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Abstract

In recent years, the interest in cell transplantation therapy using human dental pulp cells (DPCs) has been increasing.
However, significant differences exist in the individual cellular characteristics of human DPC clones and in their therapeutic
efficacy in rodent models of spinal cord injury (SCI); moreover, the cellular properties associated with their therapeutic
efficacy for SCI remain unclear. Here, using DPC clones from seven different donors, we found that most of the clones
were highly resistant to H,O, cytotoxicity if, after transplantation, they significantly improved the locomotor function of
rats with complete SCI. Therefore, we examined the effects of the basic fibroblast growth factor 2 (FGF2) and bardoxolone
methyl (RTA402), which is a nuclear factor erythroid 2-related factor 2 (Nrf2) chemical activator, on the total antioxidant
capacity (TAC) and the resistance to H,O, cytotoxicity. FGF2 treatment enhanced the resistance of a subset of clones
to H,0, cytotoxicity. Regardless of FGF2 priming, RTA402 markedly enhanced the resistance of many DPC clones to
H,O, cytotoxicity, concomitant with the upregulation of heme oxygenase-1 (HO-1) and NAD(P)H-quinone dehydrogenase
I (NQOI). With the exception of a subset of clones, the TAC was not increased by either FGF2 priming or RTA402
treatment alone, whereas it was significantly upregulated by both treatments in each clone, or among all seven DPC clones
together. Thus, the TAC and resistance to H,O, cytotoxicity were, to some extent, independently regulated and were
strongly enhanced by both FGF2 priming and RTA402 treatment. Moreover, even a DPC clone that originally exhibited no
therapeutic effect on SCI improved the locomotor function of mice with SCI after transplantation under both treatment
regimens. Thus, combined with FGF2, RTA402 may increase the number of transplanted DPCs that migrate into and secrete
neurotrophic factors at the lesion epicenter, where reactive oxygen species are produced at a high level.
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The spinal cord is the nerve-conduction pathway that con-
nects the brain to the peripheral nervous system; thus, spinal
cord injury (SCI) results in deficits in the control of motor
and sensory functions. SCI is caused by an external physical
impact, such as that occurring in traffic accidents, falls, and
sports-related injuries; alternatively, SCI results from an

increase in the internal pressure of the spinal cord tissue
caused by spinal canal stenosis, spinal tumors, and other con-
ditions. Approximately 5,000—-6,000 patients suffer from SCI
annually in Japan, with 1 million (0.78—1.16 million) patients
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reported worldwide! 3. In adult mammals, spontaneous axo-
nal regeneration of the central nervous system, including the
spinal cord, scarcely occurs; moreover, in the strictest sense,
no effective and systematic treatment has been established
for patients with SCI. Currently, surgical procedures to re-
stabilize and decompress the spinal cord and augment blood
pressure are being applied to reduce secondary damage in
patients with acute SCI*.

Recently, clinical research reports on the transplantation
of mesenchymal stem cells (MSCs), mainly bone marrow—
derived mesenchymal stem cells (BMSCs), have been rap-
idly accumulating, and stem cell therapy is expected to
become a new treatment for many conditions, including
SCI>". Conversely, dental pulp cells (DPCs) are expected to
replace BMSC:s as cellular therapeutic agents for the injured
nervous system. DPCs are adhesive cells derived from dental
pulp tissue and include prominently multiple MSCs that can
differentiate into various cell lineages®’. In addition, DPCs
can be prepared from deciduous and third molar (wisdom)
teeth that are otherwise disposed of as medical waste!®. This
renders them more advantageous than BMSCs in terms of
the abundance of the cellular resources. For example, the
preparation of DPC clones from human leukocyte antigen
haplotype homologous (HHH) donors has been discussed, as
they appear less frequently and cause less immune rejection,
banking, and use of allogeneic cells for transplantation ther-
apy'"!2. Furthermore, some studies have demonstrated that
DPCs induce a more effective functional recovery in animal
models with SCI or stroke compared with BMSCs after cell
transplantation'>!4,

After the primary physical damage, the blood vessels
around the lesion epicenter in the spinal cord are disrupted,
and neutrophils and macrophages infiltrate the parenchyma.
These phagocytes in innate immunity release reactive oxy-
gen species (ROS), including hydroxyl radicals, superoxide
radicals, and hydrogen peroxide (H,0,), for bactericidal
purposes. ROS production worsens the environment of the
injured spinal cord within 3 h immediately after the primary
damage, which will continue for 4 h'%; i.e., the secondary
injury processes that occur after ROS production are con-
sidered the main cause of pathological deterioration pro-
gression'®!”. In contrast, studies using animal models
suggest that BMSC transplantation is more effective for
functional recovery when transplantation is performed dur-
ing the acute or subacute phase (1-2 weeks after the injury)
vs transplantation during the chronic phase (4 weeks after
injury)'®!. Both the neuroprotective and anti-inflammatory
effects of BMSCs and DPCs may explain the significant
functional recovery observed after transplantation in acute
SCI222 In fact, BMSCs and DPCs produce and secrete
various anti-inflammatory and immunomodulatory cyto-
kines and neurotrophic factors that promote neuroprotec-
tion and axonal regeneration?'?2, Therefore, transplanted
DPCs need to migrate to the lesion epicenter and produce
such secretion factors, thus overcoming the increased ROS

production and the deteriorating environment in the acute/
subacute phase of the injury.

In a previous study, we reported that the basic fibroblast
growth factor 2 (FGF2) enhanced the resistance of a DPC
clone to ROS (H,0,) and facilitated the functional recov-
ery of rats with SCI after its transplantation?®>. However,
the therapeutic effect of DPCs in rats with SCI may vary
significantly among different clones?*. Therefore, in this
study, we used several DPC clones from individual donors
to examine the cellular properties (cell proliferation,
migratory ability, resistance to H,O,-induced cytotoxicity,
and locomotor-function recovery of SCI rats after trans-
plantation) of each clone and found that many of the clones
that exhibited a high treatment efficacy in rats with SCI
displayed a high antioxidant capacity. In addition, we
examined the expression of proteins related to cellular
properties, such as antioxidant factors and major regula-
tors of cytoskeletal rearrangement. Conversely, studies
that investigated the reactivity of DPCs to residual mono-
mers from dental composites and phytochemicals have
shown that the activation of the nuclear factor erythroid
2-related factor 2 (Nrf2), which is a master transcription
factor for antioxidant factors, enhances the antioxidant
capacity of DPCs* 28, Therefore, we also examined the
combined effect of an Nrf2 activator (bardoxolone methyl
[CDDO-Me or RTA402]), which is a potentially useful
therapeutic agent for cancer and inflammatory dysfunc-
tions?>*, and FGF2 on the antioxidant activities and cyto-
protective effect of DPCs against oxidative stress, as well
as their impact on the recovery of locomotor function in
mice with SCI after DPC transplantation.

