Stem Cell in 3D Culture Diminishes Cell Senescence

MCBS

Mol Cell Biomed Sci. 2023; 7(3): 133-40
DOI: 10.21705/mcbs.v7i3.360

Jundan SE et al.

REVIEW ARTICLE

Mesenchymal Stem Cell in 3D Culture: Diminishing Cell
Senescence in Cryopreservation and Long-term Expansion

Sheila Fawziyya Jundan'?, Riezki Amalia’, Cynthia Retna Sartika?

'Department of Pharmacology and Clinical Pharmacy, Faculty of Pharmacy, Universitas Padjadjaran, Jatinangor, Indonesia
2Prodia StemCell Indonesia, Jakarta, Indonesia

Mesenchymal stem cells (MSCs) are widely recognized in cell treatment due to their capacity to secrete trophic factors,
differentiate multipotent, and self-renew. Although there is growing evidence that MSCs have therapeutic benefitsin various
clinical settings, these cells eventually lose their ability to regenerate as they age, which increases cellular dysfunction.
Several factors may affect MSCs aging, such as culture dimensions, cryopreservation process, and long-term expansion.
Traditional two-dimensional (2D) culture conditions lack the complexities required to recreate MSCs in their natural
environment. Meanwhile, three-dimensional (3D) culture mimics the niche, dynamic, and specialized microenvironments
of the cells in vivo. The most used storage technique for MSCs, cryopreservation, requires a very low temperature reduction,
which stresses cells and can cause the release of pro-inflammatory cytokines. For the utilization of MSCs in therapeutic
applications, an in vitro expansion technique is required. Repeated expansion may reduce proliferative capacity, disrupts
cellular shape, and impairs the somatic cell function of MSCs. Various processes and techniques may influence MSCs leading
to cell aging. One of the culture methods, 3D culture, is shown to reduce the factors that will compromise the therapeutic
effects of MSCs, especially cell senescence. The effect of culture dimensions, cryopreservation, and long-term expansion on
cell senescence will be discussed in this review article.
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Introduction immune response (Figure 1).! One of the sources of MSCs,

which has been utilized in investigations and treatments

Mesenchymal stem cells (MSCs) have been demonstrated relatively frequently up to this point, is the umbilical cord.

in several studies to offer intriguing potential as

The effectiveness of umbilical cord MSCs as a treatment for

regenerative therapeutics due to their capacity to self- heart failure?, periapical periodontitis®, rheumatoid arthritis®,

renew, differentiate into various tissues, regenerate, and numerous studies of burn cases’, and several studies to

release immunomodulatory substances that can enhance the treat Coronavirus disease 2019 (COVID-19).6 MSCs have
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Figure 1. Properties of MSCs.(1) (Adapted with permission
from Future Medicine).

to maintain its function and act as intended while treating
degenerative disorders to be therapeutically effective.

Factors that can affect the capacity of MSCs to exert
therapeutic benefits is its in vitro production process. The
processes of culture, expansion, and cryopreservation are
all included in the stages of MSCs manufacture. Two-
dimensional (2D) is the most used in vitro culture techniques.
As technology advances, the growing environment, namely
the three-dimensional (3D) environment, is made feasible
compared to its natural circumstances. As a result, the culture
approach of MSCs should be considered, particularly for
those that are more like their natural habitat since they can
preserve their characteristics and functions.” Cell fatigue
may result from the expansion process, which is an iterative
one.? Storage at extremely low temperatures, in addition to
the cryopreservation procedure, may also potentially reduce
MSCs function.’

The development of age profiles (senescence) is one
of the factors contributing to deteriorating the performance
of MSCs.!® Cells' ability to operate and provide therapeutic
benefits can be further compromised by aging, which can
cease the cell cycle. According to several studies, traditional
2D culture does not accurately reflect the natural growing
environment of MSCs in the body, resulting in inferior
functions and activities compared to 3D culture.'!?
studies,
decreases the immunomodulatory capacity of spinal cord
MSCs and the ability of MSCs from the umbilical cord to
adhere and proliferate.”!? Continuous cultivation can also

According to the cryopreservation process

lead to repeated cell fatigue, which accelerates aging.®
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It is still challenging to keep MSCs functioning and
having their therapeutic benefits, especially when the
technology that produces MSCs is constantly evolving
at the same time. In this review, information regarding
MSCs culture in 3D environment and elaborate more on
cryopreservation and long-term expansion effects in cell
aging will be discussed, since studies with respect to this
topic is still limited. Other than that, either diminishing or
delaying cell aging on MSCs is in fact critical to achieve
successful regenerative therapies using MSCs.

