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osteoarthritis are correlated with stem cell
stemness and senescence
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Abstract

Background Mesenchymal stem cells (MSCs) have been proposed to treat osteoarthritis (OA) for many years.
However, clinical outcomes have been inconsistent due to biological variation between patients, differences in tissue
source and preparation of the MSCs, and type of donor (e.g. allogenic versus autologous). Here, we test the hypoth-
esis that inconsistent clinical outcomes are related to variations in the stemness and senescence of the injected
autologous adipose-derived (AD) MSCs.

Methods In the prospective randomized trial, 45 knee OA patients were divided into two groups: Group 1 (n=22)
patients treated with high tibial osteotomy (HTO) alone and Group 2 (n=23) patients treated with HTO followed
by intra-articular injection of autologous AD-MSCs (HTO + AD-MSCs). MRl and X-ray were performed pre-operation
and 12 months post-operation. WOMAC and VAS score were collected four times, every 6 months over a 24-month
follow-up. We observed the proliferation and stemness of AD-MSCs selected from the 5 patients showing the most
improvement and from the 5 patients with the least improvement, and completed further in vitro experiments
including beta-galactosidase activity, reactive oxygen species and bioinformatic analysis.

Results The results showed that patients treated with HTO + AD-MSCs had a significant reduction in knee OA sever-
ity as compared to patients treated with HTO alone. Moreover, we discovered that proliferation and colony forming
efficiency of AD-MSCs selected from the 5 patients showing the most improvement performed significantly bet-

ter than cells selected from the 5 patients with the least improvement. AD-MSCs from the patients with the most
improvement also had lower amounts of senescent cells and intracellular reactive oxygen species.
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Conclusions Clinical outcomes of autologous AD-MSCs therapy in knee osteoarthritis are correlated with stem cell
stemness and senescence. Our study highlights emerging opportunities and trends in precision medicine that could

potentially improve autologous MSC-based therapies.

Introduction

Osteoarthritis (OA) is a common chronic joint disease
characterized by a progressive degeneration of the articu-
lar cartilage, which leads to pain, functional impairment,
and eventually substantial disability [1, 2]. Non-surgical
options for OA remain focused on symptom relief with
medications [3, 4], while surgical interventions include
procedures such as high tibial osteotomy (HTO) for
early-stage OA and total knee arthroplasty (TKA) for
advanced cases [5, 6]. Currently, there are very few long-
term solutions that repair and regenerate the articular
cartilage tissue and address the underlying pathology
of OA [7]. As a result, there is an urgent need for new
approaches that are able to halt and/or reverse the pro-
gression of the disease [8].

Mesenchymal stem cells (MSC) have garnered a lot
attention as a “drug store” for treating knee OA due to
their ability to secrete trophic factors that have anti-
inflammatory and analgesic properties, and as a “cell res-
ervoir” due to their ability to self-renew and differentiate
into cells that can repair damaged joint tissue, especially
articular cartilage [8, 9]. One additional consideration
that makes articular cartilage an attractive site for MSC
therapy is safety since the cells are injected locally into
the joint as opposed to systemically into the circulation.
Over the years, a variety of MSCs from different tissue
sources have been used, some with promising results
[10]. However, the overall efficacy of MSC-based therapy
for OA has been inconsistent [11, 12]. Some studies have
reported significant improvements in OA symptoms with
MSC-based therapy, while others found no discernible
improvement [13-15]. This may be due to differences
in individual patients, the source and preparation of the
MSCs, as well as allogenic versus autologous donors [16].
In the present study, we hypothesized that the inconsist-
ent clinical outcomes found with autologous MSC-based
therapies in OA are related to differences in the quality
and quantity of the injected MSCs.

Recently, the concept of MSC “immune privilege”
has been challenged due to mounting evidence sug-
gesting that allogenic MSCs elicit an immune response
the leads to rejection [17, 18]. Although MSCs produce
trophic factors, including transforming growth factor-
betal (TGF-P1), indoleamine-2,3-dioxygenase (IDO),
and prostaglandin E, (PGE,), which strongly modulate
the immune system when MSCs mount a response to
an inflammatory environment or are stimulated with

interferon-y (IFN-y), the stimulated MSCs or their dif-
ferentiated progeny express high levels of MHC class I
and II antigens [19], which delay the rejection of allo-
geneic MSCs. Moreover, it has been reported that
allogeneic MSCs are rejected more quickly in animals
that have been previously sensitized, with the major-
ity of the cells killed within 48 h after systemic infu-
sion [20, 21]. Likely, the clinical outcomes of allogeneic
MSC therapies are due to the trophic factors produced
shortly after infusion, resulting in a so called “hit-and-
run” effect [17], while fewer reports have suggested that
the newly formed tissue in vivo is generated directly by
the transplanted allogeneic MSCs [12, 22]. Biosafety
should also be a concern since pathogens, including
those known and potentially unknown, can be trans-
mitted from the transplanted allogeneic MSCs to the
recipient. Thus, for these reasons, autologous stem cell-
based therapies are preferable. In the present study,
autologous AD-MSCs were used to treat patients with
knee OA because adipose tissue can be isolated from
an abundant tissue source via minimally invasive pro-
cedures, are functionally comparable to bone mar-
row (BM)-derived MSCs and pose no immunogenicity
risks [23]. Furthermore, AD-MSCs have demonstrated
therapeutic efficacy in a variety of diseases, including
the repair of critical organs such as the heart, liver, and
kidneys, helping to regulate the immune response and
tissue repair [24—29]. These multifaceted therapeutic
effects underscore the versatility of AD-MSCs and their
potential as a valuable cell-based therapy for a wide
range of degenerative and inflammatory conditions.