Materials and Methods
Ethics

This study was conducted ethically in accordance with the
Declaration of Helsinki of the World Medical Association.
All experiments using human DPCs were approved by the
Ethics Committees of Gifu Pharmaceutical University and
Gifu University and were performed according to the
Ethical Guidelines for Medical and Health Research
Involving Human Subjects in Japan and the Ethical
Guidelines for Human Genome/Gene Analysis Research in
Japan (Gifu Pharmaceutical University; approval numbers
and date: 23-1, October 25, 2011; 28-17, January 11, 2017;
29-44, November 27, 2017; 30-33, November 14, 2018,
1-1, April 26, 2019; 2-16, November 6, 2020; and 3-25,
September 16, 2021; Gifu University, approval numbers
and date: 19-144, September 6, 2008; 22-280, April 26,
2011; 24-375, September 7, 2013; 26-116; July 9, 2014;
26-422; March 16, 2015; 28-335, December 21, 2016;
29-323, November 7, 2017; and 5-10, August 22, 2023).
All participants provided written informed consent before
enrollment in the study.
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Isolation and Culture of Human DPCs

Dental pulp was collected from the third molars of patients at
Gifu University Hospital, each of whom provided informed
consent. DPCs were prepared as reported previously®'32.
Subsequently, the DPCs were expanded in MSCGM medium
(PT-3001, Lonza Group Ltd, Basel, Switzerland). The
medium was changed every 3 days, and the cells were sub-
cultured using TrypLE Express (12605-010, Thermo Fisher
Scientific Inc, Waltham, MA, USA). DPC clones were
sequentially named DPXXX in the order in which they were
prepared and stocked (the stage of the dental pulp and the sex
and age of the donor are provided in Supplemental Table 1).

After 10 passages, the DPCs were subcultured in 10%
fetal bovine serum (FBS; HyClone, Logan, UT, USA) con-
taining alpha MEM (M8042, Sigma-Aldrich, St Louis, MO,
USA) (10% FBS-aMEM), with or without 10 ng/ml FGF2
(233-FB, R&D Systems Inc, Minneapolis, MN, USA)
(DPXXXS and DPXXXEF, respectively). All DPCs were cul-
tured in their respective media and used in experiments after
three to five passages. The DPCs were passaged every 3 days
(at 1.0 X 10°cells/10-cm dish). For DPC-F, FGF2 (10 ng/ml)
was supplemented daily to the culture medium. The DPCs
were treated for about 2 weeks.

Animals

All animal experiments were approved by the Animal Care
and Research Committee of Gifu Pharmaceutical University
(approval numbers and date: 2014-289, January 15, 2015;
2015-172, October 13, 2015; 2019-010, April 12, 2019;
2019-036, April 22, 2019; 2020-056, June 24, 2020; 2021-
056, August 23, 2021; and 2023-060, November 30, 2023)
and were performed in compliance with the Guidelines for
the Management and Welfare of Experimental Animals of
the US National Institutes of Health. In addition to minimiz-
ing animal suffering and the number of animals used, all ani-
mal housing and experiments were conducted in strict
accordance with the institutional Guidelines for the Care and
Use of Laboratory Animals. Moreover, all animal experi-
ments were performed and reported in accordance with the
ARRIVE Guidelines 2.0 [https://arriveguidelines.org/
resources/author-checklists (accessed on December 27,
2022)]. The reproducibility of all the data was confirmed by
an independent replicate experiment.

To generate the rat SCI model, 57 female rats were used
(27 for Fig. 1; 38 for the replication experiments). The rats
were randomly divided into three groups, as follows: trans-
plantation groups of either one of the two DPC clones
(DP74F or DP296F) and the corresponding control (n = 9,
and n = 12-13 for each group, respectively). To generate the
mouse SCI model, 75 female mice were used (37 for Fig. 7;
38 for the replication experiments). The mice were randomly
divided into three groups, as follows: DP296F transplanta-
tion group, RTA402-treated DP296F transplantation group,

and the corresponding control (n = 12—13, and n = 11-14
for each group, respectively). If an animal exhibited symp-
toms, such as rapid weight loss, humane endpoints were
applied, and the affected animal was sacrificed by exsangui-
nation from the abdominal aorta under isoflurane anesthesia.
In addition, animals subjected to myelotomy died because of
urinary tract dysfunction, including infection, hematuria, and
dysuria (in total, 9 out of the 27 rats for Fig. 1 [11 out of 38
for the replication] and 11 out of the 37 mice for Fig. 7 [10
out of 38 for the replication] were excluded from the
analyses).

Animal Surgery for Complete Transection of the
Rat Spinal Cord and DPC Transplantation

Rat models of SCI with complete cord transection were gen-
erated as described previously?. Briefly, 7-week-old female
Wistar rats (weight, 120-130 g at the beginning of the exper-
iment) were anesthetized using a combination of three anes-
thetics, i.e., medetomidine hydrochloride, midazolam, and
butorphanol tartrate. After laminectomy at the level of the
10" thoracic vertebra, the spinal cord was completely tran-
sected using microsurgical scissors. After the arrest of hem-
orrhage, the distal stump was carefully lifted to confirm
complete transection, and it was ensured that the distal and
proximal stumps were in contact when the former stump was
returned to its original position. Immediately after surgery,
DPCs [1 X 10° cells in 10pl of phosphate-buffered saline
(PBS) per rat] were transplanted into the gap between the
rostral and caudal spinal cord stumps. After cell transplanta-
tion and suturing of the muscles and skin, the animals were
unanesthetized by subcutaneous injection of atipamezole at 1
mg/kg and placed in standard cages, allowed free access to
food and water, and maintained at 23°C +2°C with a 12-h
light/dark cycle. Manual bladder evacuation was performed
twice a day until recovery of bladder function was observed.
For immunosuppression, the rats received daily intraperito-
neal (i.p.) injections of cyclosporine A (10 mg/kg; C-6000,
LC Laboratories, Woburn, MA, USA). All rat surgeries were
performed by one operator (K.N.), to avoid potential
confounding.

DPCs were subcultured in 10% FBS-aMEM containing
10 ng/ml FGF2 for 2 weeks. The DPCs were dissociated
using TrypLE Express (Thermo Fisher Scientific Inc), and
then washed with PBS three times before cell
transplantation.

