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Media matters: culture medium-dependent

hypervariable phenotype of mesenchymal
stromal cells
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Abstract

Background Despite a long history of investigation and sustained efforts in clinical testing, the number of market
authorisations for mesenchymal stromal cell (MSC) therapies remains limited, with none approved by the United
States Food and Drug Administration. Several barriers are impeding the clinical progression of MSC thera-

pies, to the forefront of these is a lack of standardised manufacturing protocols which is further compounded

by an absence of biologically meaningful characterisation and release assays. A look at clinical trial registries dem-
onstrates the diversity of MSC expansion protocols with variabilities in cell source, isolation method and expansion
medium, among other culture variables, making it extraordinarily difficult to compare study outcomes. Current identi-
fication and characterisation standards are insufficient; they are not specific to MSCs and do not indicate cell function
or therapeutic action.

Methods This work analysed the influence of five widely used culture media formulations on the colony-forming
potential, proliferation kinetics, trilineage differentiation potential and immunomodulatory potential of human bone
marrow-derived MSCs (BM-MSCs). The surface marker expression profiles were also characterised using a high-con-
tent flow cytometry screening panel of 243 markers.

Results Significant differences in the biological attributes of BM-MSCs including clonogenicity, proliferation, differ-
entiation propensity and immunomodulatory capacity were revealed in response to the composition of the culture
medium. Despite their biological differences, all cell preparations uniformly and strongly expressed the standard posi-
tive markers proposed for BM-MSCs: CD73, CD90 and CD105. Immunophenotypic profiling revealed that the culture
medium also had a significant influence on the surface proteome, with one-third of tested markers exhibiting variable
expression profiles. Principal component analysis demonstrated that BM-MSCs isolated and expanded in a proprietary
xeno- and serum-free medium displayed the most consistent cell phenotypes with little variability between donors
compared to platelet lysate and foetal bovine serum-containing media.

Conclusions These data suggest that media composition has a highly significant impact on the biological attributes
of MSCs, but standard surface marker tests conceal these differences. The results indicate a need for (1) standard-
ised approaches to manufacturing, with an essential focus on defined media and (2) new biologically relevant tests
for MSC characterisation and product release.

Keywords Mesenchymal stromal cells (MSCs), Culture medium, Surface proteome

*Correspondence:

Frank Barry

frank barry@universityofgalway.ie

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-023-03589-w&domain=pdf
http://orcid.org/0000-0002-5535-002X

Fitzgerald et al. Stem Cell Research & Therapy ~ (2023) 14:363

Background

The field of cell therapy is a major frontier in medicine,
promising regenerative and disease-modifying solutions
for a host of significant diseases that represent unmet
clinical need. The investigation of mesenchymal stromal
cells (MSCs) has been to the forefront of this effort for
more than 20 years. Clinical trial registries list hundreds
of trials investigating MSCs in a broad range of diseases
including orthopaedic, autoimmune, neurological, cardi-
ovascular and retinal conditions. While the safety of MSC
administration is broadly accepted, the efficacy of treat-
ment in most conditions is unproven. This is reflected in
a striking disproportionality between the number of reg-
istered MSC trials and the number of therapies receiving
market authorisation. The majority of trials have been
small-scale phase I and phase II studies, which by their
design are limited by small patient numbers and lack of
proper controls to establish the effect of the interven-
tion [1]. The limited number of large-scale phase III trials
indicates that there are significant barriers impeding the
progression of MSC therapies along the clinical transla-
tion pipeline.

One such barrier, still unsurmounted, is the staggering
array of variables in MSC manufacturing protocols. A
look at published clinical trials administering MSCs high-
lights an extraordinary vulnerability of process, reveal-
ing variability in approach to every major process step
including the tissue source, donor source (autologous or
allogeneic), isolation procedure, expansion medium, har-
vesting and cryopreservation protocols, delivery vehicles
and dose among many others. A great deal of attention
has been paid to the impact of tissue source [2—5], donor
heterogeneity [6, 7] and cryopreservation [8—10] on the
phenotype of MSCs. In contrast it seems that the impact
of medium composition on MSC heterogeneity is a fun-
damentally important problem, which has not been given
necessary attention, particularly given that most conven-
tional expansion media contain heterogeneous mixtures
of unquantified and sometimes undefined components.

Conventional protocols have relied on foetal bovine
serum (FBS) to provide the essential nutrients and growth
factors for MSC isolation and expansion. However, this
comes with risks of contamination of FBS with patho-
gens such as prions [11], endotoxin [12], adventitious
viruses [13] and unidentified zoonoses and the potential
for subsequent xenogeneic disease transmission. Further
concerns of transplanted MSCs expanded in FBS eliciting
severe immunological responses in patients to xenoge-
neic serum antigens [14—17] have led to the investigation
of human-derived media supplements including human
serum and more predominantly, human platelet lysate
(PL). Though the use of products of human origin miti-
gates the xenogeneic concerns, risk of transmission of
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human disease remains an issue of concern [18, 19]. As
heterogeneous and undefined products, both serum and
PL are subject to inconsistent lot-to-lot performance,
introducing considerable variability between experi-
mental results. This makes it difficult to compare results
between studies and complicates the interpretation of
clinical trial results particularly when multiple small-
scale trials are the main mode of assessment currently. In
the case of PL, protocols for production at scale by pool-
ing units from large donor pools have been developed to
minimise the variation between batches [20-22]. How-
ever, prompted by fears of increased disease transmission
risks, some regulatory bodies have recommended limit-
ing donor pool sizes to 16 [23, 24]. Though patient safety
must be prioritised, this move is likely to lead to greater
inconsistency between batches with subsequent effects
on the comparability and reproducibility of results. Many
studies supplement these undefined supplements with
additional growth factors such as epidermal growth fac-
tor (EGF), platelet-derived growth factor (PDGF)-BB and
basic fibroblast growth factor (FGF2), introducing fur-
ther process variability.

Given the limitations with human and animal-derived
media components, there is a clear need for defined
medium supplements which support reproducible man-
ufacturing protocols for the production of consistent
batches of MSCs. Serum-free and xeno-free media offer
a more favourable solution compared to FBS and PL from
a regulatory point of view, and there are several com-
mercially available media for MSC expansion. However,
the performance of some of these is uncertain and many
do not support isolation from primary tissue. A novel
xeno- and serum-free medium, Purstem 2 (PS2), previ-
ously developed in this laboratory, supports the isolation
of MSCs from whole bone marrow and their subsequent
expansion [25].