Cell aging

Cell aging displayes a constrained capacity for replication
and stopped cell development.!* When MSCs replication
stops after growth with a certain level of repeatability, it
enters a phase known as the Hayflick limit. The projected
limit of MSCs is often observed at numbers between 30 and
40, the population doubling rate.”” Senescence-associated-
galactosidase (SA-gal) activity, the expression of cell
cycle inhibitor proteins (p21, pl6, and p53), changes in
cell shape, and increased metabolic activity as evidenced
by the activation of the glycogen synthase kinase (GSK3),
adenosine monophosphate kinase (AMPK), and mamallian
target of rapamycin (mTOR) pathways are just a few of the
phenotypic characteristics of aging cells.'

Numerous variables can contribute to cellular
aging, including DNA damage, oxidative stress, telomere
shortening, mitochondrial malfunction, and abnormal
oncoprotein activation. In addition to environmental
variables, physiological mechanisms such as signaling cell
development and repair processes can also cause aging.!”

Cell aging is defined as a cell cycle process
permanently interrupted and brought on by various reasons
(Figure 2)."® One of the leading causes of aging, which
is brought on by physical, chemical, and stress stimuli
damage, is DNA damage. Cells lose their equilibrium due to
imbalances in synthesizing reactive oxygen species (ROS)
and antioxidants, followed by aging.'” Telomere shortening
and oncogene activation are two additional aging factors that
might trigger a DNA damage response (DDR). The p53/p32
and p16 signal routes significantly control aging, regardless
of the received induction signal. The stimulus will activate
DDR to trigger the transcription of the p53 protein, then
activate p21, the cyclin-dependent kinase 1 (CDK1), which
will prevent the phosphorylation of retinoblastoma tumor
supressor protein (pRB) and the action of transcription
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Figure 2. The mechanism of cell aging in MSCs.(18)
SA-B-gal: senescence-associated beta galactosidase, SASP:
senescence-associated secretpry phenotype. (Adapted from
Friontiers Media SA).

factor E2F. Activating these proteins will obstruct the cell
cycle, causing cells to age."”
Senescence-associated-secretory-phenotype  (SASP)
cytokines are among the profiles that aging cells create,
increased SA-B-
galactosidase (SA-B-gal) activity, and SA-B-gal expression.

along with morphological alterations,

The shape of aged cells is often flatter and more extended
than usual. The galactosidase beta 1 (GLB1) gene produces
the lysosomal enzyme SA-gal, specifically secreted by
aging cells. SA-B-gal measurements can be performed by
staining and observed under a microscope and by the flow
cytometry method. Aging cells synthesize and secrete a
variety of cytokines and growth factors. Pro-inflammatory
cytokines, including interleukin (IL)-6, IL-8, IL-1, and
tumor necrosis factor (TNF)-a are often secreted cytokines.
The flow cytometry technique may also be used to do SASP
measurements.?’ Diverse circumstances cause the majority
of signaling pathways to fuse on NF-kB lines. SASPs are
cytokines that are highly expressed, most conserved, and

Stem Cell in 3D Culture Diminishes Cell Senescence

intimately associated with NF-kB signaling pathways,
especially IL-6 and IL-8.!

Conventional 2D culture

Most cell cultures and cell-based experiments are done on
polymer or glass layers in 2D. Because 2D culture may be
used to determine principles of cell biology, pharmacological
activity, cell response to endogenous and external illnesses,
mechanisms involved in cell development, and tissue
morphogenesis, it plays a significant role in vifro cell
investigations.”? The bidimensional cell environment does
not accurately reflect the natural environment of the cell,
which is the 3D environment, even if 2D cell culture can
help research the link between cell function and particular
microenvironment components. Because it lacks most of the
interactions that take place in the 3D environment, the 2D
environment will lead cells to behave differently than they
would in the natural 3D environment.?? The main differences
between 2D and 3D culture are described in Table 1.

MSCs are a specific kind of cell that adheres to a
2D dish culture's surface organically. Most of the culture
containers for MSCs culture do not need to have a substrate
or coating. The substrate is often present as serum in a
growth media.”® Even though 2D culture is a promising
method for cultivating cells, several crucial MSCs features
must be considered, including cell shape, physical contact
between cells, and the degree of gene expression. Because
a cell can only grow and extend in two dimensions, it has
an elongated, flat form. The physical interaction of cells is
becoming less representative of the physical interaction of
innate cells. Due to the lack of physical contact between
cells, the degree of gene expression is different from in
vivo models, and communication between cells is similarly
diminished.?* As a result, continual 2D culture might lead
MSCs to exhibit phenotypic alterations, one of which
is a loss in differentiation capacity brought on by
morphological changes in cells during cell subculture.
Additionally, the proportion of surface marker proteins
could decline.!

