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Abstract

BACKGROUND

Stem cells are undifferentiated cells that possess the potential for self-renewal
with the capacity to differentiate into multiple lineages. In humans, their limited
numbers pose a challenge in fulfilling the necessary demands for the regeneration
and repair of damaged tissues or organs. Studies suggested that mesenchymal
stem cells (MSCs), necessary for repair and regeneration via transplantation,
require doses ranging from 10 to 400 million cells. Furthermore, the limited
expansion of MSCs restricts their therapeutic application.

AIM

To optimize a novel protocol to achieve qualitative and quantitative expansion of
MSCs to reach the targeted number of cells for cellular transplantation and
minimize the limitations in stem cell therapy protocols.

METHODS

Human umbilical cord (hUC) tissue derived MSCs were obtained and re-cultured.
These cultured cells were subjected to the following evaluation pro-cedures:
Immunophenotyping, immunocytochemical staining, trilineage differentiation,
population doubling time and number, gene expression markers for proliferation,
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cell cycle progression, senescence-associated B-galactosidase assay, human telomerase reverse transcriptase
(hTERT) expression, mycoplasma, cytomegalovirus and endotoxin detection.

RESULTS

Analysis of pluripotent gene markers Oct4, Sox2, and Nanog in recultured hUC-MSC revealed no significant
differences. The immunophenotypic markers CD90, CD73, CD105, CD44, vimentin, CD29, Stro-1, and Lin28 were
positively expressed by these recultured expanded MSCs, and were found negative for CD34, CD11b, CD19, CD45,
and HLA-DR. The recultured hUC-MSC population continued to expand through passage 15. Proliferative gene
expression of Pax6, BMP2, and TGFb1 showed no significant variation between recultured hUC-MSC groups.
Nevertheless, a significant increase (P < 0.001) in the mitotic phase of the cell cycle was observed in recultured
hUC-MSCs. Cellular senescence markers (hTERT expression and B-galactosidase activity) did not show any
negative effect on recultured hUC-MSCs. Additionally, quality control assessments consistently confirmed the
absence of mycoplasma, cytomegalovirus, and endotoxin contamination.

CONCLUSION

This study proposes the development of a novel protocol for efficiently expanding stem cell population. This
would address the growing demand for larger stem cell doses needed for cellular transplantation and will
significantly improve the feasibility of stem cell based therapies.

Key Words: Human umbilical cord; Mesenchymal stem cells; Expansion; Cell proliferation; In vitro expansion; Senescence
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Core Tip: Therapeutic transplantation of mesenchymal stem cells (MSCs) requires one to four million cells/kg of body
weight. Ex vivo expansion of stable MSCs at higher passage numbers limits their clinical applications due to senescence,
variation in genetic stability and short life span. This study results in the development of a cutting-edge protocol for scaling
the stem cell population ex vivo in less time. It rapidly increases the cell number in vitro to fulfill in vivo therapeutic cell
doses. This method might decrease immune rejection. Since these MSCs were isolated from the same recultured human
umbilical cord, they have persistent MSC stemness and may decrease tissue vs graft rejection due to the less rigorous HLA
screening required in allogenic transplantation, which could make it more cost-effective. More studies that are exploratory
should be carried out to further elucidate the mechanism via preclinical and clinical applications.
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INTRODUCTION

Stem cell research establishes cell based therapies for degenerative disorders, which cannot be cured by conventional
medicines[1-4]. The capability of self-renewal and the ability of multiple lineage differentiation place stem cells at the
front of regenerative therapies[5]. Mesenchymal stem cells (MSCs) have been explored for many years for the
regeneration of degenerated tissues[6-10]. The challenges of utilizing MSC in therapeutic applications have become
crucial due to the limited presence of MSCs in nearly all tissues of the body[11,12]. It has been shown that the isolated
number of MSCs were insufficient for clinical proceedings to mitigate degenerative disorders, such as musculoskeletal,
nervous, cardiovascular, and immune systems[11]. The seeding density is pivotal for MSCs to differentiate into dis-
tinctive end-stage cell types[13]. The immunoregulatory, anti-inflammatory and immunosuppressive potential make
MSCs an ideal candidate for transplantation[14]. MSCs are characterized on the basis of plastic adherence property and
expression of CD73, CD90, CD105, CD29, and Stro-1 markers[15]. The combination of CD characterized membrane attack
complex are active functionally at the transplanted area, which proposed that CD characterization of MSCs prior to
transplantation results in increased regenerative outcomes[16].

Numerous sustainable and reproducible approaches for the large-scale expansion of MSCs have been employed using
stacked flasks[17], spinning flasks[18], roller bottles[19], and bioreactors[20]. These techniques require optimization of
variables including medium composition, seeding density, oxygen pressure, agitation speed, pH, and microcarrier use
[20]. One of the most important components of MSC expansion is choosing a culture procedure that allows rapid MSC
expansion without affecting its characteristics[21]. The reported clinical significance of human umbilical cord (hUC)
derived MSCs underlies their easy collection, storage for longer periods, and devoid of side effects that are usually
associated with adult stem cells[22,23]. The hUC-MSCs are safe for use in autologous and allogeneic regenerative
medicine applications due to their high rate of proliferation, immunological tolerance, differentiation potential towards
multiple cell lineages, and lack of tumorigenicity[24-27]. However, there are cell viability limitations to achieve desired
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therapeutic outcomes[28]. The survival rate of transplanted cells depends on the time of treatment and diagnosis to
achieve the required therapeutic effects.

An earlier study demonstrated that autologous transplantation of hUC-MSCs to patients suffering from neuroblastoma
proved to be successful without any side effects[29]. Distribution of hUC stem cells after transplantation is critical for the
treatment of neurodegenerative diseases to achieve therapeutic outcomes[30]. A study report showed that early
transplantation of allogeneic hUC-MSCs restored myelination[31]. The autologous or allogeneic transplantation of hUC-
MSCs cannot always combat the progression of degeneration, which might require frequent doses to achieve efficient
tolerance. In a case study, allogeneic transplantation of hUC-MSCs produces successful outcomes after the second dose
with long term survival[32]. Cell-based therapy approaches face the challenge of large numbers of MSCs availability[33].
MSCs expansion requires extensive cell passaging[34]. The mechanisms involved in the molecular changes and
spontaneous cell transformation during in-vitro expansion of the MSCs and subculturing are still unknown. These
mechanisms eventually lead to alterations in genetic and epigenetic cellular functions[35]. Therefore, to improve the ex-
vivo cell proliferation at higher passages, strategies need to be adopted to diminish limitations of MSCs senescence upon
extensive sub culturing for therapeutic applications[36]. It has been observed that cell demand cannot be met by donated
tissues or organs for the treatment of diseased populations. The transplantation of stem cells in tissue requires one to four
million cells per kg body weight for an optimal therapeutic dose[37]. Therefore, prior to ex-vivo expansion, stem cells are
required to be isolated, proliferated, and expanded to achieve therapeutic dose with intact characterization markers[38].

