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Introduction: Administration of adipose-derived stem cells (ADSCs) into the joint cavity has been shown
to alleviate the symptoms of knee osteoarthritis (OA) by releasing exosomes and anti-inflammatory
cytokines. However, the therapeutic effect of these cells is limited by their rapid disappearance after
administration. Thus, it is necessary to prolong cell survival in the joint cavity. This study aimed to
investigate the potential application of ADSCs adhered to atelocollagen microspheres (AMSs) for cell
therapy of knee OA.
Methods: ADSCs were cultured for 2, 4, and 7 days in AMS suspension or adherent culture dishes. The
supernatants were analyzed for IL-10 and exosome secretion via enzyme-linked immunosorbent assay
and Nanosight. The effect of AMS was compared with that of adherent-cultured ADSCs (2D-cultured
ADSCs) using transcriptome analysis. Moreover, the solubility of AMS and viability of ADSCs were
evaluated using synovial fluid (SF) from patients with knee OA.
Results: Compared with 2D-cultured ADSCs, AMS-cultured ADSCs exhibited a significant increase in
secretion of exosomes and IL-10, and the expression of several genes involved in extracellular matrix and
immune regulation were altered. Furthermore, when AMS-cultured ADSCs were cultured in SF from knee
OA patients to mimic the intra-articular environment, the SF dissolved the AMSs and released viable
ADSCs. In addition, AMS-cultured ADSCs showed significantly higher long-term cell viability than 2D-
cultured ADSCs.
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Conclusion: Increased survival of AMS-adhered ADSCs was observed in the intra-articular environment,
and AMSs were found to gradually dissipate. These results suggest that AMS-adhered ADSCs are
promising source for cell therapy of knee OA.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Minor knee osteoarthritis (OA) ismainly treated via a nonsurgical
(conservative) approach, which emphasizes on lifestyle changes,
such as weight loss and structured exercise, as well as the use of
nonsteroidal anti-inflammatory drugs and acetaminophen for pain
management. However, the use of nonsteroidal anti-inflammatory
drugs for pain management in knee OA may be associated with an
increased risk of cardiovascular events. In cases where the disease
has advanced and symptoms remain unalleviated, surgical treat-
ment approaches, such as total knee arthroplasty and osteotomy,
might be pursued [1]. However, they are more invasive than con-
servative management. Therefore, in recent years, there has been
growing interest and advancement in nonsurgical treatments, such
as stem cell therapy. The intra-articular administration of stem cells
has several advantages, such as pain relief, inhibition of disease
progression, and lower invasiveness than surgical treatment.

Adipose-derived stem cells (ADSCs) are one of the prominent cell
therapy options for knee OA. Numerous clinical trials have been
conducted for knee OA [2], and factors such as exosomes, anti-
inflammatory cytokines, and growth factors have been reported to
contribute to the therapeutic efficacyof ADSCs [3,4]. In general, ADSCs
are primarily isolated from adipose tissue using enzymatic methods,
expanded under culture conditions, suspended in saline, and
administered via intra-articular injection [5,6]. Various studies have
suggested that the efficacy of administered ADSCsmay be limited due
to their reduced survival as a result of environmental stress at the site
of administration [7e10]. In addition, Toupet et al. reported thatmore
than 90% of the cells disappeared within 10 days when ADSCs were
administered into the knee joints of rats with knee OA [11].

To enhance the therapeutic efficacy of ADSCs against knee OA, it
is essential to maintain the viability of ADSCs within the joint cavity.
Various methods have been developed to prolong the survival of
stem cells at the site of administration, including the use of spheroid
culture techniques [12,13] and improvement of the culture medium
[14,15]. Among thesemethods,microspheres have recently emerged
as a highly promising culture tool [16,17].Microspheres are primarily
composed of collagen and offer distinct advantages, such as a large
surface area, excellent cell adhesion andproliferationproperties, and
biodegradability within the body [18]. The use of microspheres en-
ables short-term, high-density, and large-scale culture of various
cells, including bone marrow-derived stem cells, ADSCs, umbilical
cord-derived stem cells, and chondrocytes [19]. In addition,
depending on thematerial of microspheres, direct administration of
microsphere-adhered cells to disease sites is feasible. The high-
density cell culture environment created by microspheres has
been reported to enhance intercellular interactions and influence
cell proliferation and differentiation [20,21]. In the present study, we
focused on atelocollagen, one of the microsphere materials.

