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ARTICLE INFO ABSTRACT

Keywords: The loss of nucleus pulposus (NP) precedes the intervertebral disk (IVD) degeneration that causes back pain.
Induced p%uripotent stem cells Here, we demonstrate that the implantation of human iPS cell-derived cartilaginous tissue (hiPS-Cart) restores
Regeneration this loss by replacing lost NP spatially and functionally. NP cells consist of notochordal NP cells and chondrocyte-
lg::;:gsepmposus like NP cells. Single cell RNA sequencing (scRNA-seq) analysis revealed that cells in hiPS-Cart corresponded to
Chondrocytes chondrocyte-like NP cells but not to notochordal NP cells. The implantation of hiPS-Cart into a nuclectomized

space of IVD in nude rats prevented the degeneration of the IVD and preserved its mechanical properties. hiPS-
Cart survived and occupied the nuclectomized space for at least six months after implantation, indicating spatial
and functional replacement of lost NP by hiPS-Cart. Further scRNA-seq analysis revealed that hiPS-Cart cells
changed their profile after implantation, differentiating into two lineages that are metabolically distinct from
each other. However, post-implanted hiPS-Cart cells corresponded to chondrocyte-like NP cells only and did not
develop into notochordal NP cells, suggesting that chondrocyte-like NP cells are nearly sufficient for NP function.
The data collectively indicate that hiPS-Cart is a candidate implant for regenerating NP spatially and functionally
and preventing IVD degeneration.

intervertebral disc

1. Introduction

Low back pain is a leading cause of disabilities throughout the world
and engenders a tremendous socioeconomic burden [1,2]. It has been
estimated that intervertebral disk (IVD) degeneration accounts for
22-42% of patients with low back pain [3,4]. IVD degeneration
frequently leads to more debilitating conditions, such as lumbar disk
herniation, lumbar spinal stenosis, and spinal deformity, which are
collectively called degenerative disk diseases [5-7]. Conservative

treatments for IVD degeneration may alleviate the symptoms but do not
restore the degenerated IVD to its healthy state. Surgical interventions,
such as decompression, fusion, and deformity correction surgeries, are
palliative, do not resolve the pathology, and are associated with com-
plications, including adjacent segment disease and implant failure, that
commonly require revision surgery [8,9]. Moreover, because IVD
degeneration is an irreversible condition, there is a need for regenerative
treatments.

Anatomically, IVDs reside between vertebral bodies and constitute
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the spinal column. Functionally, IVDs resist the axial compression load
of the spine and provide flexibility of the spinal column. This mechanical
function is conferred by the anatomical structure of the IVD, in which
nucleus pulposus (NP) in the center is surrounded by annulus fibrosus
(AF) in the periphery. NP is viscoelastic and avascular and is composed
of NP cells and extracellular matrix (ECM), which is produced and
maintained by the NP cells. The ECM determines the mechanical prop-
erties of the NP. The ECM also provides NP cells with an environment
necessary for the homeostasis of NP cells.

Although the exact origin of IVD degeneration has not been deter-
mined, NP is believed to be the place of onset [10,11], suggesting it
should be targeted by regenerative treatment to restore the IVD. At the
early stage, biomolecular therapy, such as recombinant proteins and
genes, facilitates the production of the ECM if abundant and viable cells
exist in NP. The implantation of diskogenic cells is also expected to
secrete anabolic factors that facilitate the production of the ECM from
native viable cells through trophic effects. At advanced stages, however,
when both NP cells and the ECM are lost, the implantation of diskogenic
cells alone cannot regenerate NP, because the cells do not maintain the
characters of NP cells in the absence of NP-ECM. Thus, the ultimate goal
for regenerative treatment includes developing a tissue-engineered NP
construct containing both viable cells and NP-ECM that is implanted into
the NP space and replaces NP to restore the biomechanical function
[12].

NP-ECM consists of collagen fibrils that form three-dimensional (3D)
networks providing scaffolding for proteoglycans [13,14]. Pro-
teoglycans consists of the core protein that links abundant glycosami-
noglycans. Interestingly, this specific ECM composition in NP is shared
with cartilage. Articular cartilage (AC) has specific viscoelasticity and
covers the ends of bones to resist compression load and provide lubri-
cation in diarthrodial joints. In both NP-ECM and AC-ECM, collagen fi-
brils are composed of types II, IX and XI collagen molecules and the
proteoglycan core protein is aggrecan. The composition ratio of pro-
teoglycan to collagen content in NP-ECM is higher than that in AC-ECM,
which assumingly explains the different properties needed for the spe-
cific mechanical functions of NP and AC.

Induced pluripotent stem cells (iPSCs) are reprogrammed somatic
cells that have the same function as embryonic stem cells (ESCs) but
without the ethical issues involving embryo destruction [15]. Thus,
iPSCs are a promising cell source for regenerative therapy due to their
unlimited proliferative and differentiative capacities. Cartilaginous
particles have been successfully created from human (h)ESCs and hiPSCs
in laboratories including ours [16]. In order to create cartilage, hESCs
and hiPSCs are initially differentiated toward chondrocytes, followed by
transfer to a 3D culture, such as suspension culture or pellet culture, to
make chondrocytes that produce and accumulate ECM [17].
hiPSC-derived cartilaginous tissue particles (hiPS-Cart) have been re-
ported to form repair tissue after their implantation into AC defects in
animal models [18], suggesting that they can be used for AC regenera-
tion. Together with the fact that NP-ECM and AC-ECM share type II
collagen (COL2), type XI collagen (COL11), and aggrecan (ACAN), the
findings that hiPS-Cart also shares these ECM proteins [17] raises the
hypothesis that hiPS-Cart can be used for NP regeneration.

NP cells are inhomogeneous and morphologically classified into at
least two types: notochordal NP cells and chondrocyte-like NP cells. The
former contains cells with vacuoles and assembles into masses of cell
aggregates connected by intercellular junctions, whereas the latter is
round in shape, dispersed, and surrounded by ECM [19,20]. Although
microarray and bulk RNA sequencing (RNA-seq) analyses of NP and AC
[21] and extensive proteomic analysis of NP [22] have determined the
expression profile of NP as a whole, distinct profiles of notochordal NP
cells and chondrocyte-like NP cells have not been clarified.

In the present study, we performed a single cell (sc)RNA-seq tran-
scriptome analysis of NP and AC of cynomolgus monkey and compared
the results with a scRNA-seq analysis of hiPS-Cart. Cell clustering
analysis indicated that some NP cells and AC cells have similar
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transcriptomic profiles, suggesting that these cells in NP are
chondrocyte-like NP cells. Marker gene expressions suggested that the
remaining NP cells corresponded to notochordal NP cells. Notably, cells
in hiPS-Cart had a transcriptomic profile similar to chondrocyte-like NP
cells. To analyze the potential NP-function of hiPS-Cart, we employed a
model in which NP was removed from the IVD of coccygeal vertebra in
nude rats to cause substantial degeneration of the IVD and vertebral
bone. hiPS-Cart implanted into the nuclectomized survived and pre-
vented IVD and vertebral bone degeneration, indicating that hiPS-Cart
can replace NP spatially and functionally. Mechanical tests indicated
that the implantation of hiPS-Cart reverted the impaired mechanical
properties of nuclectomized IVD toward those in sham-operated rats.
Finally, we recovered the hiPS-Cart implants from rat IVD six weeks
after the implantation and subjected them to scRNA-seq analysis. Post-
implanted hiPS-Cart corresponded to chondrocyte-like NP cells but not
to notochordal NP cells, suggesting that chondrocyte-like NP cells are
sufficient for restoring the function of NP in our experimental animal
model. These results collectively suggest that hiPS-Cart is a new tissue-
engineered construct that can be used as an implant in regenerative
therapy for the loss of NP to prevent IVD degeneration.

