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Abstract

Background Articular cartilage degeneration can result from injury, age, or arthritis, causing significant joint pain
and disability without surgical intervention. Currently, the only FDA cell-based therapy for articular cartilage injury is
Autologous Chondrocyte Implantation (ACI); however, this procedure is costly, time-intensive, and requires multiple
treatments. Mesenchymal stromal cells (MSCs) are an attractive alternative autologous therapy due to their availability
and ability to robustly differentiate into chondrocytes for transplantation with good safety profiles. However,
treatment outcomes are variable due to donor-to-donor variability as well as intrapopulation heterogeneity and
unstandardized MSC manufacturing protocols. Process improvements that reduce cell heterogeneity while increasing
donor cell numbers with improved chondrogenic potential during expansion culture are needed to realize the full
potential of MSC therapy.

Methods In this study, we investigated the potential of MSC metabolic modulation during expansion to enhance
their chondrogenic commitment by varying the nutrient composition, including glucose, pyruvate, glutamine, and
ascorbic acid in culture media. We tested the effect of metabolic modulation in short-term (one passage) and long-
term (up to seven passages). We measured metabolic state, cell size, population doubling time, and senescence and
employed novel tools including micro-magnetic resonance relaxometry (UMRR) relaxation time (T,) to characterize
the effects of AA on improved MSC expansion and chondrogenic potential.

Results Our data show that the addition of T mM L-ascorbic acid-2-phosphate (AA) to cultures for one passage
during MSC expansion prior to initiation of differentiation improves chondrogenic differentiation. We further
demonstrate that AA treatment reduced the proportion of senescent cells and cell heterogeneity also allowing
for long-term expansion that led to a > 300-fold increase in yield of MSCs with enhanced chondrogenic potential
compared to untreated cells. AA-treated MSCs with improved chondrogenic potential showed a robust shift

in metabolic profile to OXPHOS and higher uMRR T, values, identifying critical quality attributes that could be
implemented in MSC manufacturing for articular cartilage repair.
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Conclusions Our results suggest an improved MSC manufacturing process that can enhance chondrogenic potential
by targeting MSC metabolism and integrating process analytic tools during expansion.

Keywords Mesenchymal stromal cells, Metabolic modulation, Articular cartilage, Cell expansion, In-process

monitoring tools, Critical quality attributes

Background

Mesenchymal stromal cells (MSCs) hold great promise
for tissue regeneration, especially as a cell therapy for
articular cartilage repair due to their availability, scalable
expansion, and multilineage differentiation capability.
MSC implantation has shown success for articular car-
tilage repair with the generation of hyaline-like cartilage
and improvement in joint function [1-4]. However, the
inconsistent therapeutic efficacy of MSCs [5], likely due
to donor-to-donor variation and intra-population hetero-
geneity during expansion [4, 6—8], limits their use in the
clinic.

Donor-to-donor variation attributed to harvesting
sites, age, gender and physiological status has been well
documented [4, 6-11]. Moreover, large clinical-scale
expansion of MSCs to obtain a therapeutically relevant
number of cells for implantation further imposes intra-
population heterogeneity morphologically and function-
ally in culture-expanded MSCs [6, 8, 12]. Within a MSC
population, cells exhibit varying differentiation poten-
tial toward the chondrogenic, osteogenic or adipogenic
lineages [8, 13]. Moreover, upon expansion, MSC sub-
populations display heterogeneous cell size distributions
with varying differentiation potential [14—16]. Current
MSC manufacturing protocols are not sufficient to over-
come challenges of heterogeneity, which can be further
impacted by the lack of standardization, insufficient
monitoring, or suboptimal culture conditions. Stem cell
metabolic plasticity in response to changing environment
and differentiation state is well known [17], however, it is
unclear whether metabolic manipulation of MSC during
expansion culture could improve cell quality.

MSCs are sensitive to their microenvironment, and
efforts have focused on priming MSCs toward specific
cell types during differentiation by imposing physical,
chemical, or biological cues. For example, L-ascorbic
acid-2-phosphate (AA) is commonly supplemented in
chondrogenic induction media as a cofactor of collagen
prolyl hydroxylases to regulate collagen homeostasis [18—
20]. For the same reason, AA is used in MSC cell sheet
formation for cartilage engineering [21] and wound heal-
ing [22-24]. Although supplementation of AA to MSC
culture media during expansion is not a common prac-
tice, some studies demonstrated a beneficial effect of AA
treatment on MSC proliferation [25] and a decrease in
reactive oxygen species (ROS) [26, 27]. However, system-
atic studies on AA supplementation during MSC expan-
sion across multiple donors are lacking in the field.

