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Background aims: Amyotrophic lateral sclerosis (ALS) is an incurable neurodegenerative disease. Neuroin-
flammation in the spinal cord plays a pivotal role in the pathogenesis of ALS, and microglia are involved in
neuroinflammation. Microglia mainly have two opposite phenotypes involving cytotoxic and neuroprotec-
tive properties, and neuroprotective microglia are expected to be a novel application for the treatment of
ALS. Therefore, to establish a clinically applicable therapeutic method using neuroprotective microglia, the
authors investigated the effect of inducing neuroprotective microglia-like cells from bone marrow for trans-
plantation into ALS model mice.
Methods: Bone marrow-derived mononuclear cells were isolated from green fluorescent protein mice and
cultured using different protocols of cytokine treatment with granulocyte-macrophage colony-stimulating
factor (GM-CSF) and IL-4. Cells with a high potency of proliferation and differentiation into microglia were
evaluated by gene analysis, flow cytometry and direct neuroprotective effects in vitro. These cells were
named bone marrow-derived inducible microglia-like (BM-iMG) cells and transplanted into the spinal cords
of ALS model mice, and behavioral tests, immunohistochemistry and gene expression profiling were
performed.
Results: Three-day GM-CSF and 4-day GM-CSF + IL-4 stimulations were most effective in inducing BM-iMG
cells from the bone marrow. Transplantation of BM-iMG cells improved motor function, prolonged survival
and suppressed neuronal cell death, astrogliosis and microgliosis in the spinal cords of ALS mice. Moreover,
neuroprotective genes such as Argl and Mrcl were upregulated, whereas pro-inflammatory genes such as
Nos2 and II6 were downregulated.
Conclusions: Intraspinal transplantation of BM-iMG cells demonstrated therapeutic effects in a mouse model
of ALS. Further studies and clinical applications in patients with ALS are expected in the future.
© 2022 International Society for Cell & Gene Therapy. Published by Elsevier Inc. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

activation has been observed prior to lymphocyte infiltration, which
induces neurotoxic effects by producing tumor necrosis factor alpha,

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
characterized by progressive motor dysfunction, owing to motor neu-
ron death, and a poor prognosis for which there is no curative ther-
apy [1]. Emerging evidence indicates that the accumulation of
pathogenic proteins in the central nervous system (CNS) is implicated
in the pathogenesis of ALS. Moreover, inflammation is crucial in ALS
and other neurological diseases, such as multiple sclerosis and spinal
cord injury [2—4]. Infiltrates of inflammatory lymphocytes have been
reported in the spinal cords of patients with ALS [4]. Microglial
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IL-18 and reactive oxygen species, in an ALS mouse model [5—7].

Microglia are involved in maintaining homeostasis, regulating
immune responses and removing foreign substances in the CNS [8,9].
Microglia are classically classified into two major phenotypes, pro-
inflammatory and neuroprotective, which are involved in the patho-
genesis of various neurological disorders [10—14]. In a mouse model
of ALS, it has been reported that the phenotype of microglia in the
spinal cord shifts from a neuroprotective-dominant phenotype to a
pro-inflammatory-dominant phenotype as the disease progresses
[15,16].

The authors have documented that bone marrow transplantation-
based cell therapies are effective in prolonging survival and inhibiting
the progression of motor dysfunction in ALS model mice by
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suppressing neuroinflammation [17—19]. In these studies, bone mar-
row cells were differentiated into microglia-like cells and endowed
with neuroprotection, suggesting the promising therapeutic potential
of bone marrow cells. Furthermore, direct transplantation of neuro-
protective microglia into the spinal cord after a traumatic injury
results in functional recovery by amelioration of neuroinflammation
[20]. These results prompted the authors to apply neuroprotective
microglia in the treatment of ALS. However, when considering clini-
cal application, it is a technical and ethical hurdle to obtain a large
amount of neuroprotective microglia for transplantation or primary
microglial culture cells from the human embryonic brain. Therefore,
the authors focused on bone marrow-derived mononuclear cells
(BM-MNCs) and established an induction strategy for generating neu-
roprotective microglia from BM-MNCs, which were named bone
marrow-derived inducible microglia-like (BM-iMG) cells. In this
study, BM-iMG cells were transplanted into the spinal cords of ALS
mice, and their effects on neuroinflammation and phenotypes were
investigated.