2. Materials and methods
2.1. Ethics statement

All methods were carried out in accordance with relevant guidelines
and regulations. Experiments using recombinant DNA were approved by
the Recombinant DNA Experiments Safety Committee of Kyoto Uni-
versity. Research involving human subjects was approved by the Ethics
Committee of Kyoto University. Written informed consent was obtained
from each donor. All animal experiments were approved by the insti-
tutional animal committee of Kyoto University.

2.2. Generation of hiPSC-derived cartilaginous tissue

The hiPSC line QHJI was generated from a healthy individual and
was a kind gift from K. Okita, M. Nakagawa, and S. Yamanaka (Center
for iPS Cell Research and Application (CiRA), Kyoto University, Kyoto,
Japan). QHJI was generated by reprogramming human peripheral
mononuclear cells by electroporating into them episomal plasmid vec-
tors (pCXLE-hOCT3/4-shp53-F, hSK, hUL, EBNA) [23]. All cells were
negative for genome integration.

hiPSCs were cultured in bioreactors and chondrogenically differen-
tiated to produce hiPS-Cart following a previously described method
using a bioreactor [24]. hiPS-Cart were generated by chondrogenic
differentiation for 14 weeks and maintained in chondrogenic medium
(DMEM (Sigma-Aldrich, USA) with 1% FBS (Thermo Fisher Scientific,
USA), 1% ITS-X (Thermo Fisher Scientific, USA), 50 pg/mL ascorbic acid
(nacalai tesque, Japan), 1 mM sodium pyruvate (Thermo Fisher Scien-
tific, USA), 1% nonessential amino acids (Thermo Fisher Scientific,
USA), 1% penicillin streptomycin (Sigma-Aldrich, USA), 10 ng/mL
TGF-p1 (PeproTech, USA), 10 ng/mL GDF5 (ProSpec-Tany TechnoGene,
Israel), and 10 ng/mL BMP2 (PeproTech, USA).

2.3. Single cell preparation for scRNA-seq analysis

A male 3-year-old cynomolgus monkey was sacrificed and dissected.
Two NP samples (NP1 and NP2) from the lumber IVD (L4/5 and L5/6,
respectively) and two AC samples (AC1 and AC2) from both knee joints
were collected. In addition, to confirm reproducibility of the analysis,
another male 3-year-old cynomolgus monkey was sacrificed, and a NP
sample (NP4) from the lumber IVD (L4/5) was collected. Three rats
implanted with hiPS-Cart were also sacrificed, and post-implant hiPS-
Cart were harvested 6 weeks after the surgery. AC, pre-implant hiPS-
Cart, and post-implant hiPS-Cart were minced into 1-2 mm pieces. Then
the pieces and NP were digested with Liberase solution (for NP, AC, and
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post-implant hiPS-Cart: RPMI-1640 (Nacalai Tesque) supplemented
with 0.2% FBS, 10 mM HEPES pH7.2-7.4, 0.2-0.4 mg/mL Liberase TM
(Roche), and 2 kU/mL DNase I (Merck); for pre-implant hiPS-Cart:
DMEM with 1% FBS, 1% ITS-X, 50 pg/mL ascorbic acid, 1 mM sodium
pyruvate, 1% nonessential amino acids, 1% penicillin streptomycin, 10
ng/mL TGF-p1, 10 ng/mL GDF5, and 10 ng/mL BMP2, 0.2 mg/mL
Liberase TM (Roche), and 2 kU/mL DNase I (Merck)) at 37 °C, 5% CO»
for 120-210 min with sustained shaking. The cells were agitated 10
times with 1000 pL blue tip and then passed through a 70 pm cell
strainer (BD Biosciences), centrifuged at 4 °C for 300xg for 5 min, and
their supernatant was discarded. The cells were resuspended in RPMI-
1640 supplemented with 0.2% FBS and 10 mM HEPES.

For cell hashing, we biotinylated cell surface proteins with EZ-Link
Sulfo-NHS-Biotin (Thermo Scientific), followed by staining with 0.6
pg/mL of Totalseq (A0951-A0955, and A0436 (BioLegend)) (Details of
the method will be described elsewhere.) Cells that were alive and
stained with A0951-A0955 were selected by flow cytometry using a
FACS Aria II flow cytometer (BD Biosciences) and suspended in Sample
Buffer (BD Biosciences).

2.4. cDNA synthesis and exonuclease I treatment by BD Rhapsody system

Obtained single-cell suspensions were subjected to a BD Rhapsody
system with the BD Rhapsody Targeted & Abseq Reagent Kit (BD Bio-
sciences) following the manufacturer’s instructions. After reverse tran-
scription, Exonuclease I treatment of the resultant BD Rhapsody beads
was performed at 37 °C for 60 min and 1200 rpm on a Thermomixer C
with a Thermotop. The resultant beads were immediately chilled on ice.
The supernatant was removed, and the beads were washed with 1 mL
WTA wash buffer (10 mM Tris-HCI pH8.0, 50 mM NaCl, 1 mM EDTA,
0.02% Tween-20) and 200 pL BD Rhapsody lysis buffer (for inactivation
of enzyme), once again with 1 mL. WTA wash buffer alone, twice with
500 pL WTA wash buffer, then resuspended with 200 pL Beads resus-
pension buffer and stored at 4 °C. During the washing step, bead-
containing DNA LoBind tubes were replaced twice.

2.5. TAS-seq library generation

TAS-Seq libraries were generated by Immunogenetegs Inc. (Noda
city, Chiba, Japan) according to a previous report [25]. Briefly,
reverse-transcribed, exonuclease I-treated BD Rhapsody beads were
subjected to a terminator-assisted TdT reaction, second-strand synthesis
reaction, and a 1st/2nd round of whole-transcriptome amplification
(WTA) or Totalseq library amplification reaction. The size distribution
and concentration of the amplified cDNA libraries and hashtag libraries
were analyzed using a MultiNA system (Shimazu). Illumina libraries
were constructed from 100 ng of amplified cDNA libraries using a
NEBNext Ultra II FS library prep kit for Illumina (New England Biolabs).
Mlumina adapters and unique-dual barcodes were added to the hashtag
libraries by PCR. The size distribution and concentration of the ampli-
fied Illumina libraries were analyzed using the MultiNA system and
KAPA library quantification kit (KAPA Biosystems). Sequencing was
performed using an Illumina Novaseq 6000 sequencer (Illumina, San
Diego, CA, USA) and a Novaseq 6000 S4 reagent kit v1.0 or v1.5 ac-
cording to the manufacturer’s instructions (read 1 (cell barcode): 67
base-pair and read 2 (cDNA): 140 (v1.0)/155 (1.5) base-pair with 8
base-pair x 2 unique-dual indexes). The pooled library concentration
was adjusted to 1.75 nM (v1.0) or 2.0 nM (v1.5), and 12% PhiX control
library v3 (Illumina) was spiked into the library.

