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Abstract
Neurodegenerative disorders present a broad group of neurological diseases and remain one of the greatest challenges and 
burdens to mankind. Maladies like amyotrophic lateral sclerosis, Alzheimer’s disease, stroke or spinal cord injury commonly 
features astroglia involvement (astrogliosis) with signs of inflammation. Regenerative, paracrine and immunomodulatory 
properties of human mesenchymal stromal cells (hMSCs) could target the above components, thus opening new therapeutic 
possibilities for regenerative medicine. A special interest should be given to hMSCs derived from the umbilical cord (UC) tis-
sue, due to their origin, properties and lack of ethical paradigms. The aim of this study was to establish standard operating and 
scale-up good manufacturing practice (GMP) protocols of UC-hMSCs isolation, characterization, expansion and comparison 
of cells’ properties when harvested on T-flasks versus using a large-scale bioreactor system. Human UC-hMSCs, isolated 
by tissue explant culture technique from Wharton’s jelly, were harvested after reaching 75% confluence and cultured using 
tissue culture flasks. Obtained UC-hMSCs prior/after the cryopreservation and after harvesting in a bioreactor, were fully 
characterized for “mesenchymness” immunomodulatory, tumorigenicity and genetic stability, senescence and cell-doubling 
properties, as well as gene expression features. Our study demonstrates an efficient and simple technique for large scale UC-
hMSCs expansion. Harvesting of UC-hMSCs’ using classic and large scale methods did not alter UC-hMSCs’ senescence, 
genetic stability or in vitro tumorigenicity features. We observed comparable growth and immunomodulatory capacities of 
fresh, frozen and expanded UC-hMSCs. We found no difference in the ability to differentiate toward adipogenic, osteogenic 
and chondrogenic lineages between classic and large scale UC-hMSCs expansion methods. Both, methods enabled deriva-
tion of genetically stabile cells with typical mesenchymal features. Interestingly, we found significantly increased mRNA 
expression levels of neural growth factor (NGF) and downregulated insulin growth factor (IGF) in UC-hMSCs cultured in 
bioreactor, while IL4, IL6, IL8, TGFb and VEGF expression levels remained at the similar levels. A culturing of UC-hMSCs 
using a large-scale automated closed bioreactor expansion system under the GMP conditions does not alter basic “mesen-
chymal” features and quality of the cells. Our study has been designed to pave a road toward translation of basic research 
data known about human UC-MSCs for the future clinical testing in patients with neurological and immunocompromised 
disorders. An industrial manufacturing of UC-hMSCs next will undergo regulatory approval following advanced therapy 
medicinal products (ATMP) criteria prior to clinical application and approval to be used in patients.
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Introduction

Neurodegenerative disorders present a broad group of neu-
rological diseases and remain one of the greatest challenges 
and burdens to mankind. Despite the different etiologies and 
pathophysiologies of neurodegeneration during amyotrophic 
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lateral sclerosis (ALS), Alzheimer’s disease (AD), spinal 
cord injury (SCI) or Parkinson disease (PD), several fea-
tures are common to the above pathologies. These are an 
acute inflammatory responses, persistent exposure to pro-
inflammatory cytokines and process retraction, sustained 
exposure and immune activation which ultimately leads to 
chronic neuroinflammation, the perpetuation of microglial 
and astroglia activation trigger an innate immune response, 
characterized by the release of inflammatory mediators, 
which contribute to disease progression and severity, causes 
functional and structural changes which finally end in neu-
ronal degeneration [1]. Common pathophysiological features 
also led to similar therapeutic approaches, focused on tar-
geting immunological and inflammatory compounds of the 
neurodegeneration. Unfortunately, none of known chemical 
compounds could simultaneously affect all or several of the 
affected pathways to revert or at least slow down progres-
sion of neurodegeneration. Stem cells, offered alternative to 
conventional therapeutic approach. It has been shown, that 
application of mesenchymal stromal cells able to modify 
inflammation, immunological reactions, to promote struc-
tural tissue regeneration in brain and spinal cord, slow down 
apoptosis and necroptosis, and stimulates host plasticity 
[2–4].

Human umbilical cord tissue (UC)–derived mesenchymal 
stromal cells (UC-hMSCs), has been profoundly explored 
as promising candidates for cell-based therapies aiming at 
tissue regeneration [5]. Non-invasive procedure of UC col-
lection, absence of any ethical issues, high abundance of 
MSCs in the tissue, simplicity of their isolation, minimal 
contact with the environment, and fast self-renewal proper-
ties are often mentioned as more advantageous compared 
to MSCs from other sources [6, 7]. Transcriptomic and 
proteomic studies revealed that UC-hMSCs possess more 
primitive characteristics than adult hMSCs [8], including 
modest expression of pluripotency genes [9, 10]. Similar 
to adult MSCs (bone marrow, adipose tissue, etc.), UC-
hMSCs also harbor robust immunomodulatory and regen-
erative capacities [3, 7, 11–14]. These cells have also been 
shown to facilitate regeneration of neural tissues and to have 
neuroprotective effects via a paracrine effects. Furthermore, 
no tumorigenicity of UC-hMSCs has been reported so far 
using immunocompetent and immunodeficient animals [11, 
15, 16]. All these characteristics make UC-hMSCs highly 
attractive candidate for cellular therapy and this is reflected 
by rapid increase in number of ongoing UC-hMSCs–based 
clinical trials [5].

