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Back pain is a global health problem with a high morbidity and socioeconomic burden. Intervertebral disc
herniation and degeneration are its primary cause, further associated with neurological radiculopathy, myelo-
pathy, and paralysis. The current surgical treatment is principally discectomy, resulting in the loss of spinal
movement and shock absorption. Therefore, the development of disc regenerative therapies is essential. Here we
show reduced disc damage by a new collagen type I-based scaffold through actinidain hydrolysis—Low Adhesive
Scaffold Collagen (LASCol)—with a high 3D spheroid-forming capability, water-solubility, and biodegradability
and low antigenicity. In human disc nucleus pulposus and annulus fibrosus cells surgically obtained, time-
dependent spheroid formation with increased expression of phenotypic markers and matrix components was
observed on LASCol but not atelocollagen (AC). In a rat tail nucleotomy model, LASCol-injected and AC-injected
discs presented relatively similar radiographic and MRI damage control; however, LASCol, distinct from AC,
decelerated histological disc disruption, showing collagen type I-comprising LASCol degradation, aggrecan-
positive and collagen type II-positive endogenous cell migration, and M1-polarized and also M2-polarized
macrophage infiltration. Reduced nucleotomy-induced disc disruption through spontaneous spheroid formation
by LASCol warrants further investigations of whether it may be an effective treatment without stem cells and/or
growth factors for intervertebral disc disease.

1. Introduction sports activities, and requires surgery in 10% [4].

The intervertebral disc has a complex structure with the nucleus

Back pain increases with age, affects 70-85% of people during their
lives, and causes disability [1] with estimated healthcare costs up to
$100 billion/year in the US [2]. The cause of back pain is multi-
factorial; however, intervertebral disc degeneration is one of the in-
dependent risk factors [3]. Intervertebral disc herniation, an injury with
degenerative wear and tear, occurs even in the youth, limits daily and
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pulposus (NP) encapsulated by the annulus fibrosus (AF) and endplates
[5]. The collagenous, laminar AF surrounds the central, gelatinous NP,
maintaining pressurization of the NP for support of compressive loading
and facilitation of multidimensional spinal movement [5]. While the AF
comes from the mesenchyme [6], the origin of the NP is the notochord
[7]. Disc cells, positive for brachyury, CD24 (both disc NP markers) [8],
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tyrosine kinase with Ig and EGF homology domains 2 (Tie2) (disc NP
progenitor marker) [9], collagen type V alpha 1 [10], and CD146 (both
disc AF markers) [11], have a chondrocytic phenotype to produce
matrix components comprising proteoglycans (principally aggrecan)
and collagens (primarily types I in the AF and II in the NP) [12]. Fur-
thermore, the disc is an immune-privileged, the largest avascular organ
in the body [13]. Disc cells thus live under an extremely harsh en-
vironment—low glucose, oxygen, and pH and high osmolality and load
fluctuation [14]. While age-related disc changes characterized by the
loss of notochordal cells appear from early childhood as observed in
people aged 11-16 years [15], ~40% of people aged under 30 years
and 90% of those aged over 55 years present structural lumbar disc
degeneration [16], which can cause back pain [17].

Herniated and degenerated discs can present not only back pain but
also radicular pain, numbness, muscle weakness, and then paralysis in
the worst scenario [18]. Despite successful conservative treatment
outcomes with medication and physiotherapy in disc disease, non-re-
sponders reluctantly require surgery [4]. Surgical interventions pre-
dominantly include the excision of damaged discs, resulting in the
function loss, immobilization, and potential additional complications
due to the altered biomechanics [19]. Therefore, the development of
new therapies for direct disc repair is an urgent issue.

Stem cells [20], growth factors [21], and tissue engineering [22]
have been applied for disc regeneration. Each trial is effective; never-
theless, unclarified aspects still remain for the human body application.
Mesenchymal stem cells are at risk of osteophyte [23] and also neo-
plasm [24] formation with an extremely low survival rate of in-
tradiscally transplanted cells [20]. The bone morphogenetic protein-2 is
associated with carcinogenesis [25]. Hence, interest has recently ex-
panded to bioengineering approaches that exploit endogenous cell po-
pulations to restore the disc structure and function [22]. Injectable
scaffolds using atelocollagen (AC), alginate, hyaluronan, and chitosan
have been tested [26]. As a collagen-based scaffold, AC has often been
used clinically, such as autologous chondrocyte-seeded AC for cartilage
repair [27] and porous hydroxyapatite/AC composites for bone defect
[28]. While several kinds of scaffold have shown the regenerative po-
tential, no scaffolds are clinically available for disc treatment because of
the undiscovered repair mechanisms as well as safety concerns [22].

In the tissue-engineering field, spheroid formation has increased
attention because of its 3D cell-culturing structure capable of mi-
micking the in-vivo environment [29]. Morphological characteristics,
metabolic activity, and function of cells are better maintained in 3D
than 2D [29]. Spheroid formation is effective in maintaining the phe-
notype of progenitor cells in the disc [9]. We thus developed a new
collagen-based scaffold through the hydrolysis with actinidain protease,
which was named as the Low Adhesive Scaffold Collagen (LASCol) from
the characteristic of its high 3D spheroid-forming capability [30-32].
The LASCol is designed by removing major parts of the N-terminal and
C-terminal telopeptides of collagen type I, while AC is similarly ob-
tained from collagen type I by partially eliminating the terminal telo-
peptides [30,32]. In scanning electron microscopy, LASCol has weaker
fibril formation than AC just after the preparation; however, the mi-
crostructure of both gels become similar approximately 6 h later
[30,31] (Fig. 1A). As the terminal telopeptides are antigenic, AC is
relatively low-immunogenic whereas LASCol is considered further safe.
The LASCol has additional advantages with a higher water-solubility
providing wide ranges of concentration and mechanical strength, in-
creased sensitivity to changes in temperature contributing to rapid
stabilization, and faster degradability than AC (Fig. 1B). These char-
acteristics satisfy requirements for an injectable scaffold. Therefore, we
hypothesized that LASCol could repair damaged intervertebral disc
tissues by inducing endogenous cell migration and altering matrix
turnover through spontaneous spheroid formation even in the severe
surroundings for cell survival [13,14,29]. Our strategies for the clinical
use of LASCol are the prevention of degeneration after discectomy in
young patients with herniated discs and also the delayed progression of
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age-related degeneration in middle to old patients with symptomatic
degenerative discs. The injectable and relatively safe characteristics of
LASCol could enable the percutaneous administration as well as the
direct intraoperative supplementation, aiming the preventive applica-
tion of LASCol for herniated and degenerative disc disease in the future.
Our objective was to elucidate the mechanisms and potential of LASCol
and mediated spheroid formation for disc damage reduction by the
scaffold only in a rat tail nucleotomy-induced disc disruption model in
vivo and in human clinical samples surgically obtained in vitro.

2. Materials and methods
2.1. Ethics statement

All human and animal experiments were performed under the ap-
proval and guidance of the Institutional Review Board (160004) and
Institutional Animal Care and Use Committee (P161105) at Kobe
University Graduate School of Medicine. Written informed consent was
obtained from each patient in accordance with the principles of the
Declaration of Helsinki and the laws and regulations of Japan.