Pluripotent stem cells from the inner cell mass of the embryo do not differentiate into cells of extra embryonic tissue
but are reported to differentiate into ectoderm, endoderm and mesoderm lineages. Pluripotency factors like cMYC, Oct4,
Nanog, Klf4, Sox2 have the potential to retain stemness and can differentiate into adult, fetal, extra embryonic, and
embryonic stem cells[39]. Reports suggested that the transplanted stem cells engraft to specific site and must retain the
ability to survive, proliferate, differentiate, and integrate in recipient tissue for regeneration[40]. The combination of
tissue engineering technology along with the development of organoids by micro engineering approach, cell trans-
plantation, and material science to restore damaged tissues plays a vital role in advancing stem cell therapeutics[41].
Umbilical cord stem cells (UCSCs) are the best known source which acquire least ethical restrictions and are rich to
produce MSCs with high regeneration capability[42]. MSC express less number of major histocompatibility complex
receptors which enables tolerance at graft sites[43]. The UCSCs are reported to be the best alternative for regenerative
therapy of patients with less matched HLA[44]. The transplantation of desired numbers of hUC-MSCs takes less time for
engraft maturation, as higher number of cells are available on the transplanted site, it also decreases the risks of mortality
and infections[45]. The aim of improving homing and engraftment of umbilical cord tissue derived MSCs needs further
exploration. Novel methods for ex-vivo expansion of MSCs can produce the desired number of cells for therapeutic applic-
ations[46]. In the present study, ex vivo expansion of MSCs from recultured hUC was evaluated for gaining the maximum
number of MSCs in culture with sustained characterization, enabling them to develop a curative cell dose for clinical
therapies. This study has succeeded to develop an innovative MSC expansion procedure to meet the demand of MSCs for
in vivo implantation.

MATERIALS AND METHODS

Ethics statement and donor selection

The ethical approval for the present study was obtained from the Dr. Panjwani Center for Molecular Medicine and Drug
Research, International Center for Chemical and Biological Sciences, University of Karachi (IEC document No. 40/2020/
QD-VINMEQC) in accordance with the Helsinki Declaration. Healthy donors with cesarean sections at Zainab Panjwani
Memorial Hospital Karachi, age group between 20 and 30 years were identified and screened for the absence of infectious
diseases such as hepatitis, malaria, acquired immunodeficiency syndrome, and human immunodeficiency virus.
Similarly, individuals with genetic abnormalities, immunodeficiency, coagulopathy, metabolic or storage disease (type-1
diabetes), cancer, blood disorders, jaundice, liver disease, and other diseases were excluded from the study.

hUC sample collection, processing, and MSCs isolation

Six hUC samples were obtained in hUC collection buffer. The samples were immediately processed within 2-4 h of
collection in a biological safety cabinet level I, type A2, in the cell culture facility. The hUC samples were dissected and
cultivated under aseptic conditions. After thorough cleaning and removal of blood precipitates, hUC was cut longitud-
inally into small cubic pieces of approximately 3 mm x 3 mm and incubated at 37 °C with 5% CO, into labeled T-75
culture flasks. The non-adherent hematopoietic cells and other heterogeneous non-adherent cellular populations were
removed by regular media changes with fresh minimum essential medium alpha (MEM a) supplied with 10% fetal
bovine serum, 1% antibiotics (penicillin and streptomycin), and 1% sodium pyruvate, every third day. When MSCs
attained 80%-90% confluence, the hUC explant was carefully removed, and isolated MSCs at that stage were termed
passage 0 (P°).

Selection of cell culture media for MSC expansion

Different commercially available cell culture media were evaluated to optimize the optimal growth conditions that
support the clonal and uniform expansion of MSCs. To select the best possible growth medium before proceeding with
the novel MSC expansion method, five different cell culture growth media were evaluated by sub-culturing 0.7 x 10° cells
per T-75 flask at passages 3-6 for three days. The five complete growth media include Dulbecco’s Modified Eagle’s
Medium (DMEM), DMEM Nutrient Mixture F-12 HAM, Iscove’s Modified Dulbecco’s Medium, MEM, and MEM a. All
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cell culture media were supplied with 10% foetal bovine serum, 1% antibiotics (penicillin and streptomycin), and 1%
sodium pyruvate.

Sub-culturing of hUC-MSCs

MSCs were harvested by enzymatic digestion using 2 mL of 0.25% Trypsin-EDTA solution. The cell suspension was
collected in a 15 mL sterile falcon tube and centrifuged (5804R, Eppendorf, Germany) for 10 min at 1000 rpm. The
supernatant was discarded, and 1 mL of complete medium was added to resuspend the pellet. The equal distribution of
cells into the flasks was ensured by cell counting and then flasks were incubated in a humidified incubator at 37 °C with
5% CO,. The MSCs subsequently expanded up to passage 15 following subculturing to determine cell-seeded and
harvested densities to calculate population doubling time (PDT) and population doubling number (PDN).

Novel large-scale expansion method for scaling MSCs by reculturing hUC

In order to establish a novel approach, the hUC explant yielding 80%-90% confluent MSC colonies were transferred into
the new cell culture flask in fresh MEM a. This reculturing of the explant was repeated until the hUC was exhausted to
release cells. The MSCs released from reculturing hUC explants were marked by their respective recultured numbers and
were tested for gene expression, phenotypic, and multipotent differentiation potential in each group. Recultured hUC-
MSCs were also evaluated for comparative analysis in growth, proliferation, colony-forming unit, senescence, and human
telomerase activity.

Characterization profiling of recultured hUC-MSCs

Morphological characterization of recultured hUC-MSCs: The morphological characteristics of MSCs at every hUC
recultured number for each donor (n = 6) were keenly observed under a phase contrast microscope (Ts2, Nikon, Japan)
for cell size and morphology up to passage 15. The images were captured with a charge-coupled device camera (Nikon,
Japan).

Immunophenotypic analysis by flow cytometry: The recultured hUC-MSCs were compared for expression of markers
via flow cytometer (FACS Celesta™, Becton Dickinson, United States) based immunophenotyping. The experiment was
performed using BD™ Human MSC Analysis Kit (Cat # 562245) as per the manufacturer’s instructions.

Immunocytochemistry: The recultured hUC-MSC at passages 1-6 were characterized to determine the expression of
stemness markers via immunocytochemical staining for CD73, CD105, vimentin, CD29 CD90, Stro-1, Lin28, CD45, and
HLA-DR. The aqueous fluoromount medium (Cat. # F4680, Sigma-Aldrich) was used to mount the slide, and fluorescent
microscopy (NiE, Nikon Tokyo, Japan), visualization was performed using appropriate filters/wavelength to obtain high-
definition images via cooled color digital CCD camera. Images were analyzed and processed with Nikon NIS element
(Japan) and Adobe Photoshop. Details of the antibodies are listed in Table 1.