Methods

Bone marrow derived MSC culture and expansion

Human bone marrow derived MSCs (Lonza and STEM-
CELL Technologies) from 4 donors (Additional File 1:
Table S1) were characterized by immunophenotypic cell
surface markers endorsed by the International Society
of Cell and Gene Therapy (ISCT) [28] (Additional File 1:
Figure S1 and Table S2) and expanded in standard expan-
sion media composed of 1 g/L D-Glucose Dulbecco’s
modified Eagle’s Medium (DMEM; Gibco), 10% fetal
bovine serum (FBS; Gibco) and 1% (v/v) penicillin-strep-
tomycin (Gibco). In the experimental groups, 0.05, 0.2
or 1.0 mM of L-ascorbic acid-2-phosphate (AA; Sigma-
Aldrich; A8960) was added to the standard expansion
media. Media was changed every 2-3 days. MSCs were
seeded at 2000 cells/cm? and maintained in a humidi-
fied 37 °C incubator with 5% CO,. MSCs were harvested
with 0.05% Trypsin/EDTA solution (Gibco). Cell count
and viability were determined using a hemocytometer
(INCYTO) and Trypan Blue (Thermo Fisher).

For experiments on varying glucose, pyruvate, and glu-
tamine concentrations, MSCs frozen at P1 were thawed
and cultured until passage 3 (P3). At P3, MSCs were
seeded at 2000 cells/cm?* and cultured in DMEM with-
out glucose, glutamine, and sodium pyruvate (Gibco)
with manual supplementation of standard glucose (5.5
mM; GI5.5; Gibco), sodium pyruvate (1.0 mM; Pyl.0;
Gibco) and glutamine (4.0 mM; Gn4.0; Gibco) concentra-
tions that served as Control. In experimental groups, 10x
lower or 2x higher than standard concentrations were
used, namely GI0.5 (0.5 mM glucose), GI11 (11 mM glu-
cose), Py0.1 (0.1 mM pyruvate), Py2.5 (2.5 mM pyruvate),
Gn0.5 (0.5 mM glutamine), and Gn8.0 (8.0 mM gluta-
mine). After 7 days, MSCs were harvested for analysis of
metabolic profiles and chondrogenic potential.

Trilineage differentiation, histology, protein quantification
Chondrogenic differentiation was performed in cell pel-
lets containing 1.5x10° cells/pellet. The cell pellets were
cultured in a chondrogenic medium composed of 4.5 g/L
D-Glucose DMEM (Gibco) supplemented with 0.1 uM
dexamethasone (Sigma-Aldrich), 50 pg/mL ascorbic acid
(Sigma-Aldrich), 4 mM proline (Sigma-Aldrich), 1% ITS
Premix supplement (Becton-Dickinson), 1 mM sodium
pyruvate, 1% penicillin-streptomycin, 1 mM GlutaMax
and 10 ng/ml TGF-f3 (RnD system). Chondrogenic dif-
ferentiation media was changed every 2 days for 3 weeks
before the pellets were harvested for histology and
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protein quantitative analysis. For histology, pellets were
fixed in 10% neutral buffered formalin (Sigma-Aldrich)
overnight at 4 °C before being dehydrated with graded
ethanol and xylene. Dehydrated pellets were then embed-
ded in paraffin blocks and sectioned into 5 um thick-
ness, followed by mounting on polylysine-coated slides.
Cartilage matrix proteoglycan was identified by stain-
ing with 0.1% Safranin O solution (Acros Organics) and
counterstained with 0.1% fast green and hematoxylin
(Sigma-Aldrich). Type II Collagen (Col2) was identified
by immunostaining with an Ultra Vision detection kit
(ThermoFisher) and Col2 antibody (Clone 6B3 at 1:500
dilution; Chemicon), followed by biotinylated goat anti-
mouse secondary antibody with horseradish peroxidase-
streptavidin (Lab Vision). Quantification of sulfated
glycosaminoglycan (sGAG), Col2 and DNA was per-
formed with Blyscan™ sGAG assay kit (Biocolor), Type
II Collagen Detection Kit (Chondrex), and Picogreen
dsDNA assay (Molecular Probes), respectively, accord-
ing to manufacturer’s protocol following pellet digestion.
Pellets were digested with 1 mg/ml of pepsin solution in
0.05 M acetic acid, followed by 1 mg/ml elastase solution.
sGAG and Col2 content were normalized to the DNA of
the respective samples.

