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L., HESLELREZEFBITH S PSHIR &%i‘fﬁi’z L. HivoH~L
FEL, WIGHEZToRCBMZT) L b, S OMNEEHEE
T 5. %*@%Mxioawh}Ufﬁ%#§<ﬁ$ﬁ%m%#wiméw
LA, ARIPSHIEZERT A2 & EHETH 5.

—Ji, WADPSHINEZ HimE, v bbb EBH (alogeneic
transplantation) O¥&, HHRPLELBEFRIEHN AR EER I N
FERTHIG % iR SB35 S L SHRE T A4 T, EBH
DYy, IS X S EHAEIR N5, HLA GHSBES ) 22—
FEg Fr—0flE v 2 80X DT RARICT 5 2 e NIRRT
&5,

BAEEREIPS#iBaA MY

FABERIPS ML A b v 7 243, R THIH T %&Gﬂ?%&@&ggf
TR A by 7 & ERT 570V 22 P ThHH. HLA-A B DRAFFELES
TWa FF—5 0 iPSHIRA#IS 52 L0k b, HLAZHEREDMIBS0
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SUMMARY

i

g/

Heenses/by/ 3.0/,

Transplantation of glial-rich neural progenitors has been demonstrated to attenuate motor neuron degeneration and disease progression
in rodent models of mutant superoxide dismutase 1 (SOD1)-mediated amyotrophic lateral sclerosis (ALS). However, translation of these
results into a clinical setting requires a renewable human cell source. Here, we derived glial-rich neural progenitors from human iPSCs and
transplanted them into the lumbar spinal cord of ALS mouse models. The transplanted cells differentiated into astrocytes, and the treated
mouse group showed prolonged lifespan. Our data suggest a potential therapeutic mechanism via activation of AKT signal. The results
demonstrated the efficacy of cell therapy for ALS by the use of human iPSCs as cell source.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a disorder of motor
neurons (MNs) that is characterized by their relatively rapid
degeneration, resulting in progressive muscle weakness
and respiratory failure (Bruiin et al., 2004). Approximately
90%-95% of ALS cases are sporadic in nature, with 20% of
the remaining familial cases linked to various point muta-
tions in the Cu/Zn superoxide dismutase 1 (SOD1) gene.
Transgenic mice and rats carrying ALS-associated mutant
human SOD1 genes (mSOD1) recapitulate many features
of the human disease (Gurney et al., 1994).

Despite the relative selectivity of MN loss in ALS, studies
in mSOD1 rodent and tissue culture models show non-
neuronal (glial) cell involvement in the disease process
(Boillée et al,, 2006; Yamanaka et al., 2008). Astrocytes in
particular are hypothesized to play a role in both mSOD1
and sporadic forms of ALS (Haidet-Phillips et al., 2017;
Howland et al,, 2002; Papadeas et al,, 2011). Regardless of
whether astrocyte dysfunction is a cause of the disease or
a consequence of neuronal death, altered astrocyte physi-
ology results in further susceptibility to MN loss (Boiliée
et al.,, 2006). Targeted enrichment of normal astrocytes in
mSOD1 rat spinal cord via intraspinal transplantation of
rodent glial-restricted progenitors promoted focal MN
protection, delayed decline in respiratory function, and
extended disease progression (Xu et al., 2011).
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Various kinds of cells .have been investigated for trans-
plantation studies (Corti et al,, 2004; Garbuzova-Davis
et al., 2008; Twanami et al, 2{&’?3 Piccini et al, 1999).
Neuronal cells are probably the most relevant cell type for
ALS treatment, but such cells suffer from a limited supply,
ethical issues, and/or invasive harvest from human donors.
On the other hand, human induced pluripotent stem cells
(hiPSCs) can be obtained from a donor less invasively and
can be expanded indefinitely in vitro. In this context,
here we established a differentiation protocol of glial-rich
neural progenitors (GRNPs) from hiPSCs and investigated
the potential of hiPSC-derived glial-rich neural progenitors
(hiPSC-GRNPs) as a cell source for intraspinal transplanta-
tion therapy of ALS.

RESULTS

Cell Resource Establishment for Transplantation

As a cell resource, we selected human iPSC line “201B7
clone,” which had been previously evaluated as possessing
low tumorigenicity after transplantation therapy (Kobaya-
shi et al, 2012; Norl et al,, 2011) To distinguish the
transplanted cells from host cells, we introduced a piggyBac
vector, which stably expresses GFP gene under the control
of the ubiquitous EFla promoter, into hiPSCs and observed
continuous GFP fluorescence even after neural-lineage
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Figure 1. Human iPSCs Were Labeled with GFP, and They Differentiated into Neural Precursors

(A) hiPSCs were labeled with GFP by a piggyBac vector.

(B) GFP-labeled hiPSCs retained GFP signals after neural induction.

(C) hiPSC-derived neural precursors exhibited immunoreactivities for NESTIN (neural precursor marker), GFAP (astroglial or radial-glial
marker), GLT1/ALDH1 (functional/mature astrocyte marker), A2B5/CNPasae (oligodendrocyte lineage marker), and TUJ1/MAP2 (neural

lineage marker).
(D) Quantification of hiPSC differentiation in (C).

