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Abstract
Background Allogeneic mesenchymal stromal cells (MSCs) have been used extensively in various clinical trials. Neverthe-
less, there are concerns about their efficacy, attributed mainly to the heterogeneity of the applied populations. Therefore, 
producing a consistent population of MSCs is crucial to improve their therapeutic efficacy. This study presents a good 
manufacturing practice (GMP)-compatible and cost-effective protocol for manufacturing, banking, and lot-release of a 
homogeneous population of human bone marrow-derived clonal MSCs (cMSCs).
Methods Here, cMSCs were isolated based on the subfractionation culturing method. Afterward, isolated clones that could 
reproduce up to passage three were stored as the seed stock. To select proliferative clones, we used an innovative, cost-
effective screening strategy based on lengthy serial passaging. Finally, the selected clones re-cultured from the seed stock to 
establish the following four-tired cell banking system: initial, master, working, and end of product cell banks (ICB, MCB, 
WCB, and EoPCB).
Results Through a rigorous screening strategy, three clones were selected from a total of 21 clones that were stored during 
the clonal isolation process. The selected clones met the identity, quality, and safety assessments criteria. The validated 
clones were stored in the four-tiered cell bank system under GMP conditions, and certificates of analysis were provided for 
the three-individual ready-to-release batches. Finally, a stability study validated the EoPCB, release, and transport process 
of the frozen final products.
Conclusion Collectively, this study presents a technical and translational overview of a GMP-compatible cMSCs manufac-
turing technology that could lead to the development of similar products for potential therapeutic applications.
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Introduction

Mesenchymal stromal cells (MSCs) have been explored 
in a broad range of preclinical to clinical studies and 
are considered as advanced therapy medicinal products 
(ATMPs) [1]. Until June 2021, MSCs have been used 
in 1114 ongoing or completed clinical trials for various 
diseases, including skeletal diseases, autoimmune and 
inflammatory disorders, cancers, and COVID-19 (https:// 
www. clini caltr ials. gov). This extensive application of 
MSCs is mainly attributed to their proven safety and effi-
cacy [2–5]. Actually, MSCs are promising candidates for 
allogeneic cell therapy because of their intrinsic features 
such as low immunogenicity, trophic effects, and unique 
immunomodulation properties, manifest as intelligent pro-
inflammatory or anti-inflammatory effects in response to 
environmental signals [6, 7].

Despite the large amount of evidence supporting the 
safety and efficacy of MSCs in research and clinical trials 
(well discussed in [8]), there are still controversial results 
about the efficacy of these cells that is mainly due to the 
heterogeneity of the applied cell populations [9]. It seems 
that producing a pure, high-quality MSC population can 
eliminate the inconsistencies between studies and facili-
tate the achievement of robust, reliable, and reproducible 
outcomes for this highly potential therapeutic products. 
This dearth in cultured MSCs can be partly associated 
with the heterogeneity of initial MSCs, donor-to-donor 
variations, and the diversity of initial sources from which 
MSCs are derived [9–11]. However, MSC heterogeneity is 
an innate property that is associated to the niche and also 
to the isolation and culture methods [12, 13]. Furthermore, 
it is necessary to provide a good manufacturing practice 
(GMP) platform to ensure the purity and safety of final cell 
therapy products (CTPs) and meet the regulatory require-
ments for clinical applications. Establishing a tiered cell 
bank system is the final step to support the proper transla-
tion of CTPs into medicine by assuring standardization of 
the entire cell manufacturing process, accredited identity, 
function and safety assessments, and transparent sharing 
of standard operating procedures data.

Different approaches have been proposed for the pro-
duction of a relatively high homogeneous population of 
MSCs like the purification of sub-population of MSCs 
by primary surface markers such as NGFR, STRO-
1, BRIGHT/VCAM-1, MCAM/CD146, and CD34 [9, 
14–17], and enrichment of MSCs by the subfractionation 
culturing method (SCM) [18, 19]. The first approach has 
some technical issues, such as the lack of a comprehen-
sive agreement on specific surface markers [20]. However, 
the SCM method appears to be suited for production of a 
homogeneous MSC population by manufacturing single 

colony-forming units (CFUs) to produce clonal MSCs 
(cMSCs). However, although SCM is considered as an 
efficient and reproducible isolation technique, it should 
be improved in terms of biological and industrial applica-
tions before it can be successfully applied to the global 
development of clinical-grade cMSCs. The main challenge 
of this approach is the need to spend time and resources 
on expanding, characterizing, and biobanking numerous 
clones, while only a limited proportion of these clones 
eventually reach the final product.

Here, we implemented and optimized the manufactur-
ing procedure of a homogeneous population of human bone 
marrow (BM)-derived cMSCs. Our minimal serial culturing 
method to screen clones is beneficial in cost management 
and commercialization of the final cell product. In order 
to ensure the accuracy of this clone screening method, we 
extensively compared the different cMSC batches with the 
heterogeneous MSC (hMSCs) counterpart in terms of iden-
tity, quality, and safety. Our GMP policy and quality assur-
ance standards ensured that donor screening, clonal isola-
tion, optimal clone selection, and establishment of initial, 
master, working, and end of product cell banks (ICB, MCB, 
WCB, and EoPCB, respectively), in addition to all related 
quality control (QC) procedures stringently met the Iran 
Food and Drug Administration (IFDA) regulatory guide-
lines. These guidelines, basically, follow the Pharmaceutical 
Inspection Co-operation Scheme principles. At the end of 
the manufacturing process, we released 40 packs of our final 
drug product (DP) for phase I/II clinical trials for COVID-19 
patients (NCT04366063).

Methods

Ethical Approval

BM sample was collected from a healthy volunteer after 
receipt of written informed consent, which was obtained 
according to the Iran Food and Drug Administration guide-
lines and approval of the National Ethics Committee’s 
license for the use of an intended human biological sam-
ple for manufacturing and therapeutic goals (Approval ID: 
IR.ACECR.ROYAN.REC.1397.289).

Donor Selection and Evaluation

Eligible, healthy volunteers for BM donation were carefully 
chosen according to the inclusion criteria listed in Supple-
mentary Table 1. Briefly, donor competency referred to gen-
eral health through asking the volunteers’ medical history, 
physical examination, serological testing to insure the medi-
cal health and the absence of viral infections, chest X-ray, 
and electrocardiogram (EKG). From three voluntrees, we 
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finally chose a 31-year-old healthy male donor who met all 
the inclusion criteria for BM donation. 

Aspiration and Transport of Bone Marrow

BM was aspirated from the iliac crest of the healthy donor 
under sterile conditions in an operating room according to a 
procedure by Emadedin et al. [21]. The BM was harvested 
in a total volume of 40 ml. The aspirate was put in a sterile 
heparinized 50 ml tube and placed in a cool box (4 °C to 
8 °C) for transport within 12 h to the GMP clean room of 
the manufacturing center with a temperature data logger.