Several studies have shown cell aging results of
stem cell cultured in 2D platform. Adipose derived-
mesenchymal stem cells (AD-MSCs) in 2D culture express
(SA-B-
galactosidase) than in 3D culture. It has been reported that

higher senescence-associated B-galactosidase

SA-B-galactosidase staining was more detectable at day 14
and 21. Another comparison of 2D and 3D culture shows a
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Table 1. Main differences of 2D and 3D culture.
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Cellular Properties 2D 3D Reference
Morphology Fibroblast-like, spindle-shaped, aligned Round-shaped adhering to 3D platforms 12
Doubling Time Usually faster than 3D Extended doubling time may occur 42
Cell Yield Usually lower than 3D High yield due to significant expanded space 39
Differentiation Losing differentiation potential as expanded  Stronger differentiation capacity 39
Protein/Gene Expression  Lower due to lack of compexity Higher expression levels, stemness, and 51

pluripotent properties

significant increase of B-galactosidase activity in adipose-
derived mesenchymal stem cells (ASCs) in 2D culture.? The
morphology of cells in 2D culture was seen more flattened
and heterogenous with a clear increase in cell size within
increasing passage.

Cryopreservation

Dueto its infinite shelflife and ability to utilize small amounts
of resources, cryopreservation has emerged as the industry
standard for biological material stored in the cell therapy
sector.?® Indeed, cryostorage method has progressed from a
small step in the cell therapy manufacturing process to a tool
for expanding access to stem cell treatment and regenerative
medicine. On the other hand, this cryopreservation process
is growing slower than the cell therapy industry.

Cryopreservation of cells is associated with physical
and molecular damage. There is ongoing debate over the
usefulness of fresh cells vs. cryopreserved cells, as well
as whether viability indicates functioning.”” To date, using
cryopreserved cells was suspected to be the root of failure
in early MSC-based clinical studies.”” Furthermore, the
diversity in the result of MSC-based clinical trials has been
presumed to be mostly attributable to functional changes
in MSCs caused by the process of repeated thawing and
freezing rather than the freezing method itself.”

As for the most used method, liquid nitrogen is used
in cryopreservation. Cryopreservation keeps cells alive
by reducing their metabolic activity at -196°C. The most
popular technique for lowering temperature is controlled
rate freezing, which involves a temperature drop of 1° C per
minute. A protective substance called a cryoprotectant must
be added to the cell solution to preserve the cell from drastic
temperature drop. Dimethylsulfoxide (DMSO) is a form of
cryoprotectant that is often utilized. Cryoprotectants such

136

as DMSO can infiltrate cells. DMSO acts by limiting cell
dehydration and preventing the development of ice in the
extracellular environment.?’

Different cell conditions and sources may be affected
differently by the cryopreservation method. Cryopreservation
may lessen MSCs capacity for immunomodulation.?® In
contrast, hematopoietic stem cells can continue functioning
and not significantly lose their potency even after being
frozen for ten years.” Differences in the stages leading up to
cryopreservation and the stage of cell resuscitation may be
the source of the variety of effects of the technique.’* Before
cryopreservation, the settings for cell development can also
impact how well cells perform, one of which is the culture
dimension. Given the influence of 2D culture, which does
not accurately reflect the natural environment and can alter
the cell phenotype, 3D culture is anticipated to lessen the
detrimental effects of cryopreservation on MSCs.

Studies regarding cryopreservation effect on 3D
culture MSCs are still limited. The cryopreservation method
of 3D-cultured MSCs may vary and may result in different
outcome. There is a difference between preserving MSCs
after 3D culture in cell suspension and preserving MSCs
after 3D culture using its 3D platform. A study reported a
significant difference between preserving MSCs in freely
suspended colonies and preserving MSCs on microcarriers.
MSCs preserved on microcarriers exhibit higher recovery
post-thawing compared to freely suspended colonies of
MSCs.*! Another recent study conducting cryopreservation
of MSCs in self-produced extracellular matrix (ECM)
showed a retained 3D structure of ECM and did not
exhibit a decline in viability.** These studies summarize
that involving 3D platform in the MSCs cryopreservation
process may improve cell recovery as well as maintain
cell structure.
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Long-term expansion of MSCs

