Calcat-i-Cervera et al. Stem Cell Research & Therapy
Stem Cell Research & Therapy (2023) 14:120

https://doi.org/10.1186/513287-023-03352-1

: . ®
Harmonised culture procedures minimise @

but do not eliminate mesenchymal stromal cell
donor and tissue variability in a decentralised
multicentre manufacturing approach
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Abstract

Background Mesenchymal stromal cells (MSCs), commonly sourced from adipose tissue, bone marrow and umbili-
cal cord, have been widely used in many medical conditions due to their therapeutic potential. Yet, the still limited
understanding of the underlying mechanisms of action hampers clinical translation. Clinical potency can vary
considerably depending on tissue source, donor attributes, but importantly, also culture conditions. Lack of standard
procedures hinders inter-study comparability and delays the progression of the field. The aim of this study was A- to
assess the impact on MSC characteristics when different laboratories, performed analysis on the same MSC material
using harmonised culture conditions and B- to understand source-specific differences.

Methods Three independent institutions performed a head-to-head comparison of human-derived adipose (A-),
bone marrow (BM-), and umbilical cord (UC-) MSCs using harmonised culture conditions. In each centre, cells from
one specific tissue source were isolated and later distributed across the network to assess their biological properties,
including cell expansion, immune phenotype, and tri-lineage differentiation (part A). To assess tissue-specific function,
angiogenic and immunomodulatory properties and the in vivo biodistribution were compared in one expert lab (part
B).

Results By implementing a harmonised manufacturing workflow, we obtained largely reproducible results across
three independent laboratories in part A of our study. Unique growth patterns and differentiation potential were
observed for each tissue source, with similar trends observed between centres. Immune phenotyping verified expres-
sion of typical MSC surface markers and absence of contaminating surface markers. Depending on the established
protocols in the different laboratories, quantitative data varied slightly. Functional experiments in part B concluded
that conditioned media from BM-MSCs significantly enhanced tubulogenesis and endothelial migration in vitro. In
contrast, immunomodulatory studies reported superior immunosuppressive abilities for A-MSCs. Biodistribution stud-
ies in healthy mice showed lung entrapment after administration of all three types of MSCs, with a significantly faster
clearance of BM-MSCs.
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Conclusion These results show the heterogeneous behaviour and regenerative properties of MSCs as a reflection of
intrinsic tissue-origin properties while providing evidence that the use of harmonised culture procedures can reduce

but do not eliminate inter-lab and operator differences.

Keywords Mesenchymal stromal cells (MSCs), Tissue source, Multicentre comparison, Manufacturing, Harmonisation,

Angiogenesis, Immunomodulation, In vivo distribution

Background

Mesenchymal stromal cells (MSCs) are multipotent cells
that have attracted huge interest in different areas of regen-
erative medicine. Because of their unique immunomodu-
latory, anti-inflammatory and pro-regenerative abilities
[1-3], their ease of isolation from multiple tissues [4] and
high expansion potential ex vivo, MSCs have been exten-
sively studied in several pre-clinical models and early phase
clinical trials to treat a variety of human diseases [1, 5].

MSCs were first isolated from bone marrow (BM-) in
1968 by Friedenstein et al. [6] and since then cells with
similar properties have been identified in several other
tissues (e.g. adipose tissue, umbilical cord, skin tissue)
[4]. Although BM-MSCs are the most commonly used
cell source in clinical trials [7], adipose (A-) and umbili-
cal cord (UC-) derived MSCs have become quite attrac-
tive sources as they can be easily obtained with relatively
good yields and less invasively [8]. The possibility to
isolate MSCs from different starting materials elicits
the question of whether it is more advantageous to use
autologous or allogeneic cells. The use of autologous
MSCs guarantees an easy source that does not evoke
allo-immunity. However, it is associated with high costs
of isolation, expansion, safety testing and donor-related
comorbidities that might impact product quality [7].
Allogeneic cells may offer a more cost-effective and bet-
ter standardisable off-the-shelf product. Hence, merging
knowledge about basic cell characteristics (viability, pro-
liferation, immunophenotype) together with bioactivity
in a range of assays could help in identifying the ‘right’
source for the ‘right” application.

Unfortunately, despite years of research and highly
promising preclinical data, the translation to the clinic
is well below expectations. In many clinical trials, MSCs
have shown little benefit [1, 5, 9]. Inconsistent and poorly
defined manufacturing procedures increase the hetero-
geneity that intrinsically exists in a field where donor
variability and tissue origin have a strong role. Thus,
when considering clinical translation, defining an opti-
mal scalable manufacturing workflow is key to ensure
product quality while minimising costs and timelines
[10]. Numerous different manufacturing workflows have
been established, which largely affect cell characteristics.
Stroncek and colleagues recently demonstrated that vari-
ations in cell culture procedures affected the functional

and molecular characteristics of the cells to a much
higher extent than the source material itself, which was
shipped across five different manufacturing centres [11].
The variation in culture conditions included the use of
different media (type and composition), sera (origin and
concentration in the medium) and seeding densities
[11]. This emphasised that clinical-scale manufactur-
ing requires optimisation, and importantly, worldwide
harmonisation/standardisation.

Within the context of the RenalToolBox EU ITN Net-
work [https://www.renaltoolbox.org], which includes
several leading EU academic institutions and industry
experts, researchers from the University of Liverpool
(Liverpool, UK), the University of Heidelberg (Heidel-
berg, Germany) and the University of Galway (Galway,
Ireland) collaborated to assess biological and thera-
peutic properties of MSCs derived from bone marrow
(BM-MSC), adipose tissue (A-MSC), and umbilical cord
(UC-MSC) in a multicentre comparative study. In part A
of our study, we focused on comparing cell characteris-
tics across centres using harmonised cultures conditions
for A-, BM- and UC-MSCs mimicking three decentral-
ised manufacturing sites. MSCs were generated in one
centre, shipped as cryo-aliquots to the other centres and
cultivated under harmonised standard culture conditions
to compare cell behaviour, differentiation potential and
expression of MSC markers in vitro (Fig. 1).

Assessing the impact of harmonised manufactur-
ing methods on biological properties beyond basic cell
characterisation could provide helpful insights to deci-
pher particular mechanisms of action of different tissue-
origin MSCs. Thus, in part B, we assessed tissue source
specificities further. Given that some of their therapeutic
properties are elicited by their ability to release soluble
bioactive factors to promote angiogenesis as well as to
modulate immune responses [12—14], these properties
were assessed individually in Galway and Heidelberg,
respectively. The team in Liverpool compared the in vivo
biodistribution in a small rodent model (Fig. 1).