Osteogenic differentiation was performed in a 24-well
plate at a cell density of 3x10* cells per well in osteo-
genic differentiation media composed of 1 g/L D-Glucose
DMEM supplemented with 0.5% FBS, 50 pug/ml ascorbic
acid, 1 mM sodium pyruvate, 10 uM dexamethasone and
10 mM B-glycerophosphate. Osteogenic induction was
confirmed with Alizarin Red S staining (ScienCell) for
calcium deposits. The dye was extracted for optical den-
sity measurement at 405 nm using a plate reader (Tecan).

Adipogenic differentiation was performed in a 24-well
plate at a cell density of 6x10* cells per well in adipo-
genic differentiation media composed of 1 g/L D-Glucose
DMEM supplemented with 10% FBS, 10 pg/ml insu-
lin (Sigma-Aldrich), 0.5 mM isobutylmethylxanthine
(Sigma-Aldrich), 10 uM dexamethasone and 200 pM
indomethacin. Adipogenic induction was confirmed with
Oil Red O staining (ScienCell) for lipid droplets. The
dye was extracted for optical densities measurement at
510 nm using a plate reader.

Metabolic assays

Oxygen consumption rate (OCR) associated with oxida-
tive phosphorylation (OXPHOS) and extracellular acidi-
fication rate (ECAR) associated with secretion of lactic
acid as a metabolic product of glycolysis were quantified
using Seahorse XF24 Extracellular Flux Analyzer (Agilent
Technologies). MSCs were seeded on a Seahorse 24-well
microplate at 2000 cells/cm? and expanded with stan-
dard expansion media with or without AA. On the day
of analysis, cells were washed twice with Seahorse assay
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medium and kept in a 37 °C non-CO, incubator prior to
running the glycolysis stress test according to the manu-
facturer’s protocol. Three independent readings were
taken after each sequential injection of glucose, oligomy-
cin and 2DG with final concentrations of 10 mM, 1 uM
and 50 mM, respectively. Data were analyzed using Wave
software (Agilent Technologies). OCR and ECAR at the
basal level were calculated by subtracting the reading
after 2DG injection from the reading after glucose injec-
tion and normalized to cell number. OCR: ECAR ratio
was calculated by dividing the basal OCR by basal ECAR.
Metabolites such as glucose and lactate concentrations
in spent media were measured using Cedex Bio Analyze
(Roche). Glucose consumption and lactate production
rates were calculated by deducting the concentrations in
spent media from the concentrations in fresh media and
normalizing to the time of incubation and cell number.

Micro-magnetic resonance relaxometry (uUMRR)
measurement

The setup of the pMRR instrument used in this study
was described elsewhere [29]. For yMRR measurement,
3x10° cells were suspended in 20 pL of PBS, and 4 pL
of cell suspensions were loaded to the bottom 4 mm of
micro-capillary tubes. The micro-capillary tubes were
then sealed with critoseal (Leica Microsystems) and
placed into the coil of pMRR instrument. Proton trans-
verse relaxation time (T,) was measured by the standard
Carr-Purcell-Meiboom-Gill (CPMG) pulse program.

Suspended cell diameter measurement

MSC suspension was loaded to a hemacytometer chip,
and images were taken at 10x magnification. Images were
analyzed with MATLAB (The MathWorks Inc.) using an
imaging-based MATLAB algorithm to obtain suspended
cell diameters. Objects with measured diameters smaller
than 10 pm and bigger than 75 um were excluded from
the analysis. At least 500 cells were captured and ana-
lyzed in each group.

Identification of MSC surface markers by flow cytometry
Harvested cells were washed once with phos-
phate-buffered saline (PBS) and stained with
fluorochrome-conjugated anti-human antibodies: CD73-
fluorescein isothiocyanate (FITC), CD90-phycoerythrin
(PE), CD105-allophycocyanin (APC), CD34-Brilliant
Violet (BV) 510 and CD45-peridinin chlorophyll pro-
tein (PerCP) Cy5.5 (BD Biosciences). The acquisition
was performed using a CytoFLEX flow cytometer (Beck-
man Coulter) and analysed using FlowJo V10. Positively
stained cell populations were identified by comparing
them with fluorescence-minus-one (FMO) controls.
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Beta-galactose staining

Harvested MSCs were seeded at 5000 cells/cm® on a
6-well plate. On the next day, senescent cells were iden-
tified using a senescence [-galactosidase staining kit
(Sigma-Aldrich) according to the manufacturer’s proto-
col. Briefly, the cells were fixed at room temperature for
10 min, followed by incubation in a staining solution in a
37 °C non-CO, incubator overnight. After which, 5 ran-
dom areas in each well were captured, and the percentage
of positively stained cells was calculated.