Quantitative gene expression profiling by real-time polymerase chain reaction

Gene expression analysis in MSCs from all recultured hUC groups was performed for pluripotency, proliferation,
telomerase activity, and for the genes that are associated with MSCs stemness, and senescence. Quantitative genes
analysis was performed using a qPCR following standard protocols

Multilineage differentiation of recultured hUC-MSCs

Recultured hUC-MSCs at passages 1-6 were plated in the seeding density of 3 x 10° in six-well plates in triplicates and
characterized for their differentiation ability into osteogenic, chondrogenic, and adipogenic lineages. The induction was
performed by culturing cells into fresh osteogenic, chondrogenic, and adipogenic media. The osteocytes were stained for
calcium deposits by Alizarin red staining solution, Alcian blue solution was used to stain glycosaminoglycan present in
chondrocytes, and Oil red O was used to stain oil droplets in adipocytes. Cells were observed under a bright field
microscope and images were captured by using a camera (CCD) and processed using the Ti2 microscope (Nikon, Japan).

Doubling time estimation

Estimation of PDT and PDN was performed for recultured hUC-MSCs till passage 15 by applying the following formulae:
PDT = (t - t0) x log2/log(N - NO), where culture time was represented by t (time in hours from cell harvest), t0 is the
initial time, N denotes the harvested cell number during the culture period, and NO is the cell number at culture
initiation. PDN = 3.31 x log(N/NO0), where N denotes the harvested cell number during the culture period, NO is the cell
number at culture initiation.

Proliferation markers estimation of recultured hUC-MSC

Total RNA was isolated, cDNA was synthesized, and quantitative real-time polymerase chain reaction (QPCR) were
performed by using Advanced SYBR Green Supermix for the gene expression analysis. Genes involved in cell prolif-
eration were analyzed (Table 2).

Cell cycle analysis of recultured hUC-MSCs

All recultured hUC-MSCs groups were evaluated for the cell cycle. For each successive-recultured hUC-MSCs (1-6
passage), (1-2) x 10° cells of each group were pelleted for cell cycle analysis. Cells were harvested, fixed in ethanol and
stored at -20 °C. For cell cycle analysis, cells were retrieved, incubated and then treated with 5 pL nucleotide-specific 7-
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Table 1 Mesenchymal stem cell specific antibodies used in inmunocytochemistry

Primary antibody markers

Molecular function and binding

Working dilution

Manufacturer information

CD73 Hyaluronan receptor 1:100 550256, BD Pharmingen, United States

CD105 Endoglin 1:100 560839, BD Pharmingen, United States

Vimentin Epithelial-mesenchymal transition 1:100 V6389, Sigma-Aldrich, United States

CD29 Membrane glycoprotein 1:100 MAB-1981, Chemicon International, United States
CD90 Thymocyte antigen 1 1:100 CLO05AP, EMD Millipore Corp., United States

Stro-1 Mesenchymal cell precursor marker 1:100 14-6688-82, Molecular Probes, Invitrogen, United States
Lin28 Cell surface MSC marker 1:100 PA1-096, Molecular Probes, Invitrogen, United States
CD45 Lymphocyte antigen 1:100 CBLA415, BD Pharmingen, United States

HLA-DR MHC class II immunogenic marker 1:100 14-9956-82, Molecular Probes, Invitrogen, United States
Secondary antibody Conjugated label Working dilution ~ Manufacturer information

Goat anti-rabbit IgG Alexa Fluor 546 1:200 A-11010 Molecular Probes, Invitrogen, United States
Goat anti-mouse IgG Alexa Fluor 546 1:200 A-11030 Molecular Probes, Invitrogen, United States

MHC: Major histocompatibility complex; IgG: Immunoglobulin G.

amino-actinomycin D dye as per manufacturer instructions. The stained cells were immediately analyzed by flow
cytometer, collecting 25000 events per sample and proceeded for cell cycle analysis. The data was reported as a
percentage of cells present at each cell cycle phase (GO/G1, S, and G2/M). FACS Diva Software was used for the analysis
of cell cycle results.

Colony forming unit assay of recultured hUC-MSC

Recultured hUC-MSC (8 x 10* cells) were seeded in triplicates in the well plate (10 cm?) at 37 °C in CO, incubator. The cell
plates were observed 2 times a week for the formation of visible discrete colonies consisting of 40-50 cells per colony. The
colonies were assayed by staining for 25-30 min with toluidine blue (0.1%). Data was recorded as the total number of
colonies at each successively recultured hUC-MSCs number. The plates were observed by microscopy to distinguish the
proficiency of each distinct recultured hUC-MSC to form colony forming unit (CFU).

Senescence associated B-galactosidase assay in recultured hUC-MSCs

The experiment was performed by seeding 3 x 10° cells per well in a 24-well plate. After the formation of a monolayer,
cell fixation was performed with 4% PFA solution, staining was done by X-Gal (5-bromo-4-chloro-3-indolyl-p-D-galac-
topyranoside). The 24 well plates were covered with a zip-lock bag to avoid any effect of CO, on color formation. Cells
were observed under phase contrast and bright field microscopes to confirm the blue color formation.

Gene expression dynamics for telomerase in recultured hUC-MSC

Total RNA was isolated from each recultured group of hUC-MSC by Trizol reagent, and cDNA was synthesized. The
real-time PCR primers used for the study, human telomerase reverse transcriptase (1TERT) was normalized against
hydroxymethyl-bilane synthase (HMBS). All samples were run in comparison with h"TERT with a parallel expression of
the housekeeping gene HMBS as a control. The oligonucleotides sequence specific to h'TERT are mentioned in Table 2.

Mycoplasma and cytomegalovirus detection in recultured hUC-MSCs

MSC was isolated from each recultured hUC group, and all samples were analyzed for the presence of mycoplasma and
cytomegalovirus contamination. For the detection of mycoplasma and cytomegalovirus contamination, strains of
mycoplasma, Mycoplasma hominis (M. hominis) and M. arginini, and human cytomegalovirus were quantified by qPCR
using the primer sequences mentioned in Table 2.

Endotoxin assay evaluation in recultured hUC-MSC

Endotoxin tests were carried out using commercially available endotoxin kits (PierceTM Chromogenic Endotoxin Quant
Kit, Cat# A39552). The lyophilized substrate was reconstituted in 3.4 mL of endotoxin-free water, and all standards and
reagents were prepared following the manufacturer’s instructions. The concentration of endotoxin in each sample was
determined by plotting a standard curve.

