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ARTICLE INFO ABSTRACT

Handling Editor: Professor H. Madry Objective: To evaluate preclinical and early clinical safety of intra-articular spheroid adipose-derived stem cells
(S-ADSCs) for knee osteoarthritis and to summarize exploratory outcomes.

Methods: This program included a minipig study (n = 3; Day 31) and a clinical cohort (n = 5; Week 52). Each
knee received 42,000 spheroids (500 cells/spheroid; 2.1 x 107 cells) in 5 mL. Preclinical assessments included

clinical monitoring, laboratory tests, necropsy, and H&E histology of distal femur, proximal tibia, and medial/
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Iriri:;ﬁmlar injection lateral menisci. In patients, adverse events and serious adverse events were captured through Week 52;
Safety exploratory outcomes included pain (visual analog scale [VAS]) and function (KOOS and WOMACQ). Exploratory

quadratic mixed-effects models assessed non-linear time trends.

Results: Minipigs showed no abnormal clinical signs, laboratory changes, or treatment-related findings at nec-
ropsy or on knee histology through Day 31. All five patients completed 52-week follow-up; no treatment-related
adverse events or serious adverse events, infections, hemarthroses, or acute post-injection flares requiring
medical treatment occurred. Exploratory outcomes were heterogeneous: two participants showed sustained
improvement through Week 52, whereas the remaining three showed non-sustained patterns; two improved
early with partial return toward baseline, and one experienced transient pain worsening at Week 4 without
objective inflammation or infection followed by later recovery. Quadratic models suggested early improvement
with later attenuation.

Conclusion: Intra-articular S-ADSC spheroids at this dose demonstrated acceptable safety in a large-animal model
and a first-in-human cohort, supporting further controlled studies.

Trial registration: Japan Registry of Clinical Trials (jJRCTb050200097; first public release December 17, 2020).

First-in-human

1. Introduction the potential to improve symptoms while maintaining a favorable safety

profile.

Osteoarthritis (OA) is a chronic, degenerative joint disease charac-
terized by progressive cartilage breakdown, pain, and functional
impairment and represents a growing global burden in aging societies
[1,2]. Clinical management is typically stepwise and includes education
and exercise-based therapy, pharmacological treatment, and
intra-articular injections, with total knee arthroplasty as the definitive
option for end-stage disease; however, available options mainly provide
symptomatic relief and do not reliably modify disease progression [1,3].
Therefore, there remains an unmet need for less invasive therapies with

Adipose-derived stem cells (ADSCs) are an attractive cell source for
regenerative medicine because adipose tissue can be harvested with
relative ease and yields a higher number of progenitor cells than bone
marrow [4-6]. ADSCs are also reported to exert anti-inflammatory and
immunomodulatory effects and to secrete trophic factors that may
support tissue repair [4-7]. Clinical experience with adipose-based ap-
proaches for knee OA includes stromal vascular fraction,
micro-fragmented adipose tissue, and culture-expanded ADSC prepara-
tions. Several early studies have reported feasibility and symptom
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changes after intra-articular delivery of mesenchymal stromal/stem cell
products in knee OA, but product composition, handling, and
manufacturing processes vary widely across studies [8-14]. This het-
erogeneity makes cross-study comparison difficult and highlights the
importance of standardized product formats with careful safety
evaluation.

Spheroid ADSCs (S-ADSCs) have emerged as a rational delivery
format. Compared with conventional two-dimensional cultures, three-
dimensional aggregation can enhance cell-cell interactions, stress
resistance, and paracrine activity, with anti-inflammatory effects re-
ported in vitro and in vivo [15-18]. At the same time, spheroid biology
can be influenced by oxygen gradients; hypoxia-related signaling may
support trophic factor secretion but requires attention to spheroid size
and culture conditions [18,19]. In this program, S-ADSCs were assem-
bled using a mildly cell-adhesive multicavity platform to promote uni-
form aggregation and gentle, enzyme-free harvesting, aiming to support
consistent processing for intra-articular administration [20,21].

Against this backdrop, we designed a translational, safety-focused
program comprising a preclinical large-animal step and an early clin-
ical step for symptomatic knee OA. We hypothesized that intra-articular
administration of standardized S-ADSCs would be locally and systemi-
cally well tolerated. Here, we report safety outcomes in both settings and
summarize exploratory patient-reported outcomes. The clinical
component was conducted under Japan’s Act on the Safety of Regen-
erative Medicine (ASRM) [22] and registered with the Japan Registry of
Clinical Trials (jRCTb050200097) [23].