Materials and methods

Mesenchymal stromal cells culture

MSCs were obtained from different sites participating in
the RenalToolBox network. A-MSCs from lipoaspirates
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Fig. 1 Schematic representing study design and assay distribution across centres

(healthy donors of both gender in a range of age
47-25 years) were processed in Heidelberg after obtain-
ing informed consent (title of approved project: isolation
and characterisation of MSCs from human adipose tis-
sue; institutional approval committee: Mannheim Ethics
Commission II; approval number: 2006-192N-MA; date
of approval: 18.04.2005, re-confirmed 26.02.2009 with
subsequent approvals). BM-MSCs provided by Galway
were isolated from bone marrow aspirates (healthy young
male donors) purchased from Lonza (Basel, Switzerland)
(title of approved project: Isolation of Human Marrow
Stem Cells from Healthy Donors;Bone Marrow Research
Study’, institutional approval committee: Galway Uni-
versity Hospital Clinical Research Ethics Committee;
approval number: 02/08; date of approval: November
2008 with subsequent approvals for amendments). UC-
MSCs with informed consent obtained in accordance
with the Declaration of Helsinki were sourced from the
NHS Blood and Transplant and transferred to the Uni-
versity of Liverpool (project title: the provision of mes-
enchymal stromal cells to the University of Liverpool for
use in the RenalToolBox project; institutional approval
unit: NHS Blood and Transplant, Cellular and Molecu-
lar Therapies; approval number: RTB21112019; date of
approval: 21 November 2019). Three different donors
per tissue source were isolated in each centre accord-
ing to their standard procedures ([15] Galway, [16]

Heidelberg). From passage 3 (A- and BM-MSCs) or pas-
sage 4 (UC-MSCS), cells were expanded using harmo-
nised conditions (see supplementary data) and banked
prior to distribution across the network (see below).
After shipment and subsequent storage in liquid nitro-
gen, MSCs were thawed and cultivated under defined
harmonised conditions. These included the basic growth
medium (MEM-a media, Gibco, ThermoFisher Scien-
tific), a common lot of foetal bovine serum (FBS, Gibco,
ThermoFisher Scientifics, Cat-No. 10,270-106, Lot
42Q7096K) and optimised seeding densities (300 cells/
c¢m? for A-MSCs and 3,000 cells/cm? for BM- and UC-
MSCs) at 37 °C with 5% (v/v) CO, and controlled humid-
ity (see supplementary data for more information on FBS
batch testing and seeding densities). All experiments
were performed within a similar passage number, ranging
from p4 to p6 depending on experimental requirements
and intrinsic factors such as initial availability.

Cryopreservation

Upon reaching 70% confluency, MSCs were cryo-
preserved for distribution across sites. Cells were
dissociated by trypsinisation (0.25%Trypsin-Ethylen-
ediaminetetraacetic Acid 1X, Gibco, ThermoFisher
Scientific, 25,200-056), counted using appropriate meth-
ods (NucleoCounter NC-200 automated cell counter
(Galway), CASY cell counter with dead cell exclusion
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(Heidelberg), manual cell counting (Liverpool)) and
centrifuged. Between 5 x 10°> and 1 x 10° cells/ml were
resuspended in freezing media (FBS +10% Dimethyl Sul-
foxide, DMSO, Sigma, D2660) and frozen down.

Conditioned media collection

Conditioned media (CM) were generated from MSCs
at passage 4 to 6. Upon reaching 80% confluency, cells
were washed with 1X DPBS and incubated for 24 h in
serum-free MEM-a media. The supernatant was col-
lected and centrifuged for 5 min at 400g to remove
cell debris before being stored at — 80 °C until further
use.

Part A: Basic MSC characterisation

Growth kinetics

To study the growth kinetics of MSCs, the popula-
tion doublings (PDs) and population doubling time
(PDTs) were calculated by seeding 300 or 3000 cells/
cm? (A-MSCs, and BM- and UC-MSCs, respectively) at
the start of a passage and counting the number of cells
harvested at the end of said passage after reaching 70%
confluency. PDTs were calculated as PDT=¢ x log2/
(log N, — log N,)), while PDs were calculated as PD =log2
(N,/Ny); t indicates time in culture, N, the number of har-
vested cells and N, the number of seeded cells.

Adipogenic and osteogenic differentiation
Adipogenic and osteogenic potential of MSCs was
obtained using commercially available media: Adipo-
genic Differentiation Medium 2 (PromoCell, C-28016)
and Osteogenic Differentiation Medium (PromoCell,
C-28013), respectively. Harvested MSCs were seeded at
a density of 5,700 cells/well for adipogenesis and 2,900
cells/well for osteogenesis in cell culture-treated 96-well
plates and kept at 37 °C. After 48 h, differentiation was
induced by adding differentiation media to positive dif-
ferentiated cultures while undifferentiated cells were kept
in standard growth medium. Medium was replenished
twice a week and differentiation assessed after 14 days.
Quantitative analysis of adipogenic and osteogenic
differentiation was assessed using the AdipoRed” Anal-
ysis Reagent (Lonza, PT-7009) and Osteolmage” Min-
eralization (Lonza, PA-1503), respectively, as per the
manufacturer’s instructions. For normalisation, cells
were also stained with Hoechst 33342 (Invitrogen, Cat-
No. 917368). The emitted fluorescent signal from adi-
pogenic and osteogenic quantification and Hoechst
staining was measured using a multimode plate reader.
Data were presented as a fold-change of the undifferenti-
ated cultures.
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Immunophenotypic analysis

Flow cytometry characterisation was performed in each
centre according to their routinely used procedures
and equipment (Additional file 9: Table S1). MSCs were
harvested when cell confluence was reached and resus-
pended in FACS buffer. Cells were stained at 4 °C for
20 min, and data were acquired using conventional flow
cytometers. A minimum of 10* events was analysed for
each marker.

Part B: Functional MSC characterisation

Angiogenic assays

Endothelial cell tube formation assay

Human umbilical cord endothelial vein cells (HUVECs,
Lonza, C2519A) were grown in endothelial growth
medium (EGM-2, Lonza, CC-3162) until 90% confluent.
Further, 48-well plates were coated with 110 pl of growth-
factor reduced Matrigel (Corning, 734-1101) and left to
gel. HUVECs were harvested and resuspended in MSC-
CM at a concentration of 25,000 cells/well. HUVECs
stimulated with standard EGM-2 containing 10 ng/ml
vascular endothelial growth factor (VEGF) served as pos-
itive controls, and cultures with MSC growth medium as
negative controls. Plates were then incubated for 18 h,
and all conditions were assessed in triplicates. A total
of six images were acquired per well with a 4X lens on
an Olympus CKX41 brightfield microscope fitted with
HD Chrome camera (1/0.8”) and 10 x C-mount adapter
and analysed using the angiogenesis analyser plugin for
Image] (National Institutes of Health, Bethesda, USA).

