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Appendix
Materials and Methods
Induction of IVD Degeneration
The rabbits received general anesthesia with an injection of ketamine (10 mg/kg) and
xylazine (3 mg/kg) intravenously and O and air (3.0 L/min) mixed with sevoflurane (2-3%)
in spontaneous ventilation. To induce IVD degeneration, AF puncture was performed
percutaneously using an 18-gauge needle through a precut dilator (METRX; Medtronic
Sofamor Danek) under fluorography guidance with a small skin incision®-8,

Collecting Bone Marrow and Preparation of Autogenic BMSCs

In the BMSCs-UPAL group, 10 mL of bone marrow was collected from the iliac crests at the
same time as AF puncture. Anticoagulated bone marrow with 4000 U of heparin was mixed
with 10 mL of culture medium containing Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (Nichirei Bioscience), 1%
penicillin/streptomycin, and 1.25 mg/mL fungizone (Life Technologies) after filtration
through a cell strainer for excluding blood clot and debris. Mononuclear cells were isolated
by centrifugation at 700 xg for 5 min. The obtained cells were resuspended with medium,
expanded in culture dishes, and cultured at 37°C with 20% O and 5% CO; in a humidified
atmosphere!*?43°. BMSCs grew as colonies®!, and the medium was changed twice a week.
The BMSCs were expanded to passage 2.

Prior to implantation, the BMSCs were labeled with 20 uM of 5,6-
caboxyfluorescein diactetate succinimidyl ester (CFDA-SE; CFDA-SE Cell Proliferation
Assay Kit; BIO RAD) according to the manufacturer’s instructions' 2. In addition, we
prepared a 2% w/v UPAL (Sea Matrix; Mochida Pharmaceutical Co. Ltd.) solution as
previously described®!”. The UPAL (1700 kDa of molecular weight) was packaged in
sterilized vials after filtration thorough a 0.22-mm-pore size filter. The material was dissolved
in phosphate-buffered saline (Wako Pure Chemical Industries) before use. Then, the
fluorescently labeled BMSCs were encapsulated in the 2% UPAL solution'”.

Preparation of BMAC

The BMAC for the BMAC-UPAL group was prepared using the BioCUE Bone Marrow
Aspiration Concentration System (ZIMMER BIOMET) in accordance with the
manufacturer’s instructions. A total of 30 mL of anticoagulated bone marrow aspirate (10 mL
of heparin with 20 mL of bone marrow) was collected from the iliac crests by aspiration
under general anesthesia, and transferred to BioCUE kit. Approximately 2 mL of BMAC was
obtained after centrifugation at 3200 rpm for 15 minutes. The BMAC was then mixed with an
equal volume of 4% UPAL solution to prepare the BMAC-UPAL mixture. We confirmed that
the BMAC-UPAL mixture, as well as the UPAL solution alone and the BMSCs-UPAL
mixture, gelated upon adding 102 mM CaCl; solution.

Unconfined Compression Tests

The disk-shaped gels (diameter, 4.5 mm; thickness, 2 mm) were compressed at a constant
speed of 0.5 mm/min, and the Young's moduli were calculated from the linear regions
between 10% and 20% compression strain of the stress/strain curves (n = 4 gels per group)?.
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Implantation to Degenerated IVDs After Discectomy

Four weeks after IVD puncture, discectomy and implantation at L2/3 and L4/5 were
performed under general anesthesia using an antero-lateral retroperitoneal approach®!”. In all
groups, 10 mg wet weight (per IVD) of degenerated NP tissues were removed at L2/3 and
L4/5 TVDs to create an IVD cavity using a pair of micro ear forceps (Nagashima Medical
Instruments Co. Ltd.) after making a hole by puncture with an 18-gauge needle'’. L3/4 IVDs
were left intact as controls. In the UPAL group, the IVD defects were filled with 2% UPAL
solution (20 uL per IVD) with a 27-gauge needle and a microsyringe (Hamilton Medical),
and in the BMSCs-UPAL group, the IVD defects were filled with the same amount of
BMSCs-UPAL suspension. In the BMAC-UPAL group, the IVD defects were filled with 20
uL UPAL solution mixed with BMAC. Then, the CaCl: solution was injected on the top of
the implanted UPAL solution for gelation. Five minutes later, we washed the operative wound
with normal saline and closed after confirming gelation. At 4 and 12 weeks after surgery, the
treated rabbits were euthanized by pentobarbital overdose intravenously for qualitative
evaluation of IVD degeneration.

Evaluation of Viability of the Implanted Cells

We evaluated whether the cells implanted in the treated IVDs were viable at 4 and 12 weeks
after implantation by qualitatively assessing the intensity of the CFDA-SE fluorescent
label!”*1:22 In the Intact control, BMSCs-UPAL, and BMAC-UPAL groups, the excised IVDs
were embedded with optimum cutting temperature (OCT) compound (Sakura Finetek) and
frozen in liquid nitrogen after horizontal crosscutting in halves. The half-cut [IVDs were
sectioned into 5-pm slices and counterstained with 4',6-diamino-2-phenylindole (DAPI;
P36935, Invitrogen).

