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Abstract: Osteoarthritis (OA) is an irreversible degenerative condition causing bone deformation in
the joints and articular cartilage degeneration with chronic pain and impaired movement. Adiposederived stem cell (ADSC) or crushed adipose tissue injection into the joint cavity reportedly improve
knee function and symptoms, including pain. Stem cell spheroids may be promising treatment
options due to their anti-inflammatory and enhanced tissue regeneration/repair effects. Herein, to
form human ADSC spheroids, we used first SphereRing® (Fukoku Co., Ltd., Ageo, Japan), a newly
developed rotating donut-shaped tube and determined their characteristics by DNA microarray of
mRNA analysis. The variable gene expression cluster was then identified and validated by RT-PCR.
Gene expression fluctuations were observed, such as COL15A1 and ANGPTL2, related to vascular
endothelial cells and angiogenesis, and TNC, involved in tissue formation. In addition, multiplex
cytokine analysis in the medium revealed significant cytokines and growth factors production increase
of IL-6, IL-10, etc. However, ADSC administration into the joint cavity involves their contact with
the synovial fluid (SF). Therefore, we examined how SF collected from OA patient joint cavities
affect 2D-culture ADSCs and ADSC spheroids and observed SF induced cell death. ADSC spheroids
could become promising OA treatment options, although studying the administration methods and
consider their interaction with SF is essential.
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1. Introduction
Osteoarthritis (OA) is an irreversible degenerative condition that causes deformation
of the bones that make up the joints, as well as degeneration of the articular cartilage,
causing chronic pain and impaired movement of the extremities. Inflammation of the
synovial membrane surrounding the joints also occurs, resulting in its degeneration. This
may be accompanied by proliferative changes, such as osteochondrogenesis, around the
joints, and these changes are thought to cause fibrosis of the joint capsule accompanied
by angiogenesis and nerve fiber proliferation, leading to pain [1–3]. The prevalence of
OA is 10% in males aged >45 years and 18% in females aged >45 years, and the rate of
degeneration determined using X-ray is 80% at 65 years. OA reportedly affects around
250 million people worldwide [4–6]. More than 80% of OA patients complain of restricted
joint movements, and more than 25% are unable to perform normal activities in daily
activities. Therefore, OA is considered a serious disease that is associated with great
socioeconomic impact and a heavy burden on individuals [7,8]. Aging and obesity are risk
factors for its onset and progression; therefore, the impact of OA on society is expected to
increase in the future [9–11].
The frequency of knee OA is high and affects many patients; however, symptomatic
treatment remains the main treatment. Lifestyle guidance, equipment therapy, rehabilitation, drug therapy (nonsteroidal anti-inflammatory drugs, pregabalin, tramadol), injection
therapy (steroids, hyaluronic acid (HA)) are performed as conservative treatment, although
their effectiveness is limited and cannot prevent the progression of degeneration [12,13].
Total knee replacement is selected when conservative treatment is uncontrollable using
pain surgical treatments, such as arthroscopy and osteotomy. There is currently no wellestablished treatment other than total joint replacement [14].
Conservative treatment resistance is common, and the development of a treatment
method for joints is required. In addition, some patients do not wish to undergo surgery,
and treatments are required to fill the gaps between conservative and surgical treatments.
In recent years, cell therapy involving intra-articular administration, such as platelet-rich
plasma and mesenchymal stem cells (MSCs), has been performed for OA patients in early
to advanced stages [15–17].
MSCs are stem cells derived from mesodermal tissues, such as bone marrow and
fat, that can differentiate into various tissues, such as bone, cartilage, muscle, fat, and
tendon, and control immune function [18,19]. Among them, adipose tissue-derived stem
cells (ADSCs) are abundant in adipose tissue and can be easily collected in large quantities.
Around 100 to 1000 times more MSCs can be collected from adipose tissue than from
the same amount of bone marrow tissue; therefore, adipose tissue is an important source
of MSCs [20]. ADSCs have a high immunoregulatory function since they secrete many
immunomodulators and growth factors, such as IL-6, IL-10 and VEGF and so on [6,21].
These cytokines are thought to play an important role in therapeutic efficacy. Injection of
cultured ADSCs or crushed adipose tissue into the joint cavity improves knee function,
clinical symptoms, such as pain, and delays the progression of OA [22–28].
The term spheroid refers to a cell aggregate in which cells adhere to each other in threedimensional culture. Gene expression in spheroids is thought to be maintained over a long
period of time [29]. In recent years, spheroids obtained by three-dimensional culture have
attracted attention in the field of cell therapy. The use of spheroids is expected to achieve
more effective treatment by reproducing a state that is close to that of the microenvironment
in the living body [30–33].
The advantages of MSC spheroid formation include anti-inflammatory effects, antiapoptotic effects, enhancement of tissue regeneration/repair effects by promoting angiogenesis, homing to the injury site, promotion of antitumor factors, and anti-inflammatory
factor paracrine secretion. MSC spheroid formation may improve cell viability, enhance
differentiation potential, delay replication aging of MSCs, and be used to enhance certain