Methods
Animals

C57BL/6, h superoxide dismutase (SOD) 1 (G93A) 1Gur/] with a
high copy number of mutant SOD1 (SOD1-tg mice) and C57BL/6-Tg
(UBC—green fluorescent protein [GFP]) 30Scha/] (GFP-tg mice) were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and
prepared for the animal experiments. Male SOD1-tg mice show dis-
ease onset at around 90 days and die at 120—140 days after birth. As
the copy number of mutant SOD1 gene is known to be reduced in
some pedigrees by repeated breeding, mice >160 days old and their
littermates were excluded from the succession of the next genera-
tion. Mouse chow and water were provided to all animals ad lib, and
mice were maintained under a 12-h light—dark cycle. Animal experi-
mental protocols (2016-11-10 and 2016-11-10-H1) were approved
by the institutional animal care and use committee at Shiga Univer-
sity of Medical Science. In addition, all animal experiments were car-
ried out in accordance with the institutional animal care and use
committee guidelines at Shiga University of Medical Science; the
National Research Council’s Guide for the Care and Use of Laboratory
Animals, published by the United States National Institutes of Health;
and the Animal Research: Reporting of In Vivo Experiments guide-
lines.

Isolation of bone marrow and induction of BM-iMG cells from mice

Both sides of the tibia and femur were isolated from the C57BL/6,
GFP-tg or SOD1-tg adult mice and disinfected with 70% ethanol.
These bones were cut at both ends, and bone marrow was pressed
out with phosphate-buffered saline (PBS) and a 5-mL syringe filled
with a 25-gauge needle. The extruded bone marrow was passed
through a 70-um filter and washed. Finally, bone marrow cells were
resuspended in 5 mL of PBS. The authors were usually able to harvest
a total of 2—3 x 107 nucleated bone marrow cells from each mouse.
Additionally, 5-6 x 10® BM-MNCs were isolated from the nucleated
bone marrow cells obtained from each mouse using 5 mL Ficoll-
Paque PLUS gradient separation (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden). The isolated BM-MNCs were cultured in a 35-mm
culture dish with 3 mL StemSpan Serum-Free Expansion Medium
(STEMCELL Technologies, Vancouver, Canada) at a concentration of
10° cells/mL for 7 days with granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) (Wako Pure Chemical Industries, Ltd, Osaka,
Japan) and/or IL-4 (Wako Pure Chemical Industries, Ltd) using the fol-
lowing methods: GM-CSF 40 ng/mL for 7 days (method A), GM-CSF
40 ng/mL + IL-4 at 40 ng/mL for 7 days (method B) and 40 ng/mL GM-
CSF for 3 days followed by GM-CSF 40 ng/mL + IL-4 at 40 ng/mL for

4 days (method C). The authors were able to prepare approximately
twenty 35-mm dishes from one mouse. For all methods, the culture
medium was replaced with fresh medium on day 3. After 7 days, the
cultured cells were observed under optical microscope. Additionally,
these cells were treated with trypsin—ethylenediaminetetraacetic
acid (EDTA) (Life Technologies, Carlsbad, CA, USA) for 10 min, col-
lected by scraping and counted to calculate the growth rate of the
seeded cells.

Flow cytometry analysis of BM-iMG cells

BM-MNCs isolated from C57BL/6 and SOD1-tg mice were cultured
using methods A, B and C for 7 days. These cells were treated with
trypsin-EDTA for 10 min and collected by scraping. The collected cells
were stained with fluorescein isothiocyanate—CD11b antibody (BD
Biosciences, Franklin Lakes, NJ, USA), phycoerythrin—CD86 antibody
(BD Biosciences) and Alexa Fluor 647-CD206 antibody (BioLegend,
San Diego, CA, USA) and analyzed for surface antigens by flow cytom-
etry. To confirm that BM-iMG cells did not include the CD45-negative
fraction represented by mesenchymal stem cells, the cells were also
stained with fluorescein isothiocyanate—CD45 antibody (BD Bio-
sciences) and checked to show CD45 positivity. Data were collected
using a FACSCalibur or FACSAria flow cytometer (BD Biosciences).

Neuronal cell viability assay

BM-MNCs were cultured using method C, and the supernatants
were collected as the conditioned medium. StemSpan medium with
GM-CSF 40 ng/mL + IL-4 40 ng/mL without the cells was placed in a
carbon dioxide incubator at 37°C for 4 days as a control medium. The
motor neuron cell line NSC-34 was purchased from CELLutions Bio-
systems (Burlington, Canada). These cells were seeded in a 96-well
plate at 3 x 10* cells/well in high-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM) (Wako Pure Chemical Industries, Ltd) supple-
mented with 10% fetal bovine serum for 3 h. After confirming that
the cells were adherent, the supernatant was changed to 60 L high-
glucose DMEM mixed with 40 uL of conditioned or control medium.
Subsequently,  1-hydroxy-2-oxo-3,3-bis(2-aminoethyl)-1-triazene
(NOC-18; Dojindo Molecular Technologies, Inc, Kumamoto, Japan)
was added at 400 uM and incubated at 37°C for 48 h in a carbon
dioxide incubator to induce neuronal cell death. Consequently, the
supernatant was replaced with high-glucose DMEM supplemented
with 10% fetal bovine serum.

