVZ (hNSC
in e) or along the SVZ wall
(T-ThNSC in f and v-IhNSC in
g) or into the cc (T-hNSC in h)
i-1 confocal microscopy of
huN+/f-TublIll in hNSC (i),
T-IhNSC (j, 1) and v-IhNSC (k).
Total nuclei are shown by
DAPI staining (blue).

m Quantifications of f-TubIIl+
cells over total nuclei. BSTMA
and BSTLD, respectively,
medial and lateral nucleus of
stria terminalis, Iv lateral
ventricle and cc corpus
callosum. Scale bars, in

e-h 75 pm, in i 10 pm, in

j 16.5 pm, in k, 1 13 um
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the different ability of hNSC, v-IhNSC, and T-IhNSC to
integrate in the SVZ and to reach the cc (Fig. Sa—d), we
analyzed their propensity to generate f-tubIll4 cells. In the
SVZ, all three cell lines gave rise to huN-+/fS-tubIll+ cells
(Fig. 5e—g), with a unipolar morphology (Fig. 5i-k) resem-
bling early neuronal progenitors. Conversely, in the cc, hANSC-
and T-IhNSC-derived neuronal progenitors (Fig. 5h)
displayed a branching multipolar morphology (Fig. 51) typi-
cal of endogenous resident interneurons. Quantitatively, in the
SVZ15.1 £19,225 + 1.4 and 12.6 £ 1.8% of the huN+
cells deriving, respectively, from hNSC, T-IhNSC, and
v-IhNSC were f-tublll+. In the cc, 7.5 £ 1.1% of hNSC and
12.8 + 2% of T-INNSC were detected as huN-+/f-tublIIl+
cells (Fig. 5m). These results suggest that transplanted hNSC,
T-IhNSC, and v-IhNSC can give rise to neuronal progenitors
in vivo that remain basically immature in the SVZ, while able
to migrate and differentiate into the lesioned area. In partic-
ular, T-ThNSC displayed a major bias to neuronal cell fate
commitment with respect to v-IhNSC (p < 0.001), which
showed a major resilience to early differentiation.
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hNSC and T-IhNSC boost endogenous remyelination
and generate oligodendrocytes after migration
to the lesioned area

As shown in Fig. 1, the LPC-induced lesion in the cc of the
ipsilateral hemisphere is strongly enhanced at 20 DAL with
respect to the contralateral hemisphere together with a con-
comitant mobilization of endogenous stem cells from the
SVZ (Fig. 1f1, £2). In order to investigate the different
contributions of hNSC and ThNSC to the lesion repair and
myelin regeneration, we first evaluated their commitment
towards the oligodendroglial phenotype by immunohisto-
chemical analysis of Ng2, a marker of oligodendroglial
progenitors (OPC) migrating from the SVZ to the myeli-
nating areas [47]. In the SVZ, a consistent number of
huN+/Ng2+ cells were derived from hNSC (20.5 + 1.4%),
T-ThNSC (30.3 £ 1.8%), and v-IhNSC (27.3 &+ 1.5%), the
latter clustered next to the SVZ (Fig. 6d, g). Interestingly,
comparable amounts of Ng2+4 progenitors (22.3 + 1.1%
vs. 25.1 & 1.7%, respectively) deriving from hNSC and
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Fig. 6 Oligodendrocytes
derived from transplanted cells
(a—c) brain map showing the
localization of huN+- cells co-
expressing oligodendrocyte
markers Ng2 O4 and/or MBP:
hNSC (a), T-IhnNSC (b), and
v-IhNSC (¢). d Quantification of
Ng2+ over total huN+ cells.
e—g Confocal analysis showing
huN+/Ng2+: hNSC (e),
T-IhNSC (f), and v-IhNSC (g).
h—j huN+/04+- cells into the cc
(hNSC in h; T-IhNSC in i, and
their, respectively, confocal
magnification in k, 1) and into
the striatum close to the
ventricular wall (v-IhNSC in j,
and m confocal magnification).
n-o Confocal analysis of huN+/
MBP-+ cells in cc deriving from
hNSC (n) and T-IhNSC (o) at
20 DAL. Total nuclei are shown
by DAPI staining (blue). Scale
bars, in e, £ 22 pm, in h—j