therapeutic effectiveness [34–37]. This makes spheroids using ADSCs good candidates for
the treatment of OA.
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Spheroid formation using a culture technique that can purify a large number of
spheroids of a uniform size is desired. Several culture methods aimed at clinical application
have been reported, including a method of seeding cells on a low-adhesion plate and
swirling lightly, a method using a 96-well plate, a non-adherent specific dish method, a
method using a spinner flask (bioreactor method), a hanging drops method, and a rotary
cell culture system [38–40].
The recently developed SphereRing® is a ring-shaped culture vessel for forming
spheroids, which is swirled on a shaker to produce spheroids from floating cells. A simple
circular bag would form a large spheroid in the center when swirled, but the donut shape
prevents accumulation in the center and allows for the formation of multiple spheroids of
smaller uniform size. Compared to previous culture vessels, the advantage of SphereRing
is that large amounts of spheroids can be prepared for clinical treatment. These spheroids
can be easily produced, and closed-type culture can be performed because it uses a highly
gas-permeable film. However, it is difficult to uniformly adjust the size of the spheroids,
and it is necessary to set up the appropriate conditions in advance [41]. SphereRing has
been used for various cell types, such as iPS, HEK293, and CHO cells, but no trial has been
performed yet with ADSCs.
The joint cavity is filled with joint fluid, which is expected to have a significant effect
on ADSCs administered intra-articularly in clinical treatments. It is important to consider
the effect of synovial fluid (SF) on the survival rate of ADSCs when considering their
therapeutic effect, although there have been few to date [42]. Kiefer et al. reported that SF
from patients with knee OA may be cytotoxic to ADSCs administered intra-articularly [43].
Therefore, it is important to consider the effects that human SF within the joint cavity has
on administered human ADSCs.
In the present study, we performed the first human ADSC spheroid formation experiment using SphereRing. We successfully formed spheroids using ADSCs and established
the optimum formation conditions. We then clarified changes in the transcriptome and
multiple cytokine production in the prepared spheroids compared with that in monolayer
cultured cells. Finally, we examined the effects of adding SF to the culture medium and
compared the effects on ADSCs cultured two-dimensionally and as spheroids.
2. Materials and Methods
2.1. ADSC Collection and Ethics
In the present study, subcutaneous fat tissue was collected cosmetically from patients
who gave informed consent. The study was approved by the Kanazawa Medical University
Specified Certified Regenerative Medicine Committee and the Institutional Review Board
for Genetic Analysis Research (ID: G129). ADSCs were isolated using an adipose tissue
stem cell separation sheet (Bio Future Technologies Co., Ltd., Tokyo, Japan) according to the
manufacturer’s instructions. Human ADSCs were cultured using KBM ADSC-1 medium
(Kohjin Bio Co., Ltd., Sakado, Japan) and Mesenchymal Stem Cell Growth Medium 2 (MSCGM2; Takara Bio Inc., Kusatsu, Japan) up to passage 6, with the passage after separation set
to 2 [44]. A total of 0.5 g/L-Trypsin/0.53 mmol/L-EDTA Solution (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) was used to detach ADSCs. Collected ADSCs met the
criteria for ADSCs following analysis using surface markers using fluorescence-activated
cell sorting and analysis of the differentiation potential.
The ADSCs used in this experiment were derived from 2 males and 2 females, with
a total of 4 samples as follows: ADSC1, 35-year-old male, body mass index (BMI) of
40.1 kg/m2 , collected from the upper buttocks and right abdomen; ADSC2, 20-year-old
female, BMI of 25.5 kg/m2 , collected from buttocks (including left thigh); ADSC 3, 44-yearold female, BMI of 22.5 kg/m2 , collected from the lower abdomen (around the buttocks);
and ADSC 4, 37-year-old male, BMI of 23.2 kg/m2 , collected from the abdominal degreasing
on the upper and lower sides of the waist [28]. Among the 30 samples banked at our facility,
only 2 were male samples; thus, we removed the influence of sex on the experiment by
establishing a 1:1 sex ratio.
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manufacturer’s instructions. The GeneChip WT PLUS Reagent Kit (Affymetrix) was used
to synthesize cDNA samples to be hybridized to the microarray probes. For hybridization,
we used GeneChip Hybridization Oven 645 (Affymetrix). After hybridization, the microarrays were washed and reacted in a GeneChip Fluidics Station 450 (Affymetrix) using the
GeneChip Hybridization, Wash, and Stain Kit (Affymetrix) to colorize them according to
the amount of the combined cDNA. The hybridized cDNAs were measured and quantified
by a GeneChip Scanner 3000 7G. Data were analyzed using Genespring 14.9.1 (Agilent)
and Ingenuity Pathway Analysis (IPA, Qiagen) [43]. Up- or downregulated genes were
extracted using the GeneSpring GX software 14.9 (Agilent). IPA (Qiagen, Hilden, Germany)
was used for gene network evaluation [45,46].
2.5. cDNA Synthesis and Polymerase Chain Reaction (PCR) Analysis
The cDNA was synthesized using the SuperScriptIII First-Strand Synthesis System
for RT-PCR Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.
PCR was performed on the obtained cDNA using TaKaRa Ex Taq (Takara Bio) and the PCR
primers shown in Table 1. The thermal cycler conditions were as follows: 35 cycles of 10 s
at 98 ◦ C, 30 s at 56 ◦ C, and 60 s at 72 ◦ C. PCR products were analyzed by 1.5% agarose
gel electrophoresis and photographed using an e-gel imager (Life Technologies, Carlsbad,
CA, USA).
Table 1. Primers and product sizes.
Gene Symbol
GADPH
TNC-R
COL15A1
ANGPTL2
KRT34
KRTAP2–3/2–4