To test our hypothesis, we conducted a prospec-
tive randomized controlled trial with 45 knee OA
patients who were divided into a control group con-
sisting of 22 patients treated with HTO alone and an
experimental group with 23 patients treated with HTO
followed by intra-articular injection of autologous AD-
MSCs (HTO + AD-MSCs). The effect of treatment was
assessed by measuring pain intensity and pain relief,
improvement in joint function, and cartilage regen-
eration in the two groups. Specifically, MRI and X-ray
were performed pre-operation and 12 months post-
operation. WOMAC and VAS score were collected four
times, every 6 months over a 24-month period. More
importantly, the characteristics of the injected autolo-
gous AD-MSCs were analyzed in the laboratory. The
results we obtained supported our hypothesis and, for
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the first time, suggest that the stemness and senescence
of the injected autologous AD-MSCs were closely cor-
related with clinical outcomes/success.

Materials and methods
Clinical trial design
This clinical study was a prospective, randomized, open-
label, blind end point trial conducted at a single institu-
tion. All research conducted with human subjects was
approved by the Ethics Committee of Qilu Hospital of
Shandong University (approval number: 2018-023) and
was registered on the U.S. National Institutes of Health
sponsored website, www.ClinicalTrials.gov, under the
identification number, NCT03955497, before any sub-
jects were enrolled. Informed consent was obtained from
all the subjects prior to active participation in the study.

Figure 1A shows a schematic of the experimental
design for the study. Initially, 60 knee OA patients were
recruited and enrolled; each was provided a subject num-
ber that was randomly generated using the PASS (NCSS
LLC., USA) software package. After screening to deter-
mine if the subjects met the inclusion criteria (Supple-
mental Table 1), assignment to either the control (n=22)
or experimental (n=23) groups was performed using a
randomization table listing all subject numbers. Inclu-
sion criteria was showed as follows: aged 18-65 years,
male and female, patient can tolerate surgery; clini-
cal diagnosis of degenerative arthritis by radiographic
criteria; obviously extra-articular malformation; good
contralateral interventricular cartilage; course of dis-
ease>6 months; there was no obvious abnormality in
tumor marker detection, or patient was evaluated has not
at the risk of cancer; subjects who understand and sign
the consent form for this study. Exclusion criteria was
showed as follows: acute joint injury; patients with severe
primary diseases, such as cardiovascular, cerebrovascu-
lar, liver, kidney and hematopoietic system, and psycho-
sis; cancer patients; women who are pregnant or breast
feeding, or allergic constitution patient; positive serol-
ogy for hiv-1 or hiv-2, hepatitis b (hbsag, anti-hepatitis
c virus -ab), hepatitis ¢ (anti-hepatitis c¢ virus -ab) and
syphilis; receive other open surgery related to knee oper-
ation within 6 months; participation in another clinical
trial; failing to comply with the inclusion criteria, unwill-
ing to comply with the research approach, or incomplete
data affecting the curative effect or safety judgment. 15
participants were excluded in this study, among them,
10 patients withdrew, 3 patients had postoperative knee
injury and 2 patients were lost to follow-up.

The control group of patients received a medial open-
wedge high tibial osteotomy (HTO), while patients in the
experimental group received both a HTO and liposuction
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(used to prepare autologous AD-MSCs) on the day of
surgery and then 1 month later received an intra-artic-
ular knee injection of 5x10’ autologous AD-MSCs
(HTO+AD-MSCs). The injected cells were straight
from adipose tissue and never frozen. A timeline show-
ing the milestones for the entire 2-year study are shown
in Fig. 1B; the milestones include regular examinations to
obtain baseline characteristics, HTO surgery, preparation
and intra-articular injection of autologous AD-MSCs or
vehicle (sodium hyaluronate), and rehabilitation and effi-
cacy evaluation.

HTO surgery and follow-up protocol

As shown in Fig. 1B, OA patients received preoperative
X-rays, an MRI, and laboratory evaluations. All surgi-
cal procedures were performed by the same experienced
team. For each case, an exploratory arthroscopy was per-
formed immediately before the osteotomy to confirm the
indications for a medial open wedge HTO and to evalu-
ate articular cartilage damage. All procedures for per-
forming the medial open wedge HTO were as previously
described in detail [30, 31]. In brief, lower limb alignment
was carefully adjusted to mild valgus and then fixed using
the TomoFix internal fixation system (DePuy Synthes,
Switzerland). After the osteotomy was completely healed
at 1 year postoperatively, the internal fixation hardware
was removed and a second-look arthroscopy performed.
All patients received the same physical rehabilitation pro-
gram and clinical follow-up for at least 2 years (Fig. 1B).

AD-MSC preparation and injection
To isolate AD-MSCs, 50 ml of autologous adipose tissues
of patients were obtained by liposuction from abdomi-
nal subcutaneous fat under mature procedures, includ-
ing sterilization, local anesthesia, incision, injection of
tumescent solution, adipose tissue collection, and suture.
The adipose tissue was repeatedly rinsed with physiologi-
cal saline until free of red blood cells, and then incubated
with 0.1% type I collagenase (catalog number SCR103,
Sigma Aldrich, USA) digestion solution. The sam-
ple was sealed and oscillated at 90 revolutions/min for
30—60 min at 37 °C until no large fat particles remained.
Cells were collected after removing the fascia with a
100 pm filter and seeded in T75 flask with 3x 10° cells/
ml, then cultured in a 37 °C and 5% CO,/95% air incu-
bator in MSC Base Medium (catalog number 6114011,
Dakewe, China) supplemented with 5% serum substitute
(UltroGRO, Helios, USA); media were refreshed 2 times
per week. When the cells reached 80% confluency, the
cultures were digested using TrypLE solution and serially
passaged.

