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Abstract 
Due to their immunomodulatory properties and in vitro differentiation ability, human mesenchymal stromal cells (hMSCs) 
have been investigated in more than 1000 clinical trials over the last decade. Multiple studies that have explored the 
development of gene-modified hMSC-based products are now reaching early stages of clinical trial programmes. From an 
engineering perspective, the challenge lies in developing manufacturing methods capable of producing sufficient doses of 
ex vivo gene-modified hMSCs for clinical applications. This work demonstrates, for the first time, a scalable manufacturing 
process using a microcarrier-bioreactor system for the expansion of gene-modified hMSCs. Upon isolation, umbilical cord 
tissue mesenchymal stromal cells (UCT-hMSCs) were transduced using a lentiviral vector (LV) with green fluorescent 
protein (GFP) or vascular endothelial growth factor (VEGF) transgenes. The cells were then seeded in 100 mL spinner 
flasks using Spherecol microcarriers and expanded for seven days. After six days in culture, both non-transduced and 
transduced cell populations attained comparable maximum cell concentrations (≈1.8 ×  105 cell/mL). Analysis of the culture 
supernatant identified that glucose was fully depleted after day five across the cell populations. Lactate concentrations 
observed throughout the culture reached a maximum of 7.5 mM on day seven. Immunophenotype analysis revealed that the 
transduction followed by an expansion step was not responsible for the downregulation of the cell surface receptors used 
to identify hMSCs. The levels of CD73, CD90, and CD105 expressing cells were above 90% for the non-transduced and 
transduced cells. In addition, the expression of negative markers (CD11b, CD19, CD34, CD45, and HLA-DR) was also 
shown to be below 5%, which is aligned with the criteria established for hMSCs by the International Society for Cell and 
Gene Therapy (ISCT). This work provides a foundation for the scalable manufacturing of gene-modified hMSCs which will 
overcome a significant translational and commercial bottleneck.

Key points
• hMSCs were successfully transduced by lentiviral vectors carrying two different transgenes: GFP and VEGF
• Transduced hMSCs were successfully expanded on microcarriers using spinner flasks during a period of 7 days
• The genetic modification step did not cause any detrimental impact on the hMSC immunophenotype characteristics
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Introduction

Cell and gene therapy (CGT) represents a novel and 
potentially transformative therapeutic modality. However, 
these CGT products have become increasingly complex to 
manufacture. This is in part due to the range of cellular 
modalities investigated (Heathman et al. 2015; Silva Couto 
et al. 2017; Couto et al. 2019), as well as the need for 
genetically engineering the cells to integrate the gene of 
interest, responsible for eliciting the desired clinical effect 
(Wang and Rivière 2016; Costariol et al. 2020). Other 
novel approaches using products of cells (e.g., extracel-
lular vesicles) have also been explored in recent clinical 
trials (Shi et al. 2021; Gupta et al. 2021; Fathi-Kazerooni 
et al. 2022). The field has seen the recent successes of 
chimeric antigen receptor T cell immunotherapies (CAR-
T) receiving approval to target haematological malignan-
cies, such as acute lymphoblastic leukaemia (ALL), B-cell 
lymphoma, follicular lymphoma, mantle cell lymphoma, 
and multiple myeloma (Mullard 2021; Sengsayadeth et al. 
2022; Strati 2022).

Human mesenchymal stromal cells (hMSCs) are a 
promising candidate amongst the non-blood related cell 
types employed in CGT applications. Given their in vitro 
differentiation ability and immunomodulatory proper-
ties (Tamama et al. 2008; Da Silva Meirelles et al. 2008; 
Caplan and Correa 2011; Munir et al. 2017), hMSCs have 
been explored in several clinical trials during the last dec-
ade (Silva Couto et al. 2017; Kabat et al. 2020). These 
biological characteristics place hMSCs in a unique posi-
tion as a candidate for cell therapy and tissue engineering 
applications. Although these cells can be isolated from 
both adult (adipose tissue (AT), bone marrow (BM)) and 
perinatal tissues (umbilical cord tissue (UCT) and placenta 
for example), multiple studies have reported biological dif-
ferences across sources of hMSCs (Barlow et al. 2008; 
Ikegame et al. 2011; Jin et al. 2013; Mattar and Bieback 
2015; Du et al. 2016).

The lack of evidence for in vivo engraftment and dif-
ferentiation (Grinnemo et al. 2006; Von Bahr et al. 2012; 
Gomez-Salazar et al. 2020) together with the observation 
that hMSCs produce a wide range of immunomodulatory 
molecules has suggested that their mechanism of action 
(MoA) is attributed to the cells’ paracrine signalling capa-
bility (Caplan and Correa 2011; Mattar and Bieback 2015; 
Wang et al. 2018). However, it remains unclear whether 
hMSC immunomodulatory properties are the result of cell to 
cell interactions or exclusively driven by the cell secretome 
(Nasef et al. 2006; Zanotti et al. 2013; Mallis et al. 2021).

From a clinical perspective, hMSC-based products 
have already been approved worldwide (Silva Couto et al. 
2020a) targeting conditions such as acute myocardial 

infarction, graft versus host disease, and degenerative 
arthritis, amongst others. Although most clinical trials use 
hMSCs as a cell therapy product, the application of this 
cell type for ex vivo gene therapies has recently increased 
(Eggenhofer et al. 2012; Marofi et al. 2017; Iansante et al. 
2021; Preda et al. 2021). One safety argument in favour 
of using hMSCs as an ex vivo gene therapy tool lies in 
fact that these cells are short lived when administered to 
humans (Eggenhofer et al. 2012; Muhammad et al. 2017). 
This makes gene-modified hMSCs a promising cellular 
modality in the scenario where a transient effect is desired. 
This strategy has been explored in studies targeting solid 
tumours or vascular disorders (Sage et al. 2014; Beegle 
et al. 2015, 2016; Yuan et al. 2016; Davies et al. 2019). 
Given the promising findings from pre-clinical studies 
using ex vivo gene-modified hMSCs, it is likely that some 
of these therapies will soon reach first-in-human studies.

The engineering challenge lies in reducing the cost of man-
ufacturing. These products are overly expensive mostly due 
to the lack of robust and scalable manufacturing platforms. 
Manufacturing technologies which support commercial-scale 
demand are necessary to ensure the production of the final cel-
lular therapeutic. The anchorage-dependent nature of hMSCs 
presents technical challenges as the cells need a surface to 
grow (Caplan 1991; Haynesworth et al. 1996). Therefore, 
their expansion in stirred tanks (STRs) depends on providing 
a suitable matrix (usually microcarriers) for cell adherence and 
suitable agitation levels. The use of microcarriers for hMSC 
culture in STRs has been proven extensively (Eibes et al. 2010; 
Santos et al. 2011; Rafiq et al. 2013; Tan et al. 2016; Rafiq 
et al. 2017b). Notably, none of these studies have investigated 
and demonstrated the production of gene-modified hMSCs.

Given the novelty of hMSCs-based ex vivo gene therapy 
applications, the challenge is to develop scalable manufac-
turing processes adapted to a product with these character-
istics (Sage et al. 2014; Beegle et al. 2015, 2016; Yuan et al. 
2016; Davies et al. 2019). The aim of this study was to inves-
tigate whether the expansion of transduced UCT-hMSCs can 
be performed using microcarriers and agitated conditions. 
The work involved the comparison between three groups: (1) 
non-transduced UCT-hMSC, (2) UCT-hMSC-GFP, and (3) 
UCT-hMSC-VEGF, evaluating the respective growth kinet-
ics, metabolic profiles, and immunophenotype.

Materials and methods

Cell isolation

Fresh UCT samples were purchased from (Tissue Solutions, 
UK) and shipped at room temperature. An enzymatic diges-
tion protocol was followed to perform the cell isolation work. 
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Briefly, this involved exposing the perivascular tissue using 
a scalpel and surgical tweezers. The tissue was dissected 
into smaller pieces to facilitate the subsequent unit opera-
tions. The tissue was transferred to a shake flask (Corning, 
US), and an enzymatic solution (1 g/L) of collagenase NB4 
(Serva, Germany) was added. The volumetric ratio between 
tissue and enzyme used was 1:1. The flasks were placed on 
a shaking platform inside an incubator (at 37 °C under 5% 
of  CO2) and kept at 120 rpm for a maximum of three hours 
or until no tissue was observable. To neutralise the enzyme’s 
activity, expansion medium was added in a 1:1 ratio of 
enzyme to medium. Expansion medium was prepared by 
adding to Dulbecco’s modified Eagle’s medium (DMEM, 
1 g/L glucose, Lonza, UK), 10% (v/v) foetal bovine serum 
(FBS) (Gibco, UK), and 2 mM UltraGlutamine (Lonza, UK). 
The mixture was centrifuged at 350 g for 5 min (Eppendorf, 
UK), after which the supernatant was removed, and the cell 
pellet was manually disturbed to eliminate cell clumping. 
Once the pellet was detached from the bottom of the conical 
tube, 100 mL of pre-warmed expansion medium was added. 
A final purification step was performed by filtering the cell 
suspension through a 60 μm steriflip centrifuge tube (Merck, 
Germany) to eliminate any undigested tissue left in suspen-
sion. A cell count was performed before the cells were either 
cryopreserved or expanded in monolayer.

Cell expansion and cryopreservation

Immediately after isolation, two passages were performed 
to create a working cell bank of UCT-hMSCs. This was 
achieved by plating the cells at a density of 1 ×  104 cells/
cm2 (P0-P1). A density of 5000 cell/cm2 was chosen for 
one subsequent passage (P2). The expansion was performed 
using the same culture medium formulation described above. 
When the cells reached 70–80% confluency, a new passage 
was initiated. The cryopreservation step was performed at 
the end of P2 after a cell detachment step using 0.25% (v/v) 
trypsin and 0.02% (w/v) EDTA solution (Gibco, UK) and 
followed by a centrifugation step using a 400 g cycle for 
5 min. The cells were resuspended in CS10 (Biolife Solu-
tions, USA) at the concentration of 1 ×  106 cells/mL.

Plasmid purification

To produce the  2nd generation LV, three different plasmids 
were used: pMD.G (envelope), P8.91 (packaging), and SIN 
pHV (GFP transgene) were previously described (San-
ber et al. 2015) whereas the plasmids coding for VEGF 
(#89609; also encoding a GFP marker) were purchased from 
Addgene, USA. For the plasmids obtained from the Infection 
and Immunity Divison at UCL, a bacteria transformation 
step was performed using competent cells (DH5α, Ther-
moFisher, USA). For the plasmid purchased from Addgene, 

the bacteria stab was spread across Luria broth agar plates 
(Sigma, UK) followed by a 37 °C incubation overnight. The 
following morning, after confirming that the bacteria had 
grown, a single colony was picked and expanded first in 
Luria broth (Sigma, UK) until  OD600 of 2.0 was reached. 
Then, the plasmids were isolated using a purification kit 
(QIAGEN, Germany) following the manufacturer’s protocol.

LV manufacturing

Human embryonic kidney (HEK) 293 T cells were seeded 
at a density of 1 ×  105 cell/cm2 in DMEM with high glu-
cose (Gibco, UK), 2 mM GlutaMAX (Gibco, UK) and 10% 
(v/v) FBS (Gibco, UK). One day after seeding, the packag-
ing, envelope, and the plasmid carrying the transgene were 
mixed in a ratio of 1:1:1.5. In a separate reaction tube, 0.127 
μL of FuGENE-6 (Promega, US) was mixed to 2.54 μL of 
Optimem (ThermoFisher, US) and then added to the cells. 
On the following day, a total medium exchange using the 
medium formulation described in this section. For the next 
three consecutive days, the vector-containing medium was 
harvested from the cell culture plate and filtered using a 
0.45 μm polyethersulfone syringe filter (Merck, Ireland). 
The virus-containing medium was then stored at − 80 °C.

Transduction of hMSCs

This unit operation started with thawing the UCT-hMSCs 
using a 37 °C water bath. The cells were cultured in mon-
olayer for one passage, before the transduction was initi-
ated (P4). The cells were then seeded at a concentration of 
100,000 cell/cm2, and on the next day, the transduction step 
was performed using LV at multiplicity of infection (MOI, 
transduction units on HEK293T cells per a UCT-hMSC 
cell) of two using polybrene at a concentration of 8 µg/mL 
(Sigma, UK). The transduction efficiency was assessed using 
the methodology described in the “Analytical techniques” 
section.

