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Intravenously delivered multilineage-
differentiating stress enduring cells
dampen excessive glutamate metabolism
and microglial activation in experimental
perinatal hypoxic ischemic
encephalopathy
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Abstract

Perinatal hypoxic ischemic encephalopathy (HIE) results in serious neurological dysfunction and mortality. Clinical trials of

multilineage-differentiating stress enduring cells (Muse cells) have commenced in stroke using intravenous delivery of donor-

derived Muse cells. Here, we investigated the therapeutic effects of human Muse cells in an HIE model. Seven-day-old rats

underwent ligation of the left carotid artery then were exposed to 8% oxygen for 60min, and 72 hours later intravenously

transplanted with 1� 104 of human-Muse and -non-Muse cells, collected from bone marrow-mesenchymal stem cells as

stage-specific embryonic antigen-3 (SSEA-3)þ and �, respectively, or saline (vehicle) without immunosuppression. Human-

specific probe revealed Muse cells distributed mainly to the injured brain at 2 and 4weeks, and expressed neuronal and glial

markers until 6months. In contrast, non-Muse cells lodged in the lung at 2weeks, but undetectable by 4weeks. Magnetic

resonance spectroscopy and positron emission tomography demonstrated that Muse cells dampened excitotoxic brain

glutamatergic metabolites and suppressed microglial activation. Muse cell-treated group exhibited significant improvements

in motor and cognitive functions at 4weeks and 5months. Intravenously transplanted Muse cells afforded functional benefits

in experimental HIE possibly via regulation of glutamate metabolism and reduction of microglial activation.
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Introduction

Perinatal hypoxic ischemic encephalopathy (HIE) man-
ifests as an ischemic brain injury caused by asphyxia in
or around birth1 and leads to cerebral palsy, intellectu-
al disability, and even neonatal death in some severe
cases.2 Currently, hypothermia serves as the sole effec-
tive therapy for perinatal HIE, but with effects limited,
particularly in complicated cases.3,4 Therefore, the
development of novel treatments for perinatal HIE
stands as an urgent clinical need.

In recent years, cell therapy using several types of
stem cells5, such as neural stem cells6,7 and umbilical
cord blood cells,8,9 has emerged as an experimental
treatment for HIE. Mesenchymal stem cells (MSCs)
pose as a potential source for transplantable cells as
evidenced by their therapeutic effects in rat and
mouse HIE models.10 The postulated mechanism of
MSCs implicates trophic effects delivered by cytokines
and nutritional factors,11,12 but the transplanted cells
display only transient engraftment into the host tissue,
thereby preventing long-term therapeutic effects.13

Multilineage-differentiating stress enduring cells
(Muse cells), harvested from bone marrow (BM),
blood and organ connective tissues, display endoge-
nous pluripotent-like property and express pluripotent
surface marker stage-specific embryonic antigen-3
(SSEA-3).14,15 Muse cells exhibit several unique trans-
plantable cell features including non-tumorigenicity,
stress tolerance, self-renewal.16 They express
sphingosine-1-phosphate (S1P) receptor 2 and can
accumulate to damaged site by sensing S1P, produced
by damaged cells, enabling them to selectively home to
damaged site.17,18 Following engraftment, Muse cells
spontaneously differentiate into multiple tissue-
constituent cells to replenish damaged cells and repair
the tissue.17–21 Therefore, Muse cells do not require
induction or genetical manipulation for exhibiting plu-
ripotency or to differentiate into target cell type for
clinical use. Intravenous drip represents a minimally
invasive method of administration, thus allowing
Muse cell delivery in acute clinical setting. In addition,
since Muse cells possess an immunomodulatory system
similar to the placenta, represented by the expression of
human leukocyte antigen (HLA)-G, and express inter-
feron gamma-induced indoleamine-2,3 dioxygenase, a
mediator of immunosuppression,19 intravenously
injected allogenic Muse cells were shown to survive as
functional cells over 6months in the host tissue without
immunosuppressant.17 Based on these attractive
translational properties, clinical trials for stroke,
acute myocardial infarction, epidermolysis bullosa
and spinal cord injury have been initiated via
Japanese regulatory authority, all based on intravenous
drip of donor-derived allogeneic Muse cells without

HLA matching and immunosuppressant treatment
(Japan Pharmaceutical Information Center-Clinical

Trials Information; JapicCTI-183834, 184103, 184563,

and 194841). Because of some overlapping pathology

between adult stroke and perinatal HIE, the present

study examined the potential therapeutic effects of

Muse cells in an animal model of HIE.

