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Preface

The need for effective translation in the field of stem cells is demonstrated by the 
small number of products on the market. This means a constant need to carry out 
basic research and to manipulate the properties of stem cells in such a way as to 
maximize their therapeutic effect while maintaining an appropriate level of safety 
of therapy. Thus, there is a serious disproportion between the demand and pressure 
from the patient and medical community and the ability of the market to provide 
safe and effective stem cell-based products. Mesenchymal stem cells (MSCs) are 
currently the most used type of stem cells in clinical trials. MSCs, also known as 
mesenchymal stromal cells [1] or medical signal cells [2], are adult stem cells with 
regenerative properties such as self-renewal, secretion of trophic factors, and ability 
to differentiate into other mesodermal lines. MSCs can also migrate and colonize 
the damaged site and secrete a number of trophic factors, modulating the immune 
system, influencing the microenvironment around damaged tissues, and improving 
endogenous tissue repair, thus offering a wide perspective in cell therapies. Therefore, 
MSCs are widely used in clinical trials. However, to date, several constraints have been 
identified in the development of clinical trials in stem cells [3]. The lack of knowl-
edge, which led to the premature termination of several studies, can be considered 
obvious. However, there are many smaller but equally important obstacles. First, the 
quality of the obtained stem cells is important, which is influenced by many factors, 
such as selected isolation and culture methods. According to current data, MSCs 
are heterogeneous fractions that may contain a different fraction of “regenerative” 
cells. In addition, individual variability (e.g., sex, age, medical history, etc.) plays an 
important role here. Therefore, when choosing cells for a clinical trial, all parameters 
should be considered. In the clinicaltrials.gov database, there are three types of com-
mon sources of MSCs used in clinical trials, with almost 500 studies on bone marrow 
mesenchymal cells, more than 400 studies on adipose-derived mesenchymal cells, 
and almost 400 studies on umbilical cord mesenchymal cells. In addition, there are 
studies on mesenchymal cells isolated from the amniotic membrane [4]. Although 
the topic of mesenchymal cells isolated from hair follicles is extremely popular, there 
is not a single study on their clinical use in the database. MSCs can be isolated from 
virtually any tissue, however, for clinical use, a source is needed that provides a suf-
ficient amount that is not defined by top-down standards, which makes MSC research 
very heterogeneous in terms of the number of cells applied. More than 800 studies on 
MSCs have been registered as phase I studies, although these calculations are subject 
to error in the form of registration of some studies in the phase I/II scheme. However, 
the number of studies does not translate to the number of products available to 
patients. This illustrates the constant need for research on stem cells and their shifting 
and  reprogramming properties, which we cover in this book.

This book also examines issues of preparation and preservation of MSCs in trans-
lational research. Chapters describe organoids, nanotechnology, and exosomes. 
Exosomes isolated from MSCs have biological functions like those of MSCs, thus 
leading to tissue regeneration by encapsulating and transferring active biomolecules 



such as peptides, proteins, and RNA to diseased cells/tissues [5]. However, the use of 
MSC exosomes in clinical trials is limited due to the lack of established cell culture 
conditions and optimal protocols. Organoids from MSCs provide the appropriate 
functions and functionalities of the original native organs, which is essential for 
therapeutic application and drug screening [6]. Chapters also cover such topics as 
female germline stem cells, which are of particular importance in the face of growing 
fertility problems [7].

In the section on clinical applications, chapters discuss novel indications for stem cells 
and examine ethical concerns in stem cell research. They discuss induced pluripotent 
stem cells and targeting cancer stem cells. The clinical introduction of stem cells in 
pelvic floor disorders is presented as an example of practical application of stem cell 
therapy in an area that cannot be covered by other therapies.

This edited volume covers a wide diversity of problems, solutions, and translational 
issues that may accelerate future stem cell research.

Diana Kitala
Medical Research Agency,

Warsaw, Poland
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Chapter 1

Membrane-to-Nucleus Signaling in
Human Blood Progenitor Cells
Reveals an Efficient GM-Free
Reprogramming to Pluripotency
Zorica A Becker-Kojić, José Manuel García-Verdugo,
Anne-Kathrin Schott, Vicente Herranz-Pérez,
Ivan Zipančić and Vicente Hernández-Rabaza

Abstract

The generation of induced pluripotent stem cells (iPSCs) by forced expression of
defined transcription factors has revolutionized regenerative medicine. These cells have
similar features to embryonic stem cells (ESCs) regarding self-renewal and their ability
to differentiate into any cell type in the body. In spite of many improvements, in using
nonviral delivery reprogramming methods, there are still challenges to overcome
regarding safety before patient-made iPSCs can be used in regular clinical practice. We
have recently reported about a gene manipulation-free method of generating human
pluripotent stem cells (PSCs), based on activation of the novel human GPI-linked
glycoprotein ACA. The process of dedifferentiation of blood progenitor cells that leads
to the generation of blood-derived pluripotent stem cells (BD-PSCs) is initiated upon
cross-linking of this protein via activation of PLCγ/PI3K/Akt pathway. These cells are
mortal, express pluripotent markers, and redifferentiate in vitro into cells of all three
germ layers. The ultrastructural analysis of BD-PSCs, by means of electron microscopy,
revealed them similar to human ESCs with large dense nucleolus and scarce cytoplasm.
BD-PSCs are autologous stem cells and while nonteratogenic offer a new alternative that
overcomes immunological, ethical, and safety concerns and opens up a new avenue in
treating contemporarily intractable diseases and generally in human therapeutics.

Keywords: blood progenitor cells, membrane signaling, dedifferentiation,
pluripotency, redifferentiation

1. Introduction

Human induced pluripotent stem cell (iPSC) technology has paved the way for
new possibilities to investigate and potentially cure diseases. The iPSCs derived from
patients can be used in at least two ways: regenerative medicine and drug discovery,
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for example, screening chemicals, natural compounds, and derivatives to identify
drug candidates. This new technology promises to provide a powerful tool for model-
ing human pathology that allows for investigation and understanding of the underly-
ing mechanisms and causes of various human diseases. Particularly, disease-specific
iPSCs are of great potential for disease modeling and therapeutic benefits [1, 2].

iPSCs have characteristics of human embryonic stem cells (ESCs), including
pluripotency and potentially unlimited self-renewal. During the last decade, patient-
made iPSCs have been differentiated into a variety of functional cell types in vitro and
are expected to reconstruct disease phenotypes, as already demonstrated in several
animal disease models [3].

Originally, iPSCs were generated by retroviral transduction of four specific tran-
scription factors, Oct3/4, Sox2, Klf4, and cMyc or Oct3/4 Sox2/Nanog/LIN, using
retroviral or lentiviral vectors [4, 5]. Later, lentivirus was the preferred delivery
method, since, unlike retrovirus can infect proliferating and nondividing cells. Viral
vectors for iPSC generation are very effective for integrating exogenous genes into the
genome of somatic cells; however, they could be permanently integrated into the cell’s
genome, which generates serious concerns about changes in cell behavior and there-
fore, limiting their use in patients [6].

Despite the fact that iPSCs, as well as ESCs, are being proclaimed to have a great
advantage as a source of stem cells that can be used in regenerative medicine, the
ultimate goal to use them in clinical practice has not been achieved.

Cells convert one kind of signal into another through a process called signal
transduction. This mechanism comprises the coupling of a ligand-receptor interaction
to many intracellular events. These events include phosphorylation by tyrosine
kinases and/or serine/threonine kinases. Differential localization of protein that
participates in signaling pathways is essential for cells to respond efficiently to
changes in their environment. In the plasma membrane, such compartmentalization is
performed through lipid rafts [7] that are enriched in cholesterol, sphingolipids, and
GPI-anchored proteins. During the signaling processes, various lipids are phosphory-
lated, recruited, and activated by different signaling components, which are essential
for the regulation of cell survival and growth.

PI3Ks are a family of intracellular signal transducer enzymes involved in a variety
of cellular functions like growth proliferation and differentiation. These enzymes are
capable of phosphorylating position 3 of the inositol ring of phosphatidylinositol
(PtdIns), and this lipid modification initiates a set of events that leads to cell activa-
tion and growth [8].

We have recently shown that human GPI-linked glycoprotein ACA, expressed in
all adult stem cells, including hESCs, is involved in developmental process, which
shapes the human embryo and controls adult stem cell compartments. Activation by
this protein on the membrane of human blood progenitor cells drives membrane-to-
nucleus signaling pathways, thus regulating pluripotency [9].

We investigate here the signaling machinery behind the antibody cross-linking
activation of GPI-linked membrane glycoprotein ACA that drives the immature blood
progenitor cells to pluripotency and the capacity of these cells to redifferentiate into
cells belonging to different germ layers.

The newly generated human blood-derived (BD-PSCs) as well as their rediffer-
entiated progeny was assessed by the methods of immunocytochemistry (ICC), flow
cytometry, and electron microscopy (EM). Signaling competence of ACA receptor
was analyzed by studying the phosphorylation pattern and real-time analysis of
developmentally relevant genes, such as NOTCH, WNT, CTNNB, C-KIT, and others.
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2. Materials and methods

2.1 Cell cultures

Human mononuclear cells (MNCs) were isolated from peripheral blood (PB) sam-
ples obtained from healthy donors. All of the human blood samples were used after
obtaining written informed consent from the donors. PBMNCs were isolated by density
gradient centrifugation using Ficoll and activated by specific antibody cross-linking as
described elsewhere. Briefly, 6�106 MNCs in a 15 ml polystyrol tube were incubated for
30 min with antibody (30 μg/mL in 1% PBS/BSA) to GPI-linked membrane protein
ACA and further cultured and maintained in suspension in Iscove’s modified Dulbecco’s
medium (IMDM) supplemented with 10% FBS (Gibco Life Technology, Grand Island,
NY), 0.1 mM nonessential amino acids (NEAA), 1 mM L-glutamine (all from
Invitrogen, Carlsbad CA). The cells were taken at different time points for
immunophenotyping (IP) by flow cytometry, ICC, and western blot (WB) analysis.

For growing of human ESCs line H9 (Wi Cell Inc., Medison, Wi) on feeder cells,
mouse embryonic fibroblasts (MEFs), obtained from mouse strain CF-1 (American
Type Culture Collection Manassas, VA, USA) mitotically inactivated by radiation
were prepared according to standard protocol and approved (07-WO25) by the ethics
committee established at Príncipe Felipe Centro de Investigación (CIPF) in Valencia
(Spain), where these experiments were conducted. Human ES cells were placed on a
freshly prepared MEF layer and further cultivated in ESC medium consisting of
Knockout-DMEM (Invitrogen, Carlsbad CA), 100 μM β-mercaptoethanol (Sigma, St
Lois), 1 mM L-glutamine (Invitrogen), 1% penicillin/streptomycin (Invitrogen) and
8 ng/ml bFGF (Invitrogen), or in condition media (see below). The medium was
changed every other day. Recovery of pluripotent phenotype of the differentiated H9
cells line was done by cross-linking the membrane of these cells with a GPI protein-
specific antibody. Cells were maintained in IMDM supplemented with 10% FBS.

The culture of BD-PSCs on feeder-free culture dishes was performed to assess the
expression of hESC markers by means of immunofluorescence. For that purpose, BD-
PSCs were grown in MEF-conditioned media supplemented with 8 ng/ml bFGF on
culture dishes coated with Matrigel 1:30 (BD Bioscience, Franklin Lakes, NJ).

MNCs isolated from PB were cultured in Iscove’s media supplemented with 10%
FBS, preincubated with the inhibitors Et-18-CH3 (ET) at 50 μM, LY 294002 (LY) at
20 μM or ET + LY purchased from Calbiochem (USA) for 1 h, and after activation in
the presence of inhibitors cultured at 37°C, as specified. After labeling with CD34APC,
CD45FITC (BD Pharmingen), and CD14PE (eBioscience), the generation of CD34
cells was daily assessed by multiple flow cytometry analyses. The nonviable cells were
excluded after performing a propidium iodide (PI) assay. Conjugated isotype-
matched irrelevant antibodies were used as controls.

Antibodies to SSEA-4 and TRA-1-81 purchased by Chemicon (Temecula, CA)
labeled with phycoerythrin (PE) were used for phenotypic analysis of pluripotent
markers expressed on BD-stem cells by means of flow cytometry. Gating was done
with matched isotype control monoclonal antibodies. Conjugated isotype-matched
irrelevant mAbs were used as controls.

2.2 BD-PSCs differentiation toward neuronal and hepatic cells

Differentiation to neuronal lineages was adapted from previously described
protocol [10]. Briefly, BD-PSCs were grown on glass coverslips coated with 1:5 diluted
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poly-L-ornithin/laminin for 2 days in neuronal initiating medium N2, followed by
neuronal differentiation medium (Neurobasal medium, L-glutamin, B27 supplement,
nonessential amino acids (NEAA), recombinant human glial-derived neurotrophic
factor (GDNF), recombinant human brain-derived neurotrophic factor (BDNF), and
ascorbic acid solution. The cells were grown at 37°C, 5% CO2 for 1�30 days. Cells were
taken at D8, D20, and D30 for ICC analysis.

Differentiation of BD-PSCs toward endoderm/hepatocytes was performed on
Biolaminin 111 (Biolamina Sundbyberg, Sweden) treated glass coverslips in
KSR/DMSO media consisting of 80% of knockout DMEM media (KO-DMEM), 20%
knockout serum replacement, 0.5% NEAA (all from Invitrogen), 0.1%
β-mercaptoethanol, 1% DMSO (Sigma), and 1% penicillin–streptomycin for 7 days,
followed by culturing cells in HepatoZYME maturation medium, 1% glutamax, 10 μM
hydrocortisone 21-hemisuccinate sodium salt (HCC) (Biomol, Hamburg, Germany),
supplemented with 10 ng/mL hepatocyte growth factor (HGF) (Life Technology) and
2 ng oncostatin M (OSM) (Biotechne), for additional 2 weeks. The cells were taken at
D7 and D21 for ICC analysis.

2.3 Cell culture, inhibition, and western blot analysis

MNCs isolated from PB were cultured in Iscove’s media supplemented with 10%
FBS, preincubated with the inhibitors ET at 50 μM, LY at 20 μM, and PD098059 (PD)
at 10 μM, or (ET + LY + PD) purchased from Calbiochem (USA) for 1 h, and after
activation in the presence of inhibitors cultured at 37°C, 5% CO2. Cell-free extracts of
these cells were subjected to western blot analysis. Nonactivated MNCs were used as
controls.

2.4 Western immunoblotting

Cell lysis, protein extraction, and western blot analysis of ACA-activated PBMNCs
vs. nontreated samples were performed as described elsewhere [9, 11]. Briefly, cells
were lysed in Triplex buffer (50 mM Tris HCl pH 8, 120 mM NaCl, 0.1% SDS, 1%
Nonidet P-40, and 0.54% deoxycholate), 300 μg of protein extracts were submitted to
electrophoresis by using 10% SDS-PAGE. Immunodetection was performed by using
appropriate primary antibodies followed by incubation with HPR-conjugated second-
ary antibodies (all purchased by cell Signaling technology, GAPDH antibody by Santa
Cruz biotechnology). ECL Western blotting substrate (Pierce) was used for the
detection of proteins on PVDF.

2.5 Quantitative PCR analysis

Total RNA was extracted from cells using TRIzol (Invitrogen) and transcribed
into cDNA using oligo (dT) 16 and ReverTra Ace reverse transcriptase. PCR
reactions were carried out by mixing 1 μL of cDNA template, 250 nM of each
primer, 200 μM dNTP mixture, and 1 U of Taq DNA polymerase in a total volume
of 20 μL. Samples were amplified in a thermocycler. For qPCR, each sample was
analyzed in triplicate with GADH as the internal control. Amplification data were
collected using ABI PRISM 7900 and analyzed using the sequence detection system
2.0 software. The primers and TaqMan probes used in this experiment are
presented in Table 1.
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2.6 Immunocytochemistry (ICC)

Immunofluorescence analysis of cells growing on Matrigel (Corning CA) was first
performed to evaluate the presence of pluripotent stem cell markers, such as SSEA-4,
TRA-1-60, and TRA-1-81. All antibodies were purchased by chemicon. Secondary PE
or Alexa Fluor 488 labeled antibody (Life Technology, Carlsbad CA) was used to
reveal the expression of pluripotent markers on BD-PSCs.

Activated PBMNCs growing in suspension were taken at different time points dur-
ing culture time period from D1�D14, transferred on glass coverslips, coated with Poly-
L-lysine (Sigma-Aldrich St. Louis, USA), and the acquisition of pluripotent markers,
TRA-1-60, SOX2, NANOG, and OCT3/4 monitored by means of ICC. Cells were fixed
in 4% paraformaldehyde (PFA) for 15 min at RT followed by permeabilization with
0.1% Triton X-100 in PBS for 30 min in phosphate buffer saline (PBS) containing 3%
BSA. All directly labeled primary antibodies were diluted in the same blocking buffer
and incubated with samples overnight at 4°C. The nuclei were stained with DAPI
(Sigma-Aldrich) for 3 min at RT. All images were acquired with an inverted Olympus
IX71 Microscope. All antibodies used in this experiment are presented in Table 2.

ICC of human neuronal cells generated from BD-PSCs was performed using anti-
bodies to Nestin, GFAP, MAP2, Neun, and Tuj1.

Cells were fixed with prewarmed fixative (PBS, PFA, MgCL2, EGTA, and sucrose)
for 15 min, then treated with 0.3% Triton X-100 in PBS containing 3% BSA for 5 min
as previously described [10]. Appropriate dilution of antibodies was prepared in PBS
containing 1% BSA and incubated for 1.5 h, at RT, washed three times with PBS, and
anti-chicken, anti-rabbit, and anti-mouse fluorochrome-conjugated antibodies were
used to reveal the expression of specific neuronal markers (antibodies used in this
experiment are presented in Tables 3 and 4). DAPI was used for staining the nuclei of
cells. All images were acquired with an inverted Olympus IX71 microscope.

BD-PSC Differentiation to human endoderm/hepatocytes was assessed by means
of ICC using antibodies to alpha-fetoprotein (AFP), anti-transthyretin (TTR) (endo-
derm), and anti-Albumin (ALB), anti-Hepatocyte Nuclear Factor 4 alpha (HNF4 α)
(hepatocytes) and their relevant fluorescent-labeled secondary antibodies (all anti-
bodies used are presented in Tables 5 and 6). Cells were fixed with 4% PFA for

Gene Assay
identification

Exon
boundary

Assay
location

NCBI reference
sequence

Amplicon
length

hGAPDH Hs99999905_m1 3�3 157 NM_002046.3 122

hc-KIT Hs00174029_m1 1�2 158 NM_001093772.1 64

hHOXB4 Hs00256884_m1 1�2 526 NM_024015.4 54

hCTNNB1 Hs00170025_m1 7�8 1351 NM_001098210.1 88

hWNT10B Hs00559664_m1 3�4 684 NM_003394.2 63

hNOTCH Hs00413187_m1 4�5 745 NM_017617.3 95

hBCL2 Hs00153350_m1 2�3 1079 NM_000633.2 96

hBMI Hs00180411_m1 3�4 719 NM_005180.5 105

hTGFβ Hs99999918_m1 4�5 1583 NM_000660.3 125

Table 1.
List of primers and TaqMan probes used in Figure 1d.
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Figure 1.
Relative protein expression and phosphorylation status of mediators of ACA-signaling and its inhibition with
pharmacological inhibitors. The PBMNCs activated cells were cultured either in presence or absence of inhibitors
ET, LY, PD, or ET + LY. Relative protein expression and phosphorylation status of mediators of this signaling were
determined by western blot analysis. Nonactivated mononuclear cells isolated from PB were used as controls. (a):
Western blotting of cell lysate derived from activated PBMNCs expression and phosphorylation status of proteins
involved in the signaling mechanisms. (b): The PB-generated progenitor/HSCs were cultured either in presence or
absence of inhibitors ET, LY, PD, or ET + LY. Nonactivated MNCs isolated from PB were used as controls. ET,
LY, and ET + LY inhibited membrane protein antibody cross-linking induced generation of CD34 cells. Flow
cytometry shows the generation of CD34 cells in the presence or absence of ET, LY, or ET + LY respectively in a
1�5 days’ culture time period. (c): The total number of viable CD34 cells in cultures stimulated with or without
ET, LY or ET + LY was estimated by flow cytometry. Data are presented as the mean� SEM for three independent
experiments. (d): Regulation of gene expression after GPI-anchored protein-induced generation of BD-PSCs.
Living cells were isolated before (D1) and after activation at D6 and D12. The total RNA of these cells was reverse
transcribed, and the expression of the following genes was studied by real-time analysis: CTNNB1 HOXB4, C-
KIT, NOTCH1, WNT10, BMI1,TGFB1, and BCL2. Represented is the average of triplicate gene-expression
changes measured by TaqMan as described in Methods.
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antibody Clone Isotype Fluorochrome

anti-human Nanog N31–355 Mouse IgG1, ƙ Alexa Fluor® 488

anti-Oct3/4 40/oct-3 Mouse IgG1, ƙ Alexa Fluor® 488

anti-Sox2 245,610 Mouse IgG2a Alexa Fluor® 647

anti-human TRA-1-60 antigen TRA-1-60 Mouse (BALB/c) IgM, ƙ Alexa Fluor® 488

Table 2.
Directly labeled antibodies from BD Pharmingen (California, US) are used in Figure 2.

Figure 2.
Inducing pluripotency in BD-progenitor/stem cells throughout cell culture time. (a-d): PBMNCs were activated by
antibody-specific cross-linking and cultured in Iscove’s medium for 14 days. Aliquots were taken at D3, 8, and 14,
incubated with fluorescent-labeled antibodies to pluripotent markers, and subjected to immunofluorescence
microscopy. Immunofluorescence microscopy of cell cultures for 14 days showing the expression in vitro of the
pluripotency markers, (a) TRA-1-60, (b) Nanog, (c) Oct3/4, and (d) Sox2, throughout the cell culture time.
Nuclei were stained with DAPI. Scale bars 50 μm.
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10 min and permeabilized with 0.1% Triton-X-100 for 3 min. DAPI was used for
nuclear staining. Expressions of these markers were visualized with an inverted
Olympus Microscope CKX53.

2.7 Electron microscopy

Cells were seeded at 6.25�105cells/cm2 in 8-well Lab-Tek chamber slides (Nalgene
Nunc International, Naperville, IL). Cells were fixed in 3.5% glutaraldehyde for 1 h at
37°C, postfixed in 2% OsO4 for an additional 1 h at RT, and stained in 2% uranyl
acetate in the dark at 4°C for 2 h. Finally, cells were rinsed with distilled water,
dehydrated in ethanol, and embedded in Durcupan (Fluka) epoxy resin overnight.
Following resin hardening, embedded cultures were detached from the chamber slide
and glued to araldite blocks. Serial semi-thin sections (1.5 μm) were cut with an

Primary Antibodies Clone Isotype Company

anti-Nestin 10C2 Mouse, IgG1, monoclonal Antibodies online

anti-GFAP Rabbit, polyclonal Dako

anti-MAP2 Ap20 Mouse, IgG1, monoclonal BD Pharmingen

anti-NeuN 1B7 Mouse, IgG2a, monoclonal Antibodies online

anti-Tuj1 Chicken, polyclonal Antibodies online

Table 3.
Primary antibodies used in Figure 3.

Figure 3.
Ectodermal/neural differentiation of BD-PSCs in adherent monolayer from N8-N30. Immunocytochemical and
immunophenotypic profiling of BD-neuronal cells throughout the culture time period from N8 to N30. Scale bars
100 μm (N8-N20) and 50 μm (N30).
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Ultracut UC-6 (Leica, Heidelberg, Germany), mounted onto glass slides, and lightly
stained with 1% toluidine blue. Selected semi-thin sections were glued with Super-
Glue-3 Loctite (Henkel, Düsseldorf, Germany) to resin blocks and detached from the
glass-slide by repeated freezing (in liquid nitrogen) and thawing. Ultrathin sections
(60�80 nm) were prepared with an ultramicrotome and contrasted with lead citrate.
Finally, photomicrographs were obtained at 80 kV using an FEI Tecnai G2 Spirit
transmission electron microscope (FEI Europe, Eindhoven, and Netherlands)
equipped with a Morada CCD digital camera (Olympus Soft Image Solutions GmbH,
Münster, Germany).

3. Results

3.1 Membrane-to-nucleus signaling induced by ACA activation

To investigate a phosphorylation pattern across the plasma membrane, we acti-
vated GPI-linked protein by means of ACA-antibody cross-linking. The cell-free
extracts were prepared from peripheral blood (PB) cells after Ficoll gradient centri-
fugation before and 6 days after activation. The evaluation of the expression and
phosphorylation status of the proteins, presumably involved in this signaling network,
was assessed by western blot analysis.

As shown in Figure 1(a), antibody cross-linking induces PI3K activation
that phosphorylates and activates the known members of this pathway
described in [12].

The phosphoinositol-phospholipase γ (PLCγ) is a member of family of PLC
enzymes consisting of various isoforms with different cellular functions. PLCγ is
linked to tyrosine kinase signaling pathways with its primary function to catalyze the
hydrolysis of phosphatidylinositol-4,5-bisphosphat (PIP2) to generate inositol (1,4,5)-
triphosphate (PIP3) and 1,2-diacylglycerol (DAG). PIP3 initiates an increase in intra-
cellular, whereas DAG activates protein kinase C, and the control over this important

Secondary Antibodies Isotype Fluorochrome Company

Goat anti-Mouse IgG, polyclonal DyLight 488 Antibodies online

Goat anti-Mouse IgG, polyclonal Alexa Fluor 647 Life Technologies

Goat anti-Rabbit IgG, polyclonal Alexa Fluor 488 Invitrogen

Rabbit anti-Chicken IgG, polyclonal Texas Red Antibodies online

Table 4.
Secondary antibodies used in Figure 3.

Primary Antibodies Clone Isotype Company

anti-human alpha-1-Fetoprotein Rabbit, polyclonal DakoCytomation

anti-Transthyretin Chicken, polyclonal Sigma-Aldrich

anti-Albumin Chicken, polyclonal Sigma-Aldrich

anti-HNF-4alpha 4C19 ZooMab Rabbit, monoclonal Merck

Table 5.
Primary antibodies used in Figure 4.
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second messenger pathway is a key to changes in cellular activity and function [13].
Phosphorylation of PLCγ and its activation seemed to be the earliest event in ACA-
initiated specific signaling network, leaving the hydrolytic products of this protein,
like inositol phosphate and a diacyl-myristate, the latter known as the most powerful
activator of PI3K.

To evaluate the function and role of PLC in the signaling pathway, we used the
specific inhibitors of PLCγ, ET-18-0-CH3 (ET), as well as the inhibitors of various
kinases involved in this signaling like LY 294002 (LY) inhibitor of PI3K, and the MAP
kinase inhibitor, PD098059 (PD). Peripheral blood mononuclear cells (PBMNCs)
were preincubated with these inhibitors and cultured for 1�6 days after activation.
Relative protein expression and phosphorylation status of various mediators of the
initiated signaling were assessed by western blot analysis. Nonactivated PBMNCs
were used as controls. The inhibitor of PLCγ caused a partial suppression of expres-
sion as well as reduced phosphorylation extent of various kinases involved in this
signaling, whereas specific inhibitors of PI3K or MAP kinase alone had no effect on
the initialization of the signaling (data not shown). Conversely, preincubation with all
three inhibitors caused significant suppression of protein expression and phosphory-
lation extent of all participants (Figure 1(a)).

Secondary Antibodies Isotype Fluorochrome Company

Goat-anti-Chicken IgY(H + L),polyclonal CF 488A Sigma Aldrich

Rabbit anti-Chicken IgG, polyclonal Texas Red Antibodies online

Goat anti-Rabbit IgG, polyclonal Alexa Fluor 488 Invitrogen

Table 6.
Secondary antibodies used in Figure 4.

Figure 4.
Endodermal/hepatocytes differentiation of BD-PSC in culture time period from L7 to L20. Shown is
immunocytochemical and immunophenotypic analysis of endoderm/hepatocyte-specific markers through culture
time period from L7 to L20. Scale bars 50 and 20 μm (L20 ALB/DAPI).

12

Possibilities and Limitations in Current Translational Stem Cell Research



We further assessed the role of PLCγ and PI3K in membrane-to-nucleus-induced
signaling, which first leads to generation of hematopoietic progenitor cells. This is an
inevitable intermediate step on the described route to pluripotency [11]. Cells
expressing CD34 protein are normally found in umbilical cord blood as well as in bone
marrow cells, and antibodies to this protein are often used clinically to quantify the
number of HSCs used in HSC transplantations [14]. CD34+ cells were generated in the
presence or absence of their specific inhibitors, such as ET, LY, and ET + LY. The
culture conditions were used to follow the effect of inhibitors on generation of CD34+

cells for the culture time period of 5 days.
PBMNCs were preincubated with ET, LY, and ET + LY and upon activation; newly

generated cells were assessed by multiple flow cytometry analyses using antibodies to
CD34, CD45, and CD14. The growing population of CD34+ during culture time, from
D1�D5, was monitored. Upon inhibition with ET, we observed a slight decrease in the
number of newly generated CD34+ cells, whereas LY alone had no effect on induced
hematopoiesis. Most significantly, a dramatic decrease in fluorescence intensity
occurred when both inhibitors were used together. Inhibition of PLCγ alone as well as
inhibition of PLCγ and PI3K with their specific inhibitors ET + LY induced significant
changes regarding de novo generation of CD34+ cells, whereas no changes were
observed when IP3K was inhibited by using LY alone see Figure 1(b).

The same experiment was performed with PBMNCs from various donors
confirming the previous findings (Figure 1(c)).

Herewith, we conclude that phosphorylation and activation of PLCγ are indis-
pensable for initiation of the signaling cascade. The changes induced by ET during the
generation of CD34+ cells are highly likely to be responsible for the initial events
started by GPI-linked protein stimulation. This implies that phosphorylation and
activation of PLCγ is a crucial event in this mediated signaling, while PI3K and AKT
represent downstream activators, essential for induced route to pluripotency via
generation of human hematopoietic progenitor cells.

3.2 Antibody activation upregulates the expression of developmentally
relevant genes

In order to study these specific signal transduction networks, we used quantitative
RT-PCR (TaqMan) analysis to determine the gene-expression pattern of the molecules
potentially involved in this signaling.

We activated the GPI-linked protein at the surface of blood progenitor cells as
described above and analyzed the way in which the initiated signaling machinery
regulates the expression of genes known to play a role in human embryonic develop-
ment via specific protein phosphorylation as an important regulatory mechanism in
cellular processes.

We compared the gene expression profile of the PBMNCs before and after
activation to assess a transcript level for candidate molecules, the most
important among them NOTCH and WNT/CTNNB1 (Figure 1(d)). The signaling
pathways linked to these genes are developmentally conserved and play a signifi-
cant role in embryonic development as well as in the regulation of adult cell
compartments [15].

Dysregulation of Wnt and Notch pathways due to their involvement in the key
functions of human cells is a reason for their implication in many human diseases [16].

As shown in Figure 1(d), we demonstrated that GPI-linked glycoprotein
upregulates both Notch and Wnt signaling pathways, thus acting in a hierarchical
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manner in the relationship to both signaling pathways. In consistency with the previ-
ous report about β-catenin as a downstream regulator of the canonical Wnt pathway
[17], our results clearly show the upregulation of β-catenin as a consequence of this
activation.

The involvement and significance of this GPI-linked protein in the signaling
process regarding development and dedifferentiation of the human (ES) cell line
H9 is shown in Figure 5, in which a spontaneously differentiated colony of ESCs
was restored (dedifferentiated) to its primordial state, upon specific antibody
cross-linking and culturing for 1 day in Iscove’s medium supplemented with
10% FBS.

3.3 BD-PSCs are generated from unmanipulated steady-state PB

A PB sample (30 mL) of healthy donors was collected after obtaining informed
consent. Mononuclear cells (MNCs) were isolated after Ficoll centrifugation and
activated at the membrane by antibody cross-linking using specific antibodies.
Figure 6 shows the steady growing new population of cells in time course modus from
day 5 to 14, while the nonactivated PB cells, under identical culture conditions, show
gradual deterioration of cell structure and function, which leads to disappearance and
death of the majority of the cells from day 5 to 14 of culture time period.

3.4 Expression of ESC markers on BD-PSCs

As shown, membrane-to-nucleus signaling network initiates via PLCγ/PI3K/Akt/
mTor/PTEN a process of de-differentiation of blood cells that leads via generation of
HSCs to PSCs. By means of immunofluorescence, we analyzed the expression of
pluripotent markers that BD-PSCs share with ESCs.

Human PSCs are characterized by specific cell surface markers, such as the
glycolipid antigens SSEA-3 and SSEA-4, as well as the glycoprotein antigens TRA-
1-60 and TRA-1-81. Stage-specific embryonic antigen (SSEA-4) is a
glycosphingolipid expressed in early human embryonic development and PSCs and
acts as a mediator of cell adhesion as well as a modulator of signal transduction.
The expression of human SSEA-4 decreases following differentiation of ESCs [18].
Glycoprotein antigens TRA-1-60 and TRA-1-81 are expressed in early human
embryonic development and PSCs; they also mark cells of the inner cell mass of
preimplantation embryos [19].

Activated PBMNCs were grown in MEF-conditioned media in Matrigel-coated
cell culture dishes for 2 weeks and immunocytochemistry (ICC) analysis was
performed using antibodies to SSEA-4, TRA-1-60, and TRA-1-81. As shown in
Figure 7(a�e), cell surface protein marker analysis demonstrated that BD-PSCs
express the pluripotent markers SSEA-4 as well as TRA-1-60 and TRA-1-81.

Unlike ESCs and PSCs, BD-PSCs can grow in suspension in Iscove’s medium
supplemented with 10% FBS without any addition of cytokines or growth factors. Flow
cytometry expression analysis of BD-PSCs grown in suspension revealed the expression
of ESCs specific markers SSEA-4 and TRA-1-81 on BD-PSCs (Figure 7(f–m)).

3.5 Expression of the factors that maintain pluripotency

To further investigate the expression of pluripotency markers on BD-PSCs at the
protein level, we extended the immunofluorescence analysis to the transcription
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factors Nanog, Sox2, and Oct3/4 that reside at the core of pluripotency network,
where they can regulate their own expression and interact with a number of other
pluripotency factors. Nanog, also called a pluripotency master molecule, is a

Figure 5.
Immunofluorescence analysis during redifferentiation process of spontaneously differentiated human ESCs
initiated after membrane antibody cross-linking activation of human GPI-linked protein. A spontaneously
differentiated ESCs colony was activated by antibody cross-linking incubated with TRA-1-81 and DAPI and
micrographs were taken by confocal microscopy. (a): Brightfield micrograph of spontaneously differentiated ESC
colony. (b): Nuclei stained with DAPI. (c): Brightfield/DAPI (merged). (d): Spontaneously differentiated ESC
colony stained with DAPI. (e): Spontaneously differentiated ESC colony stained with antibody to TRA-1-81. (f):
Spontaneously differentiated ESC colony stained with TRA-1-81/DAPI (merged). Scale bars 200 μm.
Fluorescence images of restored (activated) pluripotency in spontaneously differentiated ESC colony. (g): Activated
ESC colony stained with DAPI. (h): Activated ESC colony stained with antibody to TRA-1-81. (i): Activated ESC
colony stained with TRA-1-81/DAPI (merged). Scale bars 100 μm.
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unique homeobox transcription factor that is critical in regulating the cell fate of the
pluripotent inner cell mass during embryonic development maintaining the
pluripotency and blocking the differentiation of PSCs [20]. Activated preparations
of PBMNCs were grown in suspension in a time-course manner from day 3 to 14.
The newly generated cells were plated on Poly-L-lysine coated glass coverslips and
ICC was performed using appropriate antibodies for specific pluripotency markers
on BD-PSCs.

Expression of TRA-1-60, Sox2, Nanog, and Oct3/4 was induced following day 3,
showing a rising trend from day 8 and had been completed at day 14.

Immunofluorescence analysis of the newly generated cells at different time points
showed the gradual enhancement of the expression of the pluripotency markers on
activated PBMNCs cultures. In contrast, nonactivated PBMNCs cultures showed no
expression of these markers. These data are presented in Figure 2(a�d).

Karyotype analysis was conducted on BD-PSCs by a qualified service provider
(CELL Line Service Heidelberg, Germany) using standard G-banding methods as
described elsewhere [21]. Analyses showed that BD-PSCs maintained a normal karyo-
type (data not shown).