2. Materials and methods
2.1. Study overview

This translational program comprised (i) a preclinical large-animal
safety study and (ii) an early clinical study focused on safety after
intra-articular administration of spheroid adipose-derived stem cells (S-
ADSCs) in symptomatic knee osteoarthritis.

2.2. Preclinical study

2.2.1. Animals and ethical approval

Eight-month-old female Nippon Institute for Biological Science
miniature pigs were housed under controlled conditions (temperature
20-28 °C; humidity 30-80%; 12-h light-dark cycle) and fed a commer-
cial diet with water ad libitum. The protocol was approved by the Ani-
mal Experiment Committee of Japan Bio Research Center Co., Ltd.
(approval date: November 12, 2018; approval number: 380,293).

2.2.2. Fat harvesting and cell isolation

Under general anesthesia and povidone-iodine skin preparation,
subcutaneous adipose tissue was harvested bilaterally using tumescent
infiltration (500 mL normal saline + 20 mL 2% lidocaine) and liposuc-
tion cannula aspiration to obtain 80-100 g of adipose tissue. The tissue
was washed and enzymatically digested on the Celution 800/CRS sys-
tem with Celase GMP, and cells were recovered by serial centrifugation
and washing for later expansion.

2.2.3. Cell expansion and spheroid fabrication

Cell suspensions were centrifuged (220xg, 5 min) and washed twice
with PBS. Pellets were resuspended in ADSC-2-based medium (5.0%
FBS) and seeded into T175 flasks (37 °C, 5% CO2). For passaging, cells
were washed with PBS, detached with TrypLE, and replated into T525
flasks at 5000 cells/cm? with medium changes every 2-3 days until
80-90% confluence. Cells were cryopreserved in 10% DMSO and stored
in liquid nitrogen until use; number and viability were measured by an
automated cell counter.

ADSC spheroids were assembled on mildly cell-adhesive multicavity
plates (MicoCell). Cavities were prefilled with PBS and gently pipetted
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to remove bubbles, then filled with serum-free ADSC-2 and incubated
overnight (Day 1; 37 °C, 5% CO2). On Day 2, ADSCs were seeded at
500 cells per cavity (21 mL of 1.0 x 10° cells/mL) and incubated for 72 h
(Days 2-5). Spheroids were harvested by removing the medium, resus-
pending in PBS, rinsing twice with Ringer’s lactate, and suspending in
5 mL Ringer’s lactate for administration.

All preclinical cell processing was performed in a clinic-affiliated
research laboratory at Sobajima Clinic and the Medical Institute for
Regenerative Medicine (Osaka, Japan) operated at Biosafety Level 2. All
open manipulations were conducted inside certified Class II biological
safety cabinets. This laboratory is physically separated from the clinical
cell processing center (CPC), with dedicated equipment/consumables
and routine chemical/UV decontamination between campaigns.

2.3. Timeline of preparation

The MicoCell plates were preconditioned and de-bubbled and then
left overnight (Day 1). On the next day (Day 2), ADSCs were seeded at
500 cells per cavity and incubated for 72 h (Days 2-5) to assemble
spheroids. On Day 5 (72 h after seeding), spheroids were harvested and
administered intra-articularly on the same day. The final product was
transported in sterile, sealed containers to the animal housing facility
(Japan Bio Research Center Co., Ltd.) and injected on the day of harvest.

2.4. Release testing and dose rationale

Before administration, each lot underwent release testing according
to predefined standard operating procedure (SOP) acceptance criteria,
including sterility testing (aerobic and anaerobic cultures), bacterial
endotoxin testing by limulus amebocyte lysate assay, mycoplasma
testing (culture/PCR per SOP), and before-release viability assessment
using an automated cell counter (Supplementary Table S1). Only lots
meeting all acceptance criteria were released for use.

