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Introduction

In CNS myelin disorders, myelin repair prevents axonal loss
and leads to functional recovery. Animal models of demyelinat-
ing diseases provided overwhelming proofs for the capacity of
multipotent neural stem/precursor cells (NPCs) to regenerate
and remyelinate CNS axons. Moreover, NPCs provide immuno-
modulation in EAE, an animal model of multiple sclerosis (MS).
These seminal observations suggest that such cells represent a
plausible cellular source for cell-based therapy of myelin dis-
orders (1). Although several studies highlighted the impressive
therapeutic potential of human fetal NPCs (2-5), the alloge-
neic nature of the available NPCs has prevented the bench-to-
bedside translation of NPC-based therapy for these diseases.
In search of an accessible, renewable, and nonimmunogenic
source of myelin-forming cells, reprogramming strategies were
designed to generate rodent or primate induced pluripotent stem
cell-derived NPCs (iPS-NPCs) or oligodendrocyte progenitor
cells (iPS-OPCs) (6-8). Alternatively, somatic cells were directly
reprogrammed into NPCs (iNPCs) (9-13) or OPCs (iOPCs) (14,
15). Few of these studies addressed the capacity of the derived
cells to differentiate into oligodendrocytes in vitro or in vivo after
engraftment in models of congenital dysmyelination (8, 14, 15).
While, in most cases, the extent to which these cells differenti-
ated into myelin-forming oligodendrocytes was limited, espe-
cially for directly reprogrammed cells (iOPCs, iNPCs), multiple
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Induced pluripotent stem cell-derived (iPS-derived) neural precursor cells may represent the ideal autologous cell source
for cell-based therapy to promote remyelination and neuroprotection in myelin diseases. So far, the therapeutic potential

of reprogrammed cells has been evaluated in neonatal demyelinating models. However, the repair efficacy and safety of
these cells has not been well addressed in the demyelinated adult CNS, which has decreased cell plasticity and scarring.
Moreover, it is not clear if these induced pluripotent-derived cells have the same reparative capacity as physiologically
committed CNS-derived precursors. Here, we performed a side-by-side comparison of CNS-derived and skin-derived neural
precursors in culture and following engraftment in murine models of adult spinal cord demyelination. Grafted induced neural
precursors exhibited a high capacity for survival, safe integration, migration, and timely differentiation into mature bona
fide oligodendrocytes. Moreover, grafted skin-derived neural precursors generated compact myelin around host axons and
restored nodes of Ranvier and conduction velocity as efficiently as CNS-derived precursors while outcompeting endogenous
cells. Together, these results provide important insights into the biology of reprogrammed cells in adult demyelinating
conditions and support use of these cells for regenerative biomedicine of myelin diseases that affect the adult CNS.

injections of human iPS-OPCs resulted in the entire colonization
and myelination of the host dysmyelinated shiverer brain (8).
However, in these studies, iPS glial derivatives were transplanted
neonatally, taking advantage of the promyelinating cellular and
molecular cues, which prevail in the murine brain during the first
postnatal weeks of life.

Furthermore, in most of these studies, grafted cells were
already committed to OPCs in vitro and likely less competent
than NPCs in terms of differentiation plasticity and migration
(16, 17) — functions that are required to warrant successful
remyelination of far-distant lesions of the adult CNS. Finally,
whether pluripotent-reprogrammed NPCs behave as genuine
CNS cells remains elusive.

Recent data reported that mouse iPS-derived NPCs
(miPS-derived NPCs), such as brain-derived NPCs, provide neu-
roprotection and promotion of endogenous remyelination via
leukemia inhibitory factor after intrathecal delivery in a model
of immune-mediated demyelination (18). To date, the remyeli-
nation potential and safety of iPS-derived NPCs after transplan-
tation into the adult demyelinated white matter — a condition
associated with decreased tissue plasticity and trophic support,
and encountered in several adulthood demyelinating diseases
— were not addressed. Understanding the behavior of iPS-NPCs
and namely their time course of differentiation and myelination
when facing the adult demyelinating CNS remain key issues for
successful translation of iPS-based therapies to the clinic. Here,
we took advantage of the demyelinating agent lysolecithin to
specifically target myelin in the adult spinal cord. We then used
Sox2feo/f2o mice (herein referred to as Sox28Geo mice) as a means
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Figure 1. miPS-NPCs have phenotypic characteristics of immature neural progenitor cells in vitro. (A-F) Immunocytochemical characterization of miPS-NPCs
(A-C) and mE-NPCs (D-F) illustrating comparable expression of immature markers OLIG2, nestin, and proliferation marker Ki67. (G-1) No significant difference
was observed following quantification of theses markers. Student’s t test was used for the statistical analysis of these experiments. (J) Semi-quantitative
RT-PCR analysis, visualized using a Caliper electrophoresis, confirmed that miPS-NPCs and mE-NPCs expressed mainly transcripts associated with immature
cells. Gfap mRNA expression was absent in miPS-NPCs. A-) were performed in 3 independent experiments. H, Hoechst dye. Scale bars: 100 pm.

to efficiently and safely select miPS-NPCs and compared them
with mouse embryonic CNS-derived NPCs (mE-NPCs), in vitro
and in vivo. We report that, upon transplantation in the adult
demyelinated spinal cord, skin-derived NPCs integrate struc-
turally and functionally into the adult CNS parenchyma and in
a manner indistinguishable from genuine CNS-derived NPCs.
The impressive therapeutic benefit of miPS-NPCs on CNS remy-
elination and recovery of axonal dysfunction suggest promising
perspectives for personalized myelin-replacement therapy using
the patient’s own cells in myelin disorders of the adult CNS.

Results

miPS-NPCs express immature neural cell markers of CNS-derived
cells at the transcript and protein levels. NPCs were derived from
miPS$ cells obtained from Sox2fGeo mice and previously char-
acterized in vitro for their ability to self-renew and give rise to
neurons, astrocytes, and oligodendrocytes when exposed to
differentiation conditions (18). To further study miPS-NPCs
in vitro, cells were stained with different markers of imma-
ture neural cells (nestin, Ki67, and OLIG2) and mature neural
cells (GFAP, PDGFRa, O4, MAP2, and B3-tubulin), and they
were compared with brain-derived mE-NPCs. The percent-
ages of GFP* cells expressing these markers in 3 independent
experiments showed that miPS-NPCs expressed essentially
OLIG2 (96.97% * 1.6%), nestin (98.19% * 0.52%), and Ki67
(71.41% * 1.8%) (Figure 1, A-C). These values were similar to
those of mE-NPCs with 94.52 + 1.4, 99.52 + 0.10, and 78.18

* 3.1, respectively (Figure 1, D-I). Furthermore, most miPS-
NPCs expressed vimentin, with few cells expressing B3-tubu-
lin and no cells expressing the more mature markers of glial
cells (GFAP, PDGFRa, and O4) or neurons (MAP2) (Supple-
mental Figure 1; supplemental material available online with
this article; doi:10.1172/JCI80437DS1). Transcript expression
analysis confirmed the immunocytochemical characteriza-
tion. miPS-NPCs expressed transcripts for nestin, Sox2, Sox9,
musashi, Olig2, Oligl, and Nkx2.2,but not for Gfap and SoxI0
(Figure 1J). Similar data were recorded for mE-NPCs, except for
GFAP, which they expressed at the antigen (Supplemental Fig-
ure 1L) and transcriptional levels (Figure 1J).

miPS-NPCs survive and integrate successfully following transplan-
tation into the demyelinated adult CNS. To investigate the behavior of
miPS-NPCs in the context of demyelination, LPC-induced demy-
elination was targeted to the dorsal funiculus of adult immuno-
deficient nude (with normal myelination) or Mbp**" Rag2”~ (with
congenital dysmyelination, herein referred to as Shi/Shi Rag2”")
mice, and cells were transplanted into the lesion site 48 hours after
demyelination using previously described methods (Figure 2A; ref.
2). Lesions were similar in size at 1 week postgraft (wpg), 42.19% *
2.394%, 52.38% * 2.902%, and 51.31% *+ 5.756% of the total dorsal
funiculus area in nongrafted (medium-treated), miPS-NPCs, and
mE-NPC-grafted animals, respectively (Figure 2B). Nude animals
were sacrificed 1, 2, and 6 wpg to follow grafted cell dynamics in
terms of cell proliferation, specification, and maturation, while
Shi/Shi Rag2”~ mice were analyzed mainly to follow donor-derived
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Figure 2. miPS-NPCs decrease expression of immature markers immediately following transplantation in demyelination context. (A) Experimen-

tal outline: demyelination (revealed by depletion of MOG staining) was induced by injection of LPC in the dorsal funiculus of the adult nude or Shi/Shi
Rag2”- mice. miPS-NPCs or mE-NPCs were transplanted in the lesion site 48 hours after demyelination. Animals were sacrificed at 1, 2, 6, and 10 wpg.

