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A B S T R A C T

Background: Because the regenerative ability of intervertebral discs (IVDs) is restricted, defects caused by dis-
cectomy may induce insufficient tissue repair leading to further IVD degeneration. An acellular bioresorbable
biomaterial based on ultra-purified alginate (UPAL) gel was developed to fill the IVD cavity and prevent IVD
degeneration. However, an acellular matrix-based strategy may have limitations, particularly in the elderly
population, who exhibit low self-repair capability. Therefore, further translational studies involving product
combinations, such as UPAL gel plus bone marrow-derived mesenchymal stem cells (BMSCs), are required to
evaluate the regenerative effects of BMSCs embedded in UPAL gel on degenerated IVDs.
Methods: Rabbit BMSCs and nucleus pulposus cells (NPCs) were co-cultured in a three-dimensional (3D) sys-
tem in UPAL gel. In addition, rabbit or human BMSCs combined with UPAL gel were implanted into IVDs fol-
lowing partial discectomy in rabbits with degenerated IVDs.
Findings: Gene expression of NPC markers, growth factors, and extracellular matrix was significantly
increased in the NPC and BMSC 3D co-culture compared to that in each 3D mono-culture. In vivo, whereas
UPAL gel alone suppressed IVD degeneration as compared to discectomy, the combination of BMSCs and
UPAL gel exerted a more potent effect to induce IVD regeneration. Similar IVD regeneration was observed
using human BMSCs.
Interpretation: These findings demonstrate the therapeutic potential of BMSCs combined with UPAL gel as a
regenerative strategy following discectomy for degenerated IVDs.
Funding: Ministry of Education, Culture, Sports, Science, and Technology of Japan, Japan Agency for Medical
Research and Development, and the Mochida Pharmaceutical Co., Ltd.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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1. Introduction

Lumbar intervertebral disc (IVD) herniation constitutes a common
cause of sciatica that can be treated by discectomy to remove IVD
materials compressing the nerve root. However, discectomy fails to
address the inherent probability of further IVD degeneration because
the IVD exhibits poor capacity for self-repair [1]. Consequently, the
potential remains for developing severe disabling lower back pain in
addition to reherniation, which can necessitate additional surgery
[2,3].
An innovative manoeuvre that could be applied at the time of dis-
cectomy to prevent these undesirable adverse effects would there-
fore improve surgical outcomes. Toward this end, advances in cell
biology and tissue engineering have led to significant progress in the
field of biological treatments to induce IVD regeneration [3]. among
these, bone marrow-derived mesenchymal stem cell (BMSC) trans-
plantation may represent a valid measure for the treatment of degen-
erated IVD disease [4]. In particular, the results of a randomized
controlled trial confirmed the feasibility and safety of this approach
for patients with chronic low back pain; moreover, BMSC-injected
patients demonstrated a significant improvement in functional indi-
ces compared with those of the control patients [4].

For patients with IVD herniation, however, a carrier biomaterial is
needed to prevent cell leakage and facilitate the differentiation and
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Research in context

Evidence before this study

Discectomy to treat degenerated intervertebral discs (IVD) may
offer temporary relief but may not induce tissue repair, espe-
cially in elderly patients with fewer endogenous nucleus pulpo-
sus cells (NPCs), and does not address the potential for further
degeneration. Previously, we reported the use of an acellular
bioresorbable ultra-purified alginate (UPAL) gel to prevent
post-discectomy IVD degeneration and facilitate extracellular
matrix (ECM) production following discectomy, with the poten-
tial for natural healing in young patients currently being evalu-
ated in a first-in-human clinical trial.

Added value of this study

To address the potential issue of limited IVD regeneration in
select patient populations, in the current study we demon-
strated that the combination of bone-derived mesenchymal
stem cells (BMSCs) with UPAL gel in vitro, and transplantation
thereof in vivo following discectomy in a rabbit model, pro-
moted endogenous NPC activation together with BMSC activa-
tion and differentiation into NPCs, together with growth factor
and ECM production and enhanced IVD regeneration. Notably,
similar results were obtained with either rabbit or human
BMSCs.

Implications of all the available evidence

The findings reveal that implantation of BMSCs combined with
gel is effective in preventing IVD degeneration. In addition, our
results highlight the interplay between BMSCs and existing
NPCs in achieving IVD regeneration. Thus, these findings dem-
onstrate the additional therapeutic potential of BMSCs, local-
ized at the IVD site by UPAL gel, as a regenerative strategy
following discectomy for degenerated IVDs and support the
future evaluation of this approach in a clinical setting, espe-
cially in an older population cohort.
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activation of BMSCs [5]; nevertheless, no hydrogels are yet clinically
available for use with discectomy-associated defects [2]. Recently, we
reported the use of an acellular bioresorbable ultra-purified alginate
(UPAL) gel to prevent post-discectomy IVD degeneration [2]. The
originally developed UPAL gel is highly purified with decreased endo-
toxicity (<1 £ 10�4 of that of commercially available laboratory algi-
nate) and is thus considered suitable for clinical use [2]. Our strategy
utilized CaCl2 surface coverage for alginate gelation (approximately
5 min), which adjusts to diversely shaped IVD defects without neces-
sitating suturing of the annulus fibrosis (AF) [2]. The UPAL gel facili-
tated extracellular matrix (ECM) production following discectomy,
exhibiting sufficient biomechanical characteristics without material
protrusion in rabbit and sheep models [2].