In order to achieve relevant cell numbers of UC-hMSCs 
for clinical applications, it is crucial to use scalable culture 
systems that allow bioprocess control and monitoring. Man-
ual flask-based cell culture is laborious, requires sequential 
“open events” with high risk of contamination, and does not 
allow online monitoring. Therefore, several commercially 

available automated cell culture devices have been devel-
oped to address the limitation of manual expansion proce-
dure. These systems use various approaches to support cells, 
control nutrient refreshment/waste removal and allow auto-
matic regulation of MSCs microenvironment to modulate 
stem cell proliferation and differentiation [17, 18]. Quantum 
Cell Expansion System (Terumo BCT, Denver, CO, USA) is 
functionally closed, automated hollow fiber bioreactor sys-
tem designed to reproducibly expand cells in either GMP or 
research laboratory environments. Previous studies used this 
system for successful large scale expansion of bone marrow 
MSCs (BM-MSCs) [19–22].

The aim of this study was to establish a simple method-
ology for UC-hMSCs isolation, characterization of mesen-
chymal, immunomodlatory and safety features, as well as 
expansion properties, followed by detailed comparison of 
UC-hMSCs’ properties when harvested on T-flasks or using 
a large scale Quantum Cell Expansion System.

Methods

Isolation of Mesenchymal Stem Cells from Umbilical 
Cord

Fresh human umbilical cords were obtained from healthy 
donors who delivered by caesarean section after full-term 
pregnancy with informed consent signed and approval 
from Ethics Committee of University Hospital Brno, Czech 
Republic. Umbilical cords were cleaned, cut into pieces at 
least 15 cm in length and immediately transferred to the 
laboratory in sterile container filled with normal saline solu-
tion. The umbilical cords were removed from containers in 
laminar flow hood, washed with the antimicrobial solution 
(gentamycin 40 µg/ml and fluconazole 2 mg/ml in normal 
saline solution) for 15-20 min, rinsed three times with 70% 
ethanol (Sigma), then three times with normal saline solu-
tion, and subsequently cut longitudinally. Umbilical vessels 
were removed and the remaining tissue was minced using 
a scalpel to small pieces (approximately 3 × 3 mm), which 
were placed on three Petri dishes. When the tissue fragments 
were attached to the bottom of the plates, 10 ml of culture 
medium was gently poured on every dish to avoid fragments 
detachment. The culture medium used for UC-hMSCs iso-
lation and expansion consisted of F12K Nutrient Mixture 
(45% of volume; Gibco, Thermo Fisher Scientific, USA), 
low glucose DMEM supplemented with GlutaMAX™ and 
sodium pyruvate (45% of volume; Gibco, Thermo Fisher 
Scientific, USA), fetal bovine serum (FBS)—Ultra Low 
Endotoxin (10% of volume; Biosera, USA). Dishes were 
placed in an incubator (37  °C, 6%  CO2, > 90% humid-
ity), medium was changed every 2–3 days, and the cord 
tissue was carefully removed when confluence reached 
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50%. Cells were harvested when confluence reached 80% 
using TrypLE Express enzymatic solution (Gibco, Thermo 
Fisher Scientific, USA), pooled and washed. Finally, sam-
ples were taken for analysis (sterility, cell count, viability, 
immunophenotype).

Culture Flasks Expansion of MSC

Standard plastic culture flasks T-175 (Nunc, Thermo Fisher 
Scientific, USA) were coated with human fibronectin (Gibco, 
Thermo Fisher Scientific, USA) at concentration of 5 µg/cm2 
and fresh UC-hMSCs isolated from cord tissue were seeded 
at a ratio of 1 × 106 cells per one flask (approximately 5500 
cells/cm2) in culture medium. The flasks were placed in an 
incubator (37 °C, 6%  CO2, > 90% humidity). The medium 
was changed every 2 days and cells were harvested using 
TrypLE Express enzymatic solution (Gibco, Thermo Fisher 
Scientific, USA), pooled and washed when the confluence 
reached 80%. Samples were taken for analysis and the cells 
were cryopreserved in 10% DMSO (WAK-CHEMIE MEDI-
CAL, Germany) solution in 5% human albumin (Grifols, 
Spain),  107 of cells per one cryotube (NUNC, Thermo Fisher 
Scientific, USA).