MRI Analysis

The MR images were acquired using a 7.0-T MR scanner (Varian Unity Inova; Varian
Medical Systems)*!”!8, The target IVDs were graded for IVD degeneration based on the
Pfirrmann classification system®!”!8, To analyze quantitatively, the MRI index was also
calculated using the Analyze software version 12.0 (AnalyzeDirect). The MRI index is the
product of the NP area and the average signal intensity. The index was compared with that of
the intact control IVD. In addition, we calculated the relative MRI index as the percentage
relative to the value of the intact controls as previously described®!¢-1823,

Histological Analysis

After the decalcification procedure, 5-um-thick midsagittal sections were stained by
hematoxylin and eosin (H&E) and safranin O-fast green to evaluate the expression of
proteoglycan, as previously described®!”!®, Semiquantitative analysis was carried out using a
histological grading system focusing on structural changes in the inner AF**23,

Immunohistochemical Analysis

We used type I collagen (Sigma-Aldrich; C2456) and type II collagen (Kyowa Pharma
Chemical; F-57) mouse monoclonal antibodies as primary antibodies. Midsagittal sections
were pretreated with proteinase K (Dako, Agilent Technologies; S3020) for 15 minutes before
washing with PBS, then treated with 1% H20: in methanol for 30 minutes, and finally
incubated with the primary antibody overnight at 4°C (for type I collagen) or for 60 minutes
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at room temperature (for type II collagen). Subsequently, the sections were incubated in
peroxidase (EnVision + System Kit; Dako) for 30 minutes. As a counterstain, staining was
developed using 3,3’-diaminobenzidine hydrochloride (Dako) and Mayer’s hematoxylin
(Merck).

Results
Evaluation of Water Content by MRI

Table. Pfirrmann grades and Relative MRI index

Pfirrmann grades Relative MRI index
Group 4 weeks 12 weeks 4 weeks 12 weeks
1.13+0.35 1.13+0.35
Intact control - -
(0.88t0 1.37)  (0.88to 1.37)
_ 3.25+0.71 4.25+0.89 21.1+£2.5 7.7+72
Discectomy
(2.76t03.74)  (3.63t04.86) | (19.31t022.8) (2.8t0 12.7)
UPAL 2.50+0.76 3.13+0.53 31.6 £ 16.7 254+£9.2
(1.98t03.02) (2.75t03.50) | (20.0t043.1) (19.0to0 31.7)
2.13+£0.35 2.00 +0.76 38.5+£14.5 42.8 +14.4
BMSCs-UPAL
(1.88t02.37) (1.48t02.52) | (28.5t048.6) (32.8t052.7)
2.38+0.74 2.25+0.71 349+11.3 348 +12.1
BMAC-UPAL
(1.86t02.89) (1.76t02.74) | (27.1t042.7) (26.4t043.1)

All data expressed as means = SD, with the 95% confidence interval in parentheses.
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Histological Evaluation
Table. Histological grades

Histological grades

Group 4 weeks 12 weeks

Intact control 0.25+0.46 (0t0 0.57) 0.25+0.46 (0 to 0.57)
Discectomy 4.13+0.64 (3.68 to 4.57) 4.75+0.46 (4.43 t0 5.07)
UPAL 3.38+0.74 (2.86 to 3.89) 3.63 £0.52 (3.27 to 3.98)
BMSCs-UPAL 2.25+£0.71 (1.76 to 2.74) 2.50+0.53 (2.13 t0 2.87)
BMAC-UPAL 2.75+£0.64 (2.31 to 3.20) 2.75+0.64 (2.31 to 3.20)

All data expressed as means + SD, with the 95% confidence interval in parentheses.
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Extracellular Matrix Production in the Implanted IV Ds
Table. Percentage of type II collagen-positive cells

Percentage of type II collagen

Group 4 weeks 12 weeks

Intact control 73.3+£2.5(71.6 to 75.0) 70.0 £2.3 (68.4to0 71.6)
Discectomy 27.1+6.8(22.4t0 31.8) 21.8 £3.3(19.5 to 24.0)
UPAL 46.9 +10.4 (39.7 to 54.1) 39.0+4.3(36.0t0 41.9)
BMSCs-UPAL 57.1+£4.8 (53.8 to 60.4) 59.8+£4.2 (56.9 to 62.7)
BMAC-UPAL 49.8+4.2 (46.9 t0 52.7) 50.0 + 3.4 (47.6 to 52.3)

All data expressed as means + SD, with the 95% confidence interval in parentheses.
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Table. Percentage of type I collagen-positive cells

Percentage of type I collagen

Group 4 weeks 12 weeks

Intact control 26.6 £4.0 (23.8t029.4) 27.3+£3.6 (24.8 t0 29.8)
Discectomy 75.3+3.1(73.2t077.5) 78.4 £5.0(75.0 to 81.9)
UPAL 60.4 + 2.8 (58.5 t0 62.3) 61.7 £2.8(59.8 to 63.7)
BMSCs-UPAL 453+3.9(42.61t047.9) 46.1 £2.5 (44.4t047.8)
BMAC-UPAL 50.6 +4.7 (47.4 to 53.9) 51.0 + 3.2 (48.8 to 53.3)

All data expressed as means = SD, with the 95% confidence interval in parentheses.
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