2.6. Fastq data preprocessing and generation of the single-cell gene-
expression matrix

To obtain gene-expression count matrix and Totalseq expression
matrix of each single cell, fastq files of the TAS-Seq data were processed
by Immunogeneteqs Inc. as described previously [25]. For assignment of
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cDNA reads to each transcript, bowtie2-indexes built from reference
RNA sequences (cDNA and ncRNA fasta files of the Ensembl database
(Macaca_fascicularis_6.0 for macaca fascicularis data, and GRCh38
release-101 for human data) [26]) were used. Associated Totalseq
streptavidin/anti-biotin reads were mapped to known barcode se-
quences (provided by BioLegend) using bowtie2-2.4.2 with the
following parameters: p 2 -D 20 -R 3 -N 0 -L 8 -i S,1,0.75 -norc -seed
656565 -reorder -trim-to 3:39 -score-min L,-9,0 -mp 3,3 -np 3 -rdg 3,3.
The inflection point of the knee-plot (total read count versus the rank of
the read count) was detected using the DropletUtils package [27] in R
3.6.3 (https://cran.r-project.org/) from the resulting single-cell gen-
e-expression matrix files. Cells for which the total read count was over
the inflection point were considered as valid cells. Demultiplexing of
single cells by the expression of Totalseq streptavidin/anti-biotin was
performed as described previously [25].

2.7. Background subtraction of TAS-Seq expression matrix by
distribution-based error correction

To reduce the background read counts of each gene that were
possibly derived from RNA diffusion during the cell lysis step within the
BD Rhapsody cartridge and reverse transcription, a distribution-based
error correction that is included in the BD Rhapsody targeted scRNA-
seq workflow was performed by Immunogenetegs Inc. as previously
reported [25]. Briefly, the genes for which the logs(x+1)-transformed
maximum expression was over 8 were selected, a biexponential trans-
formation was applied to each gene count using the FlowTrans package
[28] in R 3.6.3. Next, Gaussian mixture components were detected using
the mclust package [29] in R 3.6.3, the average expression of each
component was calculated, and the genes for which the maximum
average expression of each component was over 5.5 were selected. Then,
if the difference of the average expression of each component against its
maximum expression was greater than 5, the expression level of the
components was considered to be background gene expression, and the
converted expression of the components was set to 0.

2.8. Single-cell clustering and annotation

We clustered single cells of each dataset using Seurat v4.0 [30] in R
4.1.0. The Seurat object for each dataset was created using the Crea-
teSeuratObject function (min.cells = 5, min.genes = 500). Cells in which
the mitochondrial gene percentage was over the threshold indicated in
Fig. S1A were filtered out by the subset function in Seurat v4.0. The
expression data was normalized by the NormalizeData function (scale.
factor = 1,000,000 according to the analytical parameter used by Tabula
Muris [31]). Cells were categorized into S, G1, or G2/M phase by scoring
cell cycle-associated gene expressions using the CellCycleScoring func-
tion. Highly variable genes in each dataset were identified using the
FindVariableFeatures function with the following parameters: selection.
method = “vst”, nfeatures = 5000, mean.cutoff = c¢(0.1, Inf), and
dispersion.cutoff = ¢(0.5, Inf). The expression data was scaled with the
ScaleData function. Read counts of each cell within each dataset were
regressed as a confounding factor in the ScaleData function. Principal
component analysis (PCA) was performed using the RunPCA function,
and the top 42 PCs were selected to perform dimensional reduction
using uniform manifold approximation and projection (UMAP). We
determined a cluster resolution of values as indicated in the Results
section. Differentially expressed genes (DEGs) of each cluster were
determined by the FindMarkers function with a 0.05 p_val_adj threshold
between two groups (i.e., cell clusters).

DEGs were further analyzed by ingenuity pathway analysis (IPA)
(QIAGEN) to determine upstream genes and pathway identification.

2.9. SingleR

Cells in hiPS-Cart before implantation and after implantation were
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annotated using SingleR v1.7.0 [32]. We used NP and AC datasets as
references.

2.10. RNA velocity analysis

For the RNA velocity analysis, TAS-Seq data cDNA reads were
mapped to the reference genome (Macaca_fascicularis_6.0 for macaca
fascicularis data, and GRCh38 release-101 for human data) using
HISAT2-2.2.1 [33] and the following parameters: q -p 6 —rna-strandness
F -very-sensitive —seed 656565 -reorder —omit-sec-seq -mm. For the
HISAT2 index build, a corresponding ensembl gtf file was filtered to
retain protein-coding RNA, long non-coding RNA, and T cell chai-
n/immunoglobulin chain annotations according to the 10X Genomics’s
method  (support.10xgenomics.com/single-cell-gene-expression/soft
ware/pipelines/latest/advanced/references” title="https://support.
10xgenomics.com/single-cell-gene-expression/software/pipelines/
latest/advanced/references">https://support.10xgenomics.com/sin-
gle-cell-gene-expression/software/pipelines/latest/advanced/refer-
ences#mkgtf). Then, the cell barcode information of each read was
added to the HISAT2-mapped BAM files, and associated gene annota-
tions were assigned using featureCounts v2.0.2 [34] and the following
parameters: T 2 -Q O -s 1 -t gene -g gene_name —primary -M -O
-largestOverlap —fraction -R BAM. In the featureCounts analysis, a
“gene” annotation was used to capture unspliced RNA information for
the RNA velocity analysis, and primary annotations were kept. The
resulting BAM file was split using valid cell barcodes and nim 1.0.6 and
hts-nim v0.2.23, the split files were processed into loom files using
velocyto run (vesion 0.17.17) with the -c and -U options, and the loom
files were concatenated using the loompy.combine function (version
3.0.6) [35]. Then, we performed RNA velocity analysis using scVelo
[36]. We read the loom files to an AnnData object. After estimating the
RNA velocity, we inferred the trajectory using PAGA [37], which was
extended by the velocity-inferred directionality. We also performed
dynamical modeling velocity analysis.

2.11. Implantation of human iPS-Cart in a rat tail nuclectomy model

Nude rats (8-week-old males) were subjected to the operation and
divided into four groups (Fig. 2B). Rats were anesthetized by injecting
three types of mixed anesthetic agents (15 pg of medetomidine hydro-
chloride, 80 pg of midazolam, and 100 pg of butorphanol tartrate) into
the gluteal muscle. The surgical procedures are shown in Fig. S3A and
Movies 1-3. The dorsal skin at the level of the 6th coccygeal vertebra
(Co6) and Co7 was incised longitudinally, and the dorsal side of the
intervertebral disk between Co6 and Co7 was exposed. NP was removed
totally with a micro curette of size 1 mm through the portal created by a
longitudinal incision in AF. We trimmed the hiPS-Cart into a cylindrical
shape with a diameter of 1.5 mm and height of 2 mm using a biopsy
punch and inserted it into the nuclectomized space through the portal
through which we had removed NP from the IVD. After implantation, AF
and the skin were closed using 5-0 nylon sutures. To limit the tail
movement and protect the wound, the operated site was immobilized
with 5-cm-wide tape and then wrapped with ratproof tape to prevent
biting for 1 week postoperatively (Fig. S3B). At 6 weeks or 6 months
after surgery, the rats were euthanized by carbon dioxide inhalation,
and samples, including the operated IVD and adjacent rostral and caudal
vertebrae were harvested.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2022.121491

A total of 98 nude rats were used. For sacrifice at 6 weeks after
surgery, 24 rats were used for the radiography and micro-computed
tomography (micro-CT) analysis and 20 rats for the histological anal-
ysis; another 6 rats with sham operation were used for the radiography,
micro-CT and histological analyses; still another 3 rats with retained
hiPS-Cart implantation were used for scRNA-seq analysis. For sacrifice
at 6 months after surgery, 23 rats were used for the radiography, micro-
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CT and histological analyses and another 22 rats for the radiography,
micro-CT and mechanical test analyses. The number of rats in each
group is indicated at the bottom of the graphs shown in the figures.