Expansion of hMSCs on microcarriers

For microcarrier-spinner flask culture, the microcarriers 
were prepared according to the manufacturer’s instruc-
tions. Preparation of the spinner flasks (BellCo Biotech, 
US) involved coating the vessels with Sigmacote® (Sigma, 
UK). Following the same experimental steps required dur-
ing the microcarrier screening study, Spherecol micro-
carriers were prepared according to the manufacturer’s 
instructions. Briefly, the appropriate mass of Spherecol 
microcarrier was weighed to ensure 5  cm2 per mL of cul-
ture. The hydrated microcarriers were then autoclaved 
inside of the spinner flask. Before seeding, the expan-
sion medium was used to remove residual water from the 
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autoclave cycle (Richmond Scientific, UK). The UCT-
hMSCs were then seeded in spinner flasks at a density of 
6000 cells/cm2. To allow sufficient gas exchange whilst 
in the incubator, the side-arms of each spinner flask were 
loosened. Spinner flask agitation was provided by a Bell-
Ennium Compact 5 (BellCo Biotech, USA). The initial 
cell-to-microcarrier attachment was performed with 50% 
of the working volume and with intermittent agitation: 
25 min rest followed by 5 min at 30 rpm. This cycle was 
repeated for 8 h. One day after the initial seeding, expan-
sion medium addition was performed to reach 100% work-
ing volume of the spinner flask. A medium exchange of 
25% of the working volume was performed commencing 
from day three. This was performed by removing the spin-
ner flask from the spinning platform allowing the microcar-
riers to settle to the bottom of the vessel by gravity. Then, 
the medium exchange was performed on the supernatant, 
without microcarriers or cells being removed.

Analytical techniques

LV titre determination

To determine the concentration of the LVs produced, two 
methods were chosen: (1) a functional titre assay using flow 
cytometry and (2) physical titre assay that quantifies HIV-1 
p24 antigen in cell culture supernatants via enzyme-linked 
immunosorbent assay (ELISA).

For the functional titre assay, HEK 293 T were plated at 
a concentration of 3.0 ×  105 cells per well using a 12-well 
plate. Polybrene was added to the cell suspension at a con-
centration of 8 μg/mL and the vector-containing medium 
in serial dilutions (1:10, 1:100, and 1:1000). One-day post-
transduction, a medium addition was performed using 50% 
of the initial culture volume. Two days after, the cells were 
detached with 0.25% (v/v) trypsin and 0.02% (w/v) EDTA 
solution (Gibco, UK), centrifuged, and resuspended in Stain 
Buffer (BD Biosciences, UK). To quantify the functional 
LV concentration, GFP expression was then assessed using 
flow cytometry.

For the physical titre assay, an ELISA-based HIV-1 
p24 antigen (Origene, US) assay was performed follow-
ing the protocol established by the manufacturer. Briefly, 
the standard curve was prepared and the samples, went 
through incubation cycles with anti-HIV-1 p24 capture 
antibody, antibody detector, streptavidin HRP conjugate, 
and, finally, substrate. The final step was then absorbance 
measurement at 450 nm using a CLARIOstar plate reader 
(BMG Labtech, Germany). The analysis of the data relied 
on a standard curve that correlates absorbance to p24 con-
centration. This assay estimates that 1 pg of p24 equates 
to 1 ×  104 physical particles of LV.

Cell counts

Cell counting and viability were performed using a 
NucleoCounter NC-3000 (Chemometec, Denmark) Via1-
Cassette™ (Chemometec, Denmark) were used. These 
cassettes have immobilised acridine orange (AO) and 
4′,6-diamidino-2-phenylindole (DAPI) that enable the 
detection of cells and non-viable cells, respectively. AO is 
a permeable dye that binds directly to cell nuclei, whereas 
DAPI can only enter damaged cell membranes.

Cell viability assay

During the microcarrier screening stage, to overcome the 
limitations of automated cell counts when working at low 
concentrations, the WST-1 assay (Roche, Switzerland) was 
used. This colorimetric test uses the reduction of WST-1 
by viable cells as an indirect measure for viable cell con-
centration determination. The WST-1 assay features a sta-
ble tetrazolium salt that is cleaved, leading to a soluble 
form of formazan, in a process occurring at the cell surface 
level. The amount of formazan dye in the supernatant can 
then be correlated to the metabolically active number of 
cells. Briefly, the WST-1 was added to the tissue culture 
well plates, containing cells attached to microcarriers, in a 
volumetric ratio of 1:10. The sample was kept for one hour 
in a humidified incubator at 37 °C and 5%  CO2 and then 
analysed using a plate reader Infinite® 200 PRO (Tecan, 
Switzerland). The absorbance values were measured at 
450 nm against a reference of 690 nm.

Metabolite analysis

The samples collected during the expansion stage were 
frozen at − 20 °C during the entire expansion cycle and 
thawed one hour before analysis. The CuBiAn® Bio-
analyzer (Optocell, Germany) was used to determine the 
ammonia (mM), glucose (mM), and lactate (mM). The 
system was operated according to the manufacturer's 
instructions.

Transduction efficiency

Both lentiviral vector preparations carried a GFP marker gene, 
enabling transduction efficiency to be assessed for green fluo-
rescence using flow cytometry. Briefly, the UCT-hMSCs were 
detached 72 h after LV exposure with 0.25% (v/v) trypsin 
and 0.02% (w/v) EDTA solution, centrifuged (400 g, 5 min) 
and resuspended in Stain Buffer (BD Biosciences, US). The 
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percentage of GFP expressing cells was determined using a 
LSR Fortessa 1, (BD Biosciences, US). A non-transduced 
control was used to set the gate for the GFP expressing cells.

Immunophenotype characterisation

To perform a characterisation of the surface receptors on 
the expanded cells, a panel of markers based on ISCT cri-
teria was followed. Briefly, a minimum of 1 ×  105 cells 
was used to perform a single staining protocol. This assay 
started with an incubation cycle using FC block (BD Bio-
sciences, US), followed by another incubation step with the 
following antibodies: CD73-APC, CD90-APC, CD105-PE, 
CD11b-PE, CD19-APC, CD34-PE, CD45-PE-Cy5.5, and 
HLA-DR-PerCP-Cy7 all purchased from (BD Biosciences, 
US). The samples were then acquired using LSR Fortessa 1.

Equations
Different equations were used to compare the growth kinet-
ics and metabolism of the cells seeded in the different 
expansion platforms used in this study. All these equations 
were previously used in similar experimental setups across 
multiple studies (Rafiq et al. 2013; Dos Santos et al. 2014; 
Mizukami et al. 2016; Heathman et al. 2016)

where μ represents the specific growth rate  (d−1), cx(t) , and 
cx(0) describe the total cell numbers at the end and the start 
of the exponential growth phase, respectively. Time was rep-
resented by t(d).

where td represents doubling time (d) and μ represents the 
specific growth rate  (d−1).

(1)
� =

Ln

(

cx(t)

cx(0)

)

Δt

(2)td =
Ln(2)

�

where cx(f ) and cx(0) correspond to final and initial cell con-
centration, respectively.

where qmet represents specific metabolic consumption/pro-
duction rate, µ specific growth rate  (d−1), Cmet(0) and Cmet(t) 
correspond to the metabolite concentration at the start and 
end of the exponential growth phase, respectively, and cx(0) 
is the cell number at the beginning of the exponential growth 
phase, whereas t represents time.

Statistical analysis

To perform the statistical analysis required during the present 
work, the software SPSS (IBM, USA) was used. The Kruskal 
Wallis test was chosen to establish a comparison between 
the different groups studied. Significance levels were set 
at P values < 0.05 (*P-value < 0.05, **P-value < 0.01, 
***P-value < 0.001, and ****P-value < 0.0001).

Results

Impact of different microcarriers on growth kinetics 
of UCT‑hMSCs

Due to the adherent nature of hMSCs, a surface for cell adhesion 
needs to be provided to avoid cell death via anoikis (Vachon 
2011). Given the focus of the present work on suspension cul-
ture, an initial screening experiment was conducted in mon-
olayer and aimed to evaluate the performance of different micro-
carrier types on UCT-hMSC growth kinetics (Figs. 1, 2, and 3).

(3)Foldincrease(FI) =
cx(f )

cx(0)

(4)qmet =
�

cx(0)
×
Cmet(t) − Cmet(0)

e�t − 1

Fig. 1  Cell concentration after 
the 8-day expansion of UCT-
hMSCs. Data shown as mean 
with error bars representing 
standard deviation (N = 9). This 
study was performed using 
ultra-low attachment plates to 
avoid cell adhesion to the plates 
and enabling cell to microcar-
rier attachment
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Figure 1 shows the cell concentration obtained after an 
eight-day expansion period using different microcarriers. 
Cytodex 1 and Spherecol were the microcarriers associated 
with the highest cell concentration during this study, fol-
lowed by Hillex II, Plastic, and Plastic Plus. Given that sev-
eral cell concentrations observed in the study are close to the 
lower limit of the optimal range of the equipment (5 ×  104 to 
5 ×  106 cells/mL), an indirect cell quantification method was 
also performed (Fig. 2). The indirect cell counting assay also 
showed a similar trend, placing Cytodex 1 and Spherecol as 
the best performing microcarriers, followed by Plastic and 
Plastic Plus. It should be mentioned that Hillex II absorbed 
all the colours from the culture medium used. Therefore, 
this group was disregarded for the WST-1 assay interpreta-
tion purposes. This phenomenon was reported in a previous 
microcarrier screening study (Rafiq et al. 2016).

Metabolically active mammalian cells consume glu-
cose and produce lactate during their expansion processes. 
The concentration of these metabolites was measured to 
gather additional information that can inform the selec-
tion of the microcarrier(s) that maximise cell concentration 
(Fig. 3). The metabolite analysis revealed that Cytodex 1 
and Spherecol were associated with lower glucose concen-
trations after the eight-day expansion cycle. Conversely, 
the lactate concentration of these two groups was also the 
highest reported in this study. This suggests higher glucose 

consumption due to a more extensive proliferation of UCT-
hMSCs. Taken together, these data sets suggest that Cyto-
dex 1 and Spherecol maximise cell attachment and there-
fore potentiate improved growth kinetics when compared to 
the other microcarriers studied. Cytodex 1 is manufactured 
using a dextran matrix and uses diethylaminoethyl cellulose 
(DEAE) groups that are positively charged. Spherecol fea-
tures polystyrene matrix coated with type I human collagen 
(Rafiq et al. 2016). Previous reports have highlighted that 
collagen supports cell adhesion to surfaces and proliferation 
of hMSCs (Schor and Court 1979; Heino 2007; Silva Couto 
et al. 2023). Given smaller variation across donors observed 
when using Spherecol, this microcarrier type was taken for-
ward to perform the remaining suspension-based work.

LV titration and transduction efficiency

Prior to transduction of the UCT-hMSCs, there was a LV 
manufacturing step performed. During this work, two LVs 
were prepared: one carrying a GFP marker only and another 
with a VEGF transgene and a GFP marker. Both these prepa-
rations were quantified using a physical and a functional 
method (p24 assay and infectivity assay, respectively). During 
the 3-day harvest period, a reduction in the functional titre was 
observed for both vector preparations, which is aligned with 
the trend reported in previous reports (Merten et al. 2016).

Fig. 2  Absorbance levels 
resulting from the WST-1 assay 
after the 8-day expansion of 
UCT-hMSCs. Data shown as 
mean with error bars represent-
ing standard deviation (N = 9). 
This study was performed using 
ultra-low attachment plates to 
avoid cell adhesion to the plates 
and enabling cell to microcar-
rier attachment

Fig. 3  Glucose and lactate con-
centrations after an 8-day with 
UCT-hMSCs. Data shown as 
mean with error bars represent-
ing standard deviation (N = 9). 
This study was performed using 
ultra-low attachment plates to 
avoid cell adhesion to the plates 
and enabling cell to microcar-
rier attachment
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The average funct ional  t i t re  obtained was 
(5.91 ± 2.84) ×  106 TU/mL and (2.58 ± 1.24) ×  106 TU/
mL for GFP and VEGF, respectively. The same decreas-
ing trend during the 3-day harvesting was observed for the 
physical titre which was determined through quantifica-
tion of p24. In this case, the average physical titre obtained 
was (2.12 ± 1.03) ×  108 VP/mL for (1.96 ± 0.72) ×  108 
VP/mL for GFP and VEGF, respectively. Regarding the 

physical to functional particle ratios, these were 36.6 ± 5.62 
and 80.7 ± 29.9 for the GFP- and VEGF-encoding LVs, 
respectively.

