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H I G H L I G H T S

• To improve the survival of transplanted cells in host tissues is a key for successful transplantation.

• Transplanting donor cells as a sheet structure, we successfully prolonged the survival of donor cells.

• There was an encouraging trend in the delayed onset of symptoms and increased lifespan in ALS model mice.
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A B S T R A C T

Stem cells offer great hope for the therapy of neurological disorders. Using a human artificial chromosome
(HAC), we generated modified mesenchymal stem cells (MSCs), termed HAC-MSC that express 3 growth factors
and 2 marker proteins including luciferase, and previously demonstrated that intrathecal administration of HAC-
MSCs extended the lifespan in a mouse model of amyotrophic lateral sclerosis (ALS). However, donor cells
disappeared rapidly after transplantation. To overcome this poor survival, we transplanted the HAC-MSCs as a
sheet structure which retained the extracellular matrix. We investigated, here, whether cell sheet showed a
longer survival than intrathecal administration. Also, the therapeutic effects on ALS model mice were examined.

In vivo imaging showed that luciferase signals increased immediately after transplantation up to 7 days, and
these signals were sustained for up to 14 days. In contrast, following intrathecal administration, signals were
drastically decreased by day 3. Moreover, cell sheet transplantation successfully prolonged the survival of donor
HAC-MSCs. Cell sheet transplantation increased the level of p-Akt at the graft area. Pathologically, none of the
donor cells differentiated into neurons, astrocytes or microglial cells. When the cell sheet was transplanted into
ALS model mice, there was an encouraging trend in the delayed onset of symptoms and increased lifespan. If
each group was subdivided into rapid and slow progressors based on cut-off values for respective median sur-
vival, the survival of rapid progressors differed significantly between groups (treated vs. sham-oper-
ated= 145.4 ± 1.4 vs. 139.2 ± 1.2). The effect of HAC-MSC sheet transplantation still has a temporally
narrow therapeutic window.

Further improvement could be achieved by optimization of the transplantation conditions, e.g. co-trans-
plantation of HAC-MSCs with endothelial progenitor cells.

1. Introduction

Cell-based therapies have garnered much attention as novel ap-
proaches to the cure of neurodegenerative diseases such as Parkinson's
disease, amyotrophic lateral sclerosis (ALS), and neural injury (Coatti

et al., 2015; Hsuan et al., 2016; Joyce et al., 2010). The primary aim of
these strategies is to delay or prevent neuronal cell death. Recent stu-
dies have suggested that stem cell transplantation exerts therapeutic
benefits via several mechanisms including not only the replenishment of
lost neurons but also through cytoprotection from secreted
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neurotrophic factors (Gnecchi et al., 2016; Lunn et al., 2009). While
such therapeutic approaches have shown positive effects in basic re-
search using animal models, much work and refinement is needed be-
fore they are ready for use in humans (Gothelf et al., 2014; Mazzini
et al., 2010; Oh et al., 2015; Sykova et al., 2017). Another promising
strategy is the administration of neurotrophic factors. However, there
are several hurdles to this approach, such as poor penetration of the
trophic factors into the central nervous system (CNS) by the presence of
the blood brain barrier (BBB), systemic side effects, short half-life
within the blood stream, and the high cost of large scale production of
such factors. Thus, neurotrophic factors have yet to be approved for
clinical use (Henriques et al., 2010; Sampaio et al., 2017).

To overcome these challenges, we have established a mesenchymal
stem cell (MSC) line that expresses high levels of neurotrophic factors
using a human artificial chromosome (HAC) system, termed HAC-MSCs
(Watanabe et al., 2015). MSCs, originated from mesoderm, are reported
to promote tissue rescue/repair via paracrine activity, exosomes, im-
munomodulation activity, and so on (Mazzini et al., 2010). These HAC-
MSCs simultaneously express three potent neurotrophic factors for the
survival of motor neurons: hepatocyte growth factor (HGF), glial cell
line-derived neurotrophic factor (GDNF) and insulin-like growth factor-
1 (IGF-1) as well as reporter proteins: green fluorescent protein (GFP),
Emerald luciferase (E-Luc; Toyobo, Osaka, Japan) (Watanabe et al.,
2015). In addition to the trophic effect of MSCs themselves, HAC-MSCs