(B) Quantification of extent of demyelination on coronal section (based on MOG depletion) at 1 wpg showed 40%-50% demyelination in dorsal funiculus
(DF) with no significant difference between different groups of medium-treated or grafted mice. (C and D) In the lesion, only few miPS-NPCs expressed
the immature marker nestin at 1wpg and lost this expression beyond 2 wpg. (E and F) mE-NPCs showed similar pattern of nestin expression (n = 3-4 mice
per time point and per cell type). (G-L) miPS-NPCs significantly decreased expression of Ki67 following 1wpg (P = 0.026) vs. 6 wpg (G-1). No significant
difference was observed between the proliferation rates of mE-NPCs () and K) and miPS-NPCs following engraftment (L). One-way analysis of variance
plus Tukey's multiple comparison tests and Student’s t test were used for the statistical analysis of these experiments (n = 3-4 mice per group). *P < 0.05.

H, Hoechst dye; n.d., not done. Scale bars: 100 pm.

differentiation or myelination at later time points (6 and 10 wpg).
Grafted cell survival, distribution, and integration were analyzed in
both strains and for both cell types throughout the experiments.

GFP* miPS-derived cells were found in all transplanted ani-
mals (n = 35) at all time points, indicating that cells survived in the
host environment up to 10 wpg. The density of the grafted GFP*
cells was similar for both cell types at 1 wpg (210.5% + 21.63%
and 262.8% * 33.29% per mm?, respectively, for miPS-NPCs and
mE-NPCs) and 2 wpg (316.1% + 27.22% and 407.4% * 37.25%
per mm? for miPS-NPCs and mE-NPCs, respectively), confirm-
ing the reproducibility of the lesion/graft paradigm (n = 3-4 per
cell type and time point). Survival of the grafted cells was further
confirmed by the absence of caspase3 expression, a marker of
apoptotic activity (Supplemental Figure 2, A and D). Moreover, as
observed in vitro (18), miPS-NPCs, similar to mE-NPCs, did not
express the pluripotency transcription factor OCT4, used for cell
reprogramming (Supplemental Figure 2, B and E), nor NANOG, a
marker for both cell pluripotency and tumor progression, up to 10
wpg (Supplemental Figure 2, C and F).

In nude mice, the number of miPS-NPCs expressing the pro-
liferation marker Ki67 was timely downregulated from 1 wpg
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(18.31% + 1.51%) and 2 wpg (12.42% * 3.11%) to 6 wpg (4.32% *
2.95%) (Figure 2, G-I, and L). While no significant reduction in
proliferation rate was found between 1 and 2 wpg, proliferation
was significantly decreased at 6 wpg compared with 1 wpg (Figure
2L). Proliferation rates for grafted mE-NPCs at 1 and 2 wpg were
respectively 27.36% * 3.75% and 15.13% * 5.62%, with no sig-
nificant differences with those of miPS-derived cells at the same
time points (Figure 2, J-L). miPS-NPCs timely ceased prolifera-
tion not only in nude mice, but also in Shi/Shi Rag2”- mice, with
only 2.77% * 0.20% of GFP~ cells proliferating at 6 wpg compared
with 8.052% *1.81% for mE-NPCs (Supplemental Figure 3, A-C).
There was no significant difference between the mitotic behav-
iors of miPS-NPCs at 6 wpg in nude and Shi/Shi Rag2” strains
(Supplemental Figure 3D). Consistent with downregulation of
proliferation, aberrant cell aggregation or tumors were never
observed throughout the experimental time up to 10 wpg (= 40).

miPS-NPCs progressively differentiate into mature oligoden-
drocytes in adult demyelinating condition. To investigate miPS-
NPC differentiation potential into oligodendroglial cells, tissues
from transplanted animals were stained for the immature marker
nestin and markers of different stages of the oligodendroglial
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lineage: OLIG2 and SOXI10, as general markers of the lineage;
PDGFRa and NG2, markers of oligodendrocyte progenitors; CC1,
a marker of preoligodendrocytes; and NogoA, MBP, and MOG,
markers of mature oligodendrocytes.

While the majority of miPS-derived cells were nestin® in
vitro, they stopped expressing this immature marker by 1 wpg
in nude mice, as was observed for mE-NPCs, suggesting their
ongoing specification into mature cells (Figure 2, C-F). More-
over, in the same mice, the percentage of OLIG2* GFP* miPS-
NPCs increased over time from 40.49% * 6.14% at 1 wpg to
50.01% * 0.60% at 2 wpg, and 56.15% + 1.86% at 6 wpg. In fact,
miPS-NPCs grafted in nude mice showed typical characteristics
of immature oligodendroglial precursor cells (PDGFRa*, NG2,
and OLIG2"/CCl) as soon as they encountered host naked
axons at 1 and 2 wpg (Figure 3, A-C, and Supplemental Figure 4).
While the percentage of OLIG2'/CC1 miPS-NPCs consisted of
26.33% +4.57% and 21.69% * 0.65% at 1 wpg and 2 wpg, respec-
tively, it was significantly decreased at 6 wpg (11.09% *+ 1.97%)
compared with 1 wpg (Figure 3F). The percentages of OLIG2*/
CC1 mE-NPCs at early time points were 36.70% * 4.99% and
31.08% * 2.91% at 1 wpg and 2 wpg, respectively, and were not
significantly different (Figure 3, D-F).

On the other hand, the percentage of mature OLIG2"/CC1*
oligodendroglial cells derived from miPS-NPCs significantly
increased as a function of time from 14.16% * 2.21% of GFP* cells
at 1wpgto 28.32% +1.26% at 2 wpg and 45.06% + 0.42% at 6 wpg
in nude mice (Figure 3, A-C, and G). A similar significant increase
was found for mE-NPCs with 13.21% * 2.22% and 25.81% +1.74%
of OLIG2"/CC1* GFP* cells at 1 and 2 wpg in nude mice (Figure
3, D, E, and G). In Shi/Shi Rag2”~ mice, no significant difference
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was observed between the percentage of OLIG2*/CCl* GFP*
miPS (76.10% * 2.87%) and embryonic-derived cells (61.88% *
4.33%) 6 wpg (Figure 4, A-C). Interestingly, miPS-derived cells
differentiated more into OLIG2'/CC1* mature cells at 6 wpg in
Shi/Shi Rag2”~ mice (76.10% * 2.87%) compared with nude mice
(45.06% * 0.42%) (Figure 3C, Figure 4A, and Supplemental Fig-
ure 6G). The presence of a large number of SOX10*/NogoA* GFP*
miPS-derived cells at the lesion site 6 wpg confirmed this observa-
tion in Shi/Shi Rag2”~ mice (Supplemental Figure 5).