Bioreactor Expansion of MSC

The automated cell culture system Quantum (Quantum Cell 
Expansion System; Terumo BCT, Denver, CO, USA) is hol-
low fiber bioreactor that combines a cultivation chamber 
integrated in sterile closed tubing set with a stand-alone 
incubator equipped with pumps and valves, which provide 
an automated media circulation and a gas exchange.

After priming with normal saline solution, the inner 
surface of the cultivation chamber (surface area 1.7 m2) 
was coated overnight with 5 mg (0.029 µg/cm2) of human 
fibronectin (Corning, Thermo Fisher Scientific, USA) to 
facilitate cells attachment and growth. The set was subse-
quently washed by normal saline solution and filled with 
cultivation medium. The frozen MSCs suspension obtained 
by culture flasks expansion was thawed, diluted with culti-
vation media to the final volume of 100 ml, and aseptically 
transferred into the Cell inlet bag which was connected to 
the bioreactor tubing set. Gas was provided to the system 
as pre-mixed supply consisted of 20%  O2, 5%  CO2, and 
75%  N2. Cells were fed through a continuous flow of media 
according to the manufacturer’s recommendations, starting 
at a flow-rate of 0.1 ml/min. Glucose and lactate measure-
ments were typically measured twice per day (Contour Plus 
Blood Glucose Monitoring Systems, Ascensia, Switzerland, 
and Lactate Plus Meter, Nova Biomedical, Waltham, USA, 
respectively) and the media flow-rate was doubled when 
lactate concentration reached 4 mmol/l. After 7 days of 
expansion, 180 ml of TrypLE Express enzymatic solution 

(Gibco, Thermo Fisher Scientific, USA) was loaded into a 
tubing set for 15 min and cells were later harvested into 
cell harvest bag with the use of a fresh medium. The cells 
were washed, pooled, samples were taken for counting and 
viability analyses and the rest of cells were cryopreserved 
as described above.

Cell Counting and Viability Evaluation

Cell concentration and viability was evaluated using Vi-
CELL XR cell counter and viability analyzer (Beckman 
Coulter Life Sciences, Indiana, USA).

Sterility Tests

Cultivation medium was used for sterility testing. Briefly, at 
the end of cultivation (Petri dishes, cultivation flasks, biore-
actor) medium was collected, pooled, mixed and 4 ml were 
inoculated into BacT/ALERT PF bottle, which were placed 
into BacT/ALERT detection system (both BioMérieux, 
Marcy l’Etoile, France).

Immunophenotyping

The surface marker expression of UC-hMSCs was evalu-
ated using flow cytometry upon staining with Human MSC 
Analysis Kit (562245, BD Biosciences, Franklin Lakes, NJ, 
USA). Expression of CD44, CD73, CD90 and CD105 (posi-
tive markers) and CD45, CD34, CD11b, CD19 and HLA-
DR (negative markers) was analyzed using BD FACSVerse 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and 
BD FACSuite software (BD FACSVerse, BD Biosciences, 
Franklin Lakes, NJ, USA).

Proliferation Assay

The proliferation capacity of UC-hMSCs was evaluated by 
direct cell counting and population doubling time (PDT) 
assessment. Briefly, 4 × 104 of cells were cultured in 6-well 
plate for 6 days in triplicate, medium was changed after 72 h. 
Living cells were counted in 2-day interval using CASY cell 
counter (Roche-Innovatis, Basel, Switzerland). PDT was cal-
culated using http://www.doubl ing-time.com/compu te.php.

Trilineage Differentiation Assay

UC-hMSCs were characterized for the capacity to differ-
entiate towards adipogenic, osteogenic and chondrogenic 
lineages. Briefly, 2 × 105 of cells were seeded into 6-well 
plate and cultured in culture medium for 48 h. Subsequently, 
the medium was changed for hMSC Osteogenic Differen-
tiation Medium (Lonza, Walkersville, MD, USA) or Stem-
Pro Adipogenesis Differentiation Medium (Thermo Fisher 

http://www.doubling-time.com/compute.php
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Scientific, Waltham, MA, USA). Cells were incubated for 21 
(adipogenesis) or 28 (osteogenesis) days, the medium was 
changed every 3 days. Finally, cells were fixed with 10% for-
malin (Diapath S.p.A., Martinengo, Italy) and stained with 
Alizarin Red S (EMD Millipore, Billerica, MA, USA) or 
Oil Red O (Sigma, St. Louis, MO, USA). Chondrogenic dif-
ferentiation was performed in pellet culture. Briefly, 2 × 105 
of cells were centrifuged in a 15 ml polypropylene tube in 
0.5 ml of hMSC Chondrogenic Differentiation Media sup-
plemented with 10 ng/ml TGF-β3 (Lonza, Walkersville, 
MD, USA). Cells were cultured for 28 days and medium was 
changed every 3 days. The pellets were than fixed with 10% 
formalin (Diapath S.p.A., Martinengo, Italy), dehydrated in 
graded series of ethanol, embedded in paraffin, cut into 5 μm 
sections, mounted on slides, and stained using Alcian blue 
(Merck, Darmstadt, Germany).