Animal Surgery for Compression Injury of the
Mouse Spinal Cord and DPC Transplantation

SCI model mice with a spinal cord compression injury were
generated as described previously*?, with slight modifica-
tions. Briefly, 7-week-old female ddY mice (weight, 28-30 g
at the beginning of the experiment) were anesthetized using
a combination of the three anesthetics mentioned above.
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Figure 1. Effect of basic fibroblast growth factor (FGF2) priming on the properties of the seven individual donor-derived dental pulp
cell (DPC) clones. (A) Effect of FGF2-primed DPC clone (DP74F or DP264F) transplantation on the locomotor function of rats with a
completely transected spinal cord at the injury site. The locomotor function of the hind limbs was evaluated weekly for 7 weeks after
injury. The values are expressed as individual scores with mean lines. Significant differences from the control group (rat with spinal cord
injury with PBS injection) were determined using two-way repeated-measures ANOVA with post-hoc Tukey’s multiple comparison
test. *P < 0.05; n = 6 for each group. (B) Effect of FGF2 priming on the cell migration indices of the individual donor-derived DPC
clones (DPC-S and DPC-F; DPC clones primed without and with FGF2, respectively). The values are expressed as the mean * standard
deviation (SD). Significant differences from the FGF2 non-treated groups were determined using two-way ANOVA with post-hoc
Tukey’s multiple comparison test. ***P < 0.0001; n = 12 for each group. (C) Effect of FGF2 priming on the cell viability of 0.3 mM
H,O,-treated individual donor-derived DPC clones. The values are expressed as the mean * SD Significant differences from the FGF2
non-treated groups were determined using the two-way ANOVA with post-hoc Tukey’s multiple comparison test. *P < 0.05; N = 4 (n

= 6) for each group.

After laminectomy at the level of the 12" thoracic vertebra,
an extradural spinal cord compression was performed using
plastic microvascular clips with a closing power of 60 g/mm?
for 15 s (Biover disposable vessel clip, DCM-1, DIADEM
Industrial, Ibaragi, Japan). Subsequently, after the muscles
and skin were sutured, the animals were injected intrave-
nously (i.v.) with DP296F (1 X 10° cells in 0.3 ml of PBS per
mouse), unanesthetized by subcutaneous injection of atipa-
mezole at 1 mg/kg, and placed in standard cages. Manual
bladder evacuation was performed twice a day until recovery
of bladder function was observed. For immunosuppression,
the mice received daily i.p. injections of cyclosporine A
(10mg/kg). All mouse surgeries were performed by one
operator (H.K.), to avoid potential confounding.

For treatment with RTA402 (MedChemExpress, Monmouth
Junction, NJ, USA), DP296 was subcultured in 10% FBS-
oaMEM containing 10 ng/ml FGF2 for 2 weeks, and the cells
were treated with or without 150 nM RTA402 (final concen-
tration) for 18 h. The DPCs were dissociated using TrypLE
Express (Thermo Fisher Scientific Inc), and then washed with
PBS three times before cell transplantation.

Assessment of Locomotor Function

The locomotor functions of the hindlimbs were assessed
using the Basso, Beattie, Bresnahan Locomotor Rating Scale
(BBB) (for rats) or the Basso Mouse Scale (BMS) (for mice)
locomotor scale in the open field, as described previously>*-°.
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The evaluation was performed 1 day after the administration
of the injury, and it was subsequently performed once weekly
by two observers (for rats, T.M. and H.S.; for mice, K.N. and
A.T.) who were blinded to the experimental treatment, then
continued for 7 (rats) or 5 (mice) weeks after injury.

Comparison of Cell Proliferation Rates

The cell proliferation rates were compared based on the dou-
bling time. DPC clones were plated in parallel at 2.0 X 103
cells in 6-cm dishes. After 24, 72, and 144 h, the cells were
washed with 1X PBS, detached using TrypLE Express
(Thermo Fisher Scientific Inc), and manually counted using
a hemacytometer. The cells were passaged at 2.0 X 10° cells
in a 6-cm dish every 3 days. The increase in cell count com-
pared with the initial cell count was used to calculate the
doubling time by assuming an exponential growth model.
Nonlinear regression was performed using GraphPad Prism
9 version 9.5.1 for Windows (GraphPad Software Inc, San
Diego, CA, USA), to fit the exponential phase to an expo-
nential growth function. The doubling time was calculated
by dividing In (2) by the constant rate (k) obtained through
nonlinear regression. The experiments were performed using
seven to eight biological replicates.

Migration Assay

The migration of DPCs was evaluated using the in vitro
scratch wound healing assay. DPCs were plated into type IP
collagen (Cellmatrix Type 1P; 638-0063, Nitta Gelatin Inc,
Osaka, Japan)-coated 24-well plates at 6.0 X 10* cells/well
and cultured with the respective growth medium for 24 h, to
reach 100% confluence in the well. Then, a scratch (a cell-
free zone) was made using a sterile 1,000-pl pipette tip, the
cell debris was removed with serum-free o-MEM, and
micrographs were acquired using an inverted microscope
immediately afterward. Subsequently, at 24 h after culture,
micrographs were collected again to observe cells migrating
into the scratch. The migration index of each DPC clone was
defined as the number of cells that migrated into the scratch
over a period of 24 h (second micrograph) divided by the
area of the scratch (first micrograph) (number/pm?).

MTT Assay

Cell viabilities were compared based on the absorbance
measured in the MTT assay. DPCs were plated at 4.0 X 103
cells/100 upl/well in 96-well plates. Twenty-four hours
later, 100 pl of the respective medium was added per well
(for DPC-S, 10% FBS-aMEM; for DPC-F, 10% FBS-
oaMEM with 10 ng/ml FGF2), and 100 pl of the medium
was replaced with fresh medium containing various con-
centrations of H,O,. Twenty-four hours later, 10 ul of the
3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl tetrazolium
bromide (MTT, Sigma-Aldrich) solution (10 mg/ml in

PBS) was added per well, and the DPCs were incubated for
4 h. After the dissolution of the crystals in HCl/isopropa-
nol, the absorbance was measured at 570 nm using a
microplate reader (Multiskan FC, 51119000 Thermo Fisher
Scientific Inc). The average absorbance of the DPC-S
treated with 0 mM H,O, was regarded as 100%, and the
percentage of the cell viability per well was expressed.
Each experiment was performed using 6-well/96-well
plates (n = 6) and was repeated four times (N = 3 or 4).
For RTA402 (MedChemExpress) treatment, 24 h after
DPCs were seeded, 100 pl of the respective medium contain-
ing RTA402 (the final concentration of RTA is indicated in
each figure legend) was added per well. Eighteen hours later,
DPCs were treated with various concentrations of H,0,, and
the MTT assay was performed at 24 h as described above.