Unlike conventional collagen, atelocollagen lacks telopeptides at
the N- and C-termini, resulting in reduced antigenicity and sup-
pressed immune activation [22,23]. In a previous clinical trial, intra-
articular administration of atelocollagen was reported to improve
knee pain in patients with knee OA [24]. Therefore, combining
atelocollagen with ADSC therapy has the potential to enhance
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therapeutic efficacy. By adhering ADSCs to atelocollagen-based
therapeutic microspheres, they can be retained in the joint cavity
for long time. The low antigenicity of atelocollagen may escape
from the activation of immune cells within the joint cavity. In
addition, the release of exosomes and anti-inflammatory cytokines
by ADSCs is expected to enhance the resolution of knee OA.

This study evaluated the characteristics of ADSCs cultured on
atelocollagen microspheres (AMSs) in vitro. Furthermore, the effect
of SF from patients with knee OA on ADSCs was assessed to un-
derstand the influence of the joint cavity environment on these
cells. Overall, this study aimed to evaluate the potential application
of ADSCs adhered to AMS for cell therapy of knee OA.

2. Method

2.1. Microsphere preparation

The AMSs used in this study were manufactured from collagen
derived from bovine skin and had a diameter of approximately
100e400 mm (KOKEN Co., Ltd., Tokyo, Japan). AMS solution was
centrifuged to remove the supernatant and washed with
phosphate-buffered saline (PBS). Finally, the microspheres were
suspended in a serum-free medium, ADSC-4 (Kohjin Bio Co., Ltd.,
Sakado, Japan), and incubated overnight at 4 �C before being used
in the experiments.

2.2. ADSC loading onto AMS for stirred culture

Human-derived ADSCs (Lonza K.K., Basel, Switzerland) [25] were
cultured in KBM ADSC-4 medium (Kohjin Bio) and incubated at
37 �C in 5% CO2. ADSCs were allowed to adhere to AMS in ultralow
attachment 6-well plate (Corning Inc., Corning, NY, USA) according
to the manufacturer's instructions (KOKEN Co., Ltd.). Most of the
living ADSCs were found to adhere to AMS (Fig. S1a and b). Subse-
quently, the 6-well plate was placed on a continuous-action shaker
(Wave-PR, Taitec Corp., Saitama, Japan) set at a speed of 15 rpm and
a shaking angle of 6�. The cultures weremaintained for 1week, with
1 mL of ADSC-4 medium being added every 3 days.

2.3. Cell viability assay using trypan blue staining

ADSCs cultured on adherent culture dishes (BM Equipment Co.,
Ltd., Tokyo, Japan) and on AMSs for 2, 4, and 7 days (AMS culture)
were washed with PBS. The ADSCs were then detached using 0.25%
trypsineethylenediaminetetraacetic acid (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan); detachment was confirmed
under the microscope (Fig. S2). Cell viability was then assessed
using trypan blue staining.

2.4. ADSC-derived exosome preparation and analysis with
Nanosight

The supernatants of the 2D and AMS cultures of ADSCs were
collected, and exosomes were isolated using the MagCapture Exo-
some Isolation Kit (FUJIFILMWako Pure Chemical) according to the
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manufacturer's instructions. The size distribution of ADSC-derived
exosomes was determined using the NanoSight NS 300 instrument
(Malvern Panalytical Ltd., Malvern, UK) according to the manufac-
turer's instructions. For analysis, each sample was diluted with PBS
in a 10-fold dilution and then analyzed using NTAVersion 3.0, with
a camera level of 15, a detection threshold of 1, an automatic
minimum expected particle size, and an automatic jump distance.
A 60-s recording was performed five times, and the acquired data
were used for quantitative measurements.

2.5. Exosome characterization

Exosomes in the supernatants of the 2D and AMS cultures of
ADSCs were isolated using the PS Capture TM Exosome Flow
Cytometry Kit (FUJIFILM Wako Pure Chemical) following the kit's
protocol. Surface marker expression analysis of ADSC-derived
exosomes was performed for each sample of ADSC-derived exo-
somes based on a previous study [26]. Briefly, the following mouse
IgG anti-human monoclonal antibodies (mAbs) were added: FITC-
conjugated anti-CD9 mAbs (BioLegend, Inc., San Diego, CA, USA),
PE-conjugated anti-CD63mAbs (BioLegend, Inc) and PE-conjugated
anti-CD81 mAbs (BioLegend, Inc). All analyses were performed
with a flow cytometer (FACS Canto II, BD Biosciences, San Jose, CA,
USA). The acquired data were analyzed using Flowjo software (BD
Biosciences).