A number of previous studies have investigated the
effect of culture media on the phenotype and functional
attributes of MSCs. These have predominantly compared
one selected media to the gold standard of 10% FBS. PL
has been the most commonly studied supplement and
has been the subject of many comparisons with FBS, the
results of which have been analysed in recent systematic
reviews [26—28], which concluded that there were no
significant differences between the cells. Several groups
have compared the performance of MSCs cultured in
various commercially available serum-free media with
mixed results [29-31]. Comprehensive studies compar-
ing PS2 medium to standard FBS-containing medium
both with and without additional supplementation with
FGF?2 for the isolation and expansion of MSCs have pre-
viously been performed demonstrating the superior per-
formance of PS2 MSCs [25, 32]. Additional studies have
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assessed the effect of FGF2 addition to FBS media on
cell phenotype and function [33-36]. Although the need
for serum screening is widely acknowledged and is often
performed in research and clinical settings, there are lim-
ited published data on the effect of different FBS batches
on MSC phenotype. In general, studies assessing the
effects of culture media on MSCs have focused on sin-
gle comparisons and assess the minimal criteria for MSC
identification only.

In this study, we have carried out a series of experi-
ments to assess the impact of culture medium on the
isolation, expansion and biological attributes of primary
bone marrow-derived MSCs (BM-MSCs). We expanded
cells from three bone marrow preparations, where all
conditions were identical with the exception of the media
composition. The impact of five different culture media
were assessed, representative of those most commonly
used, including (1) the PS2 proprietary xeno and serum-
free supplement, (2) PL, an FBS batch which has been
pre-screened for performance both (3) with and (4) with-
out FGF2 supplementation and (5) an unscreened FBS
batch with FGF2. Here we describe the impact of these
media compositions on the phenotype and functional
attributes of BM-MSCs including clonogenicity, prolifer-
ation kinetics, cell morphology, trilineage differentiation
potential, immunosuppressive and immunogenic activi-
ties on T lymphocytes and surface immunophenotype.
Surface marker expression profiles were also assessed
using a high-content flow cytometry screening panel. The
results indicate that changes in media composition dra-
matically alter the biological attributes of MSCs. How-
ever, this significant heterogeneity which undoubtedly
impacts the therapeutic activity of the cells is undetected
when standardised surface marker tests are used. The
results suggest that (1) MSCs are hypervariable in culture
and dependent upon the composition of the media and
(2) current release tests fail completely to detect this vari-
ability. The work indicates that there is an urgent need to
standardise the processing parameters employed for pro-
duction of MSC:s for clinical use, to remove from use the
standard markers widely employed and to devise a new
set of biological tests for product release.

Methods

Isolation and culture of BM-MSCs

Bone marrow aspirates (25—-30 mL) were obtained from
the iliac crest of three healthy volunteers (two male, one
female) aged between 21 and 25 years at Galway Univer-
sity Hospital. Mononuclear cells (MNC) were counted
and whole bone marrow was plated in five different cul-
ture media consisting of Alpha-MEM (Gibco) and 1%
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penicillin/streptomycin (10,000 units/mL, 10,000 pug/mL;
Sigma) supplemented with:

(a) a proprietary serum/xeno- free medium formula-
tion, PS2 [25]

(b) 5% Stemulate™ Pooled Human PL (Cook Regentec)

(¢) 10% FBS selected from a serum screen of various
EBS batches for suitability for MSC isolation and
expansion (selected FBS; Hyclone)

(d) 10% selected FBS supplemented with 1 ng/mL of
FGF2 (Peprotech)

(e) 10% FBS from a batch not selected from a serum
screen (unselected FBS; Sigma) supplemented with
1 ng/mL FGF2.

MNCs were seeded at densities of 8.5x10* MNCs/
cm? for both FBS +FGF2 conditions, 11.25x 10* MNCs/
cm? for PS2 and PL media and 22.5x 10* MNCs/cm? for
selected FBS alone. Cell cultures were incubated at 37 °C,
5% CO,. After 4 days, non-adherent cells were removed
by washing the monolayers with D-PBS and fresh media
were added. Media were replenished every 2-3 days
until distinct colonies were evident when they were pas-
saged. BM-MSCs were detached by incubation at 37 °C
with TrypLE™ Express Enzyme 1x (Gibco) for up to 5
min and replated at a density of 3,000-5,000 cells/cm?.
BM-MSCs were subcultured to passage 3, harvesting at
80-90% confluency and cells harvested from passage 3
were used for subsequent experiments. Excess cells were
cryopreserved in 10% dimethyl sulfoxide (DMSO, Sigma)
in human albumin solution (50 g/L, Baxter).

Colony-forming unit-fibroblast (CFU-f) assay

To assess clonogenicity, 5x10° MNCs were seeded
in triplicate in 6-well plates with 3 mL of each culture
medium. Media changes and washes were performed
as described above. CFU-fs were fixed between days 8
and 10 in 95% ice cold methanol for 15 min, followed by
staining with 2.3% crystal violet solution (Sigma) for 15
min. Clonogenicity was assessed by counting CFU-fs,
defined as discrete colonies containing 30 cells or more.

Cumulative population doublings
Cell growth rate was determined by calculating popula-
tion doublings (PD) using the following formula:

Population Doublings
= log (cells harvested/cells seeded)/log 2

Cumulative population doublings (CPD) were calculated
by summing the PDs over time in culture. Population
doubling time at each passage was calculated by dividing
the time in culture in hours by the number of doublings
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which occurred in that time. The predicted cell yield at
the end of passage 3 was calculated for each donor and
media condition based on the calculated CFU-f forma-
tion and CPDs, assuming a 30 mL marrow aspirate was
cultured in the relevant culture medium.