Statistical analysis
The version 8 of GraphPad Prism from Microsoft (GraphPad Software, San Diego, California, United States) was used to
perform the statistical analyses. Tuckey’s test and a two-way ANOVA were used. In an examination of multiple
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Table 2 Gene expression primer sequences for quantitative polymerase chain reaction

Marker name Primer sequence Annealing temperature (°C)

MSC pluripotency markers

GAPDH F: 5-CACCATGGGGAAGGTGAAGG-3 57.8
R: 5-AGCATCGCCCCACTTGATTT-3’

NANOG F: 5-AAGGCAAACAACCCACTTCTG-3 56
R: 5-CCAGTTGTTTTTCTGCCACCT-3’

Sox-2 F: 5-CCCTGCAGTACAACTCCATGAC-3' 57.7
R: 5-GGTAGTGCTGGGACATGTGAAG-3’

Oct-4 F: 5-GATGTCAGGGCTCTTTGTCCA-3 57.1
R: 5-TACTCTCCCCAGCTTGCTTTG-3

MSC proliferation markers

PAX 6 F: 5-AGCTCGGTGGTGTCTTTGTC-3 60
R: 5-CACTCCCGCTTATACTGGGC-3’

BMP2 F: 5-AGCTGGGCCGAGGA-3’ 58
R: 5-TCGGCTGGCTGCCCT-3’

TGF p1 F: 5-CAAGGCACAGGGGACCAG-3 58
R: 5-CAGGTTCCTGGTGGGCAG-3’

Senescence marker

HMBS F: 5-GGCAATGCGGCTGCAA-3’ 57
R: 5-GGGTACCCACGCGAATCAC-3’

hTERT F: 5-GACGTGGAAGATGAGCGTG-3' 57
R: 5-GACGACGTACACACTCATC-3

Mycoplasma strains

Mycoplasma hominis F: 5-CAATGGCTAATGCCGGATACGC-3 58
R: 5-GGTACCGTCAGTCTGCAAT-3’

Mycoplasma arginini F: 5-AGAGTTTGATCCTGGCTCAGGA-3’ 58
R: 5-TCAACCAGGTGTTCTTTCCC-3

Cytomegalovirus

Human cytomegalovirus IE F: 5-CCAAGGCCACGACGTTCCTGCAGACTA-3' 58

R: 5-TGCTCCTTGATTCTATGCCGCACCA-3’

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; Sox-2: Sex-determining region Y-box 2; BMP2: Bone morphogenetic proteins; Oct-4: Octamer-
binding transcription factor; PAX6: Paired-box 6; TGFf1: Transforming growth factor betal; HMBS: Hydroxymethyl-bilane synthase; hTERT: Human
telomerase reverse transcriptase; MSC: Mesenchymal stem cell.

comparisons, a P value of 0.05 or higher was considered statistically significant. The degree of significance is indicated
using the P values *P < 0.05, °P < 0.01, and P < 0.001.

RESULTS

hUC collection, dissection, and MSC isolation

The donors of hUC were found to be healthy (Table 3). MSCs isolated, cultured (Figure 1) from six hUC, and the explant
was maintained ex-vivo in complete MEM a. The outgrowth of hUC-MSCs from the explant against the adherent surface
of the culture flask presented a fibroblast-like morphology and later formed colonies that further spread to form a
monolayer as shown in Figure 2. At that stage, MSCs were considered P°.
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A

B Day 1 Day 2 Day 3

Dulbecco’s modified ‘
eagle’s medium :

Dulbecco’s modified
eagle’s medium nutrient )
mixture F-12 ham SR

Iscove’s modified
dulbecco’s medium

Minimum essential £
medium

Minimum essential
medium Alpha [

Figure 1 Human umbilical cord processing. A: Representative images of human umbilical cord (hUC) collection, and culture. A1: The hUC manually
collected and processed aseptically; A2: The collected cord samples were washed 5 to 6 times in 1x phosphate buffered saline, the embedded connective tissue of
hUC consists of one vein and two arteries; A3: The cord samples were cut horizontally into roughly 5 cm sections; A4: An incision was made vertically to expose
arteries and vein of hUC; A5: Cord sample were diced approximately into 3 mm x 3 mm pieces; A6: Cord pieces were transferred into T-75 flasks; A7: Complete
minimal essential medium alpha (MEM o) was added 8-10 mL; A8: Flask was marked with respective hUC donor number; A9: The flasks were incubated undisturbed
for up to 7 d at 37 °C supplied with 5% CO,; A10: Fresh medium was supplied without disturbing attached explant; B: Representative images of mesenchymal stem
cells (MSCs) cultured in different mediums; sub-culture MSCs on different cultural mediums for 3 d, morphologically observed showed rapid adherent growth, and
proliferation in MEM a.
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Ex-vivo expansion of recultured hUC-MSCs and analysis of cell morphology

The step of reculturing hUC explant was repeated 10 times and every time pure homogenous plastic adherent MSCs
population was obtained successfully, exhibiting fibroblast-like interconnected spindle-shaped morphology as illustrated
in Figure 3A. The graphical representation in Figure 3B shows the time taken by each recultured hUC-MSC to reach 80%-
90% confluence. The results showed that significantly °P < 0.05, P < 0.01, and °P < 0.001 shorter period was taken by
recultured hUC (about 5-7 d) to gradually propagate. However, a significant increase in time was observed at hUC
recultured numbers 11 and 12 time of recultured hUC which may be due to complete exhaustion to give an expanded
population. Therefore, we selected to perform all the experiments till reculture 10 of hUC.

Recultured hUC-MSC characterization

Immunophenotype characteristics of recultured hUC-MSC: The MSC populations derived from recultured hUC groups
were analyzed for MSC positive markers including CD90, CD73, CD105, CD44, and MSC negative markers CD34, CD45
CD11b, CD19, and HLA-DR. The quantified flow cytometry graphical comparison of MSCs positive and negative
markers expression showed no significant differences in all three groups of recultured hUC-MSC assessed at recultured
1-4, 5-7, and 8-10 at passages 1-6 as shown in Figure 4.

Immunocytochemical characteristics of recultured hUC-MSC: Recultured hUC-MSCs were seeded and stained with
specified fluorescently labeled MSC positive and negative antibodies. The recultured hUC expended MSCs exhibited
positive expression of CD73, CD105, vimentin, CD29, CD90, Stro-1, and Lin28 while lacking the hematopoietic markers
CD45 and HLA-DR as illustrated in Figure 5A and B. These findings showed that recultured hUC-MSCs successfully
maintained their stemness properties.

Multilineage differentiation potential of recultured hUC-MSCs: Recultured hUC-MSCs differentiated efficiently into
osteocytes, chondrocytes, and adipocytes. Representative images in Figure 6 showed a comparison of control recultured
expanded hUC-MSCs for osteogenic, chondrogenic, and adipogenic lineages. Alizarin red staining confirmed the
osteogenic differentiation, stained red color, which represents mineralized bone matrix Figure 6A. Chondrogenic differ-
entiation was assessed by blue color, which indicates cartilage extracellular matrix when stained with Alcian blue stain
Figure 6B. Oil red O staining was performed to confirm adipogenesis by forming lipid vacuole typical for mature
adipocytes in red color as shown in Figure 6C.

Gene expression analysis of recultured hUC-MSCs pluripotency markers: The analysis of genes responsible to maintain
core pluripotency, stemness, and proliferation in recultured hUC- MSCs were analyzed by qPCR. The results in Figure 7
show no significant differences at the transcriptional level of stemness genes Oct-4, Sox-2, and Nanog at each successive
recultured 1-4, 5-7, and 8-10 hUC-MSCs group at passages 1-6.

Proliferation in recultured hUC-MSC: Morphological features at passages 1-15 are shown in Figure 8A, which appears
fibroblast like monolayer at early passages 1-6, while at late passage recultured MSC appeared with flattened
morphology. However, the depicted heat map showed no significant differences in PDT and PDN which was estimated
for each successive recultured hUC-MSCs at their respective passage number till passage 15 as shown in Figure 8B-D.
Cells from hUC that had been recultured 10 times revealed a significant proportion of adherent MSC-like cells with
steady rate of proliferation and growth. Figure 8B and C shows mean doubling time of 2-8 h at P1 through P15 while
Figure 8D shows mean PDN i.e., around 1.3 million cells. The total number of cells obtained from the protocol was greater
than 200 million cells from each donor sample.