Isolation and Expansion of Heterogeneous 
Mesenchymal Stromal Cells (hMSCs)

We used two approaches to isolate and expand MSCs from 
the aspirated BM sample in order to obtain the hMSC and 
cMSC lines. For hMSCs, the BM mononuclear cells were 
separated from the whole BM sample by density gradi-
ent centrifugation as previously described [22]. In brief, 
Ficoll®-Paque (GE Healthcare, USA) was used at a density 
of 1.077 g/ml, and the separated mononuclear cells were 
cultured in 175  cm2 ventilated flasks (BD Biosciences, 
France) at a density of 0.5 ×  106 cells/cm2 in isolation culture 
medium. The isolation medium consisted of minimal essen-
tial medium Eagle, alpha formulation (alpha-MEM medium) 
supplemented with 20% defined fetal bovine serum (FBS; 
HyClone, USA), 1% MEM non-essential amino acids (MEM 
NEAAs), and 1% GlutaMAX (Supplementary Table 2). 
After one day, the floating cells were removed by changing 
the medium, and the adherent cells were sub-cultured when 
they were more than 70% confluent. An expansion culture 
medium was used for serial passaging. This medium con-
sisted of an α-MEM base medium supplemented with 5% 
human platelet lysate (hPL) and the same additives as the 
isolation medium (Supplementary Table 3).

Isolation and Expansion of Clonal Mesenchymal 
Stromal Cells (cMSCs) and Establishment of Seed 
Stock Cell Bank

We used the SCM technique reported by Yi et al. to produce 
the cMSCs [18, 19]. Briefly, every 2.5 ml of BM aspirate 
from the iliac crest of a healthy donor was directly cultured 
in an isolation medium in a 100-mm tissue culture dish. 
The supernatant, which contained suspended cells, was daily 
transferred to the new dishes until day (D) 5 (Supplementary 
Fig. 1). Dishes were named based on the day of the transfer 
(D1-D5) and dishes from D2 to D5 were kept until colo-
nies appeared (after about two weeks). The separate well-
grown colonies were detached enzymatically with TrypLE 
(Thermo Fisher, USA) using cloning cylinders, and the cell 

suspension was transferred to 35-mm tissue culture dishes. 
In order to save all individual clones of the MSCs that had 
high CFU activity, we chose the clones that expanded and 
reached confluence over five to six days in each of three 
subsequent passages (from the well of 6-well plate to a 
T25 culture flask, and then to a T75 culture flask). These 
clones were candidate for cryopreservation as seed stock 
cell bank at passage 3 (P3). Before cryopreservation, about 
120–150 ×  103 cells from each clone was cultured in a T25 
culture flask (P4; 5 ×  103 cells/cm2 seeding density) in order 
to find the best clone(s). The rest of the cells from each clone 
at P3 were cryopreserved in at least three cryovials with a 
density of 0.5 ± 0.1 ×  106 cells/500 μl freezing medium and 
stored in vapor phase of liquid nitrogen (LN) as seed stock 
cell bank. The cryopreservation of stationary-phase cells at 
seed stock was done in cryogenic vials (Greiner bio-one, 
Germany) in combination with a freezing medium compris-
ing 90% FBS plus 10% dimethyl sulfoxide (DMSO; USP 
grade, Sigma-Aldrich, Germany). The nomenclature of each 
clone was done based on the D# C# combination, where D 
represents the name of the dishes (D2-D5) and C represents 
the colony number in each dish (for example, D2C3 indi-
cates the third colony from dish D2).

Screening of Proliferative Clonal Mesenchymal 
Stromal cells

For selecting the best clones that had extensive serial pas-
sage ability, the P4 cells from each clone were cultured up to 
P15 in expansion culture medium. In order to save materials 
and time, a minimum number of cells were cultured in each 
passage at 5 ×  103 cells/cm2 seeding density. The cells from 
each clones which exhibited acceptable proliferation rate was 
retained for the next round of passaging. Each clone could 
reach to P15 with conventional passage ability (confluence 
during 5–6 days) and spindle-shaped morphology were can-
didate for the further assessments. These analyses included 
the investigation of growth kinetics and doubling time, cel-
lular senescence assay, and immunophenotyping. The cells 
from each clone could pass these assessments, were selected 
for establishment of the intended cell biobanks. The process 
of screening the best cMSCs was done in GLP laboratory 
due to reduce the cost of manufacturing.

Process of Manufacturing the Four‑Tiered Cell Banks

The manufacturing process was divided into the ICB, 
MCB, WCB, and EoPCB steps. All manufacturing pro-
cess were done in GMP condition. The biobank production 
was started from the seed stock of each selected clone. For 
this, one cryopreserved unit from the seed stock of each 
clone (P3) was thawed and passaged separately. At P6, 
the cells were cryopreserved as the ICB with the density 
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of 0.5 ± 0.1 ×  106 cells/0.5 ml freezing medium in each 
cryovial. After obtaining QC approval for ICB, including 
fibroblast-like cell morphology, viability, cell count, ste-
rility, and mycoplasma, the ICB cells were used for MCB 
production.

In the next step, a cryopreserved unit from the ICB of 
each clone was separately thawed and expanded for three 
sequential passages in order to produce the MCB cells. At 
MCB step, the cells in P10 were cryopreserved with the 
density of 5 ± 0.5 ×  106 cells/2 ml freezing medium for 
each cryovial. The quality and efficacy of the MCB were 
assessed by precise control of fibroblast-like cell morphol-
ogy, cell count, viability, DT, and immunophenotyping for 
MSC markers and immune markers (CD80, CD86, and 
HLA-DR). Sterility tests (aerobic, anaerobic, and fungi) 
and mycoplasma assessments were conducted before and 
after the MCB storage. The presence of endotoxin, a panel 
of virus tests similar to that performed for the donor (Sup-
plementary Table 1), in vivo transplantation to evaluate 
tumorigenesis, and karyotype analysis were conducted at 
the MCB stage. Potency assessments that included the dif-
ferentiation potential of the three lineages, induction of 
angiogenesis, and inhibition of lymphocyte proliferation 
were also assessed in addition to the acquisition of a dedi-
cated identity by determining short tandem repeats (STR) 
and HLA typing.

For WCB establishment, one vial from the MCB for each 
clone was thawed and after two sequential passages, the 
P13 cells were cryopreserved at a density of 10 ± 0.5 ×  106 
cells/4  ml freezing medium per cryovial. The assess-
ments in this stage included the evaluation of cell mor-
phology, viability, cell counts, sterility, mycoplasma, and 
immunophenotyping.

The cryopreservation of stationary-phase cell at ICB, 
MCB, and WCB steps was done in cryogenic vials (cat no. 
123263 for ICB and MCB and 127,277 for WCB, Greiner 
bio-one, Frickenhausen, Germany) in combination with a 
freezing medium comprising 90% FBS plus 10% dimethyl 
sulfoxide.