The sources of MSCs are known to be relatively abundant,
one of which is the umbilical cord.** However, tissue
isolation often yields a small number of cells, whereas
MSCs treatment calls for a large number. To achieve their
therapeutic benefits, some illnesses and patients require up
to hundreds of millions of cell counts.** Thus, an in vitro
expansion procedure is necessary to use MSCs in therapeutic
applications.®

The expansion process is an in vitro method to increase
the number of cells. The passage number is a phrase used in
this procedure to estimate cell age.*® The passage rate begins
at a low value once the cells are successfully isolated, then
as the cell is subcultured, the passage rate increases. As a
result, long-term growth will cause a rise in the passage
rate, which indicates that cells are aging. Although the
MSCs passage rate utilized for clinical applications varies,
low passage rates, such as passage 3-5, are desirable. The
consequences of replicative cell exhaustion, including
reduced proliferation, morphological alterations, and the
appearance of age markers, are brought on by long-term
growth.®

The culture dimension in which MSCs are cultured
also affect their function as well as performace. The
expression of several genes involved in the fundamental
function of MSC, such as vascular endothelial growth
factor (VEGF), dimerized fibroblast growth factor (dFGF),
bone morphogenetic protein 2 (BMP2) and C-X-C motif
chemokine ligand 5 (CXCLS5) decreased in 2D-cultured
MSCs and increased with time. In contrast, the gene
expression in 3D-cultured MSCs increased significantly.
In other words, following prolonged extension, 3D culture
can avoid a decline in the expression of genes involved
in the fundamental function of MSCs."" Another study
showed that adipose derived-mesenchymal stem cells (AD-
MSCs) cultured in fibroblast-derived extracellular matrix
downregulate senescence-related genes pl16 and p21.%7 Up
until now, there is still little evidence regarding the effect of
senescence in long-term expansion of stem cell comparing
2D and 3D culture.

Mesenchymal stem cell in 3D culture

The 3D cell culture has been evolving and improving cell
biology analysis starting from in vifro experiments, cancer
studies, to drug delivery models.”® This culture method
resembles real environment where mechanisms of actions of

Stem Cell in 3D Culture Diminishes Cell Senescence

cells take place in the living organism.? Therefore, various
studies have shown that MSCs cultured in 3D environment

exhibit higher stemness genes®

, sustain immune regulatory
functions®, promote cell yield*, as well as supress cell
senescence'!.

Regarding cell form, physical contact between
cells, and the level of gene expression, 3D culture is more
accurate in simulating the cell environment in vivo. Cells
in a 3D environment can appear like cells in a natural
3D environment. In a 3D environment, there are cell-
cell interactions which enhance cell-cell communication,
furthermore increase the gene expression level in cells in
vivo and in 3D-cultured cells.** Therefore, the performance
and function of MSC may be maintained in a setting that
more closely reflects the natural environment.*' Using
3D culture is also beneficial in cell yield compared to 2D
culture.? If large scale manufacturing of MSCs is intended,
the 3D culture approach may be an alternative. Furthermore,
in 3D cultures, many desired cellular properties are retained
or even enhanced, enhancing their utility in fundamental
and translational research.* The summary of several studies
using 3D culture for MSCs and their outcome on cell aging
are described in Table 2.

Various 3D platforms are now being developed for
MSCs culture starting from hydrogels®, extracellular matrix
(ECM)*, scaffolds®, spheroid*, to microcarriers® (Figure 3).
There are static and dynamic 3D platform types, and for each
type different culture technique are applied. ECM, scaffolds,
and hydrogels can be applied for static 3D platforms, while
spheroid and microcarriers can be applied for dynamic.*¢
Compared to 2D culture, 3D culture technique has distinct
and challenging cultivation process because of its three-
dimensional environment. For example, MSCs cultured on
microcarrier should be completely attached at the beginning
and this requires procedure optimization to make sure all
cells are attached.* Meanwhile, the 2D culture process is
simpler because of its bidemensional environment. It is
clear to see that 2D culture has an uncomplicated cultivation
process but unfortunately, is inaccurate in mimicking MSCs
natural environment.”® Despite the challenges and other
shortcomings, 3D culture is definitely an option to develop
more specific and targeted MSCs for therapies seeing that
the benefit is greater than 2D.