Materials and methods

An expanded version of the Materials and Methods is

available in the online Data Supplement. All animal

experiments received approval from the Nagoya

University Animal Experiment Committee (Protocol

No. 26128, 27191, 28002, 29015) and conducted in

accordance with the Regulations on Animal
Experiments in Nagoya University. This study is

reported in compliance with the ARRIVE guidelines

(Animal Research: Reporting in Vivo Experiments),

which included blinding and randomization among

other quality control procedures to ensure reproduc-

ibility, transparency, and rigor of the experiments.

Isolation of human Muse and non-Muse cells

Human Muse cells and non-Muse cells were separated
using fluorescence activated cell sorter (FACS) as green

fluorescent protein (GFP)þ/SSEA-3þ and GFPþ/
SSEA-3� cell fractions, respectively, from human

BM-MSCs (Lonza, PT-2501) labelled with GFP, as

previously described.22,23

Perinatal HIE model and cell administration

The perinatal rat HIE model used seven-day-old

Wistar/ST rat as previously described.10 Briefly, rat

pups were anesthetised with isoflurane. Then, the left
common carotid arteries were double ligated and cut

between the ligatures. After an hour recovery period,

rats were subjected to 8% hypoxia at 37 �C in an incu-

bator for 60min. At 72 h after brain injury, animals

received human Muse cells (1� 104 cells), non-Muse

cells (1� 104 cells) in 0.1mL saline, or vehicle (0.1mL

saline) via the right external jugular vein without

immunosuppressive agents.

Tissue preparation

At 2, 4weeks and 6months after the treatment, rats

were transcardially fixed with 4% paraformaldehyde

and the brain was cut into paraffin or frozen sections.

Microglial activation assessments

To evaluate microglial activation, we co-cultured

microglia cells (6-3 Microglia Cell Clone, COS-NMG-

1708 Journal of Cerebral Blood Flow & Metabolism 41(7)



6-3C, Cosmo Bio Co., Ltd., Tokyo, Japan) with
Muse cells for 24 hours using transwell (Boyden cham-
ber: FALCON Cell Culture Insert, Corning Life
Sciences, Corning, NY, 353095). Then, we added lipo-
polysaccharide (LPS, serotype O55:B5, Sigma-Aldrich,

St. Louis, MO) to the microglia cultures. Three or
24 hours after adding LPS, microglia cells were collect-
ed for quantitative polymerase chain reaction
(qPCR).24

Quantitative polymerase chain reaction with the alu
sequence specific primer

To assess the distribution of intravenously delivered
human cells, we collected the brain, lung, liver and
spleen at 2 and 4weeks and processed them to qPCR
with the Alu sequence specific primer (Alu PCR).25

Immunohistochemistry

We immunostained brain sections as previously
described25 with minor modifications, using primary
antibodies either of anti-GFP (Abcam), anti-neuronal
nuclei (NeuN; Millipore), anti-microtubule associated
protein-2 (MAP-2; Sigma-Aldrich), anti-glutathione
S-transferase pi (GST pi; MBL) or anti-glial fibrillary
acidic protein (GFAP; Dako).

Brain image assessments

To assess brain metabolites, we performed 1H-magnet-
ic resonance spectroscopy (MRS) at 2 days after cell
administration.26 Additionally on day 2, positron emis-
sion tomography (PET) using [18F] mitochondrial
peripheral benzodiazepine receptor (PBR) ligands visu-
alized the distribution of microglia activation.27 To
evaluate the cerebral blood flow (CBF), we conducted
magnetic resonance imaging (MRI) -arterial spin label-

ling (ASL) at 2 days (acute phase) and 4weeks (sub-
acute phase) after administration. To assess the abso-
lute brain tissue loss after hypoxic-ischemic (HI) insult,
we employed MRI at 6months after HIE.

Behavioral tests

At 4weeks and 5months after treatment, rats under-

went 4 behavioral tests: the open-field,28 novel object
recognition,29 active avoidance,30 and cylinder tests,31

in order to evaluate general locomotor activity and
cognitive and motor functions.