Chondrogenic differentiation

Chondrogenic differentiation was assessed at passage 3
as described previously [37] with minor modifications.
Briefly, 2x 10° BM-MSCs were placed in 1.5 mL Eppen-
dorf tubes and centrifuged in a swing-out rotor at 100g
for 5 min to form pellets and suspended in incomplete
chondrogenic medium (ICM), consisting of DMEM high
glucose (4.5 g/L) supplemented with 100 nM dexametha-
sone, 50 ug/mL ascorbic acid 2-P, 40 pg/mL L-proline, 1%
ITS+Premix (6.25 pg/mL insulin, 6.25 pg/mL transfer-
rin, 6.25 ng/mL selenous acid, 5.35 pg/mL linoleic acid
and 1.25 mg/mL BSA), 1 mM sodium pyruvate and 100
units/mL penicillin, 100 pg/mL streptomycin. Control
pellets were cultured in ICM throughout and test pel-
lets received 10 ng/mL of transforming growth factor
(TGF)-B3 (Peprotech). Pellets were maintained in cul-
ture at 37 °C, 5% CO, and 2% O, with medium changes
every other day. Pellets were harvested after 21 days for
sulphated glycosaminoglycan (GAG) quantitation (n=3)
and histologic evaluation (n=1).

For histology, pellets were fixed in 10% neutral buffered
formalin for 2 h and processed using a Leica ASP300S
automatic tissue processor. Post-processing, pellets were
embedded in paraffin wax and 5 uM sections were pre-
pared and mounted on slides. Slides were deparaffinised
in xylene and rehydrated by immersion in alcohol. To
visualise sulphated GAG, slides were stained with 0.1%
(w/v) Fast Green FCF and 0.1% (w/v) Safranin-O. Slides
were mounted with DPX (Sigma) and imaged using an
Olympus BX43 microscope.

For quantification of GAG, pellets were digested in 200
pL papain solution (2.5 pg/mL in 50 mM sodium phos-
phate, 2 mM N-acetyl cysteine, 2 mM ethylenediamine-
tetraacetic acid [EDTA], pH 6.5) at 60 °C for 16 h. GAG
was measured by reaction with 1,9-dimethylmethyl-
ene blue [38]. DNA content of cell pellets were assessed
using the Quant-iT Picogreen dsDNA assay kit (Molec-
ular Probes) according to manufacturer’s instructions
and GAG production per pellet was normalised to DNA
content.

Adipogenic differentiation

Adipogenic potential of BM-MSCs at passage 3 was
assessed as described previously [39]. Lipid accumula-
tion was visualised with Oil Red O staining and quanti-
fied using an adipogenesis quantification kit (Sigma)
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according to the manufacturer’s protocol. Lipid accumu-
lation in each sample was normalised to DNA content as
described previously.

Osteogenic differentiation

Osteogenic propensity of BM-MSCs at passage 3 was
assessed as described previously [39]. Calcium accu-
mulation was visualised with Alizarin Red staining and
quantified using Calcium LiquiColor™ test kit (Stanbio)
according to manufacturer’s instructions. Calcium depo-
sition in each sample was normalised to DNA content.

Surface marker screening

Flow cytometry was performed to confirm cell identity in
accordance with the International Society for Cell & Gene
Therapy (ISCT) minimal criteria [40]. BM-MSCs at pas-
sage 3 were washed in FACS buffer (2% heat-inactivated
EBS, 0.05% sodium azide in D-PBS), passed through a 40
um cell strainer and blocked using BD Human Fc Block"
for 10 min before incubation for 30 min at 4 °C with the
following R-phycoerythrin (PE)-conjugated antibod-
ies: anti-CD73, anti-CD90, anti-CD105, anti-CD3, anti-
CD14, anti-CD19, anti-CD34, anti-CD45, anti-HLA-DR
and the appropriate isotype controls. Antibody details
can be found in Additional file 1: Table S1. Samples were
washed twice in FACS buffer and resuspended in 200 puL
of FACS buffer for analysis. For dead cell discrimination,
SYTOX"™ Red (1:2000 dilution) was added 15 min before
sample analysis. Samples were analysed on a FACS Canto
II using FACS Diva software, and data analysis was per-
formed using FlowJo' " software, version 10.8.1 (all BD
Biosciences).

Immune modulation assays

To assess whether BM-MSCs could suppress activated
T lymphocyte proliferation, MSCs in culture at pas-
sage 3 were detached, washed in D-PBS and resus-
pended in co-culture medium consisting of RPMI 1640
(Sigma) supplemented with 10% heat-inactivated FBS
(Hyclone), 100 units/mL penicillin, 100 pug/mL strepto-
mycin, 2 mM L-glutamine, 0.1 mM non-essential amino
acids, 1 mM sodium pyruvate (all Sigma) and 55 pM
B-mercaptoethanol (Gibco). For each MSC preparation,
20,000, 5,000 and 2,000 MSCs (to create MSC:PBMC
ratios of 1:5, 1:20 and 1:50, respectively) were added in
duplicate to 96-well U-bottomed plates in 50 pL of co-
culture medium and incubated at 37 °C, 5% CO, for 2 h
to allow attachment.

Peripheral blood mononuclear cells (PBMCs) were
isolated from the blood of three healthy donors by den-
sity gradient centrifugation and stained with 5 pM
CellTrace™ Violet (CTV; Invitrogen) according to man-
ufacturer’s instructions. To each well of the 96-well
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Fig. 1 Clonogenicity of BM-MSCs isolated in different culture media. A Representative images of CFU-f wells stained with crystal violet 10

days after isolation from bone marrow. CFU-fs isolated in PS2 and 10% selected FBS alone medium appear smaller than those isolated in 5% PL
and both selected and unselected FBS +FGF2. Colonies isolated in PS2 also appear more tightly clustered than those isolated in other media
conditions. B Representative magnified images of colonies confirm that BM-MSCs isolated in PS2 form more dense colonies compared to those
isolated in PL- and FBS-containing media which grew in larger, diffuse colonies. Scale bar=200 um. C Quantitative analysis of CFU-f number
normalised per million MNC seeded. No statistically significant differences were observed between groups. Data points represent the mean

of technical triplicates for each of three biological replicates (n=3) with the error bars indicating standard deviation (SD)

U-bottomed plates, 1x10° PBMCs in 50 pL of co-cul-
ture medium were added. T lymphocyte proliferation
was stimulated by the addition of 50 pL of T lymphocyte
activation medium per well, consisting of 0.05 pug/mL of
Purified NA/LE Mouse Anti-Human CD3 (BD) and 10
pug/mL of Purified NA/LE Mouse Anti-Human CD28
(BD) in co-culture medium.

The immunogenicity of BM-MSC preparations was
similarly assessed, except T lymphocytes were not stimu-
lated with CD3/CD28 and received 50 pL of co-culture
medium only. Furthermore, the assay was only performed

at the MSC:PBMC ratio of 1:5. For both assays, each
MSC preparation was assayed independently with three
individual PBMC preparations from different biological
donors.