Total Antioxidant Capacity Assay

DPC clones were plated in parallel at 3.0 X 103 cells in
6-cm dishes. At 24 h, the cells were cultured and treated
with 150 nM RTA402 (final concentration) in their respec-
tive media for 18 h. DPCs were detached using TrypLE
Express (Thermo Fisher Scientific Inc), washed with 1X
PBS three times, and lysed with 300 ul of ice-cold 1 X PBS
via sonication for 1 min. The total antioxidant capacity
(TAC) of the cellular lysate was measured using a chemical
colorimetric method with a commercial antioxidant assay
kit (OxiSelect TAC Assay Kit, STA-360, Cell Biolabs, Inc,
San Diego, CA, USA). This method relies on the ability of
the antioxidants in the sample to reduce copper (II) to cop-
per (I), such as uric acid. Each experiment was performed
using four dishes (n = 4).

Western Blot Analysis

Western blotting was performed as described previously*”-,

Briefly, DPCs were washed with 1X Tris-buffered saline
(TBS) [10 mM Tris-HCI buffer (pH 7.4) containing 0.15 M
NaCl] and lysed with lysis bufter [20 mM Tris-HCI (pH 7.4)
containing 150 mM NaCl, 2 mM ethylenediaminetetraacetic
acid (EDTA), 1% NP-40, 10 pg/ml aprotinin, 10 pg/ml leu-
peptin, 50 mM NaF, 1 mM Na,VO,, 1 mM phenylmethylsul-
fonyl fluoride, 0.1% sodium dodecyl sulfate, and 1% Na
deoxycholate]. Each sample, containing 1-10 pg of proteins
(depending on the target protein to be detected; Supplemental
Table 2), was electrophoresed through sodium dodecyl sul-
fate polyacrylamide gel electrophoresis on 10% or 14% gels.
The proteins were transferred to a polyvinylidene difluoride
membrane (Pall Life Sciences, Portsmouth, UK), which was
then blocked with 5% skim milk (Morinaga Milk Product,
Tokyo, Japan) in 20 mM Tris-HCI (pH 7.4) containing 0.5 M
NaCl and 0.05% Tween-20 at room temperature for 1 h.
Subsequently, the membranes were incubated with primary
antibodies (diluted with the appropriate blocking solution for
the primary antibody used; Supplemental Table 2) at 4°C
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overnight, washed, and reacted with alkaline phosphatase—
conjugated antimouse or antirabbit IgG antibodies (as sec-
ondary antibodies) at room temperature for 1 h (Promega,
Madison, WI, USA). Finally, protein bands were developed
using nitroblue tetrazolium and 5-bromo-4-chloro-3-indoryl
phosphate p-toluidine salt. The bands on Western blots were
assessed by densitometric analysis using Image J (NIH
Image, Bethesda, MD, USA).

Tissue Preparation for Imnmunohistochemical
Analysis

Tissue preparation and an immunobiological analysis were
performed as described previously®. Briefly, 5 weeks after
injury and BMS scoring, mice were sacrificed for histologi-
cal processing. The mice were cardio-perfused with a 4%
paraformaldehyde (PFA) solution under terminal anesthesia
via 1.p. injection of sodium pentobarbital. Eight-millimeter-
long spinal cord tissues, ie, 4.0 mm rostral and caudal to the
lesion epicenter, were dissected and postfixed in 4% PFA
overnight at 4°C. The tissues were then soaked in cold PBS
containing 20% sucrose overnight at 4°C, and subsequently
frozen in embedding compound (Sakura Finetek, Tokyo,
Japan). Sagittal serial 25-pum-thick sections were prepared
using a cryostat (model CM 1850; Leica, Nussloch,
Germany), attached to adhesive-coated slides (Matsunami
Glass, Bellingham, WA, USA), and dried before being used
in immunofluorescence studies.

The sections were fixed with 4% PFA solution for 10
min at room temperature, then permeabilized for 30 min at
37°C with 0.3% (v/v) Triton X-100 in 0.1 M Tris-HCI buf-
fer (pH 7.4). After washing with PBS, the sections were
blocked for 30 min at room temperature in PBS containing
2% Block Ace, and then reacted with a diluted primary anti-
body specific for GFAP [1:1,000, GFAP (2E1) sc-33673,
Santa Cruz Biotechnology, Santa Cruz, CA, USA] or 5-HT
(1:5,000, 20080, Immunostar Inc, Hudson, WI, USA) over-
night at 4°C. After washing with PBS, the sections were
incubated with a fluorescence-conjugated secondary anti-
body overnight at 4°C [Alexa 546-conjugated goat anti-
mouse IgG (A-11008) and Alexa 488-condugated goat
antirabbit IgG (A-11003), 1:1,000; Invitrogen, Waltham,
MA, USA]. The slides were washed with PBS and cover-
slipped with CC/Mount (Diagnostic BioSystems,
Pleasanton, CA, USA). Finally, the slides were imaged
using an immunofluorescence microscope (BZ-X800 All-
in-One; Keyence, Osaka, Japan).

Statistical Analysis

The data are expressed as the mean * standard deviation. All
statistical analyses were performed using GraphPad Prism 9
version 9.5.1 for Windows (GraphPad Software Inc) accord-
ing to the Prism 9 Statistics Guide (https://www.graphpad.

com/guides/prism/latest/statistics/index.htm). All details of
the statistical analyses are described in the figure legends.
Briefly, Student’s #-test was used for significance testing
between two groups. For multiple comparison testing,
Turkey’s multiple comparison tests were performed after a
one- or two-way analysis of variance (ANOVA). In all cases,
statistical significance was determined using a 95% confi-
dence interval; therefore, P < 0.05 was deemed significant.

Results

Effect of FGF2 Pre-treatment on the Properties of
Seven Distinct Donor-Derived DPCs

The hindlimb locomotor function of rats with complete spi-
nal cord transection was evaluated after DPC transplanta-
tion: two DPC clones (DP74 and DP264) were prepared
from two human donors aged 13—16 years and were cultured
with FGF2 for three passages. Compared with the control
group, the rat SCI group transplanted with DP74F showed a
remarkable recovery of locomotor function. In contrast, the
rat SCI group transplanted with DP264F exhibited no recov-
ery of motor function (Fig. 1A). Previously, a similar evalu-
ation was performed using five distinct donor-derived DPC
clones, with some clones yielding no recovery of hindlimb
motor function in rats with SCI after FGF2 pre-treatment fol-
lowed by transplantation (transplantation effect, DPIF,
DP31F, and DP165F; no transplantation effect, DP185F and
DP296F?%).