In order to develop EoPCB, based on the number of cells 
needed as DP, one to several vials from WCB were thawed 
and after one sequential passage, the P15 cells were cryopre-
served as EoPCB. For cryopreservation of cells at this step, 
cell suspensions were frozen in freezing bags (Pall Medi-
cal, USA) with the serum-free freezing medium specified in 
this article. The used freezing medium for the final product 
cryopreservation included injectable normal saline (Samen 
Pharmaceutical Company, Iran) with 10% pharmaceutical 
grade human serum albumin (HSA; Kedrion Biopharma, 
Italy) and 10% DMSO. Assessments of morphology, viabil-
ity, cell count, sterility, mycoplasma, endotoxin, karyotyp-
ing and array comparative genomic hybridization (CGH) 
analysis were performed at this stage.

Mycoplasma, Bacterial and Fungal Culture Tests

The Mycoplasma Genesig® Standard Kit was used to detect 
36 mycoplasma species by quantitative real-time PCR (RT-
qPCR) according to the manufacturer’s instructions (Prim-
erdesign, USA). For this purpose, cell supernatant and about 
1 ×  106 cells were used to identify possible mycoplasma 
contamination. The sampling process for the detection of 
mycoplasma was done both during the passaging and the 
cryopreservation of the cells. For monitoring mycoplasma 
detection during serial passaging, a schedule for myco-
plasma testing was performed at least every two weeks. In 
each stage cell banking (ICB, MCB, WCB, EoPCB), before- 
and after freezing samples were used for sterility/myco-
plasma inspection. Once each cell bank was stablished, some 
vials were thawed and tested for sterility/mycoplasma. We 
evaluated cell sterility by testing the cell supernatant for a 
wide range of microbes that included aerobic and anaerobic 
microorganisms, and fungi with a BD BACTEC™ system 
based on the company’s instructions (BD, USA).

Measurement of Endotoxin

The test was achieved by Gel Clot method LAL ENDOS-
AFE® (Charles River Endosafe, USA) with 0.125EU/ ml 
sensitivity as a single test according to the manufacturer’s 
instruction. Based on the presence or absence of a gel clot, 
the result is considered positive or negative, respectively. 
The endotoxin inspection was evaluated at EoPCB step for 
before/after freezing samples.

Investigation of Growth Kinetics and Doubling Time

Growth kinetics was determined by culturing and perform-
ing daily counts of MSCs at three serial passages (P7 to P9 
for cMSCs and P2 to P4 for hMSCs) during six days with 
an initial seeding density of 5 ×  103 cells/cm2 in 24-well 
plates. Cell counting was done both manually using Neu-
bauer hemocytometer and automatically by NucleoCounter® 
NC-200™ (Chemometec, Denmark) cell counter. Doubling 
time was calculated during the logarithmic growth phase 
(days 2–4) with this formula: doubling time (h) = h × ln (2)/
ln (C2/C1), where: C is the number of cells at each time of 
collection and ln is a Napierian logarithm [23].

Cellular Senescence Assay

Assessment of cellular senescence or biological aging was 
performed with a lysosomal senescence-associated beta-
galactosidase (SA-β-GAL) activity assay and a Cellular 
Senescence Activity Assay Kit (Enzo Life Science, USA) 
according to the manufacturer’s instructions. Briefly, P10 
and P15 cMSCs and P3 hMSCs were cultured for three 
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days at a primary seeding density of 6 ×  103 cells/cm2 in 
six-well plates. The cell lysate was prepared and incubated 
with SA-β-GAL substrate for one hour at 37 °C. Fluores-
cence was read with a plate reader (Synergy™ H4 Hybrid 
Multi-Mode Microplate Reader, BioTek®) at 360 nm (exci-
tation)/465 nm (emission), and the results were recorded in 
relative fluorescence units.

Differentiation Potential Analysis

cMSCs and hMSCs were cultured and differentiated with 
StemPro osteogenesis, adipogenesis, and chondrogenesis 
differentiation kits (Thermo Fisher, USA) according to the 
manufacturer’s instructions. Briefly, MSCs were cultured 
and after reaching to 70–80% confluency, specific-differen-
tiation media was added for 21 days. The degree of differ-
entiation towards osteogenic, chondrogenic, and adipogenic 
lineages was determined by tissue-specific staining and gene 
expression. For staining, adipogenic and osteogenic differen-
tiated cells were stained with oil red O (Sigma-Aldrich) and 
alizarin red S (Sigma-Aldrich) stains. Chondrogenic differ-
entiated cells were processed as paraffin-embedded blocks. 
The blocks were sectioned into 5–6 µm thick sections, 
and the sections were transferred onto glass slides. After 
removal of the paraffin, the slides were stained with Alcian 
blue (Sigma-Aldrich). A phase-contrast CKX41 microscope 
(Olympus, Japan) connected to a DP72 camera (Olympus) 
was used for image acquisition. The gene expression level of 
lineage markers was examined by RT-qPCR. The evaluated 
genes were osteogenic-related markers including collagen 
type 1 (COL I), parathyroid hormone (PTH), and osterix 
(OSX), adipogenic-related genes including lipoprotein lipase 
(LPL), proliferator-activated receptor gamma (PPARg), and 
adiponectin (ADIPOQ), and chondrogenic-related genes 
COL I, COL II, and COL X.

Quantitative Reverse Transcription Polymerase 
Chain Reaction (RT‑qPCR) Analysis

Briefly, an RNeasy Micro Kit (Qiagen, Germany) was used 
to extract total RNA from the three independent replicates 
of both cMSCs and hMSCs differentiated cells. Evaluation 
of purity and concentration of the extracted RNA was done 
at A260 nm/A280 nm using a Biowave II spectrophotom-
eter (Biochrom, UK). The quality and integrity of the total 
RNA were verified by electrophoresis. According to the 
manufacturer’s instructions, a total amount of 2 µg of total 
RNA was converted into cDNA using a QuantiTect Reverse 
Transcription Kit (Qiagen, Germany). RT-qPCR was carried 
out using SYBR Green master mix (Qiagen). The reactions 
were carried out in duplicate, and RT-qPCR amplification 
was performed according to the following program: stage 
1 at 95 °C for 10 min and stage 2 (40 cycles) at 95 °C for 

10 s and 60 °C for 60 s. The target gene expression levels 
were normalized against the reference gene, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and compared with 
the cells’ undifferentiated states. The relative quantification 
of gene expression was calculated using the ΔΔCt method. 
Supplementary Table 1 lists the primers used in this study.