Wound scratch assay

HUVECs were seeded in 48-well plates at 84,000 cells/
cm? and cultured overnight. Subsequently, a p200 tip was
used to create a scratch in each monolayer. Cultures were
washed with DPBS before adding MSC-CM. Scratches
were imaged immediately after the addition of CM (0 h)
and after 8 and 24 h incubation using the automated
Cytation 1 Imaging Reader at 4X (BioTek, with Gen5
Version 3.04 software, Swindon, UK). Six replicates were
undertaken, and the total area of each scratch was meas-
ured using Image ] and the percentage of closure was cal-
culated relative to time 0 h.

Angiogenesis cytokine array

The relative levels of angiogenesis-related cytokines in
the MSC-CM were analysed using the Proteome Profiler
Human Cytokine Array Kit from R&D systems (Abing-
don, UK, ARY022B) per manufacturer’s instructions.
Levels of angiogenic cytokines are expressed relative to
the internal control of each sample.
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Immunomodulatory assays

PBMC proliferation assay

MSC-mediated inhibition of T cell proliferation was
assessed as described before [17]. MSCs were seeded
one day before adding peripheral blood mononuclear
cells (PBMCs) isolated from leukapheresis samples from
healthy donors, provided by the German Red Cross Blood
Donor Service in Mannheim (Mannheim Ethics Com-
mission; vote number 2018-594N-MA). To assess their
proliferation, PBMCs were labelled with proliferation dye
Cytotell Green (ATT Bioquest, 22253) (1:500 dilution)
and seeded at a 1:10 MSCs:PBMCs ratio in RPMI, sup-
plemented with 10% FBS, 2% L-glutamine (PAN Biotech,
P04-80100), 1% Penicillin/Streptomycin (PAN Biotech,
P06-07100), and 200 U/ml IL-2 (Promokine, C61240).
PBMC proliferation was stimulated with phytohaemag-
glutinin-L (PHA, 4.8 pg/ml (Biochrom, Merck Milli-
pore, M5030)). PBMCs cultured alone without MSCs in
the absence and presence of PHA served as negative and
positive controls, respectively.

After 5 days, PBMC proliferation was measured based
on the dilution of Cytotell Green dye using a FACS Canto
II (BD Biosciences) and the data were analysed with
FlowJo Software.

IFN-y stimulation and intracellular indoleamine
2,3-dioxygenase (IDO) staining

Indoleamine 2,3-dioxygenase (IDO)-mediated tryp-
tophan degradation suppresses T cell proliferation as
described before [17]. To assess the level of IDO expres-
sion in MSCs, the cells were treated in the presence or
absence of interferon y (IFN-y 25 ng/ml (R&D Systems,
285-1F) for 24 h. For intracellular IDO staining, MSCs
were harvested, fixed, permeabilised and then stained
(anti-IDO PE antibody (1:40 dilution) (ThermoFisher
Scientific, 12-9477-42)). After washing, the cells’ fluores-
cence was measured with a FACS Canto (BD Biosciences)
and the data analysed with Flow]o.

Biodistribution in vivo

Biodistribution of the different MSCs in mice was evalu-
ated by bioluminescence imaging (BLI). For this purpose,
the cells were transduced to express a firefly luciferase
genetic reporter.

Production of FLuc™ expressing cells

MSCs were transduced with a lentiviral vector (LV)
encoding the luc2 firefly luciferase (FLuc) reporter. The
pHIV-Luc2-ZsGreen vector was a gift from Bryan Welm
and Zena Werb (Addgene plasmid #39,196). The LV
also contains a gene encoding for a green fluorescent
protein, ZsGreen. Lentiviral particles were produced

Page 5 of 17

using standard protocols [18] by co-transfection of HEK
cells with the transfer vector (pHIV-Luc2-ZsGreen), an
envelope plasmid (pMD2.G) and a packaging plasmid
(psPAX2), concentration by ultracentrifugation and titra-
tion using HEK cells, based on ZsGreen expression.

To produce the transduced populations, MSCs were
infected overnight with a multiplicity of infection of 5
in the presence of 6 ug/mL diethylaminoethyl-dextran
(DEAE-dextran) [19]. The cells were then grown until
60-90% confluence before sorting based on ZsGreen
fluorescence using a FACSaria II (BD Biosciences) to
obtain a pure population of cells expressing the transgene
(FLuc* MSCs).

Animal experiments

7-9-week-old C57 Black 6 (C57BL/6) albino female mice
were used to evaluate the biodistribution of FLuc™ MSCs
from their administration into the animal (day 0) up to
7 days later. Mice were obtained from a colony managed
by the Biomedical Services Unit at the University of Liv-
erpool (UK). Mice were housed in individually ventilated
cages under a 12-h light/dark cycle and provided with
standard food and water ad libitum. All animal proce-
dures were performed under a licence granted under the
UK’s Animals (Scientific Procedures) Act 1986 and were
approved by the University of Liverpool Animal Wel-
fare and Ethics Research Board (project title: Develop-
ing safe and efficacious cell-based therapies for kidney
disease; committee: UK’s Home Office; approval num-
ber: PP3076489; approval date: 02.11.2020). Our data are
reported in line with the ARRIVE guidelines.

FLuc™ MSCs were harvested and suspended in ice-
cold DPBS at a concentration of 2.5 x 10° cells/100 pL
and kept on ice until administration. Animals (n=4 per
donor per cell type) were anaesthetised with isoflurane
and intravenously (IV) injected with 100 pL of cell sus-
pension through the tail vein, followed by subcutaneous
administration (SC) of 200 pL of 47 mM D-Luciferin
20 min before imaging [20]. The administration of the
substrate and the imaging were performed immediately
after the injection of the cells (day 0) and after 1, 3 and
7 days. Data were acquired using an IVIS Spectrum
system (Perkin Elmer). The acquired signal was always
normalised to radiance (photons/second/centimeter?/
steradian) and the signal coming from the thoracic area
of the animals was quantified using the region of interest
(ROI) tool of the IVIS software (Living Image v. 4.5.2) to
obtain the total number of photons emitted in that spe-
cific area and displayed as total flux (photons/s). Each
imaging session was performed using open filter, binning
of 8, f-stop of 1-, and 60-s exposure time at day 0, and
180 s exposure time at days 1, 3 and 7.
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Statistical analysis

Quantitative data are reported as mean =+ standard devia-
tion (SD). N indicates the number of biological replicates,
n the number of independent technical replicates. Statis-
tical analyses were performed using GraphPad Prism ver-
sion 9.2.0 (GraphPad Software, Inc., San Diego, CA, USA).
The type of statistical test and the number of replicates
included in the analyses are indicated in the figure legends.
A p value <0.05 was considered statistically significant.