Statistical analysis

Data were presented as mean*standard deviation. Statis-
tical analysis between the two groups were carried out by
Student’s t-test using the Microsoft Excel software with
p<0.05 indicating statistical significance.

Results
AA treatment during expansion specifically improves the
chondrogenic potential of MSCs
Standard MSC expansion media contains physiologi-
cal concentrations of glucose, pyruvate, and glutamine,
which are 5.5 mM (GI5.5), 1.0 mM (Py1.0) and 4.0 mM
(Gn4.0), respectively. Donor 1 MSCs (Additional File 1:
Figure S1, Tables S1 and S2) were seeded at 2000 cells/
cm? at passage 3 (P3) and expanded in media with vary-
ing glucose, pyruvate, and glutamine concentrations for 7
days prior to harvesting at P4, the time point commonly
used for implantation. We observed that culturing MSCs
at 10-fold lower standard glucose (Gl0.5) or pyruvate
(Py0.1) concentrations improved MSC chondrogenic
potential (Additional File 1: Figure S2A) as indicated by
higher sGAG production compared to standard concen-
trations, while no difference was observed in varying glu-
tamine concentrations (Additional File 1: Figure S2A).
Moreover, Gl0.5 and Py0.1 conditions led to a meta-
bolic shift toward oxidative phosphorylation (OXPHOS)
as shown by a lower lactate production rate to glucose
consumption rate ratio and higher oxygen consump-
tion rate (OCR) during basal respiration compared to
standard (GI5.5 or Pyl.0). The experiment was repeated
for Donors 2 and 3 (Additional File 1: Figure S1, Tables
S1 and S2). However, the beneficial effect of GI0.5 and
Py0.1 on chondrogenesis was highly donor-dependent
(Additional File 1: Figure S2B). Nevertheless, these data
showed that the ratio of total sGAG to total DNA is nega-
tively correlated with glycolysis and positively correlated
with OXPHOS (Additional File 1: Figure S3). Our results
suggest that metabolic manipulation during MSC culture
could be adopted to prime the chondrogenic potential.
Given that AA is reported to support OXPHOS [30]
and supplementation during MSC differentiation leads
to improved chondrogenesis [18—20], we investigated the
effect of AA supplementation during MSC expansion.
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To this end, we supplemented AA at P2 and P3 prior to
harvesting cells for analysis at P4. We observed simi-
lar results comparing 1 and 2 passages of AA treatment
(data not shown). Thus, for our studies, we treated MSCs
from 4 characterized donors (Additional File 1: Figure
S1, Table S1 and S2) with varying concentrations of AA
(0.05, 0.2 and 1.0 mM) at P3 for 7 days prior to harvest-
ing at P4 for chondrogenic differentiation (Fig. 1A).
MSCs in standard expansion media served as the control
(Untreated). Upon harvesting expanded MSCs, chon-
drogenic differentiation in 3D pellets was induced for
21 days [14, 31-34]. Histological analysis and protein
quantification of chondrogenic pellets showed that AA
treatment improved MSC chondrogenic potential based
on enhanced production of articular cartilage matrix,
sGAGs (Fig. 1B and C) and Col2 (Additional File 1: Fig-
ures S4A and S4B). The improvement observed in AA
treated group was further supported by higher expres-
sion of the chondrogenic marker SOX9 (Additional File 1:
Figures S4C), a master transcription factor that plays an
essential role during early phases of chondrogenic differ-
entiation [35, 36]. Although we observed variable dose-
response profiles among donors (Fig. 1C and Additional
File 1: Figure S4B), significantly increased chondrogenic
potential was consistently observed at 1.0 mM AA across
all 4 donors, so we used this concentration in subsequent
experiments.

We next measured the effect of AA treatment on osteo-
genic and adipogenic differentiation. AA treatment dur-
ing MSC expansion improved chondrogenic (Fig. 1D)
differentiation, while no differences were observed in
osteogenic and adipogenic differentiation (Fig. 1E and F),
compared to untreated controls across all 4 Donors. By
comparing chondrogenic, osteogenic, and adipogenic dif-
ferentiation relative to Untreated using standard markers
(Fig. 1G), AA supplementation during expansion showed
specific improvement for chondrogenic differentiation.
We also analyzed the immunophenotypic cell surface
markers endorsed by the ISCT [28]. Results from flow
cytometry showed that both Untreated and AA-treated
MSCs displayed positive staining for CD73, CD90 and
CD105 and minimal staining for CD34 and CD45 after
expansion, suggesting AA treatment did not alter overall
MSC quality (Additional File 1: Figure S5 and Table S3).