Statistical analyses

Statistical analyses used the SPSS software version 26

(SPSS Inc., Chicago, IL, USA) and the JMP Pro 15

statistical software (SAS Institute, Cary, NC, USA).

Shapiro-Wilk test was used to assess data distribution.

Based on the results of the normality test, Student’s

t-test was used for two-group analyses about the

engraftment in the peri-infarct area, and either one-

way analysis of variance (ANOVA) followed by the

Bonferroni post-hoc test or Kruskal-Wallis test fol-

lowed by Steel-Dwass test was used to assess three or

four groups for body weight gain, brain volume in

MRI image, microglial activation, and behavioral

tests. For the analysis of the data pertaining to MRS,

PET, and MRI-ASL, a two-way ANOVA followed by

the Bonferroni post-hoc test, with the two or three

experimental groups and two regions (ipsilateral and

contralateral sides of the brain) as the two independent

variables, was used. For the analysis of the survival

rate, we employed the Kaplan-Meier’s method and

log-rank test with Bonferroni correction. A P-value of

less than 0.05 was considered statistically significant.

All values correspond to the means with standard

deviation.

Results

Characterization of human BM-Muse cells

We isolated SSEA-3þ human-Muse and SSEA-3�

human-non-Muse cells from human BM-MSCs by

FACS (Supplemental Figure 1(a)). Single Muse cells

formed embryoid body-like clusters in

cultured suspension and displayed spontaneous differ-

entiation into representative cell lineages of the three

embryonic germ layers in gelatin-coated adherent cul-

ture, as described previously (Supplemental Figure 1(b)

and (c)).14,22

Safety assessments

Analyses of survival rate at 6months revealed no sig-

nificant differences among the four groups: 85.0% (17/

20) in the sham group, 76.7% (23/30) in the vehicle

group, 75.0% (9/12) in the non-Muse-treated group

and 81.8% (18/22) in the Muse cell-treated group

(Figure 1(a)). The rats that received a HI insult, i.e.

those in the vehicle, non-Muse and Muse cell-treated

groups, showed lower weight gain over time, compared

to the sham group. However, the body weight gain did

not differ among the three HIE groups (Figure 1(b)).

To confirm any signs of tumorigenicity in Muse cells,

we performed macroscopic assessment of each organ

and observed no detectable tumors in the any of the

organs after Muse cell injection (Supplemental

Figure 3).
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Muse cells reduce excess brain glutamate
metabolites

MRS imaging in the vehicle group at 2 days after Muse
cell administration demonstrated that the ipsilateral
brain displayed significantly higher ratios of glutamate,
glutamateþglutamine and lactate compared to the con-
tralateral brain after HIE. Muse cell treatment signifi-
cantly reduced these HIE-induced increments in the
ipsilateral excitotoxic metabolites to 59.8%, 64.4%,
and 26.4% of the vehicle group, respectively
(Figure 2(a) and (b)).

Muse cells dampen microglial activation and
normalize CBF

The standardized uptake value (SUV) of [18F]-PBR111
approximated microglial activity. At 2 days after Muse
cell transplantation, [18F]-PBR111 PET imaging
showed that the ipsilateral brain in the Muse cell-
treated group exhibited significantly lower SUV than
that the vehicle group (Figure 3(a) and (b)). In addi-
tion, in vitro experiment using the co-culture of micro-
glia cells and Muse cells demonstrated that Muse cells
suppressed the production of TNF-a at 3 hours and
iNOS at 24 hours after LPS administration in micro-
glial cells, suggesting the attenuation of microglial acti-
vation by Muse cells (Figure 3(c)). For MRI-ASL
imaging, we focused on the CBF in the cortex and
the thalamus. In both the acute 2 days and sub-acute
4weeks phases, the ipsilateral side of the cortex dis-
played significantly reduced CBF in the vehicle and
Muse cell-treated groups compared to the sham
group. In the thalamus during the acute phase, the
CBF across all groups did not differ in either ipsilateral
or contralateral sides. However, in the sub-acute phase,
the thalamus of contralateral hemisphere showed sig-
nificantly lower CBF in the vehicle group than the
sham group. The thalamus of the contralateral hemi-
sphere in the Muse cell-treated group also exhibited a
trend of lower CBF compared to the sham group but
did not reach statistical significance. However, the
Muse-cell-treated group displayed 22.3% and 10.2%
higher CBF on the ipsilateral and contralateral hemi-
spheres, respectively, compared to the vehicle group
(Figure 4(a) and (b)).