To evaluate transduction efficiency when using these LV 
preparations, a titration study was conducted using MOI (LV 
293 T transduction units to UCT-hMSCs ratios) between 
0.1 and 20 (Figs. 4A, B and 5). When the percentage of 
transduced cells is below 40%, the number of integrations 
is approximate to the number of transduced cells. However, 
at higher MOIs, the number of transduced cells with mul-
tiple copy integrations increases, which may increase the 
risk for insertional mutagenesis. On this basis, an MOI of 2 
was selected to provide high transduction efficiencies whilst 
minimising the risk of multiple integrations. Previous stud-
ies have demonstrated that increasing the MOI even just up 
to five led to an average of three insertions of the transgene 
per cell (Beegle et al. 2016).

Growth kinetics of gene‑modified UCT‑hMSCs

To establish a scalable manufacturing process for gene-
modified UCT-hMSCs, the transduced cells were expanded 
using microcarriers in suspension conditions in 80 mL 
spinner flasks. This study included a non-transduced con-
trol (UCT-hMSC) and two gene-modified cell populations, 
UCT-hMSC-GFP and UCT-hMSC-VEGF. Daily cell counts 
were performed throughout the 7-day expansion period to 
monitor cell growth kinetics.

The expansion pattern of the three different cell popula-
tions revealed differences in the lag phase duration (Fig. 6). 
Whereas non-transduced UCT-hMSC and UCT-hMSC-GFP 
showed a lag phase of approximately one day, UCT-hMSC-
VEGF showed a two-day lag phase. Some studies have opti-
mised the manufacturing process of non-transduced hMSCs 
and reported cell growth starting from day one of culture (Dos 
Santos et al. 2014; Schirmaier et al. 2014; Mizukami et al. 
2016; Tozetti et al. 2017; Rafiq et al. 2017a). However, a two-
day lag phase was also reported previously (Eibes et al. 2010; 

Fig. 4  Transduction efficiency using different ratios of infections par-
ticles per cell for A GFP (top) and B VEGF (bottom). Data shows 
mean with error bars representing standard deviation (N = 3)

Fig. 5  Phase contrast micros-
copy images of the UCT-hMSC-
VEGF cells during the transduc-
tion efficiency study. MOIs of 
0, 1, 5, and 20 represented in 
the figure (from left to right). 
Top line shows images collected 
with typical phase contrast 
microscopy settings applied and 
bottom line with a green filter 
turned on to allow GPF signal 
detection
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Caruso et al. 2014; Yuan et al. 2014; Zhao et al. 2015; Chen 
et al. 2015; Lam et al. 2017; De Soure et al. 2017).

Despite the differences observed in the initial days of 
the expansion, all three cell groups studied (UCT-hMSC, 
UCT-hMSC-GFP, and UCT-hMSC-VEGF) achieved com-
parable maximum cell densities at similar time points (N = 3, 
P-value > 0.05). The maximum cell concentrations reached 
were 1.73 ± 0.15 ×  105 cells/mL, 1.72 ± 0.08 ×  105 cells/
mL, and 1.67 ± 0.17 ×  105 cells/mL for UCT-hMSC, UCT-
hMSC-GFP, and UCT-hMSC-VEGF, respectively. These 
cell yields were comparable to previously reported studies 
conducted at the 100 mL scale (Sun et al. 2010; Carmelo 
et al. 2015; Li et al. 2015; Mizukami et al. 2016). Although 
the non-transduced control and UCT-hMSC-GFP displayed 
similar growth rates (0.281 ± 0.131  d−1 and 0.317 ± 0.126 
 d−1, respectively), the UCT-hMSC-VEGF group was dem-
onstrated to grow at a faster rate 0.457 ± 0.045  d−1 (N = 3, 
P-value < 0.05). These three groups have shown growth 
rates comparable to some studies previously published 
(Eibes et al. 2010; Santos et al. 2011; Yuan et al. 2014). 
The doubling time for UCT-hMSC, UCT-hMSC-GFP and 
UCT-hMSC-VEGF was also calculated at 2.44 ± 0.305 
d, 2.19 ± 0.181 d, and 1.52 ± 0.151 d, respectively. These 
results suggest that the expansion of gene-modified hMSCs 
has been successfully performed, reaching similar cell con-
centrations published in previous studies.

Metabolic profile of gene‑modified UCT‑hMSCs

Daily measurements of glucose, lactate, and ammonia 
were performed to evaluate the metabolic consumption/
production patterns during the expansion phase. Firstly, it 
was observed that glucose concentration (Fig. 7) decreased 
gradually during cell expansion in all three groups studied 

(UCT-hMSC, UCT-hMSC-GFP, and UCT-hMSC-VEGF). It 
was also noticed that both UCT-hMSCs and the GFP-trans-
duced cells experienced glucose levels close to 0 mM by 
day 4. These results are aligned with the viable cell density, 
where the growth rate for UCT-hMSC and UCT-hMSC-GFP 
reduces from day four onwards. This is potentially attribut-
able to the lack of glucose availability in the medium. In 
contrast, UCT-hMSC-VEGF only reached similar glucose 
levels on day 6. These results are indicative that glucose 
availability may be one of the limiting factors of cell growth 
in the three groups studied. The average consumption rate 
was calculated during the exponential growth phase to 
understand the glucose consumption pattern on a cell basis. 
No difference was reported in the glucose consumption 
rates obtained across non-transduced (77.98 ± 52.93 pmol·
cell−1·day−1) and transduced cell populations (UCT-hMSC-
GFP: 77.98 ± 52.93 pmol·cell−1·day−1, UCT-hMSC-VEGF: 
213 ± 134 pmol·cell−1·day−1) (N = 3, P-value > 0.05).

Given that lactate is formed during the glycolysis via glu-
cose degradation (Pattappa et al. 2011; Barilani et al. 2019), 
its concentration was measured daily throughout the culture 
(Fig. 8). At the end of the 7-day expansion period, both the 
non-transduced and the UCT-hMSC-GFP reached lactate con-
centrations of 5.21 ± 0.54 mM and 5.67 ± 0.41 mM, respec-
tively. In this same period, a higher lactate concentration was 
reported in the UCT-hMSC-VEGF group (7.19 ± 0.23 mM) 
(N = 3, P-value < 0.05). These concentrations are aligned with 
those reported in other studies (Rafiq et al. 2013; Dos Santos 
et al. 2014; Carmelo et al. 2015). Noteworthy, these values 
are considerably lower than the levels reported to inhibit 
hMSCs growth (Schop et al. 2010). The average consump-
tion rate was calculated during the exponential growth phase 
to understand the lactate production pattern per cell basis. 
Comparable glucose consumption rates were obtained across 
non-transduced (126 ± 103 pmol·cell−1·day−1) and transduced 
cell populations (GFP-164 ± 141 pmol·cell−1·day−1, VEGF-
361 ± 141 pmol·cell−1·day−1) (N = 3, P-value > 0.05). Lactate 
concentration did not have any significant changes from day 
six onwards as the medium formulation had no glucose left 
to be consumed.

A similar analysis was conducted for ammonia, a 
common by-product usually traced due to its key role 
during amino acid breakdown (Genzel et  al. 2008; 
Salazar et al. 2016) (Fig. 9). The concentration of this 
metabolite increased over the 7-day culture period 
with UCT-hMSC (1.91 ± 0.14 mM) reaching the high-
est concentration reported, followed by UCT-hMSC-
GFP (1.68 ± 0.03 mM) and finally UCT-hMSC-VEGF 
(1.52 ± 0.06 mM). It is important to note that the maxi-
mum ammonia concentration obtained in this study was 
below the threshold reported to inhibit hMSC growth 
(Schop et al. 2010). This suggests that ammonia accu-
mulation is unlikely to have caused the cells to reach 

Fig. 6  Viable cell concentration of non-transduced hMSCs and 
VEGF/GFP-transduced hMSCs expanded in microcarriers for 7 days. 
Data shows mean with error bars representing standard deviation 
(N = 3)
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stationary phase. Regarding the production rate per cell 
basis, all groups studied showed comparable ammonia 
consumption patterns with 4.61 ± 1.79 pmol·cell−1·day−1, 
4 . 2 8  ±  3 . 1 9   p m o l · c e l l − 1 · d a y − 1 ,  a n d 
4.13 ± 0.85  pmol·cell−1·day−1 for UCT-hMSC, UCT-
hMSC-GFP, and UCT-hMSC-VEGF, respectively (N = 3, 
P-value > 0.5).

Immunophenotype characterisation

To evaluate the immunophenotype of both non-transduced 
and gene-modified hMSCs, flow cytometric analysis was 
performed on termination of the expansion cycle (Fig. 10). 
Both transduced (UCT-hMSC-GFP and UCT-hMSC-
VEGF) and non-transduced cells shown more than 90% 

Fig. 7  Glucose concentra-
tion profile of non-transduced 
hMSCs and VEGF/GFP-
transduced hMSCs expanded in 
microcarriers for 7 days. Data 
shows mean with error bars 
representing standard deviation 
(N = 3)

Fig. 8  Lactate concentra-
tion profile of non-transduced 
hMSCs and VEGF/GFP-
transduced hMSCs expanded in 
microcarriers for 7 days. Data 
shows mean with error bars 
representing standard deviation 
(N = 3)

Fig. 9  Ammonia concentra-
tion profile of non-transduced 
hMSCs and VEGF/GFP-
transduced hMSCs expanded in 
microcarriers for 7 days. Data 
shows mean with error bars 
representing standard deviation 
(N = 3)
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of expression levels for the markers CD73, CD90, and 
CD105. On the other hand, CD11b, CD19, CD34, CD45, 
and HLA-DR expression levels was below 5%. Given the 
role of CD73 in conversion of adenosine monophosphate 
(AMP) into adenosine (Yang et al. 2020) and CD90 criti-
cal role in cell–matrix and cell–cell adhesion (Kisselbach 
et al. 2009), it is unsurprising that the expression of this 
receptor remained unaltered post transduction/expansion. 
Similarly, CD105 have been reported to play a critical role 
in angiogenesis (Duff et al. 2003). It is therefore reasonable 
to assume that this manufacturing process did not lead to a 
downregulation of this receptor either. This indicates that the 
integration of the transgene did not lead to any insertional 
mutagenesis capable of down- or upregulate genes respon-
sible for hMSCs’ immunophenotype (Vranckx et al. 2016; 
Milone and O’Doherty 2018).

Comparison with monolayer

To assess how the suspension-based system and a monolayer 
process would compare, growth kinetics and metabolite 
analysis was performed across expansion systems for all 
three groups studied (UCT-hMSC, UCT-hMSC-GFP, and 
UCT-hMSC-VEGF) (Table 1). When expanded in mon-
olayer, no difference was found between non-transduced 
and transduced cells. Although UCT-hMSC-VEGF showed 
a faster proliferation ability across the cell populations stud-
ied when expanded in microcarrier, this same trend was not 
observed in monolayer. It can be hypothesised that UCT-
hMSC-VEGF may have similar growth kinetics to the other 
groups studied. Nevertheless, during the expansion in a 
spinner flask may have faced additional challenges during 
the attachment stage. This was observed in Fig. 5 where 
non-transduced cells and UCT-hMSC-GFP showed a lag 
phase of one day, whereas UCT-hMSC-VEGF took two 
days before cell growth was noticeable. The fold expansion 
in the monolayer culture was considerably higher than in 

the one obtained in the spinner flasks. However, given that 
spinner flasks were operated with 80 mL of working volume, 
the total number of cells produced is approximately 13 mil-
lion versus close to 1 million in the monolayer (using a T25 
flask). This represents a strong argument favouring develop-
ing manufacturing processes in suspension culture that can 
be easily scalable. Conversely, monolayer culture is gener-
ally reliant on scale-out to increase its production capacity.

Although glucose concentration was close to being fully 
depleted, it was marginally higher than in the agitated con-
dition. This trend was observed both in transduced and 
non-transduced cells. It was also observed that the lactate 
concentration at the end of the culture period was higher 
in static conditions than in suspension-culture for UCT-
hMSCs, UCT-hMSC-GFP, and UCT-hMSC-VEGF. The 
ammonia concentration in the cell culture supernatants from 
static cultures was comparable to the suspension systems. 
Notably, neither lactate nor glucose reached inhibitory con-
centration as defined previously (Schop et al. 2009). The 
lactate yield from glucose from each group was comparable 
between suspension and static conditions. This suggests that, 
irrespective of the expansion platform and the cells’ genetic 
modification status, they were still likely to be following the 
glycolysis pathway.