AA treatment shifts MSC metabolism toward the OXPHOS
phenotype

Our data show that MSC chondrogenic potential is neg-
atively correlated with glycolysis and positively corre-
lated with OXPHOS (Additional File 1: Figure S3). Thus,
we investigated the metabolic state of MSCs following
7 days of AA treatment. Using a Seahorse flux analyzer
(Fig. 2A), we monitored both the OCR, an indicator for
OXPHOS and ECAR, an indicator of glycolytic flux.
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(See figure on previous page.)

Fig. 1 Effect of AA treatment in MSC priming during expansion on subsequent chondrogenic differentiation. (A) Schematic diagram of the experiment
setup. MSCs frozen at P1 were recovered and sub-cultured until passage 3. Passage 3 MSCs were seeded and allowed to adhere overnight before the
media was changed to expansion media containing 0 (Untreated), 0.05, 0.2 or 1.0 mM AA. MSCs were harvested at Passage 3 on Day 7 for subsequent
analysis. (B) Histology of chondrogenic pellets after 3 weeks of chondrogenic differentiation following 1 passage of 0 (Untreated), 0.05, 0.2 and 1.0 mM of
AA treatment. Formation of glycosaminoglycan (sGAG) indicated by Safranin O staining. 40x magnification; scale bar: 500 um. Images are representative
of 5 replicates per donor. (C) Quantification of sGAG in digested pellets normalized to total DNA per pellet. (D, E, F) Trilineage differentiation capacity of
MSCs following 1 passage of 0 (Untreated) or 1.0mM AA (AA) treatment. (D) Chondrogenic differentiation is indicated by the ratio of total sGAG to total
DNA in chondrogenic pellet; (E) osteogenic differentiation is represented by the amount of Alizarin red stain for calcium deposits, and (F) adipogenic
differentiation is represented by the amount of oil red stain for oil droplets. (G) Comparison between chondrogenic, osteogenic and adipogenic differen-
tiation efficiency in relative to Untreated following 1 passage of 0 (Untreated) or 1.0 mM AA (AA) treatment. Experiments were performed in 3—4 technical

replicates. Data are presented as mean + standard deviation. * P<0.05 and ** P<0.01 compared to Untreated

At the basal level, AA-treated MSCs had higher OCR
and lower ECAR (higher OCR: ECAR ratio) indicat-
ing increased OXPHOS compared to Untreated MSCs
(Fig. 2B and C). The decreased glycolytic profile in AA-
treated MSCs was further supported by lower glucose
consumption (Fig. 2D) and lactate production rates
(Fig. 2E) measured in spent media. Our results show that
AA supplementation at P3 for 7 days prior to harvesting
at P4 led to a shift toward an OXPHOS metabolic state
and improved chondrogenic potential.

AA-treated MSCs display differential u(MRR T, values and
suspended cell diameter
AA treatment has been reported to maintain MSC pro-
liferation in culture [25]. Consistent with prior stud-
ies, we find that 7 days of 1 mM AA treatment led to a
reduction and highly similar population doubling time
(PDT) across 4 donors, compared to Untreated MSCs
that showed heterogeneity in PDT as measured by final
cell yield at P4 with cell counting using Trypan blue
(Fig. 3A and Additional File 1: Table S4). MSC prolifera-
tion following AA treatment has been attributed to its
antioxidant activity, which may reduce the proportion
of senescent cells during expansion [27]. One hallmark
of senescent cells is enlarged cell size [37, 38]. In prior
work, MSCs with cell diameters larger than 23 pm corre-
lated with cellular senescence [14, 29], while MSCs with a
size range between 17 and 21 um displayed better chon-
drogenic potential [14, 15]. Notably, we observed a sig-
nificantly smaller and more homogeneous suspended cell
diameter in AA-treated MSCs compared to Untreated
controls (Fig. 3B and Additional File 1: Figure S6).
Emerging evidence also indicates that senescent cells
accumulate Fe?* due to alterations in iron homeosta-
sis, inhibiting ferritinophagy [39, 40]. pMRR has been
employed as a sensitive method for measuring differences
in intracellular paramagnetic iron concentration [29]. For
example, MSCs treated with senescent agents or over
long-term passage reproducibly showed a lower uMRR
T, relaxation time that correlates with increased iron
and potentially increased reactive oxygen species [29].
T, values also correlated with MSC chondrogenic poten-
tial, while no correlation was observed for osteogenic or

adipogenic differentiation [29]. Remarkably, we found
that AA-treated MSCs harvested at P4 with improved
proliferation and chondrogenic potential showed a sig-
nificantly higher pMRR T, relaxation time compared
to untreated MSCs across all 4 donors (Fig. 3C). These
data suggest that AA supplementation maintained iron
homeostasis and reduced oxidative stress, as also sup-
ported by a marked reduction in population doubling
and in the proportion of senescent cells. Our results sup-
port the potential of uMRR as a process monitoring tool
for the expansion of MSCs for cell therapy.