Gene expression analysis of recultured hUC-MSCs for proliferation markers: Gene expression analysis for prolif-
eration-related genes i.e., paired-box 6 (PAX6), bone morphogenetic protein 2 (BMP2), and transforming growth factor p1
(TGFp1) revealed no significant difference when quantified at each recultured 1-4, 5-7, and 8-10 hUC-MSC group as
shown in Figure 9.

Cell cycle profiling of recultured hUC-MSCs: The recultured hUC-MSCs groups showed a significant increase in cell
cycle progression successively Figure 10A. The consecutive recultured results revealed a considerable rise in the G2/M
phase of the cell cycle at recultured 1-4 with 21.35% hUC-MSC population; recultured 5-7 showed 44.516% cell population
and recultured 8-10 represented 60.516% hUC-MSC population. In contrast, a significant decrease in G0/G1 phase was
observed in the cell population of 75.35%, 50.4% and 33.66% at recultured numbers 1-4, 5-7, and 8-10, respectively.
However, no significant difference was noted in the S phase, which showed a mean of 3.31% cell population at repeatedly
recultured hUC-MSC as shown in Figure 10B and C.

Quality control assessment of recultured hUC-MSCs

Recultured hUC-MSC effect on colony forming unit: A representative CFU assay (Figure 11) was performed for analysis
of quality of consecutively recultured (1-10) hUC-MSCs by plating cells at a density of 800 cells per 9.6 cm? plate. After 10
d of incubation, plates were stained with Crystal violet to observe discrete purple color colonies shown in Figure 11A.
The colony counting was performed by CFU assay on rapidly proliferating recultured hUC-MSCs. The results in the

graph revealed that no significant differences were observed among MSCs obtained from each time of recultured hUC
(Figure 11B).
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Figure 2 Morphology of human umbilical cord-mesenchymal stem cell at recultured 1-10 from respective donors. A: Homogeneous population
of human umbilical cord (hUC)-mesenchymal stem cells (MSCs) at recultured (R) number 1, 2, 3 and 4 migrating from explant at day 19, 9, 8 and 7 respectively; B:
Expanded homogeneous population of hUC-MSCs at recultured (R) numbers 5, 6, and 7 at day 8, 7 and 9 respectively; C: Scaled population of hUC-MSCs migrated
successively from hUC recultured (R) numbers 8, 9, and 10 at 4, 5 and 8 d respectively. Microphotographs were captured at 80%-90% confluency.
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Table 3 Donor’s information and sample inclusion

Donor Age Anti-HCV' Anti-HBV' SYPHILUS'
1 2 = B B,
2 25 = - -
3 26 = . B}
4 21 = B B
5 27 - - -
6 29 = B B

INon-reactive: Negative (-).
HCV: Hepatitis C virus; HBV: Hepatitis B virus.

Cell senescence analysis by p-galactosidase staining: Senescence-associated p-galactosidase assay (SA B-Gal) was
performed by seeding cells at sequentially recultured 1-4, 5-7, and 8-10 group hUC-MSCs. MSCs released from recultured
hUC were incubated with a SA B-Gal stain. The results showed that none of the cells were marked with blue color, repres-
enting no cellular senescence at all recultured hUC-MSCs. The maintained good quality of hUC-MSCs from each
recultured number is represented in Figure 12A. Additionally, no difference was observed in the cellular morphology of
SA B-Gal stained cells, which remain unstained and exhibited spindle shape morphology with no senescence. Therefore,
no adverse effect on recultured hUC-MSC growth and properties in the cell culture system was observed.

Evaluation of human telomerase activity in recultured hUC-MSCs: To further quantify the maintenance of aging-
related cellular senescence of recultured hUC-MSCs, a qPCR assay was performed to evaluate h'TERT expression. The
results revealed that the level of telomerase expressed at each recultured hUC-MSCs was found to be the same at
recultured 1-4 and 5-7 showed no significant difference in telomerase expression with no effect on age-related growth
retardation. The normalized expression of telomerase was found to be significantly increased at recultured 8-10 of hUC-
MSCs, as illustrated in Figure 12B.

Mycoplasma and cytomegalovirus detection in recultured hUC-MSCs: The freshly isolated recultured 1-4, 5-7, and 8-10
hUC-MSCs were processed for the detection of mycoplasma and cytomegalovirus by qPCR. The results were found to be
negative for the presence of mycoplasma and cytomegalovirus. To authenticate these results quantification was
performed for all three groups of recultured hUC-MSCs in all six hUC samples shown in Figure 13A and B.

Endotoxin evaluation in recultured hUC-MSCs: The evaluation of purity with endotoxin quantification kit ensured no
endotoxin contamination for 1-4, 5-7, and 8-10 recultured hUC-MSC groups, revealing the endotoxin concentration is less
than threshold. These results obey the maintained quality standards of recultured hUC-MSC shown in Figure 13C.

DISCUSSION

The therapeutic application of MSCs demands the characterization of stem cell products based on their molecular and
cellular characteristics[47]. The paracrine activity of MSCs via the secretome and their unique stem cell features such as
proangiogenic, anti-inflammatory, immunomodulatory, and antioxidant potential are the mechanisms behind the
utilization of MSCs for therapeutic purposes[48,49]. Studies have observed the significant therapeutic promise of MSCs to
treat fatal disorders in numerous clinical trials[50-53]. Research suggested that MSCs derived from the umbilical cord are
ideal for transplantation and play a pivotal role in the future of medicine[54,55].

The current study was designed to establish the novel recultured hUC method to scale MSCs for therapeutic use. It is
observed that the morphology of MSCs from successively recultured hUC has remained the same, showing spindle
shaped fibroblast-like mononucleated and clustered colonies that expanded as homogenous monolayers at every primary
isolated recultured hUC-MSC. This expansion of MSCs in our study was obtained in a relatively short time until the hUC
was recultured for the 10" time, which provides an efficient number of MSCs isolation. A similar spindle-shaped MSC
morphology has been observed earlier[56].