Discussion

In this manuscript, microcarriers and spinner flasks were used 
to expand gene-modified hMSCs carrying process develop-
ment and clinically relevant transgenes. This set of studies 
demonstrated that LVs can be successfully used to transduce 
hMSCs and those can be expanded in suspension culture.

In this study, Cytodex and Spherecol microcarriers ena-
bled cell growth to superior levels compared to the other 
microcarriers studied (Hillex II, Plastic, and Plastic II). Pre-
vious research focused on evaluating the impact of different 

Fig. 10  Immunophenotype 
characterisation of non-trans-
duced and GFP/VEGF trans-
duced hMSCs after expansion 
in microcarriers for 7 days. Data 
shows mean with error bars 
representing standard deviation 
(N = 3)
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microcarriers in hMSC growth kinetics have shown plastic, 
fibronectin, and collagen coated microcarriers as the best per-
formers (Goh et al. 2013; Kaiser et al. 2013; Carmelo et al. 
2015; Petry et al. 2016; Rafiq et al. 2016). It can be hypoth-
esised that these observations are related to the critical role 

that bioactive molecules such as fibronectin and collagen have 
cell-to-matrix adhesion processes. These have previously 
been associated with enhanced cell proliferation (Singh and 
Schwarzbauer 2012; Somaiah et al. 2015; Salzig et al. 2016; 
Maerz et al. 2016; Smeriglio et al. 2017; Basoli et al. 2021).

Table 1  Comparison table of the different metrics assessed during the expansion of non-transduced and gene-modified hMSCs both in a spinner 
flask and in a monolayer

Culture duration in the monolayer groups was five days, which corresponded to 80% confluency. A seven-day expansion period was established 
for the spinner flask-based cultures given that the maximum cell concentration was observed on day 6

Cellular Product Process parameters Static monolayer Agitated spinner flask

UCT-hMSCs Maximum cell concentration (×  105/mL) – 1.73 ± 0.15
Days to reach maximum density (d) – 6
Total cell yield (×  106 cells) 1.09 ± 0.05 13.8 ± 0.1
Doubling time (d) 2.24 ± 0.18 2.44 ± 0.30
Fold expansion 8.72 ± 0.41 3.95 ± 0.35
Specific growth rate  (d−1) 0.309 ± 0.05 0.281 ± 0.131
Glucose consumption rate (pmol·cell−1·d−1) 1911 ± 53 77.98 ± 52.93
Lactate production rate (pmol·cell−1·d−1) 4187 ± 777 126 ± 103
Yield of lactate from glucose (mol.mol−1) 2.19 ± 0.36 2.07 ± 0.53
Ammonia production rate (pmol·cell−1·d−1) 982 ± 152 4.61 ± 1.79
Minimum glucose level (mM) 0.14 ± 0.12 0.061 ± 0.01
Maximum lactate level (mM) 9.49 ± 1.51 5.21 ± 0.55
Maximum ammonia level (mM) 1.41 ± 0.14 1.91 ± 0.14

UCT-hMSC-GFP Maximum cell concentration (×  105/mL) – 1.72 ± 0.08
Days to reach maximum density (d) – 6
Total cell yield (×  106 cells) 0.98 ± 0.01 13.7 ± 0.12
Doubling time (d) 2.35 ± 0.15 2.19 ± 0.18
Fold expansion 7.87 ± 0.86 3.94 ± 0.18
Specific growth rate  (d−1) 0.295 ± 0.08 0.317 ± 0.126
Glucose consumption rate (pmol·cell−1·d−1) 1997 ± 50 87.49 ± 5.98
Lactate production rate (pmol·cell−1·d−1) 4727 ± 336 164 ± 141
Yield of lactate from glucose (mol·mol−1) 2.36 ± 0.15 2.37 ± 1.97
Ammonia production rate (pmol·cell−1·d−1) 964 ± 7.14 4.28 ± 3.17
Minimum glucose level (mM) 0.23 ± 0.02 0.071 ± 0.01
Maximum lactate level (mM) 9.68 ± 1.03 5.66 ± 0.40
Maximum ammonia level (mM) 1.84 ± 0.09 1.68 ± 0.03

UCT-hMSC-VEGF Maximum cell concentration (×  105/mL) – 1.67 ± 0.17
Days to reach maximum density (d) – 6
Total cell yield (×  106 cells) 1.02 ± 0.01 13.6 ± 0.12
Doubling time (d) 2.31 ± 0.37 1.52 ± 0.15
Fold expansion 8.12 ± 0.88 3.81 ± 0.38
Specific growth rate  (d−1) 0.299 ± 0.01 0.457 ± 0.041
Glucose consumption rate (pmol·cell−1·d−1) 1901 ± 26 213 ± 134
Lactate production rate (pmol·cell−1·d−1) 4030 ± 67 361 ± 1410
Yield of lactate from glucose (mol·mol−1) 2.11 ± 0.04 1.78 ± 0.91
Ammonia production rate (pmol·cell−1·d−1) 838 ± 59 4.13 ± 0.85
Minimum glucose level (mM) 0.36 ± 0.07 0.091 ± 0.01
Maximum lactate level (mM) 7.05 ± 0.10 7.19 ± 0.24
Maximum ammonia level (mM) 1.42 ± 0.29 1.52 ± 0.06
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LV manufacturing represents a significant bottleneck of 
based ex vivo gene therapies. As such, this work also evalu-
ated the ratio between functional and physical particles of 
both LV preparations generated. The ratios obtained in this 
work (~ 37 and 81 for GFP and VEGF-containing vectors, 
respectively) are aligned with previously reported ratios for 
LV production using second-generation LV systems (McCa-
rron et al. 2019). The ratio of infections to physical particles 
typically insight into the quality of the vector preparation, 
with a lower ratio being more desirable due to the lower 
quantity of non-infectious particles (McCarron et al. 2019).

After transduction, the growth kinetics of gene-modified 
hMSCs seeded in spinner flasks was evaluated. Although 
non-transduced and GFP-transduced hMSCs showed com-
parable growth kinetics, a longer lag phase was reported 
in the UCT-hMSC-VEGF group. This observation may be 
attributable to inefficient attachment of cells to microcarriers 
as previously described (Tsai et al. 2020). To maximise cell 
attachment to microcarriers, parameters, such as working 
volume used during the attachment stage or agitation mode, 
were previously investigated (Yuan et al. 2014; Takahashi 
et al. 2017; Rafiq et al. 2017a). In addition, previous studies 
demonstrated that donor variability might also play a criti-
cal role in cell growth kinetics and the duration of their lag 
phase (Hupfeld et al. 2014; Santhagunam et al. 2014).

It should be noted that bioprocess development studies 
previously conducted have reported higher cell concentra-
tions than those obtained in this work (Sun et al. 2010; Chen 
et al. 2015; Rafiq et al. 2017a). One of the potential explana-
tions for this disparity may be due to key process variables, 
in particular, donor-to-donor variability. Other variables that 
can explain these differences include culture medium, tis-
sue source, microcarrier type, attachment mode, agitation 
rate, feeding, and control strategy (Silva Couto et al. 2020b; 
Delbridge et al. 2023a, b). Additionally, this is the first study 
demonstrating the feasibility of using spinner flasks and 
microcarriers to expand gene-modified hMSCs whilst the 
wider literature has focused on primary hMSC expansion.

Although a comparable maximum cell density was 
observed between the three groups studied, the UCT-hMSC-
VEGF were shown to grow faster than the non-transduced 
cells and UCT-hMSC-GFP. Given that this difference was 
not observed in the monolayer control flasks, it was hypothe-
sised that this observation was related to the longer lag phase 
registered in the UCT-hMSC-VEGF group. Despite the dif-
ferences observed in growth kinetics, glucose consumption 
as well as ammonia and lactate production were comparable 
between the three cell preparations studied.

Daily measurements of glucose, lactate, and ammonia 
were performed to evaluate these metabolites’ consump-
tion/production patterns. UCT-hMSC-VEGF showed a 
different metabolic profile than the other two groups. As 
such, two options can help explain these observations: (1) 

the differences observed are related to the nature of the 
genetic modification introduced; and (2) the longer lag 
phase observed in the UCT-hMSC-VEGF group impacts 
the growth rate and consequently the metabolic consump-
tion patterns. It is difficult to ascertain whether the differ-
ences shown at a metabolic level are directly related to the 
genetic modification or to the lag phase. It was previously 
described that LV integration is not completely random and 
each class of retrovirus has its preferential insertion location 
(Lewinski et al. 2006; Ciuffi 2016; Milone and O’Doherty 
2018). Therefore, it seems unlikely that the genetic modifi-
cation is the root cause of the metabolic difference noticed 
between UCT-hMSC-VEGF and the remaining groups. In 
addition, given that the MOI in this study was kept as low 
as two, it is unlikely that multiple copies of the transgenes 
(GFP or VEGF) have been inserted (Wahlers et al. 2001). 
This strategy was previously adopted to minimise the risk 
of generating genetically unstable cell populations due to 
multiple insertions of the transgene. Altogether, this sug-
gests that one of the reasons for the different growth kinetics 
observed between UCT-hMSC, UCT-hMSC-GFP, and UCT-
hMSC-VEGF was the more extended lag phase observed 
in the latter. The rationale behind this observation remains 
unclear, but the hypothesis that this is due to other factors 
unrelated to the genetic modification should not be excluded. 
To identify what was the root cause for the difference noted 
in growth kinetics, additional studies using different LV 
preparations could also be performed. This would help to 
identify whether there is any relation to the gene introduced.

Whilst glucose concentration was higher, lactate and 
ammonia levels herein reported were lower than previ-
ous publications, possibly due to the slower growth rates 
reported in this work. It should be mentioned that the base-
line levels of glucose in the medium formulation used in this 
work were lower than reported elsewhere (Eibes et al. 2010; 
Rafiq et al. 2013; Mizukami et al. 2016; Rafiq et al. 2016; 
Lam et al. 2017). In all of the groups (UCT-hMSC, UCT-
hMSC-GFP and UCT-hMSC-VEGF), glucose depletion was 
not observed, and lactate and ammonia concentrations were 
maintained below the inhibitory threshold. The yield of lac-
tate from glucose observed across the three studied groups 
was close to 2 mol/mol both in agitated and static conditions. 
Future optimisation studies focused on the feeding strategy 
need to be performed to reach cell yields closer to some of 
the latest studies reported in the literature.

It was also observed that neither the transduction nor the 
expansion step led to changes in the cellular immunopheno-
type. Therefore, CD73, CD90, and CD105 expression lev-
els were above 90% for UCT-hMSC, UCT-hMSC-GFP, and 
UCT-hMSC-VEGF. In addition, the expression of negative 
markers (CD11b, CD19, CD34, CD45, and HLA-DR) was 
also shown to be below 5% which is aligned with the criteria 
established for hMSCs by the ISCT (Dominici et al. 2006). It 
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was hypothesised that glucose was the limiting factor that pre-
vented further cell growth. This was supported by the glucose 
concentration profile that reached values close to zero on day 
5 for UCT-hMSC and UCT-hMSC-GFP and day 6 for UCT-
hMSC-VEGF. Both lactate and ammonia did not reach inhibi-
tory concentrations according to previously published studies 
(Schop et al. 2009). In this work, a decrease in the percentage 
of GFP positive and VEGF positive hMSCs was observed 
(supplementary material). A few causes were hypothesised to 
explain this observation: (1) different attachment properties 
between transduced and non-transduced cells to microcarri-
ers, (2) distinct growth kinetic profiles between transduced 
and non-transduced cells, and (3) transient expression of the 
GFP and VEGF transgenes. Although this study demonstrated 
that spinner flasks and the microcarrier approach enabled the 
expansion of gene edited hMSCs, a limitation of this work is 
the absence of a functional assay for the UCT-hMSC-VEGF 
ex vivo gene therapy candidate, i.e., quantification of VEGF 
concentration in the cell culture supernatant.