75 pm, in g, k, 1, m 11 pm, in
0 20 pm and in q 12 pm. Iv
Lateral ventricle and cc corpus
callosum. p Quantification of
MBP delineated lesioned area in
transplanted and non-
transplanted animals

(n = 3 per condition)
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T-IhNSC were detected also in the cc (Fig. 6d). Next, we
investigated the expression of the ganglioside O4, a marker
of unipotent oligodendroglial progenitors (Fig. 6h—m).
Confocal microscopy showed that hNSC (n = 5/8) and
T-IhNSC (n = 3/5) were able to generate O4+ oligoden-
drocytes (less than 2%) in the cc (Fig. 6a, b), mostly in the
demyelinated areas (Fig. 6h—i and k-1). Conversely,
v-IhNSC generated only sporadic O4+ cells (Fig. 6j, m)
within small clusters of cells proximal to the striatum. Sev-
eral previous studies showed the capacity of transplanted
hNSC to generate oligodendroglial progenitors, but only
rarely mature oligodendrocytes [48, 49]. To challenge this
limit, we evaluated the expression of the late oligoden-
droglial markers myelin basic protein (MBP) and quite
surprisingly as early as 15 days post-transplant, although
occasional, huN+/MBP+ cells were detectable in the
lesioned area of hNSC (Fig. 6n, p) and T-IhNSC (Fig. 60, q)
transplanted rats. Most importantly, to determine the effect
of the various treatments on the size of the injury site, we
stained serial longitudinal sections of the brain (at least
three sections per brain, n = 3 brains per condition) with
anti-MBP antibody. The part marked by high-density MBP-
labeling defined the margin of the lesion site, and we mea-
sured the unstained (lesioned) area that was surrounded by
the dense MBP staining at 5 DAL (6,790.03 + 546.2 umz).
As early as 15 days after, the lesion appeared spontaneously
reduced by about 30% (4,606.2 £+ 149.8 umz, p < 0.001).
However, following transplantation of TINSC and hNSC, the
lesion was significantly smaller on average, in rats treated
with T-IhNSC (3,552.0 & 117 um?, p < 0.01) or with
hNSC (3,836.8 + 133.1 um?, p < 0.05) than in v-IhNSC
(4,109.5 £ 239.7 umz, p > 0.05) or in non-transplanted
controls (Fig. 6p). A consistent pattern was observed by
measurement of corresponding O4-delineated areas (not
shown), suggesting that both early and late re-myelination
are facilitated by transplanted cells. Altogether, these results
demonstrate that hNSC and T-IhNSC rapidly migrate
through the demyelinated areas where they generate
oligodendroglial cells and, notably, boost endogenous
remyelination, whereas v-IhNSC originate oligodendroglial
progenitors with lower propensity to early migration and
differentiation.