The survival rates of NSC-34 cells were measured using Cell
Counting Kit 8 (Dojindo Molecular Technologies, Inc) according to
the manufacturer’s protocol. Initially, 10 L WST-8, which is included
in the kit, was added to each well. WST-8 received a reduction reac-
tion by dehydrogenase in live cells and developed orange color by
changing to WST-8 formazan. Absorbance of the orange color was
detected at a wavelength of 450 nm using an Infinite F200 multi-well
plate reader (Tecan Japan Co, Ltd, Kawasaki, Japan). The absorbance
ratio in each group was calculated by standardization with the absor-
bance of the control group after 48 h of treatment.

Transplantation of BM-iMG cells for SOD1-tg mice

Wild-type BM-MNCs isolated from GFP-tg mice were cultured
using method C as BM-iMG cells. These cells were treated with tryp-
sin-EDTA for 10 min and collected by scraping. The collected cells
were counted and adjusted to 1.0 x 10° cells/uL in PBS. For the trans-
plantation experiments, male SOD1-tg mice were used because males
are heavier than females at the same age, they are resistant to physi-
cal stress and dehydration by surgery and their symptoms are more
severe than those observed in females. SOD1-tg male mice aged 10
weeks were anesthetized with intraperitoneal injections of medeto-
midine (0.3 mg/kg), midazolam (4 mg/kg) and butorphanol (5 mg/
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kg). The T13 vertebra of these mice, along with the surrounding skin,
was then identified and disinfected with 70% ethanol. A skin incision
of approximately 1 cm was made vertically with a scalpel, which was
inserted horizontally into the intervertebral disc between the T12
and T13 vertebrae. Ophthalmic scissors were carefully inserted into
the exposed region to avoid damage to the spinal cord, the left and
right sides of the T13 vertebra were incised and the spinal cord was
exposed by turning the T13 vertebra upward.

Next, the mice were fixed using a stereotactic device (Muromachi
Kikai Co, Ltd, Tokyo, Japan). A 30-gauge needle was attached to a
Hamilton syringe (Hamilton, Reno, NV, USA) filled with the prepared
cell solution, and the needle was inserted 250 m laterally from the
midline of the spinal cord to a depth of 1 mm at a position between
the T13 and L1 vertebrae. A total of 3 min following the puncture, 1
uL of the prepared cell solution was injected slowly into the spinal
cord for 1 min. A total of 3 min following administration, the needle
was withdrawn and the same procedure was performed on the other
side of the spinal cord. A total of 2 x 10° BM-iMG cells were injected
into the spinal cord of each male SOD1-tg mouse. The control group
was injected with PBS in the same manner. After these procedures,
the spine was restored at the original position and subcutaneous tis-
sues were sutured vertically with 6-0 nylon to fix the spine. The skin
was sutured using 5-0 nylon. Mice that showed weight loss >15%
from the previous week were immediately euthanized in the inter-
ests of animal welfare.

Behavior test

After transplantation of BM-iMG cells, motor performance of the
transplanted mice was analyzed using rotarod tests (Ugo Basile, Gem-
onio, Italy) once every week, and body weight was measured at the
same frequency. Physiological death was defined as the time at which
the results of the rotarod tests yielded 0 seconds. The rotarod tests
were performed at 5-50 rpm/min for 5 min (acceleration, 9 rpm/
min?). The means of three medians of five trials for each time point
were calculated in each mouse and used for analysis. For the
Kaplan—Meier survival curve, the number of surviving mice was
counted until all mice were recognized as having undergone physio-
logical death.

Histological analysis

Three weeks after the transplantation of BM-iMG cells or at the
end-stage of ALS, mice were fixed by transcardial perfusion with 4%
paraformaldehyde in 0.1 M PBS. After isolation of the spinal cord, sec-
tions of the spinal cord were cut using a cryostat at a thickness of
10 pm. For immunohistochemistry, sections were incubated with a
primary antibody (rabbit anti-83-tubulin [Cell Signaling Technology,
Danvers, MA, USA], rabbit anti-Iba-1 [Wako Pure Chemical Industries,
Ltd] or rabbit anti-glial fibrillary acidic protein (GFAP) [Cell Signaling
Technology]) overnight at 4°C. The sections were further incubated
with a secondary antibody (goat anti-rabbit Alexa 555 [Life Technolo-
gies, Carlsbad, CA, USA]) at 20—25°C for 4 h and mounted with VEC-
TASHIELD with 4’,6-diamidino-2-phenylindole (Vector Laboratories,
Inc, Burlingame, CA, USA).