Primer
F
R
F
R
F
R
F
R
F
R
F
R

Sequence (50 –30 )
CAACGAATTTGGCTACAGCA
AGGGGTCTACATGGCAACTG
GGTACAGTGGGACAGCAGGT
GCCTGCCTTCAAGATTTCTG
GCTTTGGCTTTTGAGTCCAG
AGGATGGAGTTGGAGGTGTG
CTGGGCCTGGAGAACATTTA
CTCGGAACTCAGCCCAGTAG
GAGCTGACCCTCTGCAAGTC
GCTGCTCTGAGCTGGATACC
CTTGTCCTCCCTGAGCTACG
GGGACTGCACAGACACAGG

Product Size
195
279
293
334
292
292

2.6. SF Collection and Measurement of Viable ADSCs
SF was collected from the knee joint of OA patients (Kellgren–Laurence classification grade 3) who gave informed consent under the approval of the Kanazawa Medical
University Medical Ethics Review Board Approval number: I583 [47,48].
Because the use of analgesics drugs and NSAIDs is known to alter the immunomodulatory factors of SF [49], SF collected from untreated knee OA patients were used in
this study.
After disinfection of the knee area with povidone-iodine, the SF was collected by
joint aspiration using an 18G needle with a superolateral approach under ultrasound
guidance [48]. The collected SF was immediately centrifuged following cryopreservation at
−80 ◦ C. SF was thawed at room temperature for use just before the experiments.
MSC-GM2 medium was used as a control, and ADSCs were counted in a twodimensional monolayer culture in MSC-GM2 and added at an arbitrary concentration
of 50 µL per well of a 96-well plate. After incubating for 48 h (37 ◦ C, 5% CO2 ), 50 µL of 0%
(control), 10%, 20%, and 40% SF was added to each well. Spheroids were prepared, then
seeded in a 96-well plate in an arbitrary amount, and SF was added to each well. After
incubating the plates for 4 and 16 h, the relative light units (RLUs) were measured in each
well using a CellTiter-Glo 3D Cell Viability Assay (Promega Corp., Madison, WI, USA)
according to the manufacturer’s protocol using a GloMax 96 Microplate Luminometer
(Promega). This kit enables the measurement of the viability of three-dimension cultured
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cells. The percentage of RLU was measured by subtracting the RLU of the culture medium
and SF containing no ADSCs.
2.7. Comprehensive Cytokine Assay
Our ADSC samples were used as described above. The cytokine concentrations in the
spheroid culture medium made using SphereRing and in the supernatant of 2D monolayer
cultured cells were comprehensively measured to compare the 24 h cytokine production
per cell. For spheroids, 4.0 × 106 cells/20 mL ADSC suspension and 20 mL of MSCGM2, respectively, were administered to SphereRing and cultured in an orbital shaker
(35 rpm, 37 ◦ C, 5% CO2 ) for 48 h. Monolayer culture cells were seeded in 6-cm dishes
with 5 mL of MSC-GM2 (Takara Bio Inc., Kusatsu, Japan) containing 1.0 × 104 cells/mL
ADSCs and incubated at 37 ◦ C and 5% CO2 for 48 h. Both spheroid and monolayer cells
were incubated for 24 h. The culture medium was changed 48 h after the starting of the
incubation. The cells were cultured for 24 h. The culture supernatant was then collected,
centrifuged, and immediately stored at −80 ◦ C. The culture supernatant was subjected
to Bio-plex (27-plex panel, Bio-Rad Laboratories, Hercules, CA, USA). The following
cytokines were measured: interleukin-1b, 1ra, 2, 4, 5, 6, 7, 8, 9, 10, 12, 13, 15, and 17, as
well as granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage colonystimulating factor (GM-CSF), interferon-gamma (INF-γ), tumor necrosis factor-α (TNF-α),
monocyte chemoattractant protein-1 (MCP-1), CXCL10 chemokine (IP-10), MIP-1a, MIP-1b,
RANTES, eotaxin, platelet-derived growth factor (PDGF), basic-fibroblastic growth factor
(bFGF), and vascular endothelial growth factor (VEGF). All sample measurements were
performed in duplicates according to the manufacturer’s protocol. If the measured value
was below the limit of detection (LOD) for a cytokine, the estimated value was calculated
using the respective LOD. The absorbance of each sample was measured by the Cell
Titer-Glo 3D Cell Viability Assay (Promega Corp., Madison, WI, USA), and the cytokine
production quantity per 24 h per cell was calculated by estimating the 24 h cytokine release
per cell.
2.8. Statistical Analysis
Data in this study are presented as mean ± SD or SE. Statistical analysis of the means
between the two groups was performed using Student’s t-test; p < 0.05 was considered statistically significant. Statistical analysis was performed using IBM SPSS Statistics version 27.
Fisher’s exact probability test was used to examine the association of IPA involvement in
the extracted variation genes.
3. Results
3.1. Culture of ADSCs Using SphereRing
The optimal conditions for ADSC spheroid formation using SphereRing were investigated using various swirling speeds. The state of the cultured spheroids was observed
under a phase-contrast microscope following swirling speeds of 25, 35, 45, 55, and 65 rpm,
which led to successful spheroid formation. Images of typical cultured cells under a
phase-contrast microscope are shown in Figure 2.
Uniform and large spheroids were observed under the condition of 35 rpm. At 25 rpm,
adhesion of a large number of cells was found attached to the inside of the SphereRing
tube. The area was also measured using images taken under a phase-contrast microscope
at each swirl speed on day 3 of culture. Changes in the size of spheroids at each swirl speed
are shown in Figure 3. The inhibition of cell aggregation associated with the swirling speed
increased more than the force with which the cells adhered to each other.
3.2. Pathological Specimens of the Spheroids
Pathological specimens of the spheroids on day 3 of culture were prepared to confirm
the state of cells inside the cultured spheroids (Figure 4). We observed an internal cavity
in a part of the prepared spheroids. We considered it a gap between the cells that formed
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Figure 4. Pathological specimen of a spheroid (ADSC1). Red arrow indicates cavities in the spheroid.
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Table 2. Gene ontology analysis of extracted upregulated genes.
represented the number of molecules that fit into the GO term.
Molecular and Cellular Functions
GO term
Cellular Movement
Cell Morphology
Cellular Development
Cell Death and Survival
Cell-To-Cell Signaling and Interaction

p-value
3.02 × 103 –3.39 × 105
3.02 × 102 –2.50 × 104
2.19 × 102 –2.50 × 104
2.69 × 102 –1.70 × 103
2.86 × 102 –1.70 × 103

#Molecules
9
7
15
7
8

Table 3. Gene ontology analysis of extracted downregulated genes.
Molecular and Cellular Functions
GO term
Cell Cycle
Cellular Assembly and Organization
DNA Replication, Recombination, and Repair
Cell Death and Survival
Cellular Movement

p-value
4.32 × 103 –6.55 × 107
4.32 × 103 –2.48 × 106
4.71 × 103 –2.48 × 106
5.65 × 103 –3.80 × 106
5.46 × 103 –5.00 × 106

#Molecules
18
13
6
16
13
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3.4.
Semi-Quantitative
RT-PCR
Cellular Movement
3.02 × 10 –3.39 × 10
9
2
4
DNA
microarray
analysis
revealed
that
the
expression
of
many
genes
fluctuated.
Cell Morphology
3.02 × 10 –2.50 × 10
7
Therefore, we performed semi-quantitative RT-PCR to validate
our DNA
microarray results
2
4
Cellular Development
2.19 × 10 –2.50 × 10
15
and confirm whether similar gene expression fluctuations were observed in the ADSCs
2
3
Cell Death and Survival
2.69 × 10 –1.70 × 10
7
from the four patients (Figure 7).
2
3
Cell-To-Cell Signaling and Interaction
2.86 × 10 –1.70 × 10
8
Table 3. Gene ontology analysis of extracted downregulated genes.