At passage 5 (P5), a series of tests were performed
before delivery to the clinic for injection. Before
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Fig. 1 Flow chart of OA patients’enrollment and follow-up protocol. A Enroliment of OA patients and exclusion, dividing into two groups (HTO,
HTO +AD-MSCs). B Timeline of treatment and clinical evaluation for the entire trial

injection, AD-MSC phenotype was assessed using flow
cytometry. A cell suspension (2x10° cells/ml) was pre-
pared and mixed with mouse anti-human monoclonal
antibodies to CD34 (catalog number 560942, BD, USA),
CD44 (catalog number 555479, BD, USA), CD45 (cata-
log number 555483, BD, USA), CD73 (catalog number
561254, BD, USA), CD90 (catalog number 555596, BD,

USA), CD105 (catalog number 560839, BD, USA), and
HLA-DR (catalog number 560896, BD, USA). The mix-
ture was incubated in a dark place for 20 min, washed,
and the cells resuspended in 200 pl PBS. Phenotyping
was then performed using the Guava easyCyte (MERCK
Millipore, USA) flow cytometer. A microbiological safety
examination was performed to identify the presence of
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endotoxin, mycoplasmas (Mycoplasma pneumoniae, Ure-
aplasma urealyticum) and viruses (hepatitis B, hepatitis
C, HIV, syphilis, and cytomegalovirus). Samples of AD-
MSCs from each patient in passage 0 were stored in lig-
uid nitrogen for future assay.

After passing the above tests, AD-MSCs were prepared
as needed for intra-articular injection. The injection vol-
ume and number of cells were determined refer to pub-
lished studies [32, 33]. For each patient, 5x 107 cells were
resuspended in injectable sterile isotonic (0.9%) normal
saline to a total of 3 ml before injection. All injections
were performed by a single surgeon at 1 month after
HTO.

Clinical outcome measures

All data collection, measurements, and analyses were
conducted by the same group of investigators who
were blinded to the identity of each subject’s experi-
mental group. Clinical assessments included arthro-
scopic, radiological, and functional evaluations. Knee
arthroscopy is the most reliable and precise method for
assessing/observing articular cartilage status. The Inter-
national Cartilage Repair Society (ICRS) grading system
is a standardized method for assessing cartilage repair. It
evaluates the quality and characteristics of cartilage tissue
in both preclinical studies and clinical settings. Arthro-
scopic evaluation was carried out using the International
Cartilage Repair Society (ICRS) classification system [34,
35]. Radiological evaluation was based on preoperative
and 1-year postoperative knee MRI and X-ray images.
MRI results were graded using a Modified MRI Grading
System of the ICRS [36]. X-ray images were evaluated
using the Kellgren—Lawrence (K-L) classification [37],
Hip—Knee—Ankle (HKA) angle, and tibial plateau slope.
At baseline, and at 6, 12, and 24 months postoperatively,
all patients’ Visual Analogue Scale (VAS) scores and
Western Ontario and McMaster Universities Arthritis
Index (WOMAC) scores [38] were evaluated to clinically
assess changes in knee function. In terms of safety, post-
operative complications were recorded, including com-
plications such as nonunion of the osteotomy, infection,
loosening of the internal fixation device, venous throm-
boembolism (VTE), and bone tumors.

AD-MSC resuscitation, culture, and passage

Based on the degree of cartilage repair observed arthro-
scopically for 24 months follow-up, we ranked and
selected the top 5 (Sub-group a) and bottom 5 (Sub-
group b) cases, based on ICRS scores, for further analy-
sis stemness of the injected AD-MSCs. Sub-group a and
sub-group b were chosen according to a multiple rank-
ing system. The improvement in arthroscopic evalua-
tion was considered to be the most important indicator,
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then MRI grading improvement, and WOMAC score.
An aliquot of each patient’s AD-MSCs that had been
stored in liquid nitrogen immediately after isolation
were thawed and then cultured in complete media con-
taining MSCBM (catalog number 6114011, Dakewe,
China), penicillin (100 U/ml), streptomycin (100 pg/
ml) (catalog number P1400, Solarbio, China) and 5%
serum substitute (UltroGRO, Helios, U.S.). Fifty per-
cent media changes were performed every 3 days. For
expansion, P1-P3 cells were seeded at 6 x 10* cells/cm?
into 100 mm culture dishes and cultured for 7 days. For
cell passage, incubation in 0.25% Trypsin—EDTA (cata-
log number 25200072, Gibco, USA) for 2 min was used
and the number of cells counted using an automated
cell counter (TC20, Bio-Rad, USA). Cell counting data
were used to evaluate AD-MSC proliferation. The AD-
MSC samples were used for further in vitro experi-
ments (Supplemental Figure 1).

Colony forming unit (CFU) assays

For assay of CFU-fibroblasts (CFU-F), CFU-osteoblasts
(CFU-OB) and CFU-adipocytes (CFU-AD), P1 and P3
cells were plated into six-well plates at 200 and 600
cells/well.

After 12 days of culture, CFU-AD samples were
induced following the instructions accompany-
ing an adipogenic differentiation kit (catalog num-
ber HUXMD-90031, Oricell, China) and culture for
7 days; similarly, CFU-OB samples were induced by
following the instructions accompanying an osteo-
genic differentiation kit (catalog number HUXMD-
90021, Oricell, China) and culture for 14 days. On day
14 of culture, samples for assay of CFU-F were fixed
with 4% paraformaldehyde for 30 min, washed with
1xPBS, and stained with crystal violet (catalog num-
ber C0121, Beyotime, China) for 10 min to visualize
the cell colonies. Analogously, after 14 days of incuba-
tion in osteoblast differentiation media, samples for
assay of CFU-OB were fixed with 4% paraformaldehyde
for 30 min, washed with 1xPBS, stained with Alizarin
Red (catalog number ALIR-10001, Oricell, China) for
10 min, and then 1XPBS added to preserve cell mor-
phology. Samples for assay of CFU-AD were fixed with
4% paraformaldehyde for 30 min, washed with 1xPBS,
and then stained with Oil Red O (catalog number
OILR-10001, Oricell, China) for 10 min.