Immunomodulation Assay: Lymphocyte 
Proliferation Assay

The immunomodulatory properties of the cMSCs were 
compared to hMSCs by running the lymphocyte prolifera-
tion assay assay with peripheral blood mononuclear cells 
(PBMCs). First, both cMSCs and hMSCs were treated with 
10 µg/ml mitomycin C (Sigma-Aldrich) for 2 h, after which 
the cells were washed and dissociated. The resultant cell 
suspension of either cMSCs or hMSCs was used to prepare a 
cell suspension of two ratios (1:2 and 1:10) for co-culturing 
with PBMCs. We added 250 µl of each prepared cell ratio 
to each well of a 96-well plate. The 96-well plate was put in 
the incubator (37 ˚C, 5%  CO2, and 80% humidity) for 24 h. 
The next day, peripheral blood was collected from a random 
healthy donor, and the PBMCs were separated according to 
a conventional method using Ficoll®-Paque (GE Health-
care). The PBMCs were marked with 5 mM CellTrace™ 
(CFSE Cell Proliferation Kit; Thermo Fisher) for 5 min, and 
 105 PMBC was added to the wells that contained the test 
(with MSCs) and control groups (without MSCs). PBMCs 
were induced to proliferate by using 10 µg/ml phytohemag-
glutinin, PHA-P (Sigma-Aldrich). Cells were incubated for 
72 h, and we determined the PBMC proliferation rate using 
a BD FACSCalibur™ (BD Bioscience, USA) flow cytom-
eter. Data were analyzed using Flowing software 2.5.1 and 
compared to the non-co-cultured state.

Flow Cytometry Analysis

For immunophenotyping, the expression levels of the CD73, 
CD90, CD105, CD14, CD20, CD34, and CD45 cell surface 
markers were detected using a human MSC phenotyping 
kit (MACS Miltenyi Biotec, Germany). We determined 
immunogenicity with flow cytometry analysis of antibodies 
against the B7 family, CD80 (BD Biosciences), CD86 (BD 
Biosciences), and HLA-DR (DAKO, Denmark) family. Data 
acquisition and analysis were performed with a BD FACS-
Calibur™ and Flowing software 2.5.1, respectively.

Karyotyping and Array Comparative Genomic 
Hybridization Analysis

Karyotype assessments were performed as previously 
described by Fathi et al. [24]. For doing array CGH analysis, 
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cMSCs at P15 were examined as its instruction (Agilent 
Technologies, USA).

Tube Formation and Scratch Assays

An angiogenesis starter kit (Thermo Fisher) was used to 
evaluate the ability of the cMSCs and hMSCs to induce 
angiogenesis. Briefly, 48-h conditioned media of both the 
cMSCs and hMSCs cultures were used to evaluate the induc-
tion of tube formation by Mitomycin C (10 μg/ml) inacti-
vated human umbilical vein endothelial cells (HUVECs). 
The HUVECs were seeded at a density of 6 ×  103 cells per 
well in Geltrex pre-coated 96-well plates and incubated at 
37 °C for 24 h. Subsequently, each well was photographed 
under a phase-contrast microscope (magnifications: 40x, 
100x). The observed nodes and branching points were 
counted in order to quantify angiogenesis, and the total 
tube length was measured by ImageJ software version 1.47 
(National Institutes of Health, USA). All experiments were 
conducted independently and at least three times.

The scratch assay was performed in a 24-well plate to 
evaluate the induction potential of migration by cMSCs. The 
supernatant of cMSCs and hMSCs were collected in both 
the resting and primed conditions with Interferon gamma 
(IFNγ, R&D Systems, USA). As a prerequisite step, 4 ×  103 
cells of both cMSCs and hMSCs were separately seeded in 
each well of a 24-well plate (two wells for each resting and 
primed state). On day three of the culture, the primed wells 
under consideration were treated with 10 ng/ml IFNγ. The 
culture media was removed about 18 h after priming, and 
the cells were washed with PBS buffer (without  Ca2+ and 
 Mg2+; Thermo Fisher). Fresh culture media was added, and 
after 48 h, the conditioned media was collected for the assay.

Further, mitomycin C-treated HUVECs were cultured, 
and a scratch area was created using a sterile 2 µL pipette tip 
on the cell monolayers. The cells were subsequently treated 
with a 48-h conditioned medium. The closure area was pho-
tographed by inverted phase-contrast microscopy (Olympus) 
and an installed digital camera (Olympus) at 12, 24, and 48 h 
after generation of the scratch area. ImageJ software was 
used to calculate the average closure area. This experiment 
was conducted in triplicate.

Tumorigenicity Assessment

Around 5 ×  106 cells of P15 cMSCs and the same amount of 
human embryonic stem cells (hESCs), as the positive control 
cells, were harvested at their logarithm phase, centrifuged, 
and mixed with 50 µl ice-cold Matrigel (Sigma-Aldrich). 
The cells were injected into the flanks of six-week-old male 
nude mice at the subcutaneous root. The injected mice were 
followed for three months. Mice in the groups with tera-
toma formation were sacrificed when the tumors were 25 to 

50 mm in diameter. The tumors were surgically removed, 
fixed, embedded in paraffin, and sectioned into 60 µm thick 
sections for hematoxylin–eosin staining. The stained sec-
tions were photographed by a bright field microscope.

Statistical Analysis

All data are presented as mean ± SD. Data were analyzed 
with GraphPad Prism, version 6.0. One-way analysis of 
variance (ANOVA) following Tukey’s post hoc was used to 
determine statistically significant differences between values 
of cMSCs and hMSCs in senescence, doubling time (DT), 
and immunosuppression of lymphocyte assays. Immuno-
genicity, angiogenesis, and scratch assay data were assessed 
by two-way ANOVA following Tukey’s post hoc. The level 
of significance was set at p < 0.05 (*p < 0.05; **p < 0.01; 
***p < 0.001).

Results

Culture of bone marrow‑derived colony forming 
units to isolate mesenchymal stromal cells 
and establish the seed stock cell bank

SCM approach allowed us to obtain 27 single CFU-derived 
colonies from the supernatants of a BM aspirate culture. 
From these, the cells from 21 clones could reach to P3 with 
an acceptable proliferation rate and a fibroblastic spindle-
shaped morphology. Two separate processes were performed 
on the cells derived from these clones. First, a small number 
of cells from each clone was passaged again in order to find 
the best clone(s), mainly based on the long-term passage 
ability, during the serial passaging (see the next result). The 
culture dishes of these cells were transferred from the GMP 
clean room to the GLP laboratory to reduce the cost of the 
manufacturing. Second, the remaining cells of each clone 
were cryopreserved at P3 as the seed stock cell bank. The 
term ‘seed stock’ is designated to the cryopreserved stocks 
of cMSCs established in the early passages. After selecting 
the best clone(s) in the GLP laboratory, the seed stock of 
the selected clone(s) would be considered as the starting 
materials for the establishment of ICB, MCB, WCB, and 
EoPCB under GMP-condition for the further applications 
in clinical trials.