Molecular and Cellular Functions
GO term

p-value

#Molecule
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in common were related to the cell cycle, cell migration, adhesion, and proliferation. Cell
cycle-related gene clusters were confirmed in the gene clusters that fluctuated in common,
and it is possible that proliferation was suppressed. In addition, cell-to-cell signaling and
the interaction category were confirmed, which may have contributed to cellular adherence. IPA also indicated that the gene network included Akt, Mapk, and PI3K (Figure
6).18
10 of
These gene network changes were considered unusual under spheroidal conditions.

Prediction legend
More extreme
Upregulated
Downregulated

Less

Figure 6. Ingenuity pathway analysis-identified spheroid gene network. IPA also predicted the gene
network included Akt, MAPK and PI3K.

In this experiment, RT-PCR was performed for the genes TNC, COL15A, and ANGPTL2,
which showed increased expression with microarray analysis, as well as KRT34 and
KRTAP2–3/2–4, which showed decreased expression. COL15A1 and ANGPTL2 are associated with vascular endothelial cells and angiogenesis [50], whereas TNC is associated
with tissue development [51]. On the other hand, KRT34 and KRTAP2–3/2–4 are involved
in the fiber structure of hair [52]. Similar to the findings reported by Cesarz et al., the

Figure 6. Ingenuity pathway analysis-identified spheroid gene network. IPA also predicted the gene
network included Akt, MAPK and PI3K.
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Figure 7. Validation of mRNA expression of screened genes by semi-quantitative RT–PCR for ADFigure 7. Validation of mRNA expression of screened genes by semi-quantitative RT–PCR for ADSCs.
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3.6. Effect of SF on Cultured ADSCs
Intra-articular administration of ADSCs is known to cause cell death within days to
weeks [53]. However, few studies report on how intra-articular SF affects therapeutically
administered ADSCs. Therefore, SF was collected and added to ADSCs in culture to examine whether it was toxic to spheroids formed by ADSCs. Although it is preferable to
collect ADSCs and SF in the same patient, in clinical practice, OA treatment with ADSCs
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medium at varying concentrations (0%, 10%, 20%, and 40%), and the rate of cell death was
measured after culturing for 4 and 16 h. The two-dimensional culture of ADSCs was examined (Figure 9a) and showed that the addition of SF significantly induced cell death as
previously reported. SF was also added to spheroids formed using SphereRing (Figure 9b),
and the rate of cell death was measured. Some dead cells were also observed in the spheof 18
roid culture. The increase in %RLU observed between 4 and 16 h may have been 13
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to
the proliferation of ADSCs.
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superiority of spheroids [54].
The present study is the first to report successful spheroid formation using human
The present study is the first to report successful spheroid formation using human
ADSCs with SphereRing. We first examined and evaluated the conditions for producing
ADSCs with SphereRing. We first examined and evaluated the conditions for producing
cellular spheroids and found that lower turning speeds promoted spheroid formation.
cellular spheroids and found that lower turning speeds promoted spheroid formation.
This was observed in images obtained during culture and by calculating the spheroid area
This was observed in images obtained during culture and by calculating the spheroid area
(Figures 2 and 3). This likely occurred because the centrifugal force due to swirling is a
(Figures 2 and 3). This likely occurred because the centrifugal force due to swirling is a
major factor in the swirling culture, in which adhesion is repeated in a water stream to
major factor in the swirling culture, in which adhesion is repeated in a water stream to
form aggregates. Centrifugal force is higher with higher turning speeds, and conversely,
lower turning speeds result in a weaker centrifugal force, which is thought to inhibit cell
aggregation. On the other hand, although larger spheroid formation was observed at
25 rpm, the formed aggregates did not float and adhered to the bottom surface. Therefore,
a surface coating that suppresses cell adhesion may be effective to improve SphereRing®
spheroid formation [55]. In addition, if the spheroid is too large, the culture medium cannot
reach the inside and necrosis might occur. Moreover, large spheroids could cause clogging
of the injection needle when administered into the joint cavity. Therefore, we deemed that
the optimal swirling speed was 35 rpm for spheroid formation for further studies.
DNA microarray transcriptome analysis of monolayer-cultured cells grown on flat
dishes and spheroids cultured using SphereRing showed that the expression of several
genes changed when cells were cultured three-dimensionally (Figures 5 and 6, Table 3). Validation with RT-PCR also supported the results of the DNA microarray analysis (Figure 7).
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This is likely because the target of cell adhesion was changed from a plastic substrate
to cell-to-cell. Since the stiffness and cell density of the adhesion target changed greatly
between the dish and the cells, these factors may be linked to changes in gene expression.
In addition, the function of the variable genes extracted by the gene analysis software IPA
showed changes in genes related to cell cycle and cell motility. Genes related to cell–cell
interaction, cell assembly, and organization also showed significant changes, suggesting
that the formation of dense cell–cell aggregates led to changes in genes related to active
cell–cell signaling and interaction. The mechanism of action of ADSCs in joints may be
explained by angiogenic factors, immunosuppressive factors, and tissue regeneration [56],
and the effect may be enhanced by spheroid formation. IPA revealed a gene network