2.6. Enzyme immunoassay for interleukin 10 (IL-10) in the culture
supernatant

IL-10 concentrations in the culture supernatant were measured
using a commercially available enzyme-linked immunosorbent
assay kit (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer's instructions. The assays were performed in
duplicate.

2.7. RNA-seq analysis

Total RNA was extracted from the samples using the RNeasy
Mini Kit (Qiagen NV, Venlo, Netherlands). The integrity of the RNA
was assessed using Agilent Technologies’ 2100 Bioanalyzer and
RNA 6000 Nano Kit, which confirmed that all samples had an RNA
integrity number of >9. The quality of the RNAwas further assessed
using the 5200 Fragment Analyzer System and the Agilent HS RNA
Kit (Agilent Technologies). Subsequently, the DNA libraries were
assembled using the MGIEasy RNA Directional Library Prep Set
(MGI Tech). The quality of these libraries was assessed using the
5200 Fragment Analyzer System and the dsDNA 915 Reagent Kit
(Agilent Technologies). The libraries were then circularized and
converted into DNA nanoballs using theMGIEasy Circularization Kit
and DNBSEQ-G400RS High-throughput Sequencing Kit (MGI Tech).
Finally, sequencing was performed on a DNBSEQ-G400 instrument
(MGI Tech) with a read length of 2 � 100 bp.

2.8. Bioinformatics

The quality of the sequencing data was assessed using FastQC
(Version 0.12.1). To ensure data integrity, adapter sequences and
low-quality reads (quality score <30, read length <30, and N > 5)
were removed using fastp (Version 0.23.3). The resulting purified
reads were then mapped to the human reference sequence
(GRCh38.p13) using STAR (Version 2.7.10b). Gene expression levels
were determined using RSEM (Version 1.3.1). Differentially
expressed genes were identified using the Wald test in the DESeq2
R package. Gene ontology (GO) analysis was conducted using the
clusterProfiler R package.
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2.9. SF collection

Following approval by the Ethics Review Committee of Kana-
zawa Medical School (approval number I583), SF was collected
from the knee joints of patients with knee OA (KellgreneLaurence
[KeL] classification Grades 2e3) according to previous reports
[27,28]. All patients provided informed consent prior to SF
collection.

2.10. AMS dissolution by SF obtained from patients with knee OA

Approximately 100 mL of AMS was suspended in 900 mL of 0.9%
saline solution. The resulting suspension was aliquoted into 1.5-mL
tubes and centrifuged at 300 � g for 5 min. The supernatant was
carefully removed, and 200 mL of SF at various concentrations (0%,
20%, 40%, 60%, 80%, and 100%) was added. The AMSs mixed with SF
were then seeded into 96-well plates and incubated for 24 and 48 h.
The entire well was captured using a microscope (EVOS® FL Cell
Imaging System; Thermo Fisher Scientific, Inc., Waltham, MA, USA),
and the AMS cross-sectional area and number per well were eval-
uated using ImageJ.

2.11. Effect of SF on the viability of 2D- and AMS-cultured ADSCs

After 7 days of culture, 2D-cultured ADSCs were harvested using
0.25% trypsineethylenediaminetetraacetic acid (FUJIFILM Wako
Pure Chemical). AMS-cultured ADSCs were collected along with the
medium and centrifuged at 300 � g for 5 min. The culture super-
natant was discarded, and the cells were resuspended in a 0.9%
saline solution and aliquoted into tubes. After centrifugation, the
supernatant was discarded, and 200 mL of saline containing 0% or
80% SF was added to each well of a 96-well plate. Cell viability by
percentage of relative light units (RLUs) in each well was measured
using a GloMax 96 microplate luminometer (Promega Corp.,
Madison, WI, USA) after 24 and 48 h of incubation according to
previous study [27].