Previously, we suggested that viable endogenous nucleus pulpo-
sus (NP) cells migrated to discectomy sites filled with UPAL; persist-
ing NP progenitor cells were also recruited, resulting in endogenous
IVD repair [2]. Because residual NP tissue represents a possible source
of reparative cells [2], the quantity of NP and the grade of degenera-
tive changes may affect the ability of these cells to effect IVD repair
[2]. For example, as the in vivo rabbit and sheep models of IVD degen-
eration applied in our previous study were created from healthy
IVDs, which might show natural healing processes [2], we are cur-
rently conducting a first-in-human clinical trial in which the UPAL
gel is implanted following discectomy in young patients in their
20s�40s [6]. However, an acellular matrix-based strategy may have
limitations in an elderly population including such conditions as
combined lumbar canal stenosis (e.g., lumbar canal stenosis-compli-
cated IVD herniation). Therefore, further in vivo translational studies
of product combinations, such as UPAL gel plus BMSCs, are required
to identify strategies to address the course of post-surgery IVD
degeneration from its onset [2]. Accordingly, the purpose of the pres-
ent study was to investigate regenerative effects of transplanting
BMSCs embedded in UPAL gel on the degenerated IVDs following dis-
cectomy.

2. Materials and methods

2.1. Animal experimentation

All animal procedures were approved by the Institutional Animal
Care and Use Committee at Hokkaido University (approval number:
13-0051) and performed in accordance with the approved guidelines.
Male Japanese white rabbits (20 weeks old, 3¢2�3¢5 kg) were
obtained from Sankyo Labo Service Corporation (Tokyo, Japan).

2.2. Preparation of rabbit NP cells (NPCs)

NP samples were obtained from lumbar IVDs (from L1/2 to L5/6;
total 20 IVDs) from four rabbits following euthanization via intrave-
nous pentobarbital overdose. The NPCs were isolated from the NP tis-
sues and cultured as previously described [2,5,7,8]. Briefly, gelatinous
NP tissues were separated from AF using a micro ear forceps under
aseptic conditions. The tissue specimens were placed in culture
medium containing Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% foetal bovine
serum (Nichirei Bioscience, Tokyo, Japan), 1% penicillin/streptomycin,
and 1.25 mg/ml fungizone (Life Technologies, Waltham, MA, USA).
Exogeneous growth factors were not used. The samples were resus-
pended in medium supplemented with 0.25% collagenase (Wako
Pure Chemical Industries, Osaka, Japan) and incubated in a shaking
incubator at 37 °C with 20% O2 and 5% CO2 for four hours for cell iso-
lation by enzymatic digestion. The cells separated from the NP tissues
were expanded in culture dishes and cultured with the medium as
described above at 37 °C with 20% O2 and 5% CO2 in a humidified
atmosphere. Medium was changed twice weekly and the NPCs were
expanded to passage 2.

2.3. Preparation of rabbit allogeneic BMSCs

We used OriCellTM Rabbit Mesenchymal Stem Cells purchased
from Cyagen (Santa Clara, CA, USA; catalogue number: RBXMX-
01,001, lot number: 151114I31) as rabbit allogeneic BMSCs. These
cells have been tested for characteristics, post-thaw viability, cell
cycle, verification of undifferentiated state, and multipotent differen-
tiation ability along the osteogenic, chondrogenic, and adipogenic lin-
eages. The BMSCs were cultured according to the manufacturer’s
instructions, the medium as described above was replaced twice
weekly, and the BMSCs were used at passage 2.

2.4. Preparation of UPAL gel and three-dimensional (3D) culture

In this study, we used UPAL gel (Mochida Pharmaceutical Co. Ltd.,
Tokyo, Japan) as an alginate scaffold for 3D culture as previously
described [2]. The purification process of UPAL gel has been previ-
ously described [2]. Briefly, alginate in seaweed was extracted by
converting to water-soluble sodium alginate via a clarification proce-
dure [2]. As this alginate solution was highly viscous, this solution
was diluted with a large amount of water using proprietary unpub-
lished know-how technology [2]. Next, the extract was filtered to
divide sodium alginate solution from fibrous residue [2]. An acid
was added to isolate alginic acid from diluted solution based on



D. Ukeba et al. / EBioMedicine 53 (2020) 102698 3
know-how technology that is particularly suitable to produce high-
quality alginic acid [2].