including Akt, MAPK, and PI3K, and MSC-derived spheroids reportedly induce PI3K-Akt
signaling pathway activation, which might be similar to what occurred in the present
study [57].
Yoon et al. found that spheroid-cultured ADSC implantation into mouse knee joints
promoted in vivo chondrogenesis compared with the implantation of monolayer-cultured
ADSCs [58]. The study implicated hypoxia-induced cascades and cell–cell reinforcement,
suggesting that spheroid formation-induced hypoxia might favor cartilage regeneration.
In this study, cell death and survival were also variable in the GO analysis, and we speculated that they might be involved in the cartilage regeneration mechanism. From the
ADSC spheroid microarray analysis results, genes involved in cartilage regeneration and
formation were identified, including SPON1 [59], PDGF [60], COL10A [61]. Moreover, other
gene variations involved in cartilage regeneration and formation were confirmed. This
revealed that the spheroids created by SphereRing might have also acquired chondrogenic
differentiation ability.
Cytokine assays performed to characterize the spheroid showed a significant difference
in cytokine production compared to the 2D-cultured cell supernatants for eotaxin, IL-5,
IL-6, IL-9, IL-10.MCP-1/MCAF.MIP-1β, and VEGF (Figure 8). Increased cytokine secretion
from the supernatant has been reported when ADSCs are used to make spheroids [62,63],
and we confirmed similar results in this study. It is possible that this cytokinesis increase is
due to the hypoxic state of the spheroid inner core. In this study, it was difficult to isolate
the spheroid and measure the cell numbers, so we decided to use a 3D assay to approximate
the number of cells. Calibration curve-based calculation might result in lower detection
of spheroid-produced cytokines, but we considered this to be within an acceptable range.
The microarray analysis results did not show any difference in the cytokine expression
between spheroids and monolayer cells (data not shown). The cytokine production increase
in spheroids was not at the RNA level, but rather the protein synthesis and release after
translation. The increased cytokine release compared to 2D-cultured cells is one of the main
spheroid features and is expected to be a useful method for intra-articular administration.
In clinical practice, when ADSCs are cultured and administered to patients with knee
OA, it is common to administer them into the joint cavity. In this case, it is inevitable
that administered ADSCs would come into contact with the SF in the joint cavity. The SF
reportedly exerts a cytotoxic effect on canine ADSCs [43], but few studies reported on the
effect of SF on human ADSCs. This is an important issue when considering the clinical
application of spheroid ASDCs. In this study, we compared the resistance of cultured
ADSCs to the SF between 2D and spheroid cells (Figure 9). We observed no significant
difference between them, but the SF exhibited a lethal effect on the ADSCs. To the best of
our knowledge, this is the first report of such an effect on human ADSCs. In order to clarify
the usefulness of spheroids in the treatment of OA, it is necessary to set up experimental
conditions that are more suitable for the environment in the joint cavity and to study a larger
number of cases. In the future, the cytotoxic activity of the SF against ADSCs administered
into the joint cavity for therapy should be considered when improving culture methods.
We believe that the relationship between ADSCs and the SF cannot be ignored as
intra-articular ADSC administration becomes a common treatment in the future. It is
necessary to control the effects of synovial fluid to improve treatment outcomes. In the
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future, the SphereRing can be used to produce relatively large spheroids, and it is expected
to be used in medium-sized animals such as pigs that are similar to humans in several
aspects. SphereRing can produce a large number of spheroids at a time at a low cost, and
it is easy to recover the spheroids, as they are concentrated by precipitation if the culture
solution is left to stand. In addition, we observed that SphereRing enhanced cytokine
production and useful gene expression compared to the 2D-cultured cells; therefore, ADSC
spheroid creation using SphereRing could be a very useful tool for ADSC therapy. In the
future, we hope to contribute to ADSC spheroid creation that is more viable in the knee
joint and thus more effective in treatment.
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A Review of Pathogenesis and State-Of-The-Art Non-Operative Therapeutic Considerations. Genes 2020, 11, 854. [CrossRef]
Mei, L.; Shen, B.; Ling, P.; Liu, S.; Xue, J.; Liu, F.; Shao, H.; Chen, J.; Ma, A.; Liu, X. Culture-expanded allogenic adipose tissuederived stem cells attenuate cartilage degeneration in an experimental rat osteoarthritis model. PLoS ONE 2017, 12, e0176107.
[CrossRef]
Berenbaum, F. Osteoarthritis as an inflammatory disease (osteoarthritis is not osteoarthrosis!). Osteoarthr. Cartil. 2013, 21, 16–21.
[CrossRef]
Baer, P.C.; Griesche, N.; Luttmann, W.; Schubert, R.; Luttmann, A.; Geiger, H. Human adipose-derived mesenchymal stem cells
in vitro: Evaluation of an optimal expansion medium preserving stemness. Cytotherapy 2010, 12, 96–106. [CrossRef] [PubMed]
Hunter, D.J.; Bierma-Zeinstra, S. Osteoarthritis. Lancet 2019, 393, 1745–1759. [CrossRef]
Gupta, S.; Hawker, G.A.; Laporte, A.; Croxford, R.; Coyte, P.C. The economic burden of disabling hip and knee osteoarthritis (OA)
from the perspective of individuals living with this condition. Rheumatology 2005, 44, 1531–1537. [CrossRef] [PubMed]
Hermans, J.; Koopmanschap, M.A.; Bierma-Zeinstra, S.M.A.; van Linge, J.H.; Verhaar, J.A.N.; Reijman, M.; Burdorf, A. Productivity
costs and medical costs among working patients with knee osteoarthritis. Arthritis Care Res. 2012, 64, 853–861. [CrossRef]
[PubMed]

Cells 2022, 11, 337

8.

9.
10.
11.
12.
13.

14.

15.

16.

17.
18.
19.

20.

21.

22.

23.
24.
25.

26.
27.

28.
29.
30.
31.