2.12. Magnetic resonance imaging

Rats underwent T2-weighted sagittal magnetic resonance imaging
(ICON 1T, Bruker, USA) in the prone position after anesthesia 1 week
after surgery using the following settings: TR = 4000 ms, TE = 78 ms,
field of view = 30*15 mm, and section thickness = 1.0 mm. Visualiza-
tion was performed using ImageJ software (National Institutes of
Health, Bethesda, MD, USA). In rats that received hiPS-Cart implants,
retainment or dislodgement of hiPS-Cart was judged based on the
presence or absence of a high intensity area in IVD in the MRI images
(Fig. 2C). Two independent individuals made the judgment in a blinded
manner.

2.13. Radiograph assessment of the disk height and micro-computed
tomography of the epiphyseal bone

Radiography and micro-CT of rats were sequentially taken using a
microfocus X-ray CT system (inspeXio SMX-100CT, Shimadzu Corpo-
ration, Japan) before surgery and at 6 weeks or 6 months after surgery.
After anesthesia, a radiograph area covering the operated IVD and
adjacent rostral and caudal vertebrae was taken (80 pA, 60 kV, 2 aver-
ages, and 1 feed line). The disk height index (DHI) was measured using
ImageJ software following a previous report [38]. The disk height and
adjacent vertebral body heights were measured ventrally, centrally, and
dorsally, and the DHI was calculated by dividing the sum of the disk
heights by the average of the sum of the adjacent vertebral body heights
and multiplying by 100. The DHI at 6 weeks and 6 months after surgery
was divided by the DHI before surgery to calculate %DHI for each
sample.

As for micro-CT, an area covering the operated IVD and adjacent
rostral and caudal vertebrae was scanned (80 pA, 60 kV, 1200 views,
4*1 averages, and full scan angle). The epiphyseal bone volume (BV)
adjacent to the operated IVD was measured at 6 weeks after surgery
using TRI/3D-BON-FCS (RATOC System Engineering, Japan) (Fig. 3E).
The %BV was calculated by dividing the BV at 6 weeks after surgery by
the BV before surgery. At 6 months after surgery, the epiphysis was so
severely destructed that we could not measure the BV. Therefore, we
measured the area in which the bone had eroded from the end line of the
epiphysis and called the area the “bone erosion area”. We summed bone
erosion areas of the caudal epiphysis of Co6 and rostral epiphysis of Co7
(Fig. S4E).

2.14. Histology and immunohistochemistry evaluation

Rats were euthanized at 6 weeks or 6 months after surgery. Speci-
mens were harvested, fixed in 4% paraformaldehyde, decalcified with
10% EDTA for 4-5 weeks, dehydrated in graded ethanol, and embedded
in paraffin wax. 3-pm coronal sections were prepared. Semi-serial sec-
tions were stained with hematoxylin and eosin (HE) or Safranin-O-fast
green-iron hematoxylin (Safranin O). For immunostaining, paraffin-
embedded sections were deparaffinized and incubated in 1 mM EDTA
buffer (pH 8.0) at 80 °C for 15 min to retrieve the antigen. Then the
sections were treated with 10 mg/mL hyaluronidase at 37 °C for 30 min.
After peroxidase and protein blocking, the sections were incubated with
primary antibody overnight at 4 °C. The following primary antibodies
were used: rabbit anti-human vimentin (Abcam, 1:400), mouse anti-type
II collagen (Thermo Scientific, 1:2000) and rabbit monoclonal anti-
human aggrecan (Abcam, ab186414, 1:1000). The primary antibodies
were detected with a CSA II Biotin-free Tyamide Signal Amplification
System Kit (Agilent Technologies, USA) and DAB as a chromogen.

Histological grading was performed based on the presence or
absence of the safranin O-positive area and the structure of bone and
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cartilage in the adjacent vertebrae (Supplementary Table 2). The total
score was calculated according to the degree of degeneration and ranged
from 0O to 6, which denote normal and severe degeneration, respectively.

2.15. Biomechanical test

Biomechanical tests were performed as in a previous report using
axial cyclic tension-compression tests to assess the dynamic viscoelastic
properties of the IVDs [39]. Rats were euthanized by carbon dioxide
inhalation at 6 months after the implantation of hiPS-Cart, followed by
explanting samples, including the operated IVD and adjacent vertebrae,
and removing as much surrounding tissue as possible. The vertebral
bodies of the specimens were coated by bone cement (Ostron II, GC
Corporation, Japan) and held and attached to a dynamic mechanical
analyzer (ElectroForce 5500, TA Instruments, USA). Specimens were
placed in a testing chamber filled with 37 °C saline. Compressive stress
of 0.1 MPa was applied from the zero-load point as pre-stress, followed
by relaxation for 30 min, and then sinusoidal compressive and tensile
displacements with 0.1 mm amplitude were applied at frequencies of
0.05, 0.1, 0.5, 1.0 and 5.0 Hz. The storage modulus and loss modulus of
the IVDs were measured respectively.

2.16. Statistical analysis

Prism ver. 8.0.2 (GraphPad Software, USA) and R 4.1.1 were used for
the statistical analysis. All results are reported as the mean + standard
deviation. One-way analysis of variance (ANOVA) with post-hoc Tukey
HSD test or Student’s t-test were used to compare the %DHI, %BV, and
bone erosion area. The Steel-Dwass test or Mann-Whitney U test was
used for the histological score. Two-way ANOVA with a post-hoc Tukey
HSD test was used for the mechanical test data. P values < 0.05 were
considered statistically significant.

3. Results

3.1. Single cell transcriptome analysis identified chondrocyte-like NP cells
and notochordal NP cells, and hiPS-Cart cells corresponded to
chondrocyte-like NP cells

We differentiated hiPSCs toward chondrocytes in chondrogenic
medium. Then we transferred the hiPSC-derived chondrocytes to sus-
pension culture to make them produce and accumulate ECM, resulting in
the formation of cartilaginous particles (hiPS-Cart) with diameters of
2-3 mm (Fig. 1A). Histology analysis indicated that hiPS-Cart consisted
of cells embedded in abundant ECM that were positively stained with
safranin O (Fig. 1B) and immunostained with anti-COL2 and anti-ACAN
antibodies (Fig. 1C).

To investigate how similar hiPS-Cart is to native cartilage or NP, we
performed scRNA-seq analysis. As for the target tissues, we analyzed AC
and NP from cynomolgus monkey, because we could acquire intact tis-
sue from primates. The samples analyzed in the present study are
described in Fig. S1A. A Ridgeplot (Seurat) analysis of the normalized
expression confirmed that no cells in hiPS-Cart expressed pluripotent
markers (POU5F1 and LIN28A) (Fig. 1D; Fig. S1B). Most hiPS-Cart cells
expressed chondrogenic markers, including COL2A1, COL11A2 and
ACAN, at levels comparable to or higher than AC cells and NP cells.
PRG4 (also known as SZP or LUBRICIN), which is specifically expressed
in the superficial zone of AC [40], was expressed at a very high level by
some AC cells (Fig. 1D, arrow). Of note, markers for notochord-like cells,
such as KRT19 and TBXT (also known as T), were expressed highly by
only some NP cells (Fig. 1D, arrowheads), suggesting heterogeneity in
the NP cell population. hiPS-Cart cells expressed neither KRT19 nor
TBXT highly.