Figure 6.
Reprogramming of PBMNCs after activation. PBMNCs isolated by Ficoll gradient centrifugation were activated by
specific antibody cross-linking and cultured in Iscove’s medium supplemented with 10% FBS. The brightfield
images were taken at D5, 8, and 14. Nonactivated PBMNCs were used as controls. Scale bars 100 μm.
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3.6 Ultrastructural studies

Various blood donors provided blood samples for this study showed no differences
among them in terms of cell morphology or ultrastructure. In vitro cell culture studies,
after 1 day of dedifferentiation (D1), upon activation, resulted in the observation of a
large cell population comprised of approximately 60% of agranular mononuclear cells
and 40% of granular mononuclear cells (Figure 8A�C). Granular cells displaying
deeply invaginated nuclei, scarce cytoplasm, and abundant primary and secondary
granules disappeared from the culture after 5 days. Furthermore, red blood cells and
platelets were detected. The population of interest for this study are agranular cells,
morphologically characterized by small size and a nucleus with condensed chromatin
(Figure 8B�C). These cells showed rounded shapes with slender filipodia-like cyto-
plasmic expansions. Their cytoplasm was electron-dense and contained few organ-
elles, highlighting the presence of small dictiosomes, some mitochondria, and rough
endoplasmic reticulum cisterns. The nucleus occasionally showed deep invaginations
with the emphasis on large nucleoli and condensed chromatin, preferentially associ-
ated with the nuclear membrane. On day 5 (D5), most cells in the culture were
classified as agranulocytes, which exhibited a clear decrease in the number of cyto-
plasmic organelles (Figure 8D). The nuclear/cytoplasmic ratio of these cells was high,

Figure 7.
BD-PSCs express PSC markers. (a�e): Activated PBMNCs were grown in MEF-conditioned media on Matrigel-
coated culture dishes. Immunofluorescence analysis was performed with characteristic pluripotent markers,
including SSEA-4,TRA-1-81, and TRA-1-60. Immunofluorescence images were taken by confocal microscopy.
DAPI was used to stain nuclei. Generation and culture of BD-PSCs in suspension. (f-m): Activated PBMNCs
cultures were grown in suspension in Iscove’s medium supplemented with 10% FBS for 16 days, and flow cytometry
analysis for pluripotency marker was performed using antibodies to SSEA-4 and TRA-1-8. Percentages were
determined relative to appropriate isotype control.
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similar to ESCs (Figure 8D�E). We could observe small dictiosomes, some mito-
chondria, and rough endoplasmic reticulum cisterns. On the other side, polyribosomes
and filamentous structures were abundant. Moreover, some of these cells occasionally
presented annulate lamellae (Figure 8E�F). Regarding the nucleus, we observed
nuclear invaginations with abundant condensed chromatin (heterochromatin). On the
cell surface, some short cytoplasmic expansions were appreciated (Figure 8E). At this
stage of the cellular culture, we could occasionally see another subpopulation of large
cells as well, containing a wide heterogeneity of cellular structures and highlighting
the presence of lysosomes (Figure 8D). On day 16 (D16), reprogrammed cells
underwent morphological changes as the culture medium was gradually changed to
neuronal medium, showing signs of differentiation with the presence of lipid drops,
bigger cytoplasm, and more organelles. Their shape changes to larger cells with elon-
gated appearance resembling cells of neuroectodermal origin.

Figure 8.
Blood cells progressively showed morphological de-differentiation features upon activation. A, B: One day (D1)
after activation in appropriate culture medium, typical blood cell types could be detected in the samples. Red blood
cells, platelets, granulocytes, and agranulocytes could be found in the sample. C�E: After 5 days (D5), most cells
could be classified as agranulocytes, showing some nondifferentiation characteristics, such as scarce cytoplasm, low
number of organelles, and the presence of annulate lamellae (E, arrowhead). F-H: The homogeneity of the culture
peaked 8 days upon activation (D8), showing similar ultrastructural characteristics as defined in D5. This state
was maintained in D12 (not shown). I�K: After 16 days (D16), cells slowly started to show some differentiation
signs, such as lipid drops (K, arrow). A small population of cells started to change their morphology and appeared
as bigger elongated cells (L), with increased cytoplasm and more organelles. Photomicrographs in the first column
correspond to toluidine blue-stained semithin (1.5 μm) sections. The center and right columns are transmission
electron microscopy (TEM) images. Scale bars: A, C, F, I, K = 10 μm; B, D, G, H, J = 2 μm; E = 200 nm.
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3.7 Redifferentiation of BD-PSCs to the cells belonging to different germ layers

The capability of BD-PSCs to redifferentiate in neuroectodermal layer was dem-
onstrated by growing these cells on laminin-ornithin coated plates in N2 medium to
initiate the differentiation toward neuronal cells and further cultivation in neuronal
differentiation media containing B27 supplement BDNF and GDNF as described in
Material and Methods. The conditions described above enable for redifferentiation of
BD-PSCs toward various neuronal lineages. Depicted are different populations of cells
expressing the specific markers (Figure 3). Specific neuronal lineages from BD-PSCs
can be generated by slightly modifying time and culture conditions. In neuronal
differentiation culture time period from D8 to D30, we observed a clear decrease in
the expression of neuroepithelial stem cell protein Nestin, which is a major interme-
diate filament (IF) protein of embryonic central nervous system also known as neu-
ronal progenitor marker, while the expression of MAP2, a member of neuron-specific
microtubule-associated protein family, neuronal nuclear antigen NeuN, a common
neuron marker, and class III β-tubulin element of tubulin family, Tuj 1 a specific
marker for human neurons, significantly increases during neuronal differentiation.

Glial fibrillary acidic protein GFAP is a type of IF expressed in various cells
belonging to central nervous system, such as glial cells and astrocytes. These cells are
mainly expressed in the central nervous system, such as brain and spinal cord, con-
tributing to astrocytes-neuron interactions as well as cell–cell communication. Using
antibodies to GFAP, we confirmed that such structures are recognized in newly
generated BD-neuronal cells confirming the feature of BD-PSCs to redifferentiate to
neuroectoderm [22].

Capacity BD-PSCs to redifferentiate into endoderm/hepatocytes was assessed by
growing the cells in appropriate medium as described in Material and Methods.
Following initial differentiation into endoderm in KSR/DMSO medium, as confirmed
by ICC using antibodies to AFP and TTR, in the second phase by using hepatocytes
maturation medium cells turned to mature hepatocytes like cells expressing their
specific marker ALB and HNF4α, (Figure 4), recapitulating liver development
in vivo [23].

The membrane activation of human glycoprotein ACA initiates a dedifferentiation
process, consecutively generating more primitive cells until the final stage of this
process is reached. BD-PSCs capable of redifferentiation into all three germ layers
are the final product of this dedifferentiation process initiated by the membrane
glycoprotein ACA [9–11] depicted in Figure 9.

4. Discussion

4.1 Signaling

Antibody cross-linking of a GPI-linked protein ACA initiates, via PLCγ/PI3K/Akt
mTor/PTEN up-regulation of Wnt, Notch, c-Kit, and/or HoxB4 genes, among others.
Signaling network linked to these genes induces dedifferentiation of blood progenitor
cells leading to generation of BD-PSCs [9, 11]. Briefly, PI3K activation phosphorylates
and activates Akt localizing it at the plasma membrane. Akt is a serine/threonine-
specific protein kinase that plays a key role in multiple cellular processes like cell
proliferation, transcription, and apoptosis [25]. The components of the PI3K/Akt
Pathway, such as α, β, and γ p110 catalytic subunits, as well as subunits of 3-
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phosphoinositide dependent kinase 1 (PDK1), which is the major transducer of IP3
Kinase, likewise the downstream effector proteins like glycogen kinase-3 (GSK-3),
which plays a central role in the regulation of the stability and synthesis of proteins
involved in the cell cycle entry; C-Raf, a serine/threonine kinase, whose main role in
cells is the phosphorylation and activation of the MAP kinases MEK1 and MEK2, and
the mTOR complex that controls translation and acts as a critical regulator of protein
synthesis, are regulated in ACA-dependent manner.

Most importantly, a lipid-protein phosphatase PTEN, also called an anti-tumor
agent, which is the natural inhibitor of PI3K/Akt signaling pathway that regulates p53
protein level and activity as well. PTEN works by dephosphorylating phosphatidy-
linositol (3,4,5)-trisphosphate (PIP3) to phosphatidylinositol-4, 5-bisphosphat (PIP2),
which limits Akt’s ability to bind to the membrane, decreasing its activity. Deletion of
the PTEN tumor-suppressor gene in adult hematopoietic stem cells (HSCs) leads to
myeloproliferative diseases, and recent studies showed the inactivation of PTEN in
human T-ALL cell lines as well as primary cells [26–28].

PTEN is a downstream target of phosphorylation at this specific route to
pluripotency. Upregulation of PTEN indicates that a proliferative control of the

Figure 9.
Schematic presentation of dedifferentiation process that starts with human blood progenitor cells expressing CD34
via HSCs, following side population (SP) cells mainly not expressing CD34, (low HLA) and ending up with the
generation of BD-PSCs expressing pluripotency marker (SSEA-4) [24].
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process that leads to generation of self-renewable BD-PSCs is tightly regulated in a
GPI-linked protein-dependent manner. Our results indicate that this protein promotes
the generation of self-renewing cells by activating PI3K/AKT pathway, but one of the
best-conserved functions of AKT in promoting growth in this induced signaling cas-
cade appears to be under the control of activated PTEN by preventing oncogenic
outgrow.

Canonical Wnt/ß-catenin pathway is involved in the regulation of various func-
tions like embryonic development, proliferation, survival, cell polarity, migration,
and maintenance of somatic stem cells in many tissues, modulating a delicate balance
between stemness and differentiation. Binding of Wnt proteins to their receptors
inhibits the phosphorylation of β-catenin resulting in stabilization and accumulation
of β-catenin in the cytosol and its nuclear translocation followed by transcriptional
regulation of target genes [29]. Notch protein is a hetero-oligomer type of transmem-
brane receptor and the pathway linked to his protein is highly conserved and func-
tionally involved in various processes from development to cell growth and cell death.
Among them, the most important, together with other signaling pathways, such as
Wnt, are the regulation of stem cell self-renewal, maintenance of homeostasis, cell–
cell communication, regulation of cell-fate decision, neuronal function and develop-
ment, and expansion of HSCs [30].

Tyrosine-protein kinase (c-Kit) is a receptor tyrosine kinase that belongs to the
type III family of kinases. When the ligand binds to this receptor, the dimer is formed,
which activates intrinsic kinase activity that initiates the phosphorylation of various
signal-transducing molecules and propagates the signals within the cells.

C-Kit signaling is involved in various mechanisms, such as differentiation, cell
survival, and proliferation. It is expressed in various cell types, most importantly in
HSCs, and binding on its ligand SCF causes blood progenitor cells to grow [31].

Further downstream partner genes in the initiated signaling pathways, such as
HOXB4 and BMI1, belong to the Homeobox and/or Polycomb group (PcG) family of
genes involved in the development. HOXB4 gene encodes a nuclear protein with a
homeobox DNA-binding domain. Ectopic expression of this protein expands HSCs
and progenitor cells in vivo and in vitro,making it a potential candidate for therapeutic
stem cell expansion [32]. BMI1, as a member of the PcG family of transcriptional
repressors, is involved in the control of development by regulating cell growth and
differentiation. It is also expressed in HSCs proven to be essential for generation of
self-renewing HSCs [33].

Transforming growth factor beta (TGF-β) is a multifunctional cytokine that
belongs to the transforming growth superfamily that includes endogenous growth-
inhibiting proteins [34]. Activation by ACA down-regulates TGF-β, which is one of
the most potent inhibitors of HSC growth in vitro. One of the features of HSCs is their
relative quiescence and given the strong inhibitory properties of TGF-β, it has been
proposed to be the main regulator of quiescence in vivo [35]. Anti-apoptotic BCL-2
family proteins represent a family of evolutionary conserved cytoplasmic proteins
that are known for their regulation of programmed cell death and survival. In
response to intracellular damage, signals initiate the proteolytic cascade that disinte-
grates the cells. In our findings, these genes are down-regulated compared to
unmanipulated PBMNCs, indicating that apoptosis represents an important regula-
tory factor in the maintenance of stem cells and is a part of the molecular mechanisms
regulated by GPI-anchored membrane protein.

ACA signaling network via PLCγ/IP3K/Akt/mTOR/PTEN up-regulates the critical
genes that are involved in the signaling pathways that regulate human development, such
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as NOTCH andWNT. Moreover, due to hierarchy among them, upregulation of these
genes remains under the control of tumor suppressor gene PTEN, which is also
upregulated in an ACA-specific manner. Apoptosis through downregulation of BCL-2 is
an additional mechanism that regulates growth and proliferation. Finally, tumor suppres-
sor gene P53 remains constant during reprogramming by ACA (data not shown).

Notably, the highest extent of upregulation of target genes is reached with c-Kit
receptor tyrosine kinase [36], which is the gene critical for proliferation and survival
of HSCs, indicative of a direct link that exists between these two proteins. C-Kit, a
receptor tyrosine kinase type II, activates signaling through second messengers, such
as cyclic adenosine monophosphate (cAMP), which are membrane-associated and
diffuse from the plasma membrane into intermembrane space, where they can reach
and regulate other membrane proteins. This reaction is probably the key to molecular
mechanisms regulated by GPI-anchored membrane glycoprotein.

4.2 Reprogramming by dedifferentiation

IPSCs appear to represent the greatest promise for regenerative medicine without
the ethical and immunological concerns incurred by the use of ESCs. They are plurip-
otent and have high replicative capability. Furthermore, iPSCs have the potential to
generate all the tissues of the human body and provide researchers with patient- and
disease-specific cells, which can recapitulate the disease in vitro, allowing for specific
drug discovery. The iPSC technology provides an opportunity to generate cells with
characteristics of ESCs, including pluripotency and potentially unlimited self-renewal.

Although methods have been improved from viral integration to integration-free,
there are still challenges down the road to achieving their clinical application in humans.

The use of iPSCs in autologous cell-based therapy represents an ideal approach for
regenerative medicine since the patients do not require long-term immunosuppressive
drugs. The derivation of iPSCs over a decade ago has been raising high expectations
and enthusiasm that iPSC technology can deliver autologous cell-based therapeutics to
treat a high number of degenerative diseases, but actually, autologous therapy is
related to the high cost and long period of time which should be spent in the
manufacturing process that includes generation, characterization, differentiation into
relevant cell types, scale up, and careful validation of the generated cell product. In
order to reduce production time and costs, iPSCs therapies are moving toward alloge-
neic approaches by establishing clinical-grade iPSC banking [37, 38].

Banking of iPSCs from healthy donors would throw the iPSC reprogramming
strategy once claimed as advantageous when compared to hESCs, while autologous at
its beginning background. Therefore, the reprogramming strategies entirely free of
DNA-based vectors could lead to solving the problems regarding genetic induced
pluripotency.

4.3 Blood-derived pluripotent stem cells

Stem cell therapy is the ultimate goal of personalized medicine and individual care
for many degenerative diseases, such as Alzheimer’s disease, Parkinson, diabetes, and
others. It has already been shown that human PB cells can be successfully
reprogrammed into blood cells using the Yamanaka factors [39]. Blood is one of the
most easily accessible sources of patient cells for reprogramming because there is no
need to maintain cell cultures extensively prior to reprogramming experiments.
Therefore, it is a potentially unlimited and safe source of cells.
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Our own work showed recently that blood cells can be reprogrammed to PSCs
without any genetic manipulation [9–11]. The present study shows that the signaling
network activated by human GPI-linked protein ACA is sufficient to generate cells
from circulating blood that is pluripotent, according to their morphology, pluripotent
marker proteins, and differentiation potential. In fact, it is possible to reprogram adult
progenitor cells that can be obtained from PB through protein activation, by means of
antibody cross-linking, making them return to a similar state to that of ESCs.

Immunophenotyping of BD-PSCs by using antibodies to pluripotency markers by
means of flow cytometry and immunofluorescence analysis, revealed the expression of
SSEA-4, TRA-1-60, TRA-1-81, NANOG, SOX2, and OCT3/4, indicating that newly
generated cells possess the properties of ES cells. Electron microscopy analysis showed
the morphological changes during the culture time period from D1-D16. A scarce cyto-
plasm and decreased number of organelles indicate that undifferentiated characteristics
appeared through culture time. Most importantly, the appearance of annulate lamellae,
stacked sheets of membranes embedded with pore complexes which are frequently
found in cells with high proliferative activity, such as oocytes, embryonic, and tumor
cells [40], suggest that BD-PCSs correspond to an actively dividing cell population. In
addition, when neuronal differentiation medium was added to the cell culture system
the morphology of these cells changed to larger elongated cells with more organelles and
increased cytoplasm, supporting the notion that they are able to redifferentiate [10].

Activation of a membrane protein ACA at the surface of blood progenitor cells by
cross-linking at the membrane of blood cells with its specific antibody and analysis of the
mode of how this signaling machinery regulates the expression of genes known to play a
role in human development via specific protein phosphorylation as an important regula-
tory mechanism in the cellular processes related to its signaling competence showed its
involvement in the processes that determine the cell type, its fate, and identity.

Our results confirm the previously published data that the initiation of GPI-linked
protein ACA upon activation of PBMNCs described here is sufficient to induce sig-
naling machinery that leads to generation of self-renewing PSCs. Moreover, it ensures
the maintenance of pluripotency in ESCs as well, indicating the involvement of this
protein in pluripotency signaling network in humans.

Dedifferentiation process initiated upon membrane activation follows exactly the
opposite way that is known for differentiation of PB progenitor cells. It is generally
accepted that the proliferation capacity is higher by hematopoietic progenitor cells
and declined by more primitive cells like HSCs and SP cells. The process initiated by
ACA is due to activation of tumor suppressor genes, under strict proliferative control,
leading to generation of BD-PSCs and explaining the lack of teratogenicity of these
cells resulting in advantage for their application in cell tissue replacement.

BD-PSCs generated through dedifferentiation process are capable of
redifferentiate into cells belonging to all three germ layers.

Most importantly, an antibody that acts at the surface of PB progenitor cells
initiating membrane-to-nucleus signaling pathways may have numerous potential
advantages regarding clinical safety for application of these cell products in regenera-
tive medicine.

5. Conclusions

So far today, no iPSCs-based therapy is implemented into routine clinical use [41].
The hurdles regarding use of iPSCs in clinical practice are related primarily to genetic
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instability of these cells that may cause mutations leading to tumor formation and
cancer. Another safety concern, when it comes to their application in humans, is the
presence of residual undifferentiated iPSCs, also linked to tumorigenicity [42].

Allogenic approaches by establishing clinical-grade iPSC banking must consider
the populations with heterogeneous genetic background, which might be very
challenging [43]. Therefore, it is very important to further improve the current iPSCs
technology to minimize the possible side effects and genetic and epigenetic
differences between reprogrammed cells and donors. Human ES cells derived from
blastocyst imply its destruction that cause serious ethical concern. In addition, these
cells are by their nature nonautologous and may cause graft-versus-host disease. They
are mostly used for studying early human development using currently available hES
cell lines, but they also have limited potential in medicine due to restrictions related to
ethical and immunological issues [44].

Great effort is made to assure safe clinical applications using stem cell therapies.
The international stem cell banking initiative (ISCB) published guidelines for the
development of pluripotent stem cell stocks for clinical applications [45]. Due to
complex nature of the cells to be used for therapies in regenerative medicine
compared to drug therapies, standard regulations must include purity of the cells,
sterility, viability, genomic stability, specific gene expression profile, functional
evaluation of reprogrammed, and differentiated cells, absence of infectious pathogens
and tumorigenicity [46]. The greatest attention is taken to ensure the safety of
transgenic cells when compared to genetically unmodified cells, even more so when it
comes to the use of more modern technology like CRISPR/Cas9 for removing
randomly inserted foreign genes into human genome during reprogramming process
because there is the possibility of off target mutagenesis [47, 48].

Our results reveal insight into the molecular events regulating cellular
reprogramming and indicate that pluripotency may be controlled in vivo through the
binding of soluble ligand(s) to ACA-protein and initiating the cascade of already
known and partly characterized signaling pathways. The process of reprogramming is
short (10�12 days), the source is easily accessible unmanipulated peripheral blood and
no use of growth factors is necessary. BD-PSCs are autologous, capable of generating
in vitro cell types of all three layers exhibiting neuronal, liver, or hematopoietic char-
acteristics [9–11]. Due to their differentiation capacity, they could be potentially uti-
lized to regenerate any type of tissue, and thus treat neurological and immune
disorders, as well as injuries to critical organs, such as the heart and brain. Moreover,
due to lack of teratogenicity, BD-PSCs can be used in situ without the necessity to be
differentiated before their application [11] as is also shown in the wound healing
experiment currently ongoing in our laboratory. Due to tight proliferation control, BD-
PSCs do not form cell lines and therefore must be freshly prepared.

It can be expected that the standard regulations for the use of BD-PSCs would be
similar to that of genetically unmodified cells implying fewer hurdles compared to
iPSCs ensuring a fast and safe application of these cells in routine clinical practice.

The potential application of BD-PSCs in regenerative stem cell therapies is
innovative and promising. Additional studies are underway in order to determine
in vivo therapeutic potential and to ensure a safe platform for translation of basic
research to new clinical therapies.

Our report provides a practical and efficient way to generate patient-specific
PSCs. This will also be valuable for the generation of clinical-grade PSCs for future
therapeutic applications so that the possibility to develop a truly personalized
medicine becomes more realistic.
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AFP alpha-feto-protein
ALB albumin
APC allophycocyanin
BCL-2 B-cell lymphoma 2
BDNF brain-derived neurotrophic factor
BD-PSCs blood-derived pluripotent stem cells
bFGF basic fibroblast growth factor
BMI1 B lymphoma Mo-MLV insertion region 1 homolog
BSA bovine serum albumin
cAMP cyclic adenosine monophosphate
CTNNB catenin (cadherin-associated protein), beta 1
DAG 1,2-diacylglycerol
DAPI 40,6-Diamidin-2-phenylindol
DMEM dulbecco’s Modified Eagle Medium
DMSO dimethyl sulfoxide
ECL enhanced chemiluminescence
EGTA ethylene glycol-bis(β-aminoethyl ether)-N,N,N0,N0-tetraacetic acid
EM electron microscopy
ESCs embryonic stem cells
ET Et-18-CH3

FBS fetal bovine serum
FITC fluorescein isothiocyanate
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GDNF glial-derived neurotrophic factor
GFAP glial fibrillary acidic protein
GPI glycosylphosphatidylinositol
GSK-3 glycogen kinase-3
HCC hydrocortisone 21-hemisuccinate sodium salt
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HGF hepatocyte growth factor
HNF4 α hepatocyte Nuclear Factor 4 alpha
HoxB4 homeobox protein B4
HPR horseradish peroxidase
HSCs hematopoietic stem cells
ICC immunocytochemistry
IF intermediate filament
IMDM Iscove’s modified Dulbecco’s medium
IP immunophenotyping
iPSCs induced pluripotent stem cells
Klf4 kruppel-like factor 4
KSR knockout serum replacement
LY LY 294002
MAP2 microtubule-associated protein 2
MEFs mouse embryonic fibroblasts
MEK1 mitogen-activated protein kinase kinase 1
MEK2 mitogen-activated protein kinase kinase 2
MNCs mononuclear cells
mTor mammalian target of rapamycin
NEAA nonessential amino acids
Nestin neuroepithelial stem cell protein
Oct3/4 octamer-binding transcription factor 3/4
OSM oncostatin M
PB peripheral blood
PBS phosphate buffer saline
PcG polycomb group
PD PD098059
PDK1 3-phosphoinositide dependent kinase 1
PE phycoerythrin
PFA paraformaldehyde
PI propidium iodide
PI3Ks phosphoinositide 3-kinases
PIP2 phosphatidylinositol-4,5-bisphosphat
PIP3 phosphatidylinositol (3,4,5)-trisphosphate
PLCγ phosphoinositol-phospholipase C γ
PtdIns phosphatidylinositol
PTEN phosphatase and tensin homolog
PVDF polyvinylidene difluoride
SCF stem cell factor
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SSEA-4 stage-specific embryonic antigen
TGF-β transforming growth factor beta
TTR transthyretin
Tuj1 class III β-tubulin
WB western blot
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Abstract

To elucidate the basal metabolism of Mesenchymal Stromal Cells (MSCs), as well 
as knowing how they are activated, can bring important clues to a successful cell-
based therapy. Naive MSCs, in their niche, mainly keep the local homeostasis and 
the pool of tissue stem cells. Once activated, by an injury, MSCs’ response leads to 
a lot of physiological differences in its metabolism that are responsible for its heal-
ing process. Since endogenous MSC seems to be ineffective in pathologic and aging 
conditions, cell-based therapy using MSC is focused on administration of exogenous 
MSC in patients to exert its healing functions. From quiescent to activated state, this 
“Metabolic Shifting” of MSC interferes directly in its secretion and cellular-derived 
particle generation. We will address here the differences between the MSCs activation 
phases and how they can modify the MSCs metabolism and its function. Moreover, 
understanding MSC in their niche and its damped function in pathologic and aging 
processes can improve stem cell-based therapies.

Keywords: mesenchymal stromal cell, metabolism, MSC activation, MSC niche,  
cell therapy

1. Introduction

Stem cells research has brought great insight in regenerative medicine. Currently, 
over 1700 clinical trials are registered at Clinicaltrials.gov (clinicaltrials.gov “mes-
enchymal stem cell OR mesenchymal stromal cell”, August 2022), with ten approved 
MSC therapies worldwide [1].

Besides efforts to promote standardization of procedures and classifications for 
MSCs, the translation of promising preclinical results to human clinical trials has not 
matched full desired effects. Such variability may come from differences among spe-
cies or source-tissues of MSCs in both in vivo or in vitro preclinical studies [1].

Initially, MSCs therapeutic potential was associated with engraftment of MSCs 
into tissues and to a contact-dependent cell communication. Advances in the field 
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now confirm that paracrine mechanisms are the primary effector of MSCs for tis-
sue regeneration, angiogenesis and modulatory effects on inflammation, apoptosis 
and fibrosis. These effects may be achieved by the secretion of biologically active 
molecules by MSC, such as cytokines and chemokines, growth factors, extracellular 
matrix and extracellular vesicles. Indeed, the use of secreted factors in the medicine 
and research fields lead to a cell-free approach, which can overcome major adversities 
found in the use of allogeneic or even autologous MSCs therapy [2, 3].

In fact, for some regenerative approaches, no additional cell is necessary, and 
nowadays, beyond adult stem cells; there are other stem cells-based products such as: 
(i) conditioned medium, (ii) concentrated supernatant, (iii) lyophilized secretome, 
(iv) cellular particles (i.e. exosomes, microvesicles, small body particles), and (v) 
small regulatory molecules (i.e. lncRNAs, microRNAs, ceRNAs, circRNAs). All 
together, these approaches are new fields to be explored in stem cell technologies and 
cellular-based therapies [4, 5].

Several questions can be formulated regarding the MSC paracrine mechanism 
of repair: How did MSC become so secretive? How is MSC activated to secrete those 
molecules responsible for its regenerative mechanism? How is MSC in its quiescent 
state?

Currently, the metabolism and cell activation of MSC has been the focus of study 
of many researchers worldwide. Recent reports have provided evidence that stem cells 
have a metabolic/activation signature which is distinct and specific to each tissue to 
maintain the homeostasis. Regarding therapy, the choice of the MSC origin and thus 
how it is MSC activated directly regulates therapy performance, since MSC metabo-
lism is crucial to the paracrine effect. MSC activation is also controlled by the micro-
environment, for instance, a metabolically activated MSC can interact with other cells 
in their niches and they are able to sense and to adapt to dietary changes, exercise, 
aging, epigenetics changes etc. [5, 6].

Thus, in this chapter, we will attempt to elucidate the importance of MSCs activa-
tion/metabolism in its therapeutic function. More specifically, we will describe here 
the impact of MSCs activation in its metabolism and function. In addition, we will 
discuss how this “Metabolic/activation Shifting” can interfere directly in the MSC 
secretory function and in its cellular-derived particle generation. Moreover, stem 
cell dysfunction and disabilities will also be discussed. Hence, understanding these 
basic steps about naïve and activated MSCs should improve the establishment of new 
stem cell-based therapies and other associated approaches around MSC technologies, 
expanding its use and resources for future implementation as a translational and 
effective therapy.

2. Mesenchymal stromal cells definitions

Isolated from a huge number of tissues, MSC has been used in several clinicals tri-
als, despite its basic studies are still ongoing. Since MSC therapy leads to amelioration 
of pathologic state, it causes a frenesi in clinicals trials and cell-based therapies. This 
frenesi creates inconsistencies, for instance at MSC’s characterization, nomenclature, 
culture parameters, etc. Lacking the principle of reproductibile and quality control, 
several works and clinical trials have still been done improperly [7, 8]. How are the 
MSCs defined? A brief historic event of its discovery may help to elucidate it.

Described in the early 1970 by Friedenstein and colleagues [9], they observed 
that bone marrow cells, in a cell culture condition, generated attached cells in culture 
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plates. These cells showed fibroblastic shape that started growing in this condition. 
Moreover, they observed that these cells induce osteogenesis in an experimental 
model. In 1990, Caplan first used the name Mesenchymal Stem Cell to describe these 
cells with differentiation properties, depending on local (niche concept) and genetics 
factors [10]. In 1999, Pittenger studies had flourished in the MSC area. Pittenger et al. 
showed the isolation of MSC from human bone marrow, listing some criteria to define 
them, such as (i) adherent culture cells and (ii) differentiation capabilities under 
specific stimulation [11].

Then, the mess comes … everybody, everywhere, every tissue could generate MSC. 
However each culture condition was different from each other, with different tech-
niques of isolation, with different patterns of characterization [12]. And this confu-
sion is used indiscriminately by some clinicals to sell cell therapies treatment [13]. 
Placing order to it, in 2006, the International Society for Cellular Therapy (ISCT) 
defined the minimal criteria to MSC [14]. Those criteria were upgraded in 2019 [15], 
where ISCT defines:

1. Terminology: MSC means Mesenchymal Stromal Cells. The terms Mesenchymal 
Stem Cell, Medicinal Signaling Cells, Multipotent Stromal Cells are not recom-
mended. The term “stem” can be used if there is evidence for self-renewal and 
differentiation properties.

2. Tissue of origin must be described. If the cell is from bone marrow, it will be 
called bone marrow mesenchymal stromal cell.

3. Mesenchymal stromal cells are used to describe the heterogeneous populations 
of adherent cells. Characterization using several functional assays to define and 
exclude some cells must be done. It enrolls RNA analyses of selected genes, im-
munophenotyping assay, protein analysis of MSC secretome and IFNg activation 
assays. It requires attention that those assays are to be informed by the intended 
therapeutic mode of actions.

The most cited MSCs are the Bone marrow-MSC (BM-MSC) and adipose 
tissue-MSC (AT-MSC). Other sites are also well known such as Umbilical cord MSC 
(UC-MSC) and Wharton’s Jelly MSC (WJ-MSC). Each one has different character-
ization patterns but all have paracrine effects and immunomodulatory properties, 
however with different amounts of molecules secreted by each one. For instance, 
AT-MSC shows a higher pro-angiogenic pattern than BM-MSC and WJ-MSC. WJ-MSC 
shows an increased expression of inflammatory cytokines and chemokines than BM 
and AT-MSC [16]. MSC secretome not only includes molecules secreted by them but 
also extracellular vesicles (EV) productions that reflect in its internal content the 
same pattern of MSC from origin. For clinicals trials, it’s a quite exciting way to treat 
with MSC without MSC per se. In this sense, there are several clinicals trials ongoing 
using EV from MSC.

But again, regarding the use of EV at clinicals trials, the cell culture protocol 
standardization, as well as detailed description of isolating methods, requires more 
attention [13, 17]. For immune regulation capabilities of MSC, ISCT describes assays 
to standardize the protocols for clinicals trials. Several researchers and groups sum-
marize three assays that must be followed by all clinicals trials: real time PCR of 
selected gene products, immunophenotyping assays by flow cytometry and secretome 
assays [18]. In addition, clinicals parameters such as time to administer MSC, dosage, 
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delivery, homing, fresh or frozen MSC, autologous or allogeneic transplantation, etc., 
all these can generate different responses for patient’s’ treatment. Thus, more quality 
control to clinicals trials must be done [19].

3. Healing mechanisms of mesenchymal stromal cells

The physiological and clinical properties of MSCs include not only differentiation 
potential but also maintenance of tissue homeostasis, immunomodulation, secretion 
of particles and molecules, and of course, tissue regeneration/healing [20].

Initially, it was believed that MSCs could act directly in the tissue repair and regen-
eration through migration and engraftment to the site of injury, differentiating into 
functional local cells and promoting regeneration to the damaged tissue. However, it 
is now understood that MSCs major effects are promoted largely through secretion of 
modulatory factors (paracrine activity) and less due to its tissue replacement [21].

In this sense, the ability of regeneration and healing of tissue depends on multiple 
factors. In the aspect of wound healing, for example, different cell types are involved, 
including platelets, macrophages, fibroblasts and MSCs. Thus, the balance among 
proinflammatory M1 macrophages, transformation to anti-inflammatory M2 mac-
rophages and fibroblast extracellular matrix production are crucial to the process of 
healing. For instance, Adipose-tissue derived MSCs (AT-MSC), as well as its derived 
exosomes, have been reported to induce M2 macrophage phenotype, modulating the 
inflammatory process and to enhance the proliferation and migration of fibroblast, 
contributing to the wound healing process [22].

MSC paracrine signaling can act as anti-inflammatory, anti-fibrotic and pro-
angiogenic effects leading to tissue healing and regeneration. In this case, MSCs have 
been shown to promote accelerated peptic ulcer healing leading to higher prolifera-
tive cells population over the ulcer margin, by increasing vascularity in the site of 
lesion with increased expression of interleukin-10, an anti-inflammatory cytokine, 
resulting in ulcer healing, such as reepithelization, angiogenesis, and reduced 
inflammation [23].

Furthermore, this triad process of healing of MSCs based on its anti-inflamma-
tory, anti-fibrotic and pro-angiogenic effects was observed in many studies confirm-
ing the pleiotropic effect of these cells during therapeutic process. Briefly, the use of 
MSCs in ischemic diseases have also been explored. In this scenario, transplantation 
of MSCs induced angiogenesis with reported differentiation of MSCs into endothelial 
cells to compose new blood vessels in the infarcted cardiac tissue. Classically, MSCs 
have been used in Graft versus host disease (GVHD) and autoimmune diseases 
and have presented decreasing of global inflammatory process with modulation of 
inflammatory cells (lymphocytes, NK cells, macrophages) and expanded survival or 
reduced the use of corticoids by transplanted patients [24]. MSCs paracrine secretion 
of extracellular vesicles or soluble factors may also contribute to angiogenic or immu-
nomodulatory activity in the ischemic heart and brain, even leading to activation of 
endogenous cardiac stem cells responsible for myocardial regeneration [25].

4. Mesenchymal stromal cells at niche

Cellular turnover varies immensely among the human body tissues. Skin and gut 
epithelia are replenished every 3–5 days. On the other hand, a neuron’s lifespan is 
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huge [26]. This turnover is regulated by stem cells in adult tissues. How these stem 
cells are in vivo and how they keep the homeostasis of tissue is a challenging subject. 
Despite this, it is known that the MSC and the stem cells live together in specific areas 
called niches.

A niche is an area of a tissue that provides a specific microenvironment, in which 
stem cells are present in an undifferentiated, quiescent and self-renewable state. 
The niche is composed of: (1) a population of stem cells; (2) a population of stromal 
cells, mainly MSC; (3) an extracellular matrix in which stem cells, stromal cells and 
molecular cues are embedded; (4) blood vessels support; and (5) neural inputs [27].

The niche is the place where humoral, neuronal, local (paracrine), positional 
(physical) and metabolic cues interact with each other to regulate stem cell fate [28]. 
MSC also lives in this environment and has a crucial role in the niche. The cross-talk 
between stem cells and MSC is very important to both cells. Cells of the niche, mainly 
MSC, interact with the stem cells to maintain them or promote their differentiation. 
And tissue homeostasis depends on this balance [27, 29].

The role of MSC in the niche has been studied in recent years. MSC may be the 
cell that sustains the niche and the cell that keeps the tissue stem cell in the quiescent 
state. MSC can secrete soluble factors, produce extracellular matrices due to its sens-
ing of the extracellular signals and thus regulate stem cell fate [30].