Screening of Clonal Mesenchymal Stromal Cells 
with the Capability of Lengthy Serial Passaging 
Under Good Laboratory Practice Conditions

During clone selection process we found that among 21 
clones, five reached P10 and were expanded for further 
analysis (Fig.  1A). These clones underwent additional 
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passaging until P15 (Fig. 1A, B). Assessment of SA-β-GAL 
activity between these cMSCs and their P3 hMSCs counter-
parts revealed that all five derived cMSCs, either at P10 or 
P15, were significantly less senescent than the P3 hMSCs 
(Fig. 1C). Flow cytometry data showed that the specific 
mesenchymal surface markers (CD37, CD90, and CD105) 

were expressed more than 95% in all five cMSCs and con-
comitant with decreased expressions of non-specific markers 
(CD14, CD20, CD34, and CD45) (Fig. 1D). Interestingly, 
expressions of the CD markers at P15 of the five cMSCs 
were more uniform than hMSCs at P3 (Fig. 1E). Evalua-
tion of the growth curve during three subsequent passages 

Fig. 1  Clone selection based on 
long-term proliferation ability 
and MSC-related criteria. A 
Bars represent long-term serial 
passaging of the different clones 
derived from 2 ml of aspirated 
BM. As shown in the chart, 5 
out of 21 clones reached P15 
(*). B Cell morphology of 
selected cMSCs at P15 and 
their counterpart hMSCs at P5. 
C Senescence was evaluated 
by measuring senescence-
associated β-galactosidase 
(SA-β-GAL) activity and 
expressed as relative fluores-
cence units (RFU) of the same 
number of cultured cells. Data 
are expressed as mean ± SD 
of six replicates. Statisti-
cally significant difference 
compared with the hMSCs 
group. *p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001. D Quantitative 
flow cytometry data show the 
positive expressions of CD73, 
CD90, and CD105 and negative 
expressions of CD14, CD20, 
CD34, and CD45. Mean ± SD, 
n = 3. E Histogram view of 
specific MSC markers (solid 
line) and their isotype controls 
(shaded line). F Growth curves 
were calculated by counting 
cultured cells with the same 
seeding count during six days. 
Each line represents a passage 
number (three serial passages) 
with three replicates per day 
(n = 9). G DT was generated 
using cell counts at days 2 and 4 
as the growth curve’s logarithm 
phase. Results are expressed as 
mean ± SD of nine replicates. 
Statistically significant differ-
ence compared with the hMSCs 
group. *p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001. DT: Doubling 
time, MSC: Mesenchymal 
stromal cells; SCM: Subfrac-
tionation culturing method, 
cMSCs: Clonal mesenchymal 
stromal cells, BM: Bone mar-
row, hMSCs: Heterogeneous 
mesenchymal stromal cells
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and the daily cell counts revealed that the logarithmic phase 
of these five cMSCs began on day two and continued up 
to day 5 (Fig. 1F). However, calculating DT showed that 
cMSCs derived from the D2C4, D5C1, and D5C3 clones 
were similar to young hMSCs (50 h; p > 0.05), whereas 

the DT was over 70 h and proliferation was slower than the 
hMSCs (p > 0.05) in cMSCs derived from the D2C3 and 
D5C2 clones (Fig. 1G). Finally, we chose three cMSCs 
derived from the D2C4, D5C1, and D5C3 clones for further 
evaluation based on the proliferation ability.
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The Selected Proliferative Clones Meet the Criteria 
for Mesenchymal Stromal Cell Potential

We comprehensively characterized the selected cMSCs 
and compared them with the hMSCs. Lineage differentia-
tion potential of three P15 selected cMSCs were compared 
with P3 hMSCs after culturing in differentiation media for 
21 days. The osteogenic potential was visualized by aliza-
rin red staining which show that the mineralized nodules 
accumulated after 21 days in ECM around of differentiated 
cells in three cMSCs as well as hMSCs (Fig. 2A). Also, 
RT-qPCR analysis confirmed that the expression level of 
Col I, PTH and OSX genes up-regulated within 3 weeks in 
both groups in comparison to their undifferentiated coun-
terparts, although, slight differences were seen between the 
clones (Fig. 2B). Also, Oil red O staining in adipocytes 
differentiated cells revealed that the cytoplasmic oil drop-
lets accumulated in all three cMSCs and hMSCs (Fig. 2A). 
RT-qPCR analysis of LPL, PPARg and ADIPOQ indicated 
a high expression level of genes in both groups in com-
parison to their undifferentiated counterparts (Fig. 2B). The 
ability of cells to chondrogenic differentiation was meas-
ured by Alcian blue staining which indicating sulphated 

proteoglycans areas on the cross-sections in three cMSCs 
and hMSCs (Fig. 2A). Analysis of genes involved in chon-
drogenesis, Col I, COL II and COL X, showed that both 
groups expressed chondrogenic-related genes and COL X 
showed significantly upregulation versus undifferentiated 
MSCs (Fig. 2B).

Furthermore, inhibition of lymphocyte proliferation was 
studied in order to evaluate the immunomodulation poten-
tial. The three P15 cMSCs and the P3 hMSCs showed almost 
more than 80% ability to inhibit immune cell proliferation 
compared to the untreated group (Fig. 2C). The migration 
ability of P15 cMSCs was compared with P3 hMSCs. The 
MSCs were first committed to anti-inflammatory condi-
tion by IFNγ treatment (primed state), and their secretome 
was compared with the un-committed condition (resting 
state). Scratch assay analysis showed that the secretome of 
48 h-primed cMSCs significantly promoted migration of 
mitomycin C-treated HUVECs to decrease the closure area 
compared to hMSCs (p < 0.001; Fig. 2D). The secretome 
of cMSCs was also used to induce in vitro angiogenesis of 
HUVECs with an angiogenesis starter kit. Different angi-
ogenesis parameters that included the numbers of nodes, 
junctions, and branches, in addition to the total tube length 
and total branching length, showed that secretome in both 
the resting and primed conditions could quantitatively sup-
port tube formation. There were no noticeable differences 
between cMSCs and hMSCs in this assessment (Fig. 2E).

It has been reported that prolonged cultivation of MSCs 
might harm their immunomodulatory ability [25]. A com-
parison of P15 cMSCs and P3 hMSCs showed low-level 
expressions (< 5%) of co-stimulatory factors CD80 and 
CD86 (Fig. 2F). The average expression of HLA-DR was 
less than 5% in the D2C4 and D5C1 clones and about 10% 
in the D5C3 clone and in hMSCs (Fig. 2F). There were no 
numerical or structural chromosomal aberrations observed 
in the P15 cMSCs after classical karyotyping (Fig. 2G). 
Overall, based on the evaluated criteria, the selected cMSCs 
were chosen to establish the cell bank system and guarantee 
the availability of high-quality, authentic human MSCs for 
clinical applications.