can act as a vector for neurotrophic factors to the CNS. Previously, we
showed that transplantation of HAC-MSCs via the fourth cerebral ven-
tricle into ALS model mice resulted in a significant improvement in
lifespan (Watanabe et al., 2015). However, we also revealed that the
number of transplanted cells dramatically decreased with time, and
almost none of the cells survived more than one week after transplan-
tation. Thus, the ability to prolong the survival of donor cells after
transplantation is a key factor for improving their therapeutic efficacy.
This massive donor cell death might occur due to the sudden environ-
mental change from culture conditions to the surface of the host brain
tissue which is surrounded by cerebrospinal fluid (CSF); these changes
include a lack of blood supply, oxidative stress, and the sugar and
protein-poor environment of the CSF, among others (Sart et al., 2014).

Cell sheet engineering is a promising approach in stem cell trans-
plantation. Conventional cell harvesting methods using a proteolytic
enzyme, such as trypsin, cause varying degrees of damage and even
pose the risk of phenotypic change. In contrast, a cell sheet is harvested
without the use of proteolytic enzymes, thus maintaining the network
of extracellular matrix. This could facilitate adhesion to host tissues and
help minimize the loss of donor cells after transplantation. In addition,
retention of the cell–cell structural network among donor cells reduces
their free migration, which, in certain situations, enhances the safety of
transplantation. There are several protocols for preparing cell sheets;
these include coating the culture dish with fibrin or temperature-

Fig. 1. Cell sheet transplantation strategy. The HAC-MSCs were cultured on temperature-responsive dishes and harvested as a monolayer sheet. The cell sheet was
transplanted onto the surface of the mouse cerebral cortex where the HAC-MSCs can supply neurotrophic factors to remote areas of the brain and the spinal cord via
the CSF. If applied to human ALS patients, the cell sheet can be transplanted onto surface of the ventral side of the spinal cord.
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sensitive polymer, poly (N-isopropylacrylamide), and vitamin C treat-
ment. Temperature-sensitive culture dishes are widely used as the cell
sheet can easily be collected by altering the temperature from 37 °C to
30 °C or below. MSC sheets have been widely used in the field of re-
generative medicine for cardiac muscle and bone regeneration (Chen
et al., 2015; Miyahara et al., 2006; Ouyang et al., 2006). In the field of
CNS disorders, Ito et al. recently reported the application of a bone
marrow-derived MSC sheet to a rat stroke model (Ito et al., 2017).
However, there have yet to be any reports of the application of cell
sheets for neurodegenerative diseases. The cerebral cortex can be more
easily exposed than the spinal cord and its surface is larger and thus
more suitable for transplanting a cell sheet. Moreover, it is thought that
neurotrophic factors secreted from the transplanted HAC-MSCs get
distributed throughout the CNS via the CSF. Thus, the cell sheet likely
acts as a continuous source of neurotrophic factors to the CNS along
with the neurotrophic effects of the MSCs themselves. This therapeutic
strategy would, therefore, be suitable and valid for the treatment of
neurodegenerative diseases especially ALS, as ALS-associated lesions
are broadly distributed from the motor cortex to the anterior horn of the
lumbar spinal cord.

In this study, HAC-MSC cell sheets were prepared and transplanted
onto the surface of the mouse cerebral cortex. The survival time course
of the engrafted cells was monitored and compared to survival after
intrathecal administration using in vivo live imaging. Any phenotypic
alterations of the donor cells and host tissues after transplantation were
observed histologically. We also examined the clinical efficacy of HAC-
MSC sheet transplantation in a mouse model of ALS.

2. Results

2.1. Cell sheet transplantation in mice

The HAC-MSCs were harvested as a cell sheet which contained
about 3×105 cells/sheet. The left cerebral cortex of each mouse was
surgically exposed and the cell sheet was placed onto this region
(Fig. 1). After transplantation, neither infection at the surgical site,
paralyses nor abnormal behaviors were observed. One day after trans-
plantation a strong green fluorescent signal derived from the HAC-MSCs
was detected (Figure Supplementary 1). One week after transplanta-
tion, the HAC-MSCs remained at the transplant site and the layered
structure was maintained (Figure Supplementary 1). Donor cell mi-
gration into the deep structures of the recipient was not observed.

2.2. Longitudinal observations of HAC-MSCs using bioluminescence
imaging (BLI)

We first monitored in vitro luminescence values using cultured HAC-
MSCs (Fig. 2A), and a linear correlation between the predetermined
number of cells and the luminescence values was confirmed (Fig. 2B).