Alongside the ability to mimick real environment, 3D
culture is known to enhance cell differentiation as well. The
differentiation potential of MSCs cultured in a 3D platform
is demonstrated by the strong expression of differentiation
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Table 2. Studies using 3D culture system in stem cells and its outcome on senescence.

Cell Type 3D Culture System Cultureware Type Outcome Reference
AD-MSCs Hydrogel 6 well plate 3D culture has the potential to improve senescence- 12
related alterations.
hUC-MSCs Bone Matrix-Mimicking Culture dish The scaffold can preserve the stemness and youth of 11
Scaffold expanded hUC-MSCs
UC-MSCs Honey Nanofibre Well plates PVA:honey substrate can reduce ROS and 52
Extracellular Matrix senescence markers in UC-MSCs
ASCs Spheroid Ultralow culture flask Upregulation of stemness and telomere maintenance 37
ASCs Hydrogel 6 well plate No significant increase in senescence over time of 23
3D culture ASCs
EMSCs Spheroid Culture plate EMSC:s in spheriod result in slower senescence 49
than EMSCs in monolayer
hMSCs Dissolvable microcarriers  Spinner flask Low indications in senecence phenotype 53
Ad-MSCs Fibroblast-derived Culture dish Decreased expression of senescence-associated 35

extracellular matrix

genes pl6 and p21

AD-MSC: adipose derived-mesenchymal stem cell; hUC-MSC: human umbilical cord-mesenchymal stem cell; UC-MSC:

umbilical cord-mesenchymal stem cell; ASC: adipose stem cells; EMSC: embryonic derived-mesenchymal stem cells;

hMSC: human mesenchymal stem cells; Ad-MSC: adipose derived-mesenchymal stem cells.

genes such the osteocyte marker protein gene RUNX2, ALP,
and Osterix/SP7. Additionally, chondrocyte cell transcription
regulating proteins such as SOX9, SOXS5, and SOX6 were
expressed after MSCs growth utilizing microcarriers,
together with greater levels of the chondrogenic extracellular
matrix indicator COL2A1.* These proteins mainly indicate
a chondrogenic differentiaion in MSCs. In contrast, MSCs
grown with a microcarrier had decreased expression of the
adipocyte cell marker protein gene, peroxisome proliferator-
activated receptor 2 (PPAR2).* MSCs in 3D culture can
still maintain the International Society of Cell and Gene
Therapy (ISCT) requirements, particularly the expression of
the marker proteins CD73, CD90, and CD105.* These are
specific surface proteins for identification of MSCs where
CD73 acts to identify multipotent potential of MSCs, CD90
involved in cell-cell and cell-matrix interaction, while
CD105 is a protein marker for vascularization potential of
MSCs.¥
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Due to different types of 3D models, different results in
cell senescence have been found. Embryonic mesenchymal
stem cells (EMSCs) grown in spheroids displayed a lower
B-galactosidase activity as much as 25% at passage 8, while
EMSCs in 2D culture showed higher activity, approximately
37.5% at the same passage.”® Another study using adipose
mesenchymal stem cells (ASCs) cultured in hydrogel
scaffold exhibited below 10% of B-galactosidase activity
at passage 10, while ASCs in 2D culture displayed higher
up to 22.5% at the same passage.” Based on these studies,
different senescence result may be obtained from different
3D models. Three-dimensional culture with scaffold may
prevent mesenchymal stem cell senescence.

To summarize, most of the stem cells cultured in 3D
platforms result in delayed senescence with increased stem
cell properties. This culture method is very promising for
stem cell industry to produce a better quality of stem cell
products for clinical therapy. However, it still needs in

Figure 3. Examples of 3D
cell culture. A: hydrogel, B:
extracellular matrix (ECM),
C: spheroid, D: scaffold, E:
microcarriers.
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depth study regarding the difference of 3D platforms since
each type of the platforms may show different outcomes.
Additionally, stem cell types from different sources may
also contribute to variability of the results and therefore this
needs a comprehensive study. In summary, there are several
methods to influence cell senescence, such as moving from
2D to 3D culture, in order to get better outcomes in stem cell
therapies.

Conclusion

The production process may have impact on MSCs. Several
factors such as culture dimension, cryopreservation process,
and long-term expansion of the cells may contribute to
cell aging or senescence. Senescence can influence MSCs
properties both in vivo and in vitro, which has substantial
therapeutic and safety consequences. Numerous studies
using the 3D culture approach have demonstrated improved
results regarding MSCs features and age profiles. Therefore,
3D culture for stem cells may be a promising culture
technique to produce sustained and healthy MSCs. This may
lead to successful stem cell therapies as a result of utilizing
non-senescent MSCs.