MSC can be found in every vascularized tissue. Several studies have demonstrated 
a population of MSC in different tissues, mainly the ones highly vascularized. 
Following the minimal criteria defined by ISCT, several studies have demonstrated 
that MSC are the perivascular cells in tissues. Crisan et al. have isolated cells pheno-
typically positive for pericytes markers (CD146, NG2 and PDGF-Rβ2) from placenta, 
adipose tissue, pancreas and skeletal muscle and when cultured these cells shown 
MSC patterns [31]. Not only microvascular pericytes have been described to be the 
MSC origin cell but also adventitial perivascular cells [32].

Are the in vitro MSC the in vivo pericytes? Some authors state that MSCs are cell 
culture artifacts [33]. They disagreed that MSCs are pericyte because since our body is 
extremely vascularized thus the MSC population should be huge enough to guarantee 
efficient repair after injury. However our regeneration is not so efficient. In this sense, 
it has been shown that pericytes in vitro generate a cell similar to MSC, but in vivo all 
the pericyte functions may not release them to act as MSC [17]. In addition, if all MSC 
should be pericytes in vivo, then all MSC in vitro should be the same, and they are not. 
MSC from adipose tissue differs phenotypically (CD markers, secretion of molecules, 
etc.) from bone marrow-MSC, that differs from Wharton Jelly MSC, that differs from 
cord blood MSC etc. However, there is a hypothesis of an imprinting of tissue source on 
MSC properties that make tissue-MSC differs from each other [34]. All these opposite 
points of view show that the search for MSC in vivo continues.

Of note, all the knowledge on the MSC field achieved until now is obtained from 
cultured cells, expanded ex-vivo. In addition, in a plastic dish, MSC is not a pure 
population. The isolation methods and expansion in culture conditions did not 
exclude other cells from rising together. They are a heterogenous population in these 
conditions. Single cell RNA sequencing studies demonstrate that MSCs are heteroge-
neous and moreover MSC from different sites differs from each other [34–36].

Since most clinicals trials have been using ex-vivo expanded MSC and showing 
mild positive results in vivo, some researchers claim that the stimulation of the niche 
and their endogenous MSC should be a better option than administered exogenous 
MSC [30, 37, 38]. Thus, knowing how a niche works and how to properly stimulate it 
may result in better clinicals outcomes.
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Hypoxic areas in the niches are common. At the bone marrow niche, the concen-
tration of O2 is near 3%. Indeed, tissue O2 concentration may vary from 1 to 5% [39]. 
Several studies in rodents models as well as with human BM-MSC have demonstrated 
that a hypoxic condition increased osteogenic capabilities [40], increase the expres-
sion of pro-angiogenic factors [41], enhance MSC immunosuppression profile [42], 
maintain genomic stability [43], etc.

Since hypoxia has a huge effect on MSC metabolism, it is clear that energy 
metabolism can also be linked to MSC cross-talk to stem cells or its stemness. Several 
works have been studying the energy metabolic process at MSC. The homeostasis 
state of MSC can be regulated by metabolic signals leading to its stemness of MSC as 
described by Sun et al. [44]. They show that low levels of sodium lactate, upregula-
tion of glycolysis, both induced by lysine demethylase 6B (KDM6B), can maintain 
MSC stemness. Indeed, energy metabolism is extremely important in the activation/ 
differentiation of MSC [45]. At the pathological stage,    glucose, fatty acid, and amino 
acid metabolism are altered at MSC. If those pathways could be restored, tissular 
homeostasis can also be restored [46].

Extracellular matrices (ECM) can also be regulated by MSC. Beyond the struc-
tural scaffold, ECM is an acellular 3D structure that is in close contact with the cells. 
ECM is composed of several proteins (mainly collagen and elastin), glycosami-
noglycans and proteoglycans. ECM participates in cell adhesion and in signaling 
through mimicking several receptors. In addition, mechanical patterns of ECM can 
also interfere in cell response, such as stiffness [47, 48]. During injury, ECM can 
be remodeled. Stromal cells, including MSC, secrete more ECM to reconstruction, 
helping other cells to migrate to this injury site. We will exploit it below regarding 
MSC secretome.

5. Metabolically activated mesenchymal stromal cells

5.1 The MSC secretome

The MSC secretome is composed of a soluble fraction of bioactive molecules 
(cytokines, chemokines and growth factors) and particles (extracellular vesicles 
and exosomes, responsible for the delivery of microRNAs and proteins) with several 
regulatory effects such as (1) anti-inflammatory; (2) pro-angiogenic; (3) stimula-
tion of endogenous progenitor cells; (4) anti-apoptotic; (5) anti-fibrotic; and (6) 
anti-oxidant [49]. In addition, there is secretion of extracellular vesicles (exosomes, 
microvesicles and apoptotic bodies). Inside these vesicles, there are a pool of active 
molecules (enzymes, receptors, cytokines, chemokines, miRNA, DNA) that can 
perform the same function of its mother cells (See Figure 1) [50, 51].

The whole MSC secretome, which is composed of proteins, nucleic acids, lipids, 
carbohydrates and extracellular vesicles can also be obtained from MSC-derived 
conditioned medium (MSC-CM). The soluble component of the secretome and their 
extracellular vesicles may be then separated with the use of specific methodologies as 
centrifugation, filtration and chromatography [2]. MSC-CM and extracellular vesicles 
are enriched with various regulatory components, including transforming factor-β 
(TGF- β), hepatic growth factor (HGF), indoleamine 2,3-dioxygenase-1 (IDO-1), 
prostaglandin E2 (PGE2), interleukin (IL)-10, IL-1 receptor agonist (IL-1Ra) and 
others. Thus, the exposure of different cells to MSC-CM or extracellular vesicles 
induces different responses depending on the secreted factor available [52].
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 As appointed by Filidou et al., the anti-inflammatory, anti-fibrotic and tissue regen-
eration properties of MSC-CM promote  in vivo  and  in vitro  beneficial effects on different 
disease models that, in general, damages the tissues. Specifically, the use of AdMSC-CM 
resulted in reduced expression of inflammatory chemokines and cytokines in human 
pulmonary subepithelial myofibroblasts in response to exposure to IL-1α and Tumor 
Necrosis Factor-α (TNF-α) and also to TGF-β-induced fibrotic responses in these cells. In 
addition, the authors showed a reduction in chemotaxis (CCL and CXCL), inflammatory 
(IL-1α) and fibrotic (collagen Type III) molecules mRNA and protein expression by CM 
derived from human AT-MSC [ 53 ]. Furthermore, an experimental model of preeclamp-
sia induced by bacterial lipopolysaccharide (LPS) showed that human placenta-derived 
MSC-CM reduced expression levels of TNF-α and IL-6 in the mice placenta, while also 
reducing the expression of the anti-angiogenic factor sFlt-1 [ 54 ].  

  5.2 MSCs extracellular vesicles 

 The use of MSC of extracellular vesicles (MSC-EVs) has attracted attention for 
its ability to promote beneficial effects even when MSC itself is not present [ 55 ]. 
MSC biological characteristics may compromise its use as a therapeutic agent. MSCs 
proliferation decreases over culture passages, studies report concerns about increased 
tumorigenicity and the uncertainty of MSCs fate after venous injection calls attention 
to weak points of such therapeutic strategy [ 56 ]. 

  Figure 1.
  The MSC secretome. Different molecules are secreted by MSCs. Some of them may induce modulation of immune 
response, by the expression of cytokines and chemokines to act as anti-inflammatory. It mainly occurs by induction 
of lymphocytes T helper 2 (TH2) and T regulatory cells (Treg). Molecules secreted by MSC can also be pro-
angiogenic, anti-apoptotic, antioxidant and anti-fibrotic. Furthermore, MSCs secretome promotes the stimulation 
of other stem cells at niche. Extracellular vesicles, also considered part of MSC secretome, contain several 
molecules and RNA (miRNA, lnRNA) and proteins that may act over other cells through interaction with surface 
receptors or entering the contact with neighboring cells. IL, interleukin; TGF- β, transforming factor-β; COX-2, 
Cyclooxygenase-2; GSH, glutathione; GSSG, glutathione disulfide; miRNA, MicroRNA; lnRNA, long noncoding 
RNA; Th2, T helper 2; Treg, regulatory T cells; TLR2, toll-like receptor 2; Nrf2, nuclear factor erythroid 2-related 
factor 2; and Mox, oxidized phospholipids-activated macrophages phenotype. Created with  BioRender.com .          
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MSC-EVs are classified according to their size, which ranges from apoptotic 
bodies (> 1000 nm), to microvesicles (100–1000 nm) and exosomes (30–200) [57]. 
Up to date, 45 MSC-EVs clinical trials are registered in Clinicaltrials.gov [clinical-
trials.gov “(mesenchymal stromal cells OR mesenchymal stem cells) AND (extra-
cellular vesicle OR exosome OR microvesicle)”, October 2022] of which 5 studies 
are currently at phase 3, including therapeutic approaches to rhinitis pigmentosa 
(NCT05413148), SARS-CoV-2 infection and acute respiratory distress syndrome 
(NCT05216562, NCT05354141), diabetes mellitus type 1 (NCT02138331) and 
stroke (NCT01716481).

The MSC-EVs content vary depending on the derived cell, microenvironment and 
physiological conditions, thus can be modulated by preconditioning methods, but 
are known to contain molecules such as messenger RNA, microRNAs, others regula-
tory RNAs (i.e., lncRNAs, microRNAs, ceRNAs, and circRNAs), enzymes, receptors, 
cytokines, chemokines and growth factors. Once released to the extracellular envi-
ronment from the donor cell, MSC-EVs can be internalized by another cell via endo-
cytosis or trigger responses through receptor-ligand interaction acting as a paracrine 
and endocrine agent. Furthermore, these MSC-derived EVs are capable of homing to 
injured tissue, having immunosuppressive effects or others similar to those promoted 
by transplanted MSCs [57].

MSC-EVs can be used in almost all therapy conditions that native MSCs are used 
or predicted to be; for instance, the MSC-derived exosomes were utilized in wound 
healing and was verified the promotion of collagen synthesis and proliferation and 
migration of fibroblasts and keratinocytes, important cells in the mechanisms of 
wound regeneration. Furthermore, it was detected that these effects are, greatly in 
part, promoted by microRNA in the exosomes. The therapeutic effects of microRNA 
derived from MSC-exosomes was widely reported in several studies showing benefits 
in the treatment of chronic skin ulcers, bone repair, promoting the immunomodula-
tion in favor of inflammation resolution, improving angiogenesis, neurogenesis, 
macrophage polarization and limiting cardiac fibroblast proliferation, and improving 
tissue function after ischemia-reperfusion injury [55].

Using AT-MSC-derived exosomes Heo and Kim [58] reported a reduction in the 
gene expression of pro-inflammatory molecules as TNF-α, IL-6 and IL-8 which 
were induced by LPS in the THP-1 cell line, while the expression levels of anti-
inflammatory CD163, ARG1, CD206, TGF-β1 and IL-10 were shown to be increased 
in the LPS + exosomes group. The treatment of human umbilical vein endothelial cells 
(HUVECs) with AT-MSC-derived exosomes increased the proliferation of HUVECs 
and gene expression level of pro-angiogenic genes like angiopoietin1 and flk1, while 
reducing the expression of those with detrimental vascular function as vasohibin-1 
and thrombospondin-1. Remarkably, the expression of miR-132 and miR-146a were 
found increased in exosome-treated HUVECs, and these microRNAs bound to the 
anti-angiogenic genes thrombospondin-1 and vasohibin-1, respectively [58].

Furthermore, a study aiming to elucidate the role of MSC-EVs in mitochondrial 
damage showed a reversion of mitochondrial DNA deletion to the treated group that 
was not observed in injured renal tubular cells. Utilizing an in vivo model of acute 
kidney injury, the authors observed the same effect through up-regulation of mito-
chondrial factor A pathway activity. These findings suggest that MSC-EVs therapeutic 
effects can also be related to improvement of mitochondrial function in diverse 
diseases in addition to its role as anti-inflammatory, antioxidant and anti-apoptotic as 
observed in many other injury models [59].
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Finally, use of MSC-EV are promisor therapies that comprehends the major effects 
attributed to MSC secretome, promoting desired improvements in regeneration and 
immunomodulation as that offered by paracrine effects credited to MSCs.

5.3 Activation signaling and pre-conditioning

The paracrine effect of MSC is highly dependent on the microenvironment around 
MSCs. The MSCs have some sensors receptors (i.e., TLRs, AhRs, TNFRs, and IFNRs) 
which act as an “antenna” that captures external signals that drive a special cellular 
effect. In contrast, in the absence of stimuli the MSCs show little to no expression 
of molecules responsible for their function, for instance, the immunomodulatory 
profile, such as the expression of human leukocyte antigen (HLA)-I and intercellular 
adhesion molecule-1 (ICAM-1).

The production of molecules from MSC secretome can be stimulated by the 
presence of inflammatory components that induce an immunomodulatory pheno-
type on MSCs [60]. The MSCs preconditioning with inflammatory factors such as 
IL-1β and interferon gamma (IFN-γ) result in augmented production of modulatory 
components by MSCs which can influence and regulate other cell types, such as 
macrophages, to acquire a regulatory phenotype [61]. Hence, exposure of MSCs to 
an inflammatory environment, containing for example IFN-γ and TNF-α cytokines, 
induces MSCs to start the production of specific molecules which will play a role as 
immunoregulators [62].

TNF-α is one of the first secreted cytokines during an inflammatory event. TNF-α 
binds to two distinct receptors, TNFR1 and TNFR2. While TNFR1 is expressed 
ubiquitously, few cellular populations express TNFR2, including immune cells and 
MSCs. In MSCs, TNFα/TNFR2 interaction promotes the expression or secretion of 
pro-angiogenic and cytoprotective mediators. Beldi et al. investigated the role of 
TNFR2 in MSCs and found that in comparison to TNFR2+ wild type MSCs, MSCs 
lacking TNFR2 were less immunosuppressive to CD4 and CD8 T cells when reducing 
cellular proliferation and cytokines production in T cells. Furthermore, while TNF-α 
stimuli did not result in increased expression of early HLA-I, MSC exposure to IFN-γ 
increased expression of HLA-I, an indicator of MSC activation [63].

Regarding the MSCs-EV, preconditioning may also be expected to happen. In 
fact, cultures of PBMCs in presence of MSC-derived exosomes preconditioned with 
TNF-α and IFN-γ, resulted in cytokines shifting: 34 inflammatory cytokines and 
chemokines were found to be downregulated and several anti-inflammatory, as IL-10, 
were upregulated. Moreover, preconditioning of MSC-exosomes with atorvastatin 
enhanced angiogenesis when compared to non-pretreated MSCs in myocardial infarc-
tion injury; and also TNF-α preconditioning of adipose tissue MSCs promoted higher 
osteoblast differentiation upon exosome treatment [64, 65].

Although showing interesting results during preclinical in vivo/in vitro studies, the 
preconditioning of MSCs is still performed with human and non-human recombinant 
factors with lack of consistency at human clinical trials. To overcome this, the use of 
fresh human derived products can be an effective resource when we take in mind the 
use of preconditioning on the clinical scale. Thus, platelets or platelet-rich plasma 
have been proposed as a beneficial enhancer to therapeutic properties of MSCs. These 
platelets or platelet-rich plasma medium stimulates proliferation of MSCs and offer 
protection against oxidative stress, mainly due to the release of growth factors that 
exerts beneficial effects on MSCs. Further, the transfer of platelets mitochondria 
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to MSCs stimulates wound-healing activity. And, the incubation of MSCs with full 
functional platelets, but not with dysfunctional mitochondria platelets, resulted in 
increased expression of pro-angiogenic genes [66].

Moreover, other similar approaches aiming to control extrinsic factors in MSCs 
modulation are available. Considering these aspects, some MSCs variability to its 
activity is found in response to (i) source or location, that is, Bone marrow-derived 
MSCs or Adipose tissue-derived MSCs, (ii) passage number in culture, and (iii) 
oxygen concentration and presence of different compounds in the environment, such 
as pharmacological agents. These extrinsic factors are useful methods of precondi-
tioning MSCs and can be used to improve its therapeutic potential regulating the 
secretory MSCs profile. These effects can be reached using the hypoxic environment 
of cell culture, inflammatory cytokines, pharmacological compounds, and 3D cell 
culture models [60].

Finally, an interesting cell culture method of 3-dimensional culture can be used 
as a preconditioning factor as well. In this culture method, the physiological condi-
tions seen as in the in vivo cell environment are replicated, as the spheroid 3D culture 
promotes a physiological-like environment, like those found in MSCs niche. In this 
spheroid culture, internal cells receive lower oxygen levels than MSCs in the surface 
of the 3D structure, creating a hypoxic environment. These spheroid cultured MSCs 
presented an increase in cytoprotective factors and enhanced proliferation, with 
increased immunomodulatory factors expression, along with elevated angiogenic, 
anti-fibrotic and anti-apoptotic activity [67].

6. Mesenchymal stromal cell dysfunction

Our knowledge on MSC is focused on how healthy MSC responds to an injury, 
by secreting several molecules, trying to rebuild the tissue homeostasis. At cellular 
therapy, healthy exogenous MSCs are administered to patients and in response to the 
injury, this exerts its regenerative role and helps heal the damage.

However, there are several conditions that can damp MSC capabilities of healing 
in situ. Autologous transplantations of MSC have mild results in clinical trials despite 
animal models generated great results [68]. Allogeneic transplantation of MSCs seems 
to have better outcomes. Moreover, the functional decline of MSCs has been associ-
ated with a pathophysiological driver of several diseases and aging [69].

Regenerative properties of endogenous MSC can be decreased in vivo and in vitro. 
Aging, metabolic changes due to pathologies and epigenetics changes can interfere 
at MSC in vivo. In vitro, MSC can be altered by cell culture passages (senescence), by 
storage at cryogenic conditions, by culture conditions (such as serum deprivation), by 
cell contact loss, by normoxia, etc. [69–71]. We will further exploit some of the MSC 
disabilities below. See Figure 2.

6.1 Aging: epigenetic and PMT at MSC disruption

Aging is a settled multifactorial process. Lopez-Otin has described 9 hallmarks 
that represent common denominators of aging: (1) genomic instability, (2) telomere 
attrition, (3) epigenetic alterations, (4) loss of proteostasis, (5) deregulated nutrient-
sensing, (6) mitochondrial dysfunction, (7) cellular senescence, (8) stem cell exhaus-
tion, and (9) altered intercellular communication [72]. Herein, we will focus on some 
of these hallmarks and its impact on MSC.
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 Aging and age-related diseases have been associated with the higher number of 
senescent cells in the tissue [ 73 ]. In 1995, Dmiri et al. have described the quantifica-
tion of the amount of beta-galactosidase as a biomarker of senescence. He demon-
strated that a higher amount of beta-galactosidase is present at senescent cultured 
fibroblasts in human cells [ 74 ]. Since then, several works have been demonstrating 
that beta-galactosidase is not a reliable marker, so the search for a biomarker for 
senescence is still ongoing. It has been demonstrated that p16Ink4a-positive senescent 
cells accumulate with age in multiple tissues [ 75 ]. DNA damage response (DDR) is 
induced in healthy MSCs leading to the activation of the two main signaling pathways 
p19 ARF  and p16 INK 4 A  [ 73 ]. 

 Evidence suggests that MSC senescence is a dynamic process driven by 
epigenetic and genetic changes. Moreover, aging can be impacted by both 
environmental and inherent factors. Genetics factors are associated with long 
term mutations in DNA that lead to failure of the replicative state of the cell. 
Environmental factors that do not change DNA, also affect cell cycle. To date, 
epigenetics refers to the study of heritable phenotypic alterations linked to 
differential gene expression when the same DNA sequence is maintained [ 76 ]. 
Epigenetic dysregulation is associated with (1) DNA-based mechanisms: DNA 
methylation and histone modifications (2) RNA-based mechanisms: noncoding 
RNAs and RNA modifications [ 69 ]. 

 These genetics and epigenetic modifications can interfere directly with MSC by 
inducing the arrest of cell cycle, by producing a defective ECM niche production 
and by disrupting the MSC differentiation leading to tissue aberrations evidenti-
ated at aging and disease [ 69 ,  76 ]. Several articles described differential methylation 
patterns at MSC isolated from young X olders patients. Moreover, these differential 
methylation patterns were also observed at long term cultures  in vitro  of MSC [ 77 ,  78 ]. 

  Figure 2.
  Senescence  In vivo  and  in vitro : Conditions that lead to MSC senescence. Several factors are correlated with MSC 
senescence.  In vivo , pathologies, metabolic diseases and aging may interfere at epigenetic levels and/or generate 
chronic inflammation responses that can cause MSC senescence.  In vitro , other factors contribute to a senescence 
culture such as O 2  concentration, culture and cryogenic conditions etc. mainly due to telomerase disruption. 
Created with  BioRender.com .          
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Single-cell sequencing analysis of young X elderly BM-MSC have shown that young 
MSC have higher expression of genes related to tissue regeneration. Moreover, at 
young BM-MSC there is a cluster of cells that have a lower expression of genes of pro-
liferation, that characterize them as quiescent cells, so stem cells. And these clusters 
of cells were not observed at elderly BM-MSC [79].

Not only epigenetic modification in DNA but also modifications in protein has 
huge importance in the differentiation processes. Protein post-transductional modi-
fications (PTM) are protein modifications caused by adding groups of phosphates, 
acetyl, methyl, etc. in one or multiple amino acids and/or caused by proteolytic 
cleavage by ubiquitin [80]. These modifications can determine its activity state, 
localization, turnover, and interactions with other proteins. At MSC, PMT has been 
associated with differentiation to osteogenic lineage [81] Osteogenic differentiation of 
BM-MSC has been linked to O-GlcNAc cycling to the Runx2-dependent regulation of 
the early ALP marker [82].

In addition, aging decreases the number of stem cells in the niche, but not only 
it, aging also affects MSC and stem cell response due to metabolic and epigenetics 
changes [83]. Muscle stem cells (satellite cells) in aging tend to be converted to a 
fibroblast lineage instead of myogenic lineage [84, 85]. Several authors have been 
demonstrating that niche ECM stiffness leads to the aging process, dampening regen-
eration of the tissue and its homeostasis and moreover, leading to stem cell aging. In 
central nervous systems (CNS), ECM niche stiffness of oligodendrocyte progenitor 
cells (OPCs) have been related to aging processes mainly through the mechanore-
sponsive ion channel Piezo1 [83, 86].

Immunophenotypic profile of MSC can also be affected by senescence. Laschober 
et al. described that CD295 (leptin receptor or LEPR) have been found to increase 
during MSC senescence and it correlates with reduced proliferation capacities of 
MSC [87].

6.2 MSC senescence in culture conditions

In culture conditions, long term cultures are not welcome to be used in therapy 
due to its altered therapeutic profile. These cells became large and flattened (“sunny 
side up egg” morphology), less proliferative and less responsive. Senescence in culture 
characterized by the arrest of cell cycle. It is a known issue, as described by Hayclifk 
in fibroblast cultures [88]. Four types of senescence have been distinguished: replica-
tive senescence (RS), oncogene-induced senescence (OIS), stress-induced premature 
senescence (SIPS), and developmental senescence [29, 89, 90].

Stress conditions at culture, such as adaptations to 2D culture, O2 concentra-
tion, confluency condition, the amount of nutrients even though the exposure 
to light lead to modifications that cause its arrest in the G0 phase of cell cycle of 
MSC [91, 92].

Cryopreservation is also a concern regarding MSC stability. Dimethyl sulfoxide 
(DMSO) has been the gold standard agent for cryobiology. However, the use of 
DMSO has been associated with in vitro toxicity. Since it has been associated with 
DNA methylation processes, DMSO affects many cellular processes and dysregulation 
of gene expression [93]. Mol et al. described that fresh culture MSC have a trend to 
have better outcomes for acute graft versus host disease (GvHD) and tissue injury 
in hemorrhagic cystitis than freeze-thawed MSC. Fresh MSCs have higher mRNA 
expression of IDO after 24 h IFNg priming, showing higher immunomodulatory 
properties than cryopreserved MSC [94].
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6.3 Inflammation and senescence of MSC

Cycle arrest occurs due to a persistent DNA damage response (DDR) caused by 
either intrinsic (oxidative damage, telomere attrition, hyperproliferation) or external 
insults (ultraviolet, γ-irradiation, chemotherapeutic drugs) [95]. The more DNA 
damage, the more cell death, senescence and tissue dysfunction contributing to aging. 
Growing evidence has been describing that inflammation can also lead to DNA dam-
age [96].

DNA damage induces the expression of type I interferons and other inflammatory 
factors [97]. The connection between DNA damage and inflammation is through the 
cytoplasmic DNA sensing pathway. Micronuclei formations (formed due to DNA 
damage during mitosis) can stimulate the cell senescence throughout cyclic GMP–
AMP synthase (cGAS), a DNA sensor that stimulates STING (stimulator of interferon 
genes). To prevent undesired inflammation, besides cGAS-STING pathway, there are 
also the deoxyribonucleases (DNases) in the cytoplasm, digesting excessive DNA, 
serving as a negative regulator of cytoplasmic DNA. There are two major DNases in 
the cytoplasm: DNase2α (encoded by DNaseII) and TREX1 (originally designated 
DNaseIII). Intriguingly, both DNases are downregulated in senescent cells, contribut-
ing to aberrant cytoplasmic DNA sensing and inflammation [98].

Inflammaging, a term to define a chronic, low-grade sterile inflammation fre-
quently observed during aging [99]. It is a macrophage centered process, involves 
several tissues and organs, including the gut microbiota, and is characterized by a 
complex balance between pro- and anti-inflammatory responses [100]. In elderly, the 
chronic inflammation observed is due to cells in tissue expressing pro-inflammatory 
cytokines, such as IL-1α, IL-6, TNF, and NF-κB activity and other inflammatory fac-
tors [101]. Chronic inflammation during aging and its negative outcome is supported 
by clinical data in kidney [102], liver [103], lung [104] etc.

Since MSC are perivascular cells and that they have a close connection with 
circulant factors in blood, it is possible to consider MSC with a central role in inflam-
maging, together with macrophages [105]. Rejuvenation strategies, such as culturing 
MSC with serum from older rats and parabiosis, showed a lower proliferation rate and 
survival of MSC exposed to serum from elderly subjects [106]. Thus, there are circu-
lant molecules/cytokines that can impair MSC functions in aged individuals. Higher 
amounts of circulant beta-catenin and SMAD3 have been associated with senescence 
MSC profile [29]. More basic research must be done in this area.

Senescent cells are functional cells. Senescent cells were shown to secrete a range 
of inflammatory factors, which was termed the ‘senescence-associated secretory 
phenotype’ (SASP) [107]. The SASP mediates many of the cell-extrinsic functions of 
senescent cells. The SASP has its physiologic role: (1)by maintaining the SASP profile 
of the senescent cell (maintaining cell cycle arrest and SASP expression), (2) by 
eliciting immune response to generate a senescent cell clearance and (3) by secreting 
ECM and angiogenic factors leading to tissue regeneration [90, 108]. However, SASP 
has also deleterious effects by promoting inflammation (leading to inflammaging) 
and, potentially, tumor progression in neighboring cells. The correlation of SASP and 
inflammaging is beginning to be investigated using models to detect and eliminate 
the senescent cell (the INK-ATTAC model) [90, 108]. SAPS at MSC a is also related 
to higher secretion of extracellular microvesicles in aged subjects, as well its higher 
amount of microRNA content [109, 110] .

Interestingly, as it was described early in this chapter, MSCs have potent anti-
inflammatory functions, whereas senescent MSCs play a pro-inflammatory role 
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due to SASP, which has been considered a major cause of aged MSCs’ detrimental 
effects [111]. In accordance with this, HMGB1 secreted by senescent fibroblasts is 
recognized by TLR4, followed by increase in SASP secretion [112]. These findings 
establish the critical role played by innate immune sensing mechanisms in regulating 
senescence [91].

6.4 Diseases and MSC

At MSC therapy, attention must be done regarding the pathological state of the 
patients at the harvest of MSC, since aging and pathological diseases can interfere at 
this isolated MSC. Moreover, when treating the patient, the pathogenic milieu where 
exogenous MSC is administered requires attention, because it may interfere with the 
MSC mechanism of action.

Obesity can impact BM-MSC. Ulum et al. described BM-MSC from patients with 
high body mass index (BMI) are more senescent, have disrupted differentiation to 
osteogenic and adipogenic cells, and highly expressed endoplasmic reticulum genes 
related to stress [113]. Diabetes can regulate AT-MSC as described by Abu-Shahba et 
al. They isolated AT-MSC from diabetic and non-diabetic patients and demonstrated 
that IL-1b is highly expressed in AT-MSC from diabetic patients [114].

7. Conclusion and new perspectives

The knowledge of MSC still requires much more research to elucidate its regenera-
tive properties. More than 30 years of research and yet there is a lot to understand. 
The search for a better performance in MSCs cultures, the secretome profile, how to 
stimulate MSC to secrete higher amounts of such molecules using preconditioning 
techniques or niche stimulation, how MSC acts in vivo: a lot of questions with some 
clues, but far from the right answer.
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Abstract

Exosomes have come a long way since they were first described in 1981 by Trams
et al. as small lipid bilayer-enclosed vesicles of endocytic origin. Their ability to alter
cell bioactivity combined with their advancing popularity as disease biomarkers and
therapeutic delivery systems has compelled major Government institutions and regu-
latory authorities to invest further in this ever-growing field of research. Being rela-
tively new, exosome research is besieged by challenges including but not limited to
inefficient separation methods and preservation techniques, difficulties in characteri-
zation, and lack of standardized protocols. However, as excitement and research on
exosomes increase, their relevance and capacity to elicit a distinct biological response
is reinforced. Therefore, it is pertinent to further explore their potential as cell-free
therapeutics. This review focuses on current difficulties and subsequent strategies to
refine existing methodologies for efficient clinical translation of exosomes in a
streamlined and cost-effective manner. The chapter is briefly divided into subsec-
tions, each relevant for sequential therapeutic development such as their classifica-
tion, isolation, scaling up, storage, characterizations, regulatory requirements,
therapeutic developments, and perspectives. Apart from literature search, we have
endeavored to bring in our own experience in this field including some recent clinical
developments.

Keywords: mesenchymal stem cells, exosomes, exosome characterization,
signalosomes, assays

1. Introduction

This chapter reiterates the central dogma that mesenchymal stem cells (MSCs)
ameliorate disease not just by virtue of their differentiation and self-renewal abilities,
but in a paracrine manner, by secreting anti-inflammatory, immunomodulatory, and
regenerative factors. Among these paracrine mediators, nanosized extracellular vesi-
cles “exosomes” have generated supreme interest, owing to reports of their standalone
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therapeutic effect. Stem cell exosomes can circumvent the safety risks associated with
the administration of cell therapy.

2. History and evolution of exosomes

A ground-breaking study by Chargaff andWest in 1946 [1] for the first time detailed
the phenomenon of plasmamembrane fragments being shed off viable cells and forming
“high particle weight lipoproteins.” It was not until two decades later, when the vesicular
particles isolated from body fluids were given some attention. Initially disregarded as
artifacts of the separation technique [2], these were later believed to be associated with
viruses [3]. Wolf and Prince then identified the usefulness of these serum-isolated
extracellular vesicles and termed them “phospholipid-rich platelet dust” that could
essentially be separated out by ultracentrifugation [4]. It was only in 1975, when particles
of 30 to 60 nm diameter, containing an electron-dense core enveloped by a membrane,
were recognized as microvesicles, and were firmly established as “breakdown products
of normal cellular components,” thus freeing them from any association with viruses’
[5]. In 1981, Trams and co-workers coined the term “exosomes” for microvesicles
harvested from tissue culture supernatant [6]. The exact physiological function of
exosomes remained unknown, but reports of specific plasma membrane domains within
sparked interest. In 1983, the phenomenon of formation and release of cellular vesicles
by exocytosis was outlined by the works of Stahl and Johnstone, respectively [7, 8].
These reports individually identified exosomes as 50-nm spheres displaying receptors on
their external surface and originating from a “non-lysosomal endocytic compartment.”
By mid to late 80s, the term exosome had caught on [9], and “exosome secretion
pathway” was acknowledged for the existence of a novel intracellular trafficking path-
way via shedding of cell membrane [10, 11]. In 1991, Johnstone identified cellular stress
as the primary factor to aid internalization and shedding of archaic components of the
plasma membrane in the form of exosomes, the mechanism of which was not yet known
[12]. However, it was Johnstone’s pivotal paper in 2005 [13], which underlined the
biological significance of exosomes, establishing for the first time a fate for them that
was beyond cellular waste. Following that, the field saw an exponential increase in
exosome research including scale-up processes, use of direct modifications, and genetic
engineering, paving the way for regenerative therapy. Figure 1, adapted from a land-
mark article in the field, depicts a timeline on exosome [14].

Figure 1.
Evolution and timeline of research conducted on exosomes. A brief timeline of when EVs were discovered, and
coining of the term “exosomes.”
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3. Classification of exosomes

An inherent size overlap between distinct EV subtypes poses a challenge for
characterization solely based on size [15]; however, the presence of markers associ-
ated with EV origin can further assist classification. Based on size, either small or large
EV categories comprise of five major populations: exomeres, exosomes, migrasomes,
apoptotic bodies, and large oncosomes [16]. The largest among these are apoptotic
bodies, with a diameter > 800nm (can go up to 5 μM), and consist of plasma mem-
brane and cytoplasmic components of post-apoptotic (dying) cells. Smaller than these
are microvesicles, or ectosomes ranging in size from 100 nm to 1 μm. These originate
from an irregular blebbing of the plasma membrane. The smallest EVs, exosomes
generate from multi-vesicular endosomes, and contain proteins, lipids, and nucleic
acids [17, 18]. Their size is much under debate, with smallest exosomes at 30 nm and
largest anywhere between 150 and 200 nm. Since exosomes are secreted only upon
environmental and physiological cues like cellular stress, their selectively integrated
cargo carries specific instructions for modulating target cells. Hence, this EV subclass
is often referred to as “signalosomes.” Interestingly, microvesicles and exosomes are
both released by non-apoptotic cells (Table 1).

4. Exosome morphology

Dehydration during sample preparation in conventional electron microscopic
techniques forces exosomes to reveal a cup-shaped structure, and they appear as
flattened spheres [19, 20]. Cryo-electron microscopy helps exosomes remain fully
hydrated and enables exosomes to retain a proper spherical morphology, thus it is a
superior technique [21].

5. Biogenesis, release, and uptake of exosomes

Exosome biogenesis and their secretion involve a complex molecular pathway
and exchange of material which is tightly regulated by each source cell [22, 23].
Cells secrete exosomes at different rates, depending on their type, metabolism, and

Type of EV Mechanism of Biogenesis Size TYPE

Exomeres Currently unknown <50 nm SMALL
EVs

Exosomes Inward budding of plasma membrane (PM) -
endocytosis

30–150 nm

Ectosomes or
Microvesicles

Direct shedding into extracellular matrix (ECM) via
outward budding of PM

100 nm – 1 μm LARGE
EVs

Migrasomes Generated during cell migration, secreted into ECM 500–3000 nm

Apoptotic Bodies Outward blebbing of apoptotic cell membrane 800 nm– 5 μm

Large Oncosomes Released from membrane blebs of amoeboid tumor cells 1–10 μm

Exosomes are the only EV class that originate through multivesicular body formation via endocytosis. Endosome-derived
EVs are generally referred to as ‘exosomes’ throughout this chapter and may be interchangeably used with the term ‘EVs’.

Table 1.
EV classification.
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other factors. The first step in this multistep pathway is invagination of the plasma
membrane via endocytosis [24], forming endosomes, which mature to late
endosome, also known as Multivesicular Bodies (MVBs), containing a population of
ILVs (Intraluminal Endosomal Vesicles) [24]. The final fate of MVBs is to either
i) undergo degradation via lysosomes or ii) fuse with plasma membrane and release
the ILVs as exosomes into extracellular space [25–27]. Most crucial step is the process
of channeling and deposition of a specific subset of proteins (including tetraspanins
and some endosomal proteins), lipids (ceramide), and other macromolecules into the
ILVs, for which the Endosomal Sorting Complex Required for Transport (ESCRT)
pathway is recruited [28–30]. The ESCRT pathway is an intricate, Adenosine Tri
Phosphate (ATP)-dependent process involving the use of four complexes—ESCRT-0,
ESCRT-I, ESCRT-II, and ESCRT-III along with associated proteins Tsg101 and Alix
among others [31–33]. Alternatively, the sorting of exosomal content and biogenesis
may occur via an ESCRT-independent pathway [34, 35] that surpasses ceramide-
mediated membrane budding [15]. Trafficking of exosomes to plasma membrane and
their subsequent release involve binding to tether proteins mediated by Rab GTPases
[36], followed by the fusion complex SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptors) that brings membranes into close proximity [37],
while sphingomyelinase mediates release [29]. The possible outcomes after exosome
release are as follows:

a. capture by neighboring cells

b. reabsorption by the parent cell

c. relocation and uptake by a remote cell

d. entry into circulation via body fluids

Target cells uptake exosomes through (i) endocytosis mediated by clathrin,
claveolin, or lipid rafts; (ii) direct plasma membrane fusion; or (iii) receptor-ligand
interaction on the cells surface [38], as shown in Figure 2. Once internalized by the
target cell, exosomes will fuse with an endocytic vesicle, releasing RNA and proteins
in the cytosol. All cell types including stem cells secrete exosomes, found in various
body fluids such as saliva, tears, plasma, serum, cerebrospinal fluid, bronchial fluid,
synovial fluid, amniotic fluid, breast milk, urine, semen, lymph, bile, gastric acids
[39–49]. However, this endosomal pathway for exosome biogenesis is the one factor
that distinguishes exosomes from other extracellular vesicles (EVs) [50, 51]. Con-
trastingly, both Apoptotic bodies and Microvesicles are formed via outward blebbing
of plasma membrane [15, 52–54].