16 of 18

Safiri, S.; Kolahi, A.-A.; Smith, E.; Hill, C.; Bettampadi, D.; Mansournia, M.A.; Hoy, D.; Ashrafi-Asgarabad, A.; Sepidarkish, M.;
Almasi-Hashiani, A.; et al. Global, regional and national burden of osteoarthritis 1990–2017: A systematic analysis of the Global
Burden of Disease Study 2017. Ann. Rheum. Dis. 2020, 79, 819–828. [CrossRef] [PubMed]
Sangha, O. Epidemiology of rheumatic diseases. Rheumatology 2000, 39, 3–12. [CrossRef] [PubMed]
Brooks, P.M. Impact of osteoarthritis on individuals and society: How much disability? Social consequences and health economic
implications. Curr. Opin. Rheumatol. 2002, 14, 573–577. [CrossRef]
Lories, R.J.; Monteagudo, S. Review Article: Is Wnt Signaling an Attractive Target for the Treatment of Osteoarthritis? Rheumatol.
Ther. 2020, 7, 259–270. [CrossRef] [PubMed]
Orchard, J.; Moen, M.H. Has reimbursement for knee osteoarthritis treatments now reached ‘postfact’ status? Br. J. Sports Med.
2017, 51, 1510–1511. [CrossRef]
Bannuru, R.R.; Osani, M.C.; Vaysbrot, E.E.; Arden, N.K.; Bennell, K.; Bierma-Zeinstra, S.M.A.; Kraus, V.B.; Lohmander, L.S.;
Abbott, J.H.; Bhandari, M.; et al. OARSI guidelines for the non-surgical management of knee, hip, and polyarticular osteoarthritis.
Osteoarthr. Cartil. 2019, 27, 1578–1589. [CrossRef]
Neuprez, A.; Neuprez, A.H.; Kaux, J.-F.; Kurth, W.; Daniel, C.; Thirion, T.; Huskin, J.-P.; Gillet, P.; Bruyère, O.; Reginster, J.-Y.
Total joint replacement improves pain, functional quality of life, and health utilities in patients with late-stage knee and hip
osteoarthritis for up to 5 years. Clin. Rheumatol. 2020, 39, 861–871. [CrossRef] [PubMed]
Di Martino, A.; Di Matteo, B.; Papio, T.; Tentoni, F.; Selleri, F.; Cenacchi, A.; Kon, E.; Filardo, G. Platelet-Rich Plasma Versus
Hyaluronic Acid Injections for the Treatment of Knee Osteoarthritis: Results at 5 Years of a Double-Blind, Randomized Controlled
Trial. Am. J. Sports Med. 2019, 47, 347–354. [CrossRef]
Kim, S.H.; Ha, C.-W.; Park, Y.-B.; Nam, E.; Lee, J.-E.; Lee, H.-J. Intra-articular injection of mesenchymal stem cells for clinical
outcomes and cartilage repair in osteoarthritis of the knee: A meta-analysis of randomized controlled trials. Arch. Orthop. Trauma
Surg. 2019, 139, 971–980. [CrossRef]
Mohd Noor, N.; Abdullah Nurul, A.; Ahmad Mohd Zain, M.; Wan Nor Aduni, W.; Azlan, M. Extracellular Vesicles from
Mesenchymal Stem Cells as Potential Treatments for Osteoarthritis. Cells 2021, 10, 1287. [CrossRef] [PubMed]
Zuk, P.A.; Zhu, M.; Mizuno, H.; Huang, J.; Futrell, J.W.; Katz, A.J.; Benhaim, P.; Lorenz, H.P.; Hedrick, M.H. Multilineage Cells
from Human Adipose Tissue: Implications for Cell-Based Therapies. Tissue Eng. 2001, 7, 211–228. [CrossRef]
Tsutsumi, S.; Shimazu, A.; Miyazaki, K.; Pan, H.; Koike, C.; Yoshida, E.; Takagishi, K.; Kato, Y. Retention of Multilineage
Differentiation Potential of Mesenchymal Cells during Proliferation in Response to FGF. Biochem. Biophys. Res. Commun. 2001,
288, 413–419. [CrossRef]
Mineda, K.; Feng, J.; Ishimine, H.; Takada, H.; Doi, K.; Kuno, S.; Kinoshita, K.; Kanayama, K.; Kato, H.; Mashiko, T.; et al.
Therapeutic Potential of Human Adipose-Derived Stem/Stromal Cell Microspheroids Prepared by Three-Dimensional Culture in
Non-Cross-Linked Hyaluronic Acid Gel. Steam Cells Transl. Med. 2015, 4, 1511–1522. [CrossRef]
Furuhashi, K.; Tsuboi, N.; Shimizu, A.; Katsuno, T.; Kim, H.; Saka, Y.; Ozaki, T.; Sado, Y.; Imai, E.; Matsuo, S.; et al. Serum-Starved
Adipose-Derived Stromal Cells Ameliorate Crescentic GN by Promoting Immunoregulatory Macrophages. J. Am. Soc. Nephrol.
2013, 24, 587–603. [CrossRef]
Yokota, N.; Hattori, M.; Ohtsuru, T.; Otsuji, M.; Lyman, S.; Shimomura, K.; Nakamura, N. Comparative Clinical Outcomes After
Intra-articular Injection With Adipose-Derived Cultured Stem Cells or Noncultured Stromal Vascular Fraction for the Treatment
of Knee Osteoarthritis. Am. J. Sports Med. 2019, 47, 2577–2583. [CrossRef] [PubMed]
Koh, Y.-G.; Jo, S.-B.; Kwon, O.-R.; Suh, D.-S.; Lee, S.-W.; Park, S.-H.; Choi, Y.-J. Mesenchymal Stem Cell Injections Improve
Symptoms of Knee Osteoarthritis. Arthrosc. J. Arthrosc. Relat. Surg. 2013, 29, 748–755. [CrossRef] [PubMed]
Russo, A.; Screpis, D.; Di Donato, S.L.; Bonetti, S.; Piovan, G.; Zorzi, C. Autologous micro-fragmented adipose tissue for the
treatment of diffuse degenerative knee osteoarthritis: An update at 3 year follow-up. J. Exp. Orthop. 2018, 5, 52. [CrossRef]
Yokota, N.; Yamakawa, M.; Shirata, T.; Kimura, T.; Kaneshima, H. Clinical results following intra-articular injection of adiposederived stromal vascular fraction cells in patients with osteoarthritis of the knee. Regen. Ther. 2017, 6, 108–112. [CrossRef]
[PubMed]
Jo, C.H.; Chai, J.W.; Jeong, E.C.; Oh, S.; Shin, J.S.; Shim, H.; Yoon, K.S. Intra-articular Injection of Mesenchymal Stem Cells for the
Treatment of Osteoarthritis of the Knee: A 2-Year Follow-up Study. Am. J. Sports Med. 2017, 45, 2774–2783. [CrossRef]
Lamo-Espinosa, J.M.; Mora, G.; Blanco, J.F.; Granero-Moltó, F.; Núñez-Córdoba, J.M.; López-Elío, S.; Andreu, E.J.; Sánchez-Guijo,
F.; Aquerreta, J.D.; Bondía, J.M.; et al. Intra-articular injection of two different doses of autologous bone marrow mesenchymal
stem cells versus hyaluronic acid in the treatment of knee osteoarthritis: Long-term follow up of a multicenter randomized
controlled clinical trial (phase I/II). J. Transl. Med. 2018, 16, 213. [CrossRef]
McIntyre, J.A.; Jones, I.; Han, B.; Vangsness, J.C.T. Intra-articular Mesenchymal Stem Cell Therapy for the Human Joint: A
Systematic Review. Am. J. Sports Med. 2018, 46, 3550–3563. [CrossRef] [PubMed]
Bhang, S.H.; Lee, S.; Shin, J.-Y.; Lee, T.-J.; Kim, B.-S. Transplantation of Cord Blood Mesenchymal Stem Cells as Spheroids
Enhances Vascularization. Tissue Eng. Part A 2012, 18, 2138–2147. [CrossRef]
Cesarz, Z.; Tamama, K. Spheroid Culture of Mesenchymal Stem Cells. Stem Cells Int. 2016, 2016, 9176357. [CrossRef]
Kilroy, G.E.; Foster, S.J.; Wu, X.; Ruiz, J.; Sherwood, S.; Heifetz, A.; Ludlow, J.W.; Stricker, D.M.; Potiny, S.; Green, P.; et al. Cytokine
profile of human adipose-derived stem cells: Expression of angiogenic, hematopoietic, and pro-inflammatory factors. J. Cell.
Physiol. 2007, 212, 702–709. [CrossRef]