miPS-NPCs are multipotential but generate mainly oligoden-
drocytes in adult demyelinating conditions. Our data show that,
by 6 wpg in Shi/Shi Rag2”- mice, grafted cells differentiated not
only into oligodendrocytes, but also into other major neural cell
types, indicating their multipotency (Figure 4). While both cell
sources gave rise to astrocytes and neurons, the relative propor-
tion of these mature cell types slightly differed between miPS-
NPC and mE-NPC. miPS-NPC generated lower numbers of
GFAP" astrocytes (10.22% * 2.12%, Figure 4D) and more NeuN*
neurons (2.84% * 0.60%, Figure 4G) than mE-NPCs, which gen-
erated more GFAP" cells (18.07% * 0.34%) (Figure 4, E and F) and
fewer (though not significant) neurons (1.04% * 0.57%) (Figure
4H). However, both cell sources differentiated mainly into oli-
godendrocytes with 76.10% * 2.87% for miPS-NPCs and 61.88%
*4.22% for mE-NPCs in response to demyelination (Figure 4C).

miPS-NPCs extensively migrate and remyelinate the demyeli-
nated adult spinal cord. As migration of exogenous cells is man-
datory for their efficient colonization and remyelination of axons
in far-distant lesions, the potential of migration and differentia-
tion into myelin-forming cells of the grafted cells was extensively
investigated on serially cut sections.
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Figure 4. miPS-NPCs show multipotency following transplantation in adult demyelinated Shi/Shi Rag2~'- spinal cord. (A, B, D, E, G, H) Immunolabeling of
coronal sections of the grafted Shi/Shi Rag2~- spinal cord 6 wpg. (C, F, 1) Quantifications of immunolabed transplanted cells. (A-C) miPS-NPCs (A) and mE-
NPCs (B) generated mainly GFP* mature oligodendrocytes expressing OLIG2 (white) and CC1 (red). No significant differences in the number of CC1*/0LIG2* cells
were found (C). (D-F) Both cell types differentiated into GFAP* (red)/GFP* (green) astrocytes (D and E); more GFAP* astrocytes were found following engraft-
ment of mE-NPCs than miPS-NPCs (F). (G-1) Few NeuN* (red)/GFP* (green) neurons (about 3% of total cells) were found in the miPS-NPCs (G) and mE-NPCs
(H) grafted mice. No significant difference was observed in neuronal differentiation of miPS- versus embryonic-derived cells (I). Arrow points to triple-labeled
cells. Student’s t test was used for the statistical analysis of these experiments (n = 3-4 mice per group). *P < 0.05. H, Hoechst dye. Scale bar: 100 pm.

First, we evaluated the longitudinal distance in which the
GFP* cells distributed in the dorsal funiculus of lesioned Shi/
Shi Rag2”~ (Figure 5, A-C) and nude mice (Figure 5D and Sup-
plemental Figure 6, A-E). In the lesioned nude mice, the distri-
bution of miPS-derived cells increased gradually over time, with
cell dispersion extending along the dorsal funiculus, covering
respectively 6,280 + 1,574 um; 8,467 + 972.2 pm; and 13,600 *
637.9 um at 1 wpg, 2 wpg, and 6 wpg, respectively. To take into
account the initial mechanical distribution resulting from injec-
tion, we grafted the same amount of cells in the dorsal funiculus
of nonlesioned mice and evaluated their distance of migration
6 wpg. In these mice, GFP cells distributed over 2,993 £550.7 ym
(Supplemental Figure 6E and Figure 5D) and, thus, 4 times less
than in demyelinated animals.

In the lesioned Shi/Shi Rag2”/~ mice, miPS-NPCs distributed
over 6,880 * 1,482 um along the dorsal funiculus (Figure 5, A and
C) and mE-NPCs covered 6,440 * 1,854 um with a similar migra-
tion pattern to miPS cells (Figure 5, B and C). We expected that
migration into the Shi/Shi Rag2”- environment would be facil-
itated by the absence of compact myelin. This was not the case,
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as miPS-NPCs migrated significantly less in Shi/Shi Rag2”~ at 6
wpg than in nude mice (Supplemental Figure 6F). Interestingly,
the less-efficient migration of miPS-NPCs in Shi/Shi Rag2”- mice
was inversely correlated to their higher propensity to differentiate
into oligodendrocytes in Shi/Shi Rag2”- compared with nude mice
(Supplemental Figure 6G).

We next wondered whether, after successful migration, cells
would differentiate into myelin-forming cells and whether this
potential would be similar according to the cell source and their
environment. Interestingly, coronal and longitudinal sections
showed that miPS-NPCs and mE-NPCs extensively remyelinated
the demyelinated spinal cord funiculus, as confirmed by the wide
expression of MBP in the adult MBP-deficient Shi/Shi Rag2”~ mice
(Figure 5, E-K). miPS-NPC- and mE-NPC-derived oligodendro-
cytes harbored a typical morphology of bona fide myelin-forming
oligodendrocytes with several T-shape ending processes (Figure
5, I and J). We then quantified the extent of remyelination based
on MBP expression on coronal sections in Shi/Shi Rag2”~ mice.
Based on MBP* area, miPS-NPCs were able to produce MPB*
myelin to the same extent of mE-NPCs with 6,200 * 1,582 uym and
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Figure 5. miPS-derived cells extensively migrate and remyelinate the demyelinated adult spinal cord. Combined detection of MBP (red) and GFP
(green) in the Shi/Shi Rag2~- spinal cord 6 wpg. (A and B) General views of longitudinal sections of mice grafted with miPS-NPCs (A) and mE-NPCs
(B), n = 2 mice per each cell type and per time point (6 and 10 wpg). (C) Evaluation of GFP* cell dispersion on serial coronal sections. No significant
difference in the migration potential of miPS-NPCs and mE-NPCs. (D) Progressive migration of miPS-NPCs in nude mice. (E-H) Coronal (E and F)
and longitudinal (G and H) sections of the grafted MBP-deficient spinal cord illustrating the extent of exogenous myelin 6 wpg. (1 and J) Views of
representative MPB* mature oligodendrocytes derived from miPS-NPCs (1) and mE-NPCs (J). (K) Serial coronal sections depict the widespread distri-
bution of miPS-NPC-derived myelin along the rostro-caudal axis. (L) Quantification of MBP* area on total MBP* coronal sections indicates a perfect
overlap between the extent of migration (C) and remyelination by exogenous cells. No obvious difference was observed between miPS-NPCs and
mE-NPCs. *P < 0.05, **P < 0.01, and ***P < 0.001. Student's t test was used for graphs C and L (n = 3-4 mice per group). One-way analysis of vari-
ance plus Tukey's multiple comparison tests were used for graph D (n = 3-4 mice per group). H, Hoechst dye. Scale bars: 200 pm in A and B; 50 um

inE, F, 1,and J; and 100 pm in G and H.

6,200 1,240 pm for miPS-NPC and mE-NPC, respectively (Fig-
ure 5L), indicating that migration and remyelination were tightly
correlated (Figure 5, A and B). Furthermore, GFP* cells did not
express protein zero (P0O), a major protein of peripheral myelin,
indicating their entire commitment to CNS myelin-forming cells
(Mozafari et al., unpublished observations).