Transplanted NSC influence microglia activation

A notable hallmark during the acute phase of the demye-
lination process is the activation of an inflammatory
reaction leading to the development of microgliosis and
astrogliosis [36-38, 50]. Thus, we investigated whether the
observed differences in the extent of recovery could be
correlated with local immunological changes beyond those
shown to occur after lesion alone, depending on the con-
tribution of transplanted hNSC to the antiinflammatory
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component of the endogenous recovery process. To this
aim, we analyzed the percentage of Ibal+ microglia in the
lesioned hemispheres at 20 DAL (Fig. 7a, b). As suggested
from their widespread pattern of migration and rate of
survival (Fig. 2a, b), a significant decrease of Ibal+ cells
appeared in hNSC-transplanted animals both over antero-
posterior and medio-lateral distances with respect to con-
trol animals (respectively, p < 0.05 and p < 0.001) and
to T-hNSC (respectively, p < 0.01 and p < 0.001) or
v-IhNSC (respectively, p < 0.05 and p < 0.001), which
also displayed a reliable immunomodulatory effect
(Fig. 7a—e). Consistently, we observed a phenotypic mod-
ification of the microglial cells in close proximity to hNSC
or ThNSC, which partially switched from the globular
(macrophagic-activated) morphology (Fig. 7f, g white
arrow), to the stellate type (Fig. 7g, yellow arrow), typical
of resident microglial cells (Fig. 7h). To assess if hNSC
and ThNSC could enhance the modification of microglia in
the lesioned area, we evaluated Ibal+ cells in different
regions such as the corpus callosum adjacent to the rostral
migratory stream (cc/RMS), corpus callosum (cc), lateral
SVZ (1-SVZ), and ventral SVZ (v-SVZ) where hNSC,
v-IhNSC, and T-IhNSC were detected. The rate of reduc-
tion of microglia in the lesioned brain areas correlated with
the distribution of the engrafted cells (Fig. 7a): it was
maximal in the cc/RMS where hNSC appeared as the most
effective cells leading to a reduction of Ibal+ cells
from 55.4 £+ 1.5% (lesioned control) to 23.6 = 2.1%
(»p < 0.001), compared with a reduction to 37.1 + 3.1% by
v-IhNSC (p < 0.01) and to 36.7 & 3.7% by T-IhNSC
(p < 0.01) (Fig. 7i). The effect was still evident in the cc
where hNSC and T-IhNSC were comparably able to
decrease Ibal+ cells from 61.1 £ 7.3% in control animals
to 309 £55% (p <0.05) and 30.3 £ 2% (p < 0.01),
respectively, and v-IhNSC to 42.8 £ 6.7% (Fig. 7i). No
significant change of microglial cells was observed in the
lateral or ventral SVZ (Fig. 71), which were not affected by
the lesion. Since Ibal labels both resident and activated
microglial cells, we investigated the specific NSC-medi-
ated dampening of reactive CD68+ cells in the cc-SVZ
area where peaked the inflammatory reaction. Following
the lesion, at 5 DAL, a significant percentage (25.5 £
3.3%) of CD68+ cells were evident in the lesion site
(cc-SVZ) (Fig. 7j, k), but not in the contralateral hemi-
sphere. At 20 DAL, the number of CD68+ cells was
spontaneously reduced to 20.2 + 1.37% (Fig. 7j, 1) in non-
transplanted animals, but it appeared dramatically down-
modulated in transplanted animals, with hNSC exerting the
highest effect (8.94 + 1.1%, p < 0.001) (Fig. 7j, m) and
T-IhNSC to a similar, although lower, extent (12.47 £
1.0%, p < 0.05) (Fig. 7j, n). A similar trend was observed
in v-IhNSC transplanted animals, but the reduction was
not statistically significant (15.86 = 1.2%, p > 0.05)
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Fig. 7 Evaluation of activated
microglia (a) quantification of
the activated microglia
extension into the cc of lesioned
and transplanted rats. b-e
Representative images showing
the diverse distribution of
activated microglia (Ibal+) in
lesioned control rats at 20 DAL
(b) or in lesioned animals
transplanted with hNSC

(¢, huN+), T-IhNSC (d, huN+)
or v-IhNSC (e, huN+).

f-h Microglial morphology in
lesioned (f) and transplanted
(g) and non-lesioned animals
(h). Total nuclei are shown by
DAPI staining (blue).

i Quantification of Ibal+ cells
in cc/RMS, cc lateral sub-
ventricular zone 1-SVZ, ventral
sub-ventricular zone (v-SVZ).