The most significant pluripotency genes are the Oct-4, Sox-2, and Nanog[57]. Recultured expanded MSCs fully
exhibited pluripotent genes, Nanog, Sox-2, and Oct-4, in all experimental recultured groups, and showed no variations.
These genes are the primary regulators of other genes that balance self-renewal and differentiation in stem cell[58]. Oct-4
and Sox-2 must bind to the Nanog promoter and directly control Nanog expression. Differentiation and reprogramming
factors regulate the fate of stem cell[59]. Researchers can either induce differentiation of ESCs or MSCs or convert somatic
cells into induced pluripotent stem cells by modifying the culture conditions and adding growth and differentiation
regulators, including Oct3/4, Sox-2, KIf4, and c-Myc, also called the Yamanaka cocktail[58].
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Figure 3 Effect of reculturing human umbilical cord for mesenchymal stem cell expansion and reculturing rate. A: Novel design of recultured
human umbilical cord (hUC)-mesenchymal stem cells scaling method; A1: Microscopic observation of explant containing flask at respective recultured days
mentioned in Figure 2; A2: Selection of flasks that occupied maximal 80%-90 % confluent colonies of mesenchymal stem cells (MSCs) releasing from the explant; A3:
Microscopic observation of explant releasing MSCs; A4: Maintaining sterile culture conditions marking new flasks as subsequent recultured number and gently tap the
explant-containing flask to propel all surface sticky cord pieces towards the canted neck of the flask; A5: Inclined explant containing MSC confluent flask at an angular
position of 45-90 degree over the new flask with marked successive recultured number aseptically; AB: Transfer all the explant pieces into the new flask; A7 and A8:

Gishidenge VVISC | https://www.wjgnet.com 420 April 26,2024 | Volume16 | Issued |



Rajput SN et al. MSCs for regenerative medicine

Microscopic representation of confluent hUC-MSCs after removing the explant; A9: Sub-culturing of explant removed adherent MSCs showing cellular detachment by
trypsinization; A10: Scaled MSCs for experimentation; B: The graphical representation of recultured hUC-MSC: The two-way ANOVA with multiple comparisons of
recultured hUC between R1-R12 times. The recultured numbers 1-10 showed a significant decrease in time to recultured hUC, hence increased MSC expansion. At
R11 and R12 a significant increase in time was observed to get MSCs. 2P < 0.05, °P < 0.01, and °P < 0.001.
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Figure 4 Flowcytometry for quantified immunophenotypic expressions of recultured human umbilical cord-mesenchymal stem cells.
Statistical analysis represented no variations in the expression of mesenchymal stem cell (MSC) positive and negative markers at each recultured human umbilical
cord-MSCs at passage 6. The data showed from three independent experiments + SD. NS: No significance.

The recultured hUC-MSCs were characterized each time and tested for immunophenotype expression of positive and
negative MSC markers. It has been observed that recultured hUC-MSCs possess a high expression of MSC positive
markers that are CD90, CD73, CD105, CD44, and lack MSC negative markers CD34, CD11b, CD19, CD45, HLA-DR. These
MSCs met the requirements for the minimum standards set by the International Society for Cell and Gene Therapy[60].

The immunocytochemical staining analysis of recultured hUC-MSCs showed positive expression of CD90, CD73,
CD105, CD44, vimentin, CD29, Stro-1, and Lin28 and negative expression of CD45 and HLA-DR. It has been reported that
CD90, CD70, CD105, CD117, CD29, vimentin, Stro-1, and Lin28 were expressed by MSCs from cord tissue[60-62]. MSCs
can differentiate into mesodermal lineages as well as non-mesodermal lineages[63]. Study investigated that MSCs are
capable to differentiate into osteogenic, chondrogenic, and adipogenic lineages. However, current techniques for
inducing differentiation have been improved, and MSCs derived from different tissue sources can be differentiated into
any type of body cell[64]. It has been found that after 21 d of induction with osteogenic, chondrogenic, and adipogenic
induction media, the MSCs differentiated, as confirmed by the presence of calcium deposits, proteoglycan formation, and
oil droplets, respectively[22]. Thus, MSCs obtained from the recultured protocol possess stem cell markers and have
shown their ability to differentiate, indicating that the cells preserve their stemness features. MSCs have been investigated
as a viable therapeutic option for a variety of degenerative diseases due to their multilineage differentiation and capacity
to respond to environment-mediated abnormalities[11,65].

The cell PDT and PDN were investigated for each recultured number up to passage 15, we observed that MSC’s
growth rate has been preserved after reculturing hUC 10 times and subsequently sub-culturing each recultured number
derived MSCs for 15 times (passage 15). Thus, we found it interesting in our investigation that recultured hUC-MSCs
continue to proliferate at their usual rates throughout reculturing. Our results revealed no significant difference in
evaluating the PDT and PDN between all recultured numbers. Previously, it was reported that MSCs possess higher
proliferative ability and a substantially faster rate of doubling at an initial 10 passages before they stop reproducing at
passage 15[66,67]. For MSCs, the average PDT was less than 24 h and remained constant for at least five passages[68].
Choudhery et al[68] showed that umbilical cord MSCs have a shorter PDT than adipose tissue MSCs, and bone marrow
MSCs[69]. Since the number of cell population doublings (NCPD) typically represents the true age of a culture in vitro,
previous research has mostly focused on identifying the upper limit of NCPD at which the culture stops replicating and
loses the potential to differentiate[70,71].

The proliferation markers PAX6, BMP2, and TGFf1 showed no significant difference in recultured hUC-MSC groups. It
has been reported that PAX6 is essentially involved in cell proliferation, migration, and adhesion during tissue
development[72-75]. The involvement of BMP2 in inducing proliferation at the early developmental stage plays a
consistent role in cell proliferation before differentiation[76,77]. It is reported that TGF, a prevalent immunosuppressive
substance, controls the development and biological function, and regulates the proliferation of numerous types of
immune reactive cell[78-80]. Study showed that MSCs had pluripotency-associated intrinsic gene expression, maintained
differentiation capacity, and displayed an unmodified karyotype for a maximum of 25-30 passages[51].

At 1-4, 5-7, and 8-10 recultured hUC, isolated MSCs were assessed for cell cycle kinetics. With the increase in the
recultured group from 1 to 10, it has been observed that there is a gradually enhanced mitotic phase (G2/M) of the cell
cycle and a decrease in GO/GL1. A study revealed that MSCs were predominantly in the G2/M phase, and the main
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Figure 5 Inmuno-cytochemical profiling of recultured human umbilical cord-mesenchymal stem cells. A: The recultured human umbilical cord
(hUC)-mesenchymal stem cells (MSCs) were positive for CD73, CD105, vimentin, CD29, CD90, Stro-1, and Lin28. The cells were stained with specific antibodies
against MSCs markers. Nuclei were stained with DAPI. The cells were visualized for F-actin by staining with phalloidin labeled with Alexa Flour 488; B: The hUC-
MSCs were negative for CD45 and HLA-DR MSCs negative markers by immunocytochemical staining.
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Figure 6 Trilineage differentiation of mesenchymal stem cells. A: The differentiation of recultured human umbilical cord-mesenchymal stem cells (hUC-
MSCs) towards osteocytes, the stained cells showed the presence of calcium and minerals deposits by Alizarin red staining as compared to the control cells; B: The
chondrogenic differentiation of recultured hUC-MSCs, was confirmed by Alcian blue stained cells showed showing the presence of glycosaminoglycan and
proteoglycan in comparison to the control cells; C: The hUC-MSCs differentiated into adipocytes were confirmed by staining the cells with Oil red O, the accumulated
lipid droplets indicated the differentiation of recultured hUC-MSCs towards adipogenic lineage, compared to the control cells.

heterogeneity of hUC-MSCs, with or without inflammatory cytokines, is controlled by cell cycle progression[82].
Sabapathy et al[80] exhibited the same result, and no alteration in the cell cycle pattern was noted. The cell cycle is
regarded as the central machinery for cell fate determination[83,84].