Over five sections of spinal cords with a 50-m interval per sam-
ple were observed using a FV1000-D confocal laser microscope
(Olympus, Tokyo, Japan) for quantitative evaluation. To evaluate Iba-
1 or GFAP staining, the number of cells positively stained with Alexa
Fluor 555 was counted, the fluorescence intensity of Alexa Fluor 555
at the ventral horn was measured and the background value was sub-
tracted using Image] v.1.52h (National Institutes of Health, Bethesda,
MD, USA). For evaluation of survival motor neurons, cells with a size
>400 pum? cell bodies stained with 83-tubulin in the ventral horn
were considered alpha motor neurons and were counted in each sec-
tion of spinal cords.

Reverse transcription—quantitative polymerase chain reaction analysis

For in vitro gene expression analysis, BM-MNCs were cultured
using methods A, B and C, and their total RNA was extracted using
the RNeasy kit protocol (QIAGEN, Valencia, CA, USA). The extracted
RNA was used as a template, and reverse transcription was per-
formed using the PrimeScript RT reagent kit (Takara Bio Inc, Kusatsu,
Japan). Real-time polymerase chain reaction was performed using
LightCycler 480 SYBR Green I Master (Roche Diagnostics GmbH, Man-
nheim, Germany) with a LightCycler 480 (Roche Diagnostics GmbH).
In vivo gene expression analysis was performed 3 weeks after trans-
plantation of BM-iMG cells or at the end-stage of ALS by isolating the
spinal cords of SOD1-tg mice after removal of blood by transcardial
perfusion with 0.1 M PBS. Total RNA for analysis was extracted from
the spinal cord using an RNeasy kit. Reverse transcription and real-
time polymerase chain reaction was performed in the same manner
as that described for the in vitro method.

The following primers were used: Gapdh forward primer, 5'-
ATGACCACAGTCCATGCCATC-3', and  reverse  primer, 5-
GAGCTTCCCGTTCAGCTCTG-3'; (d86 forward primer, 5'-CAC-
GAGCTTTGACAGGAACA-3/, and reverse primer, 5'-TTAGGTTTCGGGT-
GACCTTG-3'; Mrc1 forward primer, 5'-CTATGCAGGCCACTGCTACA-3/,
and reverse primer, 5-GTTCTCATGGCTTGGCTCTC-3’; Nos2 forward
primer, 5'-TTGGAGCGAGTTGTGGATTG-3’, and reverse primer, 5'-

GTAGGTGAGGGCTTGGCTGA-3';  Argl  forward primer, 5'-
ACCTGCTGGGAAGGAAGAAAAG-3, and reverse primer, 5-
GTTCCGAAGCAAGCCAAGGT-3’; -6  forward  primer, 5'-

ACGGCCTTCCCTACTTCACA-3’, and reverse primer, 5-CATTTCCAC-
GATTTCCCAGA-3’; tumor necrosis factor alpha forward primer, 5'-
CACGTCGTAGCAAACCACCAAGTGG-3’, and reverse primer, 5'-
GATAGCAAATCGGCTGACGGTGTGG-3'; and B-actin forward primer,
5'-CGTGCGTGACATCAAAGAGAA-3’, and reverse primer, 5'-
TGGATGCCACAGGATTCCAT-3'. All data were normalized to S-actin as
housekeeping gene, and the results were analyzed using LightCycler
480 software, version 1.5 (Roche Diagnostics GmbH).

Statistical analysis

Data are expressed as mean =+ standard deviation. For all multiple
datasets, one-way or two-way analysis of variance was performed,
followed by Tukey test for post-hoc statistical analysis. For behavioral
tests and body weight, datasets were analyzed using Bonferroni test
at each time point after analysis of linear mixed model for repeated
measures analysis of variance. The log-rank test was performed for
analysis of the Kaplan—Meier curve. A P < 0.05 was set as statistically
significant. All statistical analyses were performed using SPSS Statis-
tics 25 (IBM Corporation, Armonk, NY, USA).

Results
Induction of neuroprotective microglia-like cells from BM-MNCs

First, the authors estimated the culture protocol to optimize the
cells for transplantation. BM-MNCs were isolated from adult C57BL/6
mice and cultured for 7 days with different combinations of GM-CSF
with or without IL-4 using three methods (Figure 1A). After 7 days of
culture, the features of these cells were analyzed for their prolifera-
tion and messenger RNA (mRNA) expression (Figure 1B,C). The num-
ber of cells after 7 days of culture was significantly increased with all
methods compared with the number of seeded cells (Figure 1B).
Moreover, the proliferation ratio over the 7 days was markedly high
with methods A and C, which demonstrated a significantly higher
ratio than that observed with method B. Further, the mRNA expres-
sion of Argl and Nos2, markers for neuroprotective and pro-inflam-
matory microglia, respectively, was evaluated. The expression of Arg1
was significantly elevated with method C compared with methods A
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Figure 1. Differentiation of cultured BM-MNCs to inducible microglia-like cells with neuroprotective phenotype. (A) Three schematic strategies (methods A—C) for the differentia-
tion of BM-MNCs cultured with a combination of GM-CSF and IL-4. Lower left panel shows the pre-cultured BM-MNCs at day 0. Right three panels show the cultured BM-MNCs at
day 7 after incubation using method A (3-day GM-CSF and another 4-day GM-CSF stimulation), method B (3-day GM-CSF + IL-4 and another 4-day GM-CSF + IL-4 stimulation) or
method C (3-day GM-CSF and another 4-day GM-CSF + IL-4 stimulation). Scale bars = 100 m. (B) Proliferation ratio of cultured cells after incubation with methods A—C. Error bars
show mean =+ SD (n =5 in each group). (C) Analysis of mRNA expression in the cultured BM-MNCs of the three groups. Bar graphs show the relative mRNA expression of Arg1 and
Nos2 against the Gapdh gene. Error bars show mean + SD (n = 5 in each group). *P < 0.05, **P < 0.01. SD, standard deviation.