2.2. Antibodies and reagents

The antibodies and reagents used are listed in Supplementary
Table 1.

2.3. Materials

The LASCol was developed from porcine skin-derived collagen type
I by actinidain hydrolysis [30-32] (Fig. 1A). To assess immunogenic
potential of LASCol, an antigen-stimulation test was performed at Japan
Food Research Laboratories (Tokyo, Japan) (No. 15065266001-0101).
Briefly, intraperitoneal LASCol injection was conducted for guinea pigs
at 1, 3, and 5 d, and intravenous LASCol injection was conducted at 15
and 22 d for stimulation (n = 4). As a control, horse serum was injected
in the same manners (n = 4). No allergic response was all found in the
LASCol group, while dyspnea was observed in all, 3 of which were dead
in the control group. This test indicates a safe, relatively low anti-
genicity of LASCol. A low-immunogenic potential of LASCol makes it
possible to apply directly without any immunosuppression even in xe-
nogeneic transplantation.

In vitro, 7.0-mg/ml LASCol gel, consisting of Dulbecco's modified
Eagle's culture solution, Reconstitution buffer, and 10.0-mg/ml LASCol
solution from 5.0-mM hydrochloric acid and freeze-dried LASCol, was
distributed at 1 ml in a 35-mm dish or each well of a 6-well plate and at
200 um in each well of a 24-well plate at 37 °C overnight. Similarly, 2.1-
mg/ml AC gel, consisting of 3.0-mg/ml AC solution, was distributed at
the same amounts.

In vivo, 42.0-mg/ml, 21.0-mg/ml, 14.0-mg/ml, and 7.0-mg/ml
LASCol and 7.0-mg/ml AC gels were prepared from saline,
Reconstitution buffer, and LASCol or AC solution. Based on the differ-
ence in solubility between LASCol and AC, 21.0-mg/ml LASCol and 7.0-
mg/ml AC gels were compared. Effects of LASCol were also tested at
other concentrations. Both gels had an injectable, low viscosity on ice
and became stabilized at the body temperature of 37 °C within 1 min
after the intradiscal injection, the storage modulus of which at 37 °C
after 30 min was approximately =1.4 kPa, within a reported range in
the viscosity of in-vivo disc NP tissues [33]. The LASCol gel becomes
cloudy compared to the AC gel, which resulted from the difference in
fibrosity (Fig. 1B).

2.4. Cells
Human disc NP and AF cells were isolated from patient specimens

undertaking lumbar discectomy or interbody fusion surgery (n = 15 for
NP: age, 39.2 = 17.1 [16-76] years; sex, 10 males and 5 females;
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Fig. 1. Characteristics of LASCol, surgical procedures, and confirmation of disc cell phenotypes. (A) Schematic illustration of the LASCol microstructure. The LASCol
is developed by removing major parts of the N-terminal and C-terminal telopeptides of collagen type I, while AC is similarly obtained from collagen type I by partially
eliminating the terminal telopeptides. In scanning electron microscopy, LASCol has weaker fibril formation than AC just after the preparation; however, the mi-
crostructure of both gels become similar approximately 6 h later. (B) Macroscopic appearances of injectable LASCol (21.0 mg/ml) and AC (7.0 mg/ml) gels. Both gels
were prepared to have an injectable, low viscosity on ice and become stabilized at 37 °C for 1 min. The difference in solubility between LASCol and AC resulted in
different gel concentrations. The LASCol gel becomes cloudy compared to the AC gel, which resulted from the difference in fibrosity. (C) Validation of surgical disc
NP-tissue and AF-tissue acquisition. Western blotting for disc NP-phenotypic brachyury and CD24 and AF-phenotypic collagen type V alpha 1 and CD146 was
performed in total protein extracts from human disc NP and AF tissues of patients who underwent lumbar spine surgery. Actin was used as a loading control. (D)
Surgical procedures in a rat tail nucleotomy model. Under general anesthesia, 12-week-old male Sprague-Dawley rats underwent nucleotomy by disc AF incision and
NP aspiration with a 22-gauge catheter through a 1-cm longitudinal incision. Subsequently, LASCol gel (7.0-42.0 mg/ml), AC gel (7.0 mg/ml), or solvent as the
control was injected at 15 pl into the disc using a 25-gauge catheter. (E) Macroscopic appearances of rat tail LASCol-injected (21.0 mg/ml), AC-injected (7.0 mg/ml),
solvent control, and untreated intact disc mid-sagittal sections. Successful intradiscal gel injection without extrusion was confirmed by using a methylene blue dye.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Pfirrmann degeneration grade [34], median 2 * 0.6 [2-4]) (n = 12
for AF: age, 61.8 + 11.6 [41-80] years; sex, 9 males and 3 females;
Pfirrmann degeneration grade, median 3 *+ 0.5 [2-4]). We carefully
obtained disc AF tissues by box-cutting AF sharply by a scalpel and NP
tissues from the first bite of tissues by a laminectomy rongeur without
any violation of vertebral endplates, both of which were collected from
discarded surgical waste. Immediately after surgery, disc NP and AF
tissues were digested for cell isolation in Dulbecco's modified Eagle's
medium (DMEM) with 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin, and 0.114% collagenase type 2 at 37 °C for 1 h in the NP
and 12 h in the AF. Isolated cells were grown in 1% penicillin/strep-
tomycin-supplemented DMEM with 10% FBS. To retain the phenotype,
only first-passage cells were used for cell-counting (n = 6), immuno-
fluorescent (n = 6), and real-time reverse transcription—polymerase
chain reaction (RT-PCR) (n = 3) experiments following 72-h pre-cul-
ture. Cell samples collected abundantly were used across experiments.
Experimental conditions were maintained throughout at 37 °C under
5% CO,, 2% O to stimulate the physiologically hypoxic disc environ-
ment [13,14].

The acquisition of human disc specimens specific for the NP and AF
was validated by Western blotting using directly extracted proteins
from residual tissues as described previously [35,36]. Briefly, tissues
were homogenized using the MS-100R bead-beating disrupter for 30 s
twice at 4 °C in the T-PER tissue protein extraction reagent with pro-
tease and phosphatase inhibitors. Soluble proteins were collected after
centrifugation at 20,000 g for 15 min at 4 °C. Protein concentration was
determined by the bicinchoninic acid assay. Equal 30-mg amounts of
protein were mixed with the electrophoresis sample buffer and boiled
for 5 min before loading onto a 7.5-15.0% polyacrylamide gel. Sepa-
rated tissue proteins in the Tris-glycine-sodium dodecyl sulfate buffer
system were transblotted electrically and probed with primary anti-
bodies (1:200-1:1000 dilution) for brachyury [8] and CD24 [8] (disc
NP markers), collagen type V alpha 1 [10] and CD146 [11] (disc AF
markers), and actin (loading control) for 12 h in 4 °C followed by
secondary antibodies (1:2000 dilution). Signals were visualized by en-
hanced chemiluminescence. Images were obtained using the Chemilu-
mino analyzer LAS-3000 mini. Consequently, an acceptable disc NP-
specific and AF-specific marker expression was confirmed (Fig. 1C).