Next, the scRNA-seq data of NP and AC were subjected to unsuper-
vised clustering and visualized using uniform manifold approximation
and projection (UMAP) plots (Fig. 1E). NP and AC cells were separated
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clearly into three clusters (Fig. 1E). Cluster #0 consisted of almost only
AC cells, #1 consisted of AC cells and NP cells, and #2 consisted of only
NP cells (Fig. 1E and F; Fig. S2A). The FeaturePlot function in Seurat
[30] revealed that the cells in cluster #0 expressed PRG4 highly
(Fig. 1G), suggesting they are superficial zone cells in AC. Cluster #2
cells expressed COL2A1 less and ACAN more than cluster #1 cells
(Fig. 1G) and exclusively expressed KRT19 (Fig. S2B), suggesting that
they are notochordal NP cells. The FindMarkers function in Seurat [30]
revealed multiple genes (Fig. S2C), including genes previously reported
as notochordal NP cell-specific (KRT19, TBXT, CA3 and SHH) [20,21,41,
42] and previously unreported (APOE, C3orf49, and others), that were
exclusively expressed in cluster #2 (Fig. S2B). Cluster #1 cells highly
expressed chondrocyte markers (COL2A1 and COL11A2) (Fig. 1E,G),
suggesting that they are chondrocytes in AC and chondrocyte-like NP
cells.

To determine to which of AC or NP hiPS-Cart cells correspond, we
annotated hiPS-Cart cells against the three clusters described above as a
reference using SingleR [32]. All cells in hiPS-Cart were exclusively
annotated to cluster #1 (chondrocytes in AC and chondrocyte-like NP
cells; Fig. 2A). These results suggest that hiPS-Cart have a transcriptomic
profile that is shared by chondrocytes in AC and chondrocyte-like NP
cells. Although multiple studies have shown that the implantation of
hiPS-Cart successfully regenerates AC defects in animal models [16,18],
our findings further suggest that the implantation of hiPS-Cart can
regenerate the loss of NP. To test this hypothesis, we performed animal
experiments using nude rats.

3.2. Animal model experiments in which hiPS-Cart was implanted into
nulectomized space of nude rat IVD

We divided nude rats into four groups (Fig. 2B). We made a skin
incision over the IVD of coccygeal vertebra of nude rats (Fig. 2B). We
closed the incision without intervention in some rats (Sham group) and
removed NP from the IVD in others (Fig. 2B; Fig. S3Ab). Then we
implanted nothing (Nuc group) or hiPS-Cart (Fig. S3Ae,f) into the
nuclectomized space (Fig. 2B). Rats moved their tails vigorously
immediately after recovery from the anesthesia for surgery; this motion
appeared to cause dislodgement of the hiPS-Cart implants at the early
period after surgery. To control the occurrence of this dislodgement, we
restricted the motion of the implanted sites by wrapping the rats with
tape (Fig. S3B). We then subjected the rats that received hiPS-Cart im-
plantation to MRI imaging one week after the implantation (Fig. 2B and
C). MRI detected NP as a high intensity area in the IVD of the sham
group, but no such high intensity area was observed in the Nuc group,
suggesting that entire NP was removed. Among the rats which received
the hiPS-Cart implantation, we allocated them to either the hiPS-Cart
Dislodged group or hiPS-Cart Retained group based on the absence or
presence of a high intensity area in the MRI images (Fig. 2B and C). All
rats were sacrificed at 6 weeks or 6 months after surgery, and samples
were collected and subjected for analysis.

3.3. Radiographic evaluation indicated that hiPS-Cart prevented
destruction of endplate structure

At six weeks after the implantation surgery, lateral radiographs of
the samples revealed irregularities in both the rostral and caudal end-
plates in all samples in the Nuc group (Fig. 3A). The hiPS-Cart Dislodged
group also showed evidence of endplate irregularity. On the other hand,
the hiPS-Cart Retained group showed a smooth surface with no irregu-
larity in the endplates. The reduced width of the space of vertebral bone
(disk height) in the radiographic image represents the degree of IVD
degeneration. The hiPS-Cart Retained group showed a significantly
higher % disk height index (%DHI) than the Nuc group (Fig. 3B).
Furthermore, when data from the hiPS-Cart Dislodged group and hiPS-
Cart Retained group were combined, the %DHI was still significantly
higher than that of the Nuc group (Fig. 3C). Similar observations were
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Fig. 1. Characterization of hiPSC-derived cartilaginous tissue (hiPS-Cart), NP, and AC by scRNA-seq. A) Gross appearance of hiPS-Cart. B) Histology of hiPS-Cart.
Safranin O-fast green-iron hematoxylin staining (safranin O). Scale bars: left, 500 pm; right, 100 pm. C) Immunohistochemistry of hiPS-Cart. Antibodies that recognize
type II collagen (COL2) and Aggrecan (ACAN) were used. Scale bars: 500 pm. D-G) scRNA-seq analysis of hiPSCs, hiPS-Cart, monkey AC, and monkey NP. D)
Ridgeplot (Seurat) showing the distribution of single cell gene expressions in each sample. The X-axis of each panel represents the expression level of the indicated
gene. The Y-axis of each panel represents the number of cells. E) AC and NP cells were used to generate UMAP plots with the parameter resolution = 0.05. F) The
percentage of each cell type in each sample is plotted. G) Marker gene expression levels are indicated in each cell projected on the UMAP plot using the FeaturePlot
function. . (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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made at six months after surgery (Figs. S4A-C).

3.4. Micro-CT evaluation confirmed that hiPS-Cart implantation
protected IVD from degeneration

At six weeks after surgery, micro-CT images revealed severe
disruption of the endplate bone structure in the Nuc group (Fig. 3D). The
same was true for the hiPS-Cart Dislodged group. In contrast, the hiPS-
Cart Retained group indicated preserved endplates. The mean % of bone
volume (%BV) of the endplate bone in the hiPS-Cart Retained group was
significantly higher than that of the Nuc group and not significantly
different from that of the Sham group (Fig. 3E and F). When the data of
the hiPS-Cart Dislodged and hiPS-Cart Retained groups were combined,
the %BV of their endplate bone was still significantly higher than that of
the Nuc group (Fig. 3G). As with the radiography analysis, similar ob-
servations were made at six months after surgery (Figs. S4D-G): the
mean bone erosion area of the hiPS-Cart Retained group was signifi-
cantly lower than that of the Nuc group and not significantly different
from that of the Sham group (Figs. S4E and F); and when the data of the

hiPS-Cart Dislodged and hiPS-Cart Retained groups were combined,
their bone erosion area was still significantly lower than that of the Nuc
group (Fig. S4G).