2.12. Statistical analysis

Statistical analysis was performed using one-way analysis of
variance followedby Tukey'smultiple comparison test to evaluate cell
viability, exosome concentration, and exosome secretion in ADSCs
(Figs.1b and 2c). Cell number and cell viability by trypan blue staining
were analyzed by Student's t-test (Fig. S1b). Cytokine secretion ability
(Figs. 3 and 5d) and exosome marker expression (Fig. S3) were
analyzed using Student's t-test. For gene expression analysis from
RNA-seq data, theWald test was used for significance testing (Fig. S4).
AMS degradation by synovial fluid (SF) (Fig. 4) and cell viability in 2D-
and AMS-cultured ADSCs exposed to SF (Fig. 5b) were analyzed using
one-way analysis of variance followed by Tukey's multiple compari-
son test. The ratio of RLUs in three ADSC states were analyzed using a
two-way repeated measure analysis of variance followed by Tukey's
multiple comparison test (Fig. 5c). All data are presented as
means ± standard deviations. All statistical analyses were conducted
using GraphPad Prism software (Version 9.4.1; GraphPad Software
Inc., San Francisco, CA, USA) or R (Version 4.3.0).

3. Results

3.1. Evaluation of the 2D- and AMS-cultured ADSC morphology over
time

Since the use of ADSCs cultured in serum-free media has been
recommended for the treatment of knee OA [29], ADSCs were
cultured in a serum-free medium in the present study. With the



Fig. 1. Temporal evaluation of 2D- and AMS-cultured ADSC morphology and viability. (a) Cellular images of ADSCs cultured in adherent culture and stirred culture with AMSs.
White scale bars indicate 200 mm, and yellow arrows show ADSCs adhering to the AMSs. (b) Quantification of cell viability using trypan blue staining for both 2D and AMS cultures
(n ¼ 3). After staining with trypan blue, the cells were counted with a hemocytometer. The mean number of cells was 44. Values are expressed as a percentage, representing the
number of viable cells relative to the total number of cells. Bar graphs display means ± standard deviations.
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aim of clinical applications, the suitability of AMS-adherent ADSCs
for culture in serum-free medium was evaluated over time using
microscopic imaging. As shown in Fig. 1a, both 2D- and AMS-
cultured ADSCs exhibited cell proliferation over time. The yellow
arrows in Fig. 1a indicate the adherence of ADSCs to AMSs. To
confirm the detachment of ADSCs from AMSs using trypsin, the
viability of AMS-adhered ADSCs was assessed using trypan blue
staining (Fig. S2). The detached 2D- and AMS-cultured ADSCs
showed over 90% viability (Fig. 1b). There were no significant dif-
ferences in survival rate between the two groups. These findings
indicate that AMS-cultured ADSCs can be successfully cultured in a
serum-free medium.

3.2. ADSCs adhered to AMS and cultured in stirred culture show
increased secretion of exosomes

Huang et al. reported that variations in gravitational environ-
ments could influence the secretion capabilities of cytokines and
growth factors from MSCs [30]. This finding suggests that differ-
ences in gravitational environments may affect stem cell function.
In the case of ADSCs, those adhered to culture dishes (referred to as
2D-cultured ADSCs) are primarily affected by the downward force
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of gravity throughout the culture period. On the other hand, ADSCs
adhered to AMSs are affected by the multidirectional force of
gravity due to stirred culture [31].

A large number of particles in the 70e150 nm range were
observed in the culture supernatant of AMS-cultured ADSCs
compared with that of 2D-cultured ADSCs (Fig. 2a and b). Further-
more, the concentration of exosomes in the culture supernatant and
the number of exosomes released from the cells were significantly
higher in AMS-cultured ADSCs than in 2D-cultured ADSCs (Fig. 2c).
The purity of the isolated exosomes in the culture supernatant was
assessed byevaluating the surface expression of the exosomemarkers
CD9, CD63, and CD81 using flow cytometry (Fig. S3a). The expression
of CD63 and CD81 was confirmed in particles derived from both 2D-
and AMS-cultured ADSCs and clearly indicated the release of exo-
somes (Fig. S3b). These results indicated that ADSCs adhered to AMS
and cultured in stirred culture exhibited an enhanced exosome
secretion capacity due to the culture environment.