To address the basic cell biological properties of DPCs
related to the locomotor-function recovery from the SCI
after cell transplantation, the doubling time of DPCs primed
with FGF2 was first examined using the above-mentioned
DPCs derived from seven distinct donors. The doubling
times of DP74, DP165, and DP185, as calculated using In
(2)/k, were less than 2 days; in turn, those of DP1, DP31,
DP264, and DP296 were over 2 days, when the DPCs were
cultured under FGF2-free conditions (Table 1 and
Supplemental Fig. 1). FGF2 priming significantly shortened
or tended to shorten the doubling times of most DPC clones
(DPC-S vs DPC-F in DP1, DP31, DP264, and DP296, P =
0.0006, P = 0.0009, P < 0.0001, P < 0.0001; and DP165
and DP185, P = 0.1499, P = 0.1272; respectively), with the
exception of DP74 (longer, P < 0.0001). No relationship
was observed between the doubling time and locomotor-
function recovery among the seven FGF2-primed DPC
clones (Table 1).

Next, we examined the migratory ability of cells using
the wound healing assay. The cell motility migration index
of DP1, DP165, DP264, and DP296 tended to be or was
significantly greater than that of DP31, DP74, and DP185
cultured under FGF2-free conditions (DP1S vs DP31S,
DP748S, and DP185S, P < 0.001, P < 0.0001, and P <
0.0001; DP165S vs DP31S, DP74S, and DP185S, P =
0.09, P < 0.005,and P < 0.01; DP264S vs DP31S, DP74S,
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Table I. Doubling Time of DPCs.
DPI DP31 DP74 DP165 DP185 DP264 DP296
Constant rate (k) DPC-S 0.445 0.458 0.315 0.331 0.260 0.435 0.405
DPC-F 0.548%* 0.588%* 0.144%%* 0.366 0.294 0.545%#* 0.54 %+
Doubling time (days) DPC-S 1.45 1.51 2.20 2.10 2.67 1.60 1.71
DPC-F 1.20 1.18 4.80 1.90 2.36 1.27 1.28

Effect of basic fibroblast growth factor (FGF2) priming on the growth of individual donor-derived clones (n = 7-8). The growth curves of individual
dental pulp cell (DPC) clones were analyzed using nonlinear regression. The doubling times of DPC clones were calculated using In (2)/k. **P < 0.001;
4P < 0.0001, the constant rate (k) was compared between DPC clones primed without and with the basic fibroblast growth factor (DPC-S and DPC-F,

respectively), using the extra sum of the square F test.

and DP185S, P = 0.49, P = 0.06, and P = 0.07; DP296S
vs DP31S, DP74S, and DP185S, P =0.96, P = 0.46, and P
= 0.42; respectively). FGF2 priming enhanced the cell
motility migration index of several DPC clones (DPC-S vs
DPC-F in DP1, DP31, DP264, and DP296, P < 0.001, P <
0.001, P < 0.001, and P < 0.001, respectively). The cell
motility migration index of DP1, DP264, and DP296 was
significantly greater than that of DP31, DP74, DP165, and
DP185 cultured under FGF2-treated conditions (DP1F vs
DP31F, DP74F, DP165F, and DP185F, P < 0.001, P <
0.001, P < 0.001, and P < 0.001; DP264F vs DP31F,
DP74F, DP165F, and DP185F, P < 0.001, P < 0.001, P <
0.001, and P < 0.001; DP296F vs DP31F, DP74F, DP165F,
and DP185F, P < 0.001, P < 0.001, P < 0.001, and P <
0.001; respectively). However, no relationship was
observed between the migration index and the treatment
efficacy (Fig. 1B).

To assess the antioxidative activities of DPCs, we exam-
ined the survival ratio at 24 h after treatment with 0.3 mM
H,O,: treatment at this concentration of H,O, induced a
clear difference in the survival ratio of DPCs among the
different clones; i.e., the averaged survival ratio of DP31,
DP74, and DP185, but not that of DP1, DP165, DP264, and
DP296, was over 10%, whereas that of DP74 was signifi-
cantly higher than those of clones cultured under FGF2-
free conditions (DP74S vs DPIS, DP31S, DPI165S,
DP185S, DP264S, and DP296S, P < 0.0001, P = 0.09, P
< 0.0005, P < 0.0001, P < 0.0005, and P < 0.0005,
respectively). FGF2 priming significantly enhanced DP165
(P < 0.05, Fig. 1C). Thus, with the exception of DPI,
FGF2-primed DPC clones with therapeutic efficacy for SCI
model rats (DP31F, DP74F, and DP165F) showed an
increase of over 20% in the averaged survival ratio and a
higher resistance to 0.3 mM H,O, compared with DPC
clones without therapeutic efficacy (DP185F, DP264F, and
DP296F) (DP31F vs DP185F, DP264F, and DP296F, P <
0.01, P < 0.05 and P = 0.07; DP74F vs DP185F, DP264F,
and DP296F, P < 0.001, P < 0.001, and P < 0.001; DP165
vs DP185F, DP264F, and DP296F, P < 0.01, P < 0.05, and
P < 0.05; respectively). In addition, none of the parameters
examined here was correlated with donor age and sex or the
stage of tooth development (Supplemental Table 1).

Expression of Proteins Associated With the
Antioxidant Activities of DPCs

The levels of expression of proteins associated with antioxi-
dative activities were examined in DPCs by Western blot-
ting. First, the effects of FGF2 priming on the expression of
antioxidant factors [catalase, glutathione peroxidase
(GPx)1/2, Nrf2, and heme oxygenase (HO)-1] after treat-
ment of DP1 and DP31 with 0.3 mM H,0, (Fig. 2 and
Supplemental Fig. 2) were examined, because these two
FGF2-primed DPC clones significantly differed regarding
their resistance to H,O,-induced cytotoxicity (DPIS vs
DP31S, P = 0.35; DP1F vs DP31F, P < 0.05; respectively,
Fig. 1C). The expression levels of catalase and GPx1/2 were
higher (~1.5-fold) after 0-3 h of exposure to H,0, in DP31F
vs DP31S, although these differences between the two
groups were decreased after 6 h of exposure to H,O, (up to
48 h, Fig. 2). Conversely, in DP1, FGF2 priming had little
effect on the expression levels of catalase and GPx1/2, which
tended to decrease at 48 h after H,O, treatment (Fig. 2). No
significant alterations were found in the expression levels of
Nrf2 and HO-1 after FGF2 priming or H,O, treatment
(Supplemental Fig. 2).

Subsequently, the effects of FGF2 priming on the
H,0,-induced catalase and GPx1/2 expression levels were
examined in the seven DPC clones. Catalase expression in
DP31 and GPx1/2 expression in DP74 and DP165 were
significantly increased (Fig. 3A, B: 0 h and Fig. C,D: 3 h
after 0.3 mM H,0, treatment). The correlation between
survival (after 24 h) and the expression of each antioxi-
dant factor at 3 h after 0.3 mM H,O, treatment was not
statistically significant for catalase (R?>= 0.001, P = 0.77,
Fig. 3D), whereas it was significant for GPx1/2 (R* =
0.67, P < 0.0001, Fig. 3E). Therefore, regardless of FGF2
priming, DPCs expressing a higher level of GPx1/2 at 3 h
after 0.3 mM H,O, treatment were more resistant to H,0,-
induced cytotoxicity.