Senescence Assay

For the senescence-associated (SA) β-galactosidase stain-
ing, 2 × 105 of UC-hMSCs were seeded into 6-well plate and 
cultured in culture medium for 48 h. Senescent cells were 
identified by using SA-β-galactosidase staining kit (Cell 
Signalling Technology, Inc., Beverly, MA, USA) accord-
ing to the manufacturer’s instructions. Briefly, UC-hMSCs 
were washed once with phosphate-buffered saline (1x PBS), 
incubated with a fixative solution for 15 min, rinsed twice 
with 1x PBS and stained with β-galactosidase staining solu-
tion overnight at 37 °C. Next day, at least 300 cells were 
evaluated under transmission light microscope in tripli-
cate. As an alternative, expression of senescent marker p21 
Waf1/Cip1 was analyzed using immunoblotting technique. 
UC-hMSCs were seeded as described above, harvested 
after 48 h and lysed by boiling in a buffer containing 0.1 M 
Tris (pH 6.8), 16% v/v glycerol, 3.2% w/v SDS, 10% v/v 
β-mercaptoethanol, and 0.005% w/v bromphenol blue for 
5 min [23]. Cell lysates were subjected to SDS–PAGE and 
immunoblotted. Sample loading was normalized according 
to protein concentration determined by DC protein assay 
(Biorad, Hercules, CA, USA). Blots were probed with anti-
p21 Waf1/Cip1 (2947, Cell Signalling Technology, Inc., 
Beverly, MA, USA) and α-tubulin (T9026, Sigma, St. Louis, 
MI) specific antibodies and subsequently with secondary 
antibodies conjugated with peroxidase (Sigma, St. Louis, 
MI). Visualization was carried out by Immobilon Western 
Chemiluminescent HRP Substrate (Millipore, Billerica, 
MA).

Immunomodulation Assay

2 × 105 of UC-hMSCs were seeded into 6-well plate in 2 ml 
of growth media and cultured overnight at 37 °C. The cells 
were then treated with 10 μg/ml mitomycin (Sigma, St. 

Louis, MO, USA) for 2 h followed by trypsinization and 
reseeding of 1 × 104 cells/120 μl of culture media using a 
round bottom 96-well plate. After 24 h, peripheral blood 
mononuclear cells (PBMCs) were isolated from EDTA-anti-
coagulated venous blood of healthy volunteers by density 
gradient centrifugation using Histopaque-1077 (Sigma, St. 
Louis, MO, USA). PBMCs were subsequently washed three 
times with 1x PBS and resuspended in RPMI-1640 medium 
(Sigma, St. Louis, MO, USA) supplemented with 10% fetal 
bovine serum (FBS), 2 mM l-glutamine, 100 U/ml penicillin 
and 100 μg/ml streptomycin and diluted to 2.5 × 104 cells per 
120 μl of media. Next, PBMCs were treated with 10 μg/ml 
of phytohemagglutinin (PHA) (Sigma, St. Louis, MO, USA) 
and 120 μl of PHA-treated PBMCs were added to mitomy-
cin-treated UC-hMSCs or to 120 μl of UC-MSCs growth 
media in a round bottom 96-well plate. The proliferation of 
PBMC was evaluated 72 h later using the BrdU Cell Prolif-
eration Assay kit (Cell Signalling Technology, Inc., Beverly, 
MA, USA) according to the manufacturer’s instructions. To 
analyze the expression of IFNγ in PHA-treated PBMCs 
cultured alone or co-cultivated with mitomycin-treated 
UC-hMSCs, PBMCs were collected, washed once with 
1x PBS and total RNA was isolated using GeneElute TM 
Mammalian Total RNA Miniprep kit (Sigma, St. Louis, MO, 
USA). 1000 ng of purified RNA was reverse transcribed to 
cDNA using QuantiTect Reverse Transcription kit (Qiagen, 
Hilden, Germany) as described previously [24]. In parallel, 
the expression levels of IFNγ and GAPDH were determined 
using following primer sets: IFNγ forward primer 5′-GGC 
TTT TCA GCT CTG CAT CG-3′, IFNγ reverse primer 5′- TCT 
GTC ACT CTC CTC TTT CCA-3′, GAPDH forward primer 
5′- TCG GAG TCA ACG GAT TTG GT-3′, GAPDH reverse 
primer 5′- TTC CCG TTC TCA GCC TTG AC-3′.

The qPCR amplification mixtures (20  μl) contained 
KAPA SYBR FAST qPCR Master Mix (Sigma, St. Louis, 
MO, USA), 250 nM forward and reverse primers, RNase-
free water and 25 ng of template cDNA. Reactions were 
run on the LightCycler 480 Real-Time PCR System (Roche, 
Basel, Switzerland). The cycling conditions comprised 
2 min at 50 °C, followed by 10 min at 95 °C and 45 cycles 
at 95 °C for 30 s and 60 °C for 60 s. qRT-PCR data were 
calculated by the  2−ΔCt method and the expression of IFNγ 
was normalized to GAPDH.