6. Exosome composition

Stem cell exosomes partly replicate the content of their cells of origin [26, 55]. This
discovery, coupled with the revelation that they represent a very specific subcellular
compartment, the components of which are selectively sequestered, led to the
hypothesis that exosomes are more than just cell debris. Stem cell exosomes comprise
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a specific milieu of cytoplasmic and membrane proteins including receptors, enzymes,
transcription factors, extracellular matrix proteins, lipids, and nucleic acids all of
which target molecular pathways and are biologically active in recipient cells [56, 57].
Proteomic databases have now made available the protein composition of exosomes
[58, 59]. Irrespective of their origin, all exosomes share few proteins, for instance a
specific subset of endosomal, plasma membrane, and cytosolic proteins including cell
adhesion molecules (CAMs), integrins, tetraspanins (CD9, CD63, and CD81), heat
shock proteins (Hsp60, Hsp70, and Hsp90), biogenesis-related proteins (ALIX and
TSG101), and Major Histocompatibility Complex—MHC-I/II proteins). Other trans-
fer and fusion proteins such as Flotillins, Annexins, Heat Shock Proteins, Rab2, Rab7
may be up- or down-regulated depending on the tissue of origin [17, 60], which also
include MVB Biogenesis proteins, prostaglandins, platelet-derived growth factor,
latherin, transmembrane proteins, lysosome-associated membrane protein-2B, and
other phospholipases [61–63]. The lipid bilayer of exosomes (Figure 3) with a
characteristic thickness of 5 nm [64] is enriched in cholesterol, sphingomyelin
and other sphingolipids, ceramide, phosphoglycerides like phosphatidyl serine,
and diacylglycerol, which are usually conserved and specific to the parent cell [65].
Since lipids are a key component forming and protecting the exosome structure, lipid
content is conserved, and variations are only observed among different cell types [66].
Lastly, another essential cargo that is conserved is nucleic acids, which are relatively
distinct from the cytosolic pool of the parent cell. These include single- and double-
stranded deoxyribonucleic acids (ssDNA and dsDNA), mitochondrial (mtDNA), and
coding and non-coding ribonucleic acid (RNA) such as mRNA and microRNAs [67].
Cholesterol and sphingomyelin along with GPI-anchored proteins and Flotillin are also
enriched in “lipid-rafts,” implying a role for exosomes in transport [68]. Exosomes are
a source of pro-inflammatory cytokines—Interleukins such as IL-1β, IL-6, and IL-8,
monocyte chemoattractant protein 1 (MCP-1), Tumor Necrosis Factor-alpha (TNF-α)

Figure 2.
MSC exosome biogenesis, release, and uptake. Pathway for stem cell exosome biogenesis, release, and three
mechanisms for subsequent uptake by recipient cells (1). Direct fusion with target cell (2). Endocytosis (3).
Binding to cell surface receptor on target cell and internalization.
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[69, 70]. Figure 3 is a visualization of the identity and function of well-established
components that make up the stem cell exosome structure, which consists of a lipid
bilayer backbone, along with protein corona/glycocalyx attached to the surface (based
on initial findings) [71].

7. Exosome function

The process of exosome biogenesis aids packaging and transfer of information in
the form of lipids, nucleic acids, and proteins from the parent cell into the recipient
[70]. Consequently, the precise biological functions of exosomes are dependent on
their composition, and the reason stem cell exosomes receive tremendous attention is
their biological fingerprint and functionality mirroring that of their parental cells [72].
Stem cell exosomes have generated a lot of scientific interests owing to their primary
role as message and cellular cargo transporters in intercellular communication as well
as involvement in processes such as coagulation, antigen presentation, immune mod-
ulation and inflammation, regeneration, cell differentiation, waste management, pro-
liferation and apoptosis, tumor growth, and metastasis [73–85]. Owing to their
specific lipid content, they can alter lipid composition, specifically cholesterol and
sphingomyelin in target cells, thereby regulating target cell homeostasis [86].
Exosomes, owing to their unique composition, provide innovative opportunities as
biomarkers for diagnosis and in treatments. Currently, many clinical trials have been
registered for exosome-related studies [87].

Figure 3.
Mesenchymal stem cell exosome structure – A representation. Exosome structure comprises of a cargo-bearing
cytosol enveloped by a bilayer membrane carrying receptors, transmembrane proteins, integrins, lipid rafts, lipid
molecules, and a range of surface markers, along with associated protein corona.
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8. Isolation methods

Stem cell exosomes are multi-component vesicles with heterogeneity among
populations, which necessitates the development of an effective isolation method.
Many isolation techniques have been developed, which enable high yield, variable
purity, and quality of isolated exosomes. The relative merits and demerits of each of
these procedures are summarized in Table 2.

Isolation Method Basis of
separation

Potential advantages Potential limitations

Differential
Ultracentrifugation

Density and size High purity
Affordability over time
Ease of use
Minimal technical expertise
Reduced contamination risk
Large yields

Low recovery rate
Poor reproducibility
Time consuming (>4 hrs)
Labour-intensive
Expensive set-up
Aggregation of exosomes
Presence of impurities
(other EVs)
Unsuitable for clinical use

Density Gradient
Centrifugation

Size, mass and
density

Standard protocol
High purity
High capacity

Narrow loading zone
Low Yield
Contamination due to size
overlap
Time consuming (>4 hrs)

Size Exclusion
Chromatography (SEC)

Size High yield
Intact proteomic identity
Preserves biophysical
properties
Improved distribution of
exosomes injected in vivo
Lower aggregation
Intact vesicle structure
Good reproducibility
Enables quantitative
detection

Long run time
Requires specialized
equipment
Does not separate protein
aggregates
Not applicable for high
throughput
No scale-up

Ultrafiltration Size
(For Example,
TFF)

High purity
Applications in protein
characterization studies
Rapid
No specific equipment
High exosomal RNA yield [88]
Easy scale-up

Low recovery
Trapping of exosomes on
membrane filter
Shear-induced exosomal
damage
Reduced lifetime of
membrane due to clogging
No scale-up

Asymmetric Flow Field-
Flow Fractionation

Size Rapid isolation
High purity
No centrifugal force
No shear stress

Equipment cost

Immunoaffinity
Capture-based
techniques

Molecular
recognition

High affinity
High specificity of isolation
High yield (10–15 times) [89].
Easy to use and rapid
No specialized equipment
Cost effective at large scale

Low stability of antibodies
High reagent cost
Cumbersome
Low yield
Not applicable to all cell
types
Potential for false readouts
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8.1 Differential ultracentrifugation

Based on small size and low density, stem cell exosomes can easily be separated
by ultracentrifugation that works on stepwise speed increments (300 x g to
2000 x g to 10,000 x g to 100,000 x g) or alternating between high and low
speed (100,000 x g to 200,000 x g), ensuring that different sized particles are
separated at different times. Despite its many shortcomings, ultracentrifugation is
considered the gold standard for exosome isolation and accounts for 56% of all
exosome isolation techniques used in research [93]. Since this process does not
separate different sized EVs, the final product is more heterogeneous and may not be
suitable for governing bodies [94].

8.2 Density gradient ultracentrifugation

There are two types of preconstructed density gradient media—moving-zone gra-
dients and isopycnic gradients. Moving-zone gradients allow EVs of distinct sizes, but
same density to separate out together. Once the sample is layered from top into a tube
containing progressively increasing density from top to bottom, it is subjected to
multiple rounds of ultracentrifugation allowing the exosomes to individually move
toward the bottom, based upon their sedimentation rate. Moving gradient ultracen-
trifugation employs sucrose, deuterium oxide, or iodixanol-based gradients [95, 96].
When isopycnic density gradients (like caesium chloride) are employed, separation
occurs because of differences in sedimentation rates/densities between exosomes
and other impurities [97]. Exosomes concentrate at the density region of 1.10 and
1.21 g/cm3, and pure exosome pellets are obtained by ultracentrifugation at 110,00 x g
to 120,000 x g [98–100]. As inferred in Table 1, this may not be ideal, especially since
the density separations of microvesicles as well as apoptotic bodies are remarkably
close to exosomes.

Isolation Method Basis of
separation

Potential advantages Potential limitations

Polymer based
Precipitation

Polymer-based
precipitation

High recovery
High yield
Few steps and rapid
Ease of use
particles within size range
clinical application
Easy scale-up

Low purity of exosomes
No method for removing
the polymer
Impaired downstream
analysis

Microfluidic separation Density, size,
affinity

High yield
Portable technology
Cost effective
Rapid
High purity of exosomes

Low sample capacity,
Complex set-up [90–92]

Table lists and summarizes advantages and limitations of techniques regularly employed for isolation and enrichment of
exosomes.

Table 2.
The merits and demerits of stem cell exosome isolation methods.
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8.3 Size exclusion chromatography (SEC)

SepharoseCL-2B, Sepharose CL-4B, Sephacryl S-100 columns, or SEC matrices
exploit the property of smaller vesicles having longer diffusion paths in the paths
between porous gels, leading to their retention in the columns. Since exosomes have
large hydrodynamic radii, these are excluded from entering the pores, resulting in longer
retention times within the column [101–103].Widely used in many areas of biology, size
exclusion chromatography (SEC) can be used to isolate EVs based on the molecular size,
for example, QEV (izon), EC SEC columns (Stem cell). This method is used in collabo-
ration with filtration or multiple columns and is reported to alter the characteristics of
the EVs to a lesser extent (than other methods like Precipitation) [104].

8.4 Ultrafiltration

One of the most popular size-based separation methods is where particles in
suspension are separated on basis of their size/molecular weight. Exosomes are iso-
lated using membrane filters of specific molecular weight, using molecular weight
cut-offs (MWCO). A great example is TFF (Tangential Flow Filtration), a method
that filters EV sizes 100 kDa and above, using tangential flow of the fluid across the
filter surface, avoiding filter cakes and clogging of the pores. This is a preferred
method compared to UC. Most commercial large-scale EV purification use either
100 kDa or 300 kDa molecular weight cut-off filters. Because TFF has a history of use
in biopharma, it can be easily translated into large-scale downstream processing.
Companies such as Pall and Sartorius have developed TFF systems that can be modi-
fied to work with their 3D bioreactor systems making EV scale-up easier.

8.5 Asymmetric-flow field-flow fractionation (AF4)

AF4 employs a porous rectangular channel, which is subjected to parabolic
flow around its axis, and sample retention and diffusivity are controlled by a
cross-flow [93].

8.6 Immunoaffinity-capture

Precise isolation, based on antigen molecules highly concentrated on exosomal
surface, targeted by specific fluorescently labeled antibodies immobilized on a poly-
styrene substrate is purified either using a microplate (ELISA) or using submicron-
size magnetic beads [89]. Coupling with mass spectrometry significantly enhances the
capacity and is referred to as “Mass Spectrometric immunoassay.”

8.7 Polymer-based precipitation

Hydrophilic polymers like polyethylene glycol (PEG) are employed to tie up water
molecules and thereby force less soluble exosomes from stem cell-secreted culture
superfluates. The resulting exosome-precipitate is separated by low-speed centrifuga-
tion or ultrafiltration [105, 106].

To meet the demands of the ever-growing field of exosome therapeutics, there is a
desperate need for a robust, highly reproducible and high-throughput isolation
method that is still under development.
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9. Exosome (EXO) characterization

9.1 Characterization based on physicochemical properties

Depending on their physiological origin, exosomes differ in the composition
(quantity and quality) of their bioactive cargo capable of modulating and
reprogramming recipient cells. While this property has conferred therapeutic prowess
to exosomes, it also proves an impediment to the accurate assessment of their potency
and efficacy. Consequently, a crucial question for clinical development of exosome
therapeutics is to unravel the precise molecular composition and specific characteris-
tics of exosomes. Unlike isolation, there is no available gold standard technique for
either quantification or potency assessment of exosomes, owing mainly to inconsis-
tencies in isolation methods and batch-to-batch variations. There are multiple guide-
lines available from ISEV (International Society for Extracellular Vesicles) to
accurately characterize exosomes.

Table 3 represents a comprehensive list of the different physicochemical proper-
ties such as size, shape, surface charge, density, and porosity assessed by various
Exosome Characterization methods.

Physicochemical
Property

Exosome Parameter Unit Techniques Used

Size and
Concentration

1.Particle Number
2.Particle Size
3.Particle/protein
ratio

1.Particles/mL
2.nm
3.particles/mg

1.Nanoparticle Tracking
Analysis (NTA), Tunable
Resistive Pulse Sensing
(TRPS), Quantitative
Electron Microscopy (qEM)

2.NTA, Dynamic Light
Scattering (DLS), TRPS

3.TRPS, calculated

Source Cells 1) Particle number Cell number Cell Counters, Flow Cytometer

Morphology Structure and Size,
Vesicular Diameter

Atomic Force Microscopy,
Cryo-Transmission Electron
Microscopy (TEM), TEM (side
effects – dehydration of Exos)

Composition 1.Protein Content
2.Lipid Content
3.RNA Content
4.Cytokine Content

1.mg/mL
2.%, Absolute levels/
protein content

3.Yield (pg/uL)
4.Size Distribution
5.Relative measurement
based on qualitative
differences

1.micro-BCA/Bradford Assay,
ELISA, MS

2.LC-ESI-MS/MS
3.RNA Sequencing, qPCR,
Bioanalyzer

4.Cytokine Array, Luminex/
ProCartaPlex Assay

Identity Transmembrane
Proteins
(Tetraspanins)

CD9/63/81, CD44, CD29,
CD37, CD53, CD82

ELISA(concentration of
marker), EXO Flow Cytometry
using bead capture, NANO
FLOW CYTOMETRY

Transmembrane
Integrins

MFG-E8, α3, α4

Antigen Presentation MHC Class I, MHC Class II

Source Cell Markers MSC: CD105, CD73, CD90,
CD44 (Positive Surface
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9.1.1 Nano flow cytometry (nFCM)

nFCM is a high-resolution flow cytometric approach that allows generic quantita-
tive and qualitative analysis of individual EVs as well as sorting of EV subsets
(including exosomes), based on antibody and/or fluorescence staining. Nano Flow
requires elaborate staining protocols that efficiently eliminate confounding variables
such as high background noise caused by buffers, unbound fluorophore-conjugated
antibodies, unincorporated dyes, protein aggregates, and other submicrometer-sized
particles that can interfere with the EV measurements [107–109].

This is perhaps the only technique that enables analysis of exosome particles in low
abundance (for instance, disease-related exosomes purified from clinical samples).

nFCM is the future of quantitative and standardized measurement of therapeuti-
cally significant nanoparticles, especially EVs. In our study, we optimized conditions
for antibody-labeled, precipitation-enriched exosomes to be analyzed by nFCM based
on exosome-specific markers.

9.1.2 Cytokine Array

We used a cytokine array kit to determine the expression of 36 different cytokine-
related proteins in our EV/EXO preparations, using the Human Cytokine Array Kit

Physicochemical
Property

Exosome Parameter Unit Techniques Used

Markers)
CD34, CD45, HLA-DR
(Negative Surface Markers)

Membrane
Trafficking

Annexins: I, II, IV, V, VI,
VII, XI; Rab 2, Rab 5c, Rab
10, Rab 7; Clathrin

ESCRT Proteins Alix, Tsg 101

Heat Shock Proteins Hsc70, HSP70, HSP90

Cytoskeletal Proteins Tubulins: α1, α2, α6, β5, β3
Actin, Cofilin 1, Moesin

Enzymes GAPDH, Pyruvate Kinase

Identity Signal transduction Syntenin-1 ELISA(concentration of
marker), Flow Cytometry (%
expression)

Lipid Rafts (Cytosolic
recovered in Exos)

Flotillin-1, Flotillin-2

Lipoproteins ApoA1

Miscellaneous Lactadherin, Lamp2

Secretory Pathway Negative Markers:
Calnexin, GRP94

Quality Intact membrane Calcein Staining, Cell Trace
Violet Staining

Flow Cytometry, Fluorescent
Microscopy

Table summarizes different physicochemical properties of stem cell exosomes that can be characterized by different
methods as listed.

Table 3.
Exosome characterization methods.
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(Proteome Profiler; R&D Systems) according to the manufacturer’s instructions. This
is essentially a membrane-based sandwich immunoassay, where a biotinylated
antibody-stained exosome sample is incubated with an array membrane that is spot-
ted with capture antibodies to the Exosomal target proteins and visualized using
chemiluminescence. This process is semi-quantitative in that the signal produced is
proportional to the amount of bound analyte. In our study, we discovered at least 106
different cytokines and growth factors bound to the Exosome membrane.

Figure 4 enlists the methods used to characterize Exosomes based on their physical
properties, concentration, cargo, and function.

9.2 Characterization based on exosome potency

Exo potency is assessed by a matrix of functional assays that are performed under a
tightly regulated validation process. Some of the in vitro potency assays that exploit
the immunomodulatory properties of exosomes including immune cell signaling,
wound closure, and angiogenesis are as listed below:

9.2.1 In vitro potency assays

9.2.1.1 Angiogenic evaluation of exosomes

Tube formation assay/vascular-like Network Formation Assay
To assay the angiogenic potential of MSC Exos, human endothelial cells are treated

with exosome solution in variable ratios (1:10, 1:00, 1:1000) for 12 h in a 96 well plate,
on Matrigel or Geltrex basement membrane matrices that enable vascular network
formation. This assay works around the principle that MSC Exos significantly enhance
formation of tube-like structures, thereby promoting angiogenesis in human endothelial

Figure 4.
Stem cell exosome quality control: Methods for multi-parameter characterization. Exosomes can be characterized
based on multiple parameters that include qualitative and quantitative analyses such as their morphology, physical
characteristics, size, concentration, cargo content, intact-ness, origin as well as their function.
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cells. Validity of the assay can be reinstated by using non-supplemented cell growth
media as a negative control and complete media as positive control. Imaging of capillary
network is usually acquired with regular light microscopy; total tube length is measured
using the Angiogenesis Analyzer plugin of ImageJ software and plotted for different Exo
concentrations [110]. MSC Exos are internalized by many cells, including human
Endothelial cells, and this assay proves the potency of Exos to promote angiogenesis
in vitro.

9.2.1.2 Vascular endothelial growth factor (VEGF) immunoassay

VEGF plays a crucial role in angiogenesis and immunomodulation. This assay
investigates the proteolytic stability of VEGF in Exo preparations, by mixing them in
1:1 ratio with Trypsin and analyzing via a membrane-based immunoassay [111]. This
assay runs on the principle that the presence of MSC Exos protect secreted factors like
VEGF from protease-mediated degradation. Functional testing of the angiogenesis
assay is done by blocking VEGF with an anti-VEGF antibody along with protease
treatment of Exos, which will inhibit tube formation in vascular endothelial cells. This
is manifested in significantly reduced vascular network formation.

9.2.1.3 Immunomodulatory assessment of exosomes

9.2.1.3.1 T cell proliferation assay

MSC Exos inhibit T cell proliferation in vitro, leading to impaired T cell function,
and 300,000 CFSE-labeled PBMCs from donors are stimulated with 5ug/mL PHA
(Phytohemagglutinin) in a CD3-coated flat bottom 96 well-plate to induce
mitogenesis at 96 h (Day4), after which Exos are introduced in varying doses. Flow
cytometry determines the percentage of proliferating T cells by measuring percentage
of viable CD3 positive cells, which also depict lower CFSE staining compared to non-
PHA stimulated cells. No Exos Negative control is used to express maximum T cell
proliferation. Maximum proliferation is carried out using Flow Cytometry. Production
of CD3-stimulated T cells significantly decreases when treated with exosomes in vitro.
Exos significantly inhibit T cell proliferation in a dose-dependent manner.

9.2.1.3.2 IL-10 release assay

Another in vitro potency assay for MSC exosomes is based on the release of IL-10
from PBMCs following incubation with exosomes. Post-incubation with Exos at 37C for
16-18 h, PBMCs are stimulated with LPS (Lipopolysaccharide) for 5 h. The Supernatant
is assayed for IL-10 using ELISA and raw absorbance values are converted to concen-
tration. Higher IL-10 secretion indicates high exosome potency of exosomes [112].

9.2.1.3.3 Macrophage polarization assay

This assay exploits the phenomenon that macrophages maintain a proinflammatory
(classically activated M1) phenotype during active infections, and then switch back to a
normal, anti-inflammatoryM2 phenotype. Here, macrophages are incubated for 3 hours
in the presence of PKH7-stained Exos and the principle of this assay is that the majority
of the macrophages (>70%) should efficiently internalize Exos in their cytoplasm. This
will significantly increase cell proliferation of the Exo-recipient macrophages, which is
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measured by Flow Cytometry using BrDU incorporation, as compared to Exo-untreated
cells. This phenotype modulation of Macrophages from M1 to M2 can be quantified by
assessing relative intensities of pro-inflammatory markers (like Ly6C, CD11b, CD40,
and CD86) which are downregulated, while anti-inflammatory markers such as CD36,
CD51, CD206 are upregulated [113].

Another form of potency assessment is to check the capacity of MSC Exos to
suppress mRNA induction of Tumor Necrosis Factor Alpha (TNF-α) in M1 macro-
phages generated by LPS and IFN-γ (Interferon gamma) stimulation, in the presence or
absence of MSC Exos for 24 h. After 24 hours, TNF-αmRNA levels are quantified by
RT-qPCR. The functional end point of this assay is half minimal effective concentration
or 50% decrease in levels of TNF-α, relative to control (EC50) during the 24 hours [114].

Exosomes play a role in macrophage phenotype modulation by triggering their
proliferation and polarization to decrease inflammation.

9.2.1.3.4 Exosome uptake by peripheral blood Mononucleocytes (PBMCs)

Exosome uptake by cells gives us an inkling about their ability to alter signaling in
the recipient immune cells and subsequently their potency toward immunomo-
dulation. In this simplistic assay, PBMCs are incubated for different time intervals
(maximum being 48 hours) with pre-stained Exos in a ratio of Exo: PBMC = 5:1. The
percentage and intensity of Exo uptake is quantified using either Flow Cytometry or
fixing and visualizing with laser scanning confocal microscopy.

9.2.1.4 Wound healing scratch assay

This assay works on the simple principle that Exosomes activate human fibroblast
cells to proliferate and migrate to the site of injury. Varying concentrations of
Exosomes are added to wells containing Fibroblast cells, with manual scratch where
cells lift off. After 24 hours, gap closure is measured using Image J Analysis software
and visualization of gap closure under light microscope.

9.2.1.5 Multidrug resistance protein 1 (MRP1) assay

This assay investigates the ability of MSC Exos to downregulate the expression of
MRP1 in a dose-dependent manner.

All in vitro assays should be performed in triplicates, with at least two independent
experiments. It would be interesting to compare potency of freshly isolated stem cells
Exos with frozen Exos and lyophilized Exos stored at different time intervals
(3 months, 6 months) to obtain important insights into their stability over an
extended period. It would also be interesting to see the differences in potency of Exos
produced under hypoxic conditions as compared to normoxia-produced Exos.

9.2.2 In vivo potency assays

Biological in vivo potency assays need to be disease-specific, fit-for-purpose and
should employ relevant functional end points. These cover multiple aspects of appli-
cability, from administration route to dosing, and provide information about thera-
peutic effects and toxicity. Moreover, only an in vivo system will be able to precisely
map exosome distribution and localization post-administration, circulation time,
half-life, and target organs.
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Most in vivo assays are extensions of their in vitro counterparts, including in vivo
angiogenic assay (myocardial infarction model), in vivo macrophage modulation
(M1-M2) in skeletal muscle injury model, in vivo wound healing assays.

10. Exosome preservation and storage

Stem cell-derived exosomes are being developed for variety of applications from
primary diagnostics and drug delivery (engineered exosomes). Traditional storage
method, cryopreservation has been found to cause decrease in exosome concentration
and quality over extended period and is cost intensive. Herein, we discuss current
developments in preservation of exosomes through techniques such as cryopreserva-
tion, freeze drying, and spray drying [115–117].

Cryopreservation involves freezing exosomes at temperatures much below the
optimum required temperature for enzymatic and biochemical activity of constituent
biomolecules. Common challenge is formation of ice crystals, which affects the
functional and morphological properties of exosomes [118]. To overcome this, various
cryoprotectants (CPAs) are used which controls the kinetics of ice formation and
concentration of solute pockets, prevent aggregation of particles, and maintain osmotic
balance internally and externally [119, 120]. Penetrating CPAs are permeable to the
exosome membrane due to their low molecular weight (e.g., dimethyl sulfoxide, ethyl-
ene glycol, and glycerol), while non-penetrating CPAs form a glassy matrix or coating
externally due to their high molecular weight (e.g., trehalose, sucrose, mannitol, and
other sugars) [119, 121, 122]. Studies have shown that cocktails of these cryoprotectants
aide in extending the shelf life of the exosomes at low temperatures [116]. Chung et al.
[123] in their patent (US2020/0230174A1) used carboxylated Poly-lysine as cryopro-
tectant to avoid using DMSO. Critical parameter that needs to be optimized is the
concentration of CPAs as higher concentration can have toxicity effects, while lower
concentrations can cause cryoinjury [124].

Freeze-drying or lyophilization involves freezing exosome solutions followed by
sublimation of ice to vapor phase under vacuum forming a dry powder/precipitate
thereby maintaining biological properties [125]. Challenges with this method involve
uncontrolled ice formation and stresses caused due to drying that affects the exosome
stability and membrane integrity. Lyoprotectants such as trehalose, sucrose, buffers, or
cocktails can be used to extend the product life [126, 127]. Driscoll et al. [128] compared
sucrose, trehalose, and mannitol as lyoprotectants and found trehalose to be most
economical and effective lyoprotectant in conjugation with manifold-based lyophiliza-
tion. Kim et al. and Lim et al. in their patents present a technique to lyophilize exosomes
in the presence of one or more lyoprotectants [129, 130]. Since lyophilized products
involve storage temperatures between 4°C and room temperature as compared to
cryopreservation at freezing conditions, this technique can increase dry state stability,
reduce cold chain transportation, and can be used by dissolution in water.

Spray drying is a continuous drying process where wet solution is first atomized,
followed by contacting with dry warm air, which leads to instant vaporization of
moisture producing dry powder [131]. This technique reduces the risks associated
with freezing and dehydration stresses. As this is a continuous operation, spray drying
can be economical as well as scalable for large-scale manufacturing. Some critical
parameters that affect the shelf life and quality of dry powder are initial feed concen-
tration rate, atomization pressure, and outlet temperature. Behfar et al. [132] have
patented a system of exosomes encapsulated in alginate by spray drying. A cyclone
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separator/electrostatic precipitator can be used for better retention of dry powder.
However, experiments are required to be carried out to evaluate if the final product
meets required critical quality attributes.

Other than preservation techniques, storage conditions such as pH, temperature,
and number of freeze thaw cycles also affect the relative particle concentration,
protein content, particle diameter, shelf life, and cellular uptake of exosomes
[133, 134].

In summary, trehalose, a FDA approved non-reducing disaccharide sugar, presents
as the most suitable option for cryopreservation and lyophilization by stabilizing the
lipid membrane preventing exosome aggregation [135].

11. Exosome engineering

11.1 Targeted delivery of pay loads

Native exosomes present therapeutic properties and cargo similar to parent cell
type thereby limiting the cargo quality and delivery of exosomes to targeted tissues or
cells. Engineered exosomes with targeted delivery overcome these limitations by
enhancing exosome efficacy as well as avoiding possible adverse reactions. Some of
the methods to modify or load cargo onto native exosomes are as follows: (a) surface
modification or passive cargo loading where the exosomes are modified chemically or
physically directly to deliver desired cargo and (b) genetic engineering or active cargo
loading where the parent cell type is genetically modified to secrete exosomes with
specific cargo [136–140]. Some drawbacks to these modifications are compromised
exosomal structure and possible induction of immunogenic effects as compared to
native exosomes, Challenges linked to engineered exosomes are scalability, produc-
tion cost, trained professionals, and downstream processing. Hence, there is a need to
conduct further studies on these shortcomings at the same time maintaining exosome
therapeutic value in conjugation with delivery systems.

11.2 Hydrogel and exosome engineering for tissue regeneration and enhanced
secretion

Hydrogels are 3D network of physically or chemically crosslinked polymeric
materials with a high affinity for water. Moreover, hydrogels have tissue-mimicking
properties such as porous hydrophilic structure, biocompatibility, tunable stiffness,
response to external stimuli (pH, temperature, enzymes, cells, etc.), and controlled
degradability; thus, hydrogels present a suitable choice for targeted drug delivery
system and tissue engineering.

Due to their porous structure and biocompatibility, exosomes are readily encapsu-
lated in hydrogel matrix, offering a sustained and controlled bulk exosome delivery
system for therapeutics. For instance, ADSC exosomes encapsulated in GelMA pro-
mote tendon regeneration [141], UMSC exosomes laden low-stiffness HA-MA
hydrogels stimulate nervous tissue regeneration [142], UMSC-exosomes encapsulated
in a hydrogel wound dressing encourage diabetic wound healing [143], and MSC-
Exosomes in a sprayable fibrin heart patch regulate myocardial infarction [144].
Hydrogels can be printed with exosomes providing off-the-shelf solution to
customized tissue constructs [145–147].
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As hydrogels represent a native ECM such as environment and control over
their functional chemistries, they can affect exosome secretion activity of hMSCs.
Some examples are hydrogel composition and stiffness enhancing MSC secretome
and exosome secretion profile [148–150]. Chen et al. [151] have developed a 3D
bioprinting method, which augmented exosomes secretion compared to plastic cell
culture.

Thus, hydrogels present an exciting drug delivery system and improve exosome
secretion profile for native and engineered exosomes.

12. Exosomes: clinical and regulatory guidance

Thirty-seven clinical trials in Phase 1–4 are currently listed at clinicaltrilas.gov
using the term extracellular vesicle (EV) or exosomes. The most abundant are in lung
and respiratory diseases followed by graft-versus-host disease (www.clincaltrilas.gov).
The rise in respiratory and lung diseases is a direct result of the current pandemic
(Coronavirus-19), which has a fast track to authorization due to its disease class. Most
jurisdictions look to the Food and Drug Administration (FDA) in the United States for
guidance. The current guidance for industry is the same as the current guideline for
mesenchymal stem cells, which requires a demonstration of safety and efficacy across
multiple clinical trials and shows product purity and potency. Consumer alerts have
been issued by authorities due to unregulated stem cells and exosomes. The Interna-
tional Society for Extracellular Vesicles (ISEV) and the European Network on
Microvesicles and Exosomes in Health and Disease (ME-HaD) have formulated certain
guidelines to foster their clinical use [152]. However, three is no harmonized regulatory
framework around exosomes at the international level yet but some isolated approvals
provided on case-to-case basis. The current status of ongoing trails in MSC derived
exosomes can be seen in Table 4 [87, 153].

Title Condition Locations

Effect of UMSCs Derived Exosomes
on Dry Eye in Patients With cGVHD

Dry Eye Zhongshan Ophthalmic
Center,
Guangzhou, Guangdong,
China

Effect of Microvesicles and Exosomes
Therapy on β-cell Mass in Type I
Diabetes Mellitus (T1DM)

Diabetes Mellitus Type 1 Sahel Teaching Hospital,
Sahel, Cairo, Egypt

Evaluation of Adipose Derived Stem
Cells Exo.in Treatment of
Periodontitis

Periodontitis Beni-Suef University, Banī
Suwayf, Egypt

Exosome of Mesenchymal Stem Cells
for Multiple Organ Dysfunction
Syndrome After Surgical repair of
Acute Type A aortic Dissection

Multiple Organ Failure Fujian Medical University,
Fujian, China

MSC-Exos Promote Healing of MHs Macular Holes Tianjin Medical University
Hospital, Tianjin, Chin

MSC EVs in Dystrophic
Epidermolysis Bullosa

Dystrophic Epidermolysis Bullosa Aegle therapeutics, Miami,
Florida, USA
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13. Exosomes: scale-up production

13.1 Upstream processing

In order to meet demand of aforementioned EVs in clinical trials and success
thereof, upscale technologies must be employed [154, 155]. One of the major challenges
to cellular and non-cellular biologics is upstream scaling of manufacture to bioreactor
culturing. Generally, manufacture relies on the development from T flasks to multi-
layer stacks; however, this method of culturing is restrictive in terms of surface-to-
volume ratio. From 2D culture, the system can be scaled into roller bottles or spinner
flasks. From there, lab-scale technologies can be employed which can then be

Title Condition Locations

The Use of Exosomes In Craniofacial
Neuralgia

Neuralgia Neurological Associates of
West LA,
Santa Monica, California,
USA

Focused Ultrasound and Exosomes to
Treat Depression, Anxiety, and
Dementias

Neurodegenerative Diseases Neurodegenerative Diseases

The Safety and the Efficacy
Evaluation of Allogenic Adipose
MSC-Exos in Patients With
Alzheimer’s Disease

Alzheimer Disease Ruijin Hospital Shanghai
Jiao Tong University School
of Medicine, Shanghai,
China

Allogenic Mesenchymal Stem Cell
Derived Exosome in Patients With
Acute Ischemic Stroke

Cerebrovascular Disorders Saeed Oraei Yazdani,
Tehran, Iran

iExosomes in Treating Participants
With Metastatic Pancreas Cancer
With KrasG12D Mutation

Stage IV Pancreatic Cancer,
Pancreatic Ductal
Adenocarcinoma, Metastatic
Pancreatic Adenocarcinoma

M D Anderson Cancer
Center,
Houston, Texas, United
States

A Pilot Clinical Study on Inhalation of
Mesenchymal Stem Cells Exosomes
Treating Severe Novel Coronavirus
Pneumonia

COVID-19 Ruijin Hospital Shanghai
Jiao Tong University School
of Medicine, Shanghai,
China

A Tolerance Clinical Study on Aerosol
Inhalation of Mesenchymal Stem Cells
Exosomes In Healthy Volunteers

Healthy Ruijin Hospital Shanghai
Jiao Tong University School
of Medicine, Shanghai,
China

Evaluation of Safety and Efficiency of
Method of Exosome Inhalation in
SARS-CoV-2 Associated Pneumonia.

COVID-19 Medical Centre Dynasty,
Samara, Russian Federation

Organicell Flow for Patients With
COVID-19

COVID-19 Landmark Hospital, Naples,
Florida, United States

Safety and Efficiency of Method of
Exosome Inhalation in COVID-19
Associated Pneumonia (COVID-
19EXO2)

COVID-19 Medical Centre Dynasty,
Samara, Russian Federation

Table 4.
Current clinical trials using MSC exosomes.
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transferred or scaled into high-capacity bioreactor systems. Manufacturing current
Good Manufacturing Practice (cGMP) EVs to a commercial scale which are not only (i)
reproduceable but (ii) cost effective remains a somewhat arduous task. Upscaling
manufacture is a necessary step on route to commercialization; however, large invest-
ment is required to ensure a smooth translation from bench to bedside and gain suc-
cessful regulatory acceptance. With upscaling comes less batch testing, less lot release
criteria, less labor, less facility time, less consumables and reagents costs, and perhaps
most importantly less impact of variation. However, there are also higher risk consid-
erations including higher costs of failure, larger equipment costs and depreciation, more
upfront research and product development, and undesired product changes [156].
Although much can be learnt from stainless steel bioreactors that are currently in use in
other fields (Monoclonal antibody and vaccine production) at a scale of 20,000 Liters (L),
cell and EV therapy scale-up solutions need to generate high volumes in single-use sterile
bioreactor systems (SUBs). SUBs allow for less qualification and validation due to pre-
sterilization and minimal contact. Capacity of SUBs currently stands at 6000 L (Wuxi
Biologics, China); however, downstream systems for purification and sensors are not
necessarily compatible with the SUBs and product requirements.