The colony formation capability of recultured 1-4, 5-7, and 8-10 hUC-MSCs group has also been investigated. The CFU
assay demonstrates that each time hUC was recultured, there was no variation in the number of colonies among them. At
all hUC recultured numbers, isolated MSCs exhibit spindle-shaped cells that replicate quickly and predominate in the
early days of cell plating at low density, become confluent, and produce colonies. Panwar et al[83] also suggested that the
quality of cell scaling has been heavily dependent on the success of MSC colony formation[85,86]. It has been documented
that MSCs with first passages had higher colony forming efficiencies than MSCs with later passages[87]. It was studied
earlier that CFU counts constantly declined throughout culture expansion and were hardly detectable after more than 20
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Figure 7 Pluripotency gene expression of recultured human umbilical cord-mesenchymal stem cells. The recultured human umbilical cord-
mesenchymal stem cells (hUC-MSCs) results showed that all the hUC recultured MSCs express the mesenchymal pluripotency markers octamer-binding
transcription factor, sex-determining region Y-box 2, and Nanog. Statistical analysis showed non-significant changes in the expression levels of these markers. The
data is collected from three independent experiments + SD. NS: No significance; Sox-2: Sex-determining region Y-box 2; Oct-4: Octamer-binding transcription factor.

passages|[88].

The presence of SA B-gal staining identifies the cell senescence feature. In this investigation, none of the hUC-MSCs
expressed SA B-gal. The senescent MSCs must be identified during expansion because they are less successful when
transplanted than MSC populations with a lower percentage of senescent cells[89,90]. The study investigated whether a
traditional sign of senescence in MSCs encompasses an arrest in growth within the cell cycle phase at G1, expanded or
widened morphology, greater levels of SA B-gal, and altered surface markers[91-93].

The evaluation of h"TERT expression in all 1-4, 5-7, and 8-10 recultured hUC-MSC groups revealed that the levels of
hTERT remain the same among the recultured groups R1-4 and R5-R7. However, significant upregulation of h"TERT with
increasing recultured group (R8-10) has been observed. Thus, it revealed that recultured hUC-MSCs have not shown
signs of aging in MSCs. The study reported that telomerase inhibits telomere erosion and promotes telomere extension by
continuously restoring the missing TAG repeated sequence at the chromosomal termini[94]. Other studies revealed that
telomere degradation in human MSCs due to the lack of hTERT activity causes cell senescence[95-97].

In this study, we also evaluated the recultured hUC-MSC groups to further check the quality control of isolated MSCs
for mycoplasma strains and human cytomegalovirus. The absence of M. arginini and M. hominis in all three recultured
hUC-MSC groups was observed. The studies reported that it is critical to evaluate cell cultures for mycoplasma and
human cytomegalovirus. These pathogenic microorganisms have a long incubation period in hosts after infection. They
have evolved several strategies for surviving, evading the host’s protection mechanisms, and slowing down cellular
growth[98,99]. Cell cultures” most common mycoplasma contaminants include M. arginini and M. hominis[100,101].

The endotoxin presence was evaluated in all the recultured hUC-MSC groups, and the results showed that endotoxin
was not present. The earlier study showed endotoxin-free MSCs for skin regeneration[102]. It has been studied that
endotoxins, like other pathogen-associated molecular patterns can influence cell metabolism, which may have an impact
on many cellular activities[103-105]. It has been reported that endotoxins, which are recognized by both toll-like receptors
and pro-inflammatory substances produced by MSCs and immune cells, can affect MSC behavior in vitro cultures and in
vivo studies[106].

The hUC-MSCs are preserved for infants in clinical practice so they can be used in future allogeneic or autologous
therapeutic applications[106]. This implies that hUC-MSC based therapies may soon be phased out[107]. The recultured
hUC-MSCs might be administered and efficiently used as cell therapy in upcoming regenerative studies.