The intra-articular dose per knee consisted of 42,000 spheroids
(500 cells per spheroid; total cell content 2.1 x 107 cells) suspended in
5 mL Ringer’s lactate. This dose was selected based on (i) the
manufacturing capacity of a single 42,000-cavity plate enabling a
standardized, reproducible dose per knee, (ii) a clinically practical in-
jection volume for intra-articular delivery, and (iii) consistency with cell
doses previously used for intra-articular administration of culture-
expanded ADSCs in early-phase studies. The same dose and volume
were used for the preclinical and clinical steps to support translational
comparability.

2.5. S-ADSC administration and peri-procedural care

Under fluoroscopic guidance (C-arm), needle position was confirmed
within the knee joint cavity and S-ADSCs were injected intra-articularly.
To reduce the risk of procedure-related infection after joint puncture and
cell administration, ampicillin sodium (1 g/animal/day) was adminis-
tered intramuscularly for three days according to the contracted animal
facility’s standard prophylactic regimen. Buprenorphine hydrochloride
(0.01 mg/kg) was administered intramuscularly once daily for seven
days for analgesia.

2.6. Safety assessments and histopathology (including injected knee)

Safety was evaluated by wurinalysis, hematology, and serum
biochemistry at three time points: baseline at fat harvesting, at trans-
plantation, and pre-necropsy. On Day 31, necropsy was performed to
measure organ weights (relative to body weight) and to conduct histo-
pathology. Organs/tissues were fixed (lungs infused before fixation;
eyeballs fixed in glutaraldehyde-formalin and then in neutral-buffered
formalin); femur and sternum samples were decalcified and paraffin-
embedded. All sections were H&E-stained.
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To assess local joint tolerability at the experimental endpoint,
representative tissues from the injected knee joint were also processed
for H&E staining, including distal femur (articular cartilage), proximal
tibia (articular cartilage), and medial and lateral menisci.

2.7. Early clinical study

2.7.1. Trial registration and ethics

The single-arm clinical study was conducted under Japan’s ASRM
with prior review by the Certified Committee for Regenerative Medicine
at the Japanese Association for the Promotion of State-of-the-Art in
Medicine (JAPSAM) (approval No. 344; June 1, 2020). The study was
registered in the Japan Registry of Clinical Trials (jJRCTb050200097;
first public release December 17, 2020). All participants provided
written informed consent.

2.7.2. Patients

Five patients with knee osteoarthritis were enrolled. Participants
attended scheduled hospital visits for supervised rehabilitation and were
instructed in a standardized home exercise program. Full inclusion and
exclusion criteria are provided in Supplementary Table S2.

2.7.3. Liposuction procedure

Approximately 10 mL of subcutaneous adipose tissue was obtained
by mini-liposuction under sterile conditions using local tumescent
anesthesia. Adipose tissue was harvested from the lower back and
buttock (lumbar—gluteal) region using a small multiport cannula con-
nected to a sterile syringe. Harvested tissue was rinsed with Ringer’s
lactate immediately after collection.

2.7.4. Isolation of ADSCs and spheroid culture

Tissue was enzymatically digested using GMP-grade collagenase/
thermolysin (37 °C, 30 min with gentle agitation), centrifuged (220xg,
5 min), and washed twice with PBS. Cells were resuspended in ADSC-2
medium supplemented with 2.5% autologous serum and seeded into
T175 flasks (37 °C, 5% CO2). For passaging, cells were washed with PBS,

(A)

Patient

Fig. 1. Spheroid formation using the MicoCell plate and the final syringe product.

Spheroid

Osteoarthritis and Cartilage Open 8 (2026) 100792

detached with TrypLE, and plated into T525 flasks at 5000 cells/cm?
with medium changes every 2-3 days until 80-90% confluence. Cells
were cryopreserved in 10% DMSO and stored in liquid nitrogen until
use; counts and viability were measured by an automated cell counter.

Spheroid fabrication followed the MicoCell workflow described
above: plates with 42,000 cavities were pretreated to remove bubbles,
filled with serum-free medium, and ADSCs were seeded at 500 cells/
cavity (21 mL of 1.0 x 10 cells/mL) and cultured for 3 days. The
spheroids were harvested into PBS, rinsed twice with Ringer’s lactate,
and suspended in 5 mL Ringer’s lactate for injection. Clinical-grade
ADSC expansion and spheroid assembly were performed in the on-site
CPC at Sobajima Clinic and the Medical Institute for Regenerative
Medicine (Osaka, Japan) under an ASRM-compliant quality system
aligned with GCTP principles.