2.5. Animals

Twelve-week-old male Sprague-Dawley rats were used. Under
general anesthesia, 1-cm longitudinal incision was made along the tail
to expose the lateral portion of the caudal (C) disc. A #11 scalpel blade
was inserted 1.5 mm into the disc. Nucleotomy by disc AF incision and
NP aspiration with a 22-gauge catheter on a 5-ml syringe was con-
ducted as described previously [37,38] (Fig. 1D).

Nucleotomy at C8-C9, C9-C10, and C10-C11 was performed to
assess effects of materials in 44 rats (weight 427.1 *= 15.2 [405-450]
g). Intradiscal 15-pl injection of 21.0-mg/ml LASCol gel, 7.0-mg/ml AC
gel, and solvent control (saline and Reconstitution buffer) was con-
ducted using a 25-gauge catheter, respectively. These three treatments

were all applied in each rat tail to eliminate the individual difference
and randomly at each disc segment. The injection volume was de-
termined based on prior evidence [39]. Intradiscal gel injection without
extrusion was preliminarily established by using a methylene blue dye
(Fig. 1E). Radiographs were taken before and 7-56 d after surgery
(n = 8). Then, magnetic resonance images (MRIs) were taken 28 d after
surgery (n = 6). After imaging, vertebral body-disc-vertebral body
functional spinal units were frozen with Super Cryoembedding medium
quickly in liquid nitrogen. Mid-sagittal sections at 5-um thickness were
prepared for histology as described previously [40]. Histomorpholo-
gical Safranin-O staining and immunofluorescence were performed at
postoperative 0-56 d (both n = 6).

Nucleotomy at C8-C9, C9-C10, C10-C11, and C11-C12 was per-
formed to assess dose-dependent effects of LASCol in 24 rats (weight
436.9 *= 17.8 [415-463] g). Intradiscal 15-pl injection of 42.0-mg/ml,
21.0-mg/ml, 14.0-mg/ml, and 7.0-mg/ml LASCol gels was conducted,
respectively. These four concentrations were all applied in each rat tail
to exclude the individual difference and randomly at each disc segment.
Radiographs were taken before and 7-56 d after surgery (n = 6).

2.6. Immunofluorescence

In vitro, in a 35-mm dish coated with 1-ml LASCol or AC gel,
3.0 x 10° human disc NP and AF cells/well were cultured in 2-ml 10%
FBS-supplemented DMEM for 120 h. Fresh media of 500 pl were gently
added at 72 h without exchange to prevent cell detachment. Cells were
fixed in 4% paraformaldehyde for 30 min. To assess the phenotype, disc
NP cells were stained with 1:100-diluted primary antibodies for bra-
chyury (disc NP marker) [8], Tie2 (disc NP progenitor marker) [9], and
aggrecan (disc matrix component) [12] or for brachyury, collagen type
I (LASCol constituent) [12,30,32], and collagen type II (disc NP matrix
component) [12] overnight at 4 °C, followed by 1:400-diluted Alexa
Fluor® 488, 568, and 647 secondary antibodies for 1 h at room tem-
perature. Similarly, collagen type V alpha 1 [10], CD146 [11] (both
disc AF markers), and collagen type I (LASCol constituent and disc AF
matrix component) or aggrecan primary antibodies and Alexa Fluor®
488, 568, and 647 secondary antibodies were used for disc AF-cell
staining. The 4’,6-diamidino-2-phenylindole (DAPI) was used for
counterstaining. Images were photographed by the BZ-X700 micro-
scope. The number of positive cells was counted in five random low-
power fields ( X 100) using the ImageJ software (https://imagej.nih.
gov/ij/). Briefly, we created binary images at a fixed intensity level and
counted positive cells included in the field. The positive cell percentage
for brachyury, Tie2, aggrecan, and collagen types I and II in the NP and
for collagen type V alpha 1, CD146, collagen type I, and aggrecan in the
AF was calculated as relative to the total number of DAPI-positive cells.

In vivo, rat caudal disc sections were fixed with 4% paraformalde-
hyde for 30 min, decalcified in 10% ethylenediaminetetraacetic acid for
30 min, antigen-retrieval, permeabilized, and blocked. Multi-color im-
munofluorescence was performed with 1:200-diluted primary anti-
bodies overnight at 4 °C for collagen types I and II to assess the com-
position of matrix [12] and scaffolds [30,32], for brachyury [8], Tie2
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[9], and aggrecan [12] to assess the phenotype of cells, or for ionized
calcium binding adaptor molecule 1 (Ibal, pan-macrophage marker)
[41], CD86 (M1-polarized macrophage marker, characterized by pro-
ducing pro-inflammatory mediators) [42], and CD163 (M2-polarized
macrophage marker, characterized by responses to anti-inflammation
and tissue remodeling) [43] to assess the infiltration of macrophages,
followed by 1:400-diluted Alexa Fluor® 488, 568, and 647 secondary
antibodies for 1 h at room temperature. The DAPI was used for coun-
terstaining. Similarly, imaging and positive cell-counting were per-
formed by creating binary images at a fixed level with ImageJ, and the
percentage of positive cells for brachyury, Tie2, aggrecan, Ibal, CD86,
and CD163 in the NP was calculated.

2.7. Time-lapse cell-counting and spheroid-counting

In vitro, in a 24-well plate coated with 200-pl LASCol or AC gel,
2.0 x 10* human disc NP and AF cells/well were cultured in 500-pl
10% FBS-supplemented DMEM. Fresh media of 100 pl were gently
added every 72 h without exchange. Time-lapse photographing was
performed every 6 h for 192 h. The number of cells and spheroids was
counted in five random low-power fields ( X 100) using ImageJ. In this
study, spheroid was defined as the aggregation of =3 cells.

2.8. RNA isolation and real-time RT-PCR

In vitro, in a 6-well plate coated with 1-ml LASCol or AC gel com-
pared to the non-coated condition, 2.0 x 10° human disc NP cells/well
were cultured in 2-ml 10% FBS-supplemented DMEM for 168 h. Fresh
media of 500 pl were gently added every 72 h without exchange. At 72
and 168 h, total RNA was extracted using the RNeasy mini kit, and 0.1-
ug RNA was reverse-transcribed with random primers. Messenger RNA
(mRNA) expression levels of chondrogenic SOX9 encoding SRY-box 9
(chondrogenesis regulator) [44], COMP encoding cartilage oligomeric
matrix protein (cartilage turnover marker) [45], and TGFB1 encoding
transforming growth factor beta 1 (chondrogenesis inducer) [46] re-
lative to ATP synthase, H+ transporting, mitochondrial FO complex, sub-
unit B1 (ATP5F1) [47] as an endogenous control were assessed in du-
plicate by real-time RT-PCR using a SYBR Green fluorescent dye. These
target genes were chosen to analyze the trend of cartilage differentia-
tion. To identify appropriate housekeeping genes for references, mRNA
expression levels of 15 genes were evaluated using a human house-
keeping gene primer set, and ATP5F1 was selected as a reference based
on the highest stability in mRNA expression regardless of com-
plementary DNA concentration. The commercialized, validated primer
sequences were used as follows: SOX9, forward 5-GGAGATGAAATCT
GTTCTGGGAATG-3’, reverse 5-TTGAAGGTTAACTGCTGGTGTTCTG-
3’; COMP, forward 5-AGGGTACCCAACTCAGACCAGAAG-3’, reverse
5-TGTTAGGCACCGTGGGACAG-3’; TGFBI1, forward 5-TCCTGGCGAT
ACCTCAGCAA-3’, reverse 5'-GCTAAGGCGAAAGCCCTCAA-3’; ATP5F1,
forward 5-GAAGCAGGCTTCCATCCAACA-3’, reverse 5-TCGTTCCCGG
TAAGTAACTTCCAA-3’. Measurements were performed using the
Thermal Cycler Dice® Real Time System Single PCR system. Melting
curve analysis was performed using the Dissociation Curve software to
ensure that only a single product was amplified. Relative mRNA ex-
pression was analyzed using the 2~ 24" method [48]. The value of non-
coated control sample was set as 1.