Cytokine Expression Assay

To analyze cytokine expression by UC-hMSCs at the RNA 
level, 7 × 105 of cells were seeded into T75 flask in culture 
medium for 72 h. Cells were subsequently collected, washed 
once with 1x PBS and total RNA was isolated and reverse 
transcribed as described above. The expression levels of IL4, 
IL6, IL8, TGFβ, NGF, VEGF and IGF were determined by 
qPCR as described above with the following set of primers: 
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IL4 forward primer 5′- ACC ATG AGA AGG ACA CTC GC 
-3′, IL4 reverse primer 5′- GGA CAG GAA TTC AAG CCC GC 
-3′, IL6 forward primer 5′- GGC ACT GGC AGA AAA CAA 
CC -3′, IL6 reverse primer 5′- CAC CAG GCA AGT CTC CTC 
AT -3′, IL8 forward primer 5′- CAC CGG AAG GAA CCA 
TCT CA -3′, IL8 reverse primer 5′- TGG CAA AAC TGC ACC 
TTC ACA -3′, TGFβ forward primer 5′- GCA AGT GGA CAT 
CAA CGG G -3′, TGFβ reverse primer 5′- TCC GTG GAG 
CTG AAG CAA TA -3′, NGF forward primer 5′- AGC GCA 
GCG AGT TTT GGC  -3′, NGF reverse primer 5′- TGG ACA 
TTA CGC TAT GCA CCT -3′, VEGF forward primer 5′- CCC 
ACT GAG GAG TCC AAC ATC -3′, VEGF reverse primer 
5′- TGC TCT ATC TTT CTT TGG TCTGC -3′, IGF forward 
primer 5′- CCA TGT CCT CCT CGC ATC TC -3′, IGF reverse 
primer 5′- ACC CTG TGG GCT TGT TGA AA -3′ and normal-
ized to GAPDH.

Karyotype Assay

Karyotyping of UC-hMSCs was carried out using a stand-
ard Giemsa staining procedure. At least 20 metaphase 
spreads were analyzed from each UC-hMSCs preparation. 
The G-banding karyotypes were analysed, documented and 
archived using LUCIA CytogeneticsTM image analysis sys-
tem (Laboratory Imaging, Prague, Czech Republic).

Tumorigenicity In Vitro

To analyze anchorage-independent growth, a soft-agar col-
ony-forming assay was performed in 6-well format in trip-
licate. The bottom layer contained 0.6% agarose (Sigma, 
St. Louis, MO, USA) in 1.5 ml of culture media. The top 
layer was prepared by transfer of UC-hMSCs or HeLa cells 
(1 × 103) to 1.5 ml of culture media containing 0.15% aga-
rose (Sigma, St. Louis, MO, USA). After solidification, 
0.5 ml of fresh culture media was added and cells were 
incubated at 37 °C with 5%  CO2. Medium was added every 
5 days, colonies were stained with crystal violet and pho-
tographed at × 200 magnification after 21 days in culture.

Statistical Analysis

Data are presented as mean ± SD. Statistical comparisons 
between groups were performed by Student’s t test. P < 0.05 
was considered to be statistically significant.

Results

UC-hMSCs were isolated by tissue explant culture technique 
from umbilical cord Wharton’s jelly of five volunteer donors. 
UC-hMSCs were harvested after reaching at least 75% con-
fluence (P0). After isolation, the cells were first expanded 
(P1) using T175 flasks, counted and cryopreserved. Based 
on the highest proliferation capacity (Table 1), the cells from 
donor BR1709301 and BR1709311 (supplement Tables S1 
and S2) were selected for subsequent expansion using the 
Quantum Cell Expansion System. Three bioreactor runs 
were performed to confirm and verify the repeatability, 
reproducibility, and efficacy of UC-hMSCs expansion in the 
bioreactor. An average number of viable cells (P1) loaded 
in Quantum Cell Expansion System was 21.0 ± 1.8 × 106, 
resulting in estimated number of 14.7 ± 1.2 × 106 attached 
cells (seeding density of 700 ± 58 UC-hMSCs/cm2). The 
harvest was performed after 7 days of cells expansion, fol-
lowed by countingand cryopreservation. The average yield 
of UC-hMSCs harvest was 400 ± 59 × 106 (BR1709301) and 
260 ± 59 × 106 (BR1709311). Data regarding the bioreactor 
runs are shown in Table 2. A P1 UC-hMSCs and cells har-
vested from bioreactor were characterized and compared for 
proliferation, hMSC marker expression, trilineage differenti-
ation, cellular senescence, karyotype, tumorigenicity in vitro 
and immunomodulatory features. At first, the identity and 
purity of P1 and expanded UC-hMSCs were assessed by 
flow cytometry. For all bioreactor runs, the harvested cells 
expressed markers typical for hMSCs (CD44, CD73, CD90 
and CD105) and did not express any of the negative control 
markers (CD45, CD34, CD11b, CD19, HLA-DR). In each 
case, more than 99% of cells were positive for CD44, CD73, 
CD90 and CD105 and less than 1% negative for CD44, 
CD73, CD90 and CD105 (Figs. 1, S2 and S3).