Assay of beta-galactosidase (B-gal) activity and reactive
oxygen species (ROS)

Staining for B-gal activity was used to assess the level of
cellular senescence in the AD-MSC samples. P1 and P3
cells were seeded at 1.2x10* cells per well into 24-well
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plates and cultured for 7 days. After fixation (catalog
number C0602-1, Beyotime, China) for 15 min, cells were
stained using a [-gal staining solution (catalog number
C0602, Beyotime, China) at 37 °C overnight and then
stored in 1xXPBS at 4 °C.

To assess the level of ROS, P1 and P3 cells were seeded
at 1.2x10% cells per well into 24-well plates, cultured
for 7 days, and then assayed using a ROS assay kit (cata-
log number 50101ESO1, Yeason, China), following the
instructions accompanying the kit. The amount of ROS
present was observed and documented using an inverted
phase contrast fluorescence microscope.

Transmission electron microscopy (TEM)

Alterations of AD-MSCs function correlated with cel-
lular structure, and TEM is a powerful technique that
allows for the detailed visualization of cellular structures.
We intended to compare sub-group a with sub-group b
through TEM assay, which provided critical insights into
the mechanisms. Cells were collected and fixed in TEM
fixative (catalog number G1102 Servicebio, China), and
in turn were subjected to agarose pre-embedding, post-
fixation, dehydration, resin infiltration, polymerization,
ultramicrotomy to prepare thin sections (Leica UC7
Leica, Germany), and staining. Finally, the cells were
observed under TEM (HT7800, HITACHLI, Japan) to pre-
pare transmission electron micrographs.

Transcriptome with genome and bioinformatic analysis

Transcriptome with genome technology is provided by
Nanjing Genepioneer Biotechnologies. All RNA samples
of human AD-MSCs from sub-group a and sub-group b
were collected and library preparations for transcriptome
sequencing were completed and sequenced. Raw data
were processed to obtain clean data and all downstream
analyses were based on clean data with high quality. Ref-
erence genome and gene model annotation files were
downloaded from genome website directly. Index of the
reference genome was built and paired-end clean reads
were aligned to the reference genome using HISAT2.
StringTie was used to count the reads numbers mapped
to each gene and FPKM was calculated. Differential
expression analysis of two conditions/groups was per-
formed using the DESeq2 R package (1.26.0). FDR<0.05
and |Log2(Fold change)|>1 was set as the threshold for
significantly differential expression. Gene function was
annotated based on the following databases: Nr (NCBI
non-redundant protein sequences); Nt (NCBI non-
redundant nucleotide sequences); Pfam (Protein family);
KOG/COG (Clusters of Orthologous Groups of pro-
teins); Swiss-Prot (A manually annotated and reviewed
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protein sequence database); KO (KEGG Ortholog data-
base); GO (Gene Ontology).

Statistical analysis

In this study, quantitative data such as age and weight
were analyzed using mean + standard deviation (X +SD).
Clinical data, including VAS and WOMAC scores, activ-
ity level, and angles were evaluated based on their dis-
tribution. A t-test was used for comparison if the data
followed a normal distribution, otherwise, a non-para-
metric test was applied. For between-group comparison
of cartilage grade and K-L classification, the Mann—
Whitney U rank-sum test was used. All statistical analy-
ses were conducted using SPSS version 26.0 (SPSS, USA).
P-values <0.05 were considered statistically significant.

Results

The baseline demographic characteristics of the control
(HTO) and experimental (HTO + AD-MSCs) subjects were
similar

After screening all potential study participants, a total of
45 subjects were ultimately enrolled in the study (Fig. 1).
Group 1 controls (HTO only) consisted of 22 patients,
while Group 2 experimentals (HTO+AD-MSCs) con-
sisted of 23 patients. As can be seen in Table 1, there are
no statistically significant differences between the two
groups of participants in terms of baseline character-
istics, including gender, age, knee with OA (left/right),
weight, height, body mass index (BMI), length of follow
up, and Kellgren—Lawrence (K-L) grade.

Perioperative clinical and radiological data for the
control and experimental groups showed no significant
differences (Table 2), including duration of the HTO
operation, osteotomy opening angle and height, length of
post-operative hospital stay, pre-operative and post-oper-
ative hip—knee—ankle (HKA) angle, and tibial plateau
slope. In terms of safety and complications, neither group
experienced a non-union of the osteotomy, infection,

Table 1 Baseline demographic characteristics of study
participants

HTO (n=22) HTO+AD-MSCs(n=23) p
Gender (M/F) 9/13 9/14 091
Age (yrs) 5455+7.18  5457+7.79 0.99
OA side (L/R) 10/12 11/12 087
Body weight (kg) 755741367  71.70+11.80 031
Height (cm) 166.37+573  164.84+7.89 046
BMI (kg/m?) 265+2.3 26.7+25 0.79
Follow up (months)  32.00+4.92 30.64+5.06 037
K-L Grade (I/11/11l) 7/11/4 6/9/8 045
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Table 2 Perioperative clinical and radiological data for control
and experimental subjects

HTO HTO+AD-MSCs P value

HTO duration (min) 107.50+31.24 118.04+3840 0.32
Opening angle (°) 1120447 10.62+3.72 0.64
Opening height (mm) 13.13+£5.01 1242+4.82 0.63
Postoperative hospital stay 5734132 591+1.28 0.65
(days)
HKA (°)

Pre-OP 171.00+4.83 171.67+234 0.55

Post-OP 180.95+3.13  181.37+3.12 0.65
Tibial plateau slope (°)

Pre-OP 10444248 10.78+2.47 0.65

Post-OP 10.89+341 9.05+3.23 0.07

implant loosening, venous thromboembolism (VTE), or
other serious complications during the follow-up.