Results

Cell culture harmonisation

The first steps to guarantee a reliable head-to-head com-
parison of the three different MSC sources were directed
towards the harmonisation of methodologies across cen-
tres. Thus, we defined a common protocol to expand
MSCs based on three key parameters: an identical basal
medium, namely MEM-a, one defined batch of FBS and
a defined expansion plating density.

Batch-to-batch variability of FBS is a crucial factor in
MSC manufacture [21]. We tested three different sera
lots on previously isolated BM-MSCs and selected the
lot (FBS-A) which supported cell growth and main-
tained the MSC phenotype in accordance with the ISCT
minimal criteria [22]—namely trilineage differentiation,
expression of CD73, CD90 and CD105, and the absence
of CD34, CD45, CD11b, CD19, and HLA-DR markers
(Additional file 1: Fig. S1).

As plating density can affect proliferation kinetics of
MSCs [16, 23], cells from all tissue sources were grown
for at least two passages under two seeding densities: 300
and 3000 cells/cm?. At higher seeding density, A- and
BM-MSCs had lower cumulative population doublings
(CPD), leading to a prolongation of their expansion time
(Additional file 2: Fig. S2a, c, g). Contrarily, UC-MSCs
showed higher CPD when grown at the higher density
(Additional file 2: Fig. S2e), indicating decreased PDTs
(Additional file 2: Fig. S2g). When assessing cell mor-
phology, UC-MSC lost their spindle-shaped structure
when grown at 300 cells/cm? and tended to aggregate
and form colonies (Additional file 2: Fig. S2f). A similar
effect was observed with BM-MSCs, exhibiting a larger
and extended cytoplasm (Additional file 2: Fig. S2d). The
opposite was observed for A-MSCs, which showed a

(See figure on next page.)
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more MSC-like phenotype when grown at 300 cells/cm?
(Additional file 2: Fig. S2b). Based on these results, BM-
and UC-MSCs were expanded at 3000 cells/cm? while
A-MSCs at 300 cells/cm?,

Part A: Biological comparison

Having harmonised methodologies, we assessed to
which degree they were able to reduce variabilities in a
multicentre comparison. BM- and UC-MSCs, each from
three different donors, initiated in one laboratory, were
shipped as cryopreserved aliquots to the three sites.
Using the harmonised culture protocol (identical FBS lot
and culture medium and defined seeding densities), cells
were cultured at the three centres for three passages to
determine their growth kinetics (Fig. 2a, b). The results
showed that the trends of growth kinetics were consist-
ent across all the sites, despite each type of MSCs being
isolated in different laboratories and shipped internation-
ally. BM-MSCs consistently showed the longest PDT in
all sites (90.81+10.57 h—Heidelberg, 66.78 £16.32 h—
Galway, 95.72+28.02 h—Liverpool) as compared to
A-MSCs (43.17£3.84 h, 37.25+£1.64 h, 51.10£1.25 h
in Heidelberg, Galway and Liverpool, respectively) and
UC-MSCs (68.07£9.11 h, 38.06£1.04 h, 46.06£9.47 h
in Heidelberg, Galway and Liverpool, respectively)
(Fig. 2a). All cells retained their phenotype during culture
(Additional file 3: Fig. S3). Despite the harmonised cul-
ture conditions, some site-to-site variations in PDT were
observed (Fig. 2b), particularly for A- and UC-MSCs
where the PDT between sites showed a statistically sig-
nificant difference. Within all three sites, the PDT varied
between donors of the same MSC source and between
passages of the same donor (Additional file 4: Fig. S4a-
c). These differences between passages could be observed
from the wide distribution of PDTs per donor, as the
three data points within a single donor represent PDTs
from three consecutive passages. A-MSCs showed the
least variation across the different sites and donors. UC-
MSCs also showed stable growth throughout the three
passages, except in Heidelberg where the difference of
PDTs across passages was more prominent than in the
other sites. Lastly, BM-MSCs consistently showed high
donor-to-donor and passage-to-passage differences in all
sites.

Fig. 2 Biological comparison of different tissue sources of MSCs across independent laboratories. a In all sites, A- and UC-MSCs showed enhanced
growth kinetics when compared to BM-MSCs, with mean doubling times closer to 40 h for A- and UC-, and 80 to 100 h for BM-MSCs. b Significant
differences were observed between sites when comparing the growth rates between sources. ¢, d A- and BM-MSC were able to undergo different
levels of adipogenesis and e, f osteogenesis while UC-MSCs showed a limited ability to differentiate only into osteocytes (one out of 3 donors at
one site). g—i Analysis of the immunophenotype by flow cytometry showed adherence to the minimal criteria in all sites, with higher than 95%
expression of CD73, CD90 and CD105. Expression of negative markers showed a moderate increase in CD34 (two sites) and CD45 (one site) in
A-MSC preparations and a mild increase in HLA-DR in BM-MSC preparations. Data displayed as mean £ SD, N = 3. a One-Way ANOVA with Tukey’s
multiple comparison corrections, *p <0.05, **p <0.001, **p <0.001, ****p <0.001.
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Having established similarities in cell growth, we next
assessed the differentiation capacity of the three cell types
and between sites (Fig. 2c—f, data depicted as a fold change
of the negative control). Despite the use of harmonised
protocols, including commercially available reagents,
our results demonstrate high levels of variability, mainly
related to inter-lab handling, tissue origin, and donor
intrinsic factors. A- and BM-MSCs had a greater propen-
sity to differentiate into adipocytes and osteocytes, despite
remarkable differences between sites, while UC-MSCs
showed negligible levels of differentiation (Fig. 2c-f).
BM-MSCs displayed the greatest ability to undergo adipo-
genesis and osteogenesis, but a high degree of variability
was observed when comparing inter-lab data and donor-
to-donor results (Additional file 4: Fig. S4d-i). A-MSC
showed similar levels of differentiation in all sites, except
one donor showing superior induction abilities in Heidel-
berg. The wide range of differentiation detected in each
site: A- and BM- MSCs possessed considerable higher
differentiation abilities for both lineages in Liverpool and
Heidelberg. Meanwhile in Galway, differentiation of all
MSCs remained relatively modest. Furthermore, greater
donor-to-donor variability of MSC differentiation from all
tissue sources was more prominent in Liverpool and Hei-
delberg than in Galway (Fig. 2c—f; Additional file 4: Fig.
S4d—i; Additional file 5: Fig. S5a—c).