Long-term AA supplementation during MSC expansion
improves cell yield and chondrogenic potential

In current practice, MSCs are commonly harvested at P4
for therapeutic applications because of the loss of viabil-
ity and increase in senescent cells as well as cell hetero-
geneity, limiting the potential to produce high yields of
clinical grade MSCs. Given that short-term AA supple-
mentation improved chondrogenesis, we tested whether
AA supplementation could improve MSC expansion for
extended passages. As above, P1 MSCs were thawed and
allowed to recover for 1 passage in standard expansion
media. We then supplemented expansion media with 1
mM AA (AA) or 0 mM AA (Untreated) at P2 with regu-
lar media exchange until P9 (Fig. 4A). MSCs were har-
vested at P9 and subjected to chondrogenic, osteogenic
or adipogenic differentiation (see Methods). We found
that extended AA treatment specifically improved chon-
drogenic potential 4.1-fold relative to Untreated, whereas
minimal or no effect was observed for osteogenic or
adipogenic potential (Fig. 4B-E). The improvement of
extended AA treatment on chondrogenic potential was
also supported by higher level of SOX9 gene expression
level (Additional File 1: Figures S7F). We also observed
a similar metabolic shift toward OXPHOS, indicated
by a significantly higher OCR: ECAR ratio (Fig. 4F) and
decreased glucose consumption and lactate production
rates (Additional File 1: Figures S7D and S7E).

Cellular senescence and heterogeneity are widely rec-
ognized bottlenecks in MSC manufacturing [38, 41].
Similarly, we observed that untreated MSCs with higher
passage numbers had cells with increased cell size ranges
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Fig. 3 Effect of AA treatment on MSC proliferation and potential critical quality attributes. (A) Population doubling time (PDT) of Untreated and AA-
treated MSCs at Passage 4. 7 days of 1 mM AA treatment led to a reduction and highly similar PDT across 4 donors (Donor 1: 2.04+0.035 days; Donor 2:
1.94+0.034 days; Donor 3: 2.30+0.096 days; Donor 4: 2.20+0.061 days), compared to Untreated MSCs (Donor 1: 2.53 +£0.026 days; Donor 2:4.15+0.530
days; Donor 3: 3.33£0.260 days; Donor 4: 2.51+0.054 days) that showed heterogeneity in PDT as measured by final cell yield at P4 with cell counting
using Trypan blue. From initial cell seeding density of 0.2 x 10* cells/cm?, AA treatment resulted in higher cell yield (Donor 1: 1.69+0.05x 10 cells/cm?;
Donor 2: 1.82+0.08 x 10 cells/cm?; Donor 3: 1.64+0.14x 10* cells/cm? Donor 4: 2.41+0.10x 10* cells/cm?) as compared to Untreated MSCs (Donor 1:
1.01+0.01x10* cells/cm? Donor 2: 0.66+0.10x 10* cells/cm?; Donor 3: 0.86+0.10x 10* cells/cm? Donor 4: 1.39+0.06 x 10* cells/cm?). (B) Suspended
cell diameter of Untreated and AA-treated MSCs. Measurements were calculated from 400-500 cells. Data are presented in violin plots with the first
dotted line as the 75th percentile; the second dotted line as the mean and the last dotted line as the 25th percentile; the value below each violin plots
as mean = standard deviation. (C) Micro-magnetic Resonance Relaxometry (UMRR) T, relaxation time of Untreated and AA-treated MSCs. uMRR measure-
ments were performed in 3 technical replicates. Data are presented as mean +standard deviation. * P<0.05 and ** P<0.01 compared to Untreated

(Fig. 4H and Additional File 1: Figures S8). In contrast, ~MSCs (Additional File 1: Figure S7A). MSCs expanded