We prepared 2% (w/v) UPAL solution dissolved in phosphate-buff-
ered saline (Wako Pure Chemical Industries) and 102 mM CaCl2 for
gelation. Prior to the 3D culture, the BMSCs were fluorescently
labeled with a final concentration of 20 mM 5,6 caboxyfluorescein
diactetate succinimidyl ester (CFDA-SE; CFDA-SE Cell Proliferation
Assay Kit; BIO RAD, Hercules, CA, USA) in accordance with the manu-
facturer’s instructions [9]. Subsequently, the labeled BMSCs and unla-
beled NPCs were encapsulated in the UPAL solution at ratio of 1:1
(each 1 £ 106 cells/ml) [1,10], resulting in a final cell density of
2 £ 106 cells/ml [9,10]. The UPAL/cell mixture was pipetted into
102 mM CaCl2 through a 22 gauge needle for gelation (Supplemen-
tary Fig. 1). The gel beads were cultured with the medium as
described above under hypoxia condition (5% O2 and 5% CO2) for
seven days [10]. Additionally, NPCs and BMSCs were separately
encapsulated in the UPAL solution with a cell density of 1 £ 106 cells/
ml. The cell density was set based on a previous study [11] comparing
the effects using a different total cell number in each group. Follow-
ing gelation, the gel beads were cultured under hypoxia condition in
the same manner. The experimental groups were as follows: (a) NPC
mono-culture; (b) BMSC mono-culture; and (c) NPC + BMSC co-cul-
ture.

At 0 and 7 days after culture, all gel beads were dissolved in
55 mM sodium citrate until the gels and cells were separated, as pre-
viously described [8]. In the NPC + BMSC co-culture group, the col-
lected cells were sorted using a BD FACSAria III High speed cell sorter
with Diva software version7.0 (BD Biosciences, San Jose, CA, USA)
[1,12]. The cells fluorescing at 530 nm were identified as BMSCs and
non-fluorescent cells were identified as NPCs, following exclusion of
dead cells and debris.
2.5. RNA extraction and real-time quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)

The collected NPCs and BMSCs were lysed in 1 ml TRIzol� (Invitro-
gen, Carlsbad, CA, USA) and total RNA was extracted from the sam-
ples using the RNeasy Mini kit (Qiagen, Valencia, CA, USA). Real-time
qRT-PCR analysis was performed using TaqMan� Gene Expression
Assays and Custom TaqMan� Gene Expression Assays (Applied Bio-
systems, Waltham, MA, USA) (Supplementary Table 1). A cycle
threshold (Ct) value was obtained for each sample, and the 2�DCt

method was used to calculate the relative mRNA expression of each
target gene normalized to the Ct value of the housekeeping gene
GAPDH [1].
2.6. In vivo study in a rabbit degenerated IVD model

A total of 48 rabbits were used for in vivo study. The sample size
was determined for each of the two time points used here based on
previous studies [2,7,8]. Of the 48 rabbits, 32 were randomly selected
for qualitative analysis of IVD degeneration (magnetic resonance
imaging (MRI), histology, and immunohistochemistry (IHC)), and a
total of 80 IVDs were randomly allocated for IVD degeneration analy-
sis of the Intact control, Puncture (puncture only for preparation of
degeneration), Discectomy (partial discectomy to create a cavity), Gel
(partial discectomy and implantation of UPAL gel), and BMSCs + Gel
(partial discectomy and implantation of BMSCs combined with UPAL
gel) groups (8 IVDs per group). Four rabbits were used for analysis of
viability of the implanted BMSCs using frozen sections of rabbit NP
tissue; a total of 8 IVDs were randomly allocated to Intact control and
BMSCs + Gel groups (4 IVDs per group). The remaining 12 rabbits
were used for qualitative analysis of HIF-1a, GLUT-1, and Brachyury,
which are proposed primary markers of healthy NPCs in humans
[13], using IHC of paraffin sections of rabbit NP tissue as described
below; a total of 36 IVDs were randomly allocated to the Intact con-
trol, Discectomy, and BMSCs + Gel groups (4 IVDs per group).

2.7. BMSC labeling and encapsulation in UPAL solution

For in vivo experiments, we used OriCellTM Rabbit Mesenchymal
Stem Cells at passage 2 as the implanted cells as in the in vitro study.
The BMSCs were labeled with CFDA-SE prior to implantation as
described above and encapsulated in 2% UPAL solution, resulting in a
final cell density of 1 £ 106 cells/ml [14].

2.8. Induction of IVD degeneration and cell implantation

In this study, we used a rabbit annular puncture model to obtain
degenerated IVDs as 20 week old rabbits are not sufficiently aged to
mimic the condition in the aged human population and it is difficult
to obtain older rabbits with uniform aging [8,15,16]. General anaes-
thesia was induced through intravenous injection of ketamine
(10 mg/kg) and xylazine (3 mg/kg) and maintained with O2 and air
(3¢0 l/min) mixed with sevoflurane (2�3%) in spontaneous ventila-
tion. IVD degeneration was induced by AF puncture using an 18
gauge needle at the L2/3 and L4/5 IVDs (Supplementary Fig. 2). L3/4
IVDs were left intact as controls.