3.3. Secretion capacity of IL-10 in 2D- and AMS-cultured ADSCs

ADSCs are well-known for their potent immunomodulatory
properties, primarily attributed to their secretion of a diverse range



Fig. 2. Characterization of exosomes secreted by 2D- and AMS-cultured ADSCs. (a) Particle visualization and (b) size distribution of ADSC-derived exosomes in 2D and AMS
cultures, as determined through nanoparticle tracking analysis (n ¼ 3). (c) The concentration of exosome and the number of exosomes secreted per single cell in the culture
supernatant. The number of exosomes secreted per cell was calculated by multiplying the exosome concentrations obtained from nanoparticle tracking analysis by the culture
medium volume and dividing by the number of cells (n ¼ 3). P-values were obtained from one-way analysis of variance followed by Tukey's multiple comparison test. Data are
represented as means ± standard deviations. AMS: atelocollagen microspheres; ADSCs: adipose-derived stem cells.
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of immunoregulatory and growth factors [32]. Thus, we evaluated
the secretion of the representative anti-inflammatory cytokine IL-
10 derived from ADSCs. Compared with 2D-cultured ADSCs, the
supernatant of AMS-cultured ADSCs exhibited a significant increase
in IL-10 production at both 4 and 7 days (Fig. 3). These findings
indicated that AMS culture can enhance the secretory capacity of
the anti-inflammatory cytokine IL-10 in ADSCs.

3.4. Comprehensive gene expression analysis using RNA-seq

In the present study, AMS-cultured ADSCs showed an
increased secretion of exosomes and cytokines compared with
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2D-cultured ADSCs. To investigate the underlying genetic factors
associated with these altered properties, total RNA was extracted
from 2D- and AMS-cultured ADSCs, and RNA-seq analysis was
performed (n ¼ 3). First, principal component analysis was per-
formed on the obtained RNA-seq results to assess the gene
expression patterns between the two sample groups. The gene
expression profiles of 2D- and AMS-cultured ADSCs were found
to be closely positioned (Fig. S4a). The genes with significantly
altered expression between the two groups were then extracted,
considering a p-value of <0.05 and a log₂ fold change >2. A total
of 105 genes demonstrated significant variability in their
expression. Among these, 50 genes were significantly



Fig. 3. ADSC cytokine release in AMS and 2D monolayer culture supernatants. ADSCs were incubated in AMS and 2D monolayer cultures for 2, 4, and 7 days. Supernatants were
then collected to determine IL-10 concentrations using an enzyme-linked immunosorbent assay. Bar graph depicts IL-10 concentrations in the culture supernatant on days 2, 4, and
7. After the cells were trypsinized and collected, cell counts in AMS and monolayer culture cells were estimated by trypan blue staining. Upper layer shows the concentration in
medium and lower layer shows cytokine concentration per living cells. Data are presented as means ± standard deviations. P-values were obtained using the Student's t-test. AMS:
atelocollagen microspheres; ADSCs: adipose-derived stem cells.
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upregulated in AMS-cultured ADSCs, whereas 55 genes were
significantly downregulated (Fig. S4b, Table S1).

Furthermore, GO analysis using RNA-seq results was per-
formed on the differentially expressed genes, and the findings
indicated that genes involved in extracellular matrix, immune
regulation, and differentiation were altered (Table 1). In
particular, the expression of IL-32, known to induce the
expression of the inflammatory cytokines IL-1b and IL-6, which
contribute to knee OA, was significantly reduced. In addition,
the expression of PRG4, a gene reported to influence the ther-
apeutic effect on knee OA, was significantly upregulated in
AMS-cultured ADSCs.
3.5. AMS was dissolved in SF derived from patients with knee OA

ADSCs are exposed to SF when AMS-cultured ADSCs are
administered into the knee joint cavity. Therefore, the evaluation
of influence of SF exposure on AMS-cultured ADSCs is important.
In addition, several studies have reported the presence of col-
lagenases in SF, which are enzymes catalyze the degradation of
collagen [33,34]. Therefore, in the present study, we confirmed
whether AMSs without ADSCs were dissolved by SF. SF from
three patients with knee OA was used herein (patient informa-
tion is provided in Table S2). After addition of SF, a
concentration-dependent reduction in the number of AMSs was
observed at both 24 and 48 h (Fig. 4a). Furthermore, when the
number and cross-sectional area of AMSs were quantified based
on the microscopic images of AMSs treated with different con-
centrations of SF, a significant concentration-dependent decrease
was observed (Fig. 4b and c). These findings strongly suggest
that AMSs can be dissolved in SF, indicating that AMSs may
disappear when administered into the knee joint cavity of pa-
tients with OA.
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3.6. Effect of SF on the viability of AMS-adhered ADSCs