Next, we interrogated the immunophenotype of MSCs
using flow cytometry based on the minimal criteria
defined previously [22]. Our analysis showed that MSCs
from all sources expressed consistently high levels (> 95%)
of classical MSC markers CD73, CD90 and CD105 across
all sites (Fig. 2g—i). In Heidelberg and Liverpool, A-MSCs
expressed rather high levels of negative surface mark-
ers such as CD34 (10.21412.96% in Heidelberg and
18.404+11.69% in Liverpool) and CD45 (10.81+7.77%
in Liverpool). Noticeable levels of HLA-DR were also
observed in BM-MSCs in the Heidelberg and Liverpool
sites (3.70+3.36% and 7.33+£6.51%, respectively), but
not in Galway (Additional file 4: Fig. S4j—1).

Part B: Functional in vitro comparison

The characterisation of MSCs coming from different
sources using the same culture conditions is relatively
unexplored and an important step towards defining

(See figure on next page.)
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MSCs in any in vitro or in vivo comparative study. To
investigate whether and to which extent MSCs of differ-
ent tissue origins differ, we assessed key functional char-
acteristics together with in vivo behaviour in part B of
this study.

Angiogenic and endothelial wound healing properties
Support of angiogenesis and endothelial migration is a
relevant mechanism of action of MSC-based therapeu-
tics [12]. The angiogenic properties of CM produced by
A-, BM-, and UC-MSCs were assessed in vitro by testing
the ability of their secreted factors to induce endothe-
lial cells to form tubule-like structures when seeded in
a Matrigel " substrate. BM-CM significantly enhanced
the generation of a larger and more complex network
of tubule-like structures than A- and UC-CM (Fig. 3a).
BM-CM generated tubular networks with significantly
more segments (Fig. 3b), junctions (Fig. 3c), and closed
loops (Fig. 3d). Evidence of donor-to-donor variability
was observed across all cell sources and was statistically
significant different for A-MSC—number of junctions—
and BM-MSCs—number of junctions and closed loops—
(Additional file 6: Fig. S6a—c). The presence of angiogenic
cytokines in MSC-CM was analysed using an antibody
array. All sources secreted comparable levels of angio-
genic factors; however, differences could be observed in
key factors such as VEGF and IGFBP-1 and 2—higher
in BM-CM—or IL-8 and MCP-1—higher in UC-CM
(Fig. 3e).

The ability of MSC-CM to induce endothelial cell
migration was tested in an in vitro wound healing
scratch assay. BM-CM resulted in a significant reduc-
tion of the scratch gap after 8 and 24 h (35.03 +6.8% and
58.31+10.36%, respectively) compared to the negative
control (13.73+1.26% and 3.5+ 3.3% at 24 h; Fig. 4). The
ability of BM-CM to induce endothelial cell migration
was significantly superior to A-CM at 24 h (22.4+2.9%)
and UC-CM at 8 and 24 h (18.01£1.7% and 18.1+6.15,
respectively) (Fig. 4a). Limited donor-to-donor variability
was observed (Additional file 6: Fig. S6g) although donors
with enhanced wound healing properties—such as
BM-01 (Additional file 6: Fig. S6g)—also exhibited supe-
rior abilities to generate tubule-like structures (Addi-
tional file 6: Fig. S6a—c).

Fig. 3 In vitro angiogenic properties of MSCs. a Representative phase contrast images of tubule-like networks in culture. b—d BM-CM generated
significantly more tubular-like structures in a more complex and extended mesh (b), represented by a significantly higher number of junctions (c)
and closed loops (d) than its counterparts in a model of in vitro tubulogenesis. Data expressed as a fold-change of the positive control. e Differential
angiogenic proteomic profile for each MSC-CM using an antibody array. Data expressed as a fold change of the reference spots. Data displayed

as mean =+ SD, N= 3, n=3.Two-Way ANOVA with Tukey’s multiple comparison corrections, *p <0.05, **p <0.001, **p <0.0001, ****p < 0.00001.

#Significance relative to negative control
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Fig. 4 In vitro wound healing properties of MSCs. a BM-CM displayed superior ability to induce endothelial cell migration in an in vitro wound
healing model at 8 and 24 h after injury. b Representative phase contrast images at time 24 h after scratch; yellow lines show wound width at time
0 h and white lines at time 8 h after scratch. Increased wound gap can be observed at 24 h in the negative control due to cell death, when HUVECs
are grown with serum-free MEM-a. Data displayed as mean = SD, N =3, n = 3. Two-way ANOVA with Tukey's multiple comparison corrections,
*p<0.05, **p <0.001, **p<0.0001, ****p < 0.00001. *Significance relative to negative control

Immunomodulatory properties

Immunomodulation is a key MSC therapeutic effect [12].
The ability to inhibit PBMC proliferation upon PHA
stimulation is often taken as a measure of the immu-
nomodulatory strength [24, 25]. All MSCs were able to
suppress PBMC proliferation, as reflected by a decrease
in the number of proliferating PBMCs co-cultured
with MSCs when compared to those cultured without
(Fig. 5a). In the presence of A-MSCs PBMC proliferation
was significantly reduced (17 +5.2% proliferation relative
to positive control), followed by BM- (52+7%) and UC-
MSCs (61 +21%).

The ability of MSCs to inhibit PBMC proliferation was
compared to their ability to secrete IDO upon IFN-y
stimulation, since the IDO-kynurenine axis has been
shown to be responsible for MSC immunomodulation
of T-cells [17]. The level of intracellular IDO, indicated
by mean fluorescence intensity (MFI) value, was high-
est in A-MSCs, followed by BM- and UC-MSCs. High
donor-to-donor variability was apparent; highest in
A-MSC with values ranging from 5294+ 3752 MFI val-
ues (Fig. 5b). The percentage of cells positive for IDO

staining showed the same order, A-MSCs followed by
BM- and UC-MSCs; yet here less donor-to-donor vari-
ability was observed in all MSC sources (88.77 12.04%,
76.17+6.52% and 59.77+14.15% for A-, BM-, UC-
MSCs, respectively; Fig. 5c). Contradicting the notion
that IDO levels may correlate with inhibitory strength,
donor A-02, the A-MSC donor with the highest ability to
suppress PBMC proliferation amongst all A-MSC donors
(Additional file 7: Fig. S7a), demonstrated the lowest level
of intracellular IDO (Additional file 7: Fig. S7b, ). In con-
trast, A-01 with the lowest inhibition of PBMC prolifera-
tion amongst A-MSC donors exhibited the highest level
of intracellular IDO.