Four weeks after IVD puncture, UPAL solution containing BMSCs
was implanted at the site of degenerated IVDs at L2/3 and L4/5 [8].
Under general anaesthesia, the spine was located via an antero-lat-
eral retroperitoneal approach. In the Discectomy, Gel, and
BMSCs + Gel groups, degenerated NP tissues were aspirated using
10 ml syringes and the remaining NP tissues removed using a micro
ear forceps (Nagashima Medical Instruments Co. Ltd., Tokyo, Japan)
at L2/3 and L4/5 IVDs (approximately 10�12 mg wet weight per IVD)
to create an IVD cavity, after making a hole via 18-gauge needle
puncture (Supplementary Fig. 3a). L3/4 IVDs were left intact as con-
trols. In the Gel group, IVD defects were filled with 20 ml of 2% UPAL
solution using a microsyringe (Hamilton Medical, Bonaduz, Switzer-
land) with a 27 gauge needle, and in the BMSCs + Gel group, IVD
defects were filled with UPAL solution containing BMSCs. Notably, a
27 gauge needle was used because it has been shown that a 26 gauge
needle did not affect cell viability or tissue degeneration [2,7,8,17].
Then, 1 ml of 102 mM CaCl2 was injected on top of the UPAL solution
to induce gelation (Supplementary Fig. 3b and c). After five min, the
operative wound was washed with normal saline and closed. In the
Puncture group, a sham procedure was performed. Rabbits were sac-
rificed by intravenous pentobarbital overdose at 4 and 12 weeks after
surgery for analysis of IVD degeneration or at 1, 7, and 28 days after
surgery for qualitative analysis of NPC markers. To evaluate the
effects of human BMSCs on the rabbit IVDs, we also performed similar
implantation experiments using human mesenchymal stem cells
from bone marrow (hMSC-BM; PromoCell, Heidelberg, Germany; cat-
alogue number: C-12974, lot number: 412Z022.4).

2.9. Detection of implanted BMSC viability

At 4 and 12 weeks after implantation, viability of the implanted
BMSCs was qualitatively measured based on the CFDA-SE fluorescent
label [18,19]. The IVDs (Intact control and BMSCs + Gel groups) were
crosscut into halves, frozen in liquid nitrogen, sectioned into 5 mm
slices, and then stained with 40,6-diamidino-2-phenylindole (DAPI;
Invitrogen; P36935) as a counterstain. Notably, it was not possible to
quantify the viability of implanted BMSCs because DAPI-positive cells
cannot be specified as viable vs. dead NPCs and BMSCs.

2.10. MRI analysis

At 4 and 12 weeks after surgery, T2-weighted midsagittal images
of the IVDs were obtained using a 7¢0-T MR scanner (Varian Unity
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Inova; Varian Medical Systems, Palo Alto, CA, USA) [2,8,16]. The Pfirr-
mann classification scheme (grade 5 was classified as severely degen-
erated) was used to grade IVD degeneration [20]. Quantitative
analysis was also performed to determine the MRI index using ana-
lyze software version 12.0 (AnalyzeDirect, Overland Park, KS, USA).
The MRI index (the product of NP area and average signal intensity)
was applied for the quantification of alterations in NP and quantita-
tive data were expressed as a percentage relative to the MRI index
obtained with untreated control IVDs (relative MRI index) [2,8,16].

2.11. Histological analysis

After MRI analysis, each IVD was processed for histological stain-
ing. Midsagittal sections (5 mm thick) were stained by haematoxylin
and eosin (H&E) and safranin O-fast green for evaluation of proteo-
glycan expression [8]. Semiquantitative analyses of the IVDs were
performed and graded from 0 (normal) to 5 (highly degenerative)
[21,22]. Specifically, this histological scale focuses on the morphologi-
cal changes in the AF structure.

2.12. IHC analysis

IHC staining was performed to detect type I and II collagen at 4
and 12 weeks after surgery [8], and HIF-1a, GLUT-1, and Brachyury
at 1, 7, and 28 days after surgery. For type I and II collagen staining,
mouse monoclonal antibodies against type I collagen (Sigma-Aldrich;
C2456, RRID: AB_476836), and type II collagen (Kyowa Pharma
Chemical, Toyama, Japan; F-57) were applied. Staining was devel-
oped using 3,30-diaminobenzidine hydrochloride (Dako) and Mayer’s
haematoxylin (Merck, Darmstadt, Germany) as a counterstain. For
HIF-1a, GLUT-1, and Brachyury staining, DyLight 550-conjugated
rabbit polyclonal antibodies against HIF-1a (Novus Biologicals, Cen-
tennial, CO, USA; NB100-479R, RRID: AB_1642267), PE-conjugated
rabbit polyclonal antibody against GLUT-1 (LS Bio, Seattle, WA, USA;
LS-A109342-100), and unconjugated rabbit polyclonal antibodies
against Brachyury (LS Bio; LS-C31179-100, RRID: AB_911118) were
applied. Additionally, Alexa Fluor 594-conjugated goat anti-rabbit
polyclonal antibodies (Invitrogen; A32740) were used as secondary
antibodies for Brachyury. Staining was developed using DAPI as a
counterstain.