2.9. Radiography

In vivo, lateral radiographs were taken using VPX-30E system and
IXFR film (exposure time 40 s; distance 40 cm; current 3 mA; voltage
35 kV). Radiographs were measured twice at one-week intervals by
each of two investigators blinded to the study purpose. Disc height was
measured using ImagelJ, normalized to adjacent vertebral body heights
as the disc height index (DHI), shown as the percent of preoperative
DHI (%DHI = [postoperative DHI/preoperative DHI] X 100) as
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described previously [49], and further normalized to the intact disc as
the normalized %DHI (normalized %DHI = [experimental %DHI/intact
%DHI] x 100) [50] (Fig. 4A).

2.10. MRI

In vivo, MRIs were taken using 4.7-T Varian Unity Inova 200 MHz
MRI unit. Sagittal T2-weighted imaging and T2 mapping (repetition
time/echo time 2000/30 and 60 ms [2 echoes], field of view
100 X 50 mm, slice thickness 2 mm, matrix size 512 X 512 mm,
number of experiments 4, acquisition time 35 min) were performed.
Region of interest was positioned in the disc center using the MATLAB
software 9.1.0.441655 (R2016b), and mean T2 values were computed
within the region as described previously [51].

2.11. Safranin-O staining

In vivo, safranin-O, fast green, and hematoxylin staining was per-
formed to demonstrate proteoglycan distribution. Disc NP-cell number
and safranin-O-positive area were measured using ImageJ. Briefly, we
created binary images at a fixed intensity level and measured the area
between vertebral endplates. We counted cells included in the area.

2.12. Statistical analysis

Data are expressed as the mean =+ standard deviation in the text
and box plots in the graphs. The Student t-test was used to assess effects
of LASCol and AC treatments in in-vitro immunofluorescence. One-way
analysis of variance (ANOVA) with the Tukey—Kramer post-hoc test was
used to assess effects of multiple treatments in in-vivo MRI. Two-way
repeated measures ANOVA with the Tukey—Kramer post-hoc test was
used to assess effects of treatment and time in in-vitro cell-counting and
spheroid-counting and in-vivo radiography, histomorphology, and im-
munofluorescence (experiments using replicates from the same donors)
as well as in in-vitro real-time RT-PCR (target gene expression analysis
shown as relative values of the control). In addition, intra-class corre-
lation coefficient was calculated to determine intra-observer and inter-
observer reliabilities for the measurement of radiographic parameters.
The P-values of < 0.05 were regarded as statistically significant using
IBM SPSS Statistics 23.0 (IBM, Armonk, NY).

3. Results

3.1. Spontaneous spheroid formation of human disc NP and AF cells on
LASCol

First, we observed spheroid formation of human disc NP and AF
cells on the LASCol gel in vitro. Both cell types proliferated in monolayer
on the AC gel but demonstrated spheroid formation on the LASCol gel
(Fig. 2A). Time-lapse photographing presented cell-aggregating
spheroid formation on the LASCol gel only, the pattern of which was
similar between disc NP and AF cells (Fig. 2B). Cell-counting analysis
found no apparent increases in disc NP and AF cells on the LASCol but
not AC gel (P < 0.001) (Fig. 2C). However, the number of spheroids,
defined as =3 cell aggregation, progressively increased in both cells on
the LASCol gel only (P < 0.001) (Fig. 2D). Spontaneous spheroid
formation of disc NP and AF cells on the LASCol gel indicates a high
compatibility of LASCol with both cell types.

3.2. Enhanced disc-cell and chondrocyte phenotype of human disc NP and
AF cells on LASCol

Next, we assessed effectiveness of spheroid formation in human disc
NP and AF cells on the LASCol gel in vitro. In disc NP cells, multi-color
immunofluorescence showed elevated expression of brachyury (disc NP
marker) [8], Tie2 (disc NP progenitor marker) [9], and aggrecan (disc
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Fig. 2. Spontaneous spheroid formation of human disc NP and AF cells on LASCol. (A) Human disc NP and AF cells cultured on the LASCol or AC gel in 10% FBS-
supplemented DMEM at 120 h. Black triangles indicate spheroids. (B) Time-lapse human disc AF cells cultured on the LASCol gel in 10% FBS-supplemented DMEM at
72-90 h. (C) Changes in the number of human disc NP and AF cells cultured on the LASCol or AC gel. (D) Changes in the number of human disc NP and AF spheroids
cultured on the LASCol or AC gel. The spheroid was defined as the aggregation of =3 cells. In (C) and (D), the number of cells and spheroids was counted in five
random low-power fields ( X 100). Data are presented with box plots (n = 6). Two-way repeated measures ANOVA with the Tukey-Kramer post-hoc test was used.
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matrix component) [12] in spheroids on the LASCol gel compared to on
the AC gel (brachyury, P < 0.001; Tie2, P < 0.001; aggrecan,
P = 0.001). In addition, expression of collagen type II (disc NP matrix
component) [12] increased in spheroids on the LASCol gel compared to
on the AC gel, while collagen type I (LASCol constituent) [12,30,32]
was comparable between on the LASCol and AC gels (collagen type II,
P = 0.004; collagen type I, P = 0.39) (Fig. 3AC). In disc AF cells,
collagen type V alpha 1 [10] and CD146 (both disc AF markers) [11]
were more abundant in spheroids on the LASCol gel than on the AC gel
(collagen type V alpha 1, P = 0.02; CD146, P < 0.001). Im-
munopositivity for aggrecan appeared to be higher on LASCol than on
AC, showing the tendency toward increase on the LASCol gel although
it did not reach statistical significance (P = 0.06) (Fig. 3BC). Mean-
while, the percentage of immunopositive cells for collagen type I (disc
AF matrix component) [12] was similarly high between on LASCol and
AC, despite marked collagen type I expression in spheroids on the
LASCol gel than on the AC gel (P = 0.20) (Fig. 3BC). A high level of
background signals detected in all measurements for collagen type I in
disc NP and AF cells on LASCol and AC gels would indicate the presence
of collagen type I-comprising LASCol and AC gels. Spontaneous
spheroid formation on the LASCol gel is efficient in increasing disc NP-
cell and AF-cell phenotypes compared to thin spreading of cells on the
AC gel.