CONCLUSION

This study investigated a repetitive culturing method to expand the hUC-MSC population. This approach has the
potential to establish new protocol for efficiently increasing the number of MSCs required for transplantation. In this
research, hUC-MSCs were expanded using a recultured method, which lead to the development of a novel protocol for
expansion of MSCs population that can meet the demand of the in-vitro cell doses, required for in-vivo implantation. Since
these MSCs were isolated from the same recultured hUC, they maintain their mesenchymal stem cell characteristics as
defined by the International Society of Cellular Therapy.
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Figure 8 Passaging and population doubling analysis of recultured human umbilical cord-mesenchymal stem cells. A: Microscopic
morphology of recultured human umbilical cord-mesenchymal stem cells (hUC-MSCs) at passage 1-15: The hUC-MSCs cultured in minimal essential medium alpha
at a seeding density of 1000 cells/cm?. The representative images were captured at 80%-90% confluency. Experiments were performed in duplicates; B: The
comparative effect of population doubling time with passage at every reculture number of hUC-MSC. The data of six independent experiments shows mean + SD with
significant P-values. 2P < 0.05; C: The comparative population doubling time on recultured hUC number on respective passage number. The heat map for multiple
comparisons between recultured hUC for each MSC passage number showed no significant effect on population doubling time; D: The effect of recultured hUC and
MSCs passaging on population doubling number. hUC: Human umbilical cord; MSC: Mesenchymal stem cell.
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Figure 9 The proliferation gene expression analysis of recultured human umbilical cord-mesenchymal stem cells. The three different ranges
of recultured human umbilical cord derived mesenchymal stem cells (MSCs) were analyzed to evaluate gene expression of proliferation markers of MSCs. The
normalized mRNA expression of paired-box 6, bone morphogenetic protein 2, and transforming growth factor 1 showed no significant difference at recultured 1-4, 5-
7, and 8-10. GAPDH was used as a housekeeping gene to normalize the gene expression. NS: No significance. BMP2: Bone morphogenetic proteins; PAX6: Paired-
box 6; TGFB1: Transforming growth factor beta1; hUC: Human umbilical cord.
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Figure 10 Cell cycle analysis of recultured human umbilical cord-mesenchymal stem cells. A: The effect of recultured human umbilical cord-
mesenchymal stem cells (hUC-MSCs) on cell cycle progression: The cell cycle progression was analyzed by flow cytometry. The histogram showed decrease in G,
/G1 phase of the cell cycle between recultured groups 1-4, 5-7, and 8-10. In contrast, no difference was observed in S phase of cell cycle among all three recultured
hUC groups. However, the gradual increase in the percentages of hUC-MSCs present in G2/M phase among all three recultured groups (1-4, 5-7, and 8-10) was
observed; B: The effects of recultured hUC-MSCs on cell cycle phases: The quantification of cellular percentages in the G0/G1, S and G2/M phases of cell cycle
between each recultured groups was evaluated by flow cytometry. The result showed significant decrease in G/G1 phase of cell cycle at recultured numbers 1-4, 5-7,
and 8-10. Conversely, significant increase in G2/M phase at recultured 1-4, 5-7, and 8-10 numbers of hUC-MSCs was observed. The cells percentage showed no
significant difference in S phase of the cell cycle at all recultured groups; C: The effects of recultured hUC-MSCs on cell cycle progression: The effects of recultured
hUC-MSC showed significantly increased G2/M phase of cell cycle at recultured 5-7 and 8-10. At the same time, results showed significantly decreased G0/G1 phase
at recultured numbers 8-10 of hUC-MSCs. The data from six independent experiments is shown as mean + SD with significant P-values. 2P < 0.05, °P < 0.01, and °P
<0.001. The graphical representation shows cumulative data from six representative hUC samples analyzed. hUC: Human umbilical cord; MSC: Mesenchymal stem
cell.
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Figure 11 Colony forming unit assay. A: Formation of colonies at recultured human umbilical cord-mesenchymal stem cells (hUC-MSCs) number:
Representation of phase contrast microscopy of spindle-shaped rapidly proliferated colonies of recultured hUC-MSCs at each recultured number (R1-R10); B:
Analysis of recultured hUC-MSCs by colony forming unit (CFU): Statistical analysis showed no significant difference in CFU at each recultured hUC-MSCs; all the
recultured population of MSCs showed self-replicated spindle-shaped cells that possess the proficiency to form discrete colonies. The experiments were performed in
triplicates. NS: No significance. hUC: Human umbilical cord; MSC: Mesenchymal stem cell.
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Figure 12 Cell senescence analysis. A: The effect of recultured human umbilical cord-mesenchymal stem cells (hUC-MSCs) on cellular senescence: The B-
galactosidase senescence staining was observed under bright field microscope. The results showed that none of the cells were stained blue, at primary isolated
recultured hUC-MSCs isolated (R1-R10), indicating no signal of senescence; B: The graphical representation of human telomerase reverse transcriptase (hTERT)
expression in recultured hUC-MSCs: To evaluate the normalized telomerase activity quantitative real-time polymerase chain reaction was performed in triplicate at
passages 1-6. The X-axis represents the MSCs derived from recultured hUC at three recultured range and Y-axis represents hTERT expression normalized to
housekeeping gene hydroxymethyl-bilane synthase. The hTERT expression at recultured 1-4 and 5-7 showed no significant difference. However, a significant
increase in hTERT activity at recultured 8-10 was observed. Values are presented as mean + SD from three independent experiments. NS: No significance, °P <
0.01. hUC: Human umbilical cord; MSC: Mesenchymal stem cell.
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Figure 13 Mycoplasma, cytomegalovirus, and endotoxin analysis. A and B: The normalized gene expression of mycoplasma and cytomegalovirus in
recultured human umbilical cord-mesenchymal stem cells (hUC-MSCs): To evaluate the normalized gene expression of Mycoplasma hominis (M. hominis) and M.
arginini and cytomegalovirus, quantification was performed by real-time polymerase chain reaction in triplicate at passages 1-6. The X-axis represents the MSCs
derived from recultured hUC at three recultured ranges and the Y-axis represents M. hominis and M. arginini and cytomegalovirus expression normalized to
housekeeping gene hydroxymethyl-bilane synthase. The expression at each recultured group showed negative expression of both strains of Mycoplasma. Values are
presented as mean * SD from six independent experiments. Statistically non-significant normalized expression was obtained; C: Recultured hUC-MSCs endotoxin
analysis: The level of endotoxin in recultured hUC-MSC was measured by using the Pierce LAL Chromogenic Endotoxin Quantification Kit. The concentration of
endotoxin is below 0.5 EU/mL. hUC: Human umbilical cord; MSC: Mesenchymal stem cell.

ARTICLE HIGHLIGHTS

Research background

Stem cells are at the forefront for their intriguing potential in regenerative medicine. Organ or tissue regeneration
requires 10 to 400 million mesenchymal stem cells (MSCs) per dose for transplantation. MSCs are undifferentiated cells
with the potential to self-renew, capability to differentiate into multiple lineages, and immune modulation potential,
which is considered ideal for cell-based therapeutics. The ex-vivo propagation and proliferation of MSCs are vital to fulfill
the requisite cell number. Despite the current challenges in cell-based therapies, the safety levels of umbilical cord tissue
derived MSCs render them a promising therapeutic approach in regenerative medicine.

Research motivation

MSC expansion is associated with extensive subculturing and cell passage. However, genetic instability during their ex-
vivo expansion makes them less efficacious due to senescence. MSCs from different donors result in tissue vs graft
rejection during transplantation. Recultured human umbilical cord (hUC) improves the culturing capability of MSCs for
expansion and could provide novel sight for cell-based therapeutic applications which could be economical to maintain
good manufacturing practices.

Research objectives
The objective of the proposed study was to establish an efficacious method for ex-vivo expansion of hUC-MSCs.

Research methods
MSCs from the hUC were isolated, and the hUC explant was recultured to get maximum number of cells. Isolated hUC-
MSC at every recultured group were characterized on the bases of morphology. Immunophenotyping of positive and
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negative markers expressed by MSC, immunocytochemical staining and trilineage differentiation. The regulatory genes
specific to the MSCs stemness, proliferation, and senescence markers were determined at every recultured group. The
senescence was evaluated by beta galactosidase staining. The recultured hUC-MSCs were quantitatively characterized by
population doubling time, population doubling number, colony forming unit, and cell cycle analysis. The absence of
mycoplasma, cytomegalovirus, and endotoxin was evaluated in recultured hUC isolated MSC.

Research results

Recultured hUC derived MSCs interestingly showed no significant difference between each recultured hUC-MSC for
pluripotent gene expression markers. These expanded MSCs showed positive immunophenotypic markers and lacked
the expression of negative markers. Simultaneously, recultured hUC-MSCs showed positive expression for multilineage
differentiation into osteogenic, chondrogenic, and adipogenic lineages. The proliferation of recultured hUC-MSCs was
observed until passage 15. Nevertheless, a significantly increased mitotic phase of the cell cycle was observed in all
recultured hUC-MSCs groups. Delayed cellular senescence was observed by increased expression of human telomerase
reverse transcriptase (WTERT). The senescence-associated B-galactosidase activity was not detected in repeatedly
recultured hUC-MSCs. The quality of recultured hUC-MSCs was maintained and showed negative expression of
mycoplasma, cytomegalovirus, and endotoxin.

Research conclusions

This study leads to the development of a novel protocol for scaling stem cells population. In-vitro expansion of the cell
dose required for in-vivo implantation could be achieved in a short time. It can decrease tissue versus graft rejection due to
the less rigorous HLA screening performed in stem cell banks. Since these MSCs were isolated from the same recultured
hUC, they thus exhibit enduring MSC stemness, and adhere with the recommendation of International Society of Cellular
Therapy.

Research perspectives

This approach will help to isolate and propagate a larger number of cells required for clinical applications, and transla-
tional medicine. This approach will enable the faster availability of the required number of cells from the same initial
source, thus reducing the need for extensive donor screening and resource allocation. This protocol offers cost effect-
iveness by potentially reducing reliance on multiple donors and complex HLA matching procedure.
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