and B. Additionally, the expression of Nos2 was significantly elevated
with method B compared with the other methods and was relatively
maintained, without a marked increase, with method C (Figure 1C).
These results suggested that, of the three methods, method C was the
most suitable for inducing and obtaining a sufficient number of neu-
roprotective microglia.

Anti-inflammatory and neuroprotective properties of BM-iMG cells

After 7-day culture of BM-MNCs, expression of the surface anti-
gens of microglia cultured using method C was analyzed by flow
cytometry (Figure 2). For flow cytometry, the authors analyzed
CD11b, CD206 and CD86 as markers for pan-macrophage/microglia,
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Figure 2. Flow cytometry analysis of BM-iMG cells with method C. (A) Light blue plots show the distribution of cell counts in a CD11b-positive population of BM-MNCs after incuba-
tion using method C. Most left panel shows the distribution of negative CTL with isotype-matched CTL antibody. Vertical black line in the plot indicates the threshold for the CD11b-
positive population. The percentages of CD11b-positive cells in the two right blue plots (day 0 and day 7) were calculated by considering the right-sided population of the vertical
black line as positive. Bar graph in most right panel shows the ratio of CD11b-positive cells at day 0 and day 7 after method C stimulation. Error bars show mean =+ SD (n = 4 in each
group). (B,C) Flow cytometry analysis of CD206 (B) and CD86 (C) antibodies. Both antibody-positive populations were analyzed before and after incubation using method C in the
same manner as that used for (A). Error bars show mean =+ SD. *P < 0.05 vs day 0 group. CTL, control; SD, standard deviation.

neuroprotective microglia and pro-inflammatory microglia, respec-
tively. The microglial population positive for both CD11b and CD206
significantly increased to over 50% on day 7 (Figure 2A,B). By contrast,
the population of CD86-positive cells was slightly elevated, albeit still
<20% (Figure 2C). Additionally, the population of CD11b-, CD206-
and CD86-positive cells demonstrated comparative trends among the
three methods (see supplementary Figure 1). Based on these results,
the authors concluded that the cells cultured using method C pos-
sessed the most neuroprotective microglia-like phenotype. In addi-
tion, to confirm the purity of these cell populations, the authors
investigated whether the CD45-negative population, as the mesen-
chymal stem cell fraction, was contaminated with the inducible cell
fraction, and the level of contamination was found to be <1% (see

supplementary Figure 2). The authors thus designated these cells
BM-iMG cells.

Neuroprotective effects of BM-iMG cells in vitro

To confirm the neuroprotective effects of BM-iMG cells in vitro,
the cell viability of NCS-34 cells, a motor neuron cell line, was ana-
lyzed in the presence or absence of conditioned medium from BM-
iMG cell culture using the WST-8 assay (Figure 3A). The authors
confirmed a positive correlation between cell density and WST-8 in
NSC-34 cells (see supplementary Figure 3A). In addition, through
preliminary experiments to evaluate the toxicity of NOC-18, a nitric
oxide donor, as a chronic oxidative stressor, the authors determined
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NCS-34 cells under NOC-18 injury with conditioned or CTL medium. Error bars show mean =+ SD. *P < 0.05. CTL, control; SD, standard deviation.