Jj Quantification of CD68+ (red)
cells in the cc/RMS of lesioned
and transplanted rats.

k—o Representative images
showing the diverse distribution
of activated microglia (CD68+)
in lesioned control rats at 5
DAL (k), 20 DAL (1), or in
lesioned animals transplanted
with hNSC (m, inset

huN+ green), T-INNSC

(n, huN+ green) or v-InNSC
(0, huN+ green). Scale bars,
in b—e 50 um, k-0 60 pum, in
f-h 21 pm and in g 75 pm,
inset k 10 pm, insets -0 30 pm
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(Fig. 7j, o). These results showed that either hNSC or
ThNSC are able to modulate the local inflammatory reaction
after injury, with hNSC being more effective than IThNSC.

Discussion

In this study, we have transplanted non-immortalized
hNSC, v-IhNSC, and T-IhNSC progenitors next to the
ventricular wall (SVZ) of adult rats injured by lysophos-
phatidylcholine (LPC) to evaluate their integration and
maturation in a pathological setting mimicking the acute
demyelination. We documented their differential tropism
to the lesioned area and their differential abilities to stim-
ulate the endogenous recovery, to spawn oligodendroglial
cells, and to modulate the inflammatory environment in the
lesion site. It has to be emphasized that, here, we compare
for the first time a non-immortalized hNSC line with
v-IhNSC and T-IhNSC lines and, in particular, that this is
the first study investigating the therapeutic potential of
T-IhNSCs in vivo.

A relatively limited number of studies has reported the
capacity of transplanted progenitor cells to generate mye-
lin-forming oligodendrocytes in vivo [48, 49].

We injected NSC-derived progenitor cells when,
although gliosis and inflammatory reaction are still active
[51], transplanted cells can benefit from the environmental
cues generated by the initial phase of endogenous remye-
lination [52] and are not yet suffering from the detrimental
effects induced by acute reactive astrogliosis and microg-
liosis [36-38, 53]. Indeed, although the inflammatory
reaction occurring soon after an acute injury is scarcely
permissive to the survival of exogenous cells [54, 55], we
previously had shown that v-InNSC and hNSC are able to
survive for the long term in adult rat brains lesioned by
global ischemia, even under transient immunosuppression
[28].

In LPC-lesioned rats, we chose to transplant a mixed
population of hNSC- or ThNSC-derived neural progenitors
in order to favor their rapid integration and differentiation.

The three lines all successfully engrafted, but, interest-
ingly, they displayed a different pattern of migration to the
lesion site and differentiation (pathotropism), although
sharing a common tropism to the SVZ niche (homing). At 20
DAL, T-IhNSC showed an enhanced bias to intraparenchy-
mal migration and rapidly followed the route to the
demyelinated site, while hNSC appeared only partially tar-
geted to the lesion site and mostly distributed along the
ventricular wall. Conversely, v-IhNSC were still approach-
ing a full integration into the SVZ and remained prevalently
aggregated in small cell clusters, occasionally protruding
into the ventricular lumen (VL). These observations were
consistent with previous studies demonstrating that lesioned
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environment after acute injuries, such as stroke or focal
ischemia, exerts an attractive effect on exogenous healthy
cells [23, 56]. In order to elucidate which mechanisms could
account for the differential pathotropism of hNSC and
IhNSC, we investigated the expression of markers involved
in the maintenance or mobilization of NSC from the SVZ
niche. Consistently with their resilience to early migration in
vivo, we observed that v-IhNSC intrinsically displayed an
enhanced expression of notchl, which is responsible for
keeping NSC in a quiescent state [40], compared to hNSC or
to T-IhNSC. On the other hand, although CXCR4 has been
shown to be involved in the migration of oligodendroglial
progenitors to demyelinated areas following CXCL12 gra-
dient induced by the lesion [42], a significant expression of
both CXCL12 and CXCR4 was detectable only in the SVZ.
Comparable results were obtained when we analyzed the
expression of EGFR and of its activated phosphorylated
isoform (pEGFR), known to enhance the remyelination
ability of oligodendroglial progenitors from the SVZ after
focal demyelination of EGFR mutant mice [39]. To note,
similarly to CXCL12, EGF expression appeared enhanced in
the ipsilateral hemisphere compared to the contralateral one,
suggesting that both CXCL12 and EGF could be more likely
involved in the integration of transplanted cells into the SVZ
niche than in their targeting to the lesion. These results
prompted us to investigate PDGF signaling. Importantly,
30% of the T-ThNSC migrated to cc appeared PDGFaR+-, in
accordance with the enhanced expression of both the PDGF
ligand and the endogenous receptor in the lesioned hemi-
sphere compared to the contralateral one. Recent studies
from Kang et al. [47] have shown that in the normal as in the
lesioned CNS, NG24- progenitors are specifically recruited
and committed to the oligodendroglial lineage, with mostly
of them expressing PDGFoR [57]. Since we observed from
20% (hNSC) to 30% (T-IhNSC) of HuN+/NG2+- cells both
in the SVZ and in the cc, we hypothesized that a fraction of
human NG2+ progenitors could have migrated from the
SVZ to the cc. These findings, together with previous studies
showing the involvement of PDGF in the recruitment of
OPCs to the lesion [41, 43, 44], suggest that NG2+ cells
mostly account for the physiological response to demyelin-
ation. Most importantly, we showed that, besides their own
remyelinating capacity, T-IhNSC and hNSC significantly
enhanced endogenous remyelination. The mechanism/s that
underpin the remyelination process have still to be eluci-
dated. Here we have shown PDGF as a feasible candidate for
the differential pathotropism of hNSC, v-IhNSC, and
T-IhNSC. Although beyond the aim of this work, future
experiments leading to the overexpression and/or silencing
of PDGF ligand or PDGFR directly in vivo would provide
further evidence to test our hypothesis. The lack of relevant
correlations between the expression patterns displayed by
hNSC and IhNSC lines, respectively, in vitro and in vivo,
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suggests that multiple non-cell-autonomous mechanisms
could be involved in their recruitment to the lesion [40, 58].