Authors Contribution

SF, RA, and CRS were involved in planning, drafted the
manuscript, and designed the figures. All authors discussed
the results and commented on the manuscript.

References

1. Manoharan R, Kore RA, Mehta JL. Mesenchymal stem cell treatment
for hyperactive immune response in patients with COVID-19.
Immunotherapy. 2022; 14(13): 1055-65.

2. Bartolucci J, Verdugo FJ, Gonzalez PL, Larrea RE, Abarzua E, Goset
C, et al. Safety and efficacy of the intravenous infusion of umbilical
cord mesenchymal stem cells in patients with heart failure: A phase
1/2 randomized controlled trial (RIMECARD trial [Randomized
clinical trial of intravenous infusion umbilical cord mesenchymal
stem cells on cardiopathy]). Circ Res. 2017; 121(10): 1192-204.

3. Brizuela C, Meza G, Urrejola D, Quezada MA, Concha G, Ramirez
V, et al. Cell-based regenerative endodontics for treatment of
periapical lesions: A randomized, controlled phase I/II clinical trial.
J Dent Res. 2020; 99(5): 523-9.

4. Park EH, Lim HS, Lee S, Roh K, Seo KW, Kang KS, et al. Intravenous
infusion of umbilical cord blood-derived mesenchymal stem cells
in rheumatoid arthritis: A phase ia clinical trial. Stem Cells Transl
Med. 2018; 7(9): 636-42.

5.  Dini T, Nugraha Y, Revina R, Karina K. Safety and Efficacy of
mesenchymal stem cells in burn therapy: Systematic review. Mol
Cell Biomed Sc. 2022; 6(3): 104-16.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

Stem Cell in 3D Culture Diminishes Cell Senescence

Widowati W, Faried A, Kusuma HSW, Hermanto Y, Harsono
AB, Djuwantono T. Allogeneic mesenchymal stem cells and its
conditioned medium as a potential adjuvant therapy for COVID-19.
Mol Cell Biomed Sci. 2023; 7(1) :1-9.

Hoggatt J, Kfoury Y, Scadden DT. Hematopoietic stem cell niche in
health and disease. Annu Rev Pathol. 2016; 11: 555-81.

Wiese DM, Braid LR. Transcriptome profiles acquired during cell
expansion and licensing validate mesenchymal stromal cell lineage
genes. Stem Cell Res Ther. 2020; 11(1): 357. doi: 10.1186/s13287-
020-01873-7.

Pawitan JA, Goei N, Liem IK, Mediana D. Effect of cryopreservation
and cumulative population doublings on senescence of umbilical
cord mesenchymal stem cells. Int J Pharmtech Res. 2017; 10(2):
109-13.

LiuJ, Ding Y, Liu Z, Liang X. Senescence in mesenchymal stem cells:
Functional alterations, molecular mechanisms, and rejuvenation
strategies. Front Cell Dev Biol. 2020; 8: 258. doi: 10.3389/
fcell.2020.00258.

Su X, Jing H, Yu W, Lei F, Wang R, Hu C, ef al. A bone matrix-

simulating scaffold to alleviate replicative senescence of
mesenchymal stem cells during long-term expansion. J Biomed
Mater Res A. 2020; 108(9): 1955-67.

Yin Q, Xu N, Xu D, Dong M, Shi X, Wang Y, et al. Comparison of
senescence-related changes between three- And two-dimensional
cultured adipose-derived mesenchymal stem cells. Stem Cell Res
Ther. 2020; 11(1): 226. doi: 10.1186/513287-020-01744-1.

Pollock K, Sumstad D, Kadidlo D, McKenna DH, Hubel A. Clinical
mesenchymal stromal cell products undergo functional changes in
response to freezing. Cytotherapy. 2015; 17(1): 38-45.

Banfi A, Bianchi G, Notaro R, Luzzatto L, Cancedda R, Quarto R.
Replicative aging and gene expression in long-term cultures of
human bone marrow stromal cells. Tissue Eng. 2002; 8(6):
901-10.

Rossi M, Abdelmohsen K, Malavolta M, Beltrami AP. The emergence
of senescent surface biomarkers as senotherapeutic targets. Cells.
2021; 10(7): 1740; doi: 10.3390/cells10071740.

Muiioz-Espin D, Serrano M. Cellular senescence: From physiology to
pathology. Nat Rev Mol Cell Biol. 2014; 15(7): 482-96.