Effect of Nrf2 Activation on the Expression of
Antioxidant Factors in DPCs

As described above, the expression of Nrf2, which plays an
important role in oxidative stress defense, was
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Figure 2. Effect of basic fibroblast growth factor (FGF2) priming on the time-dependent alterations in the expression levels of catalase
and glutathione peroxidase 1/2 (GPx1/2) in DPI and DP31 after treatment with 0.3 mM H,O,. A. DP| and DP31 were treated with 0.3
mM H,0,. After the indicated periods, the expression levels of the catalase and GPx/2 proteins were determined by Western blotting,
together with the evaluation of 3-actin as a loading control. The results obtained for catalase (B) or GPx1/2 (C) are reported as the
mean * standard deviation. Significant differences from the FGF2 non-treated groups were determined using two-way ANOVA with
post-hoc Tukey’s multiple comparison test. *P < 0.05; **P < 0.01, n = 4-5 for each group.

not significantly affected, and the expression of the protein
product of its downstream gene, HO-1, even tended to
decrease in the presence of FGF2 priming. Thus, the Nrf2
expression/activity and oxidative stress resistance of DPCs
may not be sufficiently induced by FGF2 priming. Therefore,
we investigated the possibility that an Nrf2 activator,
RTA402, enhances the antioxidant capacity and resistance to
H,0,-induced cytotoxicity of DPCs.

No significant increase in the TAC in DPC clones was
induced by either FGF2 priming or RTA402 treatment alone,
with the exception of DP31 (DPC-S vs DPC-F, P < 0.001),
or DP165 and DP264 (DPC-S vs DPC-S+RTA402, P <
0.05 and P < 0.01, respectively). Because of a synergistic
and/or additive effect, the TACs of DPCs were significantly
increased by both FGF2 priming and RTA402 treatment
compared with those detected in DPCs cultured under FGF2/
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Figure 3. Effect of FGF2 priming on the expression levels of catalase and glutathione peroxidase 1/2 (GPx1/2) in individual donor-
derived dental pulp cells (DPCs) after treatment with H,O,. Each DPC clone was treated with 0.3 mM H,O,. At 0 h (A, B) or 3 h (C)
after the treatment, the expression levels of the catalase (A, C) and GPxI/2 (B, C) proteins were determined by Western blotting,
together with the evaluation of -actin as a loading control. The results obtained for catalase, or GPx1/2, are shown as the mean *
standard deviation. Significant differences from the FGF2 non-treated groups were determined using two-way ANOVA with post-hoc
Tukey’s multiple comparison test. *P < 0.05; **P << 0.01, n = 4-5 for each group. Correlation analyses of the expression levels of
catalase (D) or GPx1/2 (E) with cell viabilities at 24 h after treatment with 0.3 mM H,O,.
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RTA402-free conditions, for each clone and among all clones
together (DPC-S vs DPC-F+RTA402 and DPC-F vs DPC-
F+RTA402, P < 0.01 and P < 0.05, respectively;
Supplemental Table 3 and Fig. 4).

Conversely, the resistance to H,O, cytotoxicity was sig-
nificantly increased by RTA402 treatment in the DP1, DP31,
and DP296 clones, regardless of FGF2 priming (Fig. 5). The
cell viabilities of those RTA402-treated DPC clones after
treatment with high concentrations of H,O, (Fig. 5) were
even more than comparable with those detected for DP31F,
with significant therapeutic effects on rat SCI. Notably, the
cytotoxicity of H,0O, depends on the lot, and the experiments
depicted in Fig. 5 were carried out using different lots com-
pared with those employed in the experiments reported in
other figures. Thus, the cytoprotective effect against oxida-
tive stress is thought to be regulated by RTA402 treatment or
FGF2 priming at least partially independently of TAC (Figs.
1C and 5).

The expression of antioxidant factors, such as HO-1 (oxi-
dative stress protection) and NAD(P)H-quinone dehydroge-
nase 1 (NQOI1) (xenobiotic metabolizing enzyme), was
concentration-dependently upregulated by RTA402 treat-
ment in both DP31 and DP296 (Fig. 6), whereas the effective
concentration of RTA402 and/or the effect of FGF2 priming
on the expression of these factors differed according to clone.
In contrast, the expression levels of catalase, the catalytic
subunit of y-glutamyl-cysteine ligase (y-GCLc), and GPx1/2
were not affected by RTA402 treatment (Supplemental Fig.
4); these enzymes are known to detoxify H,O,, thus reducing
oxidative stress.

Therefore, combined with FGF2 priming, RTA402
seemed to enhance the TAC and cytoprotective effect against
oxidative stress in several DPC clones (Figs. 4 and 5 and

Supplemental Table 3), although the molecular mechanisms
underlying these effects are likely to be slightly different in
each clone, eg, protein expression of individual antioxidant
factors (Figs. 3 and 6).

Effect of FGF2 Priming on the Expression of
Neurotrophic Factors and p2 |-Activated Kinases
in DPCs

For the functional repair of the injured spinal cord, it is
important that the transplanted DPCs migrate to the lesion
epicenter and produce and secrete neurotrophic factors.
Therefore, we first examined the expression of p21-activated
kinases (PAKs) 1 and 2 (Supplemental Fig. 3A—C) or tissue
inhibitors of metalloproteinase 2 (TIMP2) (Supplemental
Fig. 3A, D) in each DPC clone and analyzed the relationship
between the expression levels of these factors and the migra-
tion index (Supplemental Fig. 3E, F). Both PAKs and TIMP2
are important factors for cell proliferation and migration and
tissue invasion: PAKs regulate the rearrangement of the actin
cytoskeleton®*#° and TIMP2 inhibits matrix metalloprotein-
ases from degrading extracellular matrix substrates*!. The
expression levels of these factors were similar among the
DPC clones, and FGF2 priming significantly upregulated
PAK1 and PAK2, but not TIMP2, across the seven clones
(DPC-S vs DPC-F, P < 0.005, P < 0.05, and P = 0.70,
respectively), although no significant differences were
observed among individual donors (Supplemental Fig. 3A—
D). Conversely, the migration index of DPC-S was corre-
lated with the expression of TIMP2 (Supplemental Fig. 2E:
TIMP2, R? = 0.34, P < 0.0001; PAK2, R? = 0.005, P =
0.47, respectively), whereas that of DPC-F was positively
correlated with PAK2 (Supplemental Fig. 3F: TIMP2, R? =
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Figure 5. Effect of RTA402 on the resistance to H,O,-induced cell death in individual donor-derived dental pulp cells (DPCs) [DPC-S
and DPC-F; DPC clones primed without and with basic fibroblast growth factor (FGF2), respectively]. After priming with/without

FGF2 and treatment with/without 150 nM RTA402, each DPC clone (A, B: DPI; C, D: DP31; and E, F: DP296) was exposed to H,O,

at various concentrations (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 mM) for 24 h, followed by the MTT assay. The ratios of the absorbance
values recorded for the DPCs exposed to H,O, were calculated relative to the control (neither H,O,- nor RTA402-treated DPCs). The
values are expressed as the mean = standard deviation. Significant differences between the two groups were determined by two-way
ANOVA with post-hoc Tukey’s multiple comparison test. *P < 0.05; **P < 0.01; and ***P < 0.001 vs DPC without RTA402 treatment
with H,0, at the same concentration; N = 3 (n = 6) for each group.