Cell viability

the optimal concentration of NOC-18 to be 400 ;xm?, which demon- conditioned medium significantly protected against the cytotoxic
strated toxicity in >50% of NSC-34 cells and was appropriate for effects of NOC-18, whereas the control medium had no effect
investigating the protective effect of BM-iMG-conditioned medium (Figure 3B).

in NOC-18-induced neurotoxicity (see supplementary Figure 3A,B). Furthermore, as a study considering the possibility of autologous
After a 2-day exposure to NOC-18, replacement of the BM-iMG- transplantation from ALS patients themselves, BM-MNCs were
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isolated from adult SOD1-tg mice rather than wild-type mice and
cultured for 7 days using method C. The number of nucleated bone
marrow cells and BM-MNCs from SOD1-tg mice was almost the
same as that from C57BL/6 wild-type mice (see supplementary
Figure 4A,B). However, compared with wild-type BM-iMG cells,
BM-iMG cells from SOD1-tg mice did not show a high proliferation
ratio, with the ratio remaining similar to that observed with the ini-
tial cell number on day 0 (see supplementary Figure 4C). In addition,
although the population of CD11b- and CD206-positive cells was
similar between the wild-type and SOD1-tg groups (see supplemen-
tary Figure 5A,B), the population of CD86-positive cells in BM-iMG
cells from the SOD1-tg group was significantly higher than the pop-
ulation from the wild-type group (see supplementary Figure 5C).
With regard to mRNA expression, Nos2 mRNA expression in BM-
iMG cells from the SOD1-tg group was significantly higher than
mRNA expression from the wild-type group, whereas the Argl gene
did not show a difference between the groups (see supplementary
Figure 6A).

With regard to neuroprotection, the BM-iMG-conditioned
medium from both the wild-type and SOD1-tg groups significantly
protected against the cytotoxic effects of NOC-18; however, the
effects seen with medium from the wild-type group were signifi-
cantly superior to those observed with medium from the SOD1-tg
group (see supplementary Figure 6B). These results suggested that
the neuroprotective effects on motor neurons in BM-iMG cells from
SOD1 mice were inferior to those in BM-iMG cells from wild-type
mice. Therefore, the authors determined that it was better to use BM-
iMG cells from wild-type mice for the treatment of ALS mice.

Therapeutic effects of transplantation of BM-iMG cells in SOD1-tg mice

The authors investigated the effect of BM-iMG cell transplantation
in ALS model mice. BM-iMG cells generated from wild-type mice
were transplanted into the spinal cords of 10-week-old SOD1-tg
mice prior to the onset of ALS symptoms (Figure 4A—C), and analyses
of several phenotypes, including body weight, motor function and
longevity, were performed (Figure 4C). Regarding the safety of the
procedure, no mice died shortly after transplantation. However, one
mouse in the control group demonstrated >15% weight loss over a 1-
week period 3 weeks after transplantation (13 weeks old), and one
mouse in the BM-iMG group demonstrated >15% weight loss over a
1-week period 2 weeks after transplantation (12 weeks old). There-
fore, these mice were excluded from the study, and 16 and 15 mice
from the control and BM-iMG groups, respectively, were used for
analysis.

The BM-iMG group showed a significant difference in inhibition of
weight loss compared with the control group at 12—16 weeks of age
(Figure 4D; also see supplementary Figure 7A). In a rotarod study,
with the exception of the 4-week time point (14 weeks old), the BM-
iMG group demonstrated a significant improvement 3—10 weeks
after transplantation (13—20 weeks old) compared with the control
group. The effect on motor function observed in the BM-iMG group
was significant compared with that observed in the control group
(Figure 4E; also see supplementary Figure 7B). At the endpoint, the
BM-iMG group demonstrated a significant increase in overall survival
and median survival time of as much as 2 weeks compared with the
control group (Figure 4F).

Histochemical evidence of the anti-inflammatory effect of
transplantation of BM-iMG cells in SOD1-tg mice

To investigate the mechanism of the therapeutic effect of BM-iMG
cell transplantation, the authors performed an immunohistochemis-
try study focusing on neuronal cell loss and astrogliosis in the spinal
cords of SOD1-tg mice 3 weeks after transplantation (13 weeks old)
or at end stage (18—21 weeks old) (Figures 4C, 5). 83-tubulin and

GFAP were used as markers for neurons and astrocytes, respectively.
In immunostaining B3-tubulin at the anterior horn of the spinal cord,
the authors demonstrated that neuronal cells were preserved in the
BM-iMG cell transplantation group compared with the control group
at the end of the experiment (Figure 5A). Quantitative analysis
revealed that the number of 83-tubulin-positive cells decreased over
time in the control group, with the number of B3-tubulin-positive
cells in the BM-iMG group remaining significantly higher at end stage
(Figure 5B). Although GFAP immunoreactivity increased over time in
both the control and BM-iMG groups (Figure 5C—E), GFAP staining
intensity and cell number in the BM-iMG group were significantly
lower compared with the control group at end stage (Figure 5D,E).
These results suggested that BM-iMG cells inhibit neuronal cell loss
and astrogliosis in ALS.