Next, in vivo BLI analyses showed detectable signals from the donor
cells until day 14 after sheet transplantation in the mouse left cerebral
cortex (Fig. 2C). The signals increased immediately after transplanta-
tion (day 0) up to day 7, and were particularly strong on day 7
(576% ± 266 compared to day 0; Fig. 2D).

The BLI signals were also monitored after intrathecal injection of a
suspension of HAC-MSCs into the fourth ventricle (Fig. 2E). Using the
same sensitivity settings as for the cell sheet transplantation, the BLI
signal value after intrathecal injection was undetectable even im-
mediately after transplantation. By extending the exposure time and
increasing the detectable resolution, BLI signals became detectable
(Fig. 2E); however, they decreased rapidly between day 3 and 7
(Fig. 2F). Only two mice out of 4 showed weak signals on day 14.

Interestingly, in the sheet transplantation, the BLI signals increased
by almost 6-fold after transplantation from day 0 to 7. However, by
histological observation, we were unable to confirm a marked increase
in the number of transplanted cells through the first week (Figure

Supplementary 1). This discrepancy between the increased BLI signal
and the lack of histological confirmation might be explained by the
poor access of the donor cells to luciferin. Specifically, in the BLI ana-
lysis immediately after transplantation, premature engrafted donor
cells cannot access the luciferin via the blood stream or the cere-
brospinal fluid.

2.3. Upregulation of p-Akt by HAC-MSC sheet transplantation

Protein levels of Akt, a major transcription factor in cell survival
pathways, were determined to confirm the neuroprotective effects of
HAC-MSCs in vivo. Total Akt (t-Akt) and active phosphorylated Akt (p-
Akt) were measured, and each value was normalized with α-Tubulin.
The transplanted brain region, including the donor cells and the host
tissue, was excised, and immuno-blot analyses were performed using
anti-t-Akt, anti-p-Akt and anti-α-tubulin antibodies. Non-treated animal
brain tissues were used as controls. Results showed a significant in-
crease in p-Akt after HAC-MSC sheet transplantation (Fig. 3). The ex-
pression of t-Akt and the p-Akt/t-Akt ratio also showed an increasing
trend, but did not reach statistical significance.

2.4. Therapeutic impact in a mouse model of ALS

To examine the efficacy of the HAC-MSCs, we transplanted cell
sheets into a mouse model of ALS, SOD1G93A mice, at 100 days of age
during the presymptomatic phase (n= 24; 12 males, 12 females). For
controls, sham-operations were performed (n=24; 12 males, 12 fe-
males). There was a beneficial tendency for delayed onset of disease
(Fig. 4A; treated vs. control= 137.1 ± 1.5 vs. 134.8 ± 1.6,
p=0.73), age at death (Fig. 4B; treated vs. control= 149.9 ± 1.3 vs.
146.8 ± 1.9, p=0.74), and improvement in hindlimb reflex at
17 weeks (Fig. 4C; treated vs. control= 1.73 ± 0.07 vs. 1.55 ± 0.07,
p=0.089); however, these improvements were not statistically sig-
nificant. There were no differences in body weight or disease duration
between the groups (Fig. 4D and E).

When we compared median survival in both groups, the trans-
planted group survived 150 days and control survival was 144 days.
Considering that we transplanted the cell sheets into ALS model mice at
100 days and the transplanted cells survive up to 14 days, we sub-
divided each group into rapid and slow progressors based on cut-off
values for respective median survival, the survival of rapid progressors
differed significantly between groups (Fig. 4F; treated vs. con-
trol= 145.4 ± 1.4 vs. 139.2 ± 1.2, p < 0.001). Although the HAC-
MSC sheets remain in the host tissue for at least two weeks, these results
suggest that the effect of HAC-MSC sheet transplantation still has a
temporally narrow therapeutic window.