Cartilage repair and regeneration were promoted

by the injection of AD-MSCs after HTO surgery

MRI and arthroscopy were used to evaluate articu-
lar cartilage status before surgery and 12 months after
HTO alone or HTO followed by intra-articular injection
of AD-MSCs (Fig. 2). Prior to treatment, MRI images
(upper panel) show the presence of knee inflamma-
tion (yellow arrows indicate edema) and loss of articu-
lar cartilage (red arrows), while 12 months after HTO
and injection of AD-MSCs the same articular surface is
smooth with no signs of inflammation. These representa-
tive case of MRI images were chosen by the median of
patients arranged by grade. Arthroscopy of the joint
(lower panels) confirmed the MRI observations and
showed condyle cartilage injury and a clear view of the
vascularized underlying bone before the operation and a
repaired lesion showing newly formed white cartilage at
12 months after HTO and injection of AD-MSCs.

Based on the encouraging imaging studies, we pro-
ceeded to quantitate cartilage repair using the Interna-
tional Cartilage Repair Society (ICRS) grading system
(Fig. 2B, C). At baseline, there was no statistical differ-
ence in ICRS grades (using the MRI and arthroscopy
images) between the two groups of subjects. After HTO
alone, the 1-year postoperative ICRS grading of the MRI
results showed that the number of patients in each grade
was distributed as follows: Grade I: 4 (18%), Grade II: 4
(18%), Grade IIIL: 5 (23%), and Grade IV: 9 (41%). In con-
trast, after HTO followed by injection of AD-MSCs, the
number of patients in each grade was distributed as fol-
lows: Grade I: 10 (43%), Grade II: 6 (26%), Grade III: 3
(13%), and Grade IV: 4 (17%), suggesting that the com-
bination of both surgery and stem cells significantly
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reduced the severity of OA as compared to patients
treated with HTO alone. Next, we validated the results
using arthroscopic images which allowed direct obser-
vation of the knee articular cartilage. Consistent with
the MRI results, the arthroscopy showed that the num-
ber of patients in each grade after HTO alone was as
follows: Grade I: 4 (18%), Grade II: 7 (31%), Grade III: 6
(27%), and Grade IV: 5 (23%). In contrast, after HTO fol-
lowed by injection of AD-MSCs, the number of patients
in each grade were distributed as follows: Grade I: 10
(43%), Grade II: 9 (39%), Grade III: 3 (13%) and Grade I'V:
1 (4.3%). These data are graphically displayed in Fig. 2B,
C and show that the proportion of patients with severe
knee OA was significantly reduced after the combined
treatment (HTO + AD-MSCs) versus HTO alone.

To evaluate improvement in functionality and pain
relief, WOMAC and VAS assessments were performed
at 0, 6, 12, and 24 months after treatment (Fig. 2D, E).
The results showed that there was no improvement in the
VAS assessment; however, by 24 months there was a sta-
tistically significant reduction in WOMAC scores for the
HTO + AD-MSC versus HTO group.

Stemness and senescence of the injected AD-MSCs
determine therapeutic effect

Based on arthroscopic findings (ICRS grades I-1V), the top

5 and bottom 5 patients were selected for a comprehensive
analysis of AD-MSC phenotype

Since there was such a wide variation in arthroscopic
findings, no statistically significant differences could be
discerned when all of the ICRS scores (i.e. grades) were
averaged and then compared (HTO versus HTO +AD-
MSC groups). To test whether the observed differences
were correlated with variability in stemness of autologous
of AD-MSCs, we chose the top 5 patients with an ICRS
Grade of I as a sub-group “a” and the bottom 5 patients
with an ICRS grade of III-1V as a sub-group “b” from the
HTO+ AD-MSCs group for comprehensive analysis of
their AD-MSCs.

The individual improvement of ICRS grades for
patients in sub-groups a and b were statistically dif-
ferent (Fig. 3A); in contrast, patients in sub-group b
were not different from those in the HTO group, while
patients in sub-group a were significantly different.
Overall, patients in sub-groups a and b were not sta-
tistically different regarding age or BMI (Fig. 3B, C).
To exclude the influence of surgical factors, we com-
pared the major indicator, postoperative HKA angle,
between the two subgroups. Results showed that the
lower limb alignment after HTO were basically consist-
ent (Fig. 3D). As a part of our quality control process,
we routinely analyze MSCs for the expression of spe-
cific sets of surface markers before administration to



Sun et al. Journal of Translational Medicine

A MRI Pre-operation

HTO+AD-MSCs

(2024) 22:1039

MRI

s Pre-OP Post-OP

%— % M Grade |
o 100 Grade Il
-g - I m Grade lll
@ M Grade IV
o

3

o

LY

©

s

O

=

(o) o
= & &
v°'
o
L
D WOMAC
60

e

)

o 40+

(&)

<<

= 20+ et

O

=

0 L] L) L] L)
oM 6M 12M 24M

Page 8 of 18

Arthroscopy Pre-operation

Arthroscopy
. Pre-OP POTEOP P
Grade Il
g = - m Grade il
OF 75 = Grade IV
>
S 50
28
o 25
£a
< 0
& & &
o N
& o
_— &
VAS
8- -a- HTO+AD-MSCs
° -o- HTO
» 6+
)
(%]
n 44
7))
& 24
oM 6M  12M  24M