Establishment of Four‑Tiered Clonal Mesenchymal 
Cell Banks Under Good Manufacturing Practice 
Conditions

The roadmap for manufacturing of ICB, MCB, WCB, and 
EoPCB steps and the corresponding QC has been exhib-
ited in Fig. 3. The biobank production was started sepa-
rately from the seed stock of the selected D2C4, D5C1, and 
D5C clones. As indicated in Table 1, the numbers of cryo-
preserved vials for each clone at ICB step were: 30 vials 
(D2C4), 36 (D5C1), and 36 (D5C3). This number of cells 
in the ICB provides a suitable downstream resource for each 

Fig. 2  Full characterization of passage 15 (P15) selected clones. A 
Differentiation assessment of cMSCs and hMSCs using alizarin red 
S, oil red O, and Alcian blue, respectively, for osteogenic, adipogenic, 
and chondrogenic differentiation (bar: 100  µm). B Expressions of 
mesenchymal specific differentiation genes evaluated by RT-qPCR. 
Data are compared to the undifferentiated state. Each bar represents 
three individual replicates. Mean ± SD, n = 6. P-values less than 0.05 
were considered significant (*P < 0.05; **P < 0.01, ***P < 0.001, 
****P < 0.0001). C In  vitro immunomodulation of P15 cMSCs and 
P5 hMSCs on healthy donor PBMCs under allogeneic conditions. 
Co-culture effect of MSCs on the suppression percentage of PBMCs. 
PBMCs were stimulated with PHA. Data were normalized with the 
stimulated PBMCs in the absence of MSCs. Each bar shows prolif-
eration suppression of 1 ×  105 CFSE-labeled PBMCs at ratios of 1:2 
and 1:10 (MSCs:PBMCs). Mean ± SD, n = 2. P-values less than 0.05 
were considered significant (***p < 0.001). D Scratch wound migra-
tion assay induced by 48-h secretome of cMSCs (P15) and hMSCs 
(P3) in resting and primed conditions. Migration was assessed by 
measuring the scratched area at 0, 12, 24, and 48  h after starting 
the test on mitomycin C-treated HUVECs. The bar chart shows the 
quantitative assessment of the wound area. P-values lower than 0.05 
were considered significant (*p < 0.05; **p < 0.01; ***p < 0.001; 
N.S.: Non-significant). E In  vitro angiogenesis stimulated by 48-h 
secretome of cMSCs (P15) and hMSCs (P3) (Scale bar: 100  µm). 
The bar chart shows the quantitative assessment of angiogenesis by 
ImageJ software. Each bar represents three replicates. F Histogram 
and bar charts for flow cytometry analysis of immunogenicity mark-
ers (HLA-DR, CD80, and CD86) in cMSCs, hMSCs, and moDCs 
(positive control). Data are from three replicates. P-values lower 
than 0.05 were considered significant (**p < 0.01; ***p < 0.001). G 
Karyotype of cMSCs (P15) through the G-banding method. cMSCs: 
Clonal mesenchymal stromal cells, hMSCs: Heterogeneous mesen-
chymal stromal cells, PBMCs: Peripheral blood mononuclear cells, 
PHP: Phytohemagglutinin PHA-P, HUVECs: Human umbilical vein 
endothelial cells, moDCs: Monocyte-derived dendritic cells

◂
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Fig. 3  Process flow diagram for 
GMP-grade manufacturing of 
cMSCs and the necessary QC 
assessments. Schema indicated 
the master production schedule 
for BM sampling, the manu-
facturing steps, and biobanking 
concerning the passage numbers 
and QC tests. The approximate 
timescale for the main produc-
tion stages from BM sampling 
to seed stock establishment as 
well as clone selection process 
is written in red. The timescale 
for establishment of the four 
tiered cell bank (written in 
blue) is started from the seed 
stock of the selected clones. 
The minimum time needed for 
production and QC assessments 
were considered for estimat-
ing the timescale. GMP: Good 
manufacturing practice; BM: 
Bone marrow; cMSCs: Clonal 
mesenchymal stromal cells; QC: 
Quality control; ICB: Initial 
cell bank, MCB: Master cell 
bank, WCB: Working cell bank, 
EoPCB: End of product cell 
bank, IPQC: In-process quality 
control, GLP: Good laboratory 
practice
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cMSC line to create future large biobanks without the need 
for new donor recruitment and a lengthy process for opti-
mal clone selection. After obtaining a QC approval for mor-
phology, viability, cell count, sterility, and mycoplasma, we 
could use the ICB cells for MCB production (Fig. 3).

In the MCB step, a total of 65 vials were cryopreserved 
for the D2C4 clone, 80 for the D5C1 clone, and 80 for the 
D5C3 clone (Table 1). A complete QC characterization of 
safety, efficacy, and quality was conducted based on the 
illustrated flowchart due to the importance of MCB as the 
initial stage for manufacturing the large biobank. Supple-
mentary Fig. 2 shows the certificate of analysis, for the MCB 
of one clone, D5C1.

Because the number of cells used in each MSC-related 
clinical trial can differ by tens of millions per kilogram of 
body weight, we decided to add another tier, WCB, before 
the EoPCB. The WCB could ensure fast, reliable access to 
the required number of adequate cells in the EoPCB per 
requirements. In the WCB, we cryopreserved 70 vials for 
D2C4, 80 for D5C1, and 75 for D5C3 (Table 1). We assessed 
the minimum necessary qualifications at this stage (Fig. 3).

In order to develop EoPCB, we first needed to develop 
a formulation for serum- and xeno-free cryopreservation 
medium as the excipients of DP and determine the num-
ber of cells as the active pharmaceutical ingredient of DP 
(Fig. 4A). First, several GMP-compatible freezing media, 
which included sodium lactate with 10% human serum 
albumin (HSA), Plasma-Lyte A with 10% HSA, and normal 
saline with 10% HSA (all media plus 10% DMSO) were con-
sidered for storage of 2.5 ± 0.5 ×  106 cells (Fig. 4B). After 
one month of preservation in the LN vapor phase, there was 
no significant difference observed in terms of cell count, 
viability, and fibroblast-like morphology among the cells 
cryopreserved with the above-mentioned media and the 
common research-grade freezing medium (90% FBS + 10% 
DMSO (Fig. 4B). Furthermore, cell-specific immunophe-
notyping of cMSCs (D5C1) was in the acceptable range for 
all of the freezing media (Fig. 4C). Therefore, we selected 

a freezing medium that contained normal saline with 10% 
HSA and 10% DMSO to store cells at EoPCB.

In order to determine the number of cells in DP, we 
selected about 75 ×  106 cells/cryobag for future studies that 
needed 1 ×  106 MSCs per kilogram of body weight for trans-
plantation, which was based on the average adult human 
weight in Iran [26]. We used these packages to evaluate the 
quality of storage, stability, release, and transport of DP with 
almost rigorous cell numbers per package. After thawing 
three vials from WCB and one sequential passage, 9 cry-
obags for D2C4, 10 for D5C1, and 9 for D5C3 that each 
contained 75 ± 5 ×  106 cells per 15 ml of freezing medium 
(5 ×  106 cells/ml) were cryopreserved as EoPCB (Table 1). 
In addition to assessment of the minimum necessary quali-
fications, karyotyping and array CGH were also performed 
at this stage and confirmed the safety of the EoPCB cells 
(Supplementary Fig. 3). We followed the stability of these 
EoPCB cells after 12 and 18 months of storage in the LN 
vapor phase. Our results showed that the cell count, viabil-
ity, and immunophenotyping were within the normal ranges 
compared to earlier time points (Table 2). Overall, the rigor-
ous evaluations performed during the selection of reproduc-
ible cMSCs ensured that the selected cMSCs could establish 
four-tier cell banks within GMP-compliant conditions.