Cells 2022, 11, 337

32.
33.
34.

35.
36.

37.

38.
39.
40.
41.
42.

43.
44.
45.

46.
47.
48.
49.

50.

51.
52.

53.
54.
55.
56.

17 of 18

Ueyama, H.; Okano, T.; Orita, K.; Mamoto, K.; Sobajima, S.; Iwaguro, H.; Nakamura, H. Local transplantation of adipose-derived
stem cells has a significant therapeutic effect in a mouse model of rheumatoid arthritis. Sci. Rep. 2020, 10, 3076. [CrossRef]
Achilli, T.-M.; Meyer, J.; Morgan, J.R. Advances in the formation, use and understanding of multi-cellular spheroids. Expert Opin.
Biol. Ther. 2012, 12, 1347–1360. [CrossRef] [PubMed]
Zubillaga, V.; Alonso-Varona, A.; Fernandes, S.C.M.; Salaberria, A.M.; Palomares, T. Adipose-Derived Mesenchymal Stem Cell
Chondrospheroids Cultured in Hypoxia and a 3D Porous Chitosan/Chitin Nanocrystal Scaffold as a Platform for Cartilage Tissue
Engineering. Int. J. Mol. Sci. 2020, 21, 1004. [CrossRef] [PubMed]
Zhang, S.; Liu, P.; Chen, L.; Wang, Y.; Wang, Z.; Zhang, B. The effects of spheroid formation of adipose-derived stem cells in a
microgravity bioreactor on stemness properties and therapeutic potential. Biomaterials 2015, 41, 15–25. [CrossRef] [PubMed]
Cheng, N.-C.; Chen, S.-Y.; Li, J.-R.; Young, T.-H. Short-Term Spheroid Formation Enhances the Regenerative Capacity of AdiposeDerived Stem Cells by Promoting Stemness, Angiogenesis, and Chemotaxis. Steam Cells Transl. Med. 2013, 2, 584–594. [CrossRef]
[PubMed]
Feng, J.; Mineda, K.; Wu, S.-H.; Mashiko, T.; Doi, K.; Kuno, S.; Kinoshita, K.; Kanayama, K.; Asahi, R.; Sunaga, A.; et al. An
injectable non-cross-linked hyaluronic-acid gel containing therapeutic spheroids of human adipose-derived stem cells. Sci. Rep.
2017, 7, 1548. [CrossRef]
Korff, T.; Augustin, H.G. Integration of Endothelial Cells in Multicellular Spheroids Prevents Apoptosis and Induces Differentiation. J. Cell Biol. 1998, 143, 1341–1352. [CrossRef] [PubMed]
Ryu, N.-E.; Lee, S.-H.; Park, H. Spheroid Culture System Methods and Applications for Mesenchymal Stem Cells. Cells 2019,
8, 1620. [CrossRef]
Song, H.; David, O.; Clejan, S.; Giordano, C.L.; Pappas-Lebeau, H.; Xu, L.; O’Connor, K.C. Spatial Composition of Prostate Cancer
Spheroids in Mixed and Static Cultures. Tissue Eng. 2004, 10, 1266–1276. [CrossRef]
Horiguchi, I.; Suzuki, I.; Morimura, T.; Sakai, Y. An Orbital Shaking Culture of Mammalian Cells in O-shaped Vessels to Produce
Uniform Aggregates. J. Vis. Exp. 2019, 143, e57922. [CrossRef]
Ragni, E.; Colombini, A.; Viganò, M.; Libonati, F.; Perucca Orfei, C.; Zagra, L.; de Girolamo, L. Cartilage Protective and
Immunomodulatory Features of Osteoarthritis Synovial Fluid-Treated Adipose-Derived Mesenchymal Stem Cells Secreted
Factors and Extracellular Vesicles-Embedded miRNAs. Cells 2021, 10, 1072. [CrossRef]
Kiefer, K.M.; O’Brien, T.D.; Pluhar, E.G.; Conzemius, M. Canine adipose-derived stromal cell viability following exposure to
synovial fluid from osteoarthritic joints. Vet. Rec. Open 2015, 2, e000063. [CrossRef] [PubMed]
Truong, N.C.; Bui, K.H.-T.; Van Pham, P. Characterization of Senescence of Human Adipose-Derived Stem Cells After Long-Term
Expansion. Adv. Exp. Med. Biol. 2018, 1084, 109–128. [CrossRef]
Kawaguchi, H.; Sakamoto, T.; Koya, T.; Togi, M.; Date, I.; Watanabe, A.; Yoshida, K.; Kato, T.; Nakamura, Y.; Ishigaki, Y.; et al.
Quality Verification with a Cluster−Controlled Manufacturing System to Generate Monocyte−Derived Dendritic Cells. Vaccines
2021, 9, 533. [CrossRef]
Nakazawa, Y.; Inoue, S.; Nakamura, Y.; Iida, Y.; Ishigaki, Y.; Miyazawa, K. High-salt diet promotes crystal deposition through
hypertension in Dahl salt-sensitive rat model. Int. J. Urol. 2019, 26, 839–846. [CrossRef]
Kellgren, J.H.; Lawrence, J.S. Radiological Assessment of Osteo-Arthrosis. Ann. Rheum. Dis. 1957, 16, 494–502. [CrossRef]
[PubMed]
Courtney, P.; Doherty, M. Joint aspiration and injection and synovial fluid analysis. Best Pract. Res. Clin. Rheumatol. 2013, 27,
137–169. [CrossRef]
Leijs, M.J.C.; van Buul, G.M.; Lubberts, E.; Bos, P.K.; Verhaar, J.A.N.; Hoogduijn, M.J.; van Osch, G.J.V.M. Effect of Arthritic
Synovial Fluids on the Expression of Immunomodulatory Factors by Mesenchymal Stem Cells: An Explorative in vitro Study.
Front. Immunol. 2012, 3, 231. [CrossRef]
Durgin, B.G.; Cherepanova, O.A.; Gomez, D.; Karaoli, T.; Alencar, G.F.; Butcher, J.T.; Zhou, Y.-Q.; Bendeck, M.P.; Isakson, B.E.;
Owens, G.K.; et al. Smooth muscle cell-specific deletion of Col15a1 unexpectedly leads to impaired development of advanced
atherosclerotic lesions. Am. J. Physiol. Heart Circ. Physiol. 2017, 312, H943–H958. [CrossRef]
Hasegawa, M.; Yoshida, T.; Sudo, A. Tenascin-C in Osteoarthritis and Rheumatoid Arthritis. Front. Immunol. 2020, 11, 577015.
[CrossRef]
Naot, D.; Bentley, J.; Macpherson, C.; Pitto, R.P.; Bava, U.; Choi, A.J.; Matthews, B.G.; Callon, K.E.; Gao, R.; Horne, A.; et al.
Molecular characterisation of osteoblasts from bone obtained from people of Polynesian and European ancestry undergoing joint
replacement surgery. Sci. Rep. 2021, 11, 2428. [CrossRef]
Im, G.-I. Current status of regenerative medicine in osteoarthritis. Bone Jt. Res. 2021, 10, 134–136. [CrossRef]
Ko, J.; Park, J.; Kim, J.; Im, G. Characterization of adipose-derived stromal/stem cell spheroids versus single-cell suspension in
cell survival and arrest of osteoarthritis progression. J. Biomed. Mater. Res. Part A 2021, 109, 869–878. [CrossRef] [PubMed]
Im, G.-I. Perspective on Intra-articular Injection Cell Therapy for Osteoarthritis Treatment. Tissue Eng. Regen. Med. 2019, 16,
357–363. [CrossRef]
Chen, Q.; Cui, L.; Guan, Y.; Zhang, Y. Diels-Alder Cross-Linked, Washing-Free Hydrogel Films with Ordered Wrinkling Patterns
for Multicellular Spheroid Generation. Biomacromolecules 2021, 22, 3474–3485. [CrossRef]