2.8. Timeline of preparation

Clinical processing matched the preclinical workflow: Day 1 for plate
preconditioning/de-bubbling, Days 2-5 for the 72 h spheroid assembly,
and intra-articular administration on Day 5 (same day as assembly
completion). Adipose tissue was harvested at the clinic and processed
and spheroidized in the on-site CPC following the 5-day workflow, fol-
lowed by Day 5 intra-articular administration.

2.9. Quality control and dose

Clinical lots underwent release testing according to SOP acceptance
criteria (Supplementary Table S1). The intra-articular dose per knee
consisted of 42,000 spheroids (500 cells per spheroid; total content
2.1 x 107 cells) suspended in 5 mL Ringer’s lactate.
2.10. Intra-articular administration

Intra-articular injection into the target knee was performed under

ultrasound guidance using a standard superolateral approach (supra-
patellar recess) with a 21G needle. When joint effusion was present,

©

(A) Photograph of the 42,000-cavity MicoCell plate; approximately 2.1 x 107 ADSCs are seeded to form 42,000 spheroids (500 cells/spheroid).
(B) Microscopic images illustrating spheroid formation within 72 h (top: NIBS minipig; bottom: patient).
(C) Representative syringe containing the final S-ADSC suspension (42,000 spheroids in 5 mL Ringer’s lactate) immediately before intra-articular injection; spheroids

are visible as fine floating particulates.
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Fig. 2. Representative H&E-stained sections of injected minipig knee joints at Day 31. (A) Distal femoral condyle (articular cartilage). (B) Proximal tibial plateau
(articular cartilage). (C) Medial meniscus. (D) Lateral meniscus. Scale bars: 1 mm.

medial and lateral menisci showed preserved architecture without inflammatory flares requiring medical treatment were reported. One
apparent inflammatory infiltrates or ectopic tissue reactions (Fig. 2). participant experienced transient worsening of pain at Week 4 without
objective signs of inflammatory flare or infection and improved at

subsequent visits.
3.3. Clinical safety (n = 5)

Baseline characteristics are summarized in Table 2. All five patients 3.4. Visual appearance and handling of the syringe suspension
completed 52-week follow-up. No treatment-related adverse events or
serious adverse events were observed through Week 52 (Table 3), and no
infections or hemarthroses occurred. No acute post-injection

Immediately before IA administration, the final product comprised
42,000 spheroids freely suspended in 5 mL of Ringer’s lactate (Fig. 1C).
After gentle inversion (2-3 times), the suspension mixed evenly without
foam generation; no macroscopic aggregates (greater than 1 mm), pre-
cipitation, or stringing were seen. The suspension passed smoothly
through the bore of a standard sterile syringe without plunger resis-
tance, leakage, or needle blockage. The photograph was captured in the
cell-processing facility with no patient or site identifiers, and no selec-

Table 2

Baseline characteristics of the clinical cohort (n = 5): sex, age, affected side,
Kellgren-Lawrence (K-L) grade, height, weight, and body mass index (BMI).
Data are presented as mean + SD or n (%) unless otherwise indicated.

Patient  Sex Age  laterality KL Body Height  BMI tive photo enhancement or alteration was performed.
grade  weight  (cm)
(kg)

1 Male 69 Right I 65.9 172.2 22.2 3.5. Exploratory patient-reported outcomes

2 Female 71 Right v 51.3 141.5 25.6

3 Female 48 Right I 54.7 168.5 19.3 Individual trajectories for pain and function are shown in Fig. 3

‘5‘ i‘falel gg ]I:eit ﬁ/ ;‘;9 i;;g Zii (VAS) and Fig. 4A-B (KOOS and WOMAC). Exploratory outcomes

t . . . . .
emate © were heterogeneous. For pain (VAS), two participants showed

Table 3
Adverse events through Week 52 (n = 5).