In vivo biodistribution in healthy mice

We compared the biodistribution of FLuct MSCs fol-
lowing their IV administration to healthy C57BL/6]
albino mice. Regardless of the MSC type, the BLI
images reveal that immediately after administration,
all signal originating from the injected cells localised to
the thoracic region of the body, corresponding to lungs
(Fig. 6a). 24 h after infusion the signal was strongly
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Fig. 5 In vitro immunomodulatory capacities of MSCs. a PBMC proliferation after five days co-culture with MSCs under PHA stimulation. All values
were normalised to PHA-stimulated monoculture PBMCs. b Mean fluorescence intensity of intracellular IDO of MSCs after being treated with IFN-y
for 24 h. ¢ The percentage of cells positive for IDO intracellular staining. Data are displayed as mean = SD from N=3, n= 3. Two-way ANOVA with

Tukey's multiple comparison corrections, *p <0.05

reduced and there was no sign of cell migration from
the lungs to any other sites or organs. At this time point,
the signal coming from the BM-MSCs seemed weaker
than the signal coming from the two other cell types.
3 days after administration a weak signal was detectable
from mice that received A- and UC-MSCs, while no
signal was detected in most of the mice that received
the BM-MSCs. 7 days post-administration there was
no detectable bioluminescence in any of the animals
(Fig. 6a). These results were confirmed by quantita-
tive analysis of the bioluminescence signal (Fig. 6b and
Additional file 8: Fig. S8). The signal obtained at day
0 was comparable not only between the donors of the
same cell type (Additional file 8: Fig. S8), but also among

the different sources of cells (2.8 x 107 £0.99 x 107 p/s,
4.1x1074£0.91 x 107 p/s and 5.1 x 10" +£1.7 x 107 p/s
for A, BM and UC cells, respectively; Fig. 6b). Fur-
thermore, they all showed a similar reduction in the
signal from day O to day 1 (3.4 x 10°£0.54 x 10° p/s,
0.83 x 10°4+0.9 x 10° p/s and 3.6 x 10°42.5 x 10° p/s
for A, BM and UC cells, respectively) and to day 3
(8.3x10°£2.0 x 10° p/s, 1.6 x 10°4+076 x 10° p/s and
2.9x10°4+ 1.1 x 10° p/s). By day 7 the detected signal
(1.04 x 10°4+0.11 x 10° p/s, 1.07 x 10°£0.26 x 10° p/s
and 0.97 x 10°40.09 x 10° p/s, respectively) was no
different from the naive animals (1.1 x 10° 4+ 0.07 x 10°
p/s) that did not receive any cells or substrate. The anal-
ysis of relative bioluminescence intensity normalised to
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signal at day O revealed that in the first 24 h the signal
dropped significantly to 12.9 & 3.4% for the A-MSCs, to
2.5+ 3.1% for the BM cells and to 6.3 +3.6% for the UC
cells (Fig. 6¢). By day 3, only 3.47 £1.7%, 0.4440.31%
and 0.58+0.05% of the original signal were detectable
for A-, BM- and UC-MSCs, respectively.

Discussion

Within this study, we first aimed to assess the impact of
different decentralised production sites on MSC charac-
teristics and second to understand differences in tissue
source-specific properties.

Contrary to Stroncek et al., who shipped the same tis-
sue starting material to the different manufacturing sites
[26], we mimicked the situation of one initial manufac-
turing centre and different decentralised cell production
facilities that expand MSCs using harmonised proto-
cols and quality control the final MSC product. We pre-
defined harmonised conditions by culturing all three
MSC types in the same MEM-a supplemented with the
same lot of FBS. Finally, to properly compare the different
sources, a seeding density optimal for the expansion of
each cell type was identified and adopted across centres.

In part A, our study shows for the first time that the
protocol harmonisation reduces but not eliminates
site-to-site variation whilst the tissue and donor-spe-
cific differences remain apparent. BM-MSCs exhibited
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the longest doubling time as well as the highest inter-
donor variability, whereas A-MSCs consistently showed
the least donor-to-donor variation regardless of where
they were cultured. Site-to-site variation can in part
be attributed to the differing shipment duration on dry
ice, which interrupted the cold chain. The manual han-
dling of cell counting and assessment of confluence for
harvest also contributed to the site-to-site variations.
Given that MSCs show contact-dependent growth inhi-
bition [23], slight differences in the confluence may
affect the calculation of growth kinetics. More objecti-
fied, operator-independent, assessment of confluence
and cell counting is expected to significantly improve
comparability.

The analysis of adipogenic and osteogenic potential
confirmed the known inter-donor variability that was
consistent in all sites. Despite the use of harmonised dif-
ferentiation protocols and kits, quantitative results varied
largely, demonstrating the large influence exerted by the
operator. UC cells displayed no adipogenic or osteogenic
potential in any of the centres. Reduced or entire lack of
adipogenic differentiation potential has been repeatedly
reported for perinatal MSCs [27, 28]. Yet, the entire lack
of in vitro osteogenic differentiation in UC-MSCs (with
one most probably artefactual outlier in one site) was
rather unexpected. It may reflect differing requirements
of UC-MSC:s for osteoinduction [29]. However, it is not
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clear whether the in vitro differentiation potential is a
meaningful selection criterion when defining the best
source of MSC for the intended therapeutic applica-
tion [4, 10]. We suggest that if differentiation potential is
taken as critical attribute, it should be assessed qualita-
tively, or if quantitatively, as a batch comparison within
one centre.

Expression of surface markers (including CD73, CD90
and CD105) and lack of hematopoietic markers (includ-
ing CD11b, CD19, CD34 and CD45) and major histocom-
patibility complex (MHC) class II (HLA-DR) are widely
accepted criteria to assess the identity and purity of MSCs
[22]. Whilst in the three centres MSCs from all donors
showed a positivity of at least 98% for all the positive
markers, some variability was observed for the negative
ones. In particular, A-MSCs showed increased expres-
sion (>2%) of CD34 (Heidelberg and Liverpool) and CD45
(Liverpool). Although differences in antigen detection can
be due to variable levels of affinity when using different
monoclonal antibodies, previous studies have reported
CD34 positivity of A-MSCs early in culture [30-32]. Simi-
lar early expression of CD45 disappearing after prolonged
culture was also observed in BM-MSCs [33]. Moreover, 2
of the 3 BM-MSCs showed a small variability in the posi-
tivity to HLA-DR in two centres (Heidelberg and Liver-
pool). Similar findings have been previously reported by
Grau-Vorster et al. who revealed variability in BM-MSC
preparations for clinical applications, concluding that the
absence or presence of HLA-DR does not have an impact
on the overall properties of the cells [34]. Of note, CD34
and HLA-DR positivity observed in the two separate sites
in the same donors strongly suggest donor-related vari-
ability as the main cause.