The immunophenotype was comparable across experi-
mental conditions, and these match the expression lev-
els defined by ISCT for hMSCs (Dominici et al. 2006). 
This demonstrates that introducing a genetic modifica-
tion using a second-generation LV system followed by a 
microcarrier-based expansion step, did not change cel-
lular immunophenotype. Similar findings were previ-
ously reported in a study that included a wider array 
of surface receptors (Al-Nbaheen et al. 2013). In this 
work, the authors demonstrated that after transduction 
with a LV carrying the human telomerase reverse tran-
scriptase gene (hTERT), the immunophenotype of the 
cells generated was similar to primary hMSCs isolated 
from different tissues. Additional efforts conducted to 
assess the impact of gene-editing on hMSCs’ character-
istics revealed that the differentiation potential might 
be upregulated after insertion of the transgene (Hung 
et al. 2004; Tsai et al. 2010). From a safety perspec-
tive, it is key to ensure that the final product is non-
tumorigenic and non-immunogenic. Although it was 
outside the scope of this work, it was previously dem-
onstrated that VEGF-transduced hMSCs did not exhibit 
tumorigenic properties nor led to chromosomal aberra-
tions even when operating at an MOI of 20 (Beegle et al. 
2015, 2016). It is key to highlight that whilst working 
with UCT-hMSC-VEGF the expected MoA relies on the 
action of the transgene inserted and its ability to initi-
ate angiogenesis (Beegle et al. 2016). In another study 
focused on evaluating the ability of hMSCs as ex vivo 
gene therapy for solid tumours, it was demonstrated 
that although the non-transduced cells have limited pro-
apoptotic effect, TRAIL-transduced hMSCs were capa-
ble of inducing apoptosis of tumour cells (Loebinger 
et al. 2009; Lathrop et al. 2015; Guiho et al. 2016). Both 

studies reinforce the evidence that the key transgenes 
introduced constitute the backbone of ex vivo gene thera-
pies. In this work, a tri-lineage differentiation assay was 
not conducted, given its lack of relevance in ascertaining 
the potency of a UCT-hMSC-VEGF product.

This study demonstrates, for the first time, the feasibility 
of expanding gene-modified hMSCs in a scalable micro-
carrier-bioreactor manufacturing platform. Initially, it was 
demonstrated that second-generation LV systems manu-
factured using a packaging plasmid (P8.91), an envelope 
plasmid (pMD2.G), and a plasmid carrying the transgenes 
GFP and VEGF were capable of infecting UCT-hMSCs at 
MOIs ranging from 0.1 to 20. It was further demonstrated 
that both UCT-hMSC-GFP and UCT-hMSC-VEGF reached 
similar concentrations to the ones obtained for non-trans-
duced UCT-hMSC after a 7-day expansion period. Moreo-
ver, in suspension conditions, all groups studied reached 
the maximum cell density at the same time point (day 6) 
exhibiting comparable immunophenotypic characteristics.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00253- 023- 12634-w.

Author contribution PSC: conceptualisation, study design, experimen-
tal procedures, data analysis, and writing. DJS: experimental proce-
dures, data analysis, and writing. MCR: conceptualisation and study 
design. YT: study design, review, and editing draft. QAR: conceptuali-
sation, study design, writing-review, and editing draft.

Funding The work presented in this manuscript was supported by 
a United Kingdom Research and Innovation (UKRI) Engineering 
and Physical Sciences Research Council (EPSRC) Fellowship grant 
awarded to Dr. Qasim Rafiq (EP/V058266/1).

Data availability All data is made available and presented in the 
manuscript.

Declarations 

Ethics approval The work herein performed adhere to all applicable 
international and national as well as institutional guidelines for primary 
research. This study exclusively focused on primary cell work and was 
performed with approval from UCL Ethics Committee following its 
guidelines and best practices. This research did not contain any studies 
involving animal or human participants.

Conflict of interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

https://doi.org/10.1007/s00253-023-12634-w
http://creativecommons.org/licenses/by/4.0/


 Applied Microbiology and Biotechnology

1 3

References

Al-Nbaheen M, Vishnubalaji R, Ali D, Bouslimi A, Al-Jassir F, Meg-
ges M, Prigione A, Adjaye J, Kassem M, Aldahmash A (2013) 
Human stromal (mesenchymal) stem cells from bone marrow, 
adipose tissue and skin exhibit differences in molecular pheno-
type and differentiation potential. Stem Cell Rev Rep 9:32–43. 
https:// doi. org/ 10. 1007/ s12015- 012- 9365-8

Barilani M, Palorini R, Votta G, Piras R, Buono G, Grassi M, Bol-
lati V, Chiaradonna F, Lazzari L (2019) Central metabolism of 
functionally heterogeneous mesenchymal stromal cells. Sci Rep 
9:15420. https:// doi. org/ 10. 1038/ s41598- 019- 51937-9

Barlow S, Brooke G, Chatterjee K, Price G, Pelekanos RA, Rossetti T, 
Doody M, Venter DJ, Pain S, Gilshenan K, Gilshenan K, Atkin-
son K (2008) Comparison of human placenta and bone marrow 
derived multipotent mesenchymal stem cells. Stem Cells Dev. 
https:// doi. org/ 10. 1089/ scd. 2007. 0154

Basoli V, Della Bella E, Kubosch EJ, Alini M, Stoddart MJ (2021) 
Effect of expansion media and fibronectin coating on growth 
and chondrogenic differentiation of human bone marrow-derived 
mesenchymal stromal cells. Sci Rep 11:13089. https:// doi. org/ 10. 
1038/ s41598- 021- 92270-4

Beegle JR, Kalomoiris S, Magner NL, Nolta JA, Fierro FA (2015) 32. 
Safety studies towards a combined cell and gene therapy to treat 
critical limb ischemia. Mol Ther 23:S14. https:// doi. org/ 10. 1016/ 
S1525- 0016(16) 33636-X

Beegle JR, Magner NL, Kalomoiris S, Harding A, Zhou P, Nacey C, 
White JL, Pepper K, Gruenloh W, Annett G, Nolta JA, Fierro 
FA (2016) Preclinical evaluation of mesenchymal stem cells 
overexpressing VEGF to treat critical limb ischemia. Mol Ther - 
Methods Clin Dev 3:16053. https:// doi. org/ 10. 1038/ mtm. 2016. 53

Caplan AI (1991) Mesenchymal stem cells. J Orthop Res 9:641–650. 
https:// doi. org/ 10. 1002/ jor. 11000 90504

Caplan AI, Correa D (2011) The MSC: an injury drugstore. Cell Stem 
Cell 9:11–15. https:// doi. org/ 10. 1016/j. stem. 2011. 06. 008

Carmelo JG, Fernandes-Platzgummer A, Diogo MM, da Silva CL, 
Cabral JMS (2015) A xeno free microcarrier based stirred culture 
system for the scalable expansion of human mesenchymal stem 
stromal cells isolated from bone marrow and adipose tissue. Bio-
technol J 10:1235–1247. https:// doi. org/ 10. 1002/ biot. 20140 0586

Caruso SR, Orellana MD, Mizukami A, Fernandes TR, Fontes AM, 
Suazo CAT, Oliveira VC, Covas DT, Swiech K (2014) Growth 
and functional harvesting of human mesenchymal stromal 
cells cultured on a microcarrier-based system. Biotechnol Prog 
30:889–895. https:// doi. org/ 10. 1002/ btpr. 1886

Chen A, Chew YK, Tan HY, Reuveny S, Oh S, Weng Oh SK (2015) 
Increasing efficiency of human mesenchymal stromal cell cul-
ture by optimization of microcarrier concentration and design of 
medium feed. Cytotherapy 17:163–173. https:// doi. org/ 10. 1016/j. 
jcyt. 2014. 08. 011

Ciuffi A (2016) The benefits of integration. Clin Microbiol Infect 
22:324–332. https:// doi. org/ 10. 1016/j. cmi. 2016. 02. 013

Costariol E, Rotondi MC, Amini A, Hewitt CJ, Nienow AW, Heathman 
TRJ, Rafiq QA (2020) Demonstrating the manufacture of human 
car-t cells in an automated stirred-tank bioreactor. Biotechnol J 
15:2000177. https:// doi. org/ 10. 1002/ biot. 20200 0177

Couto PS, Shatirishvili G, Bersenev A, Verter F (2019) First decade of 
clinical trials and published studies with mesenchymal stromal 
cells from umbilical cord tissue. Regen Med 14:309–319. https:// 
doi. org/ 10. 2217/ rme- 2018- 0171

Da Silva ML, Caplan AI, Nardi NB (2008) In search of the in vivo 
identity of mesenchymal stem cells. Stem Cells 26:2287–2299. 
https:// doi. org/ 10. 1634/ stemc ells. 2007- 1122

Davies A, Sage B, Kolluri K, Alrifai D, Graham R, Weil B, Rego R, 
Bain O, Patrick PS, Champion K, Day A, Popova B, Wheeler 

G, Fullen D, Kalbur T, Forster M, Lowdell M, Janes S (2019) 
TACTICAL: A phase I/II trial to assess the safety and efficacy 
of MSCTRAIL in the treatment of metastatic lung adenocar-
cinoma. J Clin Oncol 37:TPS9116–TPS9116. https:// doi. org/ 
10. 1200/ JCO. 2019. 37. 15_ suppl. TPS91 16

De Soure AM, Fernandes-Platzgummer A, Moreira F, Lilaia C, Liu S-H, 
Ku C-P, Huang Y-F, Milligan W, Cabral JMS, da Silva CL, de 
Soure AM, Fernandes-Platzgummer A, Moreira F, Lilaia C, Liu 
S-H, Ku C-P, Huang Y-F, Milligan W, Cabral JMS, da Silva CL, 
de Soure AM, Fernandes-Platzgummer A, Moreira F, Lilaia C, Liu 
S-H, Ku C-P, Huang Y-F, Milligan W, Cabral JMS, da Silva CL 
(2017) Integrated culture platform based on a human platelet lysate 
supplement for the isolation and scalable manufacturing of umbili-
cal cord matrix-derived mesenchymal stem/stromal cells. J Tissue 
Eng Regen Med 11:1630–1640. https:// doi. org/ 10. 1002/ term. 2200

Delbridge JN, Barrett TA, Ducci A, Micheletti M (2023a) Power, 
mixing and flow dynamics of the novel Allegro™ stirred tank 
reactor. Chem Eng Sci 271:118545. https:// doi. org/ 10. 1016/j. 
ces. 2023. 118545

Delbridge JN, Barrett TA, Ducci A, Micheletti M (2023b) Suspen-
sion and flow dynamics of the Allegro™ stirred tank reactor. 
Chem Eng Res Des 195:355–369. https:// doi. org/ 10. 1016/j. 
cherd. 2023. 05. 047

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, 
Krause D, Deans R, Keating A, Prockop D, Horwitz E (2006) 
Minimal criteria for defining multipotent mesenchymal stromal 
cells. The International Society for Cellular Therapy position 
statement. Cytotherapy 8:315–317. https:// doi. org/ 10. 1080/ 
14653 24060 08559 05

Dos Santos F, Andrade PZ, Abecasis MM, Gimble JM, Chase LG, 
Campbell AM, Boucher S, Vemuri MC, Da SCL, Cabral JMS 
(2011) Toward a clinical-grade expansion of mesenchymal 
stem cells from human sources: a microcarrier-based culture 
system under xeno-free conditions. Tissue Eng Part C Methods 
17:1201–1210. https:// doi. org/ 10. 1089/ ten. tec. 2011. 0255

Dos Santos F, Campbell A, Fernandes-Platzgummer A, Andrade 
PZ, Gimble JM, Wen Y, Boucher S, Vemuri MC, Da Silva 
CL, Cabral JMS (2014) A xenogeneic-free bioreactor system 
for the clinical-scale expansion of human mesenchymal stem/
stromal cells. Biotechnol Bioeng 111:1116–1127. https:// doi. 
org/ 10. 1002/ bit. 25187

Du WJ, Chi Y, Yang ZX, Li ZJ, Cui JJ, Song BQ, Li X, Yang SG, 
Han ZB, Han ZC (2016) Heterogeneity of proangiogenic fea-
tures in mesenchymal stem cells derived from bone marrow, 
adipose tissue, umbilical cord, and placenta. Stem Cell Res 
Ther 7:163. https:// doi. org/ 10. 1186/ s13287- 016- 0418-9

Duff SE, Li C, Garland JM, Kumar S (2003) CD105 is important for 
angiogenesis: evidence and potential applications. FASEB J 
17:984–992. https:// doi. org/ 10. 1096/ fj. 02- 0634r ev