13.1.1 Single-use technology

With an ever-changing landscape in bioreactor technology, it is important the
technology of choice has longevity. A change of method nearing Phase 3 or commer-
cialization could be devastating. System suitability relies on many factors including
cell type, downstream processing, and carrier suitability. For EVs to reflect the
expression pattern from the parent cells, it is a challenge with most historical charac-
terization being completed on cells from 2D culture systems and most cell types being
extremely sensitive to hydrodynamic conditions [157]. Hydrodynamic conditions
within a bioreactor will significantly impact the biological performance of the cells
and/or secreted molecules like EVs. This makes the choice of SUB of upmost impor-
tance [158]. Bioreactors enable the user to control gas, temperature, pH, and feed
addition; however, these factors are reliant on which type of reactor is employed
[159]. The main types of reactors used for EV manufacturing include those in which
employ microcarriers or macrocarriers that are utilized in the following: 1. continuous
stirred tank bioreactors, 2. hollow fiber reactors, 3. packed bed bioreactors, and
4. wave reactors [155, 160, 161]. By far the most widely used bioreactor type is the
stirred tank reactor due to its high flexibility and low-operating costs, Tables 1 and 2
outline a range of SUBs currently available and some of their limitations and advan-
tages for EV production The Xcellerex (GE Healthcare), Allegro (Pall), and BIOSTAT
(Sartorius) offer manufacturing platforms of SUBs with designs that closely match
traditional reactors (Table 5) [162].

13.1.2 Substrate technology

Microcarriers and macrocarriers are generally used in SUB systems as the 3D
surface the cells can attach and grow. Microcarriers come in many forms and can be
characterized based on matrix, coating or size. This includes glass, diethylaminoethyl
(DEAE)-dextran, acrylamide, polystyrene, collagen, and alginate [163]. To increase
cell attachment, they are either coated (collagen) or non-coated (charged). Regulatory
bodies require the culture system to be animal origin free for human use to avoid
xenogeneic reactions that limits the choice. In the case of xeno-free microcarriers,
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some examples include Hillex and Star Plus (Sartorius, USA) as well as other dissolv-
able carriers like Synthemax (Corning, USA). One advantage of not being required to
harvest the adherent cells as with EV production is the challenge of enzymatic
detachment. Using microcarriers in stirred tank or wave reactors can cause issues
including aggregation, engulfment, and beaching where the microcarriers and cells
are stuck together or in the case of the wave bag reactor are caught in the corners of
the bag. For EV manufacture using adherent cells, it is therefore preferred to use
macrocarriers, generally made as disks (fibra-cel, Eppendorf) or strips from
polytetrafluoroethylene (PTFE).

13.2 Downstream processing

Selective purification is necessary to isolate exosomes from other EV subsets as
well as from the heterogeneous “soup” that is the stem cell secretome. This secretome
contains a myriad of analytes, including cytokines, chemokines, enzymes, growth
factors, Extracellular Matrix (ECM) proteins, and factors involved in ECM
remodeling, different types of Extracellular Vesicles including Exosomes,
microvesicles, apoptotic bodies, and others. The downstream processing of a mixed
biological like the secretome requires careful precision. From regulatory standpoint
purity, potency, safety, and efficacy of derived exosomes are of upmost importance
for clinical relevance [164]. A pure product without contaminants from culture media
and cells is critically important. Methods for EV isolation are broad and rely on
alternative characteristics of the EVs for purification; however, challenges remain on
which on scale vs. purity. Many methods are starting to become available to
researchers and manufacturing organizations, for example, immunocapture of CD81-,
CD63-, and CD9-positive molecules and microfluidics and the methods described
below include Ultracentrifugation (UC), Precipitation, Size exclusion chromatogra-
phy (SEC), and Tangential Filtration Flow (TFF) are most commonly used in larger-
scale downstream processing. Currently, there are no well-defined methods for
exosome isolation in high-efficiency and high-throughput, and the recommendation is
a combination of the below methods.

Type Commercial examples Advantages Limitations

Wave
(Rocking
bed)

GE healthcare, Finesse
(ThermoFisher),

Versatile Not easily scaled, low cell
recovery (beaching)

Stirred tank Xcellerex (GE healthcare/Cytiva),
Finesse (ThermoFisher), Mobius 2000
(Millipore), BIOSTAT (Sartorius),
BioBLU (Eppendorf)

Functional at large
volumes>50 L, most
abundant

Stirred tank reactors have
high shear force which can
affect cell characteristics

Perfusion/
hollow
fiber
bioreactor

Fibercell (FiberCell systems),
Quantum ell expansion

Minimal shear
stress, isolation of
EVs and cells easy

Very low throughput

Fixed bed iCellis (Pall) Scalable from lab,
small footprint with
large surface area

Difficult to remove cells,
easy for EVs

Table 5.
Examples of SUBs commercially available.
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14. Perspectives

Secretion of extracellular vesicle (EVs) is a universal phenomenon and hence must
have biological implications. They have come a long way since first discovered in 70’s
by Peter Wolf [4]. Fast forward to today, there are extensive publications and clinical
trial data to promote their role in diagnostics and therapeutics, including in drug
delivery. However, the jury is still out there on EVs to fulfill these roles and gain prime
time.

Among the two broader categories of EVs: ectosomes and exosomes, the latter are
inward budding and hence endosomal origin with a size range of �40 to 160 nm in
diameter. Endosomes undergo a process of systematic invagination of the plasma
membrane with the formation of multivesicular bodies that intersect with other
intracellular vesicles (phagosomes) and organelles, contributing to diversity of
exosome composition before they are released back to intercellular space. These sub-
set of EVs as exosomes have attracted attention for their critical role in cell-to-cell
communication and hence therapeutic values. In particular, the mesenchymal stem
cells (MSCs)-derived exosomes seem to have strong anti-inflammatory and immuno-
modulatory roles and hence have been studied extensively.

The role of exosomes in intracellular and intercellular communication is quite
apparent from many critical studies thus far. The developmental pathways for
exosomes are highly regulated that are being unraveled at the molecular level; how-
ever, how they impact cells is still elusive. Nevertheless, recent studies including pre-
clinical and clinical appraisals have demonstrated their role in mitigating symptoms of
various diseases as delineated in this chapter. Given the cellular therapy still facing huge
challenges regarding cell differentiation, maturation, and integration, opportunity with
exosomes to develop non-cellular active pharmaceutical ingredients (API)-based allogeneic
therapy may be more appeasing to the regulatory authorities.

This chapter has endeavored to address questions systematically by first reviewing
the developments in the field and then putting perspectives on feasibility of their roles
and the technical and regulatory hurdles involved. The scientific rigor behind
exosomal research puts a demand on regulatory bodies to develop appropriate frame-
work for promoting their developmental pathways toward human medicine.

15. Challenges

The current drug developmental paradigm critically requires defining the active
ingredient in the product to its finest detail to eliminate heterogeneity and batch-to-
batch variations before defining its pharmacology and pharmacokinetic profiling for
final approval after clinical trials. This is followed up by rigor of their scale-up pro-
duction under GMP from established master cell bank (MCB) with quality controlled
(QC) protocols, cryopreservation if any, and shelf life for potency. This is a very
arduous, time-consuming, and expensive journey in drug development and takes
about 5–10 years with a projected cost of 3–4 billion USD.

15.1 Regulatory challenges

Purification of exosomes by various methods described in this chapter gives rise to
a heterogeneous EV population consisting of 40–160 nm diameter vesicles, putatively
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classified into many subcategories based on size, Exo A, B, C; content, Exo 1, Exo 2,
Exo 3; function, Exo α, Exo β, Exo γ; and source, Exo I, Exo II, Exo III [28]. However,
as per societal guidelines, all EVs qualify as one based on their characterization. The
major question is whether such heterogeneity matters, particularly when blood and
blood-derived products are approved for therapeutic use. In fact, the pleotropic
effects of exosomes are beneficial in some cases that include blood transfusion.
Therefore, the current classification of exosomes API (active pharmaceutical ingredi-
ent) needs due diligence and redefining by the regulatory authorities so that it is at par
with blood and blood products.

There are no harmonized protocols available as yet that endow regulatory
approvals on exosome production for clinical development. Approvals that have been
granted are on a case basis depending upon clinical needs, but no main stream
approvals yet.

15.2 Technical challenges

Characterization: The current societal guidelines for characterizing exosomes
include the following:

For size and number, Nanoparticle Tracking Analysis (NTA) or Dynamic Light
Scattering (DLS) are both complementary techniques that offer different insights.
DLS will generally measure a wider size range than NTA, but NTA offers greater
resolution than DLS. There are inherent difficulties in both these techniques with wide
variations within each sample and aggregation of exosomes affecting measurements.
Stabilizing exosomes with some cryoprotectants such as trehalose can offer some
respite. Alternatively, quantification using the Exo-Flow-ONE staining kit may be
more accurate.

Exosome-specific surface markers such as CD9, 63, 81, 107, Alix, are generally
assessed by using Western blot; however, the procedure is cumbersome and not
efficient for a large number of samples. Additionally, nano-flowcytometry that is
more efficient is not widely used because of the cost involved and lack of harmonized
published protocols. Nevertheless, some recent publications including our own
endeavour showed success with this technique [162–166]. Alternately super-
resolution microscopy topology could be employed though it is neither cost effective
nor efficient.

Proteomics and micro-RNA profiling are generally outsourced for bulk analyses
that are more cost effective but relevance of such comprehensive data for drug
development is far from clear, though may be relevant for diagnostic purposes.

Exosome potency assays include inhibiting T cell proliferation, macrophage
phagocytosis, fibroblast activity, vascular-like network formation assay on Matrigel
[167] and scratch wound healing assays [168] that are very useful and can be opti-
mized quickly in the lab. Emerging in vivo potency assays such as EV-mediated wound
healing [166, 169] (assess the biological response of exosomes in a disease model
[170]. Critically understanding the mechanism of how exosomes elicit a response will
assist in regulatory approval.

Scale-up production involves establishing a stem cell biobank made up of MSCs
extracted from biologically available sources such as umbilical cord, bone, tooth, fat;
however, these MSCs have finite life and reach senescence after 6–7 passages. To
circumvent this problem, immortalized cell lines were used in the past that caused
regulatory and safety issues. Current approach is therefore to reprogram pluripotent
stem cells like iPSC (induced pluripotent stem cell) from human blood or skin tissue
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and differentiate these into MSCs so that there is an unending source of materials in
the biobank. These iMSC derived from iPSCs continue to proliferate beyond passage
10–12 and do not senesce easily, likewise eMSC derived from hESC is other source of
long-life stock from which MSCs can be derived easily. Producing these sources of
iPSC and MSCs under GMP is very expensive proposition. We have recently moved
from planar culture to 3D culture using bioreactors for improved exosome production.
We observed an improvement in both quality and quantity of EVs produced. Incor-
porating such devices within aseptic environment is leading the way for transition to
clinical trials and then clinics.

While cryopreservation of cell lines is a standardized procedure, storing exosomes
is still an evolving field. Notionally, these can be stored in saline at -80°C with good
keeping quality for years; however, there are inherent problem with exosomes aggre-
gation and/or lysis happening during storage. Lyophilization is a quick and efficient
way to store exosomes at room temperature for clinical purposes. Cryoprotectants like
trehalose help in protecting against aggregation as discussed in this chapter.

Targeted delivery of exosome payloads by genetic engineering increases efficiency
and efficacy. Considerable progress has been made toward understanding the logistics
for exosome delivery. The controlled release of exosomes at the site of injury is by
using various biodegradable gels, and extracellular matrices are on trials as in our labs.
Particularly in this regard is 3D printing of exosomes onto bandages as therapeutics is
of great relevance in this field.

16. Conclusions and perspectives

In conclusion, exosomes field has emerged as a critical area of therapeutic devel-
opment as a third pillar of medicine with proof of principle and good science behind it.
However, bringing it to fruition requires liaising with the regulatory authorities to
harmonize framework around quality control protocols, which will further facilitate
clinical trials and more importantly bring focus and excitement for continued funding
in this field.
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Evaluation and Characterization 
of Human Bone Marrow 
Mesenchymal Stromal Cells 
Cryopreserved in Animal 
Component-Free, Chemically 
Defined, Serum-Free Conditions
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and Udaykumar Kolkundkar

Abstract

Mesenchymal stromal cells (MSCs) have the potential to treat various disease 
indications and are the future of cell therapy-based regenerative medicine. Typically, 
MSCs cryopreserved in serum-containing freezing formulation are supplied at the 
clinical site, which necessities that this formulation is removed before the administra-
tion. This is a cumbersome process, and there is an immediate need for identifying 
serum-free, xeno-free cryopreservation medium that can be readily used. Here, we 
analysed two commercially available serum-free, xeno-free, defined freezing media 
viz., CryoStor 5 (CS5) and CryoStor 10 (CS10) on their effect on human bone marrow 
MSCs at different freezing cell densities (5, 10, 12.5, 15 and 25 million cells per ml) 
over a period of 6 months and compared them to the in-house PlasmaLyte A (PLA)-
based cryopreservation media. We found that the MSCs cryopreserved in CS5 and 
CS10 showed similar characteristics as compared with the in-house freezing media 
for the various parameters analysed including post-thaw recovery, viability, pheno-
typic marker expression, CFU-F ability and trilineage differentiation potential of the 
MSCs. Our results show that human MSC could be successfully cryopreserved using 
serum-free and xeno-free cryopreservation media and can be delivered to the bedside 
without any manipulations.

Keywords: bone marrow mesenchymal stromal cells, phenotypic characterization, 
cryopreservation, stability, apoptosis, serum-free and xeno-free cryopreservation 
media



Possibilities and Limitations in Current Translational Stem Cell Research

96

1. Introduction

The potential use of Bone marrow mesenchymal stromal cells (BM-MSCs) to 
treating various disease indications is in steady increase [1] and demands huge avail-
ability of clinical quality BM-MSCs to meet the growing demands. Typically, MSCs 
frozen in cryopreservation solution were supplied to the clinical site, and the method 
of freezing along with the composition of freezing media itself plays an important 
role in determining the characteristics of MSCs before infusion [2, 3]. One essential 
requirement of cGMP grade formulation reagents in cryopreservation is that they are 
free from animal serum proteins and toxic chemicals, as the xenogeneic compounds 
possess the risk of transmission of animal viral, prion and zoonose contamination [4].

Presently, the common practice of cryopreserving MSCs is in PlasmaLyte A 
supplemented with albumin and a cryoprotectant of DMSO and/or dextran [5, 6]. 
Conventionally, 10% DMSO is used because they readily penetrate cell membranes and 
thus confer protection to the intracellular components [7, 8]. But it is proven that freez-
ing media containing a higher concentration of DMSO is toxic to patients [8, 9]. Efforts 
to reduce toxicity include the removal of DMSO prior to transfusion or decreasing the 
amounts used in the freezing process. But these post-thaw manipulations consume lots 
of time, decrease the viability of the cellular product and further require aseptic zone 
for processing and concentration of cells at site [8]. Several groups have investigated 
MSCs cryopreservation using low concentrations of DMSO and or many alterative to 
DMSO like polyvinylpyrrolidone (PVP), methylcellulose, polyethene glycol (PEG) 
trehalose and polymer mimics without or with DMSO from 2.5 to 7.5% [10–13]. But it 
is necessary that these in-house cryopreservation formulations are prepared from USP 
grade or cGMP grade reagents to meet the safety requirements and may pose many 
regulatory challenges while filing an NDA and obtaining regulatory clearances. One of 
the possible alternatives is to screen the commercially available GMP compliance USP 
grade, serum-free cryopreservation media for MSCs. Several groups have evaluated the 
commercial MSC cryopreservation for a short period of time from 1 week to 1 month, 
but it is necessary to study the real-time stability testing for at least 6 months. In this 
study, we evaluated the commercially available cryopreservation solutions − CryoStor 
(CS) 5 and CS10 from BioLife Solutions, USA for their ability to cryopreserve BMMSCs 
and compared them to our in-house developed PlasmaLyte A-based cryopreservation 
formulation. We analysed post-thaw viability, total cell recovery, trilineage differentia-
tion, phenotypic marker expression, CFU-F potential and apoptotic cell percentage at a 
testing interval of 1 week, 1, 2, 3 and 6 months time point and discussed the data here.

2. Materials and methods

2.1 Isolation and culture of human bone marrow-derived MSCs

The BM was collected from healthy donors of age group between 19 and 40 years, 
after obtaining approval from the Institutional Ethics Committee of the Kasturba 
Hospital, Manipal and signed informed consent. The mononuclear cells (MNC) were 
isolated following the density gradient centrifugation method using Lymphoprep 
(Axis-Shield PoC) as described previously [9]. The isolated MNCs were seeded at 
a density of 50 million cells per T-75 flask in Dulbecco’s modified Eagles medium-
Knock Out (DMEM-KO) supplemented with 10% FBS (Hyclone, Waltham, MA), 
2 mM L-glutaMAX (Invitrogen, Carlsbad, CA) and 1X penstrep (Invitrogen, 
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Carlsbad, CA). The cells were passaged when they reached 80−90% confluency using 
trypsin (0.25%)/ Ethylenediamine tetra acetic acid (EDTA; 1 mM) (Gibco, USA). 
MSCs from three donors were pooled at passage 2 (P2) in equal proportion and cul-
tured at a seeding density of 1000 cells per cm2 in bFGF (2 ng/ml) enriched KO-FBS 
complete medium till P5.

2.2 Cryopreservation

Cryopreservation of BM-MSCs involves freezing of cells in 1 ml of formulation 
medium containing 10% (v/v) Dimethyl sulfoxide (DMSO) as a cryoprotectant with 
5% (v/v) human serum albumin and quantified (QS) with PlasmaLyte A (Baxter 
Inc) in 5 ml Daikyo Crystal Zenith (CZ) vials from West Pharma. The commercial 
formulation of Cryostor CS10 and CS5 (BioLife Solutions Inc) were used for cryo-
preservation of BM-MSCs in CZ vials for comparison. MSCs after trypsinisation 
were centrifuged to remove the trypsin and the pellet was dislodged by gentle tap-
ping to the pellet, 2−8°C refrigerated cryopreservation media was slowly added. The 
cells were resuspended at five different concentrations (5, 10, 12.5, 15 and 25 million 
cells per ml) in these three formulations. These cells were aliquoted @ 1 ml per CZ 
vials and cryopreserved by slow freezing @ 1°C/min till 80°C by keeping them in 
Cryomed controlled rate freezer (CRF). During this time an aliquot of the cells was 
taken to measure the pre-freeze 7AAD/viability. The frozen vials were then shifted to 
canister racks and were stored in the vapour phase of liquid nitrogen (LN2).

2.3 Thawing

Each sample was thawed according to the internal Stempeutics SOP. Briefly, 
after a minimum of 1-week storage in liquid nitrogen, the vials were retrieved and 
thawed immediately by placing them in a water batch at 37°C till the ice crystals were 
just disappearing. The thawed cells were transferred into 15 ml tube and the sample 
was diluted at 1:9 with complete media. The cells were centrifuged at 1200 rpm for 
10 minutes and the pellet was then resuspended in KO-FBS complete media.

2.4 Testing frequency, cell count and manual viability assessments

The samples from three different cryopreservation mediums at five different 
freezing concentrations were analysed at time points of 1 week, 1 month, 2 months, 
3 months and 6 months. The total cell recovery (TCR) and viability analysis by 
manual method and by flow cytometry method were carried out immediately after 
the thawing procedure. The total cell count and manual viability were determined by 
the trypan blue (Fluka) exclusion method. The number of viable (non-stained) and 
non-viable (stained) cells were enumerated microscopically. TCR is calculated by 
adding the total number of stained and unstained cells. The viability percentage was 
calculated by dividing the total number of viable cells by TCR and multiplied by 100. 
For estimation of viability by flow cytometry, the cells were stained with 7AAD and 
were analysed following the protocol as described previously [14].

2.5 Immunophenotyping

We analysed a set of two positive (CD90-PE, CD73-PE) and two negative cell 
surface markers (CD14-FITC and CD19-FITC) by flow cytometry. All the antibodies 
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used for these studies were purchased from BD Pharmingen, San Diego. The cryo-
preserved cells were thawed and resuspended in wash buffer containing phosphate 
buffer saline (PBS) supplemented with 1% (v/v) FBS and 1% (w/v) sodium azide for 
analysis. The cells were incubated with saturating concentrations of fluorescein iso-
thiocyanate (FITC) or phycoerythrin-(PE) conjugated antibodies at 4°C for 30 min-
utes in dark. After that, the cells were washed with wash buffer three times and 
re-suspended in 0.5 ml of wash buffer. The labelled cells were analysed in EasyCyte 
(Guava Technology) flow cytometer after setting the instrument parameters with 
respective isotype-matched controls. For every sample, 10,000 events were captured 
and the data was analysed using Guava Express Pro software (Guava Technologies). 
Fluorescence intensity of 25% or above its isotype control is considered an antigenic 
event and was used for calculation.

2.6 Differentiation potential

The differentiation potential of frozen MSCs was analysed by their ability to 
differentiate into osteogenic, adipogenic and chondrogenic lineages. Osteogenic 
differentiation was induced by culturing P5 BM-MSCs in the KO-FBS supplemented 
with 10−8 M dexamethasone, 30 μg/ml ascorbic acid and 10 mM β-glycerophosphate 
(all Sigma-Aldrich). For adipogenic differentiation, cells were cultured in the KO-FBS 
supplemented with 1 μM dexamethasone, 0.5 mM isobutylmethylxanthine (IBMX), 
1 μg/ml insulin and 100 μM indomethacin (all Sigma-Aldrich). The chondrogenic 
differentiation was induced using STEMPRO (Invitrogen) chondrogenesis differen-
tiation medium. After 21 days of differentiation, the cells were fixed and stained with 
Von Kossa, Oil Red O and Safranine O, respectively, for osteo, adipo and chondro 
differentiation cultures. The images were captured using Nikon Eclipse 90i micro-
scope (Nikon Corporation, Japan, www.nikon.com) and Image-Pro Express software 
(Media Cybernetics, Inc., Silver Spring, MD, www.mediacy.com).

2.7 CFU-F assay

For CFU-F assay, 100 MSCs from 5 different freezing concentrations of three 
cryopreservation media at six-month time points were plated in KO-FBS (n = 2 of 
each condition) on a 100 mm2 cell culture dish. After 14 days in culture, the plates 
were stained with crystal violet and the number of colonies was counted.

2.8 Apoptosis analysis

Apoptosis analysis was carried out using Tali apoptosis kit following the manufac-
turer’s instructions (Tali Apoptosis kit – Annexin V Alexa Fluor 488 and propidium 
iodide, Cat # A10788. Life technologies). Briefly, 1 million cells/ml were resuspended 
in annexin binding buffer (ABB) and 5 ul of Annexin V were added per 100 μl 
of sample. The samples were incubated for 20 minutes in dark, centrifuged and 
resuspended in 100 μl of ABB. After adding 1 μl of PI and incubation for 5 min, the 
samples were read in Tali® Image-Based Cytometer.

2.9 Statistical analysis

All values are expressed as mean ± SEM (standard error of mean). Data were 
analysed by using Graphpad Prism (version 5, Graphpad Software Inc., La Jolla, 
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CA, USA). Two-way ANOVA (Analysis of variances) was performed in order to 
compare means between groups and Bonferroni post-tests were carried out to 
find out the significance of the variables tested. P value <0.05 was considered 
significant.

3. Results

3.1 Post-thaw viability – 7 Amino-actinomycin D (7AAD)

BM-MSCs were scaled-up to P5 in multiple numbers of ten cell stacks and the 
cultures were frozen in various cell concentrations ranging from 5 x 106 to 25 x 106 
per ml in 5 ml CZ vials using 3 different cryopreservation media (PLA, CS10 and 
CS5). Pre-freeze viability of BM-MSCs in PLA, CS10 and CS5 formulation media was 
>98.6 ± 1.2% (mean ± standard deviation). Upon, thawing, BM-MSCs viability of 
PLA, CS10 and CS5 of 5 different cell concentrations (5, 10, 12.5, 15 and 25 million 
cells per ml) were measured by flow cytometry using 7AAD at different time points 
viz., 1 week, 1, 2, 3 and 6 months. All the samples have shown >92% (Figure 1) viabil-
ity by 7AAD in all the time points. No significant difference in percentage of viable 
cells was observed after six-month storage when compared to one-week storage. Two-
way analysis of variance (ANOVA) was performed to assay differences over different 
time points and among different cryopreservation media. The results indicate that 
CS5 is equally good to that of CS10 and PLA and there are no significant differences in 
comparison with either time points or different cryopreservation media.

3.2 Total cell recovery and viability

The Post-thaw cell recovery and viability of five different concentrations at 5 
different time points (1st (first) week, 1st month, 2nd month, 3rd month and 6th 
month) in 3 different cryopreservation media were assayed using trypan blue dye 

Figure 1. 
Post-thaw viability by 7AAD of BM-MSCs following cryopreservation with PlasmaLyte a based cryopreservation 
solution (control), CryoStor (CS) -10, and CS5 variants. Cell viability assessed at 5 different time points  
(1st week, 1st month, 2nd month, 3rd month and 6th month) at 5 different freezing concentration (5, 10, 12.5, 15 
and 25 million cells per ml) shows no significant differences among three cryopreservation media.
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exclusion assay. The total viable and non-viable cell count was taken as total cell 
recovery and shown in Figure 2A. The results demonstrated that no cell loss was 
observed upon thawing the samples at all time points in 3 cryopreservation media. 
There are Figure 2B also no significant differences in total cell recovery percentage 
in the lowest and highest freezing densities (5 and 25 million cells/ml respectively) 
at 3rd and 6th month of recovery after freezing (). Simultaneously viability by dye 
exclusion method (DEM) was analysed in all of the samples and the results  
were shown in Figure 3. Viability by DEM was between 85 to 95% in all test 
samples (Figure 2C).

Figure 2. 
Post-thaw Total cell recovery (TCR) of BM-MSCs cryopreserved in CS10, CS5 compared to control. (A) TCR 
in millions as assessed by summing total viable and non-viable cell counts after trypan blue staining. (B) TCR 
in percentage between the lowest and highest freezing densities at 3rd and 6th month. (C) Viability percentage as 
calculated by trypan blue exclusion method. There is no significant differences among the three cryopreservation 
media.
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3.3 Immunophenotyping

The surface marker expression was evaluated and analysed by using flow 
cytometry for BM-MSCs cryopreserved in control, CS10 and CS5 of 5 different cell 
concentrations. The freeze–thaw BM-MSCs in all three cryopreservation media 
across all time points were positive for CD90 and CD73 and negative for CD19 and 
CD14. BM-MSCs showed similar expression of CD markers in CS5 compared with 
that of CS10 and control (Figure 3). There are no significant differences in positive 
and negative marker expression observed among different seeding densities in any 
of those three groups except for CD 73 expression variation in CS10 group. There 
is a significant difference (n = 5,*p < 0.05) between 12.5 and 25 million per ml and 
this significance is even stronger (n = 5, **p < 0.01) between 5 and 12.5 million per 
ml. Howsoever, these expression levels were more than 95% for positive markers 
and < 2.5% for negative markers in all three cryopreservation media at different cell 
densities.

3.4 Differentiation potential

We investigated the in-vitro functional tri-lineage differentiation potential of 
P5 BM-MSCs at the 6th month time point after cryopreservation in PLA-based 
cryopreservation medium (control), CS10 and CS5 at 5 different cell freezing con-
centrations. The differentiation towards adipocytes was evident by the formation 
of fatty vacuole deposits and was observed by Oil Red O staining (Figure 4A). The 
differentiation towards osteoblasts was observed by Von Kossa staining (Figure 4B) 
and that of chondrocytes was observed by safranine O staining (Figure 4C) after 
21 days of differentiation induction. The cells cryopreserved at different cell densities 
in different cryopreservation media stained for all three lineages, showing that the 
trilineage differentiation ability is maintained in all these conditions. The results of 
CS5 and CS10 were comparable with that of the control cryopreservation medium for 
all 5 different cell freezing concentrations.

3.5 CFU-F assay

Clonogenic potential of cryopreserved MSCs at 5 different cell freezing con-
centrations (5, 10, 12.5, 15 and 25 million cells per ml) in each of the 3 different 

Figure 3. 
Immuno-phenotype of BM-MSCs following cryopreservation with PlasmaLyte A-based cryopreservation solution 
(control) (A), CryoStor (CS) 10 (B), and CS5 (C) at six month time point. Two positive markers of CD90 
and CD73 and two negative markers of CD19 and CD14 were analysed. No significant differences among three 
cryopreservation media at 5 different freezing concentrations except for CD 73 expression variation among CS10 
group.
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cryopreservation media (control, CS10 and CS5) at 6-month time points were 
assessed by counting the number of colonies with more than 50 cells. There is no sig-
nificant change in the number of colonies formed by cells cryopreserved at different 
concentrations in all the three different cryopreservation media, except for two dif-
ferent cell concentrations in CS5 storage (Figure 5). The number of colonies formed 
by 5 and 10 million per ml freezing concentration (n = 2, P < 0.001) was significantly 
lower compared to other concentrations in CS5.

3.6 Apoptosis analysis

The comparative post-thaw apoptosis assay was performed at 6th month time 
point of BM-MSCs cryopreserved in control, CS10 and CS5 of 5 different freezing 
concentrations. The percentage of apoptotic cells increased with the decrease in 
freezing concentration, with the lowest concentration of 5 million/ml having the 

Figure 4. 
Trilineage differentiation of BM-MSC in 3 different cryopreservation medium at 6th month time point. BM-MSC 
cryopreserved in PlasmaLyte a based cryopreservation solution (control), CryoStor (CS) 10 and CS5 were 
differentiated into (A) adipocytes (B) osteocytes and (C) chondrocytes. Adipocytes stained with oil red O, osteocytes 
with Von kossa staining and chondrocytes by safronin O stain. All pictures captured with magnification of 10X.
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highest value and vice versa in all the three freezing media (Figure 6). The differences 
are significant (n = 2,*P < 0.05, **P < 0.01, ***P < 0.001) except between 25 and 15 
million cells per ml of CS10 and CS5. Overall, CS10 and CS5 have a lesser percentage 
of apoptotic cells compared to control in all concentrations tested.

4. Discussion

The demand for MSCs in clinical application is growing and necessitates availability 
of good quality cryopreserved MSCs with minimal pre-transplantation manipula-
tions at the clinical trial site or final usage of the product. Optimal cryopreservation 
protocols including freezing density were not yet tested or published globally and no 
consensus has reached for the standard freezing density of MSCs. Moreover, published 
efforts were guided by HSCs cryopreservation protocols [15, 16]. Cryopreservation 
technology for MSCs is still evolving, as MSCs seem to lose viability very rapidly and 
are mostly attributed due to the rapid development of apoptotic processes and cryo-
preservation-induced delayed-onset cell death (CIDOCD) [17]. Most commonly, MSCS 
were cryopreserved in formulations containing 10% DMSO that needs to be removed 
from the final cellular product before infusion for human use. The removal of DMSO 
has its own challenge and requires the sample to be handled in a GMP compliance area 
and any improper removal may cause several ailments like headache, nausea, vomiting, 
sedation, high blood pressure, bradycardia or anaphylactic shock to the patients [18].

Figure 5. 
CFU-F assay of BM-MSC in 3 different cryopreservation medium at 6th month time point. The number of 
colonies formed in 5 different freezing concentration at 6th month time point show no statistically difference 
between control and CS10. There is a significant difference (***P < 0.001) observed in CS5 at lower freezing 
density of 5 and 10 million cells per mL compared to other 3 freezing concentration (12.5, 15 and 25 million cells 
per mL).Abbreviation:CFU — colony forming unit fibroblast.

Figure 6. 
Apoptosis assay. Percentage of apoptotic cells in 3 cryopreservation media (control, CS5, CS10) in 5 
different freezing concentration at 6th month time point reveals significant increase in percentage of 
apoptosis from 5 million cells per ml to 25 million cells per ml in all three cryopreservation media. 
(*P < 0.05,**p < 0.01***P < 0.001).
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The total substitute of DMSO is not advisable, as it affects the viability and 
decreases the shelf life of MSCs during cryopreservation. Though many in-house 
cryopreservation formulations have been reported [19, 20], it is important that all 
their constituents meet the bio-safety standards. The use of approved and com-
mercially available freezing formulations will ease the complications and facilitates 
hassle-free filing to NDA (New Drug Application), auditing, screening and  
testing etc.

In the present study, we have critically evaluated 5% and 10% DMSO containing 
commercial cryopreservation media (CS5 & CS10, respectively) for post-thaw viabil-
ity, CFU-F, phenotypic markers expression, differentiation potential and percentage 
apoptotic cells of cryopreserved BMMSCs and compared to in-house formulations 
(PlamsLyte A with 10% DMSO and 5% HSA) at different time points up to 6 months. 
PlamsLyte A is an isotonic solution with the physiochemical properties closely resem-
bling human plasma and is widely used as perioperative fluid [21]. PlasmaLyte A is 
commonly used in cryopreservation of MSCs and in our earlier studies it is known to 
preserve the viability and efficiency of BM-MSCs for clinical trials [22].

We have demonstrated comparable results for all the characteristics analysed 
in all these formulations at different time points. Our results showed that the post-
thaw viability analysed by two methods viz., trypan blue dye exclusion and 7AAD 
were > 85% in all conditions tested up to 6 months time period. Few studies reported 
a reduction in post-thaw viability in time with the use of DMSO-based cryoprotectant 
[10, 23] but they used different freezing concentrations and DMSO percentages. The 
viability of >85% of what we obtained should not be a problem as there are reports 
stating that even with 70% viability, the cells were demonstrated to have enhanced 
immunosuppression within 6 months of time period [24]. We also demonstrated that 
the total cell recovery of BM-MSCs is >85% in all these conditions and it probably 
seems that higher cell freezing densities yields lower cell recovery compared to lower 
freezing density, but the differences in not significant in the conditions tested. It may 
be probably that the lower concentration cells tend to thaw faster and dilute DMSO 
faster during post-thawing procedures maintaining cell integrity and lower osmotic 
cell shock to the cells.

The phenotypic marker expression of MSCs cryopreserved in all the three dif-
ferent cryopreservation media was comparable with >95% expression for CD90 
and CD73 and < 3% for CD19 and CD14 markers at all tested variables. There was 
no significant difference in expression of CD markers in all three freezing media 
with respect to different freezing densities at different time points except for CD 73 
markers in different CS10 concentrations. It should not be a matter of concern as the 
expression in all of them is above 95% as stated by ISCT guidelines. Though contra-
dictory studies showed the stable expression [25] or decreased expression [23] of 
phenotypic markers over different time points, we have not observed such difference 
in any of the time points with respect to freezing media or different freezing densities.

The trilineage differentiation ability of MSCs is also not compromised in any of 
these three formulations. There are not many studies, which compare the differentia-
tion characteristics of MSCs at different freezing densities and various time points. 
Nevertheless, a study by Naaldijk et al. 2012 found a slight reduction in osteogenesis 
capacity of MSCs with higher DMSO concentrations [2]. In our study, we did not do 
any quantification but we observe that all of these conditions retain the trilineage 
differentiation capabilities.

Additionally, we evaluated the CFU-F ability and apoptotic cell percentage in 
cryopreserved BM MSC in different cryopreservation formulations at different cell 
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densities at 6-month time point. These extended assays were done to comply with 
the stability testing of new drug substances and products of ICH guidelines 21 CFR 
31.2.23(a) (7) (ii) which requires a minimum testing period of 6 months to confirm 
the functionality of the product. The CFU-F ability is one of the markers of stemness 
and proliferation capacity of MSCs. We observed a similar competence in the number 
of CFU-Fs formed at different cell concentrations in all three cryopreservation media, 
except for the two lowest cell densities in CS5 formulation. There are no studies that 
report the effect of freezing cell concentrations on CFU-F, however, a study reports 
no difference in number of CFU-Fs between 5% and 10% DMSO concentration in 
freezing media [26]. With regard to percentage of apoptotic cells at 6 months time 
point, we found that the lower freezing densities are prone to higher apoptotic rates 
compared to higher freezing densities in all the formulations. Higher level of intrinsic 
proteolytic activity may be higher in lower freezing concentration, as the DMSO 
availability per cell is high, compared to higher freezing cell density, where the DMSO 
availability per cell is low. Usually, post-thaw activation of caspase-3 demonstrated 
the proteases activity and subsequently increase intrinsic proteolytic activity follow-
ing cryopreservation [20, 27]. Hence higher freezing density of BM-MSCs has a lesser 
apoptotic percentage compared to a lower freezing density.