AA supplementation resulted in reduced heterogeneity
in suspended cell diameter at P9 compared to Untreated.
Changes in adherent cell morphology between AA-
treated and Untreated MSCs at later passage were also
measured where Untreated MSCs acquired senescence-
like flattened and enlarged morphology while AA-treated
MSCs remained spindle-like morphology typical of P4

with AA supplementation compared to Untreated MSCs
also showed reduced B-gal staining and fewer cells with a
characteristic larger, flat cell morphology (Additional File
1: Figure S7B, C). We also noted that AA treated MSCs
had a significantly longer mean pMRR T, relaxation
time, consistent with the correlation between lower Fe3*,
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Fig. 4 Effect of long-term AA supplementation in MSC manufacturing. (A) Schematic diagram of the experiment setup. MSCs frozen at P1 were thawed
and recovered for 1 passage in standard expansion media. From passage 2 to 9, AA was supplemented with standard expansion media in the experimen-
tal group (AA), whereas the Untreated control was cultured in standard expansion media without AA. MSCs were harvested at passage 9 for subsequent
analysis. (B) Chondrogenic differentiation is indicated by the ratio of total SGAG to total DNA in chondrogenic pellets; (C) osteogenic differentiation is
represented by the amount of Alizarin red stain for calcium deposits; and (D) adipogenic differentiation is represented by the amount of oil red stain for
oil droplets. (E) Comparison between chondrogenic, osteogenic and adipogenic differentiation efficiency of AA-treated MSCs in relative to Untreated. (F)
Metabolic profile of Untreated and AA treated MSCs, presented as OCR: ECAR at passage 9 (P9) (G) uMRR T, relaxation time of Untreated and AA treated
MSCs at P9. (H) Suspended cell diameter of Untreated and AA-treated MSCs from P3 to P9. Measurements were calculated from 400-500 cells. Data are
presented in violin plots with the first dotted line as the 75th percentile, the second dotted line as the mean and the last dotted line as the 25th percentile.
(1) Population doubling time (PDT) and (J) cumulative population doubling level (CPDL) of Untreated and AA-treated MSCs from P3 to P9. With an initial
cell seeding density of 2.0x 10% cells/cm?, expansion to 7 passages yielded 9.24 +0.27 x 10° cells/cm? and 2.76 +0.49 x 10° cells/cm? from AA treated and
Untreated groups at P9, respectively. Experiments were performed in 3 technical replicates. Data are presented as mean +standard deviation. * P<0.05

and ** P<0.01 compared to Untreated

a reduced proportion of senescent cells, and improved
chondrogenic potential (Fig. 4G).

We next measured the PDT of AA-treated MSCs
at each passage up to P9 as above, resulting shorter
PDT (3.6 days v. 17.84 days, respectively, at P9) mea-
sured throughout expansion, compared to Untreated
MSCs (Fig. 41 and Additional File 1: Table S5). Note
that the PDT of AA-treated MSCs remained consistent
throughout expansion compared to Untreated MSCs
indicating stable proliferation rates. Cumulative popula-
tion doubling level (CPDL) also showed an increase in
AA-treated MSCs compared to Untreated MSCs (18.8 vs.
10.5, respectively) (Fig. 4]). We demonstrate that MSCs
seeded at 10° cells can yield a nearly 300-fold increase
to >45 billion cells with AA treatment under prolonged
expansion conditions compared to 0.14 billion cells in
untreated conditions. The difference in proliferation is
likely due to the increased proportion of senescent cells
and overall decrease in cell health in Untreated controls.
Thus, implementation of AA supplementation and moni-
toring by pMRR as a process control during expansion
could provide a simple strategy for improving cell therapy
manufacturing of MSCs for specific indications. Taken
together, the increased yield, reduced population hetero-
geneity, and improved chondrogenic capacity observed in
our study could fill an unmet need for robust production
of clinical-grade MSCs for cartilage repair.

Discussion

MSCs are an attractive source of chondrocytes for car-
tilage repair; however, their clinical use is limited by
donor-to-donor variation, as well as intra-population
heterogeneity and cellular senescence as a result of the
lack of standardized MSC expansion protocols [4, 6-8].
Current MSC expansion is often performed with mini-
mal monitoring, posing further challenges in reproduc-
ibly generating functionally equivalent MSCs for cell
therapy. Thus, identifying adaptive culture conditions
that stabilize cell quality while improving chondrogenic
potential during MSC manufacturing is critical to over-
coming current limitations.