Event term CTCAE grade Seriousness (ICH E2A) Relatedness Onset date Resolution date Action taken

None observed None observed None observed None observed None observed None observed None observed

Events are coded and graded according to CTCAE v5.0; seriousness is defined per ICH E2A. Relationship to study treatment was assessed by the investigator. No
treatment-related AEs or SAEs were observed, and no immediate intra-articular flares (swelling/pain), infections, hemarthrosis, or hospitalizations occurred. Counts
reflect observed cases only (no imputation). AE, adverse event; SAE, serious adverse event; CTCAE, Common Terminology Criteria for Adverse Events; ICH, Inter-
national Council for Harmonisation.
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— Patient 1
--- Patient 2
Patient 3
Patient 4
------ Patient 5

Fig. 3. Individual pain trajectories on the Visual Analog Scale (VAS). Each line represents one patient (n = 5). Visits: baseline and Weeks 4, 12, 26, and 52. Higher

scores indicate worse pain.

sustained reductions through Week 52, whereas the remaining three
demonstrated non-sustained patterns (two with early reductions and
partial return toward baseline; one with transient worsening at
Week 4 without objective signs of inflammatory flare or infection
and subsequent recovery) (Fig. 3). KOOS (Fig. 4A) and WOMAC
(Fig. 4B) scores showed similar inter-individual heterogeneity across
domains.

Exploratory quadratic mixed-effects modeling (random intercept for
participant) suggested non-linear time trends in patient-reported out-
comes; model comparison by likelihood ratio testing generally favored
inclusion of a quadratic term for VAS and selected KOOS/WOMAC scales
(Supplementary Table S6). Given the small, uncontrolled cohort (n = 5),
these analyses are hypothesis-generating.

4. Discussion

The most important finding of this study was that intra-articular
administration of spheroid adipose-derived stem cells (S-ADSCs) was
feasible and was not associated with treatment-related safety signals in a
large-animal model through Day 31 or in an initial human cohort
through Week 52. Within a translational, safety-first framework, these
data support that a standardized spheroid format can be manufactured
to predefined release criteria and delivered intra-articularly at the tested
dose and volume without clinically meaningful local or systemic
toxicity.

In the preclinical study, no abnormal clinical signs, clinically
meaningful laboratory changes, or treatment-related pathological find-
ings were observed at the experimental endpoint. Importantly, local
joint tolerability was assessed directly at necropsy: representative H&E-
stained sections of distal femur articular cartilage, proximal tibia artic-
ular cartilage, and medial and lateral menisci showed preserved tissue
architecture without apparent inflammatory infiltrates or ectopic tissue
reactions. Although the minipig knees were not an OA disease model,
inclusion of endpoint knee histology strengthens interpretation of local
safety for intra-articular delivery of this spheroid preparation.

In the clinical cohort (n = 5), no treatment-related adverse events
or serious adverse events occurred through Week 52, and no infections
or hemarthroses were reported. No acute post-injection inflammatory
flares requiring medical treatment were observed. One participant
experienced transient worsening of pain at Week 4 without objective
signs of inflammatory flare or infection and improved thereafter. Such
short-term symptom fluctuation can occur in symptomatic knee OA
and highlights the importance of controlled designs and adequate
follow-up when interpreting patient-reported outcomes in early-phase
studies.

Spheroids were chosen because three-dimensional aggregation can
strengthen paracrine and anti-inflammatory programs and may help
cells withstand mechanical stress and hypoxia in the intra-articular
environment. Bartosh and colleagues reported that mesenchymal stro-
mal cell spheroids up-regulate anti-inflammatory mediators and show
stronger anti-inflammatory effects than two-dimensional monolayers
[15]. A review by Cesarz and Tamama also summarized improved sur-
vival and secretome profiles in spheroids. We consider these features
relevant for the intra-articular niche [26].

Operationally, our process used a mildly cell-adhesive multicavity
plate (MicoCell) to generate uniform spheroids within 72 h and to
enable gentle, enzyme-free harvesting. Release viability exceeded 90%.
We seeded 500 cells per cavity across 42,000 cavities and produced
42,000 spheroids per knee in 5 mL of Ringer’s lactate, supporting
reproducibility and providing clear lot-release criteria for the spheroid
format [21]. This per-knee dose was selected primarily to be conserva-
tive for first-in-human use and to keep manufacturing simple and stable
while maintaining a clinically practical injection volume.

Although the clinical component was not designed to evaluate effi-
cacy, exploratory patient-reported outcomes showed heterogeneous
trajectories across individuals. Two participants exhibited sustained
improvement through Week 52, whereas three showed non-sustained
patterns, including one with transient worsening at Week 4 followed
by recovery. Consistent with these patterns, exploratory quadratic
mixed-effects modeling suggested non-linear time trends for VAS and
selected KOOS/WOMAC scales, compatible with early improvement and
partial attenuation at later time points (Supplementary Table S6). Given
the small, uncontrolled cohort and multiple exploratory endpoints, these
analyses should be interpreted as hypothesis-generating rather than
confirmatory.