2.5. Phenotypic changes in donor and host after cell sheet transplantation

Brains were collected 7 days after transplantation to obtain coronal
sections of the cerebral cortex. The localization of GFP fluorescence
derived from the HAC-MSCs and the expression of neural cell markers
was examined using immunohistochemical staining. Multilayered green
donor cells were observed on the brain surface (Fig. 5A–H). These
layers were negative for DCX, NeuN and GFAP (Fig. 5A, C and E);
however, they were seemingly positive for Iba1 (Fig. 5G). High-mag-
nification confocal microscopy (Fig. 5I) showed the presence of Iba1-
positive cells (red) around the HAC-MSCs (green); these signals did not
overlap with that of the HAC-MSCs, suggesting that the Iba1-positive
cells originated from the host. We next examined phenotypic markers
for microglias; whether they were activated into neurotoxic M1: nitric
oxide synthease 2 (NOS2) positive or neuroprotective M2: arginase 1
(Arg1) positive. As a result, these infiltrated microglias are partly M2
phenotype cells but some population was M1 marker positive (Fig. 6).
These M1 activated microglias might play a role in the rejection of the
HAC-MSC sheet. M1 and M2 marker expressing cells locate in the HAC-
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MSC transplanted region.
We next observed changes in the host brain tissue after HAC-MSC

sheet transplantation. Within the host brain tissues adjacent to the
transplanted area, GFAP and Iba1 immunoreactivity was dramatically
increased in the transplanted group as well as in the sham-operated
group, indicating that host astrocytes and microglial cells were acti-
vated by the surgical procedure (Figure Supplementary 2).

3. Discussion

3.1. Differentiation of HAC-MSCs

MSCs are multipotent cells capable of differentiating into adipo-
cytes, chondrocytes and osteoblasts. In addition, many studies have
reported their differentiation into non-mesodermal cells such as neu-
rons and glia (Blondheim et al., 2006; Foudah et al., 2012, 2013). The
therapeutic potential of MSCs has been well established in experimental
models of stroke (Borlongan, 2019), attributed in part to the secretion
of neurotrophic factors (Toyoshima et al., 2015) and their capacity to

Fig. 2. Bioluminescence imaging (BLI) of the HAC-MSCs. Various concentrations of HAC-MSCs were seeded onto 96-well plates, and the bioluminescence signals
from the HAC-MSCs were measured in vitro (A); minimum (blue)= 1.3× 107 (BLI signal), maximum (red)= 2.6× 108. A linear correlation between HAC-MSC
density and luminescence (R2= 0.9912) was observed (B). The HAC-MSC sheets were transplanted into wild-type mice (100 days of age), and the BLI signals were
monitored at day 0 (immediately post-transplantation), 3, 7, and 14 post-transplantation (C); minimum (blue)= 4.2× 104, maximum (red)= 4.9×106. From day 0
to day 14, bioluminescence signals were constantly observed. When calculated as percent change of the luminescence signal compared to day 0 (set as 100%), the BLI
signals increased from day 0 to 7, but were decreased on day 14 (D). For comparison, HAC-MSCs were also intrathecally injected, and the luminescence signals were
monitored at day 0 (immediately post-transplantation), 3, 7, and 14 post-transplantation (E); minimum (blue)= 8×103, maximum (red)= 3.3×105. Compared to
day 0, the signals decreased throughout the observation period (F).
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attenuate chronic inflammation (Acosta et al., 2015). Further the neu-
roprotective effects of MSCs are mediated in part by anti-apoptotic
mechanisms (Zhang et al., 2019).

Consistent with our previous report (Watanabe et al., 2015), the
transplanted HAC-MSCs did not show any microglial, astrocytic or
neuronal phenotypes. Doublecortin (DCX), a marker for neuronal pre-
cursor cells and immature neurons, was also negative in the present
study. However, in other transplantation experiments using mouse
models of neurodegenerative disease, transplanted MSCs have been
reported to exhibit astrocytic and neuron-like phenotypes after trans-
plantation (Chen et al., 2017; Vercelli et al., 2008), suggesting the
possibility of neuronal differentiation of MSCs in vivo. Transplantation
of MSCs into a mouse model of Huntington's disease, however, did not
result in donor cell differentiation into neurons, astrocytes, nor micro-
glia (Lescaudron et al., 2003). Moreover, Ito et al. reported that after
cell sheet transplantation into a rat model of cerebral infarct, donor
MSCs were negative for NeuN and GFAP (Ito et al., 2017), although
they did not discuss the presence of microglial phenotypes. These stu-
dies suggest that the phenotype of MSCs after transplantation might be
affected by the microenvironment around the graft site and the state of
the cells at the time of transplantation.