Fig. 2 Clinical evaluation of the HTO and HTO + AD-MSCs groups. A Representative MRI (sagittal axis) images from same patient, comparing

the preoperative (HTO: Grade IIl; HTO + AD-MSCs: Grade IV) and 12 months post treatment (HTO: Grade Ill; HTO + AD-MSCs: Grade II). Representative
arthroscopy images from same patient, comparing the preoperative (HTO: Grade Ill; HTO + AD-MSCs: Grade IV) and 12 months post treatment (HTO:
Grade II; HTO+ AD-MSCs: Grade I). B, C International Cartilage Repair Society (ICRS) grading of pre-operative and post-operative (12 month) MRI
and arthroscopy images of a representative knee joint from subjects in the HTO and HTO + AD-MSCs groups. **P < 0.05, HTO versus HTO +AD-MSC
groups at 12 months post-op. D Western Ontario and McMaster Universities Arthritis Index (WOMAC) scores at 0, 6, 12, 24 months (M)

after treatment (post-op) between HTO and HTO + AD-MSCs groups. **P <0.05 (n=5), HTO versus HTO + AD-MSC groups at 24 months. E Visual
Analogue Scale (VAS) scores at 0, 6, 12, 24 months (M) after treatment (post-op) between HTO and HTO + AD-MSCs groups. No significant

differences were noted

the patients, as prescribed by the International Society
for Cellular Therapy position statement (ISCT) [39].
In our analysis of sub-group a and b, we found that

>95% of the cells consistently expressed CD90, CD105,
CD73 as well as CD44 with no significant differences
between the two groups (Fig. 3E—H). In addition, <1%
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improvement of the top 5 (a) and bottom 5 (b) patients in the HTO + AD-MSC group compared to HTO alone. There was a statistically significant
difference between sub-groups a and b and group a and HTO. Mean + SD, **P < 0.05 (n=5), vs. the indicated group. B, C Age and BMI were

comparable between sub-group a and sub-group b. D Postoperative HKA angle, between sub-group a and sub-group b. E-K Percent cell surface
marker expression using FACS analysis

of AD-MSCs from both sub-groups expressed CD34,
CD45 and HLA-DR (Fig. 3I-K). Taken together, these
data suggest that the AD-MSCs from both sub-groups
were very similar in terms of their surface marker

expression profiles.

AD-MSCs from patients with the most improvement (lower
ICRS scores) had higher proliferation rates and produced
more numbers of CFUs than those from patients showing
less improvement (higher ICRS scores)

To determine whether the wide variation in clinical out-
comes was related to the stemness of the injected AD-
MSCs, we studied the proliferation of each subject’s
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AD-MSCs by subculturing their cells for 3 passages
(7 days/passage). The cell counts for both sub-groups
dropped with increasing number of passages (Fig. 4A),
but cells in sub-group a proliferated to a significantly
greater extent than those in sub-group b at all three pas-
sages. Cell doubling time in sub-group a was significantly
shorter and relatively stable as compared to that of sub-
group b (Fig. 4B). These results suggest that the prolifera-
tion capacity of sub-group a cells was superior to that of
sub-group b cells.

Next, the number of colony forming cells produced
by AD-MSCs in sub-groups a and b were compared
using colony forming unit (CFU) assays for Fibroblasts
(CFU-F), Osteoblasts (CFU-OB), and Adipocytes (CFU-
AD). MSCs from sub-group a formed a greater num-
ber of CFU-F, (twofold greater at passage 1 [P1]), which
were larger and more densely stained, than those from
sub-group b (Fig. 4C, D). We also compared the ability
of AD-MSCs from sub-groups a versus b to differenti-
ate into osteoblasts (CFU-OB) or adipocytes (CFU-AD)
in response to each lineage’s differentiation media. The
degree of Alizarin Red staining for mineral in each CFU-
OB, as well as the number of CFU-OB at P1 and P3,
was higher from cells in sub-group a than sub-group b
(Fig. 4C, D). Moreover, we found more Oil red O-stained
adipocytes in each CFU-AD with higher numbers of
CFU-AD formed by AD-MSCs (P1 and P3) from sub-
group a than sub-group b (Fig. 4C, D). Microscopic
observations of CFU-F, CFU-OB, and CFU-AD were
showed in Supplemental Figure 2.

AD-MSCs from sub-group “a” contained fewer senescent
cells and generated less reactive oxygen species (ROS)
than AD-MSCs from sub-group “b”
To further compare the quality of AD-MSCs in the two
sub-groups, we measured cellular senescence by assay-
ing B-galactosidase (B-gal) activity and intracellular ROS
levels. The data revealed the presence of more -gal posi-
tive cells, as well as increased levels of ROS, in AD-MSCs
from sub-group b than in sub-group a (Fig. 5A, B).

Since mitochondria are involved in ROS generation
[40], we examined the ultrastructure of mitochondria
using transmission electron microscopy (TEM). Cells

(See figure on next page.)

Page 10 of 18

from sub-group b showed more signs of mitochondrial
damage (yellow arrows), such as internal disintegration,
swelling, and rupture of the cristae, than cells from sub-
group a (Fig. 5C). In sub-group a, the number of nor-
mal mitochondria per cell was significantly larger than
sub-group b (Fig. 5D). This suggests that mitochondrial
damage and elevated ROS levels may influence stem cell
senescence, which ultimately determines the clinical out-
come of intra-articular stem cell injections.

Analyzing differences between AD-MSCs from sub-group “a”
and “b” by RNA-sequencing

10 samples were collected, including 5 in sub-group “a”
and 5 in sub-group “b’, and RNA-sequencing were per-
formed, which may provide a deeper view in AD-MSCs
regulation. First, Principal Component Analysis (PCA)
was performed to deeply explore the relationships
between these samples and the magnitude of variation.
The results indicated that AD-MSCs from sub-group
a and b were different, though all were AD-MSCs from
adipose tissue (Fig. 6A). Then, differential gene expres-
sion analysis was conducted. We have detected that there
are indeed some differences between sub-group “a” and
sub-group “b’, however, molecule and signaling pathway
changes are the most important. In total, 304 genes with
significantly different expression were identified, consist-
ing of 66 genes upregulated and 238 genes downregu-
lated, in which sub-group a was as control (Fig. 6B, C).
There are individual differences in each group, consider-
ing the individual differences are inevitable. After further
analysis of different expression genes by KEGG enrich-
ment analysis and GO enrichment analysis (Fig. 6D-G),
we found that genes related with cellular processes
especially cell growth and death were enriched such as
CCNB1, CCNB2, CDK1 and CDC20. Specifically, dif-
ferentially expressed genes were enriched in cell cycle,
mitotic process and cellular senescence. Further, as most
enrichment analysis demonstrated the pivotal role of
cell cycle pathway, we performed GSEA to explore the
expression details and alterations in sub-group a and
b. Genes related with cell cycle pathway were mostly
located in sub-group a, revealing the essential role of cell
cycle in AD-MSCs (Fig. 6H). Taken together, cell cycle