To investigate the degree of competition between exogenous
and endogenous cells, we evaluated the ratio of graft-derived
myelin (MBP* area) over total myelin (MOG" area) on coronal
sections. No significant difference was observed between miPS-
NPCs and mE-NPCs. miPS-NPC-derived myelin (Figure 6, A-D)
extended over 53.12% + 5.55% of the whole dorsal funiculus, with
64.13% * 4.37% at the injection site. mE-NPC-derived myelin
covered 57.97% * 9.98% of the whole dorsal funiculus (Figure 6,
E-H, and I), with 77.36% * 5.82% at the injection site. When MBP*
area was reported to the number of GFP cells (Figure 6]), individ-
ual miPS-NPCs generated slightly larger domains of myelination
(1,410 * 313.6 pm? than mE-NPCs (736.4 * 8.72 um?).

miPS-NPC-derived myelin wraps around host axons, restores
nodes of Ranvier, and forms structurally compact myelin following
transplantation in the adult demyelinated spinal cord. Next, we
investigated the structural characteristics of the miPS-derived
myelin in Shi/Shi Rag2”~ mice. Longitudinal and coronal sections
of the Shi/Shi Rag2”~ spinal cord showed that MBP* myelin derived
from miPS cells surrounded NF200* host axons as extensively as
embryonic cells (Figure 7, A-F). Quantification on confocal images
of the proportion of NF* axons surrounded by MBP* myelin at the
level of maximal demyelination indicated that 66.69% * 1.47%
and 71.16% * 2.75% of the axons were remyelinated by miPS-
NPCs and mE-NPCs, respectively (Figure 7M). Furthermore,
staining for the paranodal marker CASPR revealed the presence of
paranodes in the majority of MBP* myelin structures, confirming
the functional integration of miPS-NPC-derived myelin into axo-
glial elements of the nodes of Ranvier (Figure 7, G, I, and J) with
no apparent difference from mE-NPCs (Figure 7, H, K, and L). Our
data 6 weeks after transplantation of miPS-NPCs in demyelinated
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myelin WT nude mice confirmed similar oligodendroglial differ-
entiation (Supplemental Figure 7A) and remyelination (Supple-
mental Figure 7B) of the grafted cells. Indeed, GFP* miPS-NPCs
produced MBP* myelin around host axons and integrated into
axo-glial elements colabeled with the paranodal marker CASPR
(Supplemental Figure 7C).

Then, we validated the remyelination potential of the grafted
miPS-derived cells by electron microscopy. Exogenous, multilay-
ered, compact myelin generated by either miPS-NPCs (Figure 8,
I-L) or mE-NPCs (Figure 8, M-P) surrounded a large proportion of
Shi/Shi Rag2”~ axons compared with the noncompact myelin pro-
duced by host cells in intact (Figure 8, A-D) or medium-injected
demyelinated Shi/Shi Rag2”~ mice (Figure 8, E-H). Quantifica-
tion of g ratio validated that axons remyelinated by miPS-derived
cells (g ratio: 0.789 * 0.008) or mE-NPCs (g ratio: 0.791+ 0.006)
have significantly thicker myelin than axons remyelinated by Shi/
Shi Rag2”- endogenous cells (g ratio: 0.96 + 0.003) (Figure 8Q).
Furthermore, no correlation was found between the exogenous
myelin thickness and axonal diameter (with an approximate thick-
ness of 100 nm for both miPS-NPCs or mE-NPC-derived myelin).
These data demonstrate unambiguously that oligodendrocytes
derived from miPS-NPC have the ability to form compact myelin
structurally, comparable to that derived from mE-NPCs.

miPS-derived myelin promotes electrophysiological recovery of
adult demyelinated Shi/Shi Rag2”~ axons. The spinal cord dorsal
column contains mainly ascending (afferent) pathways carrying
sensory information to the brain. To investigate how the myelin
derived from miPS-NPCs influences axonal conduction following
demyelination, we measured SSEP in intact Shi/Shi Rag2”~ mice
and in age-matched mice injected with LPC* medium or LPC* cells
6 weeks after LPC injection. N1 latency was measured to address
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Figure 6. Competitive remyelination potential

of iPS-derived cells in demyelinated Shi/Shi
Rag2- mice. (A-H) Colabeling of MOG (blue) to
detect whole myelin with MBP (red) to detect mye-
lin derived from exogenous cells on coronal sections
of demyelinated Shi/Shi Rag2~- spinal cord grafted
with miPS-NPCs (A-D) and mE-NPCs (E-H) reveals
extensive remyelination by exogenous cells com-
pared with endogenous cells. (I) No statistical dif-
ference between miPS-NPC- and mE-NPC-derived
myelin was detected 6 wpg. (J) When the amount
of myelin was expressed per number of GFP* cells in
each transplanted group, the myelination domain of
miPS-NPCs was greater than that of mE-NPCs, but
not statistically different. Dotted lines represent
the MOG*/MBP*-labeled area. Mann Whitney test
was used for statistical analysis (n = 3-4 mice per
group). Scale bar: 50 um.

mE-NPCs

the time required in each animal to convey the electrical stimu-
lation from the tibial nerve through the spinal cord toward the
recording electrodes on the scull. Latency was delayed in Shi/Shi
Rag2”- over myelin WT mice (4, 19) (Mozafari et al., unpublished
observations). In intact and medium-injected Shi/Shi Rag2”~ mice,
latency was similar with, respectively, 11.79 #1.06 ms (Figure 9, A
and C) and 11.24 * 1.2 ms (Figure 9, A and D). However, in Shi/Shi
Rag2”- mice grafted with miPS-NPCs or mE-NPCs, latencies were
reduced nearly 2-fold, with 6.883 * 0.80 ms and 6.980 *+ 2.07 ms,
respectively (Figure 9, A, E, and F). We then estimated conduction
velocities for each group. While no major difference in conduction
velocities was found in intact (5.765 + 0.57 m/s) and lesioned Shi/Shi
Rag2”" mice treated with medium (5.957 + 0.54 m/s), the estimated
conduction velocities increased up to 9.934 + 1.4 m/s and 10.96 *
2.86 m/s, respectively, in lesioned Shi/Shi Rag2”- mice grafted with
either miPS-NPCs or mE-NPCs (Figure 9B), thus indicating that
irrespective of their tissue sources, grafted NPCs have the ability to
restore conduction of the dysfunctional shiverer axons.

Discussion

Adult white-matter tracts in the CNS are highly vulnerable to
various types of damages from hypoxic-ischemic, metabolic, or
traumatic forms of demyelination to inflammatory and immune-
mediated insults (20). Remyelination of adult axons in various
neuropathological conditions is known to rescue the lost function
and protect neurons from subsequent axonal degeneration. The
ability to efficiently remyelinate demyelinating insults has been
investigated through the development of induced cell reprogram-
ming strategies. Studies focused on generating safe, renewable,
and autologous sources of myelin-forming cells. Searching for
a quicker or safer method, investigators tried to generate NPCs
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Figure 7. miPS-derived myelin wrap around numerous demyelinated Shi/Shi Rag2~- axons and restore nodes of Ranvier. (A-D) Longitudinal sec-
tions illustrating extensive colabeling of MBP* myelin (red) derived from miPS (A) or mE-NPCs (B) with NF200* axons (blue). (C and D) Higher magnifi-
cation of A and B. (E and F) Coronal sections at high magnification confirm ensheathment of exogenous MBP* myelin around NF200* axons. (G and H)
Longitudinal sections showing restoration and alignment of several nodes of Ranvier, identified by codetection of paranodal CASPR (red) associated
with MBP* myelin (blue) derived from miPS (G) and mE-NPCs (H). (I and L) Higher magnification of nodes of Ranvier in longitudinal sections (I and

K) and coronal sections (J and L) illustrating colabeling of MBP* myelin (blue) and CASPR* proteins (red) for miPS-NPCs (G, I, and }) and mE-NPCs (H,

K, and L). (M) Quantification on coronal sections stained for NF and MBP indicate that the grafted cells successfully remyelinate host axons with no
significant difference between miPS- or embryonic-derived cells. One-way analysis of variance plus Tukey’s multiple comparison tests were used for
graph M (n = 3-4 mice per group). n = 2 mice per cell type and per time point (6 and 10 wpg) for longitudinal sections; n = 3-4 for coronal sections. Scale

bars: 50 pm in A and B; 10 um in C-F; and 5 pm in G-L.