Distribution of muse and non-Muse cells in HIE brain

At 2weeks after treatment, Alu PCR detected human
genomic DNA in the ipsilateral but not the contralat-
eral hemisphere of Muse cell-treated rats. Both hemi-
spheres of non-Muse cell-treated rats expressed no
detectable human genomic DNA. In the lung, both
Muse and non-Muse cell-treated rats expressed small
amounts of human DNA (Figure 5(a)). At 4weeks,
human genomic DNA remained detectable only in
the ipsilateral brain of the Muse cell-treated group,
but not traceable neither in the contralateral brain,
liver, spleen and lung, nor in any organ of the non-
Muse cell-treated group (Figure 5(b)).

Neural markers expression in engrafted human-
BM-Muse cells in the HIE brain

The brain volume did not differ among the three
treated groups at 6months after administration

Figure 1. Survival rates and body weight measurements. (a)
Time course of survival over 6 months, after birth (n¼ 20 for
Sham, 30 for Vehicle, 12 for non-Muse and 22 for Muse cells). (b)
Body weight gain over 6 months, after birth (n¼ 17 for Sham, 23
for Vehicle, 9 for non-Muse and 18 for Muse). Dotted line, Sham;
dashed line, Vehicle; gray line, non-Muse, solid line, Muse.
**p< 0.01, Sham vs. Vehicle; †p< 0.05, Sham vs. non-Muse;
‡p< 0.05 and ‡‡p< 0.01, Sham vs. Muse.
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(Figure 6(a)). However, the Muse cell-treated group

revealed GFPþ cells that expressed the neuronal

marker, NeuN, at 2 days, 4weeks and 6months

(Figure 6(b)). Moreover, in the peri-infarct area,

Muse cells extensively distributed in the peri-infarct

area, whereas non-Muse cells were scarcely detected

(Figure 6(c), Supplemental Figure 2). At 6months,

57.1% of GFPþ cells colocalized with the neuronal

marker, MAP-2, and 21.1% GST-pi, an oligodendro-

cyte marker. None of the Muse cell-transplanted brains

exhibited GFPþ cells that co-expressed the astrocytic

marker GFAP as far as we observed (Figure 6(d)).

Muse cells attenuate HIE-induced behavioral

impairments

The open-field test evaluated general locomotor activ-

ity, particularly hyperactivity. After 4weeks, all four

groups registered no discernible differences in distance

travelled. At 5months post-treatment, the vehicle

group significantly travelled longer than the sham

group. The Muse cell-treated group travelled signifi-

cantly shorter compared to the vehicle (p< 0.01) and

non-Muse cell-treated groups (p< 0.05) (Figure 7(a)).

Interestingly, the sham and Muse cell-treated groups

did not significantly differ in distance travelled at

5months. A novel object recognition test and an

active avoidance test assessed cognitive functions.29

In the novel object recognition test, the discrimination

index (DI) in the Muse cell-treated group did not sig-

nificantly differ from the sham group, whereas the DI

in the vehicle group significantly decreased compared

to the Muse cell-treated group at both 4weeks and

5months (p< 0.01). In contrast, the vehicle and non-

Muse cell-treated groups did not differ at both time

points, whereas the vehicle group showed significantly

Figure 2. MRS imaging of the brain. (a) Representative MR images with ROI (left) and brain spectrum image (right) of the sham
group. ROI is 2 mm-voxels in both cerebral hemispheres, including part of the cortex, hippocampus, white matter and thalamus. (b)
Ratios of glutamate, glutamateþglutamine and lactate based on MRS imaging on day 2 (n¼ 6 for Sham, 7 for Vehicle, 7 for Muse).
†¼ 0.050, *p< 0.05 and **p< 0.01, Cr: Creatine, PCr: Phosphocreatine. White symbols correspond to contralateral side of brain and
black ones represent ipsilateral side.
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lower DI compared to the sham group at 4weeks

and 5months (p< 0.05) (Figure 7(b)). In the active

avoidance test at 4weeks, the avoidance rates in the

vehicle-treated group on day 3 and day 4, and those

in non-Muse-treated group on day 4 were statistically

decreased compared with the avoidance rates of the

sham group, whereas there was no significant differ-

ence in the avoidance rates between the Muse cell-

treated and the sham group. In the active avoidance

test at 5months, the avoidance rates on day 3 and

day 4 in the Muse cell-treated group significantly

increased compared with those in the vehicle-treated

group (p< 0.05). In contrast, the vehicle and non-

Muse cell-treated groups did not differ (Figure 7(c)).