Assessing the impact of SF on ADSCs released from degraded
AMS is also vital, as these cells have potential in treating knee OA as
stem cells. To investigate the release of ADSCs from AMSs after SF
treatment, 2D-cultured ADSCs were exposed to 80% SF under spe-
cific culture conditions. In microscopic images, 2D-cultured ADSCs
were observed to adhere to the bottom of the culture dish after 24 h
and aggregate after 48 h. In contrast, AMS-cultured ADSCs showed
that the AMSs were dissolved by SF, resulting in the release of
ADSCs from the AMSs and their adherence to the bottom surface
after 24 and 48 h (Fig. 5a; yellow arrow). Interestingly, the RLU
percentage for AMS-cultured ADSCswas significantly higher at 48 h
than that for 2D-cultured ADSCs (Fig. 5b). Furthermore, the su-
pernatant was collected after 48 h and separated into ADSCs
adhering to AMS, ADSCs released fromAMS, and ADSCs adhering to
the bottom of the culture dish. A significant increase in the RLU
ratio was observed at 48 h than at 0 h in ADSCs released from AMS
and adhered to the bottom of the culture dish (Fig. 5c). This in-
dicates that the live ADSCs can be gradually released from the AMS
by SF. Furthermore, ADSCs that adhered to the bottom of the cul-
ture dish due to AMS dissolution by SF and those that remained
attached to AMS can secrete IL-10 (Fig. 5d). These findings suggest
that AMS-cultured ADSCs have a longer survival time than 2D-
cultured ADSCs and be released from AMSs and secrete IL-10 when
administered into the knee joint cavity of patients with OA.
4. Discussion

To the best of our knowledge, this is the first report to evaluate
the characteristics and utility of AMS-adhered ADSCs, with the aim
of improving the therapeutic efficacy of ADSCs for knee OA. Ate-
locollagen without telopeptides, unlike conventional collagen, has



Fig. 4. Decomposition of atelocollagen microspheres (AMSs) in synovial fluid (SF). (a) Culture dishes seeded with AMSs were supplemented with each SF concentration. AMSs
were incubated with SFs from three patients at 37 �C for 24 and 48 h and then examined using phase contrast microscopy (n ¼ 3). White scale bars represent 1000 mm. (b) AMS
cross-sectional area and (c) number per well for each SF concentration were determined (n ¼ 3). P-values were obtained using one-way analysis of variance followed by Tukey's
multiple comparison test. Data are presented as means ± standard deviations. AMS: atelocollagen microspheres; ADSCs: adipose-derived stem cells.
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reduced antigenicity [24]. Therefore, administration of atelocolla-
gen may reduce intra-articular immune cell activation more
effectively than the use of conventional collagen. In addition, clin-
ical trials have reported pain relief in patients with knee OA
following intra-articular administration of atelocollagen [25]. Given
414
these advantages, the combination of ADSC-based cell therapy
and AMSs holds promise for improving therapeutic outcomes in
knee OA.

ADSCs have demonstrated anti-inflammatory and cytopro-
tective effects on chondrocytes. Furthermore, the release of



Fig. 5. Viability of 2D- and atelocollagen microsphere (AMS)-cultured adipose-derived stem cells after exposure to synovial fluid (SF) from three patients with knee
osteoarthritis. (a) Cell morphology at different time points after the addition of 80% SF to fresh 2D- and AMS-cultured ADSCs. The yellow arrow indicates that the AMSs were
dissolved by SF, leading to the release of ADSCs from the AMSs and adhered to the bottom of the culture dish. (b) Bar graph shows cell viability percentage at each time point after
exposure to 80% SF for fresh 2D- and AMS-cultured ADSCs. Relative light unit percentage (%RLU) at 0 h is presented as 100% (n ¼ 3). White scale bars represent 400 mm. P-values
were obtained using one-way analysis of variance followed by Tukey's multiple comparison test. Data are presented as means ± standard deviations. (c) The bar graph shows the
released live cells from AMS after 48 h of incubation in AMS-cultured ADSCs with 80% SF. The ratio of RLUs at 0 and 48 h are shown for the three ADSC states (n ¼ 3). The RLUs in the
samples at each time point were calculated by subtracting the RLU of 80% SF as blank. The RLU ratio at 0 h was determined by dividing the 0 h RLU of each sample by the average 0 h
RLU. Similarly, the RLU ratio at 48 h was calculated by dividing the 48 h RLU of each sample by its corresponding 0 h RLU. “Culture dish adherent ADSCs” indicates ADSCs adhered to
the bottom of the culture dish (yellow bar). “Culture supernatant ADSCs” indicates ADSCs released from AMS by SF remaining in the supernatant (blue bar). “AMS-adherent ADSCs”
indicates ADSCs that remain adhered to AMS (red bar). P-values were obtained using a two-way repeated measure analysis of variance followed by Tukey's multiple comparison
test. AMS: atelocollagen microspheres; ADSCs: adipose-derived stem cells. (d) The bar graph depicts the secretion capacity of IL-10 in AMS-adherent ADSCs and culture dish
adherent ADSCs (n ¼ 3). After culturing ADSCs on the AMS in 80% SF for 48 h, ADSCs that adhered to the bottom of the culture dish and those that remained attached to the AMS
were collected. These cells were then cultured in serum-free medium for 7 days, and the IL-10 concentration in the culture supernatant was measured.
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Table 1
Gene ontology (GO) analysis of the RNA-seq data.