It is noteworthy that in this study, the cells were isolated
in one specific centre, cryopreserved, and then shipped in
dry ice before being expanded and compared in each site
in parallel. Cryopreservation not only affects the prolif-
eration of the cells [35], but also impacts the differentia-
tion potential [36] and the immunosuppressive properties
[37]. However, it has been described to be a transient
effect due to the heat-shock stress induced by the thawing
process, with functionality being restored after a certain
culture period [38]. In this study, the effect of interna-
tional shipping has not been evaluated in detail. Our data
and that of Stroncek, however, clearly suggest that before
such a study, cultivation and quality control protocols
require not only harmonisation but rather standardisation
to minimise site-specific influences as much as possible.

To determine whether the heterogeneity of MSCs from
different origins is also reflected in their potential thera-
peutic abilities, part B of our study provided a compari-
son of the tissue sources on top of basic cell characteristic
assessments. This comparison was performed each in a
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single expert centre. First, we assessed the angiogenic
profile of CM obtained from A-, BM- and UC-MSCs. In
our hands, CM from BM-MSCs showed superior abilities
to form tubule-like structures and induce endothelial cell
migration in vitro. The overall presence and concentra-
tion of angiogenic factors within the CM were found to
be superior in BM preparations with increased relative
levels of tubulogenesis-driving factors such as VEGF
[39, 40]. Although our results align with previous stud-
ies showing superior proangiogenic abilities [41] and
higher secretion of VEGF in BM-MSC cultures [42],
others have conversely reported higher tube formation
and angiogenic bioactivity in the secretome of A-MSCs
[43, 44]. Most likely, technical discrepancies along with
donor-to-donor variability are playing key roles. For
instance, dose-dependent levels of VEGF from BM-MSC
secretomes have been correlated with angiogenic activ-
ity and proposed as a surrogate potency assay for clini-
cal preparations [45]. Donor variability is a well-known
phenomenon we have also observed within our sample
preparations, emphasising the need to dissect donor
characteristics and variability in autologous and alloge-
neic settings to achieve favourable clinical outcomes [46].

Second, we investigated whether the source of MSCs
might influence their immunomodulatory capacity to
suppress PBMC proliferation. We also measured IDO
production after IFN-y stimulation as IDO has been
implicated as the key factor responsible for inhibition
of PBMC proliferation by catabolism of tryptophan to
kynurenine [17, 47]. A-MSCs, the tissue source of MSCs
with the highest ability to inhibit PBMC proliferation,
exhibit the highest level of intracellular IDO upon IEN-y
stimulation, followed by BM and UC-MSCs. Our data
however question a correlation between IDO levels and
proliferation inhibitory strength, given that the donor
which showed the highest inhibition exhibited the least
intracellular IDO and vice versa. Although we previously
showed that MSC-expressed IDO is key to inhibit PHA-
driven T cell proliferation [17], this is most likely not the
only factor involved, especially when considering the
much more complex situation in vivo. A study by Chin-
nadurai et al. elegantly showed that MSCs can inhibit
PBMC proliferation through PD1/PD-L1 [48].

Our data demonstrate that the different MSC types have
individual properties, which may have benefits in specific
therapeutic settings. A-MSC shows enhanced immu-
noregulatory abilities, BM-MSC superior angiogenic and
wound healing properties, while UC-MSC appears to be
the least potent of all three sources. In this sense, whether
the assays proposed are able to capture all the properties
and attributes from each tissue source needs further vali-
dation in specific in vitro and in vivo injury models to con-
firm their ability to predict therapeutic potency. A more
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detailed and complex picture of their secretome, including
the shedding of extracellular vesicles [49] and microRNAs
[50], the mitochondrial and metabolic properties [51],
together with other aspects of their immunomodulatory
properties not addressed in this study, might highlight fur-
ther attributes aligned with desirable clinical outcomes.

Third, an important aspect of this study was to inves-
tigate and compare the fate of different MSCs in vivo
after being cultured using the same manufacturing pro-
cedures. Intravenous administration of MSCs is the most
common delivery route used in clinical trials [52]. How-
ever, it is well known that MSCs get entrapped in the
lung, the so-called pulmonary first pass effect [53-55].
Besides posing a risk for embolisation, pulmonary trap
reduces the number of cells that could eventually home
and engraft to the injured tissue [56]. Here, BLI per-
formed immediately after the IV administration of differ-
ent MSCs in healthy mice confirmed their entrapment in
the lungs, irrespective of their tissue of origin. Addition-
ally, none of the cells escaped the lungs, neither on the
day of administration nor in any of the following days. In
fact, a major drop in the bioluminescence signal coming
from the lungs was observed in the first 24 h post-injec-
tion. Despite signal from A-MSCs being still noticeable
3 days post-administration, no signal from any of the
MSCs was detected 7 days after injection. This result is
consistent with various reports [54, 55] and confirms that
this effect is not influenced by MSC origin. When cell
therapies are considered, the fact that most of MSCs die
in the first 24 h is not necessarily a bad result. It has been
proposed that the apoptosis of IV administered MSCs
in the lungs and the subsequent phagocytosis of the cell
debris by local macrophages is a mechanism of MSC-
mediated immunomodulation [55, 57-59].

In summary, we have:

+ Provided a harmonised manufacturing workflow that
has demonstrated reproducible results across three
independent laboratories when expanding MSCs.

+ Defined a multi-assay matrix capable of identify-
ing functional differences in terms of angiogenesis,
wound healing abilities and immunosuppressive
properties.

+ Demonstrated similar in vivo biodistribution proper-
ties regardless of cell origin.

Conclusions

Lack of standard culture protocols is a major limita-
tion that hinders comparison of the clinical benefits of
MSCs, especially when they are from different sources,
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and produced in different centres. Here we established,
for the first time, harmonised tissue culture conditions
for expansion of A-, BM- and UC- MSCs among three
independent centres across Europe to investigate the
reproducibility of these procedures and its impact on
their biological characteristics and functionality both
in vitro and in vivo. We show that harmonised proto-
cols improve reproducibility across different centres
emphasising the need for worldwide standards to man-
ufacture MSCs for clinical use. Further, tissue-specific
differences in cell characteristics suggest a need for
selecting the optimal cell type for the intended clinical
indication based on source availability and functional
characteristics. These results show the heterogene-
ous behaviour and therapeutic properties of MSCs as
a reflection of tissue-origin properties while providing
evidence that the use of harmonised culture procedures
can reduce but not eliminate inter-lab and operator
differences.