or OPCs directly reprogrammed from somatic cells. However,
in doing so, they largely lost the reprogramming efficacy, cell
expandability/renewability (9, 14), or the competence to gener-
ate myelin-forming cells in vitro or in vivo (11, 13-15, 21-23). It has
been reported that reprogramming of fibroblasts to NPCs could be
achieved using a single transcription factor, SOX2 (11). Moreover,
SOX2 alone was sufficient for in vivo reprogramming of astrocytes
to neuroblasts (24). Here, we used (i) Sox28Geo knockin murine
cells (25) to confer cell purity and safety, (i) indirect reprogram-
ming to ensure efficient cell renewability, and (iii) conversion of
iPS into NPCs to provide efficient migration (2, 26), genesis of oli-
godendrocytes (2, 3), and neural protection (18, 27). We demon-
strate the impressive survival, colonization, and remyelination
potential of Sox2fGeo iPS-NPCs after a single injection in the
adult demyelinated spinal cord, suggesting that deriving NPCs
from induced pluripotent cells is a promising step toward the use
of patients’ own cells in myelin diseases of the adult CNS.
miPS-NPCs downregulate proliferation and do not form tumors
in adult mice. In the present study, Sox2fGeo murine fibroblasts
were reprogrammed by a OCT4, SOX2, and KLF4 transcription-

factor cocktail, lacking c-MYC, a factor causing tumorogenesis
following transplantation of iPSC-NPCs (28, 29). Selection of cells
expressing the neuroepithelial marker SOX2 warranted additional
measures to ensure the safety of the strategy.

We show that the miPS-NPC proliferation rate was not
significantly different in vitro from mE-NPCs and was timely
downregulated after transplantation. These observations were
consistent with the absence of tumor formation at histochemi-
cal and ultrastructural levels and indicate that, within the exper-
imental time frame, Sox2fGeo miPS-NPCs did not divert into
uncontrolled proliferating cells in adult nude or in Shi/Shi Rag2”"
mice strains. Moreover, negative expression of pluripotency and
tumorogenesis markers OCT4 and NANOG in vitro (18) was
confirmed in vivo at different time points following miPS-NPCs
engraftments (6 and 10 wpg) in adult mice. Although tumor for-
mation after long-term transplantation was not investigated in
the present study, the extensive differentiation of miPS-NPCs
into functional myelin-competent oligodendrocytes forming
nodal structures and restoring axonal conduction fully sustains
their complete integration in their host parenchyma.
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Figure 8. miPS-derived oligodendrocytes produce compact myelin in the demyelinated Shi/Shi Rag2~/- spinal cord. (A-P) Ultrastructure of myelin on cor-

onal sections of the dorsal funiculus (A-D) of intact Shi/Shi Rag2~- mouse spinal cord; (E-H) 6 weeks after LPC-induced demyelination followed by medium
injection; (I-P) 6 weeks after LPC injection and engraftment of miPS-NPCs (J-L) and mE-NPCs (M-P). While Shi/Shi Rag2~/- axons were surrounded by wraps

of loose uncompacted myelin in normal or remyelinated (with fewer warps) conditions, they were surrounded by thick and compact normal myelin derived from
the grafted NPCs (identified at G-L for miPS-NPCs and N-P for mE-NPCs). No difference in compaction and structure is observed between myelin derived from
miPS-NPCs and mE-NPCs. (Q) Quantification of g ratio revealed a significant difference between myelin thickness of axons remyelinated by endogenous cells
versus that of axons remyelinated by miPS-NPCs or mE-NPCs. Dotted lines in A, E, I, and M represent the lesion site in the dorsal funiculus. One-way analysis of
variance plus Tukey's multiple comparison tests were used for graph Q (n = 3-4 mice per group). Insets in D, H, L, and P are enlargements of myelin, illustrating
its fine structure. ***P < 0.001. Scale bars: 30 um in A, E, I, and M; 1um in B, F, G, and N; 500 nm in €, G, K, and O; and 200 nm in D, H, L, and P.

miPS-NPCs behave as bona fide multipotent NPCs in adult mice.
While most studies compared the behavior of miPS-NPCs with
that of embryonic stem cell-derived (ES-derived) NPCs, we chose
to compare miPS-NPCs, in vitro and in vivo, with NPCs derived
from embryonic mouse brain —which are physiologically commit-
ted to neural fate — with the aim to investigate whether induced
pluripotent-derived NPCs behave as efficiently as physiologically
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committed cells. Lesion size and transplanted cell density were
carefully controlled, and their evaluation ruled out the influence
of potential differences in these 2 paradigms in comparing the
transplanted groups. Data highlighted only subtle differences
between the 2 cell sources. miPS-NPCs expressed markers asso-
ciated with immature neural cells in the absence of those related
with more mature differentiation stages in vitro. Although very
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Figure 9. miPS-derived myelin improves conduc-
tion of the dysfunctional Shi/Shi Rag2~- axons.
(A) N1 latency was measured following SSEP in
different groups of Shi/Shi Rag2~- mice 6 wpg or

medium injection. miPS-derived myelin signifi-
cantly decreased conduction latency in intact

(P =0.01) or demyelinated spinal cord injected
with medium (P = 0.02). (B) Evaluation of axonal
conduction velocity in the different groups. While

no difference was detected in demyelinated and
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similar results were achieved with mE-NPCs, the latter seemed to
be slightly more engaged into astroglial differentiation in vitro and
in vivo. Irrespective of this minor difference, both cell types were
equally competent in generating oligodendrocytes and neurons.
Thus, both cell sources were tripotent, given their ability to gener-
ate the 3 major neural cell types.

Grafted miPS-NPCs gave rise to 10% of astrocytes compared
with 20% for embryonic cells. Although astrocytes could prevent
remyelination contributing to the glial scar or promote (re)-myeli-
nation, enhancing the differentiation of endogenous OPCs by
trophic factors (30), our data indicate that genesis of 2-fold more
astrocytes by mE-NPCs did not have a major impact on (re)-myeli-
nation, as both cell sources were equally myelin competent. More-
over, grafted NPCs did not seem to trigger more astrogliosis, com-
paring grafted and nongrafted mice (Mozafari et al., unpublished
observation). Interestingly, similar amounts of astrocytes were
generated by grafted adult murine NPCs (19) while about 30%-
40% of astrocytes were generated after engraftment of human
NPCs (2). OPCs are also candidates of interest for cell therapy.
These cells are bipotential in vivo, generating astrocytes in addi-
tion to oligodendrocytes. Goldman’s team reported less than 3%
of astrocytes were generated by mouse OPCs transplantated in the
newborn shiverer corpus callosum compared with 10%-20% by
grafted human fetal OPCs (5) or human iPS-OPCs (hiPS-OPCs)
(8). Efficient (re)-myelination was observed in all of these studies,
regardless of the different animal models used, which indicated
no clear difference in astrocyte differentiation potential between
the 2 cell types. While both NPCs and OPCs can generate multiple
cell types (31), including myelin-forming oligodendrocytes and
astrocytes, NPCs provide trophic support and immunomodula-
tion (1), properties that were not yet reported for OPCs. It remains
an open question whether one of these cell types (NPCs/OPCs)
has a clear therapeutic advantage over the other for future trans-
plantation strategies for myelin disorders — a question that should
be addressed only comparing age-matched populations grafted in
the same disease context.

mE-NPCs

shi/shi + LPC
F

n —3

animals showed a significant increase in conduc-
tion velocities over intact (P = 0.03) or demvyeli-
nated and medium-treated mice (P = 0.02). (C-F)
Representative SSEP profiles for intact (C), and
+ lesioned mice injected with medium (D), miPS-
NPCs (E), mE-NPCs (F), and grafted mice (n = 4-6
mice per group). Mann Whitney test was used for
+ the statistical analysis. S, Stimulation. *P < 0.05.
Scales in profiles: 5 ms (horizontal) or 2 uV (verti-

cal) per divisions.
5 ms-2 uV/div

FURREPER B

Furthermore, our studies showed almost none or very limited
neuronal derivation of NPCs (fetal human cells ~0.4%-0.7% and
mouse cells ~1-2%; ref. 2 and the current study) when grafted in
the “adult demyelination” context. This is not surprising, as cues
for neuronal replacement are not available in the LPC model in
which demyelination occurs in the absence of neuronal/axonal
loss. Whether neuronal differentiation potential of the grafted
cells can help or adverse the clinical conditions still remains to
be addressed in a model with demyelinating lesions containing
or leading to neuronal loss.