Release and Transport of Drug Product

Frozen CTP should be transported in high-quality con-
tainers that maintain a low temperature using either an 
LN-dry shipper or electrically driven cooling devices. 
Due to the limitations in the transport of CTPs with the 
mentioned devices that should be returned from the clinic 
to the cell processing laboratory, we evaluated the trans-
port of DP with dry ice. First, we examined cell viabil-
ity after removing frozen cells from the vapor phase of 
LN and storage in a -80 °C freezer (acceptable tempera-
ture range: -70 to -80 °C) for one week. Our validation 
study showed that the cell viability was ≥ 90% up to 96 h 

Table 1  Practical and 
theoretical numbers of vials/
bags cryopreserved for selected 
cMSCs

* ICB: Initial cell bank, MCB: Master cell bank, WCB: Working cell bank, EoPCB: End of product cell 
bank, cMSCs: Clonal mesenchymal stromal cells
** Number in the column is one vial of the previous tier
*** Number in the column is three vials of the previous tier
**** The gray column shows the estimated number of the final products based on experimental data from 
each batch

cMSCs (No. of cells ×  106)/ml of freezing medium in each cell  bank*

ICB
(0.5 ± 0.1)/0.5

MCB**

(5 ± 0.5)/2
WCB**

(10 ± 1)/4
EoPCB***

(75 ± 5)/15
EoPCB****

Estimated

D2C4 30 65 70 9 436 800
D5C1 36 80 80 10 760 320
D5C3 36 80 75 9 691 200
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(Table 3). Next, we examined the maintenance of a tem-
perature range (-70 to -80 °C) in a Styrofoam box that 
contained two, 1.5 kg dry ice bags placed at the bottom 
and top of the chamber. The sample and data sensor log-
ger were placed in the middle (Supplementary Fig. 4). 
The data showed that the container could maintain the 
acceptable temperature range for up to 15 h (Table 4). 
Assessment of the cells after transport confirmed the 
integrity of the packaging in terms of leakage and break-
age. Also, analysis of these cells after thawing showed 
that they had acceptable viability and sterility. These 
results could ensure that establishment of EoPCB and the 
transport process were designed entirely safe for transport 
of the cell therapy DP to the clinic.

Ethical approval was successfully obtained to release 
our final product in a clinical trial phase I/II for COVID-
19 patients (NCT04366063). According to the previ-
ous studies published for COVID-19, a package of  108 
cells/20 ml was considered for each patient [27]. We man-
ufactured 40 cryobags containing  108 cells/20 ml freezing 
medium from D5C1 cMSCs for this clinical trial. The 
results are being studied (unpublished data).

Discussion

The isolation and manufacturing of human BM-cMSCs 
with SCM is an optimal method for establishing an alloge-
neic homogeneous cell bank under GMP conditions [18]. 
However, the isolation of numerous clones and the need 
for their simultaneous expansion to choose the best prolif-
erative clones which meet the criteria for defining MSCs 
is costly and time-consuming. In this study, by placing a 
seed stock step in the process of manufacturing cMSCs, 
we could store all expanded clones at an early passage, 
P3. After the process of proliferative clone selection, only 
the selected clones were considered as the starting mate-
rial for establishment of the GMP-compatible cell banks 
from the seed stock. By this strategy, we could start the 
process of establishment of the extensive qualified tiered 
cell banks from the three selected clones among the 21 
isolated ones that had been preserved in the seed stock.

Our initial expectation was that the capabilities of 
the manufactured clones were different from each other. 
Although the strategy proposed by the others is to classify 

Fig. 4  Development of the final 
product manufacturing process. 
A Flowchart of the final product 
manufacturing process develop-
ment in which the number of 
packaged cells is determined for 
the target disease. B The table 
compares cell count and viabil-
ity between several types of 
freezing media compatible with 
the therapeutic targets and the 
research-grade freezing medium 
that contains FBS. Morphology 
of the thawed cells, which were 
frozen in various clinical-
grade media or research-grade 
freezing medium. C Immu-
nophenotyping of thawed cells 
was performed using the MSC 
surface marker panels. MSC: 
Mesenchymal stromal cell; 
FBS: Fetal bovine serum
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clones based on differences in their potential and assigning 
them to different indications [28, 29], our selected clones 
showed only minor differences in terms of differentiation 
and migration potential. We believe that, due to the strict 
restrictions we imposed during clone screening, similar 
clones were selected. However, further studies are needed 
to ensure functional differences between these clones. 
For example, it is shown that a line of cMSCs that highly 

express brain-derived neurotrophic factor (BDNF) and 
nerve growth factor (NGF) could significantly reduce the 
fibrotic scar formation in a rat spinal cord injury model 
in comparison to hMSCs. This approach suggests a new 
attitude to select tissue-specific cMSCs to target specific 
tissues or diseases [30].

We applied SCM for establishment of the CFU-derived 
cMSCs in order to obtain homogeneous population; 

Table 2  Stability data of clonal mesenchymal stromal cells (cMSCs) at the end of product cell bank (EoPCB)

Sample Evaluated parameter Initial 12 months 18 months

D2C4 Sterility (aerobic, anaerobic, and fungi) No growth No growth No growth
Mycoplasma Not detected Not detected Not detected
Morphology Spindle, fibroblast-like Spindle, fibroblast-like Spindle, fibroblast-like
Viability (%) 98.9 98.0 97.8
Cell count  (106) 75.0 73.5 73.2
CD90 (%) 98.98 98.5 99.8
CD105 (%) 99.01 98.5 99.6
CD73 (%) 99.46 95.5 99.7
CD14, CD34, CD45, CD20 (%) 1.5 0.5 1.0

D5C1 Sterility (aerobic, anaerobic, and fungi) No growth No growth No growth
Mycoplasma Not detected Not detected Not detected
Morphology Spindle, fibroblast-like Spindle, fibroblast-like Spindle, fibroblast-like
Viability (%) 98.0 97.0 97.0
Cell count  (106) 74.0 72.0 72.0
CD90 (%) 97.38 98.0 99.6
CD105 (%) 96.31 98.5 98.4
CD73 (%) 99.69 97.6 99.6
CD14, CD34, CD45, CD20 (%) 1.85 0.6 1.4

D5C3 Sterility (aerobic, anaerobic, and fungi) No growth No growth No growth
Mycoplasma Not detected Not detected Not detected
Morphology Spindle, fibroblast-like Spindle, fibroblast-like Spindle, fibroblast-like
Viability (%) 99.0 97.5 97.0
Cell count  (106) 75.0 74.5 74.5
CD90 (%) 98.64 98.0 99.6
CD105 (%) 99.17 97.5 99.2
CD73 (%) 96.81 98.6 99.2
CD14, CD34, CD45, CD20 (%) 1.45 0.6 1.3

Table 3  Transport validation 
of frozen cell therapy product 
(CTP) at -80 °C

Duration of trans-
port (h)

Cell viability (%) Pass/fail (Acceptance 
criteria; viabil-
ity ≥ 90%)Replicate 1 Replicate 2 Replicate 3