5. Conclusion

In this study, we demonstrated the possibility of using reduced 5% DMSO contain-
ing cryopreservation media (CS5) for cryopreserving BM-MSCs without any impact 
on viability, phenotypic characteristics and functional properties of MSCs. This was 
the first study to provide the characterization and comparison of human BM-MSCs 
cryopreserved in different freezing densities ranging from as low as 5 M cells per ml 
to higher freezing densities as 25 M cells per ml in two commercially available variants 
of CS (CS10 and CS5) and comparing it to in-house formulation.

Based on our presented data, we can conclude that chemically defined reduced 
DMSO-based formulation of CS5 addresses challenges and minimizes the post-
cryopreservation manipulation of MSCs for clinical use. However, these data needs 
to be backed up by safety and efficacy studies, with long-term stability program up to 
1 year with more intrinsic molecular, proteomics analysis and immune-suppressive 
ability of cryopreserved MSCs before employing the CS5 for the cryopreservation of 
MSCs for therapeutic applications.
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Abstract

The nanoparticles or nanobots are equivalent to the size of biological molecules of 
the human body and this is claimed to be the massive advantage of nanotechnology. 
Currently, top-down and bottom-up fabrication methods are being adopted to synthe-
size nanomaterials. Hence, the products developed from nanotechnology can be used 
for assessment of several biological parameters under in vitro and in vivo conditions. 
Effective production of nanoparticles, accompanied by the advent of novel character-
ization studies, enables us to manipulate the arrangement of atoms distributed on the 
surface of the nanomaterials to make it functionally more effective than before. In addi-
tion to the support imparted by nanotechnology, it also plays a primary role in the field 
of diagnostics. Another important outcome of nanotechnology is nanomedicine, which 
deals with the site-specific delivery of drugs with the aid of fabricated nanosystems. 
The advent of technology in recent years has enabled researchers to build novel forms 
of drug delivery systems like liposomes, dendrimers, nanoparticles and nanocrystals, 
which in turn ensure the précised delivery of drugs to suitable targets. Several need-
based and value-added applications of nanotechnology are enlisted in the chapter.

Keywords: nanoparticles, nanobots, liposomes, nanosystems, nanocrystals, 
dendrimers

1. Introduction

Nanotechnology and stem cell therapies are two diverse fields and recent promi-
nent areas of research in the direction of improvement to solve challenges during 
the treatment. Stem cell therapy, also known as regenerative medicine, promotes the 
repair mechanism of dysfunctional, incapacitated or wounded tissue by stem cells or 
their derivatives. Stem cell therapy is a treatment that has been done with stem cells. 
Stem cell therapy holds promise for treating a broad spectrum of diseases, such as 
cancer, heart disease, diabetes and neurodegenerative diseases. Researchers are still 
studying various sources for stem cells, which are applied for stem-cell treatment [1]. 
It is fascinating that the integration of two disciplines, nanotechnology and stem 
cell sciences, divulges new ways to identify the role of molecular apparatus in the 
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mechanism of the differentiation of stem cells regulation and elucidate more about 
the stem cell-based treatment strategies for insight into the human disease, preven-
tion and theranostics.

Nanotechnology-based approaches in stem cell research have been established by 
utilizing biocompatible, biodegradable, solubility, stability, specificity, multimodal-
ity and efficacy for undergoing attachment to cognate receptors. Researchers have 
already shown that the following nanoparticle has been developed for the applications 
in stem cells differentiation and regeneration therapy, such as superparamagnetic iron 
oxide nanoparticles (SPIONs)-(ferucarbotran) NPs [2, 3], auto-assembled peptide 
[4], magnetic NPs [5], polyelectrolyte NPs [6], cerium oxide NPs [7], graphene oxide 
NPs [8], poly-ε-caprolactone [9], ZnO NPs [10, 11], SiO2-NPs [12], iron oxide NP 
[13], collagen nanofiber [14], retinoic acid loaded with polymeric nanoparticles [15], 
tri-CaPSO4 (tricalcium phosphate) [16], carbon nanofiber [17, 18], graphene-oxide 
nanoparticles (GO-NPs) [19], AuNPs [20, 21], PANPs [22], Au@BSA@PLL [23], 
USPIO [24], PFCE-NPs [25] and tri-Ca-silicate [26].

In the latest time, the application of nanotechnology in stem cell research has 
engaged better advances, which is attractive to an emerging interdisciplinary field. 
Stem cell nanotechnology is developing towards stem cell isolation, lineage and 
differentiation, stem cell imaging, active tracking, regenerative medicine and tissue 
engineering of stem cells (Figure 1). Nevertheless, stem cell nanotechnology also 
faces many challenges similar to any emerging interdisciplinary field. The mechanism 
of interaction between nanomaterials and stem cells still needs to be elucidated well 
as nanomaterials and nanostructures are modified to enhance the function of stem 
cells, and the action of metabolizing nanomaterials inside stem cells is arduous. The 
fabrication of multifunctional or homogenous nanostructures developed by exist-
ing knowledge and principles has been a great challenge in synthesizing, modifying 
and characterizing the quality and stability of nanomaterials and the mechanism of 
interacting with the stem. However, stem cell nanotechnology shows great fascinating 

Figure 1. 
Applications of nanotechnology in stem cell.
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scenarios, stem cells are emerging for the application of the drug and macromolecular 
delivery for degenerative diseases [27].

2.  Application of nanotechnology in stem cells isolation  
and differentiation

A crucial point in stem cell-based therapy is the segregation of appropriate cell 
types. The magnetic cell isolation technique was used to isolate specific types of cells. 
Magnetic nanoparticles can be used to label the stem cells for identification from a pool 
of different cell types by magnetic-activated cell sorting (MACS) [28]. This process 
involves combining MNPs with monoclonal antibodies (MAB) directed against unusual 
cell surface antigens, which causes the magnetic field of the cells expressing these 
antigens to be retained. It has been demonstrated that MNPs and anti-CD34 antibodies 
work together to efficiently label and distinguish peripheral blood progenitor cells from 
the blood. An uninterrupted quadruple magnetic flow sorter consisting of a flowing 
carrier and a quadrupole magnet with 1.42 T maximum field loudness and optimal field 
strength was able to separate these cells from mononuclear cells suspension of whole 
blood when MNP-conjugated anti-CD34 proteins were used to label CD34-cells. The 
CD34 cells collected had a purity of 60–96%, a retrieval rate of 18–60%, an improve-
ment rate of 12–169 and a throughput of (1.7–9.3) 104 cells/s [29]. The optimized cells 
could be employed for cell transplantation-based regenerative medicine.

For SC proliferation and differentiation, scaffold-dependent nanomaterials and 
associated polymers have been used. Different scaffolds have been investigated with 
a focus on nanotubes, nanoparticles and nanofibers to control the differentiation of 
SC. Carbon nanotubes (CNTs) and titanium dioxide (TiO2) are viable possibilities 
for scaffold creation, such as bone replacement therapy, due to their outstanding 
mechanical properties [30]. The impact of biological molecules and intricate interac-
tions with scaffold substances improves SC development. Due to their exceptional 
electrical, mechanical and refractive indices and extensive surface topographical 
features, many nanomaterial-based scaffolds have been used in tissue engineering 
applications; nevertheless, this sector is focused on graphene and graphene oxide 
(GO) as non-toxic scaffolds [31, 32].

The researchers identified several peptide sequences that can firmly attach to 
NSCs. The new peptide (HGEVPRFHAVHL, HGE) was combined with quantum 
dots, Zhao et al. [30] discovered that the 48/34 kDa proteins on the membranes of 
NSCs produced from monkey ESCs but not human ESCs were particularly identi-
fied by this HE-quantum dot combination. According to this work, ESC-conjugated 
particular peptides may be used to examine the lineages they have committed to, 
and they may also be a mechanism for separating differentiated cells from ESC-
differentiated cell populations. iPSCs often need to be cultivated on the feeder layer 
cells to preserve their pluripotency. Graphene (G) and graphene oxide (GO) have 
lately been established as cell culture substrates due to their biocompatibility at low 
concentrations and 2D structure with a large surface area. G and GO can support the 
culture of mouse iPSCs by allowing stem cells to differentiate. The cell proliferation 
and differentiation properties are induced by graphene materials (Figure 2). While 
iPSCs cultured on GO surfaces exhibit faster rates of adherence and proliferation 
than those on glass surfaces, iPSCs cultured on G surfaces show a similar effect on cell 
adhesion and proliferation [34]. Another benefit of GO is that it keeps the iPSCs in 
the undifferentiated stage while speeding up the differentiation [33].
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3. Application of nanotechnology in stem cell-based regeneration

One of the main concerns in cell therapy is whether SCs can be guided to specific 
areas to repair damaged brain regions [35]. In earlier studies, cells could only be observed 
after the animals were sacrificed. The mechanism of stem cell homing to specific tissues 
was identified using novel labelling techniques or materials without compromising 
SC proliferation, differentiation or migration, which is vital for tissue engineering and 
regenerative medicine. Proper labelling enables the practical detection of transplanted 
cells and the tracking of cells at the defect site to ascertain their role in tissue regenera-
tion. For example, hMSCs were labeled with different nanoparticles, including quantum 
dots, fluorescence-labeled silica nanoparticles, gold nanoparticles and super-paramag-
netic iron oxide nanoparticles, to follow these cells during live imaging and ascertain 
whether SCs are taking part in repair processes. Magnetic nanoparticles (dMNPs) coated 
with polyamidoamine dendrimer are used to incorporate the pluripotent transcription 
factors Oct4, Sox2, Lin 28 and Nanog to manufacture lentiviruses that generate iPSCs 
[36]. The generated lentivirus was ten times more potent than viruses produced by the 
liposome method. After generating iPSCs, these cells were labeled with fluorescent 
magnetic nanoparticles. The fluorescence signals were observed using fluorescence 
microscopy, and the magnetic nanoparticles were located using magnetic resonance 
imaging. Successful cellular uptake and long-term retention of these nanoparticles 
in cells are advantageous for monitoring and labelling these cells after implantation. 
Even though these different nanoparticles can penetrate and mark cells effectively and 
efficiently, cytotoxicity has been raised as a concern about nanoparticle application. 
The cytotoxic effect of a substance is influenced by its size, shape, content, surface 
charge and hydrophobicity. These NP characteristics result in a rise in cytosolic reactive 
oxygen species, chromosomal aberrations and cell death. Therefore, it is crucial to focus 
on enhancing this nanoparticle’s cellular absorption for monitoring and labelling while 
reducing their cytotoxicity and interference with cellular differentiation in the context 

Figure 2. 
Schematic representative of scaffold structure fabricated from graphene–nanofiber for differentiation of neural 
stem cells. The illustration was created by Asil et al. [33], and published in Appl. Sci. 2020, 10(14), 4852; https://
doi.org/10.3390/app10144852. Licensed under CC by 4.0.
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of biocompatibility. Future research on NP applications should concentrate on advance-
ments in tissue-specific cell labelling, imaging and tracking (Figure 3).

Metallic NP-induced processes stimulate the proliferation and differentiation of 
stem cells through several mechanisms, including the alteration of signaling pathways, 
the production of reactive oxygen species and the tinkering of numerous transcription 
factors. Metallic nanoparticles have a potential impact on stem cell differentiation and 
proliferation both in vivo and in vitro. The superparamagnetic properties of the IONPs 
(iron oxide nanoparticles), often referred to as superparamagnetic iron oxide (SPIO) 
NPs, enable them to travel to the injured region, making them a potentially valuable 
tool for the treatment of degenerative illnesses. Human MSCs (hMSCs) can multiply 
when treated with SPIO- (Ferucarbotran) nanoparticles, which work by reducing intra-
cellular H2O2. They can also speed up the cell cycle by upregulating proteins like cyclin 
D1, cyclin B, and cyclin-dependent kinase 4. Consequently, SPIO-NPs can be exploited 
as a secure supply of nanomaterials to promote the proliferation of stem cells [37].

4. Application of nanotechnology in stem cell imaging

For imaging and stem cell tracing, nanoparticles such as gold nanorods, MNPs and 
quantum dots have been utilized due to their distinct characteristic features. In cellular 
imaging, immunoassays, DNA hybridization and optical barcoding, QDs have been 
employed successfully. A new practical platform introduced for bioanalytical sciences 
and biomedical engineering is provided by quantum dots. Mesenchymal stem cells 
(MSCs) can internalize the quantum dots coupled with an antibody against the mortalin 
protein to produce i-QD composites, which label the MSCs. The normal adipocyte, 
osteocyte and chondrocyte development that the i-QD tagged MSCs underwent in vitro 
and in vivo strongly suggests that i-QDs can be used for in vivo imaging diagnostics and 
tracing of stem cells in the distribution of mouse body [38]. QDs can be created nano-
probes with unique functions that can be utilized for molecular imaging, gene or medica-
tion administration or molecule tracing. These biomolecules can be added to QDs, such 

Figure 3. 
Nanoparticle mediated transduction of induced pluripotent stem cells differentiate into specialized cells.



Possibilities and Limitations in Current Translational Stem Cell Research

114

as liposomes, PEG, peptides or antibodies. MNPs were used for molecular imaging, and 
stem cell tracing in addition to quantum dots. Superparamagnetic iron oxide nanoparti-
cles (SPIONs) were found to be multifunctional MRI-based contrast agents and the same 
can be used for labelling and tracking transplanted stem cells [39, 40]. Dextran-coated 
iron oxide nanoparticles were covalently bounded to fluorescent molecules to define 
HSC labelling and the engraftment process. Fluorophores were conjugated to the dextran 
coat for fluorescence-activated cell sorting and purification, which removed false signals 
from nanoparticle contaminants that were not sequestered [27].

With no significant toxicity in vitro or in vivo, a short-term specified incuba-
tion technique was devised, effectively labeled both cycling and quiescent HSCs. 
Immunodeficient mice were given purified primary human cord blood cells that were 
CD34-positive and lineage-depleted, allowing tagged human HSCs to be found in the 
recipient mice’s bones. The cell populations that had snatched up the nanoparticles 
were precisely quantified, and their destiny after transplantation was monitored using 
flow cytometry. The presence of MNPs-labeled human stem cells in the bone marrow 
was confirmed by flow cytometry analysis. There has been substantial research in stem 
cell treatment for various central nervous system (CNS) illnesses [41]. The Endorem-
labeled GFP MSCs were transplanted to rats intravenously into the femoral vein or 
intra-cerebrally into the hemisphere oblique to the lesion the cells were grafted. A 4.7-T 
Bruker spectrometer was used to check on rats with grafted stem cells once per week 
from three to seven weeks after transplantation. On MR scans, the lesion appeared 
as a hyper-intense signal. Its intensity matched GFP labelling or Prussian blue stain-
ing. One week following a transverse spinal cord lesion, MSCs tagged with Endorem 
were also delivered intravenously into the femoral vein. The lesion cavity appeared 
as inhomogeneous tissue with a significant hyper-intensive signal on MR images of 
longitudinal spinal cord slices from animals without spinal grafts but with a lesion. 
Dark hypo-intense patches were seen as lesions in transplanted animals.

Histological analysis revealed that transplanted mice had a substantial iron posi-
tive while lesioned control animals had only a few iron-containing cells. The lesion 
in grafted animals was significantly smaller than in control rats, indicating that the 
grafted MSCs had a beneficial impact on lesion repair. There are numerous successful 
uses of MR tracking in various organs, including the heart, liver, kidney and pancre-
atic islets. Fluorescent MNPs (FMNPs) can combine with the BRCAA1 antibody to 
create BRCAA1 antibody-labeled FMMNP probes, BRCAA1 protein showed signs of 
overexpression in ES CCE cells [27].

5. Application of nanotechnology in stem cell tracking

Conventional methods to track implanted stem cell fate predicted in vitro cell 
labelling for cell transplantation, subsequent follow-up of cell engraftment and exis-
tence concluded by the analysis of histological sections of sacrificed animals or tissue 
biopsies, by this invasive technique did not permit long-term and continuous experi-
mentation. Recent advances in stem cell therapy need more precise and non-invasive 
methods for qualitatively and quantitatively tracking transplanted cells inside the 
host to facilitate the understanding of the prognosis of neurodegenerative treatment 
and eventually improve patients’ health.

The traditional techniques have been developed by the improvement of specific 
contrast agents, such as endogenous biomolecules with intrinsic fluorescence, exog-
enous fluorescent proteins or non-fluorescent organic dyes, which have been used 
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for fundamentally two labelling modalities. Which are direct labelling and indirect 
labelling. (a) direct labelling is the cell incubated with specific intracellular probes; 
(b) indirect labelling is the cell tracked through the expression of the indicator by a 
reporter gene inserted in the genome of the cells. Direct methods are simple to apply 
and less expensive, although potential limitations include fast signal decay due to cell 
proliferation and subsequent insufficient marker distribution between daughter cells. 
Alternatively, an indirect technique is much more stable but needs genetic manipulation 
of cells and has not been suitable for clinical applications. Generally, the active contrast 
agents frequently present disadvantages like photo-bleaching over time, interference 
derived from tissue auto-fluorescence, chemical and metabolic degradation in vivo and 
even low transfection efficiency in primary cells and thus are not considered suitable 
for in vivo imaging. Several engineered nanoparticles with unique magnetic and optical 
properties have been established and employed in biomedicine due to their capability 
to offer real-time monitoring of tracking intracellular processes at a biomolecular level 
[42]. The transplanted stem cells labeled by these nanoparticles can be detected by mul-
tiple imaging methods, such as magnetic resonance imaging (MRI), nuclear imaging, 
single-photon emission computed tomography imaging (SPECT), positron emission 
tomography-computed tomography (PETCT) and photoacoustic imaging [43–46].

Stem cells are tracked by the functional modification of nanoparticles such as 
Gd-based nanoparticles are the most extensively used T1-contrast agent for labelling 
and tracking stem cells [47]. The GD-based nanoparticles composed of spherical 
europium-doped gadolinium oxysulfide (Gd2O2S: Eu3+) have been fabricated and 
observed by MRI, X-ray imaging and photoluminescence imaging. The number of 
MSCs labeled by Gd2O2S: Eu3+ have feasible cell tracking in animal models [48].

Au-based nanoparticles are potential contrast agents of photoacoustic imaging 
developing as a modern method for tracking cells in vivo. More significantly, MSCs 
can be directly labeled by Au-based nanoparticles, so their differentiation after 
transplantation in vivo has been noticed using photoacoustic imaging in vivo [49, 50]. 
Huang et al. [51] synthesized Au-based nanoparticles (AA@ICG@PLL) with dual-
modal imaging (CT and near-infrared fluorescence) for labelling and tracking MSCs 
of mice. AA@ICG@PLL exhibited excellent cellular uptake by MSCs and biocompat-
ibility due to the modification of indocyanine green (ICG) and poly-L-lysine (PLL).

Hsieh et al. [52] described a QD-based NP for labelling human MSCs, in which 
CdSe was used as the core, and the shell was encapsulated by ZnS. Chen et al. [53] 
stated an AgS2 QD-based NP for tracking human MSCs transplanted in the mouse by 
employing fluorescence imaging. Li et al. [54] developed QDs-based nanoparticles 
(RGD-β-CDQDs) to label and track human MSCs, which were fabricated of QDs, 
β-cyclodextrin (β-CD) and Cys-Lys-Lys-ArgGly-Asp (CKKRGD) peptide. The QDs 
altered by b-CD had greater cellular uptake and eased the differentiation of MSCs, 
due to the small molecule dexamethasone and siRNA carried by b-CD. Further 
significantly, the labeled MSCs have been identified for one month.

Super-paramagnetic iron oxide nanoparticles (SPIO NPs) are synthesized for 
labelling MSCs. The labeled MSCs have been tracked in an animal model by MRI 
[55–58]. Furthermore, these labeled MSCs still upheld differentiation potential. Lee 
et al. [59] synthesized SPIO NPs with the modification of poly lactic-co-glycolic acid 
(PLGA) and then utilized fluorescent dye Cy5.5 to functionalize the synthesized 
nanoparticles for labelling and tracking MSCs to explore the interactions between 
PLGA-SPIO NPs and MSCs.

Ma et al. [60] stated up-conversion-based nanoparticles, which were fabricated by 
NaYF4:Yb3+, Er3+ NPs, poly (acrylic acid) (PAA) and poly (allylamine hydrochloride) 
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(PAH), as a fluorescence maker for tracking bone marrow MSCs in vitro. Kang et al. 
[61] developed a UC-based NP with NIR-controllable properties to label MSCs. In a 
remote-controllable way, stem cell differentiation was regulated. Moreover, Ren et al. 
[62] produced conversion-based nanoparticles NaYF4:Yb/Erusedligand free labelling 
and tracking mouse bone MSCs.

Huang et al. [63] synthesized mesoporous silica nanoparticles altered by fluores-
cein isothiocyanate, and the labeled MSCs have been identified by imaging to track 
their viability in vivo. Due to clathrin-mediated endocytosis, the nanoparticles have 
been internalized into MSCs and showed greater cellular uptake. Additionally, Chen 
and Jokerst [64] used silica nanoparticles to label MSCs and then track the MSCs by 
ultrasound imaging. The results exhibited that silica nanoparticles have expressively 
increased the ultrasound signal of MSCs in vivo. Yao et al. [65] described unique 
core-shell nanoparticles in which the core is composed of cobalt protoporphyrin IX 
(CoPP)-loaded mesoporous silica nanoparticles, and the shell is a 125I-conjugated/
spermine-modified dextran polymer, to label and guide the transplantation of 
MSCs by PA imaging and SPCT nuclear imaging. Chen et al. [66] developed three 
sizes of silicon carbide nanoparticles to label MSCs and showed dual-modality 
imaging of photoluminescence and photoacoustic imaging. Cyanine dye-doped 
silica nanoparticles have been used to label hMSC without affecting stemness 
surface marker expression, proliferation, viability and differentiation capability 
into osteocytes [67].

Lim et al. [68] fabricated bicyclononyne (BCN)-conjugated glycol chitosan 
nanoparticles (BCN-NPs) as dual-modal stem cell imaging probes for the cellular 
imaging system. Yin et al. [69] described an organic semiconducting polymer 
nanoparticle (OSPNC) as a contrast agent for tracking MSCs. The developed cationic 
nanoparticles revealed the intensive tissue imaging due to the meaningfully higher 
signal-to-noise (SNR) and improved the cellular uptake for human MSCs because of 
their biocompatibility, appropriate size and optimized surface property.

6. Nano patterns drive the fate of stem cells into a specific cell lineage

The instructional and tissue-specific niches of stem cells play a variety of activi-
ties, including migration, adhesion and proliferation. Extracellular matrix (ECM) 
components of nanoscale feature-sized fibrillary collagens, elastin and glycosamino-
glycans are particularly prone to affect SCs. The topography and part structure of the 
ECM can compel stem cells to develop into particular cell lineages.

The crucial step in stem cell-based therapies is to direct SCs with accurate fab-
rication in a defined direction. Nanotechnologists have created several synthetic 
nanoplatforms that mimic the topological characteristics of the natural SCs niche to 
stimulate stem cell activation. The attachment of SCs surface proteins to topography 
is a fundamental aspect of the mechanism via which stem cells interpret and respond 
to nanotopographical signals. Focused adhesion, a form of integrin-mediated cell 
attachment to ECM components, is essential for stem cell regulation. Gene and 
protein levels will vary with mechanical stimulation and regulating focal adhesions 
will affect the stem cell differentiation pathway. Integrin-mediated adhesion signaling 
and other factors that impact the state of the SCs include cytoskeleton (CSK) stress, 
SC structure and nuclear dynamics. Arginine-glycine-aspartate is a crucial peptide 
episode in ECM proteins that regulates cell adherence (RGD). Recent studies have 
concentrated on the effect of RGD-containing nanopatterns on stem cell activity.
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Cao et al. [70] planned the synthesis of several charged or neutral oligopeptide 
motifs connected with RGD using quartz substrates as a model and were employed 
for surface modification. They showed that, in the presence of RGD, positively 
charged oligopeptide patterns hinder osteogenic development, but negatively charged 
and neutral oligopeptide patterns may promote it.

Wang et al. [71] investigated the effects of RGD nanospacings ranging from 37 to 
124 nm on the conduct of MSC. RGD nanopatterns were developed on PEG hydrogels. 
Cells were exposed to these nanopatterns at the highest serum level for eight days. 
They differentiated SCs into adipogenic and osteogenic lineages with large and small 
nanospacings. Stem cell activity is influenced by the symmetry, size, and regularity 
of surface nano-topographic features, which have been shown to have a substantial 
impact. Park et al. [32] showed that MSC activity, which includes differentiation, 
development and spreading, is significantly dependent on the diameter (d) of 
self-assembled layers (SAL) of TiO2 nanotubes. They showed that osteogenic differ-
entiation of MSC can be significantly reduced by increasing the diameter of the tube 
to 50 nm or higher after separating SCs into osteogenic cells through a tube having a 
15 nm diameter. Researchers have looked into how different-pitch nanogrooves affect 
the ability of SCs to self-renew, differentiate and proliferate.

Currently, an important area of research involves the merger of SC nanotechnol-
ogy (SC-NTech) and tissue engineering ideas. Nano-engineered 3-D scaffolds are 
frequently used to make it possible for SCs to differentiate into specific cell lineages. 
These three-dimensional scaffolds might be biodegradable, allowing cells to produce 
their own ECM as the synthetic scaffold degrades. For example, using nanofibrous 
scaffolds in bone tissue engineering intensely increased the differentiation of SCs into 
osteogenic cells compared to controls.

7. Application of nanotechnology in stem-cell-based tissue engineering

The principle of tissue engineering combined with stem cells enables the develop-
ment of a stem cell-based therapeutic strategy for human diseases. Stem cell and 
progenitor cell steering differentiation is presently one hotspot, the differentiation 
of stem cells that conjugate 3D materials is deliberated as the most perspective tissue 
engineering. Recently, the developments of several micro/nanofabrication technolo-
gies have been used to stimulate stem cells to develop into 3D biodegradable scaffolds. 
Nanostructured scaffolds are fabricated to initiate stem cells to turn into specific cell 
types compromising the tissues and organs in the body. Inside these scaffolds, cells 
secrete their matrix, and as the scaffold degrades, they form a 3D tissue structure that 
mimics the body’s natural tissues. Gelain et al. [72] described that they had estab-
lished a 3D cell culture system using an exclusive peptide nanofiber scaffold with 
mouse adult neural stem cells. They prepared 18 different peptides, which directly 
integrate various functional motifs to stimulate cell adhesion, differentiation and 
bone marrow homing and engraftment activities. These functionalized peptides are 
self-assembled into nanofiber scaffolds where cells have been completely entrenched 
by the scaffold in 3D. Without the addition of neurotrophic factors and soluble 
growth factors, two of these scaffolds functionalized with bone marrow homing 
motifs significantly enhanced the survival of the neural stem cells and also encour-
aged differentiation towards cells expressing neuronal and glial markers.

Carbon nanotube patterns have been used to improve the growth and alignment 
of MSCs. The MSCs revealed in CNT growth patterns, and the cell culture results 
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showed that the CNT designs have no harmful consequence on the MSCs [73]. The 
outcomes demonstrated that CNT patterns have enormous potential as a new plat-
form for basic research and applications expanding stem cells.

Stem cell differentiation is diligently related to their microenvironment. The 
regulation of stem cells is contingent on their dealings with a highly specialized 
microenvironment or niche. Secreted factors, stem cell-neighboring cell interactions, 
extracellular matrix (ECM) and mechanical properties collectively made the stem 
cell microenvironment. The stem cell niche secretes suitable chemicals to direct the 
differentiation and development of stem cells. Mineral components are essential to 
stem cell localization; matrix components are vital to the restraint of stem cells, and 
bone-forming osteoblasts are also important to the maintenance and proliferation of 
stem cells, the calcium-sensing receptor located on the surface of HSCs, and other 
cells are critical to stem cells finding their niche.

Nanotechnology has been employed to create artificial in vivo conditions like stem 
cell microenvironments to discover the fundamental mechanisms of the conversion 
into differentiated cells. A better solution is presently under exploration: growing 
the stem cells on a so-called ‘lab-on-a-chip’. They synthesize a silicon chip with a 
thousand nanoreservoir cavities, which surface contains about a thousand reservoir 
cavities, with each reservoir only about 500 nm across. A reservoir that holds liquid 
chemicals similar to the stem cells has been exposed to the niche. Each reservoir 
is covered with a lipid bilayer model resembling a cell membrane. These reservoir 
bilayers also hold the same voltage-gated channels found in cells. A small charge of 
electricity has been applied to any individual reservoir to open the channels and allow 
the chemicals to spill out, delivering them to develop any particular stem cell. The 
nanoreservoir chip technology also allows the opportunity of growing cells layer by 
layer, making compound tissues, which are otherwise challenging to produce.

Substrate topography impacts a wide range of stem cell behaviors in a man-
ner discrete from surface chemistry. One physical difference in the topography of 
divergent basement membranes is the size of pores and ridges. In vivo cell never see 
flat surfaces: on the nanoscale, no basement membrane or extracellular matrix is flat. 
The great majority of features in the extracellular environment are in the submicron 
to the nanoscale range, confirming that an individual cell interacts with numerous 
topographic features. Nanofibrous structures have favorably modulated osteoblast, 
osteoclast and fibroblast activities towards the implant or scaffold materials. 
Nanofibrous matrices are presented as scaffolds that have improved structural 
similarity to target tissues than their bulk counterparts because leading mecha-
nisms in tissues are nanoscale structures, and cells seem to adhere and proliferate 
enhanced on nanoscale structures than on bulk materials. The synthesis of natural 
polymer-based nanofibers is advantageous because of their proven biocompatibility 
and biodegradation. Strategic aspects of natural polymers include less immune 
reaction, nontoxicity, hydrophilicity, enhanced cell adhesion and proliferation. 
The electrospinning method was adapted to fabricate natural polymer nanofibers. 
Chitosan and alginate, abundant natural polymers have been widely used in tissue 
engineering, but none had been fabricated into nanostructured matrices until recent 
years. Uzieliene et al. [74] described that they effectively used chitosan and alginate-
based nanofibrous matrices to mimic the extracellular matrix of articular cartilage 
that mainly contains type II collagen and proteoglycans (glycosaminoglycan, GAG). 
A nanopit template was created with a conglomeration surface less than 100 nm in 
diameter. The flat culture surface and nutrient medium of nanopit align ordered 
the stem cell has been not differentiated. The stem cell could grow to the calcified 



119

Nanotechnology-Based Stem Cell Therapy: Current Status and Perspectives
DOI: http://dx.doi.org/10.5772/intechopen.109275

ossature cell in the nutrient medium concurrent with well-ordered and unordered 
aligned nanopit. The surface of the transplanted tissue is the nanoengineering sur-
face that has induced the stem cell to propagate into the ossature. Surface character 
plays a significant role in stem cell proliferation.

8. Nanoparticle-mediated gene delivery systems for stem cells

Recent research has previously revealed the therapeutic uses of embryonic stem 
cells (ESCs), and the generation of progenitor cells with in vivo reconstitution proper-
ties has also been described for the treatment of severe hereditary, excruciating and 
degenerative illnesses [75]. A fundamental barrier to the therapeutic uses of these 
pluripotent cells is the lack of non-invasive and live cell imaging of grafted cells to 
manage biodistribution (in-vivo tracking). Additionally, reproducible methods for the 
effective intracellular distribution of biomolecules such as RNA, DNA, peptides and 
proteins are required to control ES cell development should be developed.

Fluorescent multi-walled nanotubes of carbon (dMNTs-C) functionalized with 
polyamidoamine are very successful at penetrating the CCE embryonic stem cell 
line in mice [76]. As they are easier to use and can be produced in large quantities 
than viral vectors, which are riskier for therapeutic use, dendrimers could be a viable 
non-viral transmission vector. It has been found that dendrimer-modified polyami-
doamine (PAMAM) MNPs significantly boost the efficacy of gene delivery [77, 78]. 
The dMNTs will be a modern method of gene transfer for ESCs and will be used in 
ES research. Nanoparticles such as MNPs [79] and QDs can penetrate human MSC 
cells and sustain themselves in ES cells for a long time. Previous studies have shown 
that SiO2-coated CdTe nanoparticles can bind to and support inside of induced-
differentiated neurons, hematopoietic cells and endothelial cells while exhibiting 
minimal cytotoxicity at the applied dose. It is simple to show that these transplanted 
stem cells with MNPs formed teratomas made up of tissues from all three germ layers 
[41]. Recently, a biological delivery technique that uses nanoneedles and atomic force 
microscopy (AFM) to transport genes into living cells was created [80].

El-Kharrag et al. [81] examined polymer-based nanoparticles (NPs) for the 
delivery of mRNA and nucleases to human granulocyte colony-stimulating factor 
(GCSF)-mobilized CD34+ cells, which might also be employed for in vivo admin-
istration. The effectiveness of NP-mediated ex vivo administration was closely 
associated with the charge of the nanoparticles and exhibited minimal toxicity. 
When compared directly to electroporation, NP-mediated gene editing allowed 
for a 3-fold decrease in reagent usage while maintaining comparable efficiency. 
Furthermore, employing nanoparticles showed increasing human HSC engraftment 
capacity in the NSG mice xenograft model. Finally, successfully stored mRNA- and 
nuclease-loaded nanoparticles were lyophilized, preserving their transfection 
capacity following rehydration.

9. Nanoparticles as macromolecular delivery systems for stem cells

Stem cells are unique cells found in the body and are rightly called internal repair 
systems. The unique properties of stem cells are the ability to proliferate extensively 
and differentiate into specific cells that are used in therapeutic procedures against 
dreadful diseases. The biggest challenge ahead of using this cell is to find an effective 
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way to maintain the division and differentiation of stem cells under tightly regulated 
patterns. It is found that several macromolecules, such as DNA, RNA, proteins and 
peptides, regulate these pathways effectively. These macromolecules can be intro-
duced into the stem cells at the right time to make it possible. Conventional methods 
will not work out because of the complexities associated with the cells and macromol-
ecules. Although physical methods such as electroporation and nucleofection could 
bring out promising results simultaneously, it causes irreversible damage to the cells 
under some circumstances. Research could also bring in viral vectors concurrently, 
causing drawbacks, such as toxicity and mutagenesis, and has not been forward to 
accomplish the transfer. Nanoparticles are found to be very effective after surface 
modification. They considered several parameters such as size, shape and design of 
nanoparticles made by Zhu et al. [82] to deliver the plasmid into mouse embryonic 
fibroblast cells to reprogram it into pluripotent cells. A plasmid carrying OSKM (argi-
nine terminated polyamidoamine) nanoparticle was used to carry out the shipment of 
macromolecule into the target. In another experiment, Sohn et al. [83] used acid-sen-
itive polyketal-based nanoparticles to activate pluripotency in bone marrow mono-
nuclear cells. The outcome that was fertile in polyketal-based nanoparticles would 
produce multiple reprogrammed cells. Besides, mesoporous silica nanoparticles were 
analyzed by Chen et al. [84] for their efficacy against induced pluripotent stem cells. 
The outcomes of mesoporous silica nanoparticles lead the way by limited cytotoxicity 
against induced pluripotent stem cells. Positively charged (cationic) nanoparticles 
were chosen to deliver hepatocyte nuclear 3b factor. It was found that it increased the 
mRNA concentration in stem cells with liver-specific genes and activated those cells 
to differentiate into cells resembling hepatocytes with similar functions.

10.  Application of nanotechnology in stem-cell-based therapy of 
neurodegenerative diseases

Neurodegenerative diseases (ND) can be defined as the gradual degeneration 
of neurons, which are considered the fundamental unit of the nervous system 
(Figure 4). Neural degeneration could affect the patient, their family members 
and society. Henceforward, there is no prominent treatment procedure to handle 
the disease even though the symptoms of ND can be slowed down [85]. A team of 
doctors, neuroscientists and bioengineers are required to standardize procedures to 
treat the disease effectively [86]. The neurogenesis cascade of complex mechanism 
leads to the synthesis of neurons, which makes up the CNS. Stems cells derived 
from different sources can be subjected to a sequence of processes such as prolif-
eration and differentiation. The differentiated stem cells can be used as ideal drug 
candidates for cell-based therapy [87].