3.5. Histology assessment revealed that implanted hiPS-Cart survived,
occupied NP space, and prevented IVD destruction

At six weeks after surgery, histology analysis revealed that NP was
absent, and the layered structure of AF was disrupted in the Nuc group
and in the hiPS-Cart Dislodged group (Fig. 4A; Fig. S5). In addition, bone
was destroyed, and cartilage showed irregularity or discontinuity. On
the other hand, the hiPS-Cart Retained group showed cartilaginous tis-
sue in the NP space and nearly normal structures of AF, bone, and
cartilage. The inner layer of AF was thickened to fill the space created by
the smaller width of the cartilaginous tissue compared with the width of
NP and was stained strongly with Safranin O compared to AF in the
Sham group (Fig. 4A; Fig. S5). Immunohistochemical analysis revealed
that cartilaginous tissue in the NP space and thickened inner layer of AF
in the hiPS-Cart Retained group expressed COL2 moderately and ACAN
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C Fig. 3. Radiography and micro-CT evaluation of rat
IVD six weeks after surgery. A) Representative lateral
radiographs of treated sites in each of the four groups.
Disk heights are indicated by the distances between
the arrowheads. B) % disk height index (%DHI) for
each group. C) The %DHI data for the hiPS-Cart
Dislodged group and hiPS-Cart Retained group were
combined into one group (hiPS-Cart Combined
group) and plotted. D, E) Representative micro-CT
images of treated sites in each of the four groups.
Coronal images (D). 3D images were reconstructed
(E). Epiphyseal bone is indicated in yellow. F)
Epiphyseal bone volume (BV) was measured before
and 6 weeks after surgery. % bone volume (%BV),
which is the BV at 6 weeks after surgery divided by
the BV before surgery, was calculated for each group.
G) The BV data for the hiPS-Cart Dislodged group and
hiPS-Cart Retained group were combined into one
group (hiPS-Cart Combined group) and plotted. Each
circle indicates one rat. (n), numbers of rats for each
group. Error bars denote means + s.d. *P < 0.05, **P
< 0.01 by one-way ANOVA with post-hoc Tukey HSD
test (F) and Student’s t-test (G). . (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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strongly (Fig. 4A; Fig. S5) in the ECM. We used an anti-ACAN antibody
that recognizes only human ACAN. hiPS-Cart appeared to produce
ACAN that was secreted into and constituted ECM of the inner layer of
AF (Fig. 4A). Positive immunoreactivity against an antibody that rec-
ognizes only human vimentin but not rat vimentin confirmed that the
cartilaginous tissue in the NP space in the hiPS-Cart Retained group is
human and therefore hiPS-Cart (Fig. 4A and B). There were some
cartilaginous fragments, which appeared as either fragments of des-
tructed growth plate cartilage or the inner layer of AF that underwent
cartilaginous change under pathological conditions in the hiPS-Cart
Dislodged group (Fig. 4A, black boxes). These cartilaginous fragments
were human vimentin-negative (Fig. S6) and thus not remnants of hiPS-
Cart. The histological score for the IVD structure of the hiPS-Cart
Retained group was significantly lower than that of the Nuc group
(Fig. 4C). When the data of the hiPS-Cart Dislodged and hiPS-Cart
Retained groups were combined, their histological score for the IVD
structure was still significantly lower than that of the Nuc group
(Fig. 4D).

At six months after surgery, the Nuc group and the hiPS-Cart Dis-
lodged group showed an absence of NP, disruption of layered AF, and

Retained

destruction of bone and cartilage (Fig. S7A). In contrast, the hiPS-Cart
Retained group showed Safranin O-positive cartilaginous tissue in the
NP space, and the surrounding tissue, such as layered AF, bone, and
cartilage, was preserved (Fig. S7A). In addition, immunohistochemistry
revealed that the cartilaginous tissue expressed COL2 in the ECM and
human vimentin-positive cells (Figs. S7A and B), suggesting survival of
the hiPS-Cart. The histological score for the IVD structure of the hiPS-
Cart Retained group was significantly lower than that of the Nuc
group (Fig. S7C). When the data of the hiPS-Cart Dislodged and hiPS-
Cart Retained groups were combined, their histological score for the
IVD structure was still significantly lower than that of the Nuc group
(Fig. S7D). Observations of the hiPS-Cart Retained group indicated that
hiPS-Cart and surrounding AF were avascular at both 6 weeks and 6
months after the implantation.

3.6. Biomechanical tests indicated that hiPS-Cart retained biomechanical
properties of IVD

At six months after the implantation, a biomechanical test (Fig. 5A)
revealed that the mean storage modulus of the hiPS-Cart Retained group
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Fig. 4. Histological evaluation of rat IVD six weeks
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after surgery. A) Semi-serial histological sections of
IVD from each group were stained with hematoxylin-
eosin (top row) and safranin O-fast green-iron he-
matoxylin (second row) and immunostained with
anti-COL2 antibody (third row), anti-human vimentin
antibody (fourth row) and anti-ACAN antibody (bot-
tom row). Anti-ACAN antibody recognizes only
human ACAN and not rat ACAN. Black boxed regions
are shown in Fig. S6. Red boxed regions are shown in
(B). Scale bars, 500 pm. B) Magnified images of the
red boxed regions in (A). Scale bars, 20 pm. C) His-
tological score for the structure of the IVD and
vertebrae of each group. The histological grading
scale is described in Supplementary Table 2. D) His-
tological scores of the hiPS-Cart Dislodged group and
hiPS-Cart Retained group were combined into one
group (hiPS-Cart Combined group) and plotted. Each
circle indicates one rat. (n), numbers of rats for each
group. Error bars denote means + s.d. *P < 0.05 by
Steel-Dwass test (C) and Mann-Whitney U test (D). .
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was significantly lower than that of the Nuc group and not significantly
different from that of the Sham group at every frequency tested
(0.05-5.0 Hz) (Fig. 5B). Furthermore, the mean loss modulus of the
hiPS-Cart Retained group was significantly different from that of the
Sham group only at 0.5 Hz, whereas that of the Nuc group was signifi-
cantly different from the Sham group at 0.05 Hz and 0.1 Hz (Fig. 5C).
The frequency dependency of the loss modulus of the hiPS-Cart Retained
group was more similar to that of the Sham group, with the highest value
at 0.5 Hz, than to the Nuc group. These results collectively indicate that
the biomechanical properties of hiPS-Cart Retained group were more
similar to those of the Sham group than of the Nuc group.

3.7. Single cell transcriptome analysis of post-implant hiPS-Cart

We harvested hiPS-Cart implants six weeks after surgery, subjected
them to scRNA-seq analysis, and compared the data with NP data from
monkey and from hiPS-Cart before the implantation.

RidgePlot and DotPlot analyses indicated that most hiPS-Cart cells
expressed chondrogenic markers, including COL2A1, COL11A2 and
ACAN, at levels comparable to or higher than AC cells and NP cells after
the implantation (Fig. 6A; Fig. S8A). The expression levels of PRG4 in

PRG4-positive cells in hiPS-Cart after implantation (Fig. 6A, disk.
imp.3,4,6, arrow) decreased compared with the expression in hiPS-Cart
before implantation (Fig. 6A, hiPS.C.Pa.14w.2,3, arrowhead), suggest-
ing the absence of shear-stress signaling that activates PRG4 expression
in the environment of the NP space. No hiPS-Cart cells expressed the
notochordal NP cell markers KRT19 and TBXT after implantation.