3.2. Glial activation evoked by HAC-MSC sheet transplantation

The cell sheet transplantation surgery, which is accompanied by
invasive procedures including resection of the dura and exposure of the
cerebral cortex, can cause varying degrees of brain injury, as was ob-
served in mice which received a sham-operation alone in our experi-
ment. De Vocht et al. indicated that transplantation of MSCs into the
CNS can cause neuroinflammation at the graft site with recruitment of

astrocytes and microglia (De Vocht et al., 2013), consistent with our
immunohistochemical observations. Microglial activation has both
neurotoxic and neuroprotective effects during neurodegeneration
(Endo et al., 2015). However, as our transplantation experiment was
performed in wild-type mice without any underlying progression of
neurodegenerative processes, microglial M2 activation at the trans-
plantation site would be mainly caused by active processes in the host
tissue as a reaction to the surgical invasion and the activation of re-
parative pathways. Intriguingly, we also observed that numerous mi-
croglial cells had infiltrated into the cell sheet structure, and these ac-
tivated microglias were not only M2 but also M1 population. We did not
observe such phenomena in intrathecal transplantation, possibly due to
the low number of surviving cells. Cell sheet transplantation offers the
unique opportunity to observe the host-graft relationship in the CNS.
Even though we conducted the transplantation experiments using the
immunosuppressant FK506, we cannot exclude the possibility that ac-
tivated microglia, especially M1 phenotype might negatively affect the
survival of donor cells. If so, it will be necessary to modulate neu-
roinflammation and upregulate neuroprotection in order to further in-
crease the potential therapeutic effects. The HAC vector has several
advantages in this regard; the vector can harbor multiple genes, and is
stably maintained in daughter cells during cell proliferation. A further
understanding of neuroinflammatory mechanisms could potentially
allow us to introduce modulators of inflammation into the donor cells.

3.3. Therapeutic efficacy

In this study, we confirmed that cell sheet transplantation extended
the survival of grafted cells compared to the injection of a cell sus-
pension. For more than 2weeks post-transplantation, the grafted cells
were visible in vivo by luciferase luminescence imaging. In the trans-
planted area, the increased expression of p-Akt as well as t-Akt was
observed compared to non-treated animals, demonstrating the mole-
cular basis of the cytoprotective effects exerted by the transplantation
of cell sheets as well as the trophic factors introduced into the HAC
vector. Furthermore, HAC-MSC sheet transplantation into ALS mice in
vivo showed a tendency toward extending the survival of the mice.

Recent studies have indicated that in G93A ALS rats, the dysfunc-
tion of upper motor neurons occurs during the pre-symptomatic phase,
prior to the loss of spinal lower motor neurons (Thomsen et al., 2014).
If the preceding upper motor neuron dysfunction contributes to lower
motor neuron degeneration, and earlier intervention to upper motor
neurons can alter the course of lower motor neuron degeneration, this
would validate our therapeutic strategy. Similar to that rat study, in the
present study we transplanted HAC-MSC sheets onto the surface of the
cerebral cortex during the pre-symptomatic phase in G93A mice.

In this study, we transplanted a cell sheet consisting of
3× 105 HAC-MSCs/sheet due to the spatial restrictions of the mouse
cerebral surface. In the case of intrathecal injection via the fourth cer-
ebral ventricle, the number of transplanted cells was 1×106. Thus far,
cell sheet transplantation showed promising donor cell survival even
transplanted with fewer cells compare to intrathecal transplantation.
On the other hand, the lack of significance of HAC-MSC sheet on ALS
model mice is undeniable. This is due to, first, we used only small
number of cells for cell sheet transplantation, and second, still short
survival of the cell sheet. In the first case, we may expand cell number
by utilizing a multilayered cell sheet. And second, we may extend the
cell sheet survival by heterogeneous cell transplantation, e.g. HAC-
MCSs combined with vascular endothelial progenitor cells, which could
promote a more rapid blood supply after transplantation (donor mod-
ulation); otherwise by controlling microglial M1 and M2 phenotypes or
regulating total microglial populations, we may extend the survival of
HAC-MSC sheet (host modulation). Alternatively, cell sheet transplan-
tation and intrathecal injection are not necessarily mutually exclusive.
During intrathecal injection, injected cells are dispersed throughout the
spinal cord (Morita et al., 2008) and in the case of spinal cord injury,