Cells positive for type I and II collagen, HIF-1a, GLUT-1, and Bra-
chyury were separately counted in five independent, randomly
selected fields [2,8]. The fields spanned the width of the NP, including
both deep and superficial regions. Values are expressed as the per-
centages of positive cells relative to total cell counts in all evaluation
items and relative to CFDA-SE-positive cell counts for NPC marker
evaluation. All experiments were performed on 8 IVDs for type I and
II collagen evaluation and 4 IVDs for NPC marker evaluation from
each treatment group and at each time point.

2.13. Statistical analysis

All data are presented as the means § standard error (SE). One-
way analysis of variance (ANOVA) and the Tukey�Kramer post hoc
test were conducted for multigroup comparisons. Paired t-tests were
performed for two-group comparisons. All statistical computations
were carried out using JMP Pro-version 14.0 statistical software (SAS
Institute, Cary, NC, USA) with a significance threshold of p < 0¢05.

3. Results

3.1. NPC and BMSC co-culture promotes differentiation of BMSCs to
NPCs and production of growth factors and ECM

To investigate the effects of NPC and BMSC co-culture on each cell
type, unlabeled NPCs and CFDA-SE-labeled BMSCs were encapsulated
in the UPAL gel for 3D cultures. In the co-culture group, we collected
both cell types using a cell sorter. Phosphate buffered saline/cell sus-
pension analysis was carried out using forward and side scatter. The
P1 gate was drawn in a 2D dot plot (Fig. 1a) to exclude dead cells and
debris. Unlabeled NPCs and CFDA-SE-labeled BMSCs were selected
using different gates in the fluorescence versus side scatter dot plot
(Fig. 1b). Therefore, the P2 gate was set over unlabeled cells and the
P3 gate was set over CFDA-SE-labeled cells, leaving a gap between
the two gates to avoid cross contamination [1]. Following gel dissolu-
tion and cell sorting, we obtained six types of cells as follows: (a) NPC
control (at day0); (b) NPC mono-culture; (c) NPC co-culture; (d)
BMSC control (at day0); (e) BMSC mono-culture; and (f) BMSC co-cul-
ture. For analysis of BMSC differentiation, we evaluated the gene
expression of HIF-1, GLUT-1, and Brachyury as NPC markers, CDMP-
1, TGF-b, and IGF-1 as growth factors, and type II collagen and aggre-
can as ECM in the six types of cells using qRT-PCR.

The gene expression of HIF-1a in NPC co-culture was significantly
increased compared with that in the NPC control (p = 0¢0218,
Tukey�Kramer test), and that in BMSC co-culture was significantly
increased compared with those in the BMSC control (p = 0¢0041,
Tukey�Kramer test) and mono-culture (p = 0¢00,116, Tukey�Kramer
test) (Fig. 1c). The expression of GLUT-1 in NPC co-culture showed a
significant increase compared to that in the NPC control (p < 0¢0001,
Tukey�Kramer test) and mono-culture (p < 0¢0001, Tukey�Kramer
test), and that in NPC mono-culture showed a significant increase
compared to expression in the NPC control (p < 0¢0001, Tukey�K-
ramer test). BMSC co-culture showed a significant increase in GLUT-1
expression compared to that of the BMSC control (p = 0¢0189,
Tukey�Kramer test) (Fig. 1d). Conversely, the gene expression of Bra-
chyury exhibited no statistical differences among the three types of
NPC. Moreover, gene expression of Brachyury was only observed in
the BMSC co-culture but not in either the BMSC control or mono-cul-
ture (Fig. 1e).

The gene expression of CDMP-1, TGF-b, and IGF-1 in NPC co-cul-
ture was significantly increased compared with that in NPC control (p
< 0¢0001, p < 0¢0001, p = 0¢0002, Tukey�Kramer test) and mono-cul-
ture (p< 0¢0001, p< 0¢0001, p = 0¢0082, Tukey�Kramer test), expres-
sion in NPC mono-culture was significantly increased compared with
that in the NPC control (p = 0¢0179, p < 0¢0001, p = 0¢0079, Tukey�K-
ramer test), and expression in BMSC co-culture was significantly
increased compared to that in the BMSC control (p = 0¢0011, p <

0¢0001, p < 0¢0001, Tukey�Kramer test) and mono-culture
(p = 0¢0015, p = 0¢0386, p < 0¢0001, Tukey�Kramer test) (Fig. 1f�h).

The expression of type II collagen in NPC co-culture and mono-
culture was significantly increased compared with that in the NPC
control (p = 0¢0036, p = 0¢0035, Tukey�Kramer test), and that in
BMSC co-culture was significantly increased compared with that in
the BMSC control (p = 0¢004, Tukey�Kramer test) and mono-culture
(p = 0¢0226, Tukey�Kramer test) (Fig. 1i). For aggrecan, the gene
expression in NPC co-culture was significantly increased compared
to that in the NPC control (p = 0¢0047, Tukey�Kramer test) and
mono-culture (p = 0¢0392, Tukey�Kramer test), and expression in
mono-culture was significantly increased compared to that in the
NPC control (p = 0¢0274, Tukey�Kramer test). Notably, aggrecan was
only expressed upon BMSC co-culture but not in the BMSC control or
mono-culture (Fig. 1j).