Analysis of cell proliferation revealed no differences in 
growth properties of UC-hMSCs expanded either in flasks 
or in bioreactor, resulting in comparable PDTs of these cells 
(Figs. 2, S1). We also observed comparable expression of 
p21 Waf1/Cip1 senescent marker in all tested UC-hMSCs 
(Figs. 3, S4). Moreover, a histochemical analysis revealed 
very low frequency (less than 3%) of SA-β-Gal positive 
cells in all tested UC-hMSCs suggesting that the method 
of expansion does not alter proliferative capacity and the 
frequency of senescent cells in UC-hMSCs population.

Table 1  Growth capacity of 
UC-hMSC from five donors

Umbilical cord donor BR1610301 BR1611310 BR1610311 BR1611313 BR1709301

Cultivation time 10 days 12 days 12 days 12 days 10 days
Number of harvested cells/flask 11.37 × 106 8.27 × 106 10.9 × 106 9.23 × 106 20.50 × 106

Viability of harvested cells 97.6% 98.4% 98.3% 96.8% 98.1%
Fold expansion 11.5× 8.3× 10.9× 9.2× 20.5×
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Original UC-hMSCs feature an ability to differentiate 
towards adipogenic, osteogenic and chondrogenic lineages 
in specific media in vitro [9]. Our analysis revealed clear 
maintenance of bioreactor-expanded UC-hMSCs cell differ-
entiation potential as demonstrated by histochemical staining 
(oil red, alizarin red, alcian blue) (Figs. 4, S3).

To evaluate the safety of expanded UC-hMSCs, karyo-
type and cell anchorage-independent growth was analyzed 
and compared to P1 cells. We observed no alteration in the 
karyotype of expanded cells (data not shown). Moreover, 
neither P1 cells nor expanded UC-hMSCs formed colo-
nies in soft agar suggesting that the expansion of cells in 

Table 2  Bioreactor UC-hMSCs 
expansion runs in details

Bioreactor run BR1709301
run3

BR1709301
run4

BR1709301
run5

BR1610311
run 1

No. of loaded cells 20.0 × 106 22.3 × 106 27.0 × 106 20.0 × 106

Estimated no. of attached cells 13.0 × 106 15.2 × 106 15.9 × 106 11.8 × 106

Lactate in medium—time 0 h 1.5 mmol/l 1.6 mmol/l 1.9 mmol/l 1.7 mmol/l
Lactate in medium—time 160 h 7.1 mmol/l 5.8 mmol/l 6.3 mmol/l 6.1 mmol/l
Harvested cell viability 99.4% 96.7% 99.3% 98%
No. of harvested cells 483.1 × 106 344.3 × 106 375.4 × 106 260 × 106

Population doubling time 32.23 h 37.32 h 36.84 h 43.24 h

Fig. 1  Immunophenotype of UC-hMSCs expanded in flasks (P1) 
and bioreactor (run3, run4, run5). The surface marker expression 
of UC-hMSCs was evaluated using flow cytometry. Expression of 

CD44, CD73, CD90 and CD105 (positive markers) and CD45, CD34, 
CD11b, CD19 and HLA-DR (negative markers) was analyzed. Repre-
sentative dot plots are presented
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bioreactor does not result in genome alteration or tumori-
genicity of UC-hMSCs (Figs. 5, S5).

A robust immunomodulatory properties of UC-hMSCs 
has been shown previously and are considered to be an 
important characteristic of UC-MSCs [3, 11–14] [6–11]. 
Here, we analyzed the ability of P1 and bioreactor-expanded 
UC-MSCs to suppress proliferation of PHA-stimulated 
PBMCs and their IFNγ expression. We detected a compara-
ble reduction of PHA-stimulated PBMCs proliferation and 
their IFNγ expression by co-cultivation with mitomycin-
treated P1 and bioreactor-expanded UC-hMSCs from two 
donors as compared with control PHA-stimulated PBMCs 
(Figs. 6, S6). To characterize immunomodulatory properties 
of expanded UC-hMSCs, we further analyzed the expres-
sion of multiple cytokines/growth factors by BR1610311and 
BR1709301 P1 and expanded cells using qPCR. We found 
that bioreactor expansion results in significantly increased 
expression of NGF but decreased level of IGF in UC-hMSCs 
(Fig. S7). The level of IL4, IL6, IL8, TGFβ and VEGF 
remained unaltered (Fig. S7).