0.07, P < 0.001; PAK2, R*> = 0.57, P < 0.0001, respec-
tively), suggesting that PAK2 is a key regulator of FGF2-
induced DPC migration. The FGF2-induced upregulation of
either PAK1 or PAK2 was not affected by RTA402 treatment
in DP31 and DP296 (Supplemental Fig. 5).

Next, we examined the expression levels of the brain-
derived neurotrophic factor (BDNF), glial cell line-derived
neurotrohpic factor (GDNF), and hepatocyte grouwth fac-
tor (HGF) proteins, which are neurotrophic factors that pro-
mote neuroprotection and axonal regeneration in the injured
spinal cord*>**. Using the average data of individual clones
(total of seven clones), no significant alterations in the
expression of the neurotrophic factors were observed after
FGF2 priming and RTA402 treatment alone, or both; in
turn, the expression of GDNF was slightly but significantly

increased by FGF2 priming (Supplemental Fig. 6). Thus,
FGF2/RTA402 treatment may have enhanced, but it did not

seem to attenuate the production of neurotrophic factors by
DPCs.

The Activation of the Antioxidant Capabilities of
DPCs Improves the Locomotor Function of SCI
Model Mice After Their Transplantation

Finally, the therapeutic effects of DPCs pre-treated with
FGF2/RTA402 on the SCI model were investigated.
Considering the previous reports of the application of
BMSCs using various delivery methods for the successful
functional recovery of SCI model animals, in this study, we
examined the effect of a single i.v. administration of DPCs
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Figure 6. Effect of RTA402 on the expression levels of the heme oxygenase-1 (HO-1) and NAD(P)H-quinone dehydrogenase |
(NQOI) proteins in DP3| and DP296 primed with basic fibroblast growth factor (FGF2). After priming with/without FGF2, each dental
pulp cell (DPC) clone was treated with various concentrations of RTA402 (0, 50, and 150 nM) for 24 h. (A) The expression of the HO-1
and NQO| proteins was determined by Western blotting, together with the evaluation of 3-actin as a loading control. The results
obtained for HO-I (B) or NQOI (C) are shown as the mean = standard deviation. Significant differences between the two groups were
determined by two-way ANOVA with post-hoc Tukey’s multiple comparison test. *P < 0.05; **P < 0.01, and ***P < 0.00| vs DPC-S

untreated with H,O, and #P < 0.05; ##P < 0.01, and ###P < 0.001 vs

on mice with spinal cord compression injury. After i.v. injec-
tion of DP296, SCI model mice exhibited a slight but signifi-
cant recovery of locomotor functions in cases in which the
cells were pre-treated with FGF2/RTA402, but not with
FGF2 alone (Fig. 7A). Notably, the locomotor functions of

DPC-F untreated with H,O,, n = 4 for each group.

the SCI model mice were determined using the BMS score,
because BMS is considered to be a sensitive, valid, and reli-
able method to measure locomotor functions in SCI model
mice’>¥, In addition, an immunohistochemical analysis
revealed that the number of descending 5-HT *-nerve fibers,
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Figure 7. Effect of the i.v. transplantation of DP296F treated with/without RTA402 (DP296F+RTA402 or DP296F) on the locomotor
function of mice with a compression spinal cord injury (SCI). (A) The locomotor function of the hind limbs was evaluated weekly for 5
weeks after injury. The values are expressed as individual scores with mean lines. Significant differences from the control group (SCI mice
with PBS injection) were determined using two-way repeated-measures ANOVA with post-hoc Tukey’s multiple comparison test. n =
8-10 for each group. (B) At 5 weeks after cell transplantation, an immunohistochemical analysis was performed using the central sagittal
section of the spinal cord tissues. The lower panels depict a higher magnification of the boxed regions in the upper panels. Note that a
measurable number of 5-HT"-nerve fibers were detected in the DP296F+RTA402 groups (three out of four), but not in the remaining
groups (0 out of four) below the caudal edge of the injury sites. Single scale bar, 500 um; double scale bars, 100 pm; respectively.

which is closely related to locomotor function, was greater in
the lesion epicenter of the DP296F+RTA402 group com-
pared with those of the control and DP296F groups at 5
weeks after transplantation (Fig. 7B).

Discussion

Previous studies have examined the basic properties of
human DPCs in various culture conditions and used cells

prepared from dental tissues from donors with distinct ages.
Many DPCs exhibit a mitotic frequency of 40-60 genera-
tions or more, and donor age has been reported to affect the
doubling time**¢, In contrast, the doubling time and migra-
tion capacity of DPCs are more strongly influenced by indi-
vidual differences than that are by donor age*®*’. In this
study, we examined the TAC, the resistance to H,O, toxicity
and therapeutic efficacy for SCI, together with the doubling
time and migration capacity of seven independent DPC
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clones derived from donors with distinct ages and sexes.
Because all parameters could not be categorized according to
donor age (or the developmental stages of the dental pulp),
they would be also attributed to the individual differences of
the DPC clones. Furthermore, FGF2 priming significantly
shortened the doubling time and enhanced the migration of
many DPC clones and the resistance to H,O,-induced cell
toxicity in certain DPC clones; however, no relationship was
found among the FGF2-induced alterations in parameters
(Fig. 1). Thus, it is suggested that FGF2 treatment can induce
a variety of DPC properties associated with their therapeutic
effect on the SCI model after transplantation; however, the
affected parameters and degree of enhancement are also
more strongly influenced by individual differences than they
are by the age of the donor of the DPC clone.