The key objectives of cell-based therapy are to protect the neurons and to enhance 
the differentiation and regeneration potential. In recent years, applications of stem 
cells in cell therapy to treat neurodegenerative diseases have gained more attention 
among researchers [88]. The neuroprotective effect of stem cells has been scientifi-
cally proven [89]. Transplantation of stem cells is positive regulation in Parkinson’s 
disease (PD), spinal muscular dystrophy (SMD) and amyotrophic lateral sclerosis 
(ALS) [90]. Nanomaterials are considered by the biomedical domain, an effec-
tive tool to carry value-added drugs and to deliver those chemicals to the specified 
target. Since nanoparticles are special and unique properties [91], the nanotechnol-
ogy domain can be coupled with cell therapy to extend better treatment to people 
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experiencing severe forms of neurodegenerative diseases. The microenvironment of 
the CNS is called the stem cell niche. When the stem cell niche is administered with 
pro-neurogenic factors (proteins), it can kindle the proliferation and differentiation 
of endogenous and exogenous neural stem cells [92]. After successful internalization 
of the nanoparticles, it can stimulate neurogenesis, which is a much-expected point in 
the treatment of neurodegenerative diseases. But still, researchers are needed to find 
out the mystery behind the relationship between stem cells and nanoparticles. If those 
mysteries might be identified then it may be easy to use the stem cell—nanoparticle 
complex to treat the neurodegenerative disease effectively.

A high translational potential exists for neural stem cells (NSCs) in transplan-
tation therapy for neural repair. A vital objective of regenerative neurology is to 
increase the therapeutic potential of these cells through genetic engineering. Major 
non-viral vectors for the safe bioengineering of NSCs include magnetic nanoparticles 
(MNPs), which have imperative advantages over viral vectors in terms of safety, scal-
ability and use.

11. Nanomedicine in cancer stem cell therapy

Conventional therapies such as chemotherapy and radiation therapy remove the 
tumor but not the cancer stem cell (CSC). Permanent removal of cancer stem cells 
could result in long-lasting remission of disease, remarkable reduction in metastasis 
and seems to boost the immune status of the patients. Again, cancer stem cell (CSC) 
therapies are controlled by nanotechnology and carry them with therapeutic payloads 
(TPL) [93]. Nanoparticles are engineered in such a way that to attack the cells with 
over-expressed receptor proteins called CD44. Hyaluronic acid situated on the sur-
face of the B16F10 cells could lead to the bonding with CD44. The study confirms that 
nanoparticles are remarkably useful for the shipment of CSC suppression antitumour 
drugs [94].

Figure 4. 
Current novel methods to utilize stem cells in cell therapy in treatment of neurodegenerative disease.
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A novel therapeutic procedure such as nucleus-targeted drug delivery (NTDD) 
can help researchers to reverse the drug resistance in CSC. Silica nanoparticles are 
engineered in such a way as to attack the nucleus of the CSC. Surface modulation 
coupled with thermal sensitive exposure could help to reach the nucleus efficiently. 
Nucleus-targeted drug delivery facilitates the apoptosis of CSC, which in turn is 
caused by chemotherapy and thermotherapy [95].

12. Nanoparticles as macromolecular delivery systems for glioblastoma

Macromolecular drug delivery has taken a bounce in the last 20 years [96]. Due 
to the robust development in the biotechnology domain, enough novel methods 
have been developed based on macromolecules such as DNA, RNA, siRNA, pro-
teins and peptides. The U.S Food and Drug Administration (FDA) has classified 
macromolecular drugs into vaccines, blood and blood components and allergen 
extracts are used for diagnosis and treatment. In the modern drug delivery system 
(DDS), an important property called “active targeting” is exploited to make the DDS 
deliver the drugs selectively to the target without affecting the healthy neighboring 
cells [97]. Glioblastoma is a deadly form of malignant tumor of the central nervous 
system (CNS). Current treatment relies on giving radiation therapy followed by a 
chemotherapeutics regime using a DNA alkylating agent. Life expectancy is also 
less even after undergoing a series of treatment procedures. The cancer progression 
leads to the impact of GBM (Glioblastoma) after reaching into the deeper areas of the 
brain. Hence standard and alternative methods are required to extend drug delivery 
effectively. In this method, one such effective tool is the solid-lipid nanoparticle 
developed by Kuo et al. [98]. These nanoparticles are conjugated with metallotrans-
ferrin antibodies. Further, the transcytosis property of the nanoparticle across human 
brain-microvascular endothelial cells was examined and found to be very effective, 
and at the same time, it inhibits the growth of U87MG cells in vitro.

13. Conclusion

Stem cell nanotechnology begins new avenues for the manufacture, study and 
potential application of SCs in regenerative medicine. For imaging and labelling, drug 
or gene administration, tissue engineering scaffolds and stem cell proliferation moni-
toring, nanomaterials such as fluorescent CNTs, QDs, fluorescent MNPs and fluores-
cent CNTs, among others, have been used. Differentiation-engineered nanostructures 
have been employed, and it is anticipated that they would speed up the detection and 
monitoring of microenvironmental signals. Despite numerous challenges, stem cell 
nanotechnology offers new opportunities that will considerably improve the identifi-
cation and tracking of SC-fate and will develop novel stem cell therapies. As a result, 
stem cell-based therapies would be furnished as an alternative and effective remedy 
for genetic disorder.
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Abstract

Regenerative medicine has been coming into spotlight ever since the realisation 
that conventional treatments are not enough, and the need for specific therapies 
has emerged. This, however, has paved way for cell-free therapy using extracellular 
vesicles. A two-dimensional (2D) cell culture model is widely recognised as the “gold 
standard” for researching cellular communications ex vivo. Although the 2D culture 
technique is straightforward and easy to use, it cannot replicate the in vivo ECM 
interactions & microenvironment. On the contrary, 3D culture culturing technology 
has emerged which include structures such as spheroids and organoids. Organoids 
are small replicas of in vivo tissues and organs, which faithfully recreate their struc-
tures and functions. These could be used as models to derive stem cells based EVs for 
manufacturing purposes. The linkages between infection and cancer growth, as well 
as mutation and carcinogenesis, may be modelled using this bioengineered platform. 
All in all, 3D culturing derived EVs serves as a novel platform for diagnostics, drug 
discovery & delivery, and therapy.

Keywords: organoid, 2D & 3D cell culture, extracellular matrix, carcinogenesis, 
bioengineered platform, drug testing

1. Introduction

Cell culture has become an indispensable tool for elucidating fundamental 
biophysical and biomolecular mechanisms that govern how cells construct into tissues 
and organs, how well these tissues function, and how that function is disrupted in 
disease. Cell culture is now used extensively in biomedical research, biomedical 
engineering, stem cell therapy, and commercial applications. In regenerative 
medicine, stem cells are the central players, however the shortcomings and risks 
associated with cellular therapy are higher as compared to non-cellular therapy 
thereby EVs are better. Although adherent, two-dimensional (2D) cell culture has 
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long been the norm, recent research has shifted toward three-dimensional (3D) 
structures and more feasible biochemical and biomechanical microenvironments. 
Understanding the in vivo processes that leads to the formation and purpose of tissues 
and organs requires deciphering the mechanisms underlying these behaviours. 
Laboratory experiments should ideally be carried out using a user-defined three-
dimensional (3D) model that closely mimics the cell’s microenvironment [1–3]. 
However, challenges in developing such a model include the building of the tissue-
tissue interface, control of the spatiotemporal distributions of oxygen, carbon 
dioxide, nutrients or waste, and further followed by the customization of other 
microenvironmental factors known to regulate activities in vivo. It is well understood 
that cells adapt to their surroundings by reacting to local signals and cues, which has 
implications for cell proliferation, differentiation, and function [4, 5]. Traditional 
culture methods for growing mammalian cells in vitro are far removed from the 
complexities that cells encounter in real-life tissues. One of the most noticeable 
physical differences is the shape and geometry that cells acquire when grown on a flat 
substrate, such as a cell culture plate or flask. When cells grow on two-dimensional 
(2D) surfaces, they flatten and remodel their internal cytoskeletons. Lacking the 
ability to form more natural tissue-like structures, existing in vitro 2D cell culture 
models are frequently a poor substitute when used to study cell growth and various 
associated aspects [6]. This has a substantial impact on cell performance, as well 
as, the outcomes of biological assays. Monolayers of cultured cells, for example, 
are assumed to be more sensitive to therapeutics. Moreover, due to the limited cell 
interactions, culturing cells on rigid surfaces may increase cell proliferation, but 
adversely impact cell differentiation. A more adequately engineered cell culture 
environment might enhance drug discovery predictive accuracy and aid in the 
interpretation of tissue morphogenesis [4–6].

Some significant aspects of cancer cells, for example, cannot be adequately 
modelled in 2D cultures. To overcome the limitations, novel 3D cell culture platforms 
that better mimic in vivo conditions are now being developed, which are sometimes 
referred to as spheroid or organoid culture. In many cases, these new platforms 
have shown to be more capable of stimulating in vivo-like cell fates for the processes 
under investigation. 3D research shows that increasing the dimensionality of the 
extracellular matrix (ECM) surrounding cells from 2D to 3D has a significant impact 
on cell proliferation, differentiation, mechano-responses, and cell survival [5, 7, 8].

For example, Extracellular vesicles (EVs) are membrane-enclosed structures that 
are released by almost all cell types. They transport biologically active molecules 
such as RNAs, lipids, and proteins from the delivering cell to the target cell, allowing 
for a novel mode of intercellular communication. The use of EVs as diagnostic tools 
is highly influenced not only by the molecular cargo but also by the quantity of EVs 
derived from various cell subpopulations in tissues and body fluids. Moreover, overall 
mechanisms and factors influencing EV release are still unknown [9, 10]. Organoids 
are obtained from animal or patient samples, cultured in 3D matrices like Matrigel 
under well-defined conditions, and retain the cellular heterogeneity found in in vivo 
epithelial tissues. As a result, they depict one of the most cutting-edge technologies 
for studying human diseases, allowing for the investigation of pathways and factors 
that influence EV release.

Although these findings suggest that 3D systems should be used anytime feasible, 
the system of choice is often governed by the specific process of interest, and there is 
currently no universal 3D platform; additionally, 2D cell culture approaches can still 
recapitulate in vivo behaviour for many bioactivities, and new advances in substrate 
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configuration continue to offer new capabilities for this platform [11]. All in all, 3D 
platforms are probable to become a more appealing alternative to 2D cell culture as 
technology advances to enable a broader range of processes. Technological advances 
have opened up new avenues for cell culture and the formation of 3D tissue-like 
frameworks. This is primarily due to research activities between cell biology and 
biophysical sciences, which has introduced new materials and manufacturing tech-
niques to produce technologies tailored to support 3D cell growth in vitro [12]. The 
culture of cells in 3D is rapidly progressing, as evidenced by the increasing number 
of publications in the scientific literature. The adoption, validation, and implementa-
tion of these novel strategies will guarantee the effectiveness of this technology. This 
will most likely take time as the scientific community recognises the limitations of 
traditional 2D cell culture and recognises the value of new methods to reliably culture 
cells in 3D.

2. Technologies for 2D and 3D cell culture

2.1 2D cell culture techniques

Traditional 2D cell culture relies on the cells adhering to a flat surface, typically a 
glass or polystyrene petri dish, to provide mechanical support. Culturing in 2D mono-
layers allows the cell access to a significant amount of growth factors and nutrients in 
the form of media, resulting in homogeneous proliferation and expansion [13, 14]. 
However, a majority of these 2D approaches do not allow for regulation of cell shape, 
which influences biophysical cues that affect cell biological properties in vivo. Micro-
patterned surfaces, such as cell-adhesive islands, microwells, and micropillars, have 
indeed been developed to control cell shape in 2D culture and aid in the investigation of 
the effects of cell shape on bioactive components [15]. This induced polarity may alter-
nate cell functions such as expansion and migration for perceiving soluble components 
and other microenvironmental signals. One of the strategies to completely eradicate 
apical-basal directionality is by the sandwich culture procedure, which adds a layer of 
ECM atop the cells and provides a mimic of 3D ECM that can be used to mitigate the 
effect of cell polarisation in 2D cell culture (Figure 1). The sandwich culture method, 
which involves placing cells between two layers of ECM, polyacrylamide, collagen or 
any type of suitable ECM, has long been shown to produce cell cultures with morphol-
ogy and function that more closely resemble the in vivo behaviour. This is especially 
important in drug discovery, in which scientists aim to understand pharmacokinetic 
profile in relation to the organs [15]. The sandwich method was discovered to reduce 
oxygen diffusion sufficiently, resulting in an 80% survival rate over 5 days, compared to 
a 32% success rate over 2 days in a mixing process population culture. Many researchers 
have been able to examine the consequences of pharmacokinetics, which is crucial to 
consider when modelling physiological and pathological events, thanks to the sandwich 
culture [16, 17]. Another strategy could including micropatterning, which is a designed 
2D surface that allows imprinting and alteration to create a 2D microenvironment for 
cell culture that contains distinct physiochemical factors, topography, stiffness, and 
mechanical load. In a typical 2D cell culture, cells are subjected to a homogeneous 
surface free of defects that could interfere with their development [18, 19]. Moreover, 
cells cultured on patterned and un-patterned PLLA surfaces differentiated at a slower 
rate than cells cultured on tissue culture-treated polystyrene (PS), the experiment’s 
control. In terms of lipid production, it was discovered that a later time points, shaped 
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PLLA surfaces produced the most lipids, followed by PS, and then non-patterned PLLA 
[20, 21]. The findings revealed that the micro-patterning and surface type both influ-
enced the rate of cell differentiation. Overall, since the early 1900s, two-dimensional 
(2D) cell culture has been the technique used to culture cells, which plays an important 
role in research but has many drawbacks due to 2D models imprecisely representing 
tissue cells in vitro [22–24].

2.2 3D cell culture techniques

2.2.1 Aggregate cultures and the formation of spheroids

A 3D culture model is supposed to provide a tissue-like microenvironment in 
which cells can proliferate, aggregate, and differentiate. This could have an applica-
tion in predicting the effect of a drug on cells. For several reasons, cells cultured in 
3D respond differently to drugs than cells cultured in 2D [25, 26]. Changes in physical 
and biological features between 2D and 3D cultures make 2D cultured cells more 
susceptible to drug effects than 3D cultured cells because 2D cultured cells cannot 
maintain constant morphology like 3D cells. Since 3D cultured cells have greater 
depth than 2D cells, the variation in shape between 2D and 3D cultured cells creates 
a change in local pH levels within the cells. Lower intracellular pH levels have been 
shown to reduce drug efficacy, giving back to drug resistance. Further, Microfluidics, 
microchips, embryoid bodies (EBs), collagen gels (GELs), and hanging-drop culture 
are all methods for spheroid cultures [26, 27]. Various studies have established the 
experiments in two different 3D culture methods based on the differentiation and 

Figure 1. 
The representative diagram showing different kinds of cell culture techniques and their impact on cells fate.
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proliferation of embryonic stem cells (ESCs). To promote adherence, cells were cul-
tured as embryoid bodies (EBs) in either a collagen type I gel (GEL) or in non-tissue 
culture-treated dishes. GEL and unattached EB cultures produced cluster morphol-
ogy that was similar, with defined boundaries and the occasional cavity. The existence 
of enlarged masses along the edges of the gel form presented a marked difference in 
the morphology of GEL cultures. Over the same 12-day period, free EBs had more 
continuous change in the genotypic expression profiles of cytoskeletal genes than 
GEL cultures [28, 29]. These findings suggest that, despite having similar morpholo-
gies, the gene expression of each kind of 3D culture is unique in its adaptation to its 
microenvironment. Similarly, hanging drop method is another technique to establish 
spheroids but because of the difficulty in maintenance measures, like changing of 
media, the traditional hanging-drop method does not allow for extended cell culture.

All such 3D scaffolds and associated cell-encapsulation techniques provide 
valuable tools for understanding how the ECM influences cell fate. During the 
last decade, major advances have been made in the techniques for encapsulating 
cells in 3D using tissue engineering scaffolds with customised biochemical and 
biophysical components. Majorly, biopolymers derived from animal tissues are 
especially popular because they contain similar biochemical components to those 
found in cells’ native tissue and may encourage tissue regeneration. However, one 
of the most pressing issues is the inability to individually control the key elements 
required in modulating cell bioactivities, such as biochemical properties, matrix 
elasticity, and macro-porosity [26, 28, 29]. Therefore, a prefabricated scaffolds has 
the advantage of a configurable biochemical composition, matrix elasticity, and 
micro-architectures. These scaffolds can be made using polymer phase separation, 
3D printing, lyophilizing, gas foaming, stereo-lithography and porogen leaching with 
soluble templates to form pores or channels. However, current methods for creating 
prefabricated scaffolds frequently involve procedures that create circumstances 
which are too severe for cells to survive, such as extreme pressure, non-physiological 
osmotic pressure, and the use of organic solvents [28, 29]. As a result, cell diffusion is 
primarily used to deliver cells into scaffolds, and this method is frequently associated 
with low cell penetration rates and poor scaffold cellularization. Hydrogels made up 
of various types of biopolymers have been broadly used as scaffolds in contrast to 
prefabricated scaffolds because of their ease of cell encapsulation. They have tissue-
like water content as well as effortlessly controllable biochemical and mechanical 
characteristics. Most hydrogels, on the other hand, are composed of micron/
nanometre-sized mesh that is frequently too small to facilitate post fabrication 
cellularization and lack the microtopography required for influencing cell shape 
and supporting cell mobility, proliferation, and matrix production [30–32]. The 
main disadvantage of hydrogels in tissue regeneration is that matrix degradation 
simultaneously changes biochemical elements and matrix elasticity, both of which 
require careful control. Furthermore, matching the rate of hydrogel degradation with 
the rate of tissue formation is extremely difficult, which is essential for maintaining 
the shape and structural stability of tissue engineering.

Making multiple layers of cell sheets is another method for engineering organs 
and tissues without relying on constructed scaffolds. A plethora of studies have suc-
cessfully replicated cardiomyocyte pulsatile function and functional dopaminergic 
neurons in a 3D construct by stacking multiple cell sheets or on the single cell sheet by 
twitching the mechanical properties of scaffold [29, 31–33].

Apart from this, bioreactors are designed to study cell behaviour during the 
development of micro-tissues or organs and to generate more cells for clinical use or 
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laboratory research. Large-scale bioreactors involve simple systems like spinner flasks 
and rotating wall bioreactors, which enable for semi-adherent cell growth, in addi-
tion to more complicated systems like gravimetric bioreactors. The impacts of fluid 
transport on a cell membrane scale have been investigated using bioreactors with 
cell-sized conduits. Micro-bioreactors have also shown promise in drug screening and 
controlling the cell microenvironment.

2.2.2  Organoid formation from diseased microenvironment and microfluidic 3D cell 
culture

The shift from 2D to 3D culture techniques is a significant step toward more 
biologically relevant tissue models. However, 3D culture techniques do not yet capture 
the multicellular intricacies of tissues, they lack vasculature, do not provide precise 
control over gradients, and exchange medium at discrete time points rather than 
continuously. Microfluidic techniques enable spatial control of fluids in micrometre-
sized channels, which can be used to investigate the biological significance of 3D 
culture models (Figure 1) [29]. Early examples of spatial patterning of adhesion 
molecules and hydrogels, which are still employed in microfluidic 3D cell culture, are 
depicted in Figure 1. The three foremost drivers for using microfluidic methodologies 
in 3D cell culture today are as follows:

1. The ability to co-culture cells in a controlled manner.

2. Generating and controlling (signalling) gradients.

3. Perfusion/flow integration.

An even more functional aspect that can be introduced using microfabrica-
tion techniques is mechanobiological aspects such as active stretch and tension. 
Microfluidic devices can conquer the drawbacks of traditional cell/stem cell culture 
techniques and tissue engineering approaches by better simulating in vivo interplay 
between ECM and cells thereby enabling high-resolution in situ imaging [25]. The 
combination of the unique benefits of microfluidics and the breadth of possibilities 
offered by stem cell technologies can also provide alternatives for the management 
of neurodegenerative diseases such as Alzheimer’s and Parkinson’s, as well as other 
disorders or injuries of the central or peripheral nervous system. This method has 
even progressed so far as to suggest the development of devices known as “brain-
on-a-chip” [34, 36]. In neuro-regeneration, for example, these systems enable the 
development of uniform populations of neuronal and glial cells. The potential to 
co-culture cells in a 3D arrangement, better controlled signalling, and the ability to 
combine diffusion and laminar flow are the most significant advantages of micro-
fluidic cell culture. Microfluidics allows researchers to precisely control stem cell/
cell numbers and growth conditions, as well as arrange or design cells in spatially 
controlled positions and track cell responses to various internal/external mechanical, 
chemical, and optical stimuli [35–37]. Furthermore, microfluidics techniques enable 
high-throughput studies of single cells in microenvironments closely mimicking 
biologically relevant conditions by creating gradients of mechanical forces and differ-
ent chemical agents. These benefits are classified into four categories: (a) fabrication 
characteristics, (b) Biomaterial ingredients, (c) Biochemical properties, and (d) 
bio-physico-mechanical (Table 1) [37–39].
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Overall, the fabrication of an artificial human organ (even going as far as a brain) 
is beginning to be considered possible due to the multidisciplinary overlap of biology 
and engineering combined with emerging new trends such as microfluidics, stem 
cells, and nanotechnology; this has been imagined as a “Organ-on-a-chip.” Organs 
on a chip will provide much better mimicking of real human physiology and will be 
beneficial for tissue engineering, disease modelling, and drug screening; however, 
much more well-designed research in this field is still required [37–39, 49].

3.  Impact of culture strategy on the secretion and content of extracellular 
vesicles

Extracellular vesicles are a novel modality in the scope of diagnosis, drug delivery 
& regenerative medicine. These are nanoscale vesicles which can be sub divided 
based upon their mode of synthesis, size and content. The sub category among them 
which has recently gained popularity is the small vesicles identified in the range 

S. no. Properties Benefits

1 Fabrication 
characteristics

In tissue engineering and biological research, soft lithography is the most 
commonly used method for fabricating microfluidic devices. This technique 
entails replica moulding, embossing, and printing. In this regard, following two 
topics should be cited: large scale assays and sensor integration. Microfluidic 
large scale integration can be achieved by parallelizing assays with valves or 
droplet-based microfluidics and designing a single platform to achieve a series 
of successive steps. This strategy can be used to investigate the consequences 
of various biochemical factors on stem cell behaviour and fate, as well as to 
develop controlled gene/drug delivery systems and nanotoxicological assays 
[40, 41].

2 Biomaterial 
ingredients

The biomaterial properties of microfluidics-based tissue engineering devices are 
composed of various factors; microfabrication, numerous biomaterial methods 
to ECM and biological materials have been used. The extracellular matrix 
(ECM) of cells and stem cells is made up of various biological molecules such 
as proteins, proteoglycans, and soluble factors. Distinct natural or synthetic 
materials were used to make these microdevices, which can then be modified to 
mimic the ECM [43, 44].

3 Biochemical 
properties

Various biochemical molecules have been employed in microdevices to 
better mimic the physiological properties of the target tissue. In their in vivo 
microenvironment, stem cells are exposed to a variety of soluble signalling 
cues, including extracellular calcium ions, various growth factors, nutrients, 
and oxygen. The most studied conventional and microfluidics strategies for 
this purpose are automated culture systems, soluble gradients, and temporal 
exposure regimens. Microfluidic systems can also be used to achieve automated 
temporal control of the delivery of soluble factors. A gradient generating 
microfluidic device, for example, was used to create a continuous growth factor 
gradient containing a mixture of PDGF, EGF, and FGF2 [45].

4 Bio-physico-
mechanical

Controlling physical and mechanical factors such as spatial confinement, 
biomolecular tensions, shear stress, surface rigidity, and topography is possible 
with microfluidics. Other benefits of microfluidics in stem cell research 
include control over fluidic flow, which affects dynamic cell culture situations, 
the availability of shear stress as found naturally in different organs, and the 
availability of different medium compositions [46–48].

Table 1. 
Benefits of different aspects of 3D cell culture.
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of 30–150 nm & found to be synthesised via the endosomal route, also commonly 
known as exosomes. These vesicles are naturally found to be involved in mediating 
inter-cellular communication. They carry a diverse compass of functional molecules 
including DNA, RNA, miRNA, Proteins, Enzymes & many other are yet under 
discovery. The release & content of these vesicles are largely influenced by the cell 
microenvironment & the extracellular cues which are received in a mechanosensi-
tive manner [9]. These vesicles happen to package the content from inside the cell 
& deliver them to the cell-in-need. These are primarily known to fuse with the cells 
& release their content in order to facilitate the functioning, however, at certain 
instances they might as well be phagocytosed. Recent gain of limelight have brought 
up diverse and divergent functions & applications of these small vesicles, for e.g. 
Tian et al., suggested the role of these vesicles in the detection of breast cancer. They 
suggested 8 EV proteins that could serve as a biomarker for diagnosing and differen-
tiation between non metastatic and metastatic breast cancer [50]. Being membrane 
bound structures, these circulating EVs succeed in preserving their content & can 
be easily captured by any kind of normal cells. When released from the cancer cells, 
EVs have been evidenced to enhance the malignancy by causing malignant transfor-
mations in the recipient normal cells. Tumorigenicity and cancer spread are highly 
attributable to the intercellular communication in the tumour microenvironment & 
in the blood stream via the release of EVs. It was stated by Bebelman et al., that cancer 
cells are found to exhibit higher EV secretion as compared to the non-cancerous cells 
[51]. This could be attributed to the fact that cancer cells hold a diminish property of 
contact inhibition, therefore forming a tightly packed 3D layered & inculcated mass 
of cells which advances into a tumour. In order to study the biology of this deadly 
near-pandemic disease, it is essential that the conditions subjected to the tumour in 
vivo be replicated in in vitro set ups so that the exact nature & habits of a tumour 
could be elucidated. This has led to invoking the question regarding the culture condi-
tions in which cancer cells & their fate are studied. The most popular choice of cell 
culture is based upon a 2D sub culturing method wherein the cells are allowed to form 
a sheet like structure and their propensities are studied [25, 27]. A 2D culture set up is 
popular due to its ease of handling and other properties as discussed in the previous 
section, however it does not necessarily confirm that the results being obtained from 
such a set up are actually a simulation of the in vivo scenario. On that account, 3D 
culture is the recent technique of choice of researchers as it is expected & anticipated 
to model the tumour microenvironment in vivo. Pertaining the same, the EVs which 
are released from the 3D kind of culture have also been found to mimic the in vivo 
secretions in a more identical manner. Upon comparison of EVs from 2D and 3D 
culture of the same cell types, it was also found that there were differences in both EV 
secretion and EV content.

3.1 Effect of 3D culture on EV secretion

Extracellular vesicles have been the modality of interest for diagnostic & thera-
peutic purposes. However, their less yield hinders their successful commercialization. 
Thereby in order to enhance the yield of EVs for commercial purposes, many strate-
gies have been explored. One of these strategies is the culturing of cells in a 3D man-
ner [46]. Kim et al., compared the secretion of mesenchymal stem cell derived EVs in 
a 2D monolayer culture format vs. a 3D culture format via spheroid formation using 
the hanging drop method & the poly-HEMA coating. From this study, they found that 
exosome secretion was significantly enhances upon culturing in a 3D format. This 
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led them to sought the cause of increase in EV production, which was found to be the 
creation of hypoxic niche in a 3D culture format, along with the increased cell density 
and circular cellular morphology [52]. This finding has also been evidenced by many 
other studies, for e.g. Yan et al., cultured umbilical cord derived MSCs in a hollow 
fibre bioreactor & found that the EV secretion was increased by 7.5 folds as compared 
to the EV release in monolayer culturing [53]. Similar finding was also reported by 
Haraszti et al., wherein 3D culturing of MSCs resulted in 20 fold increase in exosomes 
concentration when combining 3D culturing of MSCs along with isolation via dif-
ferential ultracentrifugation. They also established another technique wherein they 
combined 3D culturing with Tangential flow filtration which thereby enhanced the 
yield up to 27 folds. Patel et al., developed a culture system by combining a tubular 
perfusion bioreactor system & a 3D printed scaffold, wherein they found a 100-fold 
increase in EV production by endothelial cells [54]. Not just in primary cells, but these 
results are also observed in cancer cells based 3D Culturing [55]. Hwang et al. sug-
gested that the EV release was increased upon 3D culturing in colorectal cancer [56].

3.2 Effect of 3D culture on EV content

The effect of 3D culturing of cells on EV content is exceptionally significant. 3D 
culturing has proven time and again that it is a better model to study the cell-ECM 
& cell-cell interactions as the dynamics of 2D and 3D culturing are poles apart. As 
a means of cell-cell communication, EVs regulate vibrant interplay mechanisms, 
and thereby 3D culturing leads to modifications in the cargo of EVs as the stimuli 
perceived by the cells is varied as compared to 2D culture. It was concluded in one of 
the studies that 3D culturing leads to an overall depression of protein expression while 
upregulation of miRNA cargo in EVs due to the downregulation of ARF6 pathway 
influencing the cell arrangement & secretion profile thereof [57]. Many studies have 
presented varied views on this matter. It was found that culturing of HeLa cell line 
in a 3D manner results in the secretion of EVs which were up to 96% similar in their 
RNA profile with the circulating EVs collected from the plasma of a cervical cancer 
patient, however the genetic profile of EVs i.e. DNA was unaltered [58]. It is also 
speculated that EV release in 3D culture systems is aided by the higher expression of 
transporters [59]. Due to the mechano-sensing based activities in cells upon culturing 
in the 3D microenvironment, the gene and protein expression of the same cells are 
differential. For e.g., Eguchi et al. observed that upon 3D culturing, the neuroendo-
crine adenocarcinoma cells formed large organoids in a steady growing pattern which 
further expressed numerous stem cell specific markers, neuroendocrine markers and 
intercellular adhesion molecules. While in case of 2D culturing, it was found that cells 
had a faster growth rate, while intercellular adhesion molecules were decreased and 
mesenchymal transition was increased. It was deduced thereby that the 3D culturing 
of cells leads to the formation of more realistic tumoroids in terms of morphology & 
gene expression [60]. Furthermore due to enhanced intercellular communication in 
3D culturing, EVs which are involved in transcellular transport are more in number 
when compared to the 2D culture system. Tu et al., realised 3D culturing as a better 
model for tumour progression, as they estimated the miRNA content of exosomes 
and protein expression of GPC-1, and found that the trend observed in EVs derived 
from spheroids presented higher relevance to the progression of pancreatic cancer 
[61]. Not just in cancer, but 3D culturing has also been tested for primary cells like 
Mesenchymal Stem Cells (MSCs). It was found the culturing of MSCs in a 3D manner 
leads to multi-fold increase in the exosome concentration & enrichment of cargo such 
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that they were more efficient in their uptake capabilities and improved the viability 
of the recipient cells [62]. Furthermore, it was deduced that the cargo content of 
MSCs-EVs was vividly distinct when derived from a 3D culture microenvironment. 
The results of a microarray suggested that expression of 193 miRs were varied 
wherein 68 miRs were up regulated and 125 miRs were downregulated [63]. Yu et al., 
also explored the EV dynamics in 3D vs. 2D culture of mesenchymal stem cells & 
observed that there was a 2.5 fold increase in exosome production upon 3D culturing 
along with 2.9 fold increase in the enrichment of proteins. Furthermore, they also 
suggested that exosomes derived from 3D culturing of MSCs had heightened expres-
sion of osteo-inductive genes and proteins, which could be attributed to the upregula-
tion of YAP pathway [64]. 3D culture system derived exosomes were also proven to 
possess extended anti-inflammatory effects and were able to restore the homeostatic 
balance of Th17 and Treg cells in a model of periodontal inflammation. This was 
suggested to be happening as a result of enhanced expression of miR1246 in the 3D 
derived exosomes, thereby affecting the Nfat5 expression which plays a role in Th17 
polarity [65]. However, there have also been studies that suggest that EVs isolated 
from MSCs cultured in a 3D manner did not sufficiently execute the properties which 
are a characteristic of their parent cells like immunomodulation & anti-fibrotic activ-
ity. It was observed that the level of IDO was significantly downregulated when the 
cells were cultured in 3D & there was a rise in pro-inflammatory capacity of macro-
phages upon culturing of EVs derived from 3D culture as compared to 2D culture. 
This could be due to the extensive networking and interactions between the cells itself 
during 3D culturing & the decline in cell volume thereby affecting the packaging of 
EVs so released [66].

3D culturing for EV derivation is a budding area of research, and so there is yet 
nothing conclusive about the possible effects of 3D culturing on exosome release 
& cargo profile. There have been many contrasting views that support or reject the 
hypothesis of culturing cells in a 3D manner. It can be accepted that 3D culture model 
might best be able to replicate the cancer biology due to its ability to replicate tumour 
like interactions & features in vitro, and concurrent release of in vivo like EVs. Such 
a culture model could aid the advancements in identification of cancer biomarkers 
which may be specifically analysed in a simulated manner. While 3D culturing 
is being preferred in carcinoma-based studies, culturing of primary cells in a 3D 
microenvironment is still a topic of debate. There have been divergent perspectives 
of researchers regarding the derivation of EVs from 3D culture of primary cells 
however, it still needs to be developed further to enhance its benefits, more than its 
shortcomings. EVs are a recent popular candidate for therapeutics, drug loading & 
delivery, and 3D culture has shown tremendous potential in enhancing their yield, 
therefore it could be an interesting application & strategy to exploit these modalities 
for commercial manufacturing of the EVs.

4.  Future prospects of using organoid as drug screening and EVs as 
biomarker analysis

Research in cancer has relied heavily for a considerable amount of time on cancer 
cell lines as a model system. Recent research has made use of high-throughput 
screening of broad panels of cancer cell lines to detect patterns of drug sensitivity 
and to correlate drug sensitivity to genetic changes [67]. These high-throughput 
cell-line-based research paint a picture of a complex network of biological variables 
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that affect sensitivity to most cancer medicines. It is possible, for example, that there 
is no direct connection between sensitivity to a particular medicine and individual 
genetic changes. Instead, the outcome of drug sensitivity may be determined by 
the complicated interactions that occur between several genetic changes, which are 
difficult to find. Therefore, despite the new information that has recently become 
available, it is still difficult to develop algorithms that can accurately predict the 
drug sensitivity of a patient’s tumour based on the spectrum of genomic alterations 
that are present, in the context of the individual’s specific genetic background 
[68]. Even though there is a great deal of information accessible on the biology 
of cancer, there are still a great deal of questions regarding this international 
health issue [69]. There is a clear and pressing requirement to keep researching 
and developing improved therapies for cancer patients. Incomplete or inaccurate 
modelling of cancer is one of the primary roadblocks in the way of the development 
of additional treatment regimens. This is because, at times, cancer models can only 
poorly recapitulate clinical conditions. Because of this, a significant number of 
medications that produce encouraging outcomes in cancer models fail when tested 
in humans. Therefore, despite the fact that animal models appear to provide useful 
insights into the fundamentals of cancer biology, it is vital to keep in mind that these 
models frequently fail to faithfully recreate the pathogenic processes that take place 
in patients [70]. As a result, the field of oncology requires the development of new 
methodologies and approaches to create fresh targeted medicines and to continue 
lowering the number of fatalities caused by cancer.

An important advance in scientific methodology over the course of time has 
led to the development of three-dimensional (3D) organoid culture as well as 3D 
printed scaffolds, both of which are able to simulate human biology as well as diseases 
more accurately. In 1946, Smith and Cochrae were the first people to use the term 
“organoid,” which means “resembling an organ,” to describe a case of cystic teratoma. 
This term was used to describe the growth of a cystic teratoma [71]. However, the 
term “organoid” now has a more restricted definition. This definition states that 
organoids are self-assembled in vitro 3D structures, which are primarily generated 
from primary tissues or stem cells such as adult stem cells, induced pluripotent stem 
cells (iPSCs), and embryonic stem cells (ESCs). The production of organoids is 
dependent on the self-assembly and differentiation of cells, as well as the signalling 
signals from the extracellular matrix (ECM) and the conditioned medium. This is 
true regardless of the circumstances. When the three-dimensional constructions 
are complete, they are able to replicate the intricate features of their real-life organ 
equivalents, as well as undergo genetic engineering, long-term expansion, and 
cryopreservation [72]. Organoids and 3D cultures have emerged because of several 
attempts to replicate the biology of human organs, such as stem cell development in 
2D cultures with or without a 3D matrix, cell culture on a microfluidic device (organ-
on-a-chip), and bio-printing of cells. Opportunities for medication discovery and 
human disease study have been expanded because of these modelling initiatives [73]. 
The term “organoids” refers to three-dimensional structures that can self-organise 
through the processes of self-renewal and tenogenic differentiation. These structures 
are formed from pluripotent stem cells that have been cultivated from organ-specific 
tissues. Organoids have a distinct organisation that places them in the category of 
micro physiological systems. This is because they are capable of both self-renewal 
and self-organisation, and, more importantly, that they display organ functionalities 
that are analogous to those of the tissue(s) from which they originated. Therefore, 
it is essential to establish cultures of functional tissues, but these cultures should be 
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devoid of the mesenchymal, stromal, immune, and neuronal cells that interspace 
tissues in vivo. This will allow for the development and maintenance of optimal 
conditions for organoid design. In fact, this process is dependent on the construction 
of artificial extracellular matrices in order to allow organoid self-organisation into 
structures that are analogous to the architecture of the native tissue [69, 74]. To this 
day, organoids have been successfully created from the intestine, liver, pancreas, 
colon, and prostate of murine animals, as well as from the small intestine, colon, 
stomach, and prostate of human beings. The fact that these organoids can be grown 
for an extended period and, according to whole-genome sequencing, match the 
patient tissue from whence they originated suggests that their phenotypic and genetic 
traits are consistent [75].