GO analysis of upregulated genes (50 genes) in AMS-cultured ADSCs

ID Description p.adjust #Molecules

GO:0062023 collagen-containing extracellular matrix 0.0019 PRG4, APOE, TINAGL1, SFRP2, SERPINA1, VIT, COL28A1

GO analysis of downregulated genes (55 genes) in AMS-cultured ADSCs

ID Description p.adjust #Molecules

GO:0032330 regulation of chondrocyte differentiation 0.037 SCIN, RFLNA, ZNF664-RFLNA
GO:0043931 ossification involved in bone maturation 0.024 DCHS1, RFLNA, ZNF664-RFLNA
GO:0005125 cytokine activity 0.00018 IL32, LIF, INHBB, CXCL3, CXCL1, CXCL8, WNT7B
GO:0050900 leukocyte migration 0.037 ICAM1, SLAMF8, CXCL3, CXCL1, VEGFD, CXCL8
GO:1990266 neutrophil migration 0.037 SLAMF8, CXCL3, CXCL1, CXCL8
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exosomes from these cells has been reported to contribute to these
effects through paracrine mechanisms [35]. Therefore, exosomes
released from ADSCs are recognized for their therapeutic potential
in knee OA [36]. Furthermore, several factors have been reported to
alter exosome secretion, such as cellular stress and culture envi-
ronment [37,38]. Therefore, it is suggested that the cellular stress
induced by the agitated culture of AMS-adhered ADSCs may affect
the upregulated exosome release process (Fig. 2). As shown Fig. S3,
expression patterns of CD9 and CD63 differ between the 2D and
AMS-cultured ADSC-derived exosomes. Mashiko et al. reported
that adhesion of ADSCs to AMS increased the percentage of stage-
specific embryonic antigen-3 (SSEA-3)-positive cells with supe-
rior pluripotency [31]. Therefore, AMS culture environment can
alter cell populations, and AMS-based culture may be an effective
method for producing more functional and homogeneous cell
populations. Further studies should be performed to elucidate the
effect of increased SSEA-3-positive cells in AMS-cultured ADSCs on
the therapeutic efficacy of knee OA.

On the other hand, ADSCs possess a high immunoregulatory
capacity as a result of their secretion of immunomodulatory and
growth factors [39]. In a previous study, we generated ADSC
spheroids using a specialized culture device and demonstrated an
increased secretion of the representative anti-inflammatory cyto-
kine IL-10 compared with 2D cultures [28]. IL-10 has inhibitory
effects on intra-articular inflammation in patients with knee OA
[40,41]. In this study, the IL-10 secretion capacity of AMS-cultured
ADSCs was evaluated, and a significant increase in the IL-10
secretion capacity was observed compared with that of 2D-
cultured ADSCs (Fig. 3). Cytokine secretion by ADSCs is influenced
by variations in the culture environment, with hypoxic conditions
and spheroid cultures promoting IL-10 secretion by ADSCs
[28,40,42]. Therefore, it is suggested that stirred culture with AMS-
adherent ADSCs may also impact the ability of ADSCs to secrete IL-
10. Based on these findings, AMS-adhered ADSCs are expected to
secrete a large number of exosomes and IL-10, thereby improving
their therapeutic effect against knee OA. Future studies are required
to investigate how the culture environment affects the secretion of
not only IL-10 but also other cytokines associated with knee OA,
such as IL-32 and transforming growth factor beta.