0 97 96 97
24 96 95 95
48 92 93 92
72 92 91 92
96 90 91 90
120 88 89 87  × 
144 74 76 74  × 
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however, it is also believed that cMSCs display intracolony 
heterogeneity (reviewed in [31]). This heterogeneity may 
result from multiple progenies within a putative clone or 
even from single cell-derived one. It seems that asynchro-
nous cell division, and the senescence that follows, drive 
intracolony heterogeneity [32]. The slow-dividing senes-
cent MSCs are recognizable by their large spread cyto-
plasm from the fast-dividing slender spindle shaped cells 
[32, 33]. Although we could not claim that the offspring of 
each clone are molecularly and functionally homogenous, 
the three established cMSCs at P15 indicated high homoge-
neity in terms of displaying the fibroblast-like morphology. 
Moreover, this was quite noticeable to us that the cell pro-
liferation rate was different among the BM-isolated clones 
and some clones exhibited the significant high proliferation 
ability expandable up to P15. Further analysis of secretome, 
proteome, and transcriptome of BM-isolated cMSCs may 
reveal more details about the characteristics of these clones. 
Moreover, these extensive analyses can provide a better 
understanding about cMSC identity through the compara-
tive assessment with MSCs derived from the other important 
sources such as adipose and Wharton’s jelly of the human 
umbilical cord. For example, it is shown that Wharton’s 
jelly-derived MSCs overexpress genes involved in neuro-
trophic support and their secretome could induce matura-
tion of neuroblastoma cells to a greater extent than hMSCs 
[34]. Also, the secretome analysis of Wharton’s jelly-derived 
MSCs exhibited more diverse composition than hMSCs sug-
gesting greater therapeutic potential [35].

We performed all the QC tests during clone selection 
at P15 and compared cMSCs with hMSCs at P3-P5. We 
found that cMSCs at P15 could pass all capabilities needed 
to use these lines as CTPs. It has been previously shown that 
cMSCs have a high proliferation ability and are expandable 
up to P16 without significantly compromising its character-
istics [19]. Increasing the number of passages could greatly 
increase the capacity of the number of cells in the EoPCB, 
which was of paramount importance to develop an alloge-
neic cell bank. Since expansion of hMSCs usually more than 

five passages lead to senescence [33], the use of proliferative 
cMSCs can overcome this challenge. On the other hand, the 
higher number of passage raises a major concern about the 
possibility of transformation and chromosome abnormality 
of the cells. Nevertheless, karyotyping and array CGH analy-
sis at the process of clone selection and also the repeating 
of these assessment at the process of biobanking, especially 
in the step of EoPCB, confirmed the safety of cMSCs at the 
higher passages.

In order to comprehend the quantitative potential of 
our allogeneic biobank that can be virtually manufactured 
via GMP and based on the SCM, we have to interpret the 
practical data and present its estimated numbers. As shown 
in Table 1 and Fig. 5, by thawing and expansion all of the 
units in ICB, MCB, and WCB, we estimate between 430,000 
to 760,000 cryobags that contain 75 ± 5 ×  106 cells could 
be obtained. Thus, with only one BM sample, the use of 
SCM for the establishment of CFU-derived cMSCs, and 
through the strategy applied in this study that included the 
establishment of seed stock, selecting the best proliferative 
clones, and four-step cell banking, we could organize an 
allogenic MSC banking system that has a production capac-
ity of nearly 1,880,000 cryobags with 75 ± 5 ×  106 cells, as 
an example. Of course, it should be noted that the conven-
tional two-dimensional monolayer condition in tissue culture 
flasks that we used in this study does not fit the large-scale 
industrial culture of MSCs. Nonetheless, scale-up of sus-
pension culture system, such as culture on microcarriers in 
stirred-tank bioreactors, offers more advantages for use in 
such commercial processes [36–38]. However, the use of 
such an approach raises concerns about the main character-
istics of MSCs, such as immunomodulatory properties and 
trophic effects, that requires precisely evaluation to ensure 
the efficacy of these cells [39]

For therapeutic applications, cMSCs must be produced 
without animal-derived components (xeno-free) follow-
ing GMP standards. In addition, the excipients should be 
identified and examined precisely with the validated tests. 
At the beginning of the production process (direct BM 

Table 4  Validation of transport with dry ice inside a Styrofoam box*

* Box dimensions: 29 × 16 × 12  cm3 internal size and 33 × 20 × 17  cm3 external size

Evaluated parameter Method Acceptance criteria Results

Replicate 1 Replicate 2 Replicate 3

Temperature Data logger -70 to -80 °C Maintaining temperature integrity (h)
16 15 16

Leaking Visual inspection Negative Negative Negative Negative
Packaging Visual inspection Intact Intact Intact Intact
Viability Hemocytometer  ≥ 90% 96% 98% 96%
Sterility (aerobic, anaero-

bic, and fungi)
Culture Negative Negative Negative Negative
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culture), we had to use FBS to facilitate cell adhesion and 
the formation of early colonies. However, during the rest 
of the production, we replaced FBS with hPL. The use of 
hPL instead of FBS not only maintains and improves cell 
quality it also eliminates the risk of immune reactions and 
transmission of animal pathogens [40].

One of the significant challenges of using the cells as 
DP is their independence to the cell processing center. It 
needs a freezing medium that could be injected into the 
patient directly or just by dilution in physiological serum. 
We chose a freezing medium that contained 10% HSA 
and 10% DMSO in normal saline. The limit for DMSO 
administration that is recommended by the USA FDA-
approved cord blood hematopoietic progenitor cell therapy 
is one gram (~ 1.1 ml) per kilogram of body weight per 
day (Package Insert – Ducord; https:// www. fda. gov/ media/ 
84567/). Thus, the EoPCB-developed cryobags which con-
tained 15 ml freezing medium (including 1.5 ml DMSO), 
can be injected directly into the patient. However, it is rec-
ommended to decrease the concentration of DMSO to less 
than 3.5% [41] which it can be done simply by diluting the 
cell product solution with normal saline during injection.

An important matter not mentioned in this study per-
tains to the preclinical toxicity studies for the established 
cMSC lines, which we are preparing in a separate report. 
Altogether, this study presents a technical and translational 
overview of cMSCs manufacturing technology under GMP 

conditions that could be used to guide the development of 
similar production processes with therapeutic goals.

Conclusion

We developed a fully defined roadmap for the isolation 
and selection of proliferative cMSCs by taking advantage 
of the SCM. The designed seed stock step for reserving 
all clones at early passages allowed us to store all of the 
isolated clones at early passages as an initial source for 
establishing a high capacity four-tired cell bank system 
for allogeneic cell therapy under GMP conditions. These 
studies would be beneficial for the application of MSCs in 
various clinical trials.

Abbreviations BM:  Bone marrow; CFUs:  Colony-forming units; 
cMSCs: Clonal MSCs; CTPs: Cell therapy products; DP: Drug prod-
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Fig. 5  Schematic layout of the 
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be extended to other clinical tri-
als. CFU: Colony-forming unit; 
MSC: Mesenchymal stromal 
cell
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