Fig. 4 Assay of AD-MSC proliferation and comparison of CFUs generated by AD-MSCs from sub-groups a and b. A Cell number (mean +SD)

was determined at the end of each passage (P1, P2, and P3) and presented as cell number/cm?. Cells from both sub-groups were plated using
the same seeding density (6000 cells/cm?) and sub-cultured for 3 passages (7 days/passage). B Cell doubling time (mean +SD) was calculated

at the end of each passage. **P <0.05 (n=5), vs. sub-group b at the same passage. C Images of CFU-F, CFU-OB and CFU-AD formed by P1

and P3 AD-MSCs; 5 patients (numbers of 1-5) from sub-group a (ICRS score of ) and group b (ICRS score of llI-IV) were analyzed to perform

the comparison. All CFU assays for each patient were performed in triplicate. D Numbers of CFU-F, CFU-OB, and CFU-AD per well were performed
in triplicate for each patient. The data shown consist of 15 values (3/patient with 5 patients/sub-group). **P <0.05 (n=15) vs. sub-group b based

on mean +SD at the same passage
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pathway might correlate with the regeneration and repair
capacity of ADMSCs and more exploration was needed
in the future. These results revealed that genes connected
with cell cycle were the possibly regulatory targets to pre-
vent cell senescence and therapeutic effect of AD-MSCs.

Discussion

During the last two decades, approximately 25 stud-
ies, which include ~500 knee OA patients treated with
MSCs, have been fully described; notably, about 80% (20
out of 25) of these studies were conducted with patients
who received autologous MSCs [12]. In the 20 studies
investigating autologous stem cell therapy, 6 studies uti-
lized autologous bone marrow-derived mesenchymal
stem cells (BM-MSCs), 13 studies used autologous adi-
pose-derived mesenchymal stem cells (AD-MSCs), and 1
studies employed autologous activated peripheral blood
stem cells (AAPBSCs). Among the 6 studies using autol-
ogous BM-MSCs, 4 were randomized controlled trials
(RCTs) and 2 were non-randomized comparative stud-
ies [14, 41-45]. Notably, only one (16.7%) of these stud-
ies reported satisfactory therapeutic outcomes. Of the 13
studies utilizing autologous AD-MSCs, 4 were RCTs and
9 were non-randomized comparative studies [15, 33, 46—
53]. Among these, 6 (46.2%) studies demonstrated satis-
factory therapeutic effects. The single study investigating
autologous activated peripheral blood stem cells reported
only fair outcomes [54]. It is important to note that some
of these studies administered stem cell injections alone,
while others combined them with additional biological
agents. Moreover, the control group interventions varied
across these studies, contributing to the heterogeneity of
the results.

These variations in study design, MSC source, treat-
ment protocols, and control interventions may partly
explain the inconsistency in reported outcomes across
studies. This underscores the need for more standardized
protocols to accurately assess the efficacy of MSC-based
therapies for OA. Overall, the clinical outcomes of these
studies show a large variation in improvement between
MSC and control groups. Here, we provide strong

(See figure on next page.)
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evidence demonstrating that there is substantial biologi-
cal variability in the function of autologous AD-MSCs
and this variability likely contributes to the inconsistent
clinical outcomes reported.

HTO is a surgical procedure used to realign the load-
bearing axis of the knee and relieve pain, retard articu-
lar cartilage degeneration, and postpone the need for
a total knee arthroplasty [55, 56]. However, HTO alone
has limited capacity to repair cartilage damage, resulting
in short term improvement [57, 58]. Others have previ-
ously reported that HTO combined with intra-articular
injection of MSCs repairs articular cartilage lesions and
improves knee function better than HTO alone [15, 42].
In the current study, we showed that HTO + AD-MSCs
significantly reduced the severity of knee OA, as com-
pared to HTO alone, based on MRI and arthroscopic
findings. These results support the previous obtained
observations.

In the present study we tested, for the first time, the
hypothesis that the wide variation in clinical outcomes,
previously reported by others, is correlated with the bio-
logical variability of each patient’s own (i.e., autologous)
MSCs. To test our hypothesis, we stored an aliquot of
each patient’s AD-MSCs in liquid nitrogen for future cell
studies. We compared the quality of the archived AD-
MSCs obtained from patients in the HTO+ AD-MSC
group: 5 patients showing the most improvement based
on ICRS score (sub-group a) and 5 patients showing the
least improvement based on ICRS score (sub-group b).
Remarkably, proliferation and CFU-F efficiency of all
5 patients in sub-group a were significantly higher than
those from the 5 patients in sub-group b during multiple
passages and sub-culture (Fig. 4). Since not all the CFU-F
are able to differentiate into osteoblasts or adipocytes,
the differentiation capacity of the CFU-Fs to CFU-OB
and CFU-AD was determined by treatment with osteo-
blast or adipocyte differentiation media, respectively.
The results showed that the majority of CFU-Fs gener-
ated by AD-MSCs from patients in sub-group a were
able to differentiate into CFU-OB and CFU-AD, many of
which were higher than those formed by AD-MSCs from
patients in sub-group b (Fig. 4). Moreover, the increased