A comprehensive gene expression analysis was conducted on
2D- and AMS-cultured ADSCs using RNA-seq. The results revealed
that 50 genes were significantly upregulated, whereas 55 genes
were significantly downregulated in AMS-cultured ADSCs
compared with those in 2D-cultured ADSCs (Table S1). GO analysis
using RNA-seq data showed that the expression levels of many
genes involved in extracellular matrix and immune regulationwere
altered (Table 1). These results suggest that some of the changes in
gene expression in AMS-cultured ADSCs may lead to improved
therapeutic efficacy.

Notably, the expression of PRG4was significantly upregulated in
AMS-cultured ADSCs compared with that in 2D-cultured ADSCs
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(Fig. S4). Abubacker et al. reported that recombinant human pro-
teoglycan 4 (PRG4) protein injection into the knee joints of mice
with knee OA, induced by PRG4 knockout, slowed down cartilage
degeneration [43]. Furthermore, the expression of PRG4 in the joint
cavity of knee OA has been reported to exhibit potential therapeutic
implications [44]. Therefore, it is suggested that AMS-cultured
ADSCs may enhance therapeutic effects against knee OA by
releasing PRG4 and potentially preventing cartilage degeneration.

IL-32 is known to induce the production of inflammatory cyto-
kines, such as tumor necrosis factor-alpha, IL-1b, and IL-6, which
are the main causes of arthritis, by immune cells, such as macro-
phages and monocytes [45]. Furthermore, the administration of
human IL-32 into the knee joint cavity of mice has been shown to
induce arthritis [46]. Therefore, the expression of IL-32 is thought to
promote the activation of immune cells within the joint and
potentially exacerbate inflammation. Interestingly, in the present
study, IL-32 expression was significantly lower in AMS-cultured
ADSCs than in 2D-cultured ADSCs (Fig. S4). These findings sug-
gest that the use of AMS-cultured ADSCs may suppress the acti-
vation of immune cells in the joint cavity and subsequently
attenuate arthritis. Further research is needed to fully understand
the relationship between these changes in gene expression and the
therapeutic effects on knee OA.

In the treatment of knee OA using ADSCs, the prolonged pres-
ence of ADSCs within the knee joint is believed to contribute to
sustained therapeutic effects [47]. SF contains various matrix
metalloproteinases that are considered important mediators of
cartilage degradation [48,49]. As shown in Fig. 4, the major
component of AMSs is collagen, which is progressively degraded by
the collagenase present in SF. As a result, AMS-adhered ADSCs are
gradually released into the joint cavity. Furthermore, compared
with 2D-cultured ADSCs, AMS-cultured ADSCs exhibited a signifi-
cant increase in the living ADSC percentage after 48 h of exposure
to SF, suggesting that AMSs may improve the tissue retention of
living ADSCs in the SF-containing joint cavity (Fig. 5a and b).
Interestingly, the time-dependent increase in the RLU percentage
observed in AMS-cultured ADSCs in the SF suggests that AMS-
cultured ADSCs may undergo cell proliferation in the SF (Fig. 5b).
As shown in Fig. 5c and d, live ADSCs were released by the gradual
degradation of AMS by SF, and these ADSCs could secrete IL-10.
Therefore, an approach using AMSs that avoids cell-damaging
procedures, such as trypsinization, may be beneficial in maintain-
ing ADSC viability and functionality in the joint cavity.

5. Conclusions

In conclusion, the use of AMS-cultured ADSCs represents a
promising approach for ADSC-based cell therapy in patients with
knee OA. This approach is expected to improve therapeutic efficacy
by promoting the sustained release of exosomes and anti-
inflammatory cytokines as well as improving cell survival in the
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joint cavity. Direct injection of AMS-cultured ADSCs can be pre-
pared without trypsinization, thereby simplifying the procedure
and facilitating clinical application. Importantly, our findings sug-
gest that AMSs can promote ADSC proliferation and activation in an
environment mimicking the intra-articular environment with the
addition of SF. Furthermore, the gradual dissolution of AMSs in SF
suggests that ADSCs with promoted activity may be released over
time into the joint cavity, resulting in a sustained therapeutic effect.
In the future, optimization of the number of ADSCs attached to the
microspheres as well as the size and shape of the microspheres will
be important considerations for clinical applications.
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