To analyze how hiPS-Cart changed after implantation into the
nuclectomized space, we annotated cells in hiPS-Cart before and after
implantation against an NP dataset in which we separated cells into six
clusters on a UMAP plot by employing the parameter resolution = 1.0
(Fig. 6B; Fig. S8B). Clusters #1 and #2 corresponded to notochordal NP
cells, while clusters #0, #3 and #4 corresponded to chondrocyte-like NP
cells, as indicated by the marker expression (Fig. 6C; Fig. S8C). Cluster
#5 consisted of very few cells. SingleR [32] annotation against NP as a
reference indicated that cells in hiPS-Cart before implantation corre-
sponded mainly to clusters #0 and #3 (Fig. 7; Fig. S9). On the other
hand, hiPS-Cart at 6 weeks after implantation mainly corresponded to
clusters #3 and #4 (Fig. 7; Fig. S9). These results suggest that some
hiPS-Cart cells changed their transcriptome profile after implantation in
vivo. However, no hiPS-Cart cells became notochordal NP cells (clusters
#1 and #2) after implantation. These results were reproduced using a
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Fig. 5. Biomechanical testing of rat IVD six months after surgery. A) Left,
image of the apparatus used for the mechanical test. Right, magnification of the
left image. An IVD sample recovered from a nude rat was fixed in the apparatus
with bone cement. A cyclic tension-compression axial load was applied. B, C)
Results of the biomechanical test. The storage modulus (B) and loss modulus (C)
were measured at various frequencies of cyclic tension-compression axial loads.
The hiPS-Cart dislodged group consisted of two samples and was excluded from
the statistical analysis. Each circle indicates one rat. (n), numbers of rats for
each group. Error bars denote means + s.d. *P < 0.05 versus Sham group and
#P < 0.05 versus Nuc group compared at each frequency by two-way ANOVA
with post-hoc Tukey HSD test.

NP sample obtained from another monkey (Fig. S10).

To analyze how hiPS-Cart cells changed after their implantation into
the nuclectomized space, we compared scRNA-seq data before and after
implantation by integrating the datasets using Seurat canonical corre-
lation analysis. Cells were separated into 6 clusters on a UMAP plot
(Fig. 8A). Among them, clusters #2 and #3 were mainly composed of
pre-implant hiPS-Cart, while clusters #0 and #1 were mainly composed
of post-implant hiPS-Cart (Fig. 8B; Fig. S11A). These results suggest that
the profiles of cells in clusters #2 and #3 changed to those in clusters #0
and #1 after implantation. To test this hypothesis, we performed an RNA
velocity analysis of the post-implant hiPS-Cart scRNA-seq data using
scVelo [36]. The trajectory inference using PAGA [37] that was
extended by velocity-inferred directionality was consistent with the
hypothesis and further revealed a branching event representing cell
lineages (Fig. 8C). This finding suggests two trajectories from cluster #4
at the top of the hierarchy: one leads through cluster #2 to cluster #0,
and the other leads through cluster #3 to cluster #1. To test these
inferred trajectories, we ran the dynamical model of scVelo. The ma-
jority of directions of the velocity vectors projected onto UMAP
embedding (Fig. 8D) were consistent with the directions of the trajec-
tories (Fig. 8C, right). The FindMarkers function in Seurat and an in-
genuity pathway analysis (IPA) (QIAGEN) revealed that the
differentially expressed genes (DEGs) in cluster #4 (Fig. 8E; Fig. S11B)
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were related to cell division (Fig. S11C). Consistently, cluster #4 cells
had a high G2M.Score and S.Score (Fig. 8E) and therefore probably serve
as proliferating progenitor cells for subsequent differentiation into
different lineages.

Because the trajectory inference and RNA velocity analysis suggested
that post-implant hiPS-Cart cells differentiate into two lineages that give
rise to cluster #0 and cluster #1, respectively (Fig. 8C and D), we
investigated the relevant events for this differentiation in post-implant
hiPS-Cart. The FindMarkers function identified that cluster #0 highly
expressed DLK1 and FRZB and cluster #1 highly expressed ASPN and
TNC (Fig. 8F). We then identified DEGs between clusters #0 and #1 and
subjected them to IPA. Among the upstream regulators identified by the
upstream analysis in IPA, BNIP3L, VEGF, and HIF1A (Figs. S12 and S13),
respectively, had z-scores of 2.2, —5.1, and —2.5 (Supplementary
Table 1), suggesting that BNIP3L was more activated and VEGF was
more inhibited in cluster #0 than in cluster #1 and that HIF-1a was
more activated in cluster #1 than in cluster #0.

4. Discussion

Understanding the biological roles of each cell type in NP and
determining which cell types contribute to NP function are necessary for
realizing NP regeneration against IVD degeneration [20]. NP cells are
morphologically classified into two types: notochordal NP cells and
chondrocyte-like NP cells (Fig. S14). Notochordal NP cells decrease with
age, while chondrocyte-like NP cells increase and dominate by the age of
10 years old in human NP [20,42,43]. Although scRNA-seq is expected
to help clarify each resident cell type of the NP compartment, recent
reports that have analyzed NP cells using scRNA-seq have not identified
notochord-like cells [44,45], probably because the samples were ob-
tained from individuals older than 18 [44] or 37 [45] years old. In the
present study, we identified notochordal NP cells and chondrocyte-like
NP cells by employing a 3-year-old monkey, taking advantage of the
intact young primate NP that can be sampled (Fig. S14). As for AC,
cluster #0 cells and cluster #1 cells identified by the scRNA-seq analysis
(Fig. 1E) appear to respectively correspond to superficial zone cells and
middle/deep zone chondrocytes (Fig. S14). Chondrocyte-like NP cells
and middle/deep zone chondrocytes in AC were positioned at identical
locations (cluster #1 in Fig. 1E) in the UMAP plot and thus are tran-
scriptomically similar.

Additionally, we found that hiPS-Cart, when implanted in the
nuclectomized space, prevented IVD from nuclectomy-induced degen-
eration. In addition, mechanical tests proved that the mechanical
properties of IVD units were preserved by implanting hiPS-Cart into the
nuclectomized space. These results suggest that hiPS-Cart can replace
NP functionally. However, the scRNA-seq analysis also revealed that
cells in hiPS-Cart represent only part of the heterogenous NP cell pop-
ulation. hiPS-Cart neither before nor after implantation included the
notochordal NP cell type and only corresponded to chondrocyte-like NP
cells. Consistently, a histology analysis showed that hiPS-Cart morpho-
logically resembles cartilage but not notochord. The cartilaginous
morphology of hiPS-Cart was maintained at least 6 months after the
implantation and preserved the surrounding IVD structure for this
period. These results suggest that the cartilaginous element can perform
the NP function that maintains the IVD structure.