Then, we evaluated gene expression in human disc NP cells on the
LASCol gel in vitro. Real-time RT-PCR displayed mRNA up-regulation of
TGFB1 (chondrogenesis inducer) [46] on the LASCol gel relative to on
the AC gel and non-coated control at 72 h (LASCol versus AC, P = 0.03;
versus control, P = 0.009). In addition, SOX9 (chondrogenesis reg-
ulator) [44], COMP (cartilage turnover marker) [45], and TGFBI mRNA
expression on the LASCol gel was up-regulated relative to on the AC gel
and non-coated control at 168 d (SOX9: LASCol versus AC, P = 0.04;
versus control, P = 0.02) (COMP: LASCol versus AC, P = 0.02; versus
control, P = 0.01) (TGFB1: LASCol versus AC, P = 0.01; versus control,
P = 0.02). These gene expression on the LASCol gel all showed time-
dependent up-regulation between 72 and 168 h (SOX9, P = 0.001;
COMP, P = 0.003; TGFB1, P = 0.002) (Fig. 3D). Spheroid-forming
cultures on the LASCol gel stimulate chondrogenic growth of disc NP
cells.

3.3. Delayed loss of radiographic disc height and MRI disc intensity by
LASCol in a rat tail nucleotomy model

Based on a distinct spheroid-forming and phenotype-preserving
characteristics of human disc NP and AF cells on LASCol in vitro, an in-
vivo study was designed using a rat tail nucleotomy model of disc da-
mage which is well established because of the easy accessibility and
high reproducibility [37,38]. First, radiographic analysis for the in-
tradiscal 15-pl injection of 21.0-mg/ml LASCol gel, 7.0-mg/ml AC gel,
and solvent control after nucleotomy was performed to assess effects of
materials. For radiographic disc height measurements using DHI [49]
(Fig. 4A), the intra-observer reliability was 0.913-0.947 by intraclass
correlation coefficient while the inter-observer reliability was 0.934, all
values of which indicated an acceptable reproducibility. Time-course
radiographs demonstrated progressive disc space narrowing in solvent
control discs (normalized %DHI at 7 d, 65.8 =+ 8.0%; 56 d,
50.2 = 11.9%) but relatively maintained disc height in LASCol-in-
jected (normalized %DHI at 7 d, 78.6 * 6.7%; 56 d, 77.4 = 11.4%)
and AC-injected discs (normalized %DHI at 7 d, 73.9 * 9.8%; 56 d,
71.8 = 11.5%) (Fig. 4BC). These normalized %DHI values were higher
in LASCol-injected than control discs at 7-56 d (7 d, P = 0.005; 14 d,
P = 0.003; 28 d, P = 0.002; 56 d, P < 0.001). Meanwhile, statistical
difference in normalized %DHI between AC-injected and control discs
was detected only at 56 d (P = 0.001) (Fig. 4C). Intradiscal injection of
LASCol or AC expedites the maintenance of rat tail disc height.

Next, radiographic analysis for the intradiscal 15-ul injection of
LASCol gels at varying 7.0-42.0-mg/ml concentrations after
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nucleotomy was performed to assess dose-dependent effects of LASCol.
Time-course radiographs identified dose-dependent maintenance of
height in LASCol-injected discs (normalized %DHI at 56 d in 42.0 mg/
ml, 744 =+ 8.2%; 21.0 mg/ml, 71.9 *= 7.8%; 14.0 mg/ml,
66.0 = 5.2%; 7.0 mg/ml, 55.7 = 11.2%) (Fig. 4DE). In fact, nor-
malized %DHI values were higher in 42.0-mg/ml than in 7.0-mg/ml
LASCol-injected discs at 7-56 d (7 d, P = 0.02; 14 d, P < 0.001; 28 d,
P = 0.004; 56 d, P = 0.008). Similarly, statistical difference in nor-
malized %DHI between 21.0-mg/ml and 7.0-mg/ml LASCol-injected
discs was observed at 14-56 d (14 d, P = 0.01; 28 d, P = 0.003; 56 d,
P = 0.02) (Fig. 4E). Based on these findings, 21.0 mg/ml is proposed as
a minimum requirement of intradiscal LASCol concentration.

To find clinically relevant differences between intradiscal LASCol
and AC injection, MRIs were taken at 28 d. On T2-weighted images,
LASCol-injected discs had higher intensity compared to solvent control
discs, indicating preserved disc hydration (Fig. 4F). On T2-mapping
images, LASCol-injected discs contained a larger yellow and green area
than control discs, indicating a higher water content (Fig. 4F). Then,
T2-mapping quantification found statistical T2-value difference be-
tween LASCol-injected and control discs (P = 0.03), although T2 values
in all experimental discs were lower than intact discs (intact
[33.7 = 3.6 ms] versus LASCol [25.7 + 4.0 ms], P = 0.001; versus
AC [21.5 = 1.9 ms], P < 0.001; versus control [20.5 * 1.6 ms],
P < 0.001) (Fig. 4G). No osteophyte, neoplasm, or abnormal granu-
lation was found in LASCol-injected discs. Radiographic and MRI
findings indicate a reduced nucleotomy-induced disc disruption by
LASCol, which is equal or better than AC.

3.4. Delayed loss of cell number and safranin-O-positive matrix by LASCol
in the disc NP of a rat tail nucleotomy model

We then assessed rat tail LASCol-injected, AC-injected, and solvent
control disc histomorphology by safranin-O, fast green, and hematox-
ylin staining to demonstrate proteoglycan distribution. In LASCol-in-
jected discs, the presence of the LASCol gel was implicated as a sa-
franin-O-negative NP region at 0 and 3 d. In particular, cell migration
into the LASCol gel at 3 d was noteworthy (Fig. 5AB). At 7-56 d, sa-
franin-O-positive matrix with cell migration was observed in LASCol-
injected discs (Fig. 5AB). In AC-injected discs, the presence of the AC
gel was similarly speculated at 0-7 d. However, only a few cells were
found on the AC-gel surface at 3 and 7 d (Fig. 5AB). At 14-56 d, AC-
injected discs also presented safranin-O-positive matrix; however, the
area and cell number were substantially smaller than in LASCol-injected
discs (Fig. 5AB). Meanwhile, control discs showed a gross loss, in-
creased clefts, and progressive collapse of NP matrix throughout the
study period (Fig. 5AB). Semi-quantification analysis found a reduced
loss of cell number in the NP region of LASCol-injected discs compared
to AC-injected and control discs at 7-56 d (cell number at 56 d in
LASCol, 70.0 = 15.5; AC, 26.2 * 9.4; control, 3.2 * 2.6) (all
P < 0.001) (Fig. 5C). Delayed loss of safranin-O-positive disc NP area
was also observed in LASCol-injected discs relative to AC-injected and
control discs at 7-56 d (disc NP area at 56 d in LASCol,
251.6 * 67.7 x 10° um? AC, 72.2 * 41.5 x 10> ym? control,
3.8 + 3.0 x 10> um? (all P < 0.001) (Fig. 5D). Marked histomor-
phological differences between LASCol and AC treatments suggest the
future potential of LASCol for viable disc tissue repair by the scaffold
only.