LiY, Wu Q, Yujia W, Li L, Bu H, Bao J. Senescence of mesenchymal
stem cells. Int J Mol Med. 2017; 39(4): 775-82.

Al-Azab M, Safi M, Idiiatullina E, Al-Shaebi F, Zaky MY. Aging
of mesenchymal stem cell: Machinery, markers, and strategies of
fighting. Cell Mol Biol Lett. 2022; 27(1): 69. doi: 10.1186/s11658-
022-00366-0.

Boulestreau J, Maumus M, Rozier P, Jorgensen C, Noél D.
Mesenchymal stem cell derived extracellular vesicles in aging.
Front Cell Dev Biol. 2020; 8: 107. doi: 10.3389/fcell.2020.00107.

Kurogi H, Takahashi A, Isogai M, Sakumoto M, Takijiri T, Hori
A, et al. Umbilical cord derived mesenchymal stromal cells in
microcarrier based industrial scale culture sustain the immune
regulatory functions. Biotechnol J. 2021; 16(6): ¢2000558. doi:
10.1002/biot.202000558.

Soto-Gamez A, Demaria M. Therapeutic interventions for aging: the
case of cellular senescence. Drug Discov Today. 2017; 22(5): 786—
9s.

Nicolas J, Magli S, Rabbachin L, Sampaolesi S, Nicotra F, Russo L.
3D extracellular matrix mimics: Fundamental concepts and role of
materials chemistry to influence stem cell fate. Biomacromolecules.
2020; 21(6): 1968-94.

139



Molecular and Cellular Biomedical Sciences, Vol.7 No.3, November 2023, p.109-67

23.

24.

25.

26.

217.

28.

29.

30.

32.

33.

34.

35.

36.

140

McKee C, Chaudhry GR. Advances and challenges in stem cell
culture. Colloids Surf B Biointerfaces. 2017; 159: 62-77.

Jensen C, Teng Y. Is it time to start transitioning from 2D to
3D cell culture? Front Mol Biosci. 2020; 7: 33. doi: 10.3389/
fmolb.2020.00033.

Hodge JG, Robinson JL, Mellott AJ. Novel hydrogel system
eliminates subculturing and improves retention of nonsenescent
mesenchymal stem cell populations. Regenerative Med. 2023;
18(1): 23-36.

Marquez-Curtis LA, Janowska-Wieczorek A, McGann LE, Elliott
JA. Mesenchymal stromal cells derived from various tissues:
Biological, clinical and cryopreservation aspects. Cryobiology.
2015; 71(2): 181-97.

Moll G, Alm JJ, Davies LC, Von Bahr L, Heldring N, Stenbeck-Funke
L, et al. Do cryopreserved mesenchymal stromal cells display
impaired immunomodulatory and therapeutic properties? Stem
Cells. 2014; 32(9): 2430-42.

Lysak D, Brychtova M, Leba M, Cedikova M, Georgiev D, Jindra
P, et al. Long-term cryopreservation does not affect quality
of peripheral blood stem cell grafts: A comparative study of
native, short-term and long-term cryopreserved haematopoietic
stem cells. Cell Transplant. 2021; 30: 9636897211036004. doi:
10.1177/09636897211036004.

Bahsoun S, Coopman K, Akam EC. The impact of cryopreservation
on bone marrow-derived mesenchymal stem cells: A systematic
review. J Transl Med 2019; 17: 397. doi: 10.1186/s12967-019-
02136-7.

Vaquero J, Zurita M, Rico MA, Aguayo C, Bonilla C, Marin E, et al.
Intrathecal administration of autologous mesenchymal stromal cells
for spinal cord injury: Safety and efficacy of the 100/3 guideline.
Cytotherapy. 2018; 20(6): 806-19.

Nie Y, Bergendahl V, Hei DJ, Jones JM, Palecek SP. Scalable
culture and cryopreservation of human embryonic stem cells on
microcarriers. Biotechnol Prog. 2009; 25(1): 20-31.

Motoike S, Kajiya M, Komatsu N, Takewaki M, Horikoshi S,
Matsuda S, et al. Cryopreserved clumps of mesenchymal stem
cell/extracellular matrix complexes retain osteogenic capacity and
induce bone regeneration. Stem Cell Res Ther. 2018; 9: 73. doi:
10.1186/513287-018-0826-0.

Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini
FC, Krause DS, et al. Minimal criteria for defining multipotent
mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy. 2006; 8(4): 315-7.