miPS-NPCs timely differentiate into functional oligodendrocytes.
In LPC-induced demyelination, axons are remyelinated by endoge-
nous myelin-competent cells, oligodendrocytes, and Schwann
cells (32). There is an onset of remyelination the first week after
demyelination; the process is nearly completed by 28 days (33). We
show that miPS-NPCs differentiated timely into bona fide mature
myelinating oligodendrocytes. While NPCs (nestin*), and OPCs
(OLIG2*/CC1) decreased with time, the number of mature oli-
godendrocytes (OLIG2/CC1*) increased 2- and 4-fold at 2 wpg and
6 wpg respectively, suggesting their competitive maturation with
endogenous oligodendroglial cells. Moreover, exogenous miPS-
NPCs produced extensive myelin within the timeframe of endoge-
nous remyelination and with no obvious difference between mE-
NPCs and miPS-NPCs. Similar observations were made for adult
mouse NPCs 6 wpg in the adult shiverer spinal cord (19). This is in
contrast to NPCs derived from human tissue, which differentiate
along a much slower process when grafted in the same experimen-
tal paradigm (2). Thus, environmental cues of the adult demyeli-
nated CNS timely regulate the differentiation of rodent NPCs into
oligodendrocytes, irrespective of their age (adult or embryonic),
source (multipotent or pluripotent), and primary origin (brain or
skin fibroblasts); rather, the process is species specific.

miPS-NPCs outcompete endogenous cells to restore myelin struc-
ture and function in the adult demyelinated spinal cord. Assess-
ment of global myelin (endogenous and exogenous) revealed by
MOG staining and donor-derived myelin identified by MBP indi-
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cated that, in the lesion core, 65% (up to 66% of the axons) of the
dorsal funiculus area was remyelinated by miPS-derived cells
against 35% by endogenous cells (encompassing both existing
and newly formed myelin). Moreover, electron microscopy anal-
ysis indicated that miPS-derived oligodendrocytes generated
structurally normal compact myelin around host axons. Evalu-
ation of g ratios showed that, for comparable axon diameters,
exogenous myelin appeared clearly thicker than developmental
(4, 14) or newly formed shiverer myelin. Interestingly, normal
endogenous or neonatally grafted cells have the opportunity to
adjust the correlation between axon diameter and myelin thick-
ness or length during the CNS development (4, 34). However,
unlike these observations, we found that miPS-NPCs and mE-N-
PCs grafted in the adult demyelinated context do not respect
this developmental rule, since they produced similar amounts
of multilayered and compact myelin (~100 nm) around adult
host axons, irrespective of their diameters. Engraftment of adult
NPCs in adult mice produced similar amounts of myelin around
host axons (19). This indicates that, in the adult demyelinated
CNS, unlike during development, myelin thickness is not con-
trolled by axonal signaling (35) but is an intrinsic property of the
myelin-competent cell.

Uncompacted myelin, as observed in shiverer mice, results
in abnormal saltatory conduction compared with myelin WT
mice (4, 19) (Mozafari et al., unpublished observations). We used
SSEP recordings to investigate the impact of the grafted cells on
the shiverer axonal dysfunction. Difference in conduction veloc-
ity or latency responses in intact versus demyelinated shiverer
mice treated with medium were not detected. This was predict-
able, since spontaneous remyelination restores the demyelina-
tion-induced altered electrophysiological function (36-38). How-
ever, engraftment of miPS-derived cells decreased the latency
response and consequently increased axonal conduction velocity
of the adult shiverer axon, as previously observed in vitro (39) and
in vivo (19) for primary glial or neural progenitors. Moreover, the
correlation between the electrophysiological and ultrastructural
data strongly suggest that the functional benefit provided by the
grafted cells results from the thick and compact myelin generated
by the immature exogenous cells compared with the thin and non-
compacted myelin of endogenous cells.

The benefit of exogenous primary OPCs over endogenous
cells in repopulating demyelinated lesions in WT rats was previ-
ously suggested (40). However, in the absence of a tracking sys-
tem to visualize the grafted cells and their myelin, evidence for
competitive remyelination was indirect and conclusions remained
elusive. A competitive myelinating advantage of neonatally
engrafted human glial progenitor cells over mouse endogenous
shiverer cells was also reported (5). These experiments showed
that oligodendrocyte differentiation of neonatally administrated
human cells operates in a context-dependent fashion and sug-
gested that human cells are more competent than rodent cells.
Our data obtained in the adult demyelinated spinal cord, a far less
permissive environment than the developing brain, implement
these observations as grafted NPCs migrate less but differentiate
more into oligodendrocyte in myelin-deficient mice than in WT
nude mice. Additionally, we provide overwhelming evidences that
skin-derived NPCs are as competent in adult spinal cord repair

jei.org  Volume125 Number9  September 2015

The Journal of Clinical Investigation

as brain-derived NPCs. Finally, our work indicates that improved
competitivity is not true only for human cells, since mouse cells
outcompete endogenous cells efficiently.

Conclusion. Wang et al. showed the impressive myelination
achieved by multiple injections of human iPSC-derived OPCs
when grafted in the developing newborn dysmyelinated shiverer
forebrain (8). Here, we convincingly demonstrate that miPS-de-
rived NPCs delivered by a single injection in the demyelinated
adult spinal cord invade as efficiently as brain-derived NPCs,
a large portion of the adult neurax, and generate an impressive
proportion of functional remyelinating oligodendrocytes, thus
indicating the high efficiency of iPS-derived NPCs — even when
not manipulated in vitro — to be committed to the oligodendro-
cyte lineage. iPS-NPCs also generate astrocytes, which could
contribute positively to the repair events. These observations
highlight the great differentiation plasticity of these cells and
their capacity to adapt to the environment in which they are
placed. This, added to the recently established neuroprotective
properties of NPCs derived from pluripotent cells (18), opens
great promise for their use in regenerative medicine for myelin
disorders of the adult CNS.

Methods

Cell culture

Mouse iPS-NPCs. miPS cells were generated from reprogrammed
E14.5 C57Bl/6 Sox2/¢* knockin embryonic fibroblasts expressing
the figeo gene under the control of Sox2 promoter that gives cell resis-
tance to neomycin (18). NPCs were grown on an uncoated plastic flask
(T75) in Euromed-N (EuroClone) supplemented with 1% N2 supple-
ment (Invitrogen), Pen/strep (Invitrogen), and L-glutamine (200 nM)
(Invitrogen), as well as 20 ng/ml basic fibroblast growth factor (bFGF)
(PeproTech) and 20 ng/ml epidermal growth factor (EGF) (Pepro-
Tech). Fresh medium was added every 2 days. Cells were split once a
week depending on cell density and reseeded 10° cells/T75 flask in 10
ml of medium.

mE-NPCs. Primary mouse NPCs were obtained from E12/E13
C57Bl/6 mice as previously described (41). Briefly, brains were dis-
sected free of meninges, dissociated using ATV (0.05% trypsin, 0.1%
glucose, and 0.5nM EDTA). Collected cells were resuspended in NEF
medium composed of DMEM/F12 medium (1:1) supplemented with
N2 supplements (1%), B27 (0.5%), insulin (25 pg/ml), glucose (6 mg/
ml), Hepes (5 mM), FGF2 (20 ng/ml), and EGF (20 ng/ml). NPCs
were dissociated once a week and reseeded at the density of 10° cells/
T75 flask in 10 ml of medium.