Fig. 3. HAC-MSC transplantation upregulates p-Akt. Seven days after trans-
plantation, the transplanted region was excised, and the amount of total AKT (t-
Akt), phosphorylated AKT (p-Akt) and α-tubulin (α-Tub) were determined by
western blot (A). The protein levels of t-Akt and p-Akt (measured values were
normalized to those of α-tubulin) and the p-Akt/t-Akt ratio were quantified (B).
There was a significant increase in p-Akt in the HAC-MSC transplanted group
(n=4, black) compared to the non-treated group (n=5, grey; *: p < 0.05).
The amount of t-Akt and the p-Akt/t-Akt ratio showed an increasing trend but
did not reach significance.
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the donor cells could migrate to the lesion site (Mothe et al., 2011). In
contrast, the transplanted cell sheet remained at the site of transplan-
tation and showed longer survival. Thus, a combination of these two
methods has the potential to maximize the therapeutic effects of the
HAC-MSCs.

3.4. Toward clinical application

Translating preclinical experiments to clinical trial is accompanied
by many obstacles, many clinical trials document they are safe but not
so effective, and so are MSC clinical trials for stroke, for example.
Borlongan (2019) stresses that the importance of strict adherence to
successful preclinical experiment protocol especially optimal cell dose,
timing of transplantation windows, and transplantation route is key to
successful clinical trial. In the case of ALS transplantation, as the ag-
gressive and progressive nature of ALS, future clinical application
should be designated to transplant with as many cells of cell sheet as
possible, and as early after the diagnosis as possible via the cerebral
ventricle and/or (lumbar) spinal cord using endoscopic procedure.

4. Conclusion

The cytoprotective effects of HAC-MSC sheets can be utilized not
only for chronic diseases such as ALS but also for acute diseases such as
spinal cord injury and ischemic stroke. Introduction of other trophic

factors or key proteins into the HAC vector could extend the therapeutic
applications without limitation. In order to further enhance the ther-
apeutic effects, it will be necessary to enhance the cytoprotective po-
tency of donor cells using cell engineering technology, and the HAC
system has great potential in this regard.

5. Materials and methods

5.1. Animals

Mice expressing high levels of mutant Cu/Zn superoxide dismutase
(SOD1), B6SJL-Tg (SOD1*G93A) 1Gur/J mice, or SOD1G93A mice, were
obtained from Jackson Lab (Bar Harbor, ME, USA). Male SOD1G93A

mice were crossed with wild-type C57BL/6CR mice (Shimizu
Laboratory Supplies, Kyoto, Japan) and the lineage was maintained on
a C57BL/6 background. The experimental procedures were approved
by the Tottori University animal experiment committee (h30-Y-024).

5.2. HAC-MSCs

The HAC-MSCs also express reporter proteins: green fluorescent
protein (GFP), Emerald luciferase (E-Luc; Toyobo, Osaka, Japan), and
human neurotrophic factors (Watanabe et al., 2015). The cells were
maintained in Dulbecco's Modified Eagle's medium (DMEM, high glu-
cose; D6429, Sigma-Aldrich, Tokyo, Japan), 0.4% penicillin-

Fig. 4. Evaluation of ALS model mice transplanted
with HAC-MSC sheets. HAC-MSC sheet transplanta-
tion or a sham operation was performed on ALS
model mice. Age of onset (A) and death (B), hindlimb
reflex score (C), body weight (D), and disease dura-
tion (E) were assessed. In the treated group, a bene-
ficial tendency was observed for the age of death (B;
treated vs. control = 149.9 ± 1.3 vs. 146.8 ± 1.9)
and the day of onset (A; treated vs. con-
trol= 137.1 ± 1.5 vs. 134.8 ± 1.6); however, nei-
ther of these improvements reached statistical sig-
nificance. There were no differences in hindlimb
reflex scores (C), weight change (D) nor disease
duration (E). When each group was subdivided into
rapid and slow progressors based on cut-off values for
respective median survival, the survival of rapid
progressors differed significantly between groups (F;
treated vs. control= 145.4 ± 1.4 vs. 139.2 ± 1.2,
**:p < 0.001).
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Fig. 5. Expression of neural cell markers in donor cells. Seven days after transplantation the expression of neural cell markers in the transplantation region was
examined by immunohistochemistry (DCX: A; NeuN: C; GFAP: E; Iba1: G and I). DAPI staining was also performed to examine the distribution of cell nuclei (B, D, F,
H). HAC-MSCs were negative for DCX (A), NeuN (C) and GFAP (E). Immunostaining, at first glance, seemed to show co-localization of Iba1 (E, red) and HAC-MSCs
(green). When this region was observed at higher magnification (I), the Iba1 and HAC-MSC signals did not directly overlap suggesting that the host Iba1-positive cells
had infiltrated into the layers of the HAC-MSC sheet.