Sareen N, Sequiera GL, Chaudhary R, Abu-El-Rub E, Chowdhury
SR, Sharma V, et al. Early passaging of mesenchymal stem cells
does not instigate significant modifications in their immunological
behavior. Stem Cell Res Ther. 2018; 9: 121. doi: 10.1186/s13287-
018-0867-4.

Yang YHK. Aging of mesenchymal stem cells: Implication in
regenerative medicine. Regen Ther. 2018; 9: 120-2.

Hayflick L. The limited in vitro lifetime of human diploid cell strain.
Exp Cell Res. 1965; 37: 614-36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Print ISSN: 2527-4384, Online ISSN: 2527-3442
DOI: 10.21705/mcbs.v7i3.360

Dzobo K, Turnley T, Wishart A, Rowe A, Kallmeyer K, van
Vollenstee FA, et al. Fibroblast-derived extracellular matrix
induces chondrogenic differentiation in human adipose-derived
mesenchymal stromal/stem cells in vitro. Int J Mol Sci. 2016; 17(8):
1259. doi: 10.3390/ijms17081259.

Saydé T, Hamoui O El, Alies B, Gaudin K, Lespes G, Battu S.
Biomaterials for three-dimensional cell culture: From applications
in oncology to nanotechnology. Nanomaterials. 2021; 11(2): 481.
doi: 10.3390/nano11020481.

Di Stefano AB, Grisafi F, Perez-Alea M, Castiglia M, Di Simone M,
Meraviglia S, et al. Cell quality evaluation with gene expression
analysis of spheroids (3D) and adherent (2D) adipose stem cells.
Gene. 2021; 768: 145269. doi: 10.1016/j.gene.2020.145269.

LiY, Guo G, Li L, Chen F, Bao J, Shi Y jun, ef al. Three-dimensional
spheroid culture of human umbilical cord mesenchymal stem cells
promotes cell yield and stemness maintenance. Cell Tissue Res.
2015; 360(2): 297-307.

Gholizadeh-Ghaleh Aziz S, Pashaiasl M, Khodadadi K, Ocheje O.
Application of nanomaterials in three-dimensional stem cell culture.
J Cell Biochem. 2019; 120(11): 18550-8.

Bartosh TJ, Ylostalo JH. Efficacy of 3D culture priming is maintained
in human mesenchymal stem cells after extensive expansion of the
cells. Cells. 2019; 8(9): 1031. doi: 10.3390/cells8091031.

Gong X, Sun D, Li Z, Shi Q, Li D, Ju X. Three-dimensional culture
of umbilical cord mesenchymal stem cells effectively promotes
platelet recovery in immune thrombocytopenia. Biol Pharm Bull.
2020; 43(7): 1052—60.

Guo L, Zhou Y, Wang S, Wu Y. Epigenetic changes of mesenchymal
stem cells in three-dimensional (3D) spheroids. J Cell Mol Med.
2014; 18(10): 2009-19.

Loubiere C, Sion C, De Isla N, Reppel L, Guedon E, Chevalot I, ez
al. Impact of the type of microcarrier and agitation modes on the
expansion performances of mesenchymal stem cells derived from
umbilical cord. Biotechnol Prog. 2019; 35(6): €2887. doi: 10.1002/
btpr.2887.

Alhaque S, Themis M, Rashidi H. Three-dimensional cell culture:
From evolution to revolution. Philos Trans R Soc Lond B Biol Sci.
2018; 373(1750): 20170216. doi: 10.1098/rstb.2017.0216.

Lin YM, Lim JF, Lee J, Choolani M, Chan JK, Reuveny S, et
al. Expansion in microcarrier-spinner cultures improves the
chondrogenic potential of human early mesenchymal stromal cells.
Cytotherapy. 2016; 18(6): 740-53.

Tseng PC, Young TH, Wang TM, Peng HW, Hou SM, Yen ML.
Spontaneous osteogenesis of MSCs cultured on 3D microcarriers
through alteration of cytoskeletal tension. Biomaterials. 2012;
33(2): 556-64.

Lin CS, Xin ZC, Dai J, Lue TF. Commonly used mesenchymal stem
cell markers and tracking labels: Limitations and challenges. Histol
Histopathol. 2013; 28(9): 1109-16.

Yan L, Jiang B, Li E, Wang X, Ling Q, Zheng D, et al. Scalable
generation of mesenchymal stem cells from human embryonic stem
cells in 3D. Int J Biol Sci. 2018; 14(10): 1196-210.