After 4 days of incubation at 37 °C, 5% CO,, cells were
washed in 200 pL of FACS buffer and subsequently incu-
bated with the antibodies CD3-FITC, CD4-APC (both
1:40 dilution; Biolegend) for 30 min, protected from light.
Cells were washed again with FACS buffer and stained
with LIVE/DEAD"™ Fixable Near-IR Dead Cell Stain Kit
(Invitrogen; 1:4000 dilution) for 30 min, protected from
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light. After washing with FACS buffer, cells were fixed
in 4% paraformaldehyde for 15 min at room tempera-
ture, washed again and resuspended in 200 pL of FACS
buffer for analysis on a FACSCanto '~ II cytometer using
FACS Diva software. Data analysis was performed using
FlowJo'" software. Percentage proliferation of T lympho-
cytes co-cultured with BM-MSCs was calculated relative
to CD3/CD28 stimulated T lymphocyte controls and
averaged across the three blood donors.

High-content surface protein screening

The surface immunophenotypes of BM-MSC prepara-
tions were characterised using the BD Lyoplate” Human
Cell Surface Marker Screening Panel (BD Biosciences),
containing 242 lyophilised monoclonal antibodies in
96-well format to specific cell surface proteins and the
corresponding isotype controls [41]. Staining was per-
formed as detailed in the manufacturer’s protocol with
slight modifications. BM-MSCs were added at a density
of 5x10* cells per well to 96-well V-bottomed plates in
50 pL stain buffer (BD Pharmingen) containing 2 mM
EDTA and stained with 10 pL of reconstituted antibody.
Secondary Alexa Flour 647 conjugated antibodies were
diluted at 1:400 for goat anti-mouse and 1:300 for goat
anti-rat antibodies, respectively. A sample from each
MSC preparation were also stained with an additional
antibody, anti-CD317-PE (1:40 dilution). Following fixa-
tion in 4% PFA in D-PBS, cells were stored in the dark at
4 °C and analysed within 12 h.

Surface protein data acquisition

Data acquisition was performed using a BD Accuri " C6,
BD FACSCanto II or Beckman Coulter CytoFLEX and
5000 events were collected for each sample. Analyses of
ECS files were performed using C6 analysis software, BD
FACSDiva"" software or FlowJo' software version 10.8.1,
respectively. The gating strategy is depicted in Fig. 6A.
The per cent positive expression data for each sample are
detailed in full in Additional file 2: Table S2.

Surface marker data analysis

Markers were categorised based on their overall per cent
positive expression levels across all 15 BM-MSC prepa-
rations (three donors cultured in five culture media): (a)
‘positive’: markers which displayed >85% expression in
all samples regardless of culture condition or donor, (b)
‘negative’: <15% expression in all samples and (c) ‘vari-
able’: markers with differences in percentage positive val-
ues between samples.

A heatmap of the 78 markers with variable expression
profiles between samples was generated using ClustVis,
a web tool for the visualisation of multivariate data [42].
No scaling was applied to rows, both rows and columns
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were clustered using correlation distance and average
linkage.

A principal component analysis (PCA) of the total
surface marker expression data (243 markers) was per-
formed in ClustVis to illustrate the differences in surface
marker expression profiles between MSCs cultured in
different media. No scaling was applied to the data, sin-
gular value decomposition with imputation was used to
calculate principal components.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism® Version 8.4.3 (GraphPad Software LLC). Data are
presented as mean *standard deviation (SD). Between-
group comparisons were made using ordinary one-way
or two-way ANOVA with Tukey’s post-test to account
for multiple comparisons. In all experiments, a p value of
<0.05 was considered statistically significant.

Results

Isolation in PS2 results in colonies with a distinct
morphology to isolation in FBS- and PL-containing media
Colonies isolated in PS2 medium displayed a distinct
morphology, forming smaller, more dense clusters than
those cultured in FBS+FGF2- and PL-containing media
which grew in large diffuse colonies (Fig. 1A, B). Colony
enumeration (Fig. 1C) demonstrated a trend towards
fewer colonies isolated in the PS2 medium compared to
all other groups which were broadly similar; however, dif-
ferences were not statistically significant.

Culture medium supplement has a significant impact

on the proliferation rate of BM-MSCs

Growth kinetics of BM-MSCs to the end of passage
3 (Fig. 2A) demonstrated marked variations in prolif-
eration rates, with MSCs in the 10% selected FBS alone
group proliferating significantly slower than the other
media groups. Analysis of the average doubling time
per passage (Fig. 2B) revealed no differences in dou-
bling time between conditions at passage 0; however,
from passage 1 to passage 3, the doubling time for MSCs
cultured in selected FBS alone was significantly higher
than all other media conditions. MSCs cultured in unse-
lected FBS + FGF2 displayed a longer doubling time than
selected FBS+FGEF2, with this difference increasing over
time and was significantly higher than all other condi-
tions (except selected FBS alone) at passage 3. Cells cul-
tured in PS2 had the lowest doubling time across all three
passages, but this was not significantly different to MSCs
cultured in PL or in selected FBS+FGF2. Calculation of
expected yield (Fig. 2C) demonstrated differences of up
to three orders of magnitude between the most and least
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donors isolated and expanded up to passage 3 in five different culture media with results expressed as mean cumulative population doublings

of technical triplicates over time in culture. B Doubling time at each passage with results expressed as mean + SD of three biological replicates
(n=3) (*p<0.05, *p<0.01, **p<0.001, ****p <0.0001). C Expected yield at end of passage 3 of three BM-MSC donors cultured in the five different
culture media based on the CFU-fisolation and CPDs calculated, assuming a 30 mL marrow was cultured in the relevant group. There were

no statistical differences observed in predicted yield between media groups. D Representative phase contrast images of BM-MSCs (Passage 3)
indicate differences in morphology of BM-MSCs isolated and expanded in the various culture media. Scale bar=200 pm
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proliferative conditions. However, differences between
culture conditions were not statistically significant.

MSCs cultured in PS2 and in selected FBS alone have
distinct morphologies compared to those cultured

in FBS + FGF2 and PL

BM-MSCs isolated and expanded in PL and both selected
and unselected FBS+FGF2 exhibited spindle-shaped,
fibroblastic-like morphologies typical of MSCs (Fig. 2D).
MSCs cultured in PS2 demonstrated a more rounded
morphology and appeared smaller with fewer extended
processes. In selected FBS alone, MSCs displayed more
broadened, enlarged and flattened morphologies.