To allow tracing of cells for in vivo studies, cells were transduced
with a third-generation lentiviral vector encoding the GFP as a tracer
gene. More than 80% of the cells were labeled with this method (18).

Immunocytochemistry. Cell characterization was performed on
dissociated GFP* miPS-NPCs and mE-NPCs, seeded on 4-well plas-
tic plates (2 x 10* cells/well; duplicate wells for each cell marker)
already coated with polyornithine and laminin (Sigma-Aldrich).
Cells were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 10
minutes prior to immunostaining for markers of mature or imma-
ture neural cells. The following antibodies were used for cell char-
acterization: anti-nestin (MAB353, Millipore), anti-Ki67 (556003,
BD Biosciences), anti-OLIG2 (AB9610, Millipore), anti-vimentin
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Table 1. Primers

mRNA Sense (5'-3') Antisense (5'-3') Size (bp)
Nestin CAGAGAGGCGCTGGAACAGAG AGACATAGGTGGGATGGGAGT 465
Sox2 AGAACCCCAAGATGCACAAC ATGTAGGTCTGCGAGCTGGT 456
Sox9 CAAGTGTGTGTGCCGTGGATAG CCAGCCACAGCAGTGAGTAAGAA 100
Musashi GGCTTCGTCACTTTCATGGACC GGGAACTGGTAGGTGTAACCAG 541

Olig2 TAGTTTCGCGCCAGCAGCAG GGCGGTGGCTTCAAGTCATC 259

Olig? AAGGAGGACATTTCCAGACTT GCTCTCTAAACAGGTGGGATTCA - 153
Nkx2.2 ATGTCGCTGACCAACACAAA GACGGGGAATTCTCGGGAAA 194
Sox10 CGGTGAACTGGGCAAGGTCA AGCTCTGTCTTTGGGETGLTT 602
{33-tubulin~ GGCCTCCTCCTCTCAACAAGTATGT ~ CGCCCTCTGTATAGTGC 170
Gfap GAGATCGCCACCTACAGGAA GCTCCTGCTTCGACTCCTTA 199
f-actin GATGACGATCGCTGCGCTGETCG  GCCTGTGGTACGACCAGAGGCA 437

Sense and antisense primers of markers of immature or mature neural
cells used in RT-PCR analysis for characterization of embryonic and miPS-
derived NPCs.

(V2258, Sigma-Aldrich); anti-f3-tubulin (T8660, Sigma-Aldrich);
anti-MAP2 (M1406, Sigma-Aldrich); anti-PDGFRa (sc-338, Santa
Cruz Biotechnology Inc.), anti-O4 (mouse IgM hybridoma from
ATCC), and anti-GFAP (20334, Dako). Cells were then incubated
with the corresponding secondary antibodies (Jackson Immuno-
Research Laboratories Inc., Invitrogen). Hoechst dye (1 pg/ml,
Sigma-Aldrich) was used to stain all cell nuclei.

Gene expression study. RNA extraction was performed using an
RNA extraction kit (catalog 74104, QIAGEN) according to the man-
ufacturer’s instructions, and followed by treatment with RNase-free
DNase Set (catalog 79254). RNA quality was evaluated using Thermo
Scientific NanoDrop instrument. cDNA synthesis was performed
using 500 ng of total RNA and Thermo Script RT reverse transcriptase
(Invitrogen). Control negative experiments were carried out for all
samples lacking ThermoScript enzymes (Invitrogen). One microliter
of the resulting cDNA was then used for each PCR reaction. PCRs were
performed with primers (1 uM of each) and 12.5 pl Green Master Mix
(catalog M7112, Promega) with the following reaction cycling parame-
ters: 94°C, 2 minutes; 94°C, 45 seconds; 55°C (annealing temperature
regarded for all genes), 60 seconds; and 72°C, 5 minutes for 35 cycles.
To ensure equal loading of cDNA into RT reactions, B-actin mRNA
was amplified as an internal control. PCR products were resolved by
electrophoresis on a caliper LabChip (PerkinElmer). At least 3 inde-
pendent experiments were performed for every set of RT-PCR anal-
ysis. Mouse primer sequences and lengths of the amplified products
are listed in Table 1.

Demyelination and cell transplantation
Mice were housed under standard conditions of 12-hour light/ 12-hour
dark cycles with ad libitum access to dry food and water cycle at ICM
institute’s animal facility. To study the behavior of miPS-NPCs in
terms of their safety, migration, and differentiation potentials in adult
demyelinating condition, we used 2 different immunodeficient mouse
strains: nude with normal myelination and Shi/Shi Rag2”~ with dysmy-
elination (MBP-deficient) backgrounds.

Nude mice. Adult RjOrl:NMRI-Foxnl™/Foxnl™immunodeficient
mice (8-9 weeks of age, Janvier) were anesthetized by i.p. injec-
tion of a mixture of 100 mg/kg ketamine (Alcyon) and 10 mg/kg
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xylazine (Alcyon). Focal demyelination was performed as previously
described (2, 42) by stereotaxic injection of 1 pl of 1% lysolecithin
(LPC, Sigma-Aldrich) in 0.9% NaCl into the dorsal funiculus of the
spinal cord at the level of the 13th thoracic vertebrate. Forty-eight
hours after demyelination, mice received a single injection (1 pl,
10°/ul) of GFP* miPS-NPCs (n = 15) or mE-NPCs (z = 10), or the
same amount of medium (n =10) at the site of demyelination, as pre-
viously described (2). All injections (LPC or cells) were performed
at low speed (1 pl/2 min) using a stereotaxic frame equipped with
a micromanipulator and a Hamilton syringe. Animals (n = 35) were
sacrificed 1 and 2 wpg (n = 5 for each cell type or medium and for
each time point) and 6 wpg (n = 5 for miPS-NPCs) by transcardiac
perfusion of 1x PBS and 4% paraformaldehyde. Five more animals
received the same amount of miPS-NPCs in the dorsal funiculus
without LPC injection and were sacrificed 6 wpg. After dissection,
tissues were postfixed in the same fixative for 1 hour and then pro-
cessed in 20% sucrose in 1x PBS overnight. Spinal cords (~12 mm,
including the lesion site at the center) were transversely cut into
3-5 pieces (~3 mm each) and were serially ordered and placed in the
small plastic containers, embedded in cryomatrix (Thermo Scien-
tific), frozen in cold isopentane at -60°C, and stored at -20°C until
use. Transverse sections of 12 um were cut with a cryostat (Leica
Microsystems), collected on 3 series of 10 slides each (30-50 sec-
tions/slide), and used for IHC.

Shi/Shi Rag2”~ mice. Shiverer mice (Mbp"", referred to as Shi/
Shi) were crossed to Rag2 null immunodeficient mice (43) to generate
a line of Shi/Shi Rag2”- dysmyelinating immunodeficient mice. Mice
(n = 40, 8-9 weeks of age) were demyelinated and transplanted as
described above. Twenty more adult Shi/Shi Rag2”~ age-matched mice
were demyelinated and received 1 pl of medium without cells in their
dorsal funiculus. Animals were sacrificed 6 wpg (n = 15 for each cell
type or medium groups) and 10 wpg (n = 5 per group) for histochemical
analysis and were processed as described above. In addition to trans-
verse sections, 2 animals per each cell type were used for the longitu-
dinal sections (12 um thickness) of the spinal cords at 6 and 10 wpg.