3.5. Decreased collagen type I-based LASCol and increased collagen type II-
positive matrix in the disc NP of a rat tail nucleotomy model

On the basis of histomorphological findings, we performed multi-
color immunofluorescence for collagen types I and II to identify injected
LASCol and AC gels, which were both developed from collagen type I.
In LASCol-injected discs at 0 d, there was the collagen type I-positive,
type Il-negative structure, indicating the LASCol gel. The gel structure
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Fig. 3. Enhanced disc-cell and chondrocyte phenotype of human disc NP and AF cells on LASCol. (A) Immunofluorescence of human disc NP cells cultured on the
LASCol or AC gel in 10% FBS-supplemented DMEM at 120 h for brachyury (green), Tie2 (red), aggrecan (purple), DAPI (blue), and merged signals and for brachyury
(green), collagen type I (purple), collagen type II (red), DAPI (blue), and merged signals. (B) Immunofluorescence of human disc AF cells cultured on the LASCol or
AC gel in 10% FBS-supplemented DMEM at 120 h for collagen type V alpha 1 (green), CD146 (red), collagen type I (purple), DAPI, and merged signals and for
aggrecan (purple), DAPI, and merged signals. (C) Changes in the percentage of human disc NP cells positive for brachyury, Tie2, aggrecan, and collagen types I and II
and AF cells positive for collagen type V alpha 1, CD146, collagen type I, and aggrecan on the LASCol or AC gel. Inmunopositivity was counted in five random low-
power fields ( x 100) and calculated as relative to the total number of DAPI-positive cells. Data are presented with box plots (n = 6). The Student t-test was used. (D)
Real-time RT-PCR for SOX9, COMP, and TGFBI in total RNA extracts from human disc NP cells cultured on the LASCol or AC gel in 10% FBS-supplemented DMEM at
72 and 168 h. The ATP5F1 was used as an internal control. Changes in SOX9/ATP5F1, COMP/ATP5F1, and TGFB1/ATP5F1 mRNA expression relative to the non-
coated control are shown. Data are presented with box plots (n = 3). Two-way repeated measures ANOVA with the Tukey-Kramer post-hoc test was used. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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underwent progressive DAPI-positive cell migration at 3 d. Then, ac-
celerated disappearance of the collagen type I-positive region and
complementary appearance of collagen type II-positive disc NP matrix
were observed at 7 d (Fig. 6). In AC-injected discs at O d, the collagen
type I-positive, type II-negative structure relatively remained un-
changed during the initial 7 d, the disappearance of which was de-
celerated compared to in LASCol-injected discs. There were also no

(caption on next page)

obvious increases in collagen type II expression. Cell migration was
found only on the gel-structure surface (Fig. 6). Meanwhile, in control
discs, collagen types I and II expression was not clearly detected
throughout possibly because of extensive nucleotomy (Fig. 6). Bio-
chemical analysis further clarifies the future potential of collagen type
I-positive LASCol for biological tissue repair with collagen type II-po-
sitive NP-like tissues.
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Fig. 4. Delayed loss of radiographic disc height and MRI disc intensity by LASCol in a rat tail nucleotomy model. (A) The disc height index (DHI) was calculated by
measuring, averaging, and normalizing the disc heights to the adjacent vertebral body heights at the anterior, middle, and posterior portions. (B) Lateral radiographs
of rat tail 15-ul LASCol-injected (21.0 mg/ml), AC-injected (7.0 mg/ml), and solvent control discs taken before (pre-operation [pre-op]) and at 7, 14, 28, or 56 d after
nucleotomy. Dark-gray, light-gray, white, and black triangles indicate LASCol-injected, AC-injected, solvent control, and untreated intact discs, respectively. (C)
Changes in %DHI of LASCol-injected, AC-injected, and control discs. (D) Lateral radiographs of rat tail 15-ul LASCol-injected discs at varying concentrations (42.0,
21.0, 14.0, and 7.0 mg/ml) taken before (pre-operation [pre-op]) and at 7, 14, 28, or 56 d after nucleotomy. Dark-gray, intermediate-gray, light-gray, white, and
black triangles indicate 42.0-mg/ml, 21.0-mg/ml, 14.0-mg/ml, and 7.0-mg/ml LASCol-injected, and untreated intact discs, respectively. (E) Changes in %DHI of
LASCol-injected discs at varying concentrations. (F) Sagittal T2-weighted and T2-mapping MRIs of rat tail 15-ul LASCol-injected (21.0 mg/ml), AC-injected (7.0 mg/
ml), and solvent control discs taken at 28 d after nucleotomy. Dark-gray, intermediate-gray, light-gray, and white triangles indicate LASCol-injected, AC-injected,
solvent control, and untreated intact discs, respectively. Pink circles indicate the respective discs in T2-mapping images. (G) Changes in T2-mapping value of LASCol-
injected, AC-injected, control, and intact discs. In (C), (E), and (G), data are presented with box plots (c, n = 8; e,n = 6; g, n = 6). Two-way repeated measures
ANOVA with the Tukey-Kramer post-hoc test was used for (C) and (E). One-way ANOVA with the Tukey-Kramer post-hoc test was used for (G). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Delayed loss of cell number and Safranin-O-positive matrix by LASCol in the disc NP of a rat tail nucleotomy model. (A) Safranin-O staining of rat tail 15-ul
LASCol-injected (21.0 mg/ml), AC-injected (7.0 mg/ml), and solvent control discs sectioned at 0, 3, 7, 14, 28, or 56 d after nucleotomy in low-power fields ( x 100).
Black rectangles indicate the disc NP area shown as high-power field images in Fig. 5B. (B) Safranin-O staining of rat tail 15-ul LASCol-injected, AC-injected, and
solvent control discs sectioned at 3 and 28 d after nucleotomy in high-power fields ( x 400). (C) Changes in the number of cells in LASCol-injected, AC-injected, and
control disc NP spaces. (D) Changes in safranin-O-positive area of LASCol-injected, AC-injected, and control disc NP spaces. In (C) and (D), data are presented with
box plots (n = 6). Two-way repeated measures ANOVA with the Tukey—Kramer post-hoc test was used.
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Fig. 6. Decreased collagen type I-based LASCol and increased collagen type II-positive matrix in the disc NP of a rat tail nucleotomy model. Immunofluorescence of
rat tail 15-ul LASCol-injected (21.0 mg/ml), AC-injected (7.0 mg/ml), and solvent control discs sectioned before (pre-operation [pre-op]) and at 0, 3, or 7 d after
nucleotomy for collagen type I (purple), collagen type II (red), DAPI (blue), and merged signals. The LASCol and AC consist of collagen type I. Black rectangles
indicate the disc NP area analyzed by immunofluorescence. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