Oligodendrogenic and immunomodulatory effects
of hNSC and ThNSC

After LPC-induced lesion, hNSC, T-IhNSC, and v-IhNSC
lines were able to contribute to myelin regeneration to a
different extent. v-IhNSC were able to generate Ng2+ and
only sporadic O4+ progenitors in the SVZ, consistent with
their immature phenotype and delayed migration ability,
while hNSC and T-IhNSC generated Ng2+ and O4+ pre-
cursors in both SVZ and demyelinated cc. At variance with
previous studies showing that differentiation of hNSC into
mature myelinating oligodendrocytes requires species-
specific signals [59, 60] and a long time after transplantation
[26, 48, 49, 61, 62], we demonstrate the appearance of
isolated hNSC- or T-IhNSC-derived myelinating MBP +
oligodendrocytes as early as 15 days following transplan-
tation with a concomitant and enhancement of spontaneous
remyelination compared to animals injected with HBSS
saline buffer solution. It has to be emphasized that remyeli-
nation arose, overall, from endogenous cells, given the
negligible colocalization of the oligodendroglial and huN
markers, despite the fact that the latter was readily detected
all throughout the transplant and neighboring regions. Fur-
thermore, we cannot exclude that v-ThNSC could similarly
contribute to myelin regeneration in other animal models
with a long-term progression of the demyelination injury.

Most importantly, one of the hallmarks characterizing
most demyelinating disorders like multiple sclerosis (MS),
spinal cord injury (SCI), amyotrophic lateral sclerosis
(ALS), metachromatic leukodystrophy (MLD), lysosomal
storage diseases (LSDs) [21, 63], and also neurode-
generative disorders such as Parkinson’s disease (PD),
Alzheimer’s disease (AD), and stroke, is the development
of an inflammatory environment, which can contribute to
tissue damage or, at least, delay the spontaneous recovery.
Recent studies have elucidated that the therapeutic poten-
tial of NSCs relies even on their immunomodulatory
capacity [28, 64—66]. Our study reports that transplantation
of hNSC and IhNSC lines can effectively dampen
microglia activation in the injured areas. To note, non-
immortalized hNSC were able to induce a significant
reduction of activated microglia extension, together with
the incipient conversion of the globular-macrophagic into
the stellate phenotype, typical of resident microglia. This
effect occurred exclusively in the transplanted regions,
confirming the existence of differential, locoregional
instructive cues in the lesioned site, although this issue
would require further studies to be unraveled.