The batch of FBS and the addition of FGF2 significantly
impacts the chondrogenic propensity of BM-MSCs
Safranin-O/Fast Green FCF staining and quantification
of sulphated GAGs with normalisation to DNA content
(Fig. 3A, B) confirmed that chondrogenesis is significantly
impacted by the batch of FBS; BM-MSCs cultured in
selected FBS + FGF2 produced significantly higher GAG/
DNA than those cultured in unselected FBS + FGF2. Fur-
thermore, the addition of FGF2 significantly increased
chondrogenesis with selected FBS + FGF2 producing sig-
nificantly higher levels of GAG/DNA than selected FBS
alone. After selected FBS+FGF2, cells cultured in PS2
medium were the next most chondrogenic when nor-
malised to DNA content of the pellet, also producing
significantly higher amounts of GAG/DNA than selected
FBS alone. BM-MSCs cultured in PL displayed moderate
chondrogenic propensity.

Culture media supplement has a significant impact

on the adipogenic potential of BM-MSCs

Oil Red O staining of lipid vacuoles revealed differences
in lipid accumulation between BM-MSCs cultured in dif-
ferent media (Fig. 3C, D) which was confirmed by quan-
tification of lipids and normalisation to DNA content.

(See figure on next page.)
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Statistical analysis demonstrated significant differences
in adipogenic potential between media groups; both PS2
and PL groups demonstrated poor adipogenic potential
and produced significantly lower levels of triglyceride/
DNA than both FBS+FGF2 media groups. MSCs cul-
tured in selected FBS alone were moderately adipogenic,
but significantly lower than unselected FBS+FGF2,
which had the highest lipid accumulation per cell.

BM-MSCs isolated and expanded in all media displayed
osteogenic potential except PL which did not undergo
osteogenesis

Alizarin Red staining and quantification of calcium
(Fig. 3E, F) demonstrated osteogenic propensity across all
samples except in the case of MSCs cultured in PL, where
there was no calcium detected by staining or quantifica-
tion. Both FBS +FGF2-containing groups displayed lim-
ited calcium deposition across all three donors, whereas
calcium accumulation per cell was slightly higher in
the PS2 samples. The largest calcium accumulation was
observed in the selected FBS alone group, but the range
between biological donors was substantial and one par-
ticularly osteogenic donor in this medium may have
skewed these results. Excepting the PL cultures, statisti-
cal analysis revealed no significant differences between
groups.

The immunosuppressive effects of BM-MSCs on activated

T lymphocytes are dependent on the composition

of the culture medium

BM-MSCs exerted significant immunosuppressive
effects on stimulated T lymphocytes at a MSC:PBMC
ratio of 1:5, no significant immunosuppressive effects
were observed at higher ratios of 1:20 and 1:50 (data
not shown). MSCs cultured in PS2 exerted the strong-
est immunosuppressive effects in all three populations
examined (total CD3%, CD3tCD4" and CD3"CD4").
This was most significant in the CD3*CD4~ population,

Fig. 3 Trilineage differentiation propensities are significantly impacted by the composition of the culture medium. A Representative images

of Safranin-O/Fastgreen staining of chondrogenically differentiated BM-MSCs. Scale bar=250 um. B Quantification of sulphated GAGs

and normalisation to DNA content confirmed that chondrogenesis is significantly impacted by the batch of FBS used and the addition

of FGF2 significantly increased chondrogenesis. Results are expressed as mean + SD of three biological replicates (n=3) (*p<0.05, **p<0.01). C
Representative images of Oil Red O and H&E staining of adipogenically differentiated BM-MSCs demonstrates differences in the adipogenic capacity
of BM-MSCs cultured in different media. Scale bar=500 um. D Quantification of triglyceride content and normalisation to DNA content confirms
culture media formulation has a significant impact on the adipogenic propensity of the cells, with significantly increased adipogenesis occurring

in FBS+FGF2 conditions compared to BM-MSCs cultured in PS2 and PL. Results are expressed as mean +SD of three biological replicates (n=3). E
Representative images of Alizarin Red staining of osteogenically differentiated BM-MSCs demonstrates calcium deposition by MSCs cultured in all
media conditions except PL. Scale bar=200 um. F Assessment of calcium quantification and normalisation to the DNA content confirmed lack

of osteogenic differentiation in PL group. Calcium deposition by BM-MSCs cultured in the selected serum only group displayed large variability
between donors. There were no statistically significant differences recorded between groups. Results are expressed as mean + SD of three biological

replicates (n=3) (*p<0.05, *p<0.01, **p<0.001)
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where PS2 MSCs were significantly more immunosup-
pressive than all other MSC groups. MSCs cultured in PL
were the least immunosuppressive and were significantly
less immunosuppressive than MSCs cultured in PS2 and
both FBS + FGF2 groups across all three subsets (Fig. 4B).
The immunosuppressive activity of both FBS+FGF2
groups were similar in all subsets; therefore, the selec-
tion of FBS batch had no effect on the immunosuppres-
sive potential of BM-MSCs in this study. Cells cultured in
selected FBS alone displayed reduced immunosuppres-
sive capacity over FGF2-containing conditions, although
this difference was not statistically significant. MSCs
from this group, however, were significantly less immu-
nosuppressive than PS2 MSCs across all T lymphocyte
subsets examined.