Next, the cylinder test examined motor impairment.30

Because our HIE model involved left cerebral injury, as

expected, the vehicle group displayed significant pref-

erence for the left (ipsilateral) forepaw compared to

sham group at both 4weeks and 5months. In contrast,

the Muse cell-treated group exhibited significantly

reduced preference for the left forepaw than the

vehicle-treated group both at 4weeks (p< 0.05) and

5months (p< 0.01), and the non-Muse cell-treated

group at 5months (p< 0.01) (Figure 7(d)).

Importantly, the sham and Muse cell-treated groups

did not differ at both 4weeks and 5months.

Discussion

In this study, intravenously administered human

Muse cells, but not non-Muse cells (i.e., MSCs

excluding Muse cells), exhibited long-term engraft-

ment and expressed neuronal and glial cell markers

in the HIE brain. MRS and PET showed that the

human Muse cells attenuated the excessive levels of

brain glutamate metabolites and dampened microglial

Figure 3. PET imaging of the brain and co-culture experiment of microglia cells. (a) Representative PET images overlaid with MRI
images 2 days after cell administration in vehicle and Muse groups. ROIs correspond to the striatum and thalamus. (b) PBR SUV based
on PET images at 2 days after cell administration (n¼ 4 for Vehicle, 3 for Muse). *p< 0.05 and **p< 0.01. White symbols represent
contralateral side of brain and black correspond to the ipsilateral side. (c) In vitro experiment using the co-culture of microglia cells and
Muse cells at 3 hours (left) and 24 hours (right) after LPS administration. White circle symbols (LPS-) correspond to microglia cells
alone without LPS, black circle symbols (LPSþ) represent microglia cells alone with LPS, and black triangle symbols (LPSþMuse)
microglia co-cultured with Muse cells and LPS, respectively. (n¼ 8 for LPS-, 8 for LPSþ, 7 for LPSþMuse at 3 hours, and n¼ 5 for LPS-
, 5 for LPSþ, 4 for LPSþMuse at 24 hours). *p< 0.05 and **p< 0.01.
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activation in the acute phase of HIE. The Muse
cell-treated animals displayed remarkable improve-
ment in general locomotor activity, and cognitive
and motor functions compared to the non-Muse

cell- and vehicle-treated groups. These results collec-
tively demonstrated robust and stable histological
and behavioral benefits of human Muse cells in
experimental HIE.

Figure 4. MRI-ASL imaging of the brain. (a) Representative MRI (left) and MRI-ASL (right) images at sub-acute phase after injection
on the vehicle group. ROIs (blue circle) are set as 2 mm-voxels in the thalamus of each cerebral hemisphere. (b) CBF measurements in
the cortex (upper) and thalamus (lower) based on MRI-ASL images at 2 days (acute phase, left) and 4 weeks (sub-acute phase, right)
after cell administration (n¼ 6 for Sham, 7 for Vehicle, 7 for Muse). *p< 0.05 and **p< 0.01. White symbols represent contralateral
side and black ones correspond to ipsilateral side.
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Figure 5. Detection of human Alu sequence by qPCR at 2 and 4weeks after cell administration. (a) At 2 weeks, Muse cells were
mainly detected at the ipsilateral brain and in the lung with lesser extent. Non-Muse cells were under detection limit in both the
ipsilateral and contralateral brain (n¼ 3 for Muse, 3 for non-Muse). (b) At 4 weeks, Muse cells were still detectable in the ipsilateral
brain and not in other organs, while non-Muse cells were under detection limit in the brain, liver, spleen and lung (n¼ 3 for Muse, 3
for non-Muse).
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A major finding of this study indicates that xenoge-
neic Muse cells survived and engrafted in the peri-
infarct area of HIE brain as evidenced by neural
marker-positive cells (NeuN, MAP-2 and GST pi)
until 6months post-transplantation without immuno-
suppression. Such prolonged graft survival revealed no

tumor formation in any of the transplanted groups.
This observation concurred with previous reports dem-
onstrating that Muse cells engraft and differentiate into
neural cells following transplantation in a variety of
injury models.17,19,20,25 S1P- S1P receptor 2 axis plays
an important role in the selective homing of