We show that supplementing standard culture media
with 1 mM AA one passage prior to differentiation was
sufficient to improve the chondrogenic potential of MSCs
by 2.6-fold compared to Untreated MSCs (Fig. 1B and
C, and Additional File 1: Figure S4). The effect was even
stronger (4.1-fold) when AA conditioning was imple-
mented over 7 passages (Fig. 4B). AA supplementa-
tion also improved chondrogenic lineage with minimal
effects on osteo- and adipo-lineage differentiation. In
fact, the osteogenic lineage was significantly suppressed
with long-term AA treatment (Figs. 1D-G and 4B-E). AA
is an antioxidant, and prior studies found antioxidants
and ROS scavengers could decrease cellular senescence
[27]. Consistent with this role, we observed a lower per-
centage of positive beta-gal-stained cells (Additional
File 1: Figure S7B), spindle-like morphology (Additional
File 1: Figure S7A) and smaller suspended cell diameter
(Fig. 4H) compared to Untreated MSCs. Accordingly, AA
supplementation had a significant effect on cell yield by
maintaining MSCs in a self-renewing state compared to
Untreated MSCs in both short and extended AA treat-
ment (Figs. 3A and 41 and J). Thus, supplementing stan-
dard MSC culture media with AA during expansion
allowed for expansion of a significantly larger number of
MSCs with enhanced chondrogenic potential. Although
we did not observe evidence of cell death or cytotoxicity,
the adaptability to bioreactor conditions as well as evalu-
ation of genetic fidelity of expanded MSCs will be impor-
tant for adapting to larger scale manufacturing pipelines.
Ascorbic acid plays a multifaceted role in influencing
cell fate through its antioxidant properties, involvement
in collagen synthesis, regulation of epigenetic modifica-
tions, and modulation of signalling pathways [42]. Thus,
understanding the precise underlying molecular events
following AA treatment will be a next step for adapting
new expansion approaches to a clinical setting.

Population heterogeneity during expansion also has a
negative impact on the therapeutic potential of MSCs [4,
6-8]. Similarly, we observed an increased cellular hetero-
geneity with passage number as measured by cell size in
Untreated MSCs, whereas AA supplementation reduced
this heterogeneity (Figs. 3B and 4H). Specifically, AA
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conditioning resulted in a smaller, consistent average cell
size range of 16—18 pm, characteristic of improved chon-
drogenic potential [14, 15]. AA-treated populations also
had a smaller proportion of large MSCs with senescent
phenotypes (Figs. 3B and 4H). The therapeutic potential
of AA-treated MSCs is supported by prior work show-
ing improved hyaline-like cartilage regeneration in a
minipig full-thickness cartilage defect model following
implantation of AA and iron treated MSCs [43]. In this
study, porcine bone marrow derived MSCs were isolated,
expanded, and pre-treated with AA and ferumoxytol or
feromoxytol prior to implantation. An improved MR
observation of cartilage repair tissue (MOCART) score
and MRI demonstrating smooth articular cartilage sur-
face and healthy subchondral bone were observed in
the AA and iron treated MSC group, compared to iron
alone [43]. The authors suggested that AA could act as a
reducing agent for ferric iron (Fe®") to ferrous state (Fe*)
[44], which is necessary for catalyzing proline and lysine
hydroxylation reactions crucial for collagen formation
[45]. These data are consistent with our observation that
AA treated human bone marrow derived MSCs showed
higher uMRR T, values (decreased Fe**) and improved
chondrogenic potential (Figs. 3C and 4G). Together, our
work supports the idea that AA supplementation during
MSC expansion can enhance cell quality and numbers
that could improve chondrogenic repair.

Our work also demonstrates the potential of fMRR for
process monitoring of MSC culture for cartilage repair.
This tool is particularly attractive, as uMRR is a rapid,
label-free method that requires only a small number of
cells. Additionally, MSC metabolic profile monitoring
could provide another potential CQA to identify MSCs
with enhanced chondrogenic potential, given the cor-
relation between chondrogenic potential and OXPHOS
activities. Tools including Near-infrared (NIR) and
Raman spectroscopy to measure glucose and lactate con-
centrations in cell culture supernatant [46] are potential
metabolic monitoring methods for cell therapy manufac-
turing given their real-time and non-destructive nature.
Given our results showing the benefit of AA priming dur-
ing MSC expansion combined with correlations between
T, values and cellular redox states, we suggest that cou-
pling metabolic manipulation with monitoring and
feedback control systems could advance MSC cell manu-
facturing pipelines for improved clinical outcomes.

Conclusions

Donor-to-donor variation, intra-population heteroge-
neity and cellular senescence have impeded the success
of MSCs as a standard of care therapy for articular car-
tilage repair. We demonstrate that AA supplementation
during MSC expansion can overcome these bottlenecks
and enhance MSC chondrogenic potential. Together,
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our results suggest that controlling metabolic conditions
such as AA supplementation during expansion coupled
with process analytical tools, including uMRR could sig-
nificantly increase the yield and quality of cell therapy
products and provide standards for improving the manu-
facturing pipeline.
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OCR Oxygen consumption rate

OXPHOS Oxidative phosphorylation

PAT Process analytical technology
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