Cells 2022, 11, 337

57.

58.
59.
60.
61.

62.

63.

18 of 18

He, J.; Zhang, N.; Zhu, Y.; Jin, R.; Wu, F. MSC spheroids-loaded collagen hydrogels simultaneously promote neuronal differentiation and suppress inflammatory reaction through PI3K-Akt signaling pathway. Biomaterials 2021, 265, 120448. [CrossRef]
[PubMed]
Yoon, H.H.; Bhang, S.H.; Shin, J.-Y.; Shin, J.; Kim, B.-S. Enhanced Cartilage Formation via Three-Dimensional Cell Engineering of
Human Adipose-Derived Stem Cells. Tissue Eng. Part A 2012, 18, 1949–1956. [CrossRef] [PubMed]
Ma, W.; Chen, K.; Xiao, W.; Tang, H.; Wang, S.; Wang, K. Evaluation of relationship between SPON1 gene and genetic susceptibility
of postmenopausal osteoporosis. Artif. Cells Nanomed. Biotechnol. 2020, 48, 818–823. [CrossRef]
Schmidt, M.B.; Chen, E.H.; Lynch, S.E. A review of the effects of insulin-like growth factor and platelet derived growth factor on
in vivo cartilage healing and repair. Osteoarthr. Cartil. 2006, 14, 403–412. [CrossRef]
Saito, T.; Fukai, A.; Mabuchi, A.; Ikeda, T.; Yano, F.; Ohba, S.; Nishida, N.; Akune, T.; Yoshimura, N.; Nakagawa, T.; et al.
Transcriptional regulation of endochondral ossification by HIF-2α during skeletal growth and osteoarthritis development. Nat.
Med. 2010, 16, 678–686. [CrossRef] [PubMed]
Kronemberger, G.S.; Dalmônico, G.M.L.; Rossi, A.; Leite, P.E.; Saraiva, A.M.; Beatrici, A.; Silva, K.R.; Granjeiro, J.M.; Baptista, L.S.
Scaffold- and serum-free hypertrophic cartilage tissue engineering as an alternative approach for bone repair. Artif. Organs 2020,
44, E288–E299. [CrossRef] [PubMed]
Furuhata, Y.; Kikuchi, Y.; Tomita, S.; Yoshimoto, K. Small spheroids of adipose-derived stem cells with time-dependent enhancement of IL-8 and VEGF-A secretion. Genes Cells 2016, 21, 1380–1386. [CrossRef] [PubMed]