To investigate the distribution and differentiation of transplanted
BM-iMG cells, double immunofluorescence analysis was performed
of GFP-positive cells (transplanted BM-iMG cells) and ionized cal-
cium-binding adapter molecule 1 (Ibal) as microglia markers in the
spinal cords of SOD1-tg mice at 3 weeks after transplantation (13
weeks old) or end stage (18—21 weeks old) (Figures 4B, 6). Three
weeks after transplantation, GFP-positive BM-iMG cells were scat-
tered in the spinal cords of the transplanted group and were positive
for Ibal staining. The number of Ibal-positive cells in the BM-iMG
group was significantly higher than that in the control group,
whereas the intensity of positive staining was not different between
the two groups (Figure 6). Double-positive GFP and Ibal cells were
detected mainly at the injection site but were rarely present at end
stage (Figure 6A). By contrast, at end stage, instead of GFP-positive
cells, there was a massive migration of Ibal-positive/GFP-negative
cells into the spinal cord over time in both the control and BM-iMG
groups (Figure 6). Nevertheless, IBA1 signal intensity and cell number
were significantly lower in the BM-iMG group than the control group
at end stage (Figure 6B,C). These results strongly suggested that the
transplantation of BM-iMG cells suppressed microglial activation
through the indirect effects of BM-iMG cells (e.g., humoral factors).

Suppression of pro-inflammatory gene expression in SOD1-tg mice by
transplantation of BM-iMG cells

Gene expression analysis was performed of the spinal cords of
SOD1-tg mice at 3 weeks after transplantation (13 weeks old) or end
stage (18—21 weeks old). Nos2 and Cd86 were analyzed as markers
for pro-inflammatory microglia, whereas Argl and Mrcl were ana-
lyzed as markers for neuroprotective microglia. The expression of
Nos2 in the BM-iMG group decreased significantly compared with
that observed in the control group not only at end-stage but also at
the age of 13 weeks (Figures 4A, 7). The expression of Cd86 was com-
parable in the control and BM-iMG groups at both 13 weeks of age
and end stage. By contrast, gene expression of Argl and Mrc1 signifi-
cantly increased in the BM-iMG group compared with that observed
in the control group at both 3 weeks after transplantation and end
stage (Figure 7). Additionally, as the major inflammatory cytokines,
the authors analyzed Tnfo and II-6 for gene expression. The expres-
sion level of Tnfa did not differ between the 3-week-after-transplan-
tation and end-stage groups. However, the expression level of II-6
significantly decreased in the BM-iMG group compared with that
observed in the control group at end stage only.

Discussion

Therapeutic research on ALS has been approached from various
perspectives, including prevention and removal of the accumulation
of denatured proteins, transplantation of biomaterials such as scaf-
folds and stem cells and administration of cytokines as immunomod-
ulatory therapy [21-26]. Of note, the concept of “non-cell
autonomous neuronal cell death” is a crucial point of view when
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designing treatment strategies for ALS and various neurodegenera-
tive diseases [27,28]. Motor neuron survival depends not only on
internal conditions but also on the surrounding environment, such as
glial cells and extracellular biochemical factors, including cytokines
and neurotransmitters [29]. Therefore, any therapeutic strategy

should pay cautious attention to the extra-motor neuron environ-
ment, which this study focused on.

Microglia are essential glial cells that play a crucial role in main-
taining the CNS environment, and, similar to ALS, they are involved
in the pathology of various diseases, including stroke, Parkinson
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disease and Alzheimer disease [8,9]. Microglia exhibit two opposite
phenotypes, pro-inflammatory and neuroprotective, both of which
are possibly associated with their functional differentiation and are
implicated in the pathogenesis of various neurological disorders
[10—13]. Recently, accumulating evidence has suggested that the
same microglia exhibit both pro-inflammatory and neuroprotective

phenotypes at different times depending on the disease condition
rather than the presence of two separate phenotypes. Therefore,
some researchers collectively refer to microglia under disease con-
ditions as disease-associated microglia (DAM). Specifically, rather
than clearly categorizing the function of microglia into two pheno-
types, DAM has been described as the phenotype that changes
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according to the stage of the disease; however, the details are still
unclear [30]. Therefore, exogenous BM-iMG cells may exhibit char-
acteristics that are different from those of DAM, which is present in
pathological lesions. However, the therapeutic strategy of trans-
planting induced exogenous neuroprotective microglia at the site of
injury or neurodegeneration should be warranted since BM-iMG
cells have neuroprotective roles that include the therapeutic effects
of microglial transplantation in neurological diseases, such as Alz-
heimer disease, stroke and spinal cord injury, as previously reported
[20,31,32].