Figure 6. Engraftment of Muse cells in the brain after HIE. (a) Cerebral hemispheric volume loss at 6 months after HIE (n¼ 17 for
Sham, 23 for Vehicle, 9 for non-Muse and 18 for Muse). (b) Differentiation of GFPþ Muse cells after engraftment into HI-brain.
Immunofluorescence for NeuN (red), GFP (green) and DAPI (blue) in the Muse cell-treated group brain at 2, 4 weeks and 6 months.
Scale bars indicate 50 mm. (c) Immunofluorescence for GFP and DAPI in the Muse cell-treated group brain at 6 months after HIE. Scale
bars indicate 50 mm. The number of GFPþ cells per slice in the Muse and non-Muse-treated group brain at 6 months. *p< 0.05 and
**p< 0.01. Black symbols represent Muse-treated group and white ones correspond to non-Muse-treated group. (d)
Immunofluorescence for MAP-2 (upper, red), GST pi (middle, red), GFAP (lower, red) in GFPþ (green) cells in the Muse cell-treated
group brain at 6 months. Scale bars indicate 50 mm. The percentage of each marker within the total GFPþ population in the Muse cell-
treated group brain at 6 months. N.D., not detected.
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Figure 7. Behavioral tests at 4weeks and 5months after HIE. (a) Open-field test: the distance travelled at 4 weeks (left) and 5
months (right). *p< 0.05 and **p< 0.01. (b) Novel object recognition test: the discrimination index at 4 weeks (left) and 5 months
(right). *p< 0.05 and **p< 0.01. (c) Active avoidance test: the change of avoidance rate at 4 weeks (left) and 5 months (right). Dotted
line, Sham; dashed line, Vehicle; gray line, non-Muse; solid line, Muse. *p< 0.05 and **p< 0.01, Sham vs. Vehicle; †p< 0.05, Sham vs.
non-Muse; ‡p< 0.05, Muse vs. Vehicle. (d) Cylinder test: the preference for left (ipsilateral) forepaw calculated at 4 weeks (left) and 5
months (right). *p< 0.05 and **p< 0.01; n¼ 17 for Sham, 23 for Vehicle, 9 for non-Muse and 18 for Muse, for (a), (b), (c) and (d).
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intravenously administered Muse cells to damaged
site.17 That peripherally delivered Muse cells migrated
and survived efficiently in the HIE brain addresses the
crucial translational issue of low graft survival routine-
ly seen with many stem and progenitors cells trans-
planted in experimental CNS disorders.32,33 The
damaged brain harbors inflammatory cytokines, nitric
oxide synthase (NOS) and free radical products, thus
creating a hostile environment detrimental for survival
of transplanted cells.34–36 However, Muse cells pose as
stress tolerant cells, allowing them to easily adapt to
such harsh environment mounted by brain insults like
HIE.37 Muse cells secrete prosurvival factors such as
14-3-3 proteins and serpins, which play important roles
in regulating the cellular response to DNA damage.38

Additionally in Muse cells, increased non-homologous
end joining enzyme activity following injury results in
efficient activation of the DNA damage repair system
within 6 hours.39 In addition, the timing of cell admin-
istration may affect survival and neuronal differentia-
tion. Sato et al. reported that during the acute phase of
brain injury, early transplantation of neural stem cells
at 24 hours after insult led to reduced number of the
surviving cells and higher rates of astroglial differenti-
ation, whereas in later transplantation, after the peak
of inflammation, astroglial differentiation decreased,
and survival and neural differentiation restored to the
same extent as in the unaffected brain.40 In the present
study, Muse cells were administered at 72 h after brain
injury, which might be a more favorable timing for
Muse cells to survive and differentiate into neurons
and oligodendrocytes. Furthermore, “spontaneous dif-
ferentiation into tissue-compatible cells after homing”
is one of the unique characteristics of Muse cells.
Indeed, previous reports demonstrated spontaneous
differentiation of engrafted Muse cells into tissue con-
stituent cells in a variety of injury models such as
stroke, liver damage, acute myocardial infarction and
chronic kidney disease.17,19,20,25 Direct cell-cell interac-
tion between Muse cells and the injured host cells might
be essential for the differentiation of Muse cells
although additional studies are warranted to reveal
the precise mechanism.20