NP cells reside in the avascular and hypoxic microenvironment of the
IVD and thus are thought to metabolically rely on glycolysis for energy
production through HIF-1la activation and to contain few functional
mitochondria due to the induction of mitophagy [46]. Metabolic regu-
lation in the hypoxic NP microenvironment is complex, as mice in which
HIF-1a is inactivated in Foxa2-positive cells in NP do not show a
decrease in mitophagic flux [46]. Post-implant hiPS-Cart resided in the
avascular and hypoxic microenvironment, which appears responsible
for alterations in the transcriptome profile after implantation. The tra-
jectory inference and RNA velocity analysis indicated that post-implant
hiPS-Cart give rise to two cell lineages. An IPA of DEGs between the two



T. Kamatani et al.

A

Biomaterials 284 (2022) 121491

COL2A1 ACAN dL PRG4
disk.imp.6 o disk.imp.6 disk.imp.6 /j
disiclnpr diskimp4 diskimp.4 s amp
disk.imp.3 disk.imp.3 disk.imp.3 disk.imp.3
hiPS.C.Pa.14w.3 hiPS.C.Pa.14w.3 hiPS.C.Pa.14w.3 hiPS.C.Pa.14w.3
hiPS.C.Pa.14w.2 hiPS.C.Pa.14w.2 hiPS.C.Pa.14w.2 hiPS.C.Pa.14w.2
NP2 NP2 NP2 NP2
NP1 NP1 NP1 NP1
AC2 AC2 AC2 AC2
ACH ACH ACH ACH
6 8 10 12 0.02.55.07.510.0 0.0255.075 0 5 10
KRT19 TBXT
disk.imp.6 disk.imp.6
disk.imp.4 disk.imp.4
disk.imp.3 disk.imp.3
hiPS.C.Pa.14w.3 hiPS.C.Pa.14w.3
hiPS.C.Pa.14w.2 hiPS.C.Pa.14w.2
NP2 NP2
NP1 NP1
AC2 AC2
ACH ACH
00255075 02 4 6 8
B s 5
0 0
a 0w
0_I e 1 |
< 5 2 O NP1
s 3 s * NP2
- s 4 D
* 5
-10 -10
&
-15 5 -15 i
-15 -10 -5 0 5 10 -15 -10 -5 0 5 10
UMAP_1 UMAP_1
TBXT KRT19 APOE C3orf49
5 5 5 5
0 0 0 ‘ o
LN I LN I LN F LN I
-5 ¢ -5 . 5 ¢ 5 b4
5 2 4
-10 -10 -10 -10
-15 -15 -15 -15
15 .10 5 0 5 10 15 -10 -5 0 5 10 15 .10 5 0 5 10 -15 .10 -5 0 5 10

Fig. 6. Characterization of post-implant hiPS-Cart and UMAP plot of NP cells. A) Ridgeplot of marker expressions for each sample. B) NP cells were used to generate
UMARP plots with the resolution parameter = 1. NP cells were separated into six clusters. C) The marker gene expression level is indicated for each cell projected on

the UMAP plot using the FeaturePlot function.

lineages suggested distinct regulatory molecules for each. One cell
lineage (cluster #0 in Fig. 8) showed activated BNIP3L signaling that
mediates mitophagy [47] and inhibited VEGF signaling, whereas the
other cell lineage (cluster #1 in Fig. 8) showed activated HIF-1la
signaling. These findings suggest that post-implant hiPS-Cart cells
adapted to the hypoxic microenvironment of NP distinctly in each
lineage, functioning as NP to prevent IVD degradation.

Mouse lineage tracing studies have shown that notochordal NP cells
and chondrocyte-like NP cells are derived from notochord cells [48,49].
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Although it is unknown whether the loss of notochordal NP cells in
10-year-old humans is responsible for the degeneration of the IVD with
aging, the fact that the IVD is free of degeneration well into late middle
age suggests that chondrocyte-like NP cells alone enable NP function for
a prolonged time. This suggestion is consistent with our results that
hiPS-Cart implanted into the nuclectomized space prevented IVD
degeneration, implying that notochordal NP cells are dispensable for NP
function. Nevertheless, it is likely that notochordal NP cells play
important roles in the induction and maturation of chondrocyte-like
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Fig. 7. Annotation of hiPS-Cart cells before and after implantation against NP
cell clusters using SingleR. We annotated hiPS-Cart cells before and after im-
plantation against the six cell clusters defined in NP cells (Fig. 6B) as a reference
using SingleR. The number of cells that were annotated to each cluster were
calculated using SingleR functions and plotted.

cells in NP during development. Notochord-like cells have been suc-
cessfully induced from ESCs and iPSCs by directed differentiation that
mimics the developmental process of notochord [50-53]. Furthermore,
the implantation of iPSC-derived notochord-like cells into a rat injury
model moderately rescued disk height [52]. Notochord-like cells, when
implanted into injured sites, may powerfully induce NP tissue by stim-
ulating surviving host NP cells, including progenitor cells, to differen-
tiate into chondrocyte-like cells.

Many cell therapies against NP lesions act through trophic effects, in
which the implanted cells reside only transiently and secrete factors that
stimulate host resident progenitor cells to repair the tissue [54]. Because
the regenerative potential of resident cells is limited, the repaired tissue
shows inferior NP function compared with undamaged NP. While reg-
ular cell implantation likely results in transient cell survival, long-term
survival can be achieved when cells are implanted as a
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tissue-engineered construct wherein the cells are embedded in a scaf-
fold, such as a hydrogel [55-57] and a fibrin carrier [58]. The scaffold
should contribute to cell survival and tissue healing through its me-
chanical properties. In this study, we developed a human iPS
cell-derived cartilage (hiPS-Cart) that is a scaffoldless cartilaginous tis-
sue, in vitro. hiPS-Cart consists of hiPSC-derived chondrocytes and ECM
that the hiPSC-derived chondrocytes produced in three-dimensional
culture. The ECM contributes to cell survival and tissue healing
through its mechanical properties and by providing a favorable envi-
ronment for differentiation of the cells after hiPS-Cart implantation. We
found that hiPS-Cart survived and directly replaced NP spatially and
functionally in rats for at least 6 months after implantation into IVD.
Notably, this healing mechanism does not rely on the regenerative po-
tential of host resident cells, suggesting a more stable clinical outcome
even when host progenitor cells are completely lost.

Limitations of this study include the use of small animals (rats) for
the animal experiments and the observation period of up to 6 months. A
large animal model and longer observation period are needed to confirm
that hiPS-Cart can replace NP. We compared monkey NP scRNA-seq data
with that of hiPS-Cart because it was difficult for us to obtain human NP
samples, especially from donors under 10 years old who have noto-
chordal NP cells. Therefore, we should be cautious in interpreting the
data, because human and monkey may have different markers. The
differentiation methods to create hiPS-Cart from hiPSCs in vitro can be
further refined for ideal NP constructs in the future. For example, a co-
culture with notochordal NP cells, including hiPSC-derived notochordal
NP cells, may contribute to the production of higher quality hiPS-Cart in
vitro for the purpose of NP regeneration. scRNA-seq data of NP will
provide new information on the signals inducing NP cells, thus
contributing to the development of a differentiation protocol for hiPSC-
derived NP. While safety issues such as the tumorigenicity of implanted
hiPS-Cart into knee joints have been analyzed [17,59], these issues for
hiPS-Cart implanted into spine have not. Overall, further studies are
needed before clinical translation, but our results suggest that hiPS-Cart
is a candidate construct for the regeneration of NP to treat IVD
degeneration.

5. Conclusion

hiPS-Cart is scaffoldless cartilaginous tissue created from hiPSCs.
scRNA-seq analysis revealed that the cells in hiPS-Cart correspond to
middle/deep zone chondrocytes in AC as well as chondrocyte-like NP
cells. hiPS-Cart implanted into the nuclectomized space survived and
prevented IVD degeneration, indicating that hiPS-Cart spatially and
functionally replaces NP. Therefore, hiPS-Cart is a candidate implant for
regenerating NP spatially and functionally and preventing IVD
degeneration.
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