3.6. Migration of cells with the endogenous phenotype into LASCol in the
disc NP of a rat tail nucleotomy model

Next, we performed multi-color immunofluorescence for brachyury,
Tie2, and aggrecan to assess the phenotype of migrated cells into the
LASCol gel. First, we thought these cells as remnant disc NP cells. In
LASCol-injected discs, a substantial percentage of cells were brachyury-
positive (3 d, 36.4 = 9.9%; 7 d, 37.1 = 4.8%; 14 d, 34.0 = 8.3%j;

28 d, 32.0 *+ 4.5%; 56 d, 27.9 =+ 5.2%), Tie2-positive (3 d,
39.7 * 55%; 7 d, 22.7 = 7.0%; 14 d, 20.3 = 3.2%; 28 d,
222 * 4.3%; 56 d, 17.7 * 3.2%), and aggrecan-positive (3 d,
48.2 + 6.2%; 7 d, 42.0 * 5.4%; 14 d, 41.7 = 8.6%; 28 d,
39.5 *+ 4.6%;56d, 36.8 + 3.2%) (Fig. 7AB). However, in AC-injected
discs, immunopositivity for brachyury (3 d, 189 * 3.7%; 7 d,
159 =+ 3.1%; 14 d, 13.7 * 3.7%; 28 d, 13.1 = 2.3%; 56 d,
11.6 = 1.6%), Tie2 (3 d, 15.0 * 5.6%; 7 d, 10.1 *= 3.8%; 14 d,
119 = 2.5%; 28 d, 7.5 * 1.6%; 56 d, 6.1 = 3.1%), and aggrecan
(3d, 299 + 86%; 7d, 31.3 = 6.0%; 14 d, 29.6 + 3.9%; 28 d,
28.3 * 4.8%; 56 d, 26.0 *+ 5.6%) was statistically lower than in
LASCol-injected discs (all P < 0.01) (Fig. 7AB). Similarly, in control
discs, immunopositivity for brachyury (3 d, 89 =+ 2.4%; 7 d,
13.8 = 4.8%; 14 d, 11.4 = 3.2%; 28 d, 99 =+ 2.0%; 56 d,
85 + 2.0%), Tie2 (3 d, 84 + 3.7%; 7 d, 11.7 += 3.5%; 14 d,
8.5 * 1.2%;28d,5.5 = 2.5%;56d,7.0 £ 2.7%), and aggrecan (3 d,

+

16.3 * 3.0%; 7 d, 16.2 = 5.3%; 14 d, 17.2 5.6%; 28 d,
140 = 3.5%; 56 d, 9.1 * 4.1%) was further low compared to in
LASCol-injected discs (all P < 0.001) (Fig. 7AB). The presence of cells
with brachyury-positive and/or Tie2-positive disc NP phenotypes sup-
ports the accelerated migration of remnant cells through LASCol-
mediated spontaneous spheroid formation, potentially contributing to
the repair process of nucleotomy-induced disc damage by expressing
aggrecan as well as collagen type II.

3.7. Infiltration of macrophages into LASCol in the disc NP of a rat tail
nucleotomy model

We further performed additional multi-color immunofluorescence
for macrophage markers to identify residual cell migration other than
remnant disc NP cells. In LASCol-injected discs, Ibal (pan-macrophage
marker) [41] was positive in a substantial percentage of cells into the
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LASCol gel (3d,59.6 + 3.8%;7d,67.9 = 6.7%;14d,58.7 + 6.9%);
28 d, 48.0 = 8.5%; 56 d, 32.2 = 6.0%). This immunopositivity for
Ibal increased from 3 to 7 d (P = 0.04), indicating progressive mac-
rophage infiltration to possibly accelerate LASCol degradation at earlier
time points and gradual reduction of macrophages from 14 to 56 d after
surgery. Moreover, cells in part were positive for CD86 (M1-polarized
macrophage marker for pro-inflammation) [42] (3 d, 34.3 * 6.0%;
7 d, 35.1 * 5.3%; 14 d, 31.1 *= 4.5%; 28 d, 23.9 * 3.3%; 56 d,
16.8 + 4.2%) and/or CD163 (M2-polarized macrophage marker for
anti-inflammation and tissue remodeling) [43] (3 d, 26.3 + 4.5%; 7 d,
242 * 55%; 14 d, 28.6 * 5.0%; 28 d, 21.7 = 4.6%; 56 d,
17.5 = 4.0%) (Fig. 8AB). In AC-injected discs, cells observed on the
gel surface were also Ibal-positive (3 d, 339 = 7.0%; 7 d,
27.9 *= 10.8%; 14 d, 28.7 = 6.3%; 28 d, 29.3 * 5.7%; 56 d,
18.5 = 4.2%), although the percentage was lower than in LASCol-
injected discs (all P < 0.001). Immunopositivity for CD86 (3 d,
20.0 = 31%; 7 d, 17.7 = 7.9%; 14 d, 189 = 3.6%; 28 d,
19.0 4.9%; 56 d, 12.5 = 3.5%) and CD163 (3 d, 14.9 = 2.9%; 7 d,
9.9 3.5%; 14 d, 9.7 *= 3.4%; 28 d, 140 = 3.1%; 56 d,
8.0 3.0%) was further low (CD86: 3-14 d, P < 0.001; 28 d,
P = 0.046; 56 d, P = 0.08; CD163: all P < 0.001) (Fig. 8AB). There
were few Ibal-positive cells in control discs (3 d, 20.1 *+ 5.5%; 7 d,
241 = 7.0%; 14 d, 12.8 * 4.9%; 28 d, 15.6 = 5.0%; 56 d,
12.1 * 3.8%) compared to in LASCol-injected discs (all P < 0.001).
Immunopositivity for CD86 (3 d, 10.5 = 3.8%; 7 d, 11.8 * 4.0%;
14d,7.7 = 3.5%; 28d, 9.7 = 3.5%; 56 d, 8.8 = 4.3%) and CD163
(3d, 9.0 + 3.6%; 7d, 8.2 = 1.9%; 14 d, 44 = 3.0%; 28 d,
6.3 = 3.3%; 56 d, 6.7 = 2.4%) was also lower (all P < 0.001)
(Fig. 8AB). In our proposed model, LASCol-mediated infiltration of M1-
polarized and also M2-polarized macrophages would serve for the
LASCol self-biodegradation. This could also be beneficial for the tissue
repair process, in particular by M2-polarized macrophages. However,
effectiveness of macrophage infiltration-mediated secondary in-
flammatory responses for the disc requires careful evaluations in the
future.

o

4. Discussion

This is the first study to demonstrate the potential for intervertebral
disc damage control by LASCol. In in-vitro experiments, compared to
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this article.)