Effects of FGF2 and Nrf2 Activators on the
Expression of Antioxidant Factors and TAC in
DPCs

Similar to the resistance to H,O, cytotoxicity, the effect of
FGF2 priming on the expression of antioxidant factors also
differed among the DPC clones; catalase expression in DP31
(Fig. 3A, C) and GPx1/2 expression in DP74 and DP165
(Fig. 3B, C) were significantly increased, respectively.
Among all seven clones taken together, higher expression
levels of GPx1/2, which has H,0,-degrading activity*,
resulted in a greater survival activity of DPCs upon H,0O,
treatment (Fig. 3E). However, focusing on two specific
clones (DP74 and DP165), no relationship was observed
between FGF2-induced GPx1/2 expression and the resis-
tance to H,O, cytotoxicity (Figs 1 and 3). In addition to the
fact that FGF2 priming alone did not affect the TAC, these
results indicated that the antioxidant capacities and resis-
tance to H,O, cytotoxicity in DPCs were at least partially
independently regulated; these two parameters in individual
DPC clones may be regulated by selecting distinct subsets of
genes among various related enzyme groups.

Nrf2 is a transcription factor that regulates the expression
of over 300 target genes with roles in antioxidant and electro-
phile detoxification**?. Several chemicals that activate Nrf2
also suppress ROS-induced DPC death?* 2%, Therefore, Nrf2
activation was expected to be an effective means of compre-
hensively enhancing the antioxidant capacity of DPCs. In
fact, RTA402 treatment enhanced the cellular resistance to
H,0, cytotoxicity via the upregulation of the HO-1 and
NQOI proteins in both DP31 and DP296, regardless of FGF2
priming (Fig. 6).

Conversely, neither FGF2 priming nor RTA402 treatment
affected the TAC of DPCs, and additive and/or synergistic
effects were observed in both treatments (Fig. 4). Some pre-
vious studies indicated that FGF2 directly induces the
expression and nuclear translocation of Nrf2°'-33, which may
not be the case in DPCs. Because FGF2 priming did not

significantly affect Nrf2 and HO-1 expression (Supplemental
Fig. 2) or promote the RTA402-induced expression of the
HO-1 and NQOI proteins (Fig. 6). Conversely, RTA402
treatment limitedly induced the expression of Nrf2 down-
stream genes. As shown in Supplemental Fig. 4, RTA402 did
not affect the expression levels of catalase and GPx1/2, even
though they are also RTA402/Nrf2 signaling downstream
target genes 3, Therefore, we hypothesized that the cell-
specific epigenetic repressive regulatory mechanism of Nrf2
downstream genes>*>>” may be modified, and/or the cellular
metabolism, including protein synthesis, may be facilitated
by FGF2 priming. In fact, the osteoblast, odontoblast, and
neuronal differentiation of DPCs are significantly promoted
after FGF2 pre-treatment®®°!. In any case, the combination
of FGF2 priming with RTA402 treatment is considered to
minimize donor effects and enhance antioxidant activity and
cellular resistance to oxidative stress toxicity in DPCs.

What Is Desired for the Use of DPCs as a Cell
Transplantation—Based Therapy for Acute-Phase
Scr?

To exert their therapeutic efficacy, the transplanted DPCs
should reach the action site, i.e., the injury epicenter. The
transplanted cells should also overcome the high dose and
concentration of ROS-induced cytotoxicity and secrete vari-
ous cytokines and neurotrophic factors to modulate the
immune response, prevent neuronal cell death, and promote
axonal regeneration!®!”, In fact, we have previously reported
that the i.p. injection of a radical scavenger (edaravone)
alone does not lead to locomotor recovery in the complete
model, whereas the i.p. administration of edaravone enhances
DPCs (DP31S), to promote locomotor-function recovery in
combination with cell transplantation?. Here, because FGF2
not only enhanced the defense of DPC cells against oxidative
stress via the RTA402 treatment but also promoted the migra-
tion of various MSCs®>%*, FGF2 priming was considered to
enhance the capabilities of DPCs as cellular agents for SCI
therapy. In fact, FGF2 priming tended to enhance the growth
and migration (Fig. 1) of many DPC clones, with an increase
in the expression levels of PAK1 and PAK2. PAKs are major
regulators of cytoskeletal rearrangement and promote cell
migration and invasion®>. In addition, neither of the treat-
ments attenuates the expression of major neurotrophic fac-
tors (Supplemental Fig. 6).

Therapeutic Effects of DPC Transplantation With
Enhanced Antioxidant Capacity in SCI Mouse
Models

Using the SCI mouse model, we demonstrated that DP296,
which is a DPC clone originally without a therapeutic effect
on SCI, promoted the regeneration of 5-HT*-nerve fiber,
and improved BMS scores (Fig. 7) when the cells were
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treated with both FGF2 and RTA402. Thus, beyond the
clonal differences, both the RTA402 and FGF2 treatments
may sufficiently enhance the resistance of DPCs to oxida-
tive and nitrosative stress, which are widely accepted as
secondary injury mechanisms in spinal cord tissue'S.
Furthermore, 5-HT*-nerve fibers originating from the
raphe nucleus play an important role in the generation of
voluntary and coordinated motor functions®®®’. In this
study, transplantation of RTA402/FGF2-treated DPCs
yielded an increase in 5-HT "-nerve fibers below the caudal
side of the lesion epicenter. Although the number of 5-HT™-
nerve fibers was small and the effect was insufficient to
contribute to the recovery of coordinated movements, as
assessed based on the BMS score, future optimizing studies
in this direction could establish a curative strategy that gen-
erates the more pronounced effect of restoring motor func-
tion. For example, the modification of the route of
administration and multiple dosing may be successful. In
fact, various delivery methods for BMSC transplantation
were investigated to effectively improve the locomotor
function of SCI models, including intravenous, intraspinal,
and intrathecal injections®; in contrast, some reports have
indicated that intrathecal administration is significantly
more effective than i.v. administration®®°,

Conclusion

We have shown that the TAC and resistance to H,O, cytotoxicity
are important key factors underlying the DPC clonal differences in
the effect of locomotor function recovery of SCI model animals
after transplantation. For cell transplantation therapy in humans, not
only the factors on the patient side, such as the degree of SCI, but
also differences in the properties of the cells used for transplanta-
tion, which may affect functional recovery, should be considered.
In this study, we demonstrated that RTA402 treatment combined
with FGF2 priming may enhance the cytoprotective effects of DPCs
against oxidative stress and reduce the clonal differences in thera-
peutic efficacy. As an alternative, allogeneic transplantation of
HHH DPC clones, which have a high antioxidant activity and thera-
peutic efficacy and are less prone to immune rejection, may be an
option. In fact, because the DP74 clone used in this study was
derived from an HHH donor’® and these cells have shown remark-
able motor function recovery in a rat model of SCI (Fig. 1), estab-
lishing a DPC cell clone bank that is suitable for SCI treatment can
be envisioned as a future regenerative medicine approach.
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