Our study was not designed for head-to-head comparisons, but the
absence of immediate flares and the practical injectability are consistent
with good local tolerability. It is possible that spheroids reduce early
reactogenicity compared with single-cell suspensions; however, this
requires direct testing in randomized studies. To the best of our
knowledge, the clinical component represents an early first-in-human
report of intra-articular administration of standardized ADSC spher-
oids for knee osteoarthritis. Efficacy should be tested and confirmed in
subsequent controlled trials. As a next step, a planned expansion study
will evaluate a higher total cell content (approximately 84,000 spher-
oids; 4.2 x 107 cells) while keeping the per-spheroid cell number and
injection volume constant, to explore potential dose dependence and to
confirm injectability and safety margins. Doses in this range have been
administered in prior intra-articular studies of monolayer-expanded
ADSCs without unexpected short-term safety concerns [8,11]. In
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Fig. 4. Individual trajectories of function outcomes (KOOS and WOMAC).

(A) KOOS total and subscales (Pain, Symptoms, ADL, Sports/Rec, QOL) normalized to a 0-100 scale at baseline and Weeks 4, 12, 26, and 52 (higher scores indicate
better status).

(B) WOMAC total and subscales (Pain, Stiffness, Function) shown as raw scores at the same visits (original direction: higher scores indicate worse status).
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addition, meta-analytic evidence from randomized trials and
dose-comparison studies in adipose-based products suggests that clinical
and/or imaging responses may vary by dose, although cross-study het-
erogeneity is substantial [12,13]. Therefore, we intend to conduct a
prospective dose-ranging study with CTCAE v5.0 safety surveillance and
predefined stopping rules, using common endpoints (VAS, KOOS,
WOMAC, and MRI) [24,25].

To inform future trial design, we performed an illustrative power and
sample-size exploration based on the observed VAS change and vari-
ability in this cohort (mean A = 20.2, SD = 27.6). With n = 5, the
estimated achieved power is approximately 20%, reinforcing that clin-
ical outcome signals are exploratory. For planning purposes, a two-arm
randomized controlled trial (two-sided « = 0.05; 80% power; equal
allocation) targeting a between-group difference of 20.2 points on a
0-100 VAS would require approximately 30 participants per group,
whereas assuming a more conservative 10-point difference would in-
crease the requirement to approximately 120 participants per group.
These calculations are intended for planning and should be refined using
clinically meaningful effect sizes and anticipated attrition.

We have several limitations in this study. First, the clinical study was a
small, single-arm cohort (n = 5), which limits generalizability and pre-
cludes definitive conclusions regarding efficacy. Second, the preclinical
step had a limited cohort size and follow-up duration (Day 31) and was
conducted in non-diseased joints; longer-term evaluation and OA disease
models would further inform safety and local tissue responses. Third,
while endpoint knee histology was performed, assessment was limited to
representative tissues and routine H&E staining; more comprehensive
joint evaluation (e.g., synovium, standardized histologic scoring, and
additional stains) would strengthen structural interpretation. Fourth, MRI
was acquired as a prespecified exploratory endpoint but was not analyzed
within this safety-focused report to avoid selective outcome reporting; it
will be evaluated in a larger efficacy-oriented study with adequate power.
Finally, mechanistic interpretation relies on prior literature for spheroid
biology, and in-house functional assays were intentionally limited to
product characterization, which is appropriate for a safety-first program
but restricts mechanistic conclusions.

5. Conclusions

Intra-articular administration of S-ADSCs showed acceptable safety in
both preclinical and early clinical settings. These findings support further
controlled, adequately powered studies to establish efficacy and to optimize
dosing, patient selection, and imaging/biomarker endpoints in knee OA.

The translational potential of this article

This study suggests that intra-articular administration of S-ADSCs,
prepared by a standardized 5-day workflow and delivered at a fixed
spheroid dose, is locally and systemically tolerable in a large-animal
model and an early human cohort. These findings support the design
of future controlled, dose-ranging trials to test clinical efficacy and to
refine indications for knee OA.
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