Fig. 5 Comparison of senescent cells and intracellular ROS levels and transmission electron micrographs of AD-MSCs from sub-groups a versus b.
Passage 1 and 3 AD-MSCs were seeded onto tissue culture plastic (TCP) at 6000 cells/cm? and cultured for 7 days (>80% confluent). Senescent cells
were detected by -galactosidase (3-gal) staining, while intracellular ROS levels were measured using 2',7'-dichlorofluorescin diacetate (DCFHDA).
A Images obtained from 5 individual patients (numbers of 1-5) for each sub-group. Upper panel: 3-gal positive cells (brightfield microscopy);

and lower panel: ROS positive cells (fluorescence microscopy). B Numbers of positive cells were counted (each of the 5 donor’s cells [per sub-group]
was assayed in triplicate), the data presented by sub-group, and statistical comparisons performed. **P <0.05 (n=15), vs. sub-group b (mean +SD)
at the same passage. C Mitochondrial ultrastructure is shown in a high magnification version (lower panel,“40X") of the low magnification version
(upper panel,“10X"). Yellow arrows indicate mitochondrial damage (enlarged or dense cored vesicles). D The number of normal mitochondria

per cell
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variance explained by PC1 and PC2. B Volcano Plot of 10 individuals' AD-MSCs from sub-groups a and b. [Log2(Fold change)| = 1, FDR < 0.05, 238
genes (green plots) were down-regulated and 66 genes (red plots) were up-regulated ( sub-group a as control). C Clustering heat map of 10
individuals’ AD-MSCs from sub-groups a and b (red arrows showed CCNB1, CCNB2, CDK1, and CDC20). D-G GO and KEGG enrichment analysis

of different expression genes. H Gene Set Enrichment Analysis (GSEA) results illustrating the cell cycle pathway gene sets in sub-group a and b. ES
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amount of proliferation and ability to form CFUs shown
by sub-group a cells might be due to the low level of
ROS production and senescent cells present compared
to sub-group b cells (Fig. 5). It was also evident that
lower amounts of ROS production was associated with
the presence of more intact mitochondria in AD-MSCs
from the patients showing more improvement in OA
symptoms (Fig. 5). Taken together, these results suggest
that clinical outcomes are strongly correlated with the
stemness and senescence of the autologous AD-MSCs
injected into the joint; cell qualities such as the capacity
for proliferation, colony formation (reflecting CFU effi-
ciency), and differentiation, and the effects of aging on
MSCs (e.g. cellular senescence and intracellular ROS pro-
duction). The present studies also suggest that although
these cell qualities may have the potential to predict clini-
cal outcome, MSC surface markers (e.g. CD90, CD105,
and CD73), as recommended by the ISCT for routinely
assessing MSC quality, did not demonstrate any potential
for predicting efficacy.

A review of the published reports describing the
results of MSC-based clinical trials for knee OA, ~80%
employed autologous MSCs due to biosafety concerns
and increasing evidence suggesting that MSCs may not
be immune privileged [17]. Our study also indicated that
the senescence level of AD-MSCs had a crucial impact
on the therapeutic effect. In addition, senescent cells
increase with aging and acquire a senescence-associated
secretory phenotype (SASP) which is characterized by
the release of cytokines, chemokines, growth factors, and
proteases, which impair adjacent MSCs and contribute to
aging-associated degenerative pathologies [59, 60]. Fur-
thermore, it has been confirmed that oxidative stress in
aging caused by dysregulated accumulation of ROS may
induce cellular senescence of human MSCs and further
affect stem cell function [61, 62]. Since elderly patients
are the primary target population for cell-based treat-
ment of age-related diseases such as knee OA, the quality
of autologous MSCs are compromised due to aging and
further influenced by other diseases (e.g. diabetes, heart
disease) and multiple medicines. In particular, patients
with autoimmune diseases often take steroids (e.g. glu-
cocorticoids drugs) that can induce apoptosis of MSCs
[63, 64]. Interestingly it has been reported that old-MSCs
can be rejuvenated by exposure to a young microenviron-
ment [65, 66]. By combining the findings reported in the
current study, where the quality of an individual’s own
MSCs (autologous MSC therapy) can be predicted with
some success, with the ability to rejuvenate MSCs from
elderly donors by culture on a young microenvironment,
it’s possible that in the future we may be able to predict
the likelihood of clinical success using one’s own cells.
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There were some limitations in this study. Although we
believe that preserving the multiple samples of AD-MSCs
from the same individual as the injected cells is already
valuable. Cell samples used for in vitro experiments were
not from the same culture batch as the injected cells,
because the time of individual enrollment is dispersed
over years. When conditions permit, direct comparison
of the injected cells is preferable. Moreover, large sample
size, long-term follow-up studies with further mecha-
nism discussion are still needed in the future to help bet-
ter understand the safety and therapeutic potential of
AD-MSCs.

In summary, our findings strongly support the hypoth-
esis that the inconsistent clinical outcomes of autologous
MSC-based therapy are correlated with the variability
of the stemness and senescence of the injected MSCs.
More importantly, the results indicate that the proper-
ties of MSC proliferation and differentiation, CFU effi-
ciency and cell senescence and ROS could be used as sets
of criteria to predict the clinical outcomes for autologous
MSC-based therapy for knee OA. To improve the clini-
cal efficacy, we propose to rejuvenate autologous MSCs
by exposure to a young microenvironment to standard-
ize the stemness and senescence of autologous MSCs
prior to the administration. Finally, our study highlights
emerging opportunities and trends in precision medicine
that could potentially improve autologous MSC-based
therapies.

Conclusions

Clinical outcomes of autologous AD-MSCs therapy in
knee osteoarthritis are correlated with stem cell stemness
and senescence. The analysis of autologous stem cells may
provide a reference for patient selection and efficacy pre-
diction for osteoarthritis, and inspire new strategies for
cell pretreatment. Our study highlights emerging oppor-
tunities and trends in precision medicine that could
potentially improve autologous MSC-based therapies.
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