AC, LASCol induced the formation of spheroids with an increased ex-
pression of human disc NP-cell and AF-cell phenotypes. In this study,
the ratio of Tie2-positive cells on the LASCol gel was higher than that in
other reports [9]. As Tie2 expresses at early phases of nucleus pulposus
differentiation, LASCol-mediated spheroid formation appears to sti-
mulate the progenitor potential, requiring further mechanistic in-
vestigations. In in-vivo experiments, LASCol induced a delayed pro-
gression of disc damage in a rat tail nucleotomy model. Radiographic
and MRI findings were relatively similar between LASCol and AC, in-
dicating the difficulty of complete structural disc repair by the applied
version (concentration, dose, and volume) of both materials—a subject
to be studied in the future. However, LASCol had distinct histological
differences from AC in the cell number and matrix area of the disc NP.
Furthermore, time-course histomorphology and immunofluorescence
disclosed a marked migration of endogenous disc NP cells expressing
aggrecan and collagen type II and infiltration of M1-polarized and also
M2-polarized macrophages into LASCol with an accelerated degrada-
tion of collagen type I-positive LASCol. The observed reduction in
structural disc damage and spontaneous invasion of endogenous cells
and macrophages including the M2 by LASCol, suggesting the future
potential for viable disc repair, is notable based on the spheroid-
forming capability [22]. A stem cell-seeded tissue-engineered scaffold
reports the maintenance of mechanical function and integration up to
eight weeks [52]. Hyaluronan-based [53] and alginate-based [54]

12

scaffolds present with enhanced NP-cell phenotypes and matrix pro-
duction. These scaffolds with a disc regenerative potential are attrac-
tive; however, their repair mechanisms have not been fully clarified. At
least, no scaffolds other than LASCol have shown spontaneous spheroid
formation. While recent advances in the application of stem cells and/
or growth factors have enabled radiographic disc height and MRI signal
restoration, disc-specific phenotype maintenance, and increased matrix
expression in animals [21] and discogenic pain relief and MRI signal
improvement in humans [20], these treatments require the specialized
institutions, equipment, scientists, technicians, strict laws and regula-
tions, numerous medical expenses, and nevertheless unfavorable health
complications. However, LASCol could stimulate disc-cell migration
and disc-tissue repair by the scaffold only through a simple, tempera-
ture-sensitive gel injection. In addition, treatment of LASCol, developed
from abundantly available porcine skin's collagen type I, is much less
expensive than cell transplantation and/or growth factor administra-
tion. Therefore, intradiscal LASCol injection is a new scaffold treatment
option for non-critical but highly prevalent, intervertebral disc disease.

In this study, in-vivo delayed reduction of safranin-O-positive matrix
by LASCol is speculated to come from cells migrating into LASCol ex-
pressing aggrecan and collagen type II as well as brachyury and/or
Tie2, similar to endogenous disc NP cells. The LASCol would promote
the internal migration of remnant disc NP cells, accelerate the forma-
tion of cell-aggregating spheroids encouraging the original disc NP
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phenotype maintenance, e.g. brachyury *, Tie2™, aggrecan™, and col-
lagen type II*, and also up-regulating chondrogenic SOX9, COMP, and
TGFBI1 gene expression, and facilitate viable disc-tissue repair with the
presence of matrix-producing cells. Consequently, this treatment is
potentially suitable for discs with early to intermediate stages of de-
generation that cells can still be alive [55]. Long-term effectiveness of
LASCol to prevent the progression of age-dependent disc degeneration
should be studied in the future.

When the efficacy of LASCol depends on endogenous disc NP-cell
migration and aggrecan-positive and collagen type II-positive tissue
repair, rapid self-biodegradation of collagen type I-based LASCol is
advantageous to restore the original tissue environment as the differ-
ence in biochemical characteristics between collagen types I (two pro-
alpha 1[I] chains and one pro-alpha 2[I] chain) and II (homotrimers of
alpha 1[II] chains) is distinct [56]. In this study, infiltration of M2-
polarized macrophages as well as M1-polarized macrophages into
LASCol is a possible approach to accelerate this degradation. As no
macrophages exist in healthy discs but marked macrophage infiltration
is observed in aged discs, the M1/M2-polarization of macrophages
corresponds to the degeneration severity [57]. Of course, macrophage
infiltration into the disc induces mechanical hyperalgesia and pro-in-
flammatory cytokine production [58]. The originally avascular nature
of the disc without macrophage infiltration [57,58] requests a careful
interpretation on the involvement of secondary inflammatory re-
sponses. Nevertheless, the transition of macrophage polarization from a
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pro-inflammatory M1 to a pro-healing M2 can be a strategy to improve
a poor healing potential of the intervertebral disc [57]. In addition, the
design of scaffolds is also critical as macrophages acquire a more tissue-
regenerative M2-polarized phenotype on scaffolds with larger fiber and
pore dimensions [59]. Following further justifications of the 3D mi-
crostructure of scaffolds and roles of inflammation in the disc, the in-
filtration of M1-polarized and also M2-polarized macrophages could
prove useful for not only the biodegradation of LASCol but also the
repair process of disc tissues.

This study has several limitations. In vitro, human disc cells surgi-
cally obtained had variations in age, sex, and disc degeneration se-
verity, although the observed findings were consistent regardless of
these parameters. In vivo, rat tail discs are biologically and mechani-
cally different from rat lumbar discs as well as humans. Rodents retain
notochordal cells in the disc NP throughout their lives, resulting in
fewer age-related disc pathologies [60]. Mechanical differences be-
tween cervical/lumbar and caudal segments and between bipeds and
quadrupeds are not negligible [60]. In addition, surgical induction of
nucleotomy-induced disc disruption in rat tails does not completely
mimic clinical situation of degenerative and herniated discs in humans
[61]. Therefore, preclinical studies of LASCol using larger-sized animal
models in which disc NP notochordal cells disappear should be carried
out. In this study, despite the observed in-vitro compatibility of LASCol
with both disc NP and AF cells, in-vivo analysis was primarily focused
on disc NP tissues, requiring future clarifications regarding LASCol-
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mediated disc repair. Further biomechanical and structural analyses of
intradiscal LASCol also need to be conducted. As the material property,
alternative LASCol based on collagen type II but not type I might be
preferable to repair disc NP tissues since disc NP matrix comprises
collagen type II. The development of collagen type II-based LASCol is
technically capable; however, the quality control and mass production
are difficult due to a limited acquisition amount of raw materials, e.g.
pig knee articular cartilage. Collagen type I-based LASCol can be sup-
plied stably and affordably for future clinical applications. It should
also be determined in the future which is the best suited shape to the
future clinical intradiscal application of LASCol, injectable gel or other
shapes including sponge, fragment, flake, and powder.

5. Conclusion

The LASCol, a new collagen type I-based scaffold that we developed
by actinidain hydrolysis, has distinct characteristics from conventional
AC of an improved water-solubility, faster biodegradability, decreased
antigenicity, and then marked capability of 3D spheroid formation by
the scaffold only. This first, preliminary study of LASCol-mediated in-
tervertebral disc repair demonstrated spontaneous spheroid formation
and enhanced phenotypic characteristics of human intervertebral disc
NP and AF cells surgically collected. In a rat tail model of disc disrup-
tion by nucleotomy, LASCol-injected discs presented with a reduced
radiological and histological damage, showing the migration into
LASCol of aggrecan-positive and collagen type II-positive endogenous
disc NP cells, as well as an accelerated biodegradation of LASCol with
the infiltration of M1-polarized and also M2-polarized macrophages.
Following future mechanistic studies using larger-sized animal models
and finally human trials, simple intradiscal injection of LASCol may be
an effective treatment option without any transplantation of stem cells
and/or administration of growth factors for intervertebral disc disease.
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