3.2. Viability of implanted BMSCs

In the in vivo study, CFDA-SE-labeled BMSCs were observed in the
BMSCs + Gel groups but not in the Intact control groups at 4 and 12
weeks after surgery (Fig. 2). Human BMSC groups also showed similar
findings as the BMSCs + Gel (rabbit BMSC) groups (Supplementary
Fig. 4a), confirming that implanted BMSCs survived in the IVDs at 12
weeks after implantation. Upon dissection, no extrusion of the gel
was noted.
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3.3. Combination of BMSCs and UPAL gel promotes IVD regeneration
following discectomy in degenerated IVDs

Degenerative changes in the treated IVDs were qualitatively ana-
lyzed by MRI, capturing T2-weighted, midsagittal images (Fig. 3a).
The Pfirrmann grades in the BMSCs + Gel group were significantly
lower than those in the Discectomy group at 4 weeks (p = 0¢003,
Tukey�Kramer test) and those in the Puncture and Discectomy
groups at 12 weeks (p = 0¢0009, p < 0¢0001, Tukey�Kramer test). In
addition, the grades in the Gel group were also significantly lower
than those in the Discectomy group at 12 weeks (p = 0¢0028,
Tukey�Kramer test) (Fig. 3b). No significant difference was observed
between the Gel and BMSCs + Gel groups. The MRI index in the
BMSCs + Gel group was significantly higher than that in the Discec-
tomy group at 4 weeks (p = 0¢0085, Tukey�Kramer test) and those in
the Puncture, Discectomy, and Gel groups at 12 weeks (p = 0¢0002, p
< 0¢0001, p = 0�0248, Tukey�Kramer test). Additionally, the index
in the Gel group was significantly higher than that in the Discectomy
group at 12 weeks (p = 0¢0092, Tukey�Kramer test) (Fig. 3c). Notably,
no significant difference was observed between the rabbit BMSC and
human BMSC groups in either the Pfirrmann grades or MRI index
(Supplementary Fig. 4b�d).

Prior to the histological grading, the overall structures of IVDs
including NP and AF were evaluated, with substantial differences
observed among the groups. Histological evaluation of the IVDs
revealed that intact control specimens exhibited typical, oval-shaped
NP tissue, without structural collapse of the inner AF (Fig. 4a and b).
In the Discectomy group, the inner had AF collapsed badly and
fibrotic changes of NP tissue were observed at both 4 and 12 weeks.
However, the inner AF in the BMSCs + Gel group appeared well pre-
served at both time points, with minimal fibrotic changes of NP tis-
sue, and that in the Gel group also appeared relatively well-
preserved (Fig. 4a and b). Accordingly, the scoring of degeneration as
evaluated by histology in the BMSCs + Gel group was significantly
lower than that in the Puncture (p = 0¢0006, p < 0¢0001, Tukey�K-
ramer test), Discectomy (p < 0¢0001, p < 0¢0001, Tukey�Kramer
test), and Gel (p = 0¢00,134, p < 0¢0001, Tukey�Kramer test) groups
at both 4 and 12 weeks, and that in the Gel group was significantly
lower than that in the Discectomy group at 12 weeks (p = 0¢0006,
Tukey�Kramer test) (Fig. 4c). No significant difference was observed
between the rabbit BMSC and human BMSC groups based on histo-
logical evaluation (Supplementary Fig. 5a and b). Osteophyte forma-
tion was not observed in any group.

3.4. Combination of BMSCs and UPAL gel promotes ECM production in
degenerated IVDs

We next evaluated ECM production in IVDs. In particular, type II
collagen constitutes an essential component necessary for IVD func-
tion whereas increase of type I collagen synthesis is observed in the
IVD degeneration process [23]. The percentage of type II collagen-
positive cells was significantly higher in the BMSCs + Gel group than
those in the Puncture and Discectomy groups at 4 weeks (p = 0¢0001,
p < 0¢0001, Tukey�Kramer test), and those in the Puncture, Discec-
tomy, and Gel groups at 12 weeks (p < 0¢0001, p < 0¢0001, p <

0¢0001, Tukey�Kramer test). In addition, the percentage in the Gel
group was significantly higher than that in the Discectomy group at 4
weeks (p < 0¢0001, Tukey�Kramer test), and those in the Puncture
and Discectomy groups at 12 weeks (p = 0¢0231, p < 0¢0001,
Tukey�Kramer test) (Fig. 5).

In contrast, the percentage of type I collagen-positive cells was
significantly lower in the BMSCs + Gel group than those in the Punc-
ture (p < 0¢0001, p < 0¢0001, Tukey�Kramer test), Discectomy (p <

0¢0001, p < 0¢0001, Tukey�Kramer test), and Gel (p < 0¢0001, p <

0¢0001, Tukey�Kramer test) groups at both 4 and 12 weeks. More-
over, the percentage was significantly lower in the Gel group than
that in the Discectomy group at 4 weeks (p < 0¢0001, Tukey�Kramer
test) and in the Puncture and Discectomy groups at 12 weeks
(p = 0¢0007, p < 0¢0001, Tukey�Kramer test) (Supplementary Fig. 6).
No significant difference was observed between the rabbit BMSC and
human BMSC groups based on IHC analysis (Supplementary Fig.
5c�f).