In concert with replacement of dead or dying cells,
Muse cells exert trophic effects critically relevant to
neural repair.21 Although MRI revealed that Muse
and non-Muse cells did not reduce HIE-induced
brain volume loss compared to the vehicle group at
6months, MRS showed that Muse cells substantially
suppressed the upregulation of lactate and glutamateþ-
glutamine in the ipsilateral brain. Increased lactate and
excess glutamate accompany hypoxia (oxygen-deficient
state), which in turn activates NOS and the release of
free radicals, altogether triggering irreversible neuronal
cell injury.41,42 Muse cells may suppress cell death by

activating DNA damage repair system and secreting
essential factors that regulate ox-redox activities.38,39

Here, the transplanted Muse cells possibly blocked
the HIE-induced anaerobic metabolism, thereby arrest-
ing the downstream neuronal cell injury.

Similarly, our PET results revealed that Muse cells
effectively abrogated microglial activation. In addition,
in the in vitro co-culture experiment of microglial cells
and Muse cells, Muse cells suppressed the mRNA
expression of TNF-a and iNOS, which are important
factors of microglial activity (Figure 3(c)).43,44

Activated microglia closely approximate the onset
and progression of the key secondary cell death process
of neuroinflammation.45 Targeting microglial activa-
tion, which features prominently in the pathological
cascade of adult stroke and perinatal HIE, stands as
an attractive reparative mechanism of Muse cells.

Meaningful functional improvements in motor and
cognitive functions over a long period of 5months rep-
resent vital efficacy readouts for translating Muse cells
to the clinic. Preliminary data using dynamic plantar
test also showed that Muse cells ameliorated sensory
impairment induced by HIE (Supplemental Figure 4).
That HIE entails an amalgam of behavioral abnormal-
ties, demonstrating that Muse cells promoted function-
al recovery of motor, cognitive, and sensorimotor
functions provide a stringent platform for evaluating
its potential clinical efficacy. Equally an important
translational guidance pertains to the enhanced behav-
ioral improvement at 5months post-transplantation,
suggesting long-term stable effects even with a single
intravenous injection of Muse cells. This sustained
functional recovery may be mediated by the robust
engraftment and neural differentiation of Muse cells.

Safety outcomes serve as another crucial guiding cri-
terion for clinical translation of Muse cells. Pulmonary
embolism and increased mortality have been docu-
mented with intravenous administration of cells.10 In
the present study, however, Muse cells neither promot-
ed overt lung embolism nor worsened mortality.
Examination of transplanted Muse cells revealed no
detectable tumors up to the 6-month study period
(Supplemental Figure 3), supporting previous reports
of low risk of tumorigenicity of Muse cells even when
transplanted in immunodeficient animals, thus resem-
bling the solid safety profile of MSCs.22,25,46 Moreover,
in the present study, the cell dose of Muse cells was
1� 104 cells, which was less than one-tenth compared
to the previous reports of MSCs.47 Moreover, when
contemplating the practical caveats of clinical trans-
plantation, it is likely that the higher the number of
cells to be administered will lead to higher risk and
cost of such transplant regimen. Since MSCs contain
only a few percent of Muse cells and Muse cells exert
more therapeutic effect than non-Muse cells,

Suzuki et al. 1717



transplanting Muse cells alone rather than the whole

MSCs will de-risk and lower the cost of an effective cell

therapy. Currently, several clinical trials have been con-
ducted by intravenous drip of donor-derived allogeneic

Muse cells without HLA matching and immunosup-

pressant treatment. For neonates, the infusion of a

small number of Muse cells similarly represents a low

risk and highly efficacious transplant approach.
In conclusion, intravenous administration of Muse

cells dramatically ameliorated the behavioral abnor-

malities in the perinatal HIE model possibly through

engraftment of Muse cells in the injured brain and their

differentiation into neural cells, coupled with suppres-
sion of excitotoxic brain glutamate metabolites and

attenuation of microglial activation. The present

study supports the feasibility of intravenously admin-

istered donor-derived allogeneic Muse cells for ongoing
clinical trials in CNS disorders without HLA-matching

and long-term immunosuppressant,48 which may be

extended to HIE.
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