Eggenhofer E, Benseler V, Kroemer A, Popp FC, Geissler EK, Schlitt 
HJ, Baan CC, Dahlke MH, Hoogduijn MJ (2012) Mesenchymal 
stem cells are short-lived and do not migrate beyond the lungs 
after intravenous infusion. Front Immunol 3. https:// doi. org/ 
10. 3389/ fimmu. 2012. 00297

Eibes G, dos Santos F, Andrade PZ, Boura JS, Abecasis MMA, da 
Silva CL, Cabral JMS (2010) Maximizing the ex vivo expan-
sion of human mesenchymal stem cells using a microcarrier-
based stirred culture system. J Biotechnol 146:194–197. 
https:// doi. org/ 10. 1016/j. jbiot ec. 2010. 02. 015

Fathi-Kazerooni M, Fattah-Ghazi S, Darzi M, Makarem J, Nasiri R, 
Salahshour F, Dehghan-Manshadi SA, Kazemnejad S (2022) 
Safety and efficacy study of allogeneic human menstrual blood 
stromal cells secretome to treat severe COVID-19 patients: clini-
cal trial phase I & II. Stem Cell Res Ther 13:96. https:// doi. org/ 
10. 1186/ s13287- 022- 02771-w

https://doi.org/10.1007/s12015-012-9365-8
https://doi.org/10.1038/s41598-019-51937-9
https://doi.org/10.1089/scd.2007.0154
https://doi.org/10.1038/s41598-021-92270-4
https://doi.org/10.1038/s41598-021-92270-4
https://doi.org/10.1016/S1525-0016(16)33636-X
https://doi.org/10.1016/S1525-0016(16)33636-X
https://doi.org/10.1038/mtm.2016.53
https://doi.org/10.1002/jor.1100090504
https://doi.org/10.1016/j.stem.2011.06.008
https://doi.org/10.1002/biot.201400586
https://doi.org/10.1002/btpr.1886
https://doi.org/10.1016/j.jcyt.2014.08.011
https://doi.org/10.1016/j.jcyt.2014.08.011
https://doi.org/10.1016/j.cmi.2016.02.013
https://doi.org/10.1002/biot.202000177
https://doi.org/10.2217/rme-2018-0171
https://doi.org/10.2217/rme-2018-0171
https://doi.org/10.1634/stemcells.2007-1122
https://doi.org/10.1200/JCO.2019.37.15_suppl.TPS9116
https://doi.org/10.1200/JCO.2019.37.15_suppl.TPS9116
https://doi.org/10.1002/term.2200
https://doi.org/10.1016/j.ces.2023.118545
https://doi.org/10.1016/j.ces.2023.118545
https://doi.org/10.1016/j.cherd.2023.05.047
https://doi.org/10.1016/j.cherd.2023.05.047
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1089/ten.tec.2011.0255
https://doi.org/10.1002/bit.25187
https://doi.org/10.1002/bit.25187
https://doi.org/10.1186/s13287-016-0418-9
https://doi.org/10.1096/fj.02-0634rev
https://doi.org/10.3389/fimmu.2012.00297
https://doi.org/10.3389/fimmu.2012.00297
https://doi.org/10.1016/j.jbiotec.2010.02.015
https://doi.org/10.1186/s13287-022-02771-w
https://doi.org/10.1186/s13287-022-02771-w


Applied Microbiology and Biotechnology 

1 3

Genzel Y, Ritter JB, König S, Alt R, Reichl U (2008) Substitution of 
glutamine by pyruvate to reduce ammonia formation and growth 
inhibition of mammalian cells. Biotechnol Prog 21:58–69. 
https:// doi. org/ 10. 1021/ bp049 827d

Goh TK-P, Zhang Z-Y, Chen AK-L, Reuveny S, Choolani M, Chan 
JKY, Oh SK-W (2013) Microcarrier culture for efficient expan-
sion and osteogenic differentiation of human fetal mesenchymal 
stem cells. Biores Open Access 2:84–97. https:// doi. org/ 10. 1089/ 
biores. 2013. 0001

Gomez-Salazar M, Gonzalez-Galofre ZN, Casamitjana J, Crisan M, 
James AW, Péault B (2020) Five decades later, are mesenchymal 
stem cells still relevant? Front Bioeng Biotechnol 8. https:// doi. 
org/ 10. 3389/ fbioe. 2020. 00148

Grinnemo K, Månsson-Broberg A, Leblanc K, Corbascio M, Wärdell 
E, Siddiqui AJ, Hao X, Sylvén C, Dellgren G (2006) Human 
mesenchymal stem cells do not differentiate into cardiomyocytes 
in a cardiac ischemic xenomodel. Ann Med 38:144–153. https:// 
doi. org/ 10. 1080/ 07853 89050 04229 82

Guiho R, Biteau K, Grisendi G, Taurelle J, Chatelais M, Gantier M, 
Heymann D, Dominici M, Redini F (2016) TRAIL delivered by 
mesenchymal stromal/stem cells counteracts tumor development 
in orthotopic Ewing sarcoma models. Int J Cancer 139:2802–
2811. https:// doi. org/ 10. 1002/ ijc. 30402

Gupta A, Maffulli N, Rodriguez HC, Mistovich RJ, Delfino K, Cady C, 
Fauser A-M, Cundiff ED, Martinez MA, Potty AG (2021) Cell-
free stem cell-derived extract formulation for treatment of knee 
osteoarthritis: study protocol for a preliminary non-randomized, 
open-label, multi-center feasibility and safety study. J Orthop 
Surg Res 16:514. https:// doi. org/ 10. 1186/ s13018- 021- 02672-3

Haynesworth SE, Baber MA, Caplan AI (1996) Cytokine expres-
sion by human marrow-derived mesenchymal progenitor cells 
in vitro: effects of dexamethasone and IL-1 alpha. J Cell Physiol 
166:585–592. https:// doi. org/ 10. 1002/ (SICI) 1097- 4652(199603) 
166:3% 3c585:: AID- JCP13% 3e3.0. CO;2-6

Heathman TR, Nienow AW, McCall MJ, Coopman K, Kara B, Hewitt 
CJ (2015) The translation of cell-based therapies: clinical land-
scape and manufacturing challenges. Regen Med 10:49–64. 
https:// doi. org/ 10. 2217/ rme. 14. 73

Heathman TRJ, Stolzing A, Fabian C, Rafiq CK, Nienow AW, Kara 
B, Hewitt CJ (2016) Scalability and process transfer of mesen-
chymal stromal cell production from monolayer to microcarrier 
culture using human platelet lysate. Cytotherapy 18:523–535. 
https:// doi. org/ 10. 1016/j. jcyt. 2016. 01. 007

Heino J (2007) The collagen family members as cell adhesion proteins. 
BioEssays 29:1001–1010. https:// doi. org/ 10. 1002/ bies. 20636

Hung S-C, Yang D-M, Chang C-F, Lin R-J, Wang J-S, Low-Tone Ho 
L, Yang WK (2004) Immortalization without neoplastic transfor-
mation of human mesenchymal stem cells by transduction with 
HPV16E6/E7 genes. Int J Cancer 110:313–319. https:// doi. org/ 
10. 1002/ ijc. 20126

Hupfeld J, Gorr IH, Schwald C, Beaucamp N, Wiechmann K, Kuentzer 
K, Huss R, Rieger B, Neubauer M, Wegmeyer H (2014) Modu-
lation of mesenchymal stromal cell characteristics by microcar-
rier culture in bioreactors. Biotechnol Bioeng 111:2290–2302. 
https:// doi. org/ 10. 1002/ bit. 25281

Iansante V, Brooks A, Coney L (2021) Considerations in the design 
of non-clinical development programmes to support non-viral 
genetically modified mesenchymal stromal cell therapies. Phar-
maceutics 13:823. https:// doi. org/ 10. 3390/ pharm aceut ics13 
060823

Ikegame Y, Yamashita K, Yamashita K, Hayashi S, Mizuno H, Tawada 
M, You F, Yamada K, Tanaka Y, Egashira Y, Nakashima S, 
Yoshimura S, Iwama T (2011) Comparison of mesenchymal 
stem cells from adipose tissue and bone marrow for ischemic 
stroke therapy. Cytotherapy. https:// doi. org/ 10. 3109/ 14653 249. 
2010. 549122

Jin H, Bae Y, Kim M, Kwon S-J, Jeon H, Choi S, Kim S, Yang Y, Oh 
W, Chang J (2013) Comparative analysis of human mesenchymal 
stem cells from bone marrow, adipose tissue, and umbilical cord 
blood as sources of cell therapy. Int J Mol Sci 14:17986–18001. 
https:// doi. org/ 10. 3390/ ijms1 40917 986

Kabat M, Bobkov I, Kumar S, Grumet M (2020) Trends in mesenchy-
mal stem cell clinical trials 2004–2018: is efficacy optimal in a 
narrow dose range? Stem Cells Transl Med. https:// doi. org/ 10. 
1002/ sctm. 19- 0202

Kaiser SC, Jossen V, Schirmaier C, Eibl D, Brill S, Van Den Bos C, 
Eibl R (2013) Fluid flow and cell proliferation of mesenchymal 
adipose-derived stem cells in small-scale, stirred, single-use bio-
reactors. Chem-Ing-Tech 85:95–102. https:// doi. org/ 10. 1002/ cite. 
20120 0180

Kisselbach L, Merges M, Bossie A, Boyd A (2009) CD90 Expression 
on human primary cells and elimination of contaminating fibro-
blasts from cell cultures. Cytotechnology 59:31–44. https:// doi. 
org/ 10. 1007/ s10616- 009- 9190-3

Lam AT-L, Li J, Toh S-H, Chen AK-L, Chan JK-Y, Choolani M, 
Reuveny S, Birch WR, Oh SK-W (2017) Biodegradable poly-
ε-caprolactone microcarriers for efficient production of human 
mesenchymal stromal cells and secreted cytokines in batch and 
fed-batch bioreactors. Cytotherapy 19:419–432. https:// doi. org/ 
10. 1016/j. jcyt. 2016. 11. 009

Lathrop MJ, Sage EK, Macura SL, Brooks EM, Cruz F, Bonenfant 
NR, Sokocevic D, MacPherson MB, Beuschel SL, Dunaway CW, 
Shukla A, Janes SM, Steele C, Mossman BT, Weiss DJ (2015) 
Antitumor effects of TRAIL-expressing mesenchymal stromal 
cells in a mouse xenograft model of human mesothelioma. Can-
cer Gene Ther 22:44–54. https:// doi. org/ 10. 1038/ cgt. 2014. 68

Lewinski MK, Yamashita M, Emerman M, Ciuffi A, Marshall H, Craw-
ford G, Collins F, Shinn P, Leipzig J, Hannenhalli S, Berry CC, 
Ecker JR, Bushman FD (2006) Retroviral DNA integration: viral 
and cellular determinants of target-site selection. PLoS Pathog 
2:e60. https:// doi. org/ 10. 1371/ journ al. ppat. 00200 60

Li P, Liu F, Wu C, Jiang W, Zhao G, Liu L, Bai T, Wang L, Jiang Y, 
Guo L, Qi X, Kou J, Fan R, Hao D, Lan S, Li Y, Liu JY (2015) 
Feasibility of human hair follicle derived mesenchymal stem 
cells cultispher g constructs in regenerative medicine. Cell Tis-
sue Res. https:// doi. org/ 10. 1007/ s00441- 015- 2182-z

Loebinger MR, Eddaoudi A, Davies D, Janes SM (2009) Mesenchy-
mal stem cell delivery of trail can eliminate metastatic cancer. 
Cancer Res 69:4134–4142. https:// doi. org/ 10. 1158/ 0008- 5472. 
CAN- 08- 4698

Maerz JK, Roncoroni LP, Goldeck D, Abruzzese T, Kalbacher H, 
Rolauffs B, DeZwart P, Nieselt K, Hart ML, Klein G, Aicher 
WK (2016) Bone marrow-derived mesenchymal stromal cells 
differ in their attachment to fibronectin-derived peptides from 
term placenta-derived mesenchymal stromal cells. Stem Cell Res 
Ther 7:29. https:// doi. org/ 10. 1186/ s13287- 015- 0243-6

Mallis P, Michalopoulos E, Chatzistamatiou T, Giokas CS (2021) Inter-
play between mesenchymal stromal cells and immune system: 
clinical applications in immune-related diseases. Explor Immu-
nol. https:// doi. org/ 10. 37349/ ei. 2021. 00010