IHC

Transplanted cells in nude or Shi/Shi Rag2”- mice were identified
with an antibody directed against GFP (GFP-1020, Aves Labs Inc.).
The phenotype of GFP* cells was determined by IHC using the
following antibodies: anti-nestin (MAB353, Millipore), anti-Ki67
(556003, BD Biosciences), anti-Olig2 (AB9610, Millipore), anti-
CC1 (OP80, Millipore), anti-GFAP (Z0334, Dako), anti-PDGFRa
(sc-338, Santa Cruz Biotechnology Inc.), anti-NG2 (AB5320, Mil-
lipore), anti-NogoA (AB5888, Millipore), anti-SOX10 (sc-17343,
Santa Cruz Biotechnology Inc.), anti-NeuN (MAB377, Millipore),
anti-MOG (mouse IgG1 hybridoma, clone C18C5; provided by C.
Linnington, University of Glasgow, Glasgow, United Kingdom),
anti-MBP (AB980, Millipore), anti-NF200 (N0142, Sigma-Aldrich),
anti-NF165 (mouse IgG1 hybridoma 2H3, Developmental Studies
Hybridoma Bank), anti-CASPR (gift from E. Peles, Rehovot, Israel),
anti-caspase3 (9661, Cell Signaling Technology), anti-OCT4
(2840X, Cell Signaling Technology), and anti-NANOG (4903X,
Cell Signaling Technology). For MBP and MOG staining, slices were
pretreated with ethanol (10 min at room temperature). For CASPR
staining, slices were incubated in methanol (10 min at 20°C) and
saturated in the presence of 0.1% glycine (Research Organics Inc.).
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Sections were incubated with the corresponding secondary anti-
bodies from Jackson ImmunoResearch Laboratories Inc. or Alexa-
conjugated antibodies (Invitrogen) containing Hoechst dye (1 mg/
ml). A Carl Zeiss microscope equipped with ApoTome.2 was used
for tissue scanning, cell visualization, and imaging.

Electron microscopy

For electron microscopy, Shi/Shi Rag2”~ mice were perfused 6 wpg or
medium injection (n = 4 per group), with 1% PBS followed by a mixture
of 4% paraformaldehyde/2.5% glutaraldehyde (Electron Microscopy
Science) in 1% PBS for 45 minutes. Two hours after fixation in the
same solution, spinal cords were cut in 0.5-1 mm pieces and fixed in
2% osmium tetroxide (Sigma-Aldrich) overnight. After dehydration,
samples were embedded in Epon. Ultra-thin sections (80 nm) were
examined with a HITACHI 120 kV HT-7700 electron microscope.

Somatosensory-evoked potentials

Electrophysiological recordings of somatosensory-evoked potentials
(SSEPs) were performed 6 weeks after injection of LPC or medium
in homozygous Shi/Shi Rag2”~ mice, as well as on a group of intact
homozygous Shi/Shi Rag2”~ mice (n = 4-6 per group, 13-14 weeks of
age for all animals) as previously described (44-46). Briefly, mice were
anesthetized by i.p. injection of ketamine (100 mg/kg) and xylazine
(10 mg/kg) (Alcyon). Body temperature was maintained between
34°C-37°C by a feedback-controlled heating blanket (CMA Microdi-
alysis). Constant current stimuli (Amplitude 2.5 mA, pulse 200 ps,
frequency 3.5 Hz) were applied to the middle of tibial nerves by s.c.
electrodes in hindlimbs and SSEP recorded from electrodes localized
over the sensorimotor cortex (MN3512P150, Spesmedica). A ground
electrode was placed s.c. over the cervical spine. Recordings were per-
formed by the data acquisition system Neuro-Mep-Micro of Neuro-
soft, and signals were filtered at 20-2,000 Hz. Each response latency
was measured as the time between the onset of stimulus artifact to the
first peak (N1) for each animal as the average of 500 sweeps. Conduc-
tion velocity was calculated by estimation of the distance between the
stimulation and recording electrodes.

Quantification
Cell characterization in vitro. Each staining was performed on dupli-
cate glass coverslips in 3 independent experiments. For each staining,
10 independent fields including at least 3,000 cells were counted.
A Zeiss microscope was used for cell visualization. Cell counts were
performed using the Image] software, analyzed with Prism Graphpad
software, and expressed as a percentage of total GFP* cell number.
Demyelination extension. The extent of demyelination was deter-
mined based on the percentage of MOG area out of total area of the dor-
sal funiculus (MOG") at 1 wpg. For each animal, 6 coronal serial sections
with 120-um intervals were collected from the middle of the lesion site
and quantified for different groups (n = 3-4 per group) of lesioned ani-
mals grafted with miPS-NPCs and mE-NPCs or injected with medium.
Cell differentiation in vivo. Grafted GFP* cells (from both cell
sources) expressing Ki67, OLIG2, APC (CC1), GFAP, or NeuN were
quantified on transverse sections at the lesion site to determine the
proportions of proliferating cells, oligodendroglial lineage cells, astro-
cytes, and neurons, respectively, at different time points. For each
animal, 6 coronal serial sections with 120-um intervals were collected
from the middle of the lesion site. The lesion area was defined by MOG
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depletion, and cell density was identified by Hoechst staining of all cell
nuclei on adjacent sections. Quantification was performed according
to our previously published method (47). Sections were first scanned at
%20 to define the limits of the lesion and level of maximal demyelina-
tion, and magnified at x40 to quantify the amount of GFP cells express-
ing a marker of interest. Cell counts were expressed as the percentage
of total GFP* cells in the lesion area, as previously described (2, 42).

Cell migration in vivo. Cell dispersal within the dorsal funiculus
was quantified on transverse sections evaluating the distance between
the most rostral and the most caudal sections containing GFP* cells
in each animal from different groups (number of sections containing
GFP* cells x distance between 2 sections).

Donor-derived remyelination. Exogenous myelin was visualized
by MBP staining on transverse sections collected from transplanted
Shi/Shi Rag2”~ (6 and 10 wpg). The total number of serial coronal sec-
tions containing MBP* myelin from each animal was quantified, and
longitudinal distance (number of sections containing MBP* myelin x
distance between 2 sections) was expressed as remyelination exten-
sion for each group. The percentage of donor-derived vs. endogenous
remyelination at the lesion site was evaluated by immunostaining of
the tissues with MBP (exogenous myelin) and MOG (total myelin). For
each cell type, 3 levels at the Shi/Shi Rag2”-spinal cord dorsal funiculus
(1 mm caudal to the injection site, the injection site, and 1 mm rostral
to the injection site; 3 serial sections with 120 pum intervals per level —
thus, 9 sections per animal) were quantified for MBP* or MOG* areas.
Remyelination was expressed as the mean of ratios of MBP* area over
MOG" area in the 3 levels in each mouse. Immunopositive areas were
measured using the Image] software. Furthermore, the MBP* area was
divided per number of GFP* cells on the same sections to establish the
remyelination potential for miPS-NPCs versus mE-NPCs.

Furthermore, at the lesion core, the percentage of NF*/MBP*
axons over total number of NF* axons was quantified from 3 different
fields of 1,000 um? each per coronal section (on confocal images) and
for 3 sections apart of 120 pm intervals (a total number of 9 different
fields per animal) for either miPS-NPCs or mE-NPCs grafted Shi/Shi
Rag2”~ mice at 6 wpg.

G ratio. The g ratio was determined by dividing axon circumfer-
ence (for the maximum and minimum diameters of a given axon) by
axon plus myelin sheath circumferences measured with the Image]
software at a magnification of 62,000. Data were obtained from at
least 50 fibers per animal and were expressed as the mean of the max-
imal and minimal values for each axon for adult demyelinated Shi/Shi
Rag2”~ mice treated with medium or grafted with different cell types.

Statistics

Data were analyzed using 2-tailed Student’s ¢ test and, for multiple
groups, 1-way ANOVA followed by the Tukey’s multiple comparison
tests. Non-normally distributed data were analyzed by the correspond-
ing nonparametric tests. Statistical analysis was carried out using Graph-
Pad Prism 5 software. Data were presented as mean + SEM for all statisti-
cal analyses. A Pvalue of less than 0.05 was considered significant.

Study approval

All mouse experiments were performed according to European
Community regulations and Inserm ethical committee (authoriza-
tion 75-348; 20/04/2005) and were approved by the local Darwin
ethical committee.
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