The presented data demonstrate that a large-scale expan-
sion of UC-hMSCs in Quantum Cell Expansion System does 

not alter key immunological and functional characteristics 
of tested cells, but subtle changes in cytokine/growth factor 
expression. We can conclude that our results confirm repro-
ducibility, safety and strong relevance for clinical application 
of UC-hMSC in patients with neurological and immuno-
logical disorders. We can also conclude that selection of the 
suitable donor has a strong relevance from the perspective of 
industrial harvesting and the expected cell numbers.

Discussion

Progress in cell biology has proven great potential of the 
stem cell technologies in the search of the mechanisms and 
new therapies for incurable neurological diseases. The deliv-
ery of stem cells has been shown to promote functional, 
behavioral and morphological improvements, extend sur-
vival and even structural changes and integration of the 
grafted cells within a recipient’s organism, affected by 
the primary or secondary neurodegeneration [3, 7]. Var-
ous sources of MSC have been successfully used in clini-
cal trials for ALS, PD, multiple sclerosis, brain and spinal 

Fig. 2  Proliferation rate (a) 
and doubling time (b) of UC-
hMSCs expanded in flasks (P1) 
and bioreactor (run3, run4, 
run5). 4 × 104 of cells were cul-
tured in 6-well plate for 6 days. 
Living cells were counted in 
a 2-day interval. Graphs show 
the mean values from five inde-
pendent experiments. Error bars 
indicate standard deviations

Fig. 3  SA-β-galactosidase positivity (a) and p21 Waf1/Cip1 expres-
sion (b) of UC-hMSCs expanded in flasks (P1) and bioreactor (run3, 
run4, run5). a 2 × 105 of cells were cultured in 6-well plate for 48 h. 
Senescent cells were subsequently stained using SA β-galactosidase 
staining kit. The graph shows the mean values from three independ-

ent experiments. Error bars indicate standard deviations. b Expres-
sion of p21 Waf1/Cip1 was evaluated by specific antibody using 
western blotting. To control for sample loading, the blots were probed 
with α-tubulin-specific antibody
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cord injury [25–28]. UC-hMSCs have gained significant 
attention in recent years due to their easy and non-inva-
sive isolation procedure, high proliferation rate and strong 
immunomodulatory properties [6, 29]. Hence, UC-MSCs 
are believed to be attractive candidates for cell therapies, a 
standardized description of cells isolation, cultivation and 
characterization is lacking. Translation from the laboratory 
into clinical-grade UC-hMSCs requires standardization of 
many parameters including proper characterization of cell 
source, UC-hMSCs isolation, expansion, harvest and long-
term storage. Three-dimensional (3D) bioreactors have been 
extensively studied for the large-scale commercial expansion 
of MSCs, allowing an automated process where the culture 
environment can be precisely defined. However, challenges 
still exist, in terms of the unknown potency and properties 
of the expanded MSCs [18, 30, 31].

The First reports were published to characterize various 
methods of UC-hMSCs large scale expansion including 
3-D microcarrier-based culture systems (spinner flasks 
and stirred tank bioreactors). It has been reported that 
secretome and transcriptome of UC-hMSCs are affected 
by the selection of expansion system [32–34]. Similarly, 
differences in surface markers expression and secretome 
profile of BM-hMSCs and AT-hMSCs expanded in flasks, 
microcarrier-based system and hollow fibre bioreactor 

Fig. 4  Trilineage differentia-
tion of UC-hMSCs expanded in 
flasks (P1) and bioreactor (run3, 
run4, run5). Cells were cultured 
in adipogenic (a) and osteogenic 
(b) differentiation media, fixed 
and stained with Oil Red O (a) 
or Alizarin Red S (b). c 2 × 105 
of cells were pelleted in a 15 ml 
polypropylene tube and cultured 
for 28 days in chondrogenic 
differentiation media. The pel-
lets were then fixed, dehydrated 
in graded series of ethanol, 
embedded in paraffin, cut into 
5 μm sections, mounted on 
slides, and stained using Alcian 
blue (Color figure online)