A

Lymphocyte Gate

Single Cell Selection

Live/Dead Discrimination
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BM-MSCs cultured in all culture media conditions

do not exert immunogenic effects on unstimulated T
lymphocytes

Co-culture with BM-MSCs isolated and expanded in any
media condition did not significantly increase T lympho-
cyte proliferation compared to unstimulated controls in
any of the T lymphocyte subset groups (Fig. 4C). There
was a slight increase in T lymphocyte proliferation in all
PBMC groups which were co-cultured with BM-MSCs,
the highest of which was observed in FBS-containing
media and in particular those cultured with FGF2.
However, there were no significant differences between
groups.
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Fig. 4 Immunosuppressive and immunogenic effects of BM-MSCs on T lymphocytes. A Representative gating strategy for flow cytometric analysis
of T lymphocyte proliferation. B Immunosuppressive effects were assessed for each BM-MSC preparation on stimulated T lymphocytes isolated
from the peripheral blood of three independent donors. BM-MSCs exerted significant immunosuppressive effects on stimulated T lymphocytes
ata MSC:PBMC ratio of 1:5, and the size of these effects varied between culture conditions. No significant immunosuppressive effects were
observed at higher ratios (data not shown). Results were expressed as the percentage proliferation relative to a CD3/CD28 stimulated T lymphocyte
control averaged across the three blood donors. Bar graphs represent the mean + SD of three biological replicates (n=3) for each culture media
condition (*p<0.05, **p <0.01, ***p <0.001, ****p <0.0001). C To assess potential immunogenic effects, percentage proliferation of unstimulated

T lymphocytes co-cultured with BM-MSCs at a MSC:PBMC ratio of 1:5 for 4 days. Co-culture with BM-MSCs isolated and expanded in any media
condition did not significantly increase T lymphocyte proliferation compared to unstimulated controls (grey bar). Results for each BM-MSC
preparation were averaged across three blood donors. Bar graphs represent the mean + SD of three biological replicates (n=3) for each culture

media condition
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BM-MSCs cultured in all media conditions display

the typical surface immunophenotype, except for HLA-DR
which was elevated in FBS 4+ FGF2 conditions

Expression of the ISCT-proposed panel of surface mark-
ers for BM-MSC identification were assessed by flow
cytometry (Fig. 5). BM-MSCs cultured in all condi-
tions expressed the standard positive surface phenotype
(>90% expression of CD73, CD90, CD105) and lacked
expression (<2%) of the negative markers CD3, CD14,
CD19, CD34 and CD45. There were marked variations
in the expression of HLA-DR, a phenotypic marker of
antigen presenting cells and proposed negative marker
of BM-MSCs. The expression of this protein was signifi-
cantly higher in both FBS + FGF2 conditions (range 19.8—
77.6% expression) compared to the other three media
groups which displayed < 2% expression in all samples.

Cluster and principal component analyses of surface
marker expression profiles revealed BM-MSCs cultured

in PS2 demonstrated the least inter-donor heterogeneity
in surface immunophenotypes

Markers were categorised according to their expression
levels across all samples (Fig. 6A). Of the 243 surface pro-
teins assessed, 25 markers were uniformly positive with
per cent positive values of >85% in all donors and culture
conditions. Over half of all markers assessed—140—were
negative (<15%) in all samples and 78 surface markers
displayed variable expression levels between BM-MSC
preparations. The ISCT-proposed positive markers for
BM-MSCs: CD73, CD90 and CD105, were contained
in the group of 25 surface markers which were positive
(>85% positive expression) in all MSC preparations,
along with other commonly used MSC markers CD13,
CD29, CD44 and CD166. The per cent positive expres-
sion data for each sample are detailed in Additional file 1:
Table S2.

To identify potential patterns in surface marker
expression levels, a heatmap was generated and cluster
analysis performed for the 78 markers which displayed
variable expression levels between conditions was per-
formed using ClustVis (Fig. 6B). Both columns (samples)
and rows (surface markers) were ordered using distance-
based clustering and average linkage. BM-MSCs isolated
from all three donors and cultured in PS2 medium dem-
onstrated the most consistent surface marker expression
profiles demonstrated by these three samples clustering
closest together. This was not replicated in any other
media group, in all other samples along with variability
in marker expression between culture conditions, donor
variability was also a considerable factor. In the selected
and unselected FBS+FGF2 conditions, these clustered
more closely by donor than by culture condition.
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PCA of all 243 markers was performed in ClustVis to
assess the differences in global surface marker expression
profiles between the MSC preparations (Fig. 6C). The
prediction ellipses—indicating the probability with 95%
confidence that new observations from the same group
will fall inside the ellipse—for selected FBS+FGF2 and
unselected FBS + FGF2 were almost coincident, confirm-
ing a high degree of similarity between these samples.
Marker expression profiles in these samples displayed a
degree of similarity with the MSCs cultured in selected
FBS alone. Variability between donors in all three media
groups was considerable, indicated by the spread of the
individual donors and the size of the prediction ellipses.
PCA segregated MSCs cultured in PS2 and those cul-
tured in PL into two distinct clusters which were also dis-
tinct from MSCs cultured in all FBS-containing media. In
addition, MSCs cultured in PS2 displayed the lowest vari-
ability between donors with all samples clustering closely
together compared to other media conditions, suggest-
ing that MSCs cultured in PS2 have a more homogenous
phenotype than those cultured in undefined media con-
taining FBS and PL.

Discussion
Despite sustained efforts in clinical testing, progression
to market of MSC therapies is yet to meet expectation,
with mixed clinical results and few market approvals
[43]. Central to this lack of progression is that the term
‘MSC’ is an ill-defined concept and in a clinical setting
is a misnomer. Classical MSCs, first conceptualised by
Friedenstein, have been defined as ‘postnatal, self-renew-
ing, and multipotent stem cells giving rise to all the skel-
etal tissues’ [44]. However, what we have been attempting
to apply clinically is a heterogeneous culture of stromal
cells—within which may exist a subpopulation of ‘classi-
cal MSCs'—established by plastic adherence from bulk
bone marrow, adipose tissue, umbilical cord or virtually
any other connective tissue which we then expand using
diverse protocols and undefined culture media, intro-
ducing further heterogeneity. Secondly, a set of weak
standards for in vitro characterisation to these cultures
has been applied which are (1) not specific to MSCs or
indeed any type of cell and (2) not biologically relevant
or linked to a specific mechanism of action. Finally, these
cells are delivered through various routes of administra-
tion to patients in attempts to treat an enormous range
of diverse conditions without a strong biological basis or
understanding of the mechanism of action. It is not sur-
prising therefore that although over 1000 MSC-based
clinical trials have been initiated, the number of clinical
approvals is less than 1% of that number.