3.5. Implanted BMSC differentiation to NPCs in degenerated IVDs

Finally, we counted the HIF-1a, GLUT-1, and Brachyury-positive
cells over time to consider the possible mechanism of implanted
BMSC differentiation to NPCs in vivo (Fig. 6a�c). In the Intact control
group, almost all cells were positive for the three NPC markers at all
time points. In the BMSCs + Gel group, a low level of HIF-1a, GLUT-1,
and Brachyury-positive cells was observed at day 1, whereas the
number of positive cells increased over time. The percentages of the
three types of NPC marker-positive cells relative to total cell counts
were significantly higher at day 28 compared to those at days 1 and 7
(p < 0¢0001, p < 0¢0001, Student’s t-test). Conversely, in the Discec-
tomy group, around 20% of cells were positive at all time points
(Fig. 6d�f). Similarly, the percentages of the three types of NPC
marker-positive cells relative to CFDA-SE positive cell counts (repre-
senting implanted BMSCs) were significantly higher at day 28 com-
pared to those at days 1 and 7 (p < 0¢0001, p < 0¢0001, Student’s
t-test) (Fig. 6g�i).

4. Discussion

Because the regenerative ability of IVDs is restricted, defects
caused by discectomy may support insufficient tissue repair, leading
to further IVD degeneration [2]. In the present study, whereas UPAL
gel alone suppressed IVD degeneration compared to that following
discectomy, the combination of BMSCs and UPAL gel exerted more
potent effects to induce IVD regeneration. In addition, IVD regenera-
tion was equally observed between human and rabbit BMSCs. Several
previous studies have also demonstrated the regenerative ability of
various BMSCs in degenerated IVDs [18,24,25]. Moreover, as UPAL
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gel exhibits high biocompatibility and sufficient biomechanical char-
acteristics to support an endogenous reparative therapeutic strategy
[2], it provides an optimal environment for IVD regeneration and the
prevention of further degeneration following BMSC implantation at
the site of degenerative IVDs.

In the current study, the gene expression of NPC markers, growth
factors, and ECM was significantly increased in NPC and BMSC 3D co-
culture compared to each 3D mono-culture in vitro. Various cells
express HIF-1a and GLUT-1. In this study, although the NPC control
did not express higher levels of NPC markers than those of the BMSC
controls, these markers were significantly increased in the co-culture.
These results suggested that BMSC co-culture with NPCs led to BMSC
differentiation into NPCs, which in turn led to a mutual activation
effect between NPCs and BMSCs, resulting in enhancement of ECM
production in both cell types. This is consistent with the findings of
several other in vitro studies that have also shown that co-culture of
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NPCs and BMSCs stimulates BMSCs to differentiate into an NPC-like
phenotype [1,12,26], supporting interactive activation between NPCs
and BMSCs through the production of growth factors [1,11,27] and
up-regulation of ECM synthesis [1,5,10,26].

Additionally, similar results were observed in the in vivo study
showing increased expression of NPC markers in implanted BMSCs
over time, and enhanced ECM production compared to the results fol-
lowing discectomy alone. Although to our knowledge no reports have
considered the possible mechanism of implanted BMSC differentia-
tion to NPCs in vivo using alginate and BMSCs, one study documented
that implanted MSCs embedded in atelocollagen could differentiate
into NPCs [28]. Specifically, autologous BMSCs labeled with green
fluorescent protein were transplanted into mature rabbit IVDs and
the differentiation of transplanted cells was determined by IHC anal-
ysis. At 48 weeks after transplantation, implanted BMSCs were
shown to be positive for HIF-1a, GLUT-1, and MMP-2, indicating that
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BMSCs differentiated into cells expressing some of the representative
phenotypic features of NPCs [28].

In the in vivo study, histological analysis further suggested that
implantation of gel alone prevents IVD degeneration compared to that
following discectomy, and that the combination of BMSCs + Gel exhibits
more potent effects on prevention of degeneration. This is consistent
with the MRI findings, which suggested that gel alone preserves the
water content of IVDs compared to discectomy, whereas the
BMSCs + Gel combination yields more potent effects on water content
preservation. IHC results further suggested that the BMSCs + Gel
combination promotes ECM synthesis in degenerated NP tissue, which
is crucial to proper IVD function and led to the prevention of progres-
sive degeneration through the depressed production of type I collagen.
Furthermore, the histological results of BMSCs + Gel compared to those
of the Puncture group (degenerated IVDs without discectomy) sug-
gested that BMSC implantation led to IVD regeneration. Together, these
results suggested that implanted BMSCs differentiate to NPCs over time,
resulting in IVD regeneration in vivo.

With regard to AF regeneration, although the Gel and BMSCs + Gel
groups exhibited significantly decreased collagen I production in the
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NP, the punctured AF defect was repaired. Because IVD degeneration
is marked by degradation of the NP extracellular matrix [2], the pres-
ent study focused principally on the preservation/regeneration of the
NP. In addition, morphological changes in the AF structure were eval-
uated using a histological scale; nevertheless, detailed evaluation of
AF regeneration is warranted in future studies.