Abbreviations

A Adipose

BLI Bioluminescence imaging

BM Bone marrow

™M Conditioned media

CPD Cumulative population doublings

DEAE-dextran Diethylaminoethyl-dextran

DMSO Dimethy! sulfoxide

DPBS Dulbecco'’s phosphate-buffered saline

EGM Endothelial growth medium

EU European Union

FACSs Fluorescence activated cell sorting

FBS Foetal bovine serum

HEK Human embryonic kidney cells

HLA-DR Human leukocyte antigen—DR isotype
HUVEC Human umbilical cord endothelial vein cells

IDO Indoleamine 2,3-dioxagenase

IFN-y Interferon gamma

IGFBP Insulin-like growth factor binding protein
IL Interleukin

ISCT International society for cell and gene therapy
ITN Innovative training network

% Intravenously

Lv Lentiviral vector

MCP-1 Monocyte chemoattractant protein 1
MEM-a Minimum essential medium alpha

MFI Mean fluorescence intensity

MHC Major histocompatibility complex

MOI Multiplicity of infection

MSC Mesenchymal stromal cell

PBMC Peripheral blood mononuclear cells

PD Population doublings

PDT Population doubling time

PHA Phytohemagglutinin-L

ROI Region of interest

RPMI Roswell Park Memorial Institute Medium
SC Subcutaneous

SD Standard deviation

uc Umbilical cord

VEGF Vascular endothelial growth factor
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Additional file 1: Supplementary Fig. S1. Cell Culture Harmonisation:
Serum Screen.Population doubling times andphase contrast images of
three BM-MSCs donors showed that exclusively FBS A supported cell
growth and fibroblast-like morphology. Therefore, further experiments
were carried out using serum A.Flow cytometry confirmed the expression
of positive surface antigensand lack of negative markersin two out of
three populations grown with FBS A.BM-MSC cultures were induced to
differentiate into adipocyteswhile undifferentiated cultures served as
control. Images of Oil Red O are shown in paneland quantification of Oil
Red O stain retention in panel. Both show an increase in lipid content in
the majority of adipogenic differentiated cultures.Osteogenic differenti-
ated cultures showed presence of calcium in the extracellular matrix with
Alizarin Red staining.Quantification of extracted calcium from osteogeni-
cally differentiated BM-MSC showed more than 1 ug of calcium per well in
all differentiated cultures.Quantification of sulphated glycosaminoglycans-
showed significantly increased levels in differentiated cultures, confirming
their mesodermal differentiation abilities. Data displayed as mean =+ SD,
N=3. Two-Way ANOVA with Bonferroni's multiple comparison corrections,
*=p <005 * =p<0001,** = p< 00001, *** = p < 0,00001. Pictures
taken at 40X; scale bar 500 um.

Additional file 2: Supplementary Fig. S2. Cell Culture Harmonisation:
Seeding Density. Comparison between seeding density confirmed differ-
ences in cell source. Cumulative population doublings were calculated by
culturing MSCs at 300and 3,000 cells/cm2in all three different sites. A-MSC
andBM-MSC showed a rapid increase in cumulative doublings when
seeded at a lower density versus at high density after the same period in
culture.UC-MSC conversely had increased cumulative doublings when
seeded at higher density.When comparing population doubling times,
A-MSC and BM-MSC had prolonged kinetics when grown at 3,000 cells/
cm?2 whereas UC-MSC divided faster at 3,000 cells/cm?2.Representative
phase contrast images of MSCs. Data displayed as mean £ SD, N=3.
Pictures taken at 40X.

Additional file 3: Supplementary Fig. S3. Representative phase contrast
images of MSCs in all sites at earlyand latestages of culture. Pictures taken
at 100X; scale bar 200 pm.

Additional file 4: Supplementary Fig. S4. Biological comparison: donor-
by-donor breakdown of doubling times, immunophenotype, differentia-
tion results and phase contrast images of the differentiation. Figuresshow
the individual doubling times per each donor in all sites. The three dots
within a single donor represent the doubling times from three consecu-
tive passages. Across laboratories, A- and UC- showed stable prolifera-
tion rates when looking at individual donors. Greater differences were
seen in BM-in terms of donor-to-donor variability, although each donor
behaved similarly regardless of manufacturing site. In terms of commit-
ting to mesodermal lineages, high variability of induction was seen across
laboratories. Broadly, A- and BM- donors were able to undergo adipogen-
esis in two sites, apart from one particular donor that showed induction
in all laboratories. Negligible levels of adipogenic differentiation were
seen in UC-MSC cultures. Similarly, A- and BM-MSCs were able to undergo
osteogenic differentiation in two out of three sites, albeit not all donors
and at remarkable different rates; exclusively one UC-MSCs in one site
showed moderate levels of osteogenesis. Assessment of surface antigen
expression confirmed >95% levels of CD73, CD90 and CD105 in all donors
across sites. However, two preparations of A-MSC showed higher than 2%
levels of CD34 in two and CD45 in one site. Importantly, these were the
same donors. Data displayed as mean £ SD, N=3, n=3. One-Way ANOVA
with Tukey's multiple comparison corrections, * = p < 0.05, ** = p < 0.001,
# = p < 00001, *** = p < 0.0000]1.

Additional file 5: Supplementary Fig. S5. Representative phase contrast
images of MSC at the end of the adipogenicand osteogenicdifferentia-
tion procedure in comparison with undifferentiated culturesin each site.
Pictures taken at 100X; scale bar 200 um.
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Additional file 6: Supplementary Fig. S6. Angiogenic and wound heal-
ing properties of MSCs listed by donorNumber of tubules, junctionsand
closed loopsgenerated by each donor. Data expressed as a fold-change of
the positive control; mean =+ SD, n = 3.Differential angiogenic proteomic
profile detected for A-, BM-and UC-MSCs. Data expressed as fold change
of the internal reference spots.Wound closure induced by each donor per
cell source at 8 and 24 hours. Data displayed as mean =+ SD, n = 3. Two-
Way ANOVA with Tukey’s multiple comparison corrections, * = p < 0.05, **
=p <0001, ** =p<0.0001,*** =p < 0.00001. # Significance relative to
negative control.

Additional file 7: Supplementary Fig. S7. Donor-by-donor breakdown
of MSC immunomodulatory capacity.Individual values of PBMC prolifera-
tion co-cultured with MSCs in the presence of PHA, where each bar
represents the relative value in relation to PHA-stimulated PBMCs cultured
alone.MFI of IDO intracellular staining andpercentage of IDO-positive cells
after 24h of IFN-y stimulationlisted per donor.

Additional file 8: Supplementary Fig. S8. Donor-by-donor breakdown
of the signal obtained from the in vivo imaging of MSCs in healthy
C57BL/6 albino mice.Light outputas a function of timecoming from A-,
BM-, and UC-MSCs. Data displayed as mean =+ SD from N = 4 for each
donor. The red lineis the background BLI signal emitted by naive animal-
sthat did not receive any cells.

Additional file 9: Supplementary Table S1. Detailed methodology used
in each centre to characterise the immunophenotype of MSCs.
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