This work primarily focused on one of the major vari-
ables in MSC manufacturing protocols: culture medium
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of which was significantly upregulated in both FBS+FGF2 conditions. Results are presented as the mean+ SD of three biological replicates (n=3)

and its effect on the phenotypic and functional attributes
of MSCs. While other studies have primarily focused on
subsets of these media comparisons and usually single

comparisons, this work presents a comprehensive and
quantitative parallel analysis of the effect of five of the
most commonly used culture media supplements on the
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basic and traditional in vitro hallmarks of BM-MSCs. The
results presented here indicate that, when all other vari-
ables remain constant, the composition of the expansion
medium has a dramatic impact on the biological attrib-
utes of the cells. MSCs, isolated from the same donor
bone marrow were processed under identical conditions
with the exception of the culture media. Differences in
CFU-F formation (Fig. 1), morphology and proliferative
activity (Fig. 2) were evident and the significant impact of
the inclusion of FGF2 was also clear. It appeared that the
inclusion of this growth factor had greater impact than
the performance of a serum screen, suggesting that it
alone may account for this difference. Although the xeno-
free PS2 medium supported growth of cells with lower
CFU-F activity, these formed denser colonies, possibly
indicating a greater degree of homogeneity.

A capacity for trilineage differentiation was evident
in cells expanded in all media (Fig. 3) with the excep-
tion of the PL-supplemented formulation. In this case,
adipogenic differentiation of the cells was lowest and
osteogenic activity was absent. Furthermore, the selec-
tion of FBS batch proved to have a significant effect on
differentiation, even with the addition of FGF2. While it
is understood that trilineage differentiation is not a key
therapeutic mechanism in many applications of MSCs,
and is rarely employed as a release criterion [45], this
observation points to considerable biological variability
in MSC production, which is a source of concern.

Immunomodulation is considered to be a central aspect
of MSC therapeutic function and we observed substan-
tial differences in the capacity of the cells to modulate the
activity of stimulated T lymphocytes (Fig. 4). Immuno-
suppressive activity was highest in cells expanded in the
xeno-free PS2 medium and lowest in cells expanded in
PL-supplemented media. This raises quite serious con-
cerns given the increasing use of PL as a substitute for
FBS [20, 46]. Recent systematic reviews of studies com-
paring PL and FBS for MSC expansion have reported no
significant differences in immunosuppression [27, 28];

(See figure on next page.)
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however, the differences observed in this study, particu-
larly between PL and PS2, are stark. One potential rea-
son for enhanced immunosuppression in MSCs cultured
in PS2 could be that this effect is extracellular vesicle
(EV)-mediated. Palama et al. report an increase in EV
production when BM-MSCs are cultured in PS2 medium
compared to those cultured in 10% FBS+ FGF2 [32] and
similar increases in EV production when cells are cul-
tured in commercial low-serum media compared to 10%
FBS have been observed in other cell types [47]. EVs have
been shown to inhibit the proliferation of lymphocytes
[48], but cell-cell contact may still be required for opti-
mal immunomodulatory effects [49].

Despite the biological differences observed here, all
BM-MSC preparations met the minimal criteria for
surface marker expression as defined by the ISCT [40],
except for HLA-DR the expression of which was ele-
vated in all MSC conditions cultured in 10% FBS with
FGF2 (range 19.8% to 77.6% expression). The induction
of HLA-DR expression in MSCs cultured in FBS with
FGF2 has been well documented in the literature [35, 50,
51], with increased HLA-DR expression observed with
higher concentrations of FGF2 [35]. HLA-DR expression
is induced in proliferating MSCs by the binding of FGF2
to the FGF receptor, activating the MAPK/ERK-1/2 sig-
nalling pathway which controls the induction of the class
II MHC transcription activator (CIITA) protein [50].
Although not observed here, other studies have reported
elevated HLA-DR expression in clinical batches of MSCs
expanded in PL [52]. TGEB1 is a known inhibitor of
CIITA [50], and the relative concentrations of TGFfB1 in
PL and FBS may explain why HLA-DR expression was
not induced in MSCs cultured in PL in this study [27].

Increased HLA-DR expression did not affect the
immunosuppressive capacity of the MSC preparations on
activated T lymphocytes, and similar to a previous report
[35], suppression of T lymphocyte proliferation was in
fact enhanced when co-cultured with MSCs cultured in
FBS with FGF2, compared to FBS alone. Similarly, there

Fig. 6 BM-MSCs cultured in PS2 demonstrated the most consistent surface marker expression profiles. A Representative gating strategy for BD
Lyoplate™ flow cytometric analysis. Surface markers were then categorised according to their expression level across all samples. B Heatmap
showing per cent positive expression of the 78 markers (rows) which displayed variable expression levels among samples (columns). No scaling
was applied to rows, both rows and columns were clustered using correlation distance and average linkage. Cluster analysis demonstrates
considerable variability due to both donor and culture media, except in the case of PS2 where MSCs from all three donors clustered together,
indicating similarity in surface marker expression. C Principal component analysis on the global surface immunophenotype confirms

less variability in surface marker expression profile when BM-MSCs are isolated and expanded in PS2 medium. No scaling was applied to rows;
SVD with imputation was used to calculate principal components. The X'and Y axes show principal component 1 and principal component

2 that explain 39.1% and 19.4% of the total variance, respectively. Prediction ellipses are such that with probability 0.95, a new observation

from the same group will fall inside the ellipse. Media conditions and individual donors are displayed (n=15 data points). PCA segregated MSCs
cultured in PS2 and PL into distinct clusters which were separate from MSCs cultured in FBS-containing medium. MSCs cultured in PS2 displayed

the lowest variability with all samples clustering tightly together
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was no significant effect on the immunogenic potential
of MSCs regardless of HLA-DR expression levels, likely
because T lymphocyte co-stimulatory molecules CD80
and CD86 were not expressed. Similar to trilineage dif-
ferentiation, very few clinical protocols report HLA-DR
expression and it rarely is employed as a release criterion
[45, 53, 54].

The three positive surface markers, CD73, CD90 and
CD105, were consistently expressed by BM-MSCs iso-
lated and cultured in all media formulations. Despite
this, we have quantified clear biological differences
between MSCs cultured in different growth media and
this must be reflected by differences in their surface pro-
teome. Therefore, these markers fail to reveal or describe
the differences in growth kinetics, morphology, triline-
age differentiation and immunomodulatory potential
described in these experiments. In the absence of proper
standards and well-defined, understood characterisa-
tion assays, these minimal criteria are being loosely and
inconsistently applied as release criteria. There is a clear
and urgent need for new informative surface markers or
alternative tests which strengthen release criteria.