Fig. 5  An anchorage-independent growth of HeLa cell line and UC-
hMSCs expanded in flasks (P1) and bioreactor (run3, run4, run5). 
Cells (1 × 103) were seeded to the top layer of culture media contain-
ing 0.15% agarose (the bottom layer contained 0.6% agarose). After 
solidification, 0.5 ml of fresh culture media was added and cells were 
incubated for 21 days. Colonies were stained with crystal violet and 
photographed at × 200 magnification (Color figure online)
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have been also reported [19, 35, 36]. Based on gene 
expression analysis, however, cultivation of UC-MSCs in 
controlled bioreactor systems resulted in less heteroge-
neity between cells from different donors suggesting that 
UC-hMSCs expansion under controlled conditions thus 
leads to less variability of cell preparations as compared to 
cell expansion in culture flasks [32]. In our hands, expan-
sion of UC-hMSCs in bioreactor does alter neither sur-
face marker expression nor their differentiation capacity 
suggesting that cells retain their MSC characteristics. A 
presented study, demonstrates comparable immunomodu-
latory properties of cells expanded in flasks and bioreactor. 
To further analyze immunomodulatory properties of these 
cells, we studied the expression of chemokines/cytokines 
and several growth factors (neural growth factor, NGF and 
insulin growth factor, IGF). The growth factors have been 
selected considering their neuroprotective effect. More 
specifically, NGF is known to play a major role in the 
maintenance of cholinergic neurons integrity and function, 
both during development and adulthood, contributes to the 
survival and regeneration of neurons during aging and in 
age-related diseases such as AD [37]. It has been reported 
that stereotactic deep brain implant of NGF in patients 
with AD, is a feasible and safe strategy, well-tolerated by 
patients and significantly correlates between cognition and 
cholinergic markers in CSF and in brain [38]. An enhanced 
expression of NGF has been shown to have a neuroprotec-
tive effect during diabetic neuropathy by mediation of the 
inhibition of excessive ER stress via the activation of the 
PI3K/Akt/GSK3β and ERK1/2 signaling pathways [37]. 

Hence, usage of the cells cultured in automated closed bio-
reactor system described in our study could be beneficial 
while application in patients with affected NGF pathways.

Long-term culture of primary cells might result in 
decreased proliferation rate, senescence and accumulation 
of genetic abnormalities [39]. Although no specific markers 
of cellular aging in UC-hMSCs have been reported yet, we 
used two conventional markers of cellular senescence (SA-β-
Gal and p21 Waf1/Cip1) [40]. We showed that large scale 
expansion in the Quantum Cell Expansion System does not 
alter UC-hMSCs cell proliferation and senescence marker 
expression. Furthermore, conventional karyotype analysis 
did not disclose any major genetic alterations and we did 
not observe cells with transforming potential (evaluated as 
anchorage-independent growth) in our culture conditions.

Our results did not reveal any major phenotypic differ-
ences between P1 cells and cells expanded in a bioreac-
tor. We confirmed significantly enhanced growth rate of 
UC-hMSCs cultured in bioreactor (average PDT from four 
bioreactor runs 35.5 h—Tables 1 and S1) compared to the 
growth rate of cells cultured in flasks (PDT 52.8 h—see 
Fig. 2). The average yield of UC-hMSCs harvesting in bio-
reactor was more than 400 million cells from one run. Due 
to their strong immunomodulatory properties, UC-MSCs 
have been tested in clinical trials for various immune- and 
inflammation-mediated diseases with therapeutic doses 
ranging between 1 and 10 millions of UC-hMSCs per kg of 
body weight [41, 42]. Our experiments revealed that with the 
Quantum Cell Expansion System, these quantities of UC-
hMSCs can be obtained in a relatively short time compared 

Fig. 6  An immunomodulatory capacity of UC-hMSCs expanded 
in flasks (P1) and bioreactor (run3, run4, run5). UC-hMSCs were 
treated with 10 μg/ml mitomycin for 2 h and seeded at a concentra-
tion of 1 × 104 cells/120  μl in a round bottom 96-well plate. After 
24  h, 2.5 × 104 of PHA-treated peripheral blood mononuclear cells 
(PBMCs) isolated from venous blood of four healthy volunteers 
were added to wells with UC-MSCs or to wells with culture medium 
only. a Proliferation of PBMC was evaluated 72 h later using BrdU 
Cell Proliferation Assay kit. The graph shows the mean proliferation 
capacity of all PBMCs co-cultured with each UC-hMSCs relative to 
all PBMCs cultured alone. Error bars indicate standard deviations. 

*, **Indicate a significant (P < 0.05, P < 0.01) difference in prolif-
eration of PBMCs co-cultured with each UC-hMSCs versus PBMCs 
cultured alone. b The experiment was performed as described in (a). 
After 72  h, PBMCs were collected, total RNA isolated and reverse 
transcribed to cDNA. The expression levels of IFNγ were determined 
using qRT-PCR and normalized to GAPDH. The graph demonstrates 
the relative IFNγ expression of all PBMCs co-cultured with each UC-
hMSCs versus PBMCs cultured alone. Error bars indicate standard 
deviations. *, **Indicate a significant (P < 0.05, P < 0.01) difference 
in IFNγ expression between PHA-stimulated PBMCs cultured alone 
and those co-cultivated with UC-hMSCs
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with conventional flask method, and also minimizes opera-
tor’s mistake.

In conclusion, we successfully performed large-scale 
expansion of UC-hMSCs using the commercially available 
system without altering major phenotypic characteristics of 
these cells. Moreover, culture conditions increased expres-
sion of NGF which has beneficial effect in neurological dis-
eases. Our next goal is to test various xeno-free media and 
harvesting procedures in order to develop a fully xeno-free 
large-scale UC-hMSCs manufacturing procedure based on 
Quantum Cell Expansion System.
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