In conclusion, these data demonstrate efficient in vivo
survival of both immortalized and non-immortalized

hNSCs, region-specific integration, migration to the lesion,
oligodendroglial differentiation accompanied by the
boosting of endogenous recovery, and immunomodulation
of the local inflammatory environment as early as 15 days
from transplantation into the focally demyelinated brain of
adult rats. In particular, a novel immortalized hNSC line
[16], T-INNSC, has been tested in vivo for the first time,
showing a remarkable migration ability and bias to oligo-
dendroglial fate differentiation. We have for the first time
compared in vivo non-immortalized hNSC with immor-
talized akin cells, with non-immortalized hNSC emerging
as the most effective to exert immunomodulatory and
neuroprotective effects. On the other hand, two different
ThNSC lines, differing for the respective expression of two
variants of the myc gene, have displayed striking differ-
ences either in migration and differentiation capacities,
although retaining a basal bias to efficient survival rate and
engraftment. It has to be emphasized that either hNSCs or
IhNSCs never displayed a tumorigenic potential. Indeed,
the immunostaining for the proliferative marker Ki67
showed that a fraction lower than 11% of Ki67+/huN+
cells was detectable in the cc as early as at 15 days after
transplantation. Consistently we had previously shown that
both hNSC and IThNSC rapidly arrest to proliferate in vivo,
since only sporadic Ki674-/huN+- cells could be detectable
as early as at 1 month from transplantation in the adult
ischemic rat brain [28] and no aberrant proliferation was
ever observed up to 6 months from transplantation of
hNSC or ThNSC into the striatum of SCID mice (unpub-
lished results, [14]). The availability of large pools of in
vitro expanded ThNSCs and GMP grade hNSCs with no
ethical concerns offers the possibility to perform further
ex vivo manipulations and, most importantly, to obtain
different neural phenotypes. If IThNSC represent an inex-
haustible source of hNSC available for large-scale
preclinical studies, non-immortalized GMP grade hNSC
lines can be promoted as an efficacious, safe, and reliable
therapeutic source to be harnessed in forthcoming clinical
applications. Therefore, the ability to target hNSC fate
choice by modulating their intrinsic properties could be
pivotal to the employment of hNSC in the therapy of
neurodegenerative diseases.

Conclusions and implications for future NSC-based
therapies

In this study, we have transplanted non-immortalized
hNSC, v-IhNSC, and T-IhNSC progenitors next to the
ventricular wall (SVZ) of adult rats injured by lysophos-
phatidylcholine (LPC) to evaluate their integration and
maturation in a pathological setting mimicking the acute
demyelination. We documented their differential ability to
engraft efficiently, with a remarkably negligible rejection,

@ Springer



1208

D. Ferrari et al.

to home to the host niche and to migrate to the lesioned
area, where they could boost endogenous repair, differen-
tiate as mature oligodendroglial cells, and modulate the
inflammatory environment generated by the lesion.

In conclusion, these results support the use of appro-
priate IhNSC lines as useful tools for translational studies
on demyelinating neuronal disorders and provide a rein-
forcing element when considering the therapeutic role of
hNSC for the cure of neurodegenerative diseases like
Alzheimer’s disease, Parkinson’s disease, Amyotrophic
lateral sclerosis, and stroke, characterized by pathological
hallmarks such as neurodegeneration, demyelination, and
inflammation. This is particularly relevant in view of the
parallel establishment of GMP-grade hNSC lines for a
phase I clinical trial that is currently underway pointing
to different hNSC lines as being reliable sources for
addressed NSC-mediated cell therapies of neurodegenera-
tive diseases.
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