Fig. 6. HAC-MSC transplantation triggers Microglial activation. To examine the phenotype of infiltrated microglia, we performed Immunohistochemistry on the
sections of the sheet-transplanted region of B6 mice on day 7 (A, B). Each sample was stained with anti-Iba1 antibody and also with anti-NOS2 antibody (A) or anti-
Arg-1 antibody (B). Anti-Iba1 antibody was detected by Cruz flour 405 labelled secondary antibody (blue). Anti-NOS2 and anti-Arg1 antibodies were detected by
CF633 labelled secondary antibody (red). High-magnification confocal microscopy showed these infiltrated microglias are partly Arg-1 positive M2 phenotype cells
but some population was NOS2 positive M1 marker positive.
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streptomycin (Wako, Osaka, Japan), 10% fetal bovine serum (FBS; FB-
136, biosera, Tokyo, Japan), and 4 µg/ml blasticidin (Funakoshi,
Tokyo, Japan), and cells were cultured at 37 °C with 5% CO 2.

5.3. Preparation of HAC-MSC sheets

Cell sheets were prepared using UpCell 48 multi-well dishes
(CellSeed Inc., Tokyo, Japan) according to the manufacturer’s protocol.
Each well (1.1 cm in diameter) was coated with FBS at 37 °C overnight,
then the HAC-MSCs were seeded onto each well at about 2× 105 cells/
well, and cultured until they reached confluence. At this point, the dish
was placed at room temperature (approximately 25 °C) for 30min, and
the HAC-MSCs were retrieved as a cell sheet of approximately 5mm in
diameter due to shrinkage after exfoliation.

5.4. Transplantation

The immunosuppressant FK506 (kindly provided by Astellas
Pharma, Tokyo, Japan) was dissolved in the drinking water and ad-
ministered (3mg/kg BW/day) to mice 1 week prior to operation and
was continued until death. For the transplantation procedure, after
exposing the mouse skull, a rectangular area of the left cerebral cortex
approximately 5mm (width) by 4mm (lengthwise) was surgically ex-
posed. The dura matter was removed and a sheet of HAC-MSCs was
gently placed onto the surface (Fig. 1). The sheet was maintained in
place for 5min to facilitate adhesion to the host brain. After covering
with surgical dura (Gore-Tex, Japan Goa Inc., Tokyo, Japan), the re-
moved skull section was returned. The bone gap was filled with gauze,
and the skull was fixed with dental resin (Shofu, Kyoto, Japan). The
incised skin was then sutured, and the wound area was coated with
gentacin (MSD, Tokyo, Japan). For the control group, sham surgery was
performed by exposing the brain surface without application of a cell
sheet.

Prior to intrathecal injection, an immunosuppressant was adminis-
tered as described above. For the cell injection, an injection needle was
stereotaxically inserted at a caudal position 6mm from the Bregma
suture on the midline to 7.5mm depth from the brain surface, as de-
scribed previously (Morita et al., 2008). Twenty-five µl of the cell
suspension was injected under pressure using a syringe pump (100ml/
min, 1× 106 cells/25 µl).

5.5. Bioluminescence imaging (BLI)

For the in vitro analysis, a predetermined number of HAC-MSCs was
seeded onto a 96-well plate. D-luciferin (Promega, Madison, WI, USA)
was added to each well (0.1 mg/ml in phosphate buffered saline [PBS]).
Emission values were measured 3min after the addition of D-luciferin
(exposure time of 10 s).

For in vivo observation, cells were transplanted into mice as a sheet
or through the fourth ventricle, and the emission signals were mon-
itored at 4 time points: immediately after transplantation, and 3, 7, and
14 days post-operation. The mice were anesthetized with 2% isoflurane
(Fallen; AbbVie LLC, Tokyo, Japan) and 100% O2. D-luciferin (150mg/
kg BW) in PBS was intraperitoneally administered. For the cell sheet
transplantation, the signals were measured 15min after administration
(exposure time of 1min). For the intrathecal injection, the measure-
ment was performed 30min after administration (exposure time of
5min).