Marofi F, Vahedi G, Biglari A, Esmaeilzadeh A, Athari SS (2017) 
Mesenchymal stromal/stem cells: a new era in the cell-based 
targeted gene therapy of cancer. Front Immunol 8. https:// doi. 
org/ 10. 3389/ fimmu. 2017. 01770

Mattar P, Bieback K (2015) Comparing the immunomodulatory proper-
ties of bone marrow, adipose tissue, and birth-associated tissue 
mesenchymal stromal cells. Front Immunol 6. https:// doi. org/ 10. 
3389/ fimmu. 2015. 00560

McCarron A, Donnelley M, McIntyre C, Parsons D (2019) Transient 
lentiviral vector production using a packed-bed bioreactor sys-
tem. Hum Gene Ther Methods 30:93–101. https:// doi. org/ 10. 
1089/ hgtb. 2019. 038

https://doi.org/10.1021/bp049827d
https://doi.org/10.1089/biores.2013.0001
https://doi.org/10.1089/biores.2013.0001
https://doi.org/10.3389/fbioe.2020.00148
https://doi.org/10.3389/fbioe.2020.00148
https://doi.org/10.1080/07853890500422982
https://doi.org/10.1080/07853890500422982
https://doi.org/10.1002/ijc.30402
https://doi.org/10.1186/s13018-021-02672-3
https://doi.org/10.1002/(SICI)1097-4652(199603)166:3%3c585::AID-JCP13%3e3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-4652(199603)166:3%3c585::AID-JCP13%3e3.0.CO;2-6
https://doi.org/10.2217/rme.14.73
https://doi.org/10.1016/j.jcyt.2016.01.007
https://doi.org/10.1002/bies.20636
https://doi.org/10.1002/ijc.20126
https://doi.org/10.1002/ijc.20126
https://doi.org/10.1002/bit.25281
https://doi.org/10.3390/pharmaceutics13060823
https://doi.org/10.3390/pharmaceutics13060823
https://doi.org/10.3109/14653249.2010.549122
https://doi.org/10.3109/14653249.2010.549122
https://doi.org/10.3390/ijms140917986
https://doi.org/10.1002/sctm.19-0202
https://doi.org/10.1002/sctm.19-0202
https://doi.org/10.1002/cite.201200180
https://doi.org/10.1002/cite.201200180
https://doi.org/10.1007/s10616-009-9190-3
https://doi.org/10.1007/s10616-009-9190-3
https://doi.org/10.1016/j.jcyt.2016.11.009
https://doi.org/10.1016/j.jcyt.2016.11.009
https://doi.org/10.1038/cgt.2014.68
https://doi.org/10.1371/journal.ppat.0020060
https://doi.org/10.1007/s00441-015-2182-z
https://doi.org/10.1158/0008-5472.CAN-08-4698
https://doi.org/10.1158/0008-5472.CAN-08-4698
https://doi.org/10.1186/s13287-015-0243-6
https://doi.org/10.37349/ei.2021.00010
https://doi.org/10.3389/fimmu.2017.01770
https://doi.org/10.3389/fimmu.2017.01770
https://doi.org/10.3389/fimmu.2015.00560
https://doi.org/10.3389/fimmu.2015.00560
https://doi.org/10.1089/hgtb.2019.038
https://doi.org/10.1089/hgtb.2019.038


 Applied Microbiology and Biotechnology

1 3

Merten OW, Hebben M, Bovolenta C (2016) Production of lentiviral 
vectors. Mol Ther - Methods Clin Dev 3:16017

Milone MC, O’Doherty U (2018) Clinical use of lentiviral vec-
tors. Leukemia 32:1529–1541. https:// doi. org/ 10. 1038/ 
s41375- 018- 0106-0

Mizukami A, Fernandes-Platzgummer A, Carmelo JG, Swiech K, 
Covas DT, Cabral JMS, da Silva CL (2016) Stirred tank bio-
reactor culture combined with serum-/xenogeneic-free culture 
medium enables an efficient expansion of umbilical cord-derived 
mesenchymal stem/stromal cells. Biotechnol J 11:1048–1059. 
https:// doi. org/ 10. 1002/ biot. 20150 0532

Muhammad G, Xu J, Bulte JWM, Jablonska A, Walczak P, Janow-
ski M (2017) Transplanted adipose-derived stem cells can be 
short-lived yet accelerate healing of acid-burn skin wounds: A 
multimodal imaging study. Sci Rep. https:// doi. org/ 10. 1038/ 
s41598- 017- 04484-0

Mullard A (2021) FDA approves fourth CAR-T cell therapy. Nat 
Rev Drug Discov 20:166–166. https:// doi. org/ 10. 1038/ 
d41573- 021- 00031-9

Munir H, Ward LSC, Sheriff L, Kemble S, Nayar S, Barone F, Nash 
GB, McGettrick HM (2017) Adipogenic differentiation of mes-
enchymal stem cells alters their immunomodulatory properties 
in a tissue-specific manner. Stem Cells 35:1636–1646. https:// 
doi. org/ 10. 1002/ stem. 2622

Nasef A, Chapel A, Mazurier C, Bouchet S, Lopez M, Mathieu 
N, Sensebé L, Zhang Y, Gorin N-C, Thierry D, Fouillard L 
(2006) Identification of il-10 and tgf-β transcripts involved in 
the inhibition of t-lymphocyte proliferation during cell contact 
with human mesenchymal stem cells. Gene Expr 13:217–226. 
https:// doi. org/ 10. 3727/ 00000 00067 80666 957

Pattappa G, Heywood HK, de Bruijn JD, Lee DA (2011) The metabo-
lism of human mesenchymal stem cells during proliferation and 
differentiation. J Cell Physiol 226:2562–2570. https:// doi. org/ 
10. 1002/ jcp. 22605

Petry F, Smith JR, Leber J, Salzig D, Czermak P, Weiss ML (2016) 
Manufacturing of human umbilical cord mesenchymal stro-
mal cells on microcarriers in a dynamic system for clinical 
use. Stem Cells Int 2016:1–12. https:// doi. org/ 10. 1155/ 2016/ 
48346 16

Preda MB, Neculachi CA, Fenyo IM, Vacaru A-M, Publik MA, Simio-
nescu M, Burlacu A (2021) Short lifespan of syngeneic trans-
planted MSC is a consequence of in vivo apoptosis and immune 
cell recruitment in mice. Cell Death Dis 12:566. https:// doi. org/ 
10. 1038/ s41419- 021- 03839-w

Rafiq QA, Brosnan KM, Coopman K, Nienow AW, Hewitt CJ (2013) 
Culture of human mesenchymal stem cells on microcarriers in a 
5 l stirred-tank bioreactor. Biotechnol Lett 35:1233–1245. https:// 
doi. org/ 10. 1007/ s10529- 013- 1211-9

Rafiq CK, Nienow AW, Hewitt CJ (2016) Systematic microcarrier 
screening and agitated culture conditions improves human mes-
enchymal stem cell yield in bioreactors. Biotechnol J 11:473–
486. https:// doi. org/ 10. 1002/ biot. 20140 0862

Rafiq HMP, Heathman TRJJ, Coopman K, Nienow AW, Williams 
DJ, Hewitt CJ (2017a) Process development of human multipo-
tent stromal cell microcarrier culture using an automated high-
throughput microbioreactor. Biotechnol Bioeng 114:2253–2266. 
https:// doi. org/ 10. 1002/ bit. 26359

Rafiq QA, Ruck S, Hanga MP, Heathman TRJ, Coopman K, Nienow 
AW, Williams DJ, Hewitt CJ (2017b) Qualitative and quantitative 
demonstration of bead to bead transfer with bone marrow derived 
human mesenchymal stem cells on microcarriers utilising the 
phenomenon to improve culture performance. Biochem Eng J. 
https:// doi. org/ 10. 1016/j. bej. 2017. 11. 005

Sage EK, Kolluri KK, McNulty K, Lourenco SDS, Kalber TL, Ordidge 
KL, Davies D, Gary Lee YC, Giangreco A, Janes SM (2014) 
Systemic but not topical TRAIL-expressing mesenchymal stem 

cells reduce tumour growth in malignant mesothelioma. Thorax 
69:638–647. https:// doi. org/ 10. 1136/ thora xjnl- 2013- 204110

Salazar A, Keusgen M, von Hagen J (2016) Amino acids in the cultiva-
tion of mammalian cells. Amino Acids 48:1161–1171. https:// 
doi. org/ 10. 1007/ s00726- 016- 2181-8

Salzig D, Leber J, Merkewitz K, Lange MC, Köster N, Czermak P 
(2016) Attachment, growth, and detachment of human mesen-
chymal stem cells in a chemically defined medium. Stem Cells 
Int 2016:1–10. https:// doi. org/ 10. 1155/ 2016/ 52465 84

Sanber KS, Knight SB, Stephen SL, Bailey R, Escors D, Minshull J, 
Santilli G, Thrasher AJ, Collins MK, Takeuchi Y (2015) Con-
struction of stable packaging cell lines for clinical lentiviral vector 
production. Sci Rep 5:9021. https:// doi. org/ 10. 1038/ srep0 9021

Santhagunam A, dos Santos F, Madeira C, Salgueiro JB, Cabral JMS 
(2014) Isolation and ex vivo expansion of synovial mesenchy-
mal stromal cells for cartilage repair. Cytotherapy 16:440–453. 
https:// doi. org/ 10. 1016/j. jcyt. 2013. 10. 010

Schirmaier C, Jossen V, Kaiser SC, Jüngerkes F, Brill S, Safavi-Nab 
A, Siehoff A, Van Den Bos C, Eibl D, Eibl R (2014) Scale-up 
of adipose tissue-derived mesenchymal stem cell production in 
stirred single-use bioreactors under low-serum conditions. Eng 
Life Sci 14:292–303. https:// doi. org/ 10. 1002/ elsc. 20130 0134

Schop D, Janssen FW, van Rijn LDS, Fernandes H, Bloem RM, de 
Bruijn JD, van Dijkhuizen-Radersma R (2009) Growth, metabo-
lism, and growth inhibitors of mesenchymal stem cells. Tissue 
Eng Part A 15:1877–1886. https:// doi. org/ 10. 1089/ ten. tea. 2008. 
0345

Schop D, Van Dijkhuizen-Radersma R, Borgart E, Janssen FW, Roze-
muller H, Prins HJ, De Bruijn JD (2010) Expansion of human 
mesenchymal stromal cells on microcarriers: growth and metabo-
lism. J Tissue Eng Regen Med 4:131–140. https:// doi. org/ 10. 
1002/ term. 224

Schor SL, Court J (1979) Different mechanisms in the attachment of 
cells to native and denatured collagen. J Cell Sci 38:267–281. 
https:// doi. org/ 10. 1242/ jcs. 38.1. 267

Sengsayadeth S, Savani BN, Oluwole O, Dholaria B (2022) Overview 
of approved CAR-T therapies, ongoing clinical trials, and its 
impact on clinical practice. eJHaem 3:6–10. https:// doi. org/ 10. 
1002/ jha2. 338

Shi M, Yang Q, Monsel A, Yan J, Dai C, Zhao J, Shi G, Zhou M, Zhu 
X, Li S, Li P, Wang J, Li M, Lei J, Xu D, Zhu Y, Qu J (2021) 
Preclinical efficacy and clinical safety of clinical‐grade nebulized 
allogenic adipose mesenchymal stromal cells‐derived extracel-
lular vesicles. J Extracell Vesicles 10. https:// doi. org/ 10. 1002/ 
jev2. 12134

Silva Couto P, Bersenev A, Verter F (2017) The first decade of 
advanced cell therapy clinical trials using perinatal cells 
(2005–2015). Regen Med 12:953–968. https:// doi. org/ 10. 2217/ 
rme- 2017- 0066

Silva Couto P, Rotondi MC, Bersenev A, Hewitt CJ, Nienow AW, 
Verter F, Rafiq QA (2020b) Expansion of human mesenchymal 
stem/stromal cells (hMSCs) in bioreactors using microcarri-
ers: lessons learnt and what the future holds. Biotechnol Adv 
45:107636. https:// doi. org/ 10. 1016/j. biote chadv. 2020. 107636

Silva Couto P, Bersenev A, Rafiq QA (2020a) Process development and 
manufacturing approaches for mesenchymal stem cell therapies. 
Eng Strateg Regen Med 33–71. https:// doi. org/ 10. 1016/ B978-0- 
12- 816221- 7. 00002-1