Notably, some studies have reported the risk of BMSC leakage
from the injection site, resulting in osteophyte formation [5,29,30].
Therefore, carrier materials are required for prevention of cell leakage
in the case of BMSC implantation following discectomy. In our study,
osteophyte formation was not observed in the BMSCs + Gel group.
Owing to the crucial characteristic of rapid curing, the combination
use of UPAL gel with BMSCs thus offers another clinical advantage in
terms of preventing cell leakage.

Based on the results of the present study and previous reports
[1,11,12,26�28], we therefore considered that the possible mechanism
of IVD regeneration is as follows. 1) Implanted BMSCs can localize in
the cavity of IVDs without leakage through encapsulation in the UPAL
gel. 2) Implanted BMSCs produce growth factors and ECM, resulting in
activation of the existing NPCs. 3) Activated NPCs also increase the pro-
duction of growth factors and ECM. 4) Consequently, implanted BMSCs
differentiate into NPCs. 5) In addition, BMSCs and existing NPCs activate
each other, resulting in IVD regeneration (Fig. 7). We consider that
cell�cell interaction is unlikely to constitute the main mechanism of
action of IVD degeneration because few distinct cell types would be
present if the majority of BMSCs and NPCs were fused as in the current
in vitro experiments. Moreover, BMSCs and NPCs did not directly con-
tact each other in vivo. Accordingly, the underlying mechanism of action
may be due to growth factors and/or some critical secreted factors that
regulate the crosstalk between BMSCs and NPCs.

In the present study, the use of commercially available BMSCs repre-
sents an apparent strength, as presumably the cell source affords quality
MSCs with minimal batch-to-batch variability. Moreover, although the
BMSCs were not characterised according to the International Society for
Cellular Therapy (ISCT) criteria [31] and no ISCT criteria yet exist for
rabbit BMSCs, characterization of the human BMSCs used in the present
study according to the ISCT criteria has previously been published [32].

This study has a few limitations. First, the animal models of IVD
degeneration implemented in the present study were generated
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Fig. 7. Possible mechanism of intervertebral disc (IVD) regeneration. Implanted bone-
derived mesenchymal stem cells (BMSCs) produce growth factors and extracellular
matrix (ECM) resulting in activation of the existing nucleus pulposus cells (NPCs).
Existing NPC activation also increases the production of growth factors and ECM.
Implanted BMSCs differentiate into NPCs. UPAL, ultra-purified alginate.
using rabbit IVDs and therefore do not strictly imitate the surgical
procedure of discectomy executed clinically. Further experimental
studies using a large animal model might address whether BMSCs
combined with UPAL gel is useful for lumbar discectomy. Second,
radiographic assays were not conducted to precisely measure IVD
height. Rather, we attempted to measure the height of the IVD using
MRI images. However, in the degenerated IVDs, accurate measure-
ments were not feasible because the borders between IVDs and ver-
tebrae were unclear. Third, only a single BMSC concentration was
utilised. Although a concentration-response curve would have been
relevant to establish the most effective cell concentration, the MSC
concentration utilised in our study (1 £ 106 cells/ml) was based in
large part on the results of a previous study conducted in vivo using a
canine IVD degeneration model to determine optimal MSC number
[33]. Specifically, autologous MSCs were transplanted into degenera-
tive discs at 1 £ 105, 1 £ 106, or 1 £ 107 cells per disc; the results
showed that both the structural microenvironment and abundant
extracellular matrix were maintained using 1 £ 106 transplanted
IVDs compared to 1 £ 105 or 1 £ 107 transplanted IVDs [33]. We
therefore selected 1 £ 106 cells/ml based on these results and those
on another study [14]. Fourth, although the expression of HIF-1a,
GLUT-1, and Brachyury was increased in the co-culture group, the
increase was marginal. In this study, we were unable to perform
western blot analysis or enzyme-linked immunosorbent assay to
double confirm these results or those for CDMP-1, TGF-b, and IGF-1
because the appropriate anti-rabbit antibodies were not available.

5. Conclusions

Discectomy to treat degenerated IVD may offer temporary relief
but may not induce tissue repair, especially in elderly patients with
fewer endogenous NPCs, and does not address the potential for fur-
ther degeneration. In the present study we demonstrated that the
combination of BMSCs with UPAL gel in vitro, and transplantation
thereof in vivo following partial discectomy in a rabbit model, pro-
moted endogenous NPC activation together with BMSCs activation
and differentiation into NPCs, together with growth factor and ECM
production and enhanced IVD regeneration. Notably, similar results
were obtained with either rabbit or human BMSCs. Thus, these find-
ings demonstrate the additional therapeutic potential of BMSCs,
localized at the IVD site by UPAL gel, as a regenerative strategy fol-
lowing discectomy for degenerated IVDs and support the future eval-
uation of this approach in a clinical setting, especially in an older
population cohort.
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