The BD Lyoplate " analysis (Additional file 2: Table S2)
revealed several surface markers which were differentially
expressed between cells expanded in the different media
groups, some of which may reflect diverse biological
attributes. SSEA-1 (stage-specific embryonic antigen-1,
CD15), an embryonic marker, was highly expressed
(>75% positive) in cells isolated and expanded in PS2, but
negative in all other groups, suggesting that isolation and
culture in PS2 results in a more primitive cell phenotype.
Several integrins associated with cell adhesion including
CD49a, CD49d and CD49f were downregulated in BM-
MSCs cultured in PS2, which may explain the smaller
and less elongated morphology observed in these cells
compared to those cultured in FBS and PL.

However, it could be the case that there is no definitive
surface marker which defines MSC identity or function.
The solution to improved release standards may reside
in devising assays based on disease-specific mechanisms
of action, generated from in vivo studies involving the
transplantation and retrieval of labelled cells. Given that
MSCs are proposed to exert broad therapeutic effects,
release testing should consist of a matrix of tests includ-
ing a range of immune assays and analysis of the parac-
rine secretome including soluble factors and extracellular
vesicles. These rigorous testing protocols, though costly
and time-consuming would be viable in allogeneic man-
ufacturing models. Given the extent of variation in the
biological properties of MSCs in response to the culture
medium, this work supports the adoption of a unified
approach to MSC manufacturing. Standardising manu-
facturing protocols and in particular media formulations

Page 150f 18

could go some way to elucidating therapeutic mecha-
nisms and improving interpretation of clinical results by
removing one confounding variable and allowing reason-
able comparison between studies.

The PCA and hierarchical cluster analyses (Fig. 6)
revealed culture medium specific classification in the PS2
samples, these samples clustered closely together and
distinctly from all others. This suggests that culture in
PS2 results in more homogenous MSC preparations with
more reproducible immunophenotypes. Samples from all
other medium groups were more widely dispersed, indi-
cating donor variation is also a significant factor in the
surface marker expression profile of BM-MSCs cultured
in PL and FBS. This is an interesting observation. PS2 is
a relatively defined medium with far fewer constituents
compared to FBS or PL; therefore, it is logical to accept
that the resulting BM-MSC preparations are associated
with greater homogeneity.

This raises the interesting question of whether the
greater homogeneity in surface proteome associated
with PS2 cultured MSCs (and inversely the heterogene-
ity in surface proteome with FBS and PL cultured cells)
is acquired during expansion and/or if the media select
different subpopulations of progenitors from the marrow.
Although not statistically significant, we observed a trend
towards lower CFU-f formation in MSCs isolated in PS2
compared with other media supplements (Fig. 1) which
could indicate that this medium selects a smaller subset
of MSC progenitors from the bone marrow than FBS and
PL supplements. Previous studies comparing MSCs cul-
tured in PL and FBS concluded that the selected popu-
lations were not inherently different and the biological
differences were culture induced and reversible [26].
However, unlike these culture supplements, PS2 contains
a small number of mostly defined components.

From the hierarchical clustering and PCA, it is clear
that MSCs cultured in PS2 demonstrate the most con-
sistent surface marker expression profiles and display less
heterogeneity between donors than MSCs cultured in PL
and FBS. This highlights the advantages of using defined
media and provides further evidence to support a move
away from undefined media supplements such as sera
and PL towards serum-free and chemically defined cul-
ture media to reduce MSC heterogeneity.

Conclusions

Serious concerns arise because of broad inconsistencies
in the manufacture of MSC products, which have been
accepted in an unchecked manner. If we accept the prin-
ciple that ‘the process is the product’ then the term ‘MSC
therapy’ encompasses a multitude of diverse cell prod-
ucts which bear little resemblance to each other. Cur-
rent clinical protocols have been adapted directly from
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research laboratories, resulting in a staggering array
of approaches. In particular, expansion protocols have
relied on using undefined, heterogeneous and batch vari-
able medium supplements which risk transforming the
biological phenotype of the cells and must have a major
bearing on the clinical outcomes.

The extensive heterogeneity introduced during the
manufacturing process emphasises the need for unam-
biguous tests of product identity and therapeutic efficacy.
However, a set of minimal identification criteria, relating
to specific surface markers, differentiation propensity
and culture characteristics, have been widely adopted in
release testing. Despite their almost universal application,
these tests are exceptionally poor at defining important
biological characteristics of cells for clinical application.
Rather than reveal, these tests conceal the profound bio-
logical variability in cells prepared under different condi-
tions. The purpose of a release test of a medicinal product
is to uncover batch differences and provide the manufac-
turer with a sensitive test that will reveal product incon-
sistencies. The purpose is also to provide regulators and
quality specialists with a set of tools that will ensure that
an identical product is released for patient use. The cur-
rent ‘gold’ standards, promulgated by the ISCT in 2006,
completely fail in this regard. While the intention was
to set rigorous standards for MSC production, the out-
come has been the exact opposite and attention to new
guidelines for MSC characterisation and release testing is
urgently needed.

It appears that with the deficiency of current charac-
terisation protocols, until we standardise manufacturing
methods we cannot be confident of consistency of cell
products. These data demonstrate significant variation
in the biological properties of MSCs in response to the
culture medium which may necessitate the adoption of a
unified approach to MSC manufacturing. This study has
also provided some interesting insights into the impact
of culture medium on the surface proteome of BM-MSCs
and highlights the advantages of used defined media in
terms of consistency of phenotype. It provides further
evidence to support a move away from undefined media
supplements such as sera and PL towards serum-free
and chemically defined culture media to reduce MSC
heterogeneity.

Abbreviations

BM Bone marrow

CFU-f  Colony-forming unit-fibroblastic

CPD Cumulative population doublings
TV CellTrace™ Violet

D-PBS  Dulbecco's phosphate-buffered saline
EDTA  Ethylenediamine tetra acetic acid

EGF Epidermal growth factor

EV Extracellular vesicle
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FBS Foetal bovine serum

FGF Fibroblast growth factor

GAG Glycosaminoglycan

ICM Incomplete chondrogenic medium

ISCT International Society for Cell & Gene Therapy
MNC Mononuclear cell

MSC Mesenchymal stromal cell

PBMC  Peripheral blood mononuclear cell

PCA Principal component analysis

PD Population doublings

PDGF  Platelet-derived growth factor

PL Platelet lysate

PS2 Purstem 2 serum-free medium supplement
SD Standard deviation

SSEA Stage-specific embryonic antigen

TGF Transforming growth factor
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