Silva Couto P, Molina SA, O’Sullivan D, O’Neill L, Lyness AM, Rafiq 
QA (2023) Understanding the impact of bioactive coating materi-
als for human mesenchymal stromal cells and implications for 
manufacturing. Biol Lett 45(8):1013–1027. https:// doi. org/ 10. 
1007/ s10529- 023- 03369-9

Singh P, Schwarzbauer JE (2012) Fibronectin and stem cell differentia-
tion – lessons from chondrogenesis. J Cell Sci. https:// doi. org/ 
10. 1242/ jcs. 095786

https://doi.org/10.1038/s41375-018-0106-0
https://doi.org/10.1038/s41375-018-0106-0
https://doi.org/10.1002/biot.201500532
https://doi.org/10.1038/s41598-017-04484-0
https://doi.org/10.1038/s41598-017-04484-0
https://doi.org/10.1038/d41573-021-00031-9
https://doi.org/10.1038/d41573-021-00031-9
https://doi.org/10.1002/stem.2622
https://doi.org/10.1002/stem.2622
https://doi.org/10.3727/000000006780666957
https://doi.org/10.1002/jcp.22605
https://doi.org/10.1002/jcp.22605
https://doi.org/10.1155/2016/4834616
https://doi.org/10.1155/2016/4834616
https://doi.org/10.1038/s41419-021-03839-w
https://doi.org/10.1038/s41419-021-03839-w
https://doi.org/10.1007/s10529-013-1211-9
https://doi.org/10.1007/s10529-013-1211-9
https://doi.org/10.1002/biot.201400862
https://doi.org/10.1002/bit.26359
https://doi.org/10.1016/j.bej.2017.11.005
https://doi.org/10.1136/thoraxjnl-2013-204110
https://doi.org/10.1007/s00726-016-2181-8
https://doi.org/10.1007/s00726-016-2181-8
https://doi.org/10.1155/2016/5246584
https://doi.org/10.1038/srep09021
https://doi.org/10.1016/j.jcyt.2013.10.010
https://doi.org/10.1002/elsc.201300134
https://doi.org/10.1089/ten.tea.2008.0345
https://doi.org/10.1089/ten.tea.2008.0345
https://doi.org/10.1002/term.224
https://doi.org/10.1002/term.224
https://doi.org/10.1242/jcs.38.1.267
https://doi.org/10.1002/jha2.338
https://doi.org/10.1002/jha2.338
https://doi.org/10.1002/jev2.12134
https://doi.org/10.1002/jev2.12134
https://doi.org/10.2217/rme-2017-0066
https://doi.org/10.2217/rme-2017-0066
https://doi.org/10.1016/j.biotechadv.2020.107636
https://doi.org/10.1016/B978-0-12-816221-7.00002-1
https://doi.org/10.1016/B978-0-12-816221-7.00002-1
https://doi.org/10.1007/s10529-023-03369-9
https://doi.org/10.1007/s10529-023-03369-9
https://doi.org/10.1242/jcs.095786
https://doi.org/10.1242/jcs.095786


Applied Microbiology and Biotechnology 

1 3

Smeriglio P, Lee J, Bhutani N (2017) Soluble collagen VI treatment 
enhances mesenchymal stem cells expansion for engineering car-
tilage. Bioeng Transl Med 2:278–284. https:// doi. org/ 10. 1002/ 
btm2. 10078

Somaiah C, Kumar A, Mawrie D, Sharma A, Patil SD, Bhattacharyya J, 
Swaminathan R, Jaganathan BG (2015) Collagen promotes higher 
adhesion, survival and proliferation of mesenchymal stem cells. PLoS 
One 10:e0145068. https:// doi. org/ 10. 1371/ journ al. pone. 01450 68

Strati P (2022) CAR T-cell therapy: which product for which patient? 
Blood 139:3673–3674. https:// doi. org/ 10. 1182/ blood. 20220 16676

Sun LY, Hsieh DK, Syu WS, Li YS, Chiu H-TT, Chiou TW (2010) Cell 
proliferation of human bone marrow mesenchymal stem cells 
on biodegradable microcarriers enhances in vitro differentiation 
potential. Cell Prolif 43:445–456. https:// doi. org/ 10. 1111/j. 1365- 
2184. 2010. 00694.x

Takahashi I, Sato K, Mera H, Wakitani S, Takagi M (2017) Effects 
of agitation rate on aggregation during beads to beads subcul-
tivation of microcarrier culture of human mesenchymal stem 
cells. Cytotechnology 69:503–509. https:// doi. org/ 10. 1007/ 
s10616- 016- 9999-5

Tamama K, Sen CK, Wells A (2008) Differentiation of bone mar-
row mesenchymal stem cells into the smooth muscle lineage 
by blocking ERK/MAPK signalling pathway. Stem Cells Dev 
17:897–908. https:// doi. org/ 10. 1089/ scd. 2007. 0155

Tan KY, Reuveny S, Oh SKW (2016) Recent advances in serum-free 
microcarrier expansion of mesenchymal stromal cells: param-
eters to be optimized. Biochem Biophys Res Commun 473:769–
773. https:// doi. org/ 10. 1016/j. bbrc. 2015. 09. 078

Tozetti PA, Caruso SR, Mizukami A, Fernandes TR, da Silva FB, 
Traina F, Covas DT, Orellana MD, Swiech K (2017) Expansion 
strategies for human mesenchymal stromal cells culture under 
xeno-free conditions. Biotechnol Prog 33:1–10. https:// doi. org/ 
10. 1002/ btpr. 2494

Tsai C-C, Chen C-L, Liu H-C, Lee Y-T, Wang H-W, Hou L-T, Hung 
S-C (2010) Overexpression of hTERT increases stem-like prop-
erties and decreases spontaneous differentiation in human mes-
enchymal stem cell lines. J Biomed Sci 17:64. https:// doi. org/ 10. 
1186/ 1423- 0127- 17- 64

Tsai A-C, Jeske R, Chen X, Yuan X, Li Y (2020) Influence of micro-
environment on mesenchymal stem cell therapeutic potency: 
from planar culture to microcarriers. Front Bioeng Biotechnol 
8. https:// doi. org/ 10. 3389/ fbioe. 2020. 00640

Vachon PH (2011) Integrin signalling, cell survival, and anoikis: dis-
tinctions, differences, and differentiation. J Signal Transduct. 
https:// doi. org/ 10. 1155/ 2011/ 738137

Von Bahr L, Batsis I, Moll G, Hägg M, Szakos A, Sundberg B, Uzunel 
M, Ringden O, Le Blanc K (2012) Analysis of tissues following 
mesenchymal stromal cell therapy in humavns indicates limited 

long-term engraftment and no ectopic tissue formation. Stem 
Cells 30:1575–1578. https:// doi. org/ 10. 1002/ stem. 1118

Vranckx LS, Demeulemeester J, Debyser Z, Gijsbers R (2016) Towards 
a safer, more randomized lentiviral vector integration profile 
exploring artificial ledgf chimeras. PLoS One 11:e0164167. 
https:// doi. org/ 10. 1371/ journ al. pone. 01641 67

Wahlers A, Schwieger M, Li Z, Meier-Tackmann D, Lindemann C, 
Eckert H-G, von Laer D, Baum C (2001) Influence of multiplic-
ity of infection and protein stability on retroviral vector-mediated 
gene expression in hematopoietic cells. Gene Ther 8:477–486. 
https:// doi. org/ 10. 1038/ sj. gt. 33014 26

Wang X, Rivière I (2016) Clinical manufacturing of CAR T cells: foun-
dation of a promising therapy. Mol Ther - Oncolytics 3:16015. 
https:// doi. org/ 10. 1038/ mto. 2016. 15

Wang M, Yuan Q, Xie L (2018) Mesenchymal stem cell-based immu-
nomodulation: properties and clinical application. Stem Cells Int 
2018:1–12. https:// doi. org/ 10. 1155/ 2018/ 30576 24

Yang R, Elsaadi S, Misund K, Abdollahi P, Vandsemb EN, Moen SH, Kus-
nierczyk A, Slupphaug G, Standal T, Waage A, Slørdahl TS, Rø TB, 
Rustad E, Sundan A, Hay C, Cooper Z, Schuller AG, Woessner R, 
Borodovsky A, Menu E, Børset M, Sponaas AM (2020) Conver-
sion of ATP to adenosine by CD39 and CD73 in multiple myeloma 
can be successfully targeted together with adenosine receptor A2A 
blockade. J Immunother Cancer 8:e000610. https:// doi. org/ 10. 1136/ 
jitc- 2020- 000610

Yuan Y, Kallos MS, Hunter C, Sen A (2014) Improved expansion 
of human bone marrow-derived mesenchymal stem cells in 
microcarrier-based suspension culture. J Tissue Eng Regen Med 
8:210–225. https:// doi. org/ 10. 1002/ term. 1515

Yuan Z, Lourenco SDS, Sage EK, Kolluri KK, Lowdell MW, Janes SM 
(2016) Cryopreservation of human mesenchymal stromal cells 
expressing TRAIL for human anti-cancer therapy. Cytotherapy 
18:860–869. https:// doi. org/ 10. 1016/j. jcyt. 2016. 04. 005

Zanotti L, Sarukhan A, Dander E, Castor M, Cibella J, Soldani C, 
Trovato AE, Ploia C, Luca G, Calvitti M, Mancuso F, Arato I, 
Golemac M, Jonjic N, Biondi A, Calafiore R, Locati M, D’Amico 
G, Viola A (2013) Encapsulated mesenchymal stem cells for 
in vivo immunomodulation. Leukemia 27:500–503. https:// doi. 
org/ 10. 1038/ leu. 2012. 202

Zhao G, Liu F, Lan S, Li P, Wang L, Kou J, Qi X, Fan R, Hao D, Wu C, 
Bai T, Li Y, Liu JY (2015) Large-scale expansion of Wharton’s 
jelly-derived mesenchymal stem cells on gelatin microbeads, 
with retention of self-renewal and multipotency characteristics 
and the capacity for enhancing skin wound healing. Stem Cell 
Res Ther. https:// doi. org/ 10. 1186/ s13287- 015- 0031-3

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/btm2.10078
https://doi.org/10.1002/btm2.10078
https://doi.org/10.1371/journal.pone.0145068
https://doi.org/10.1182/blood.2022016676
https://doi.org/10.1111/j.1365-2184.2010.00694.x
https://doi.org/10.1111/j.1365-2184.2010.00694.x
https://doi.org/10.1007/s10616-016-9999-5
https://doi.org/10.1007/s10616-016-9999-5
https://doi.org/10.1089/scd.2007.0155
https://doi.org/10.1016/j.bbrc.2015.09.078
https://doi.org/10.1002/btpr.2494
https://doi.org/10.1002/btpr.2494
https://doi.org/10.1186/1423-0127-17-64
https://doi.org/10.1186/1423-0127-17-64
https://doi.org/10.3389/fbioe.2020.00640
https://doi.org/10.1155/2011/738137
https://doi.org/10.1002/stem.1118
https://doi.org/10.1371/journal.pone.0164167
https://doi.org/10.1038/sj.gt.3301426
https://doi.org/10.1038/mto.2016.15
https://doi.org/10.1155/2018/3057624
https://doi.org/10.1136/jitc-2020-000610
https://doi.org/10.1136/jitc-2020-000610
https://doi.org/10.1002/term.1515
https://doi.org/10.1016/j.jcyt.2016.04.005
https://doi.org/10.1038/leu.2012.202
https://doi.org/10.1038/leu.2012.202
https://doi.org/10.1186/s13287-015-0031-3

	Scalable manufacturing of gene-modified human mesenchymal stromal cells with microcarriers in spinner flasks
	Abstract 
	Key points
	Introduction
	Materials and methods
	Cell isolation
	Cell expansion and cryopreservation
	Plasmid purification
	LV manufacturing
	Transduction of hMSCs
	Expansion of hMSCs on microcarriers
	Analytical techniques
	LV titre determination
	Cell counts
	Cell viability assay
	Metabolite analysis
	Transduction efficiency
	Immunophenotype characterisation


	Equations
	Statistical analysis
	Results
	Impact of different microcarriers on growth kinetics of UCT-hMSCs
	LV titration and transduction efficiency
	Growth kinetics of gene-modified UCT-hMSCs
	Metabolic profile of gene-modified UCT-hMSCs
	Immunophenotype characterisation
	Comparison with monolayer

	Discussion
	Anchor 29
	References