Data represent mean + SD (n = 3 experiments). Scale bars, 200 pm.

differentiation (Figures 1A and 1B). We differentiated GFP-
labeled hiPSCs into neural stem cells by the serum-free
floating culture of embryoid bodies-like aggregates method
with SMAD-pathway inhibition (Kendo et al, 2013).
Neural stem cells were efficiently differentiated into
hiPSC-GRNPs by stimulation of the LIF/BMP signaling.
This protocol provided highly enriched neural precursors,
68.4% + 7.2% positive for NESTIN and 54.9% = 6.1%
positive for GFAP (Figures 1C and 1D). At day 16 in vitro,
most of the differentiated grafts were positive for NESTIN
or GFAP. At this very early stage, GFAP™ cells include either
radial glia, a subtype of developmental neural progenitors
with a neuron-like spine, or immature astrocytes (Liour
and Yu, 2003). At day 28 in vitro, NESTIN" neural progen-
itors differentiated into TUJ1" neurons, A2B5™ oligoproge-
nitors, and GFAP* astrocytes. The differentiation method
used in the present work could augment the GFAP* glial
population and attenuate TUJ1 neural differentiation, as
compared with our previous method (Kondo et al., 2013).

Stem

However, GFAP* astrocytes were not positive for GLT1 or
ALDHI1L1, which were thought to be functionally mature
astrocytes before transplantation.

hiPSC-GRNPs Transplantation Improved Motor
Function and Survival in ALS Model Mice

All animal experiments were approved by the CiRA Animal
Experiment Committee (nos. 24 and 27). We transplanted
40,000 hiPSC-derived GRNPs each into bilateral lumbar
spinal cords of transgenic SOD1-G93A mice. Transplanta-
tion operations were performed after onset of ALS pheno-
type, at 90 days of age to mimic the clinical situation
(Figure 2A). Littermates of transplanted mice received
only a vehicle (PBS) injection and were used as control
group. We designed the study so that siblings were distrib-
uted equally in the control (n = 24, male:female = 17:7) and
transplanted (n = 24, male:female = 17:7) groups. By using a
35 gauge needle and a relatively small injection volume, we
could avoid motor disturbance at 24 hr after the surgical

Cell Reports | Vol. 3 | 242~249 | August 12, 2014 | ©2014 The Authors 243

36




Stem Cell Reports
Transplantation for ALS Mice Using Human iPSCs

A B N.S. mPBS
inject 0.5 pL PBS 8 # hiPSC-GRNPs
with or without hiPSC-GRNPs 7 4
= at lumber spinal cord
© 6
Q
LER
S
£ 47
T 5
k<)
o
g 27
1 4
motor disturbance progression 0 4 .
: : 3 Before 24 hours After
- T O = > 24 hours after tranSp,amatlon transplantation  transplantation
60 90 120 15
(days after birth)
Cc D + PBS E
+ hiPSC-GRNPs
— PBS
8 ~— PBS 200- i 100
§>§§8§. i . T s HIPSCA
o 7 ™ senres t s MIPSC-GRNPs 1904 i A o . hiPSC-GRNPs
g Y IE A . 180 = J
L 2 & 1704 ot P B
5 T 1604 ® & E*‘ % 60 4 ek
£ 4 £ 150l o [oe, 4 ]
= ®° g To ¥ rY & .
g 3 G 1404 * Jeve A > 40 .4
g2 2ol :
£ 1204 “ 20 4
1 110
01y ' — . 100 r " 0 .
80 90 120 150 PBS hiPSC-GRNPS 120 130 140 150 160 170 180 190 200
(days after birth) (days aftes birth)
F G
L4 nerve root
wild type mice Tg SOD1-G93A mice 140  PBS
» = 120 @ hiPSC-GRNPs
. 2%
PBS hiPSC g % 100
-GRNPs 5E 80
= @
2> 60
-]
z EX w
fo € .8
g 20
[} 0 X
g TYRTLON® OO -
e S - N O E DO~ YT
3 @ ez
2

axonal caliber distribution (um)

Figure 2. hiPSC-GRNPs Transplantation Improved Motor Score and Survival in ALS Model Mice-

(A) Transplantation schedule and schema of spinal cord injection site. Transplantation was performed after disease onset.

(B) Mice presented with no side effects after transplantation and made vigorous twisting movements with hind-limb extension, as shown
by representative photos at tail suspension. Both groups showed no change in motor clinical score at 24 hr after surgical insult.

(C) Clinical motor scoring change by sequential evaluation showed significant difference from 100 to 120 days after birth (*p <0.05). Data
represent mean + SEM (n = 21 mice per group).

(D) Lifespan was prolonged in the hiPSC-GRNPs transplantation group (162.2 + 12.8 days) compared to the control group (150.4 +
12.1 days) (**p < 0.01). Data represent mean =+ SD (n = 21 mice per group).

(E) Survival (Kaplan-Meier plot) analysis shows a significant difference between the PBS injection group survival (black line) and the
hiPSC-GRNPs transplantation group survival (green line) throughout the course of the study (n = 21 mice per group, p = 0.00691 stratified
log-rank test), suggesting that the hiPSC-GRNPs transplantation group had better survival (**p < 0.01).

(F) The number of axons in L4 ventral nerve root was counted to estimate surviving motor neurons at the middle stage of disease pro-
gression. At 120 days after birth, transverse sections of ventral nerve roots were stained with an anti-neurofilament-H antibody. Compared
to littermates without transgene, the number of axons in Tg SOD1-G93A mice was decreased. Each axon caliber was measured and classified
according to size.

(G) Cumulative axon caliber distribution at L4 ventral root at 120 days after birth of both groups. Two-way ANOVA with repeated-measures
was used to study the effect of transplantation (transplanted and nontransplanted mice) on axonal caliber distribution. Pairwise

(legend continued on next page)
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