For both the in vitro and vivo experiments, the bioluminescence
emitted from the HAC-MSCs was measured using IVIS Spectrum ver. 4.0
(Summit Pharmaceuticals International Corporation [SPI], Tokyo,
Japan), and analyzed using IVIS Live image 2.60 (SPI) software. The
region of interest (ROI) was set within the transplanted area. An ad-
jacent non-transplanted area was also measured to obtain a background
value. The value obtained by subtracting the background value from
the ROI value was defined as the luminescence value.

5.6. Immunohistochemical staining

The HAC-MSC sheet was transplanted into wild-type mice at
100 days of age, and tissues were obtained 7 days after transplantation.
Animals were deeply anesthetized with pentobarbital (Somnopentil;
Kyoritsu Pharma, Nara, Japan) and transcardially perfused with saline,
followed by 4% paraformaldehyde. Brains were removed, fixed in 4%
paraformaldehyde for 18 h, and then immersed in 30% sucrose in PBS
at 4 °C for a minimum of 3 days. Using a microtome (Leica, Eisfeld,
Germany), frozen sections of 30 µm thickness were prepared. Sections
were blocked with 5% bovine serum albumin (Sigma-Aldrich) in PBS
for 2 h at room temperature and the primary antibody reaction was
performed at 4 °C overnight. Sections were incubated in secondary
antibody at room temperature for 3 h, then mounted with Vectashield
containing 4′, 6-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA, USA). Stained sections were observed using a BX53
fluorescence microscope (Olympus, Tokyo, Japan), or a TCS SP2 con-
focal microscope (Leica). The following primary antibodies were used:
goat polyclonal antibody against doublecortin (DCX) (1:250; Santa Cruz
Biotechnology, CA, USA), rabbit anti-NeuN monoclonal antibody
(1:500; abcam, Cambridge, UK), rabbit polyclonal antibody against
GFAP (1:500; abcam), rabbit anti-Iba1 antibody (1:1000; Wako), mouse
anti-NOS2 antibody (1:250; Santa Cruz), and mouse anti-Arginase1
(Arg1) antibody (1:250; Santa Cruz). As second antibodies, donkey anti-
rabbit IgG Texas red (TR; 1:100; Santa Cruz), donkey anti-mouse IgG
CF633 (1:100; Santa Cruz), anti-rabbit IgG CFL405, and donkey anti-
goat IgG Alexa flor 594 (1:100; Abcam) were used.

5.7. Western blotting

Mice were sacrificed by intraperitoneal injection of pentobarbital.
The brains were rapidly removed and immediately stored in liquid ni-
trogen until use. The cerebral cortex was homogenized with 10 volumes
of RIPA buffer (pH 8.0; NaCl 150mM, Triton X-100 1%, Sodium
deoxycholate 0.5%, SDS 0.1%, and Tris-HCl 50mM) with a protease
inhibitor cocktail (Complete Mini; Roche Diagnostics, Tokyo, Japan).
The samples were separated on 12.5% SDS-polyacrylamide gels (Super
Sep Ace; Wako) and transferred onto a transfer membrane (Immobilon;
Millipore, MA, USA). Chemiluminescence detection was performed
using ECL Prime (GE Healthcare, IL, USA). The following primary an-
tibodies were used: mouse anti-α-tubulin monoclonal antibody (1:1000;
Sigma), rabbit anti-Akt antibody (1:1000; Cell Signaling, MA, USA)
which represents total Akt, and rabbit anti-phosphorylated-Akt
(Ser473) antibody (1:1000; Cell Signaling). The following secondary
antibodies were used: ECL anti-rabbit IgG from donkey, and anti-mouse
IgG from donkey (1:10,000; GE Healthcare).

5.8. Evaluation of mice

Age of disease onset, day of death, disease duration, body weight,
and hindlimb reflex score were evaluated. After transplantation, the
body weight and hindlimb reflex score was measured once every week.
The hindlimb reflex score was a 5-point evaluation (2, 1.5, 1, 0.5, and
0) with 2 being normal and 0 being completely rigid, and the average
value of each limb was used for evaluation. Disease onset was de-
termined as described in our previous report (Watanabe et al., 2015).

5.9. Statistical analysis

Data are expressed as the mean ± standard error (SE) and calcu-
lated using a Student’s T test or the Kaplan-Meier method (log-rank
test). Statistical significance was set at a p value of < 0.05.
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