Neural stem cell transplantation has been conducted as a clinical
trial of a presiding cell transplantation therapy for patients with ALS
[33]. Moreover, the efficacy and safety of transplantation of human
embryonic stem cell-derived astrocytes have been reported in an ALS
mouse model [24]. These neurological cells seem to be appropriate
for the treatment of neurological diseases. However, since they are
derived from the human infant brain, immune rejection of allogeneic
transplantation and ethical issues should be taken into account. Simi-
larly, the human infant brain is required to prepare sufficient
amounts of microglia for transplantation therapy, and highly techni-
cal and ethical hurdles are associated with this approach [34]. By con-
trast, the authors’ study has a great advantage for the application of
autologous transplantation by differentiation of bone marrow cells
into therapeutic microglia ex vivo, as bone marrow cells are widely
accepted as autologous transplantable cells [35]. Although immune
cells derived from bone marrow have different origins and functions
compared with those of the resident microglia in the brain [36], inter-
vention into the myeloid lineage, such as bone marrow transplanta-
tion, has been shown in studies to offer a beneficial effect in ALS mice
by inducing neuroprotective microglia-like cells [17—-19,37]. Thus, in
these studies, bone marrow-derived cells expressed Ibal as a micro-
glia marker and neuroprotective cytokine and suppressed spinal cord
inflammation by acting like microglia [17—19]. These lines of evi-
dence prompted the authors to utilize the BM-MNCs contained in
bone marrow-derived cells as candidate cells for inducing neuropro-
tective microglia, which were designated BM-iMG cells.

The authors successfully induced BM-iMG cells using GM-CSF and
IL-4 as cytokines for the differentiation of bone marrow cells. GM-
CSF differentiates bone marrow cells, such as hematopoietic stem
cells and macrophage progenitors, into mature cells [38—40]. By con-
trast, IL-4 is the most classical cytokine, which induces differentiation
into the neuroprotective microglia/macrophage phenotype and pro-
tects neuronal cells [41]. Here several combinations of these cyto-
kines were tested to determine the induction efficiency of BM-iMG
cells. Consequently, co-stimulation with GM-CSF and IL-4 following a
single stimulation with GM-CSF was the best method for obtaining
neuroprotective microglia-like cells with a phenotype of upregulated
CD206 and ARG1 and downregulated inducible nitric oxide synthase.

By contrast, continuous co-stimulation with GM-CSF and IL-4
through the culture process slowed cell proliferation and resulted in
insufficient induction of ARG1 and increased inducible nitric oxide
synthase. The failure of this protocol might be due to the transdiffer-
entiation effect of co-stimulation with GM-CSF and IL-4 in pre-differ-
entiated BM-MNCs. Simultaneous treatment with GM-CSF and IL-4 is
also popular for differentiating dendritic cells [42]. These results indi-
cate that the timing and combination of administration of GM-CSF
and IL-4 are critical.

In this study, engraftment of BM-iMG cells to the spinal cord was
observed only 3 weeks after transplantation (albeit not at the end
stage of the disease), which has also been described in several studies
that have reported on the therapeutic effects of transplanted micro-
glia [20,31,32]. Despite their short life span, transplanted BM-iMG
cells demonstrated significant therapeutic effects in behavioral
experiments for a longer time. Moreover, astrogliosis, neuronal loss
and microglial proliferation were significantly suppressed at the end
stage of the disease. In addition, the authors observed an

upregulation of neuroprotective genes, such as Argl and Mrcl,
together with the downregulation of pro-inflammatory II-6, even in
the absence of engrafted cells. The reason why the neuroprotective
effects exceeded the life span of engrafted BM-iMG cells is unclear. A
possible explanation is the long-lasting humoral effects of protective
molecules such as cytokines and extracellular vesicles from trans-
planted cells on the surrounding neurons and environment. The
transplanted cells are expected to show the suppression of oxidative
stress and neuroinflammation and the secretion of neuroprotective
molecules in the spinal cord rather than to survive by engrafting in
the host, which may result in improvement of the environment
around neurons, induction of differentiation of surrounding cells and
improvement of regenerative ability.

This study has several methodological limitations. First, the
authors used BM-iMG cells from wild-type mice, rather than SOD1-tg
mice, for the treatment of ALS mice because SOD1 BM-iMG cells are
inferior to wild-type BM-iMG cells. Because of their mutant dismu-
tase, SOD1 BM-iMG cells have a genetic disadvantage at the point of
dismusing oxidative stress. These results may be consistent with
familial ALS caused by mutant SOD1 but different for sporadic ALS.
Therefore, for clinical application, the authors will attempt to induce
BM-iMG cells and evaluate them in the bone marrow cells of ALS
patients. Second, the authors employed an invasive method of direct
injection of BM-iMG cells into the spinal cord; thus, the injection was
limited to a single instance. Since bone marrow cells can be separated
autologously, the authors’ future mission is to develop an effective
and safe method that will enable the authors to perform multiple
administrations of BM-iMG cells to the spinal cord to augment and
extend the effects.

Conclusions

The authors established a method for inducing neuroprotection of
microglia-like cells from BM-MNCs. The authors demonstrated the
therapeutic effects of spinal injection in ALS model mice. Since the
authors’ technical approach was based on easily accessible clinical
procedures, such as isolation of bone marrow, technical optimization
may accelerate clinical use in ALS patients in the future.
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