Patient derived organoids (PDOs) have recently proven valuable in translational 
research because these models can be maintained for an extended period and cryopre-
served. In addition, PDOs are genetically stable, which makes them a perfect choice 
for modelling diseases. In addition, PDO models are helpful because they enable 
the expansion of normal cells as well as tumour cells in parallel, which contributes 
to the formation of a living tumour organoid biobank. PDO models, on the other 
hand, solely represent the epithelial tissues of organs; they do not include the stroma, 
nerves, or vasculature that are seen in real organs, which is an essential distinction to 
make. When organoids are generated from different types of tissues, different types 
of growth components are required (Figure 2) [74].

The use of murine and human embryonic stem cell lines and induced pluripotent 
stem cell lines to generate organoids gets around the limited availability of high-qual-
ity human primary material. However, in order to perform directed differentiation, 
in-depth knowledge of the factors involved in germ layer formation and subsequent 
lineage specification is required. In contrast to the employment of ESCs, the utilisa-
tion of iPSC lines necessitates the performance of an additional step. Specifically, 
the expression of OCT4, KLF4, SOX2, and MYC29 is required in order to transform 
somatic cells into iPSCs. Following this step, embryonic stem cells (ESCs) and 

Figure 2. 
Culture additives/growth factors used for generation of different organoid models.
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induced pluripotent stem cells (iPSCs) are subjected to germ layer and tissue-specific 
patterning factors. Next, the cells are embedded in Matrigel in order to facilitate the 
development of 3D architecture. Finally, the cells are treated with differentiation 
factors in order to produce the desired organoids.

The first successful mesoderm-derived organoids were reported not too long ago. 
Renal organoids were formed by manipulating GSK3 and FGF signalling pathways 
in human iPSCs. This was done while the cells were in an intermediate mesodermal 
state. The architecture and segmentation of human foetal nephrons into ducts, 
tubules, and glomeruli is replicated in these organoids, which have the same name 
[76]. The human renal organoids provide a 3D model to study human renal develop-
ment and disease under well-defined conditions, thus overcoming various limitations 
of previous models such as 2D monolayers, short-term 3D aggregates, and co-cultures 
with mouse fibroblasts [77, 78].

The existence of cell types other than those intended for lineage in ESCs and iPSCs 
is one of the most distinguishing characteristics of organoids created from primary 
tissue as opposed to those generated from ESCs and iPSCs. This is due to the fact that 
the factors that are used for the directed differentiation of ESCs and iPSCs are not 
completely efficient in driving all of the cells toward the lineage of choice. As a result, 
many ectodermal and endodermal organoids, such as those of the intestine, stomach, 
and kidney, have reported the limited presence of mesenchymal cell types [79, 80]. 
Despite these developments, some tissues remain resistant to organoid culture but 
have been successfully cultivated in 3D as whole-tissue explants or organotypic/
mechanically supported cultures (for example, skin or ovary) [81]. Understanding 
the endogenous stem cell microenvironment and signalling pathways driving lineage 
specification in organoid cultures is crucial. Our limited knowledge in these areas for 
certain tissues prevents us from logically designing niche parameters for organoid 
formation. Identifying stem cells is not necessary for growing primary tissue units 
but understanding the stem cell niche is essential for long-term culture sustainability 
[82]. Small-molecule modulators of critical signalling pathways and organ-specific 
hormones could facilitate organoid growth from organs like the ovaries. A tight 
dependence on growth factor/signalling gradients for stem cell renewal and lineage 
specification may also complicate organoid formation from tissues. Microfluidics 
could be utilised to create in-vivo-like concentration gradients [83]. In vivo stem cell 
behaviour and differentiation are also highly impacted by local biomechanical factors, 
such as interactions with the extracellular matrix49. In order to create more robust 
organoid culture models for a larger spectrum of tissues, researchers are screening for 
substrates and ECM factors that influence cell behaviour in vitro [84].

In the field of cancer research, the improvement of culture techniques has been 
applied to the study of EVs, which models the environment and physiological condi-
tions that are present in the area surrounding tumours. The role of EVs in tumour 
physiology is not limited to cell-to-cell communication; rather, they are also a promis-
ing source of biomarkers, a tool to deliver drugs, and a mechanism to induce antitumor 
activity [10, 85]. Extracellular vesicles, also known as EVs, were discovered in the 
1980s and were initially thought to be carriers of waste products that were produced 
inside of cells [86]. After it was discovered that RNA could be found enclosed within 
the lipid membrane of EVs, approximately 20 years later, EVs began to be seen in a 
different light; specifically, as crucial mediators in the process of intercellular commu-
nication [87]. The nucleic acids contained in EV RNAs were found to be distinct from 
those found in the cell from which they originated, displaying distinct sequences and 
even concentration profiles. In the course of time, research has demonstrated that EVs 
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are responsible for transporting nucleic acids, such as RNA and DNA, as well as a wide 
variety of biomolecules, which includes proteins and lipids, into and out of cells [88]. 
For instance, in cancer, the EV content of the tumour is tumour-like, and a class of EVs 
known as exosomes help the progression of the tumour by signalling to the tumour 
cells that they should establish the pre-metastatic niche. In another scenario, EVs that 
are released from cells that have been infected with a virus such as HIV can contain 
fragments of viral RNA as well as viral proteins; consequently, the function of EVs in 
HIV is unclear at the present time. In addition, extracellular vesicles released by breast 
cancer cells have been shown to contribute to the spread of the disease to the brain and 
to have triggered the breakdown of the barrier that separates the blood and the brain. 
In general, EVs can break through natural barriers such as the blood-brain barrier and 
others. These mechanisms can be exploited to deliver therapeutic agents to parts of the 
body that are difficult to reach. EVs have also been shown to play a role in reproductive 
biology, the differentiation of stem cells, angiogenesis, and a variety of other biological 
processes [89]. Various clinical trials are ongoing and have been completed where they 
have used EVs for therapy of various cancer types [90]. EVs are critically important 
for tumour communication with their intended target cells. Therefore, the study and 
modification of EVs have opened so many doors for diagnosis and therapy. It is well-
established that elevated levels of circulating EVs are linked to the development of 
most cancers. Blood EV concentration has also been shown to correlate with tumour 
volume in several tumour types. These EVs have become the substrate for biomarker 
mining in a variety of cancers, including prostate cancer, due to the valuable informa-
tion they transport about the tumour (Table 2) [91–93].

Three-dimensional (3D) culture enables cell growth in a physiological topology, 
and organoids and spheroids continue to release EVs, which are essential for tumour 
communication with targeted cells, and the released EVs are functional (Figure 3). 
The extracellular vesicles that are released by pancreatic cancer organoids have the 

Id/reference Disease EV source Stage Goal Status

NCT01294072 Colon 
cancer

Plant Phase 1 To see if curcumin could be 
delivered using plant EVs

Active

NCT03608631 Pancreatic 
cancer

Mesenchymal 
stromal cells

Phase 1 To evaluate the side 
effects of mesenchymal 
stromal EVs on pancreatic 
cancer cells

Not 
recruiting

NCT01159288 Lung 
cancer

Dendritic 
cells

Phase 2 To determine if patients’ 
conditions improve after 
treatment with EVs

Completed

Dai et al. Colorectal 
cancer

Ascites Phase 1 To determine the 
role of ascites EVs in 
immunotherapy

Completed

Morse et al. Lung 
cancer

Dendritic 
cells

Phase 1 Role of dendritic EVs in 
immunotherapy

Completed

Besse et al. Non-
small 
cell lung 
cancer

Dendritic 
cells

Phase 2 To assess the role of 
dendritic EVs on NSCLC 
patients

Complete

Table 2. 
Human clinical trials using EVs for therapeutic purposes.
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ability to activate p38 MAPK and increase the expression of F-box protein 32 and 
UBR2 in myotubes. In the case of colorectal cancer stem cells, 3D cultures exhibit a 
higher level of EVs release in comparison to 2D conformations. The presence of APC 
mutations in colon cancer organoids that activated the WNT pathway resulted in an 
increase in the amount of EVs released in cultures based on Matrigel. This release was 
presumably likely helped along by the presence of collagen, which is a component of 
the extracellular matrix and is present in this sort of gel [61]. Collagen is a component 
of the gel. Additionally, a further potential hypothesis is that the greater expression of 
transporters in 3D cultures may be partially responsible for the release of EVs [94–96]. 
It was shown that tumoroids of colon cancer cells with improved stemness had sig-
nificant levels of expression of the ATP-binding cassette transporter G1, which is a 
cholesterol lipid efflux pump. Similarly, inhibiting this transporter prevents the release 
of EVs and leads to an increase in the number of vesicles found inside the cell [97].

Research has been done to investigate the spontaneous effect of EVs derived 
from normal cells in order to use them as natural antitumor agents. For instance, 
extracellular vesicles produced from glia have been shown to have an anticancer effect 
in spheroids composed of glioma cells. This effect was demonstrated by a gradual 
reduction in the tumour potential to invade surrounding tissue. Another example 
is the EVs that are produced by mesenchymal stem cells (MSCs). These EVs could 
initiate angiogenesis and preserve vascular homeostasis in activated endothelial 
cells [98, 99]. On the other hand, most of the publications centre their attention on 
the prospect of loading EVs with anticancer medicines and biomolecules such as 
amino acids, lipoproteins, or nucleic acids. In a microfluidic system that contained 
a variety of cell types, an anticancer effect of EVs that were loaded with a particular 
miRNA (miR-497) was evaluated [100]. These kinds of devices are helpful when 
used in conjunction with an extracellular matrix because doing so makes it possible to 
investigate migration in response to a factor that is controlled via microfluidic chan-
nels. In this experiment, the non-small cell lung cancer cell (NSCLC) line A549 was 

Figure 3. 
The schematic diagram showing the establishment of patient derived organoid cell culture depicting the organoid 
microenvironment and respective EV distribution.
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cultured alongside human umbilical vein endothelial cells (HUVEC). Both cell types 
were grown in a dish (HUVEC). When the experiment was run under these condi-
tions, the production of tubes by endothelial cells was prevented, and the amount of 
tumour migration was significantly reduced in comparison to the control. Both types 
of cells were separated in the microfluidic devices using the matrigel component. This 
was done so that the limitations of cocultures that are related with cell separation 
after analysis could be avoided [101, 102]. This is a fascinating illustration of how 3D 
culture may be used to recreate the physiological intricacy of tumours (Figure 3).

One of the most fascinating uses of 3D cultures is the large-scale and standardiz-
able production of EVs. This is one of the most exciting applications of 3D cultures 
because till yet there is no established biomanufacturing platform for EVs, which 
poses restriction for clinical translation (Figure 4). The utilisation of bioreactor 
flasks is a straightforward method that can be utilised because these flasks boost 
the creation of EVs that are discharged by tumour cells. Utilising cell cultures on 
microfluidic substrates is a more interesting application of this technology [103, 104]. 
These automated systems can manufacture therapeutic exosomes, which could also 
be modified, and harvest them in real-time from the cultures that are performed on 
the chip. As a device of this kind has been utilised in the process of isolating leuko-
cytes from human blood. An alternative method that has been utilised is a 3D-printed 
scaffold-perfusion bioreactor system to investigate the impact that dynamic cultures 
have on the production of EVs from endothelial cells. Because of this method, the cells 
were able to keep up their level of functionality (i.e., pro-vascularization bioactivity 
or pro-angiogenic gene expression) [95, 101].

5. Conclusion

Three-dimensional (3D) cell culture models are more functionally important 
than two-dimensional (2D) cell cultures and include a broad range of structures 
such as embryoid bodies, spheroids, patches, and scaffolds. Whereas, organoids and 

Figure 4. 
The schematic diagram shows the isolation of EVs and modification of EVs for targeted delivery.
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3D culture systems are becoming being recognised as a tool for advancing medical 
research without relying on animal models. Improvements to these methods may 
even result in new methods for creating 3D models. Understanding the limitations of 
the systems is critical for their improvement and determining the model’s suitability 
for investigating EVs. Overall, cellular architecture influences the concentration 
and cargo profile of EVs. Many studies, for example, found that 3D in vitro systems 
secreted more EVs than their 2D culture counterparts. Moreover, the possibility of a 
necrotic core developing in multicellular cultures poses a unique challenge to isolat-
ing EVs from 3D in vitro systems. The necrotic core can generate EVs composed pri-
marily of apoptotic bodies rather than small vesicles or large vesicles. To address the 
challenges, developing cell viability criteria and measures to normalise the outcomes 
compared against controls such as 2D cell monolayer cultures are required. With the 
start of human clinical trials for EV therapeutics, these challenges become even more 
important. Despite the widespread use of organoids in biology, the technology is still 
in its infancy for certain disorders. Most neurodevelopmental or neuropsychiatric 
disorders, such schizophrenia, Parkinson, or autism, are examined using animal 
models. Autism spectrum diseases or Parkinson’s have clinical heterogeneity (epi-
lepsy, sleep disruptions, motor difficulties), making organoid culture challenging to 
use. Researchers have been developing techniques to create more mature and com-
plicated brain organoids. Organoids can be utilised to explore developmental brain 
injuries and disorders (DBD) Stem cells are linked to several disorders. Scientists do 
not know how stem cells develop abnormalities or which type of specialised cell to 
generate. The organoids method can answer questions about stem cells in diseases 
like emphysema, when lung stem cells fail to heal damage. Further, scientists have 
suggested utilising organoids to screen medications that can produce specialised 
cell types for hereditary illnesses like cystic fibrosis, where ciliated cells that remove 
mucus from the lung do not work properly. Generate organoids from cystic fibrosis 
patient tissues, then design a medication to make ciliated cells operate better in 
organoid cultivation. Since scientists can co-culture organoids with immune cells, 
the approach can be used to investigate autoimmune disease mechanisms and screen 
medications.
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Abstract

One of the most significant findings in stem cell biology is the establishment of 
female germline stem cells (FGSCs) in the early 21st century. Besides the massive 
contribution of FGSCs to support ovarian function and fertility of females, the ability 
to create transgenic animals from FGSCs have high efficiency. Whether FGSCs can 
differentiate into mature oocytes for fertilization and complete embryonic develop-
ment is a significant question for scientists. FGSCs were shown to produce oocytes, 
and the fertilized oocytes could generate offspring in mice and rats. This discovery 
has opened a new direction in human FGSCs research. Recently, cryopreservation of 
ovarian cortical tissue was already developed for women with cancer. Thus, isola-
tion and expansion of FGSCs from this tissue before or after cryopreservation may 
be helpful for clinical fertility therapies. Scientists have suggested that the ability to 
produce transgenic animals using FGSCs would be a great tool for biological repro-
duction. Research on FGSCs opened a new direction in reproductive biotechnology to 
treat infertility and produce biological drugs supported in pre-menopausal syndrome 
in women. The applicability of FGSCs is enormous in the basic science of stem cell 
models for studying the development and maturation of oocytes, especially applica-
tions in treating human disease.

Keywords: ovarian stem cell, primordial germ cell, female germline stem cell,  
oocyte-like cell, regenerative medicine

1. Introduction

It is widely known that mammals begin their lives with a fixed number of 
oocyte-containing follicles, which do not increase but only degenerate after birth. 
This explains why fertility decreases with age, and the phenomenon of menopause 
in women is an indication that reserve resources of oocytes have been depleted 
over age. This differs from the male that can produce sperm throughout their life 
due to the presence of spermatogonia stem cells (SSCs), which could allow them to 
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constantly proliferate and differentiate to maintain their persistent spermatogenesis, 
allowing male mammals to have a long-lasting reproductive age [1]. Since the 1950s, 
the dogma in reproductive biology has been widely accepted that primordial germ 
cells (PGCs)-derived oogonia in mammals cease proliferation and differentiate into 
primary oocytes shortly after birth, which will arrest in prophase of meiosis I until 
fertilization triggers the completion of meiosis [2]. In other words, shortly after birth, 
mammalian ovaries can differentiate to produce new oocytes to compensate for the 
consumption of ovulation. This explanation was well accepted due to the shorter 
gestational age of females compared to that of males. This theory of a fixed ovarian 
reserve had been the central principle in the field of reproduction.

The evolutionary and molecular processes of female reproductive aging have been 
highly debated. In the early 21st century, scientists at Harvard Medical University 
ignited the debate about the unexpected ability of mouse ovaries to regenerate 
immature oocytes after destruction [3]. Then, the report raised numerous questions 
by showing that these proliferative ovarian cells, termed female germline stem cells 
(FGSCs), could produce immature oocytes. Transplantation of these FGSCs into the 
ovaries of adult mice, was able to differentiate them into mature eggs that are able to 
ovulate, fertilize, and produce viable offspring [4]. This study opens a new direction 
in the study of stem cells in human ovaries. If we succeed in establishing the human 
FGSCs (hFGSCs), they will play a very significant role in reproductive medicine and 
the treatment of menopause symptoms in women. This would not only recover fertility 
in infertile women but also delay early menopause in women and treat pre-menopausal 
syndrome for women without hormone replacement therapy. Notably, the preserva-
tion of hFGSC can restore fertility and endocrine function for patients after cancer 
treatment. This is a huge challenge for scientists “Do hFGSCs exist in humans as they 
do in mice or not?”. Recent studies from researchers supporting the existence of oogen-
esis in postnatal mammalian ovaries raised some questions, and opened a new avenue 
for the investigation of stem cells in human ovarian tissue. Stem cells are thought to 
have numerous uses in cell therapy. Chemotherapy, radiation, genetic induction, or 
hormonal stress can all result in ovarian failure [5]. Additionally, premature ovarian 
failure (POF), which affects 1% of young women, is a common cause of ovarian dys-
function before the age of 40 [6]. Furthermore, young women are also rendered sterile 
by some diseases causing oocyte loss, such as polycystic ovary syndrome [7]. However, 
very little progress has been made in solving this problem. With assisted reproductive 
technologies, the findings that FGSCs play a role in fertility provide the future applica-
tion for clinical therapies [8]. Cryopreservation of ovarian cortical tissue has already 
been developed for female patients with cancer. Isolation and expansion of FGSCs 
from this tissue before or after cryopreservation may be helpful for new fertility 
applications [9]. Some progress has been made in addressing this issue through assisted 
reproductive technologies. It has been discovered that FGSCs play a role in fertility, 
offering the potential for future clinical applications. However, the question arises 
whether the egg cells are produced from hFGSCs or not. If hFGSCs exist in ovaries, 
why do women still have the phenomenon of menopause? The remaining challenge 
is to clearly elucidate the origin, roles, and capabilities of these cells, and to be able to 
use them for therapeutic applications. To this end, studies in mammalian models other 
than the mouse need to be done because several mechanisms of biological processes 
for oocytes in mice are different from those in humans. This review will present recent 
studies on the existence of germline stem cells (GSCs) in the mammalian ovary and 
summarize the current understanding of ovarian germline stem cells (OSCs) and 
FGSCs (Figure 1).
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2. The existence of germline stem cells in adult ovary

For several decades, it has been believed that females are born with a limited pool 
of oocytes and lose their capacity for oocyte renewal under perturbed conditions. The 
presence of mammalian FGSCshas been a highly debated area of reproductive technol-
ogy since 2004, the Harvard University group suggested a source of cells for oogenesis 
during the reproductive period [3]. In this study, they discovered that the atresia 
follicle formation rate in mice was lower than the consumption rate of non-atretic 
follicles. Hence, they believed that there is a renewal of follicles in mice. Moreover, 
immunostaining showed the presence of proliferating germ cells by expression of germ 
cell markers. In their final set of experiments, wild-type mouse ovaries were grafted to 
transgenic GFP-positive mouse ovarian bursa to provide additional evidence for ongo-
ing folliculogenesis in postnatal life. They found that GFP was positive after 3–4 weeks 
in the grafted ovarian tissue, leading to the conclusion that oogenesis continues in the 
postnatal ovary. This has sparked much debate about whether germline stem cells do 
exist in the postnatal ovary. In addition, it was reported that both immature and follicles 
were detected after transplanting the bone marrow-derived cells from the adult mice 
into the ovary of infertility mice [10]. Both reports opened many arguments on whether 
FGSCs existed in the postnatal ovary. Kerr’s study in 2006, in which the number of 
ovarian follicles in mice were counted at different ages, revealed that the average num-
ber of follicles did not significantly decrease between 7 and 100 days after birth. Since 
postnatal mice mature sexually in around 8 weeks (56 days) and ovulation consumes a 
portion of the follicular pool, it is suggested that postnatal mice have an oocyte replace-
ment mechanism [11]. The culture of cells attained from scrapings of the human ovar-
ian surface epithelium (OSE) resulted in the formation of large oocyte-like cells (OLCs) 
expressing zona pellucida proteins [12], leading the authors to suggest that putative 
germ cells within the OSE of the postnatal ovary differentiate from mesenchymal 
progenitors in the ovarian tunica albuginea. In line with this possibility, small round 
(2–4 μm diameter) c-kit/stage-specific embryonic antigen (SSEA)-positive cells were 
isolated from human OSE cells. These cells expressed early PGC markers, including 

Figure 1. 
The timeline of major discoveries in the history of female germline stem cells research.
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OCT4 (POU5F1), NANOG, and SOX2 [13]. In 2009, the first successful result in isolat-
ing and purifying the FGSCs from the ovary of neonatal and adult mice was reported, 
by using a magnetic bead sorting technique against Vasa protein, a germline-specific 
marker [4]. In order to dissipate the doubts about the existence of putative FGSCs in 
postnatal mammalian ovaries, this group utilized another germline cell-specific protein, 
Fragilis, to isolate and purify putative FGSCs in postnatal mice. They successfully puri-
fied the cells using magnetic sorting techniques, which showed the same characteristics 
as FGSCs isolated by Vasa protein. Then, FGSCs were transplanted with different genes 
and subsequently implanted into the ovaries of infertile female mice to create transgenic 
animals after mating with normal male mice [14]. This research provided significant 
evidence to support the existence of germline stem cells in postnatal female mammals 
and opened a new direction in the study of stem cells in the human ovary. Suppose 
the FGSCs can be successfully isolated from humans, the benefit of this type of cells 
will play a key role in reproductive studying, medicine, and treatment for menopausal 
syndrome in women, and other relevant clinical applications. Infertile women can have 
the ability to give birth again. Besides, further investigation on FGSCs can open a new 
method for delaying early menopause in women and treating pre-menopause syndrome 
for women without using hormone replacement therapy.

In 2012, remarkably, FGSCs were able to be isolated from the cortex of adult human 
ovaries and differentiated into oocyte-like structure cells in vitro. Moreover, xeno-
transplantation of hFGSCs modified to express GFP into immunodeficient female mice 
resulted in the development of follicles harboring GFP-positive oocytes in the human 
ovarian cortex after 1–2 weeks [15]. Further, these isolated FGSCs formed into follicles 
containing oocytes when transplanted into the immunodeficiency mice and could be 
expanded for months and spontaneously generate 35–50 μm oocytes [16]. This discov-
ery has opened a new direction in research on human FGSCs. Therefore, FGSCs can 
have an important role in the treatment of diseases caused by infertility females or in 
extending the period of menopause, as well as the application of stem cell therapy.

We have successfully established pig FGSC from ovarian tissue in vitro culture, and 
porcine PGCs-like Putative Stem Cells (PSCs) continue to maintain their germ stem cell 
identity in vitro and can differentiate into OLCs under appropriate culture conditions. 
Moreover, experimental evidence showed that PGCs-like PSCs are probably generated 
from Vasa-positive stem cells in vitro. Finally, we demonstrated the critical role of ovar-
ian cell-derived regulatory factors and the proximal stem cell niche in the establishment 
of porcine PSCs [17]. In addition, many studies provided evidence available to support 
the existence and potential of putative germline stem cells in the adult mammalian 
ovary, such as bovine, monkey, and human [18–21]. A finding demonstrated the pres-
ence of stem-like cells with ovarian germline properties within the otherwise exhausted 
oocyte reserve of menopausal human ovaries. Using immunomagnetic enrichment 
based on membrane DDX4 expression followed by single-cell sorting under a dielectric 
field, large culture-derived OLCs expressing markers of mature and haploid oocytes 
were obtained from fertile women as well as menopausal women [22].

Besides, other groups failed to observe replenishment of the follicle pool by donor 
bone marrow-derived cells [23] or after chemical depletion [24]. They also failed to 
observe the generation of new follicles even after depletion with busulphan toxin, thus 
putting into question a need to explain the regeneration of follicle numbers, a find-
ing further supported by mathematical modeling [25]. Lei and Spradling traced the 
numbers of follicles over time using tamoxifen-induced random labeling of cells. They 
argued that the follicle pool is highly stable with a half-life of 10–11 months, which would 
make the follicle pool at birth large enough to support ~500 ovulations required during 
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the life of a mouse [26]. In a study to confirm the existence of FGSCs in postnatal mouse 
ovaries, transplantation of premeiotic female PGCs and companion pre-follicular cells 
into the ovaries of adult mice has been shown to be capable of supporting the formation 
of new follicles. However, the transplanted PGCs could only form follicles with their pre-
follicular cells and vice versa [27]. Although the authors concluded that neo-oogenesis 
does not normally occur in the ovaries of adult mice, the results nonetheless provide an 
answer to the important question of whether adult ovaries can support neo-oogenesis 
from transplanted PGCs. Taken together, we suggest that germline stem cells themselves 
may not persist in postnatal and adult mammalian ovaries but that progenitor cells/small 
PSCs in the ovary may instead differentiate into germline stem cells under appropriate 
conditions [17]. Therefore, although experimental evidence supports the existence of 
cells with germline progenitor/stem cell characteristics in ovaries of various species, 
including humans, the existence of GSCs in postnatal ovaries remains ambiguous.

3. Location of female germline stem cells (FGSCs) in the ovary

In female mammalian species, during the embryonic stage, a subset of blastula 
cells can form PGCs by germ cell determination under some signal induction. Millions 
of germ cells are formed during embryogenesis. However, most of the germ cells 
degenerate after embryonic development. Most oogonia die in this period, while the 
remaining enter the first meiotic division. These latter cells, called primary oocytes, 
proceed to the first meiotic prophase after replicating their genomes. These primary 
oocytes are then arrested at this stage of development until the first menstrual cycle. 
Only a few numbers of oocytes periodically resume meiosis after puberty. Millions of 
germ cells are produced during embryonic development, but only hundreds of oocytes 
mature during a female’s lifetime [28]. In a menstrual cycle, when the primary oocyte 
enters metaphase I, its nucleus (germinal vesicle) breaks down, and the metaphase 
spindle migrates to the periphery of the cells. In telophase, the chromosomes are 
evenly divided, but one of the two daughter cells retains almost all of its cytoplasmic 
components, while the other cell has almost no cytoplasm. The smaller and larger cells 
are called the first polar body and the secondary oocyte, respectively. Moreover, the 
same phenomenon takes place during the second division of meiosis. Nearly all the 
cytoplasm is retained by the mature egg (the ovum), and a second polar body receives 
little more than a haploid nucleus. Thus, the purpose of oogenic meiosis is to conserve 
the volume of cytoplasm in a single oocyte. Ovulation begins shortly thereafter, in 
which the follicle ruptures and the secondary oocyte is released into the uterine tube, 
yet the second meiotic division has not occurred yet. Meiosis of a secondary oocyte is 
completed only if a sperm succeeds in penetrating its barriers. Meiosis II then resumes, 
producing one haploid ovum that, at the instant of fertilization by a (haploid) sperm, 
becomes the first diploid cell of the new offspring (a zygote) [29, 30].

The general idea in reproductive biology is that FGSCsdifferentiate into primor-
dial oocytes through fetal development and that oogenesis begins with a pool of 
primordial follicles, which is the case in the majority of animals. Several studies have 
reported the presence of FGSCs in the ovary. Parte and colleagues in 2011 reported 
the discovery of very small pluripotent stem-like cells deposited in the OSE of adult 
rabbits, sheep, monkeys, and menopausal humans [18]. Two different populations 
of putative stem cells (PSCs) of varying sizes were found in scraped OSE. While 
the larger 4–7 μm cells with cytoplasmic localization of Oct-4 and little expres-
sion of SSEA-4 were likely the tissue-committed progenitor stem cells, the smaller 
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1–3 μm very small embryonic-like PSCs were pluripotent in nature. To demonstrate 
characteristics of these cells derived from OSE, the PSCs underwent spontaneous 
differentiation, c-Kit, DAZL, GDF-9, VASA, and ZP4 germ cell markers were used to 
immunolocalize in oocyte-like structures. Mammalian ovaries include a unique popu-
lation of extremely small embryonic-like PSCs and tissue-committed progenitor stem 
cells that have the ability to develop into oocyte-like structures in vitro, contradicting 
the conventional belief that OSE is a bipotent source of oocytes and granulosa cells.

In 2014, we indicated that the ovary contains a considerable number of undifferenti-
ated cells with stem cell characteristics. These might remain in the adult ovary and can-
not proliferate normally, but they can undergo proliferation and differentiate into OLCs 
under appropriate conditions. PSCs were found to comprise a heterogeneous population 
based on c-kit expression, cell size, and expressed stem and germ cell markers. Analysis 
of PSCs molecular progression during establishment showed that these cells undergo 
cytoplasmic-to-nuclear translocation of Oct4 in a manner reminiscent of gonadal PGCs. 
Flow cytometry analysis revealed abundant PSCs proliferation after isolation and cul-
ture for 1 week. Of these, 4.65% of the cells were positive for the germ cell marker Vasa, 
and some were also positive for additional germ and stem cell markers, such as Fragilis, 
Thy-1, SSEA4, and c-kit. At this time, two populations of PSCs were observed: one with 
a cell diameter of 5–7 μm and one with a cell diameter of 10–12 μm. The cells became 
identical in size after 2 weeks in culture, at 10–12 μm, with an increasing percentage 
of cells positive for germ and stem cell markers [17]. About 2.8% of all mouse testicular 
cells were c-kit positive [31] and had the capacity to become multipotent germline stem 
cells, whereas c-kit-negative cells go on to become SSCs [32]. We similarly observed two 
distinct subsets of cells (c-kit positive versus c-kit negative) within the PSCs population. 
This finding was strengthened by immunofluorescence analysis showing that, after 
1 month in culture, most of the PSCs expressed high levels of the reprogramming factor 
Oct4. In contrast, only 22% of the PSCs expressed high levels of c-kit [17].

4. FGSCs aging and stem cell niche in the ovary

While much evidence support the existence of OSCs, it raises the question that 
ovarian have follicle reserve. Why do they not appear to contribute to postnatal fol-
licle formation, and why does the phenomenon of menopause occur only in females? 
The researchers believe that the FGSCs aging directly determines ovarian aging.

The stem cell niche is the key to elucidating the entire mechanism of stem cell 
senescence; Schofield proposed the hypothesis in 1978 that the components surround-
ing stem cells act as a microenvironment that promotes their growth and protects them 
from external damage [33]. Other than FGSCs, stem cell niche can be found in almost 
any stem cell, such as intestinal, myocardial, neural, and hematopoietic stem cells. Stem 
cell niche can support the growth of stem cell, and disturbance of these niches can 
cause stem cell damage and eventually leads to certain diseases. Ovarian stem cell niche 
aid FGSCs to continually proliferate to differentiate into postnatal follicles and oocytes, 
by regulating to divide into new stem cells and differentiate into germ cells. FGSCs 
niche is extensively studied in Drosophila Melanogaster. Although the structure and the 
function of FGSCs niche in mammals have not been fully understood, the component 
of the niche is believed to be similar to that of drosophila, thus predicting that it may at 
least be composed of follicular membrane-stromal cells, granulosa cells, extracellular 
matrix, blood vessels, immune system-related cells, and cytokines. It was suggested 
that damage to the stem cell niche is a major cause of the ovarian recession and is more 
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closely related to aging in the ovary than the stem cells themselves. Thus, factors that 
damage the stem cell niche may have a critical impact on ovarian regression.

Factors that lead to stem cell decay are nutritional and energy deficiencies in the 
stem cell niche. Insufficiency of energy is caused by mitochondrial depletion associ-
ated with aging women, thus only supplies limited amounts of ATP. As a result, the 
risk of birth defects and infertility is increased due to the reduced energy of FGSCs 
provided by stem cell niche. The immune system has a critical role in the maintenance 
of OSC niche to support FGSCs. The perivascular compartment of the stem cell 
niche forms a bridge to connect the niche and both cellular and humoral aspects of 
immunity. Cellular immunity that provides support in stem cell niche are monocytes, 
macrophages, and T cells. Cytokines and immunoglobulins are the humoral aspects of 
immunity that help stem cell niche maintenance. These are essential for the derivation 
of OSCs into new germline cells. Weakened immunity due to aging is causing diffi-
culty in the maintenance of the stem cell niche and resulting in ovarian recession.

Dysfunctional gonads can be regenerated by transplanting niche cells of germline 
stem cells (mostly Sertoli cells or mesenchymal cells). Thus, it could be helpful as first-line 
therapy to permanently restore gonadal function in POF and cancer patients. Thus, it is 
clinically more important to reestablish the niche of the FGCSs than to inhibit the aging 
of the FGCSs themselves in order to delay ovarian aging. The study of the FGSC niche is 
relatively new, and there are still several issues that we still need to know about. To be able 
to use for the application of the FGSC niche in clinical practice, these should be addressed 
and clarified. Understanding the mechanism and application of stem cell niche in FGCS 
can be crucial in regenerative medicine. Although the result of transplanting FGSCs into 
infertile female ovaries remains controversial, this has the potential to regenerate.

Researchers have put out solutions to answer this question. One of the most widely 
accepted theories is that stem cell functions would decline with age, which would result 
in a loss of renewal capacity [34]. They explained that the aging of FGSC is related 
to the aging of the stem cell niche. The niche is a specialized microenvironment that 
gives stem cells specialized cues in the form of adhesion molecules, differentiation and 
self-renewal-regulating signals, spatial organization, and metabolic support to stem 
cells. As a result, the niche is crucial for controlling stem cells’ fundamental processes 
and protecting them from cell damage and toxins. Changes in the niche may result in to 
decline in stem cell function. To demonstrate this hypothesis, Bukovsky observed that 
the niche of FGSCs formed during early embryonic development consists of nonspe-
cific ovarian monocyte-derived cells (MDCs), T cells, and vascular endothelial cells, In 
contrast to the nests of adult ovarian germinal stem cells, which are made up of primary 
CD14 + MDCs, activated HLA-DR + MDCs, and T cells [12]. Furthermore, when the 
ovarian tissues of older mice were transplanted into young mice, the young mice’s ovar-
ian tissues were found to have fewer follicles and no mature follicles [35]. 

Another hypothesis proposed by researchers suggests that ovarian function may 
decline by systemic aging-related signals despite the presence of oogonial stem cells [36]. 
For example, progressive loss of ovarian estrogen (E2) production drives reproduc-
tive aging and menopause [37]. To demonstrate the hypothesis, they have shown that 
mouse OSCs express E2 receptor-α (Erα) by RT-PCR and western blot analysis. To 
test for potential interactions of E2-activated Erα with meiotic regulatory pathways 
in OSCs, chromatin immunoprecipitation (ChIP)-PCR assays were applied to assess 
the Stra8 promoter. Results showed that Erα occupied a consensus ER response 
element (ERE) in the Stra8 promoter. Moreover, E2 treatment increased the number 
of GFP-positive cells. Thus, OSCs have differentiated in response to E2. In reverse, 
Era-deficient shows a loss of Stra8 expression and oocyte numbers. This study will 
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provide more information on how changes in ovarian estradiol production with aging 
in women are related to age-related ovarian dysfunction and reproductive aging.

Moreover, oxidative stress also has an essential role in the aging of FGSCs. ROS is a 
chemically reactive oxygen atom or group of atoms produced during cellular metabo-
lism. The development of ovarian granulosa cells was inhibited by ROS, which also 
damaged mitochondria and lowered the production of the anti-oxidative enzyme. 
Additionally, it might diminish ovarian function and trigger an inflammatory 
response, impairing fertility [38]. Resveratrol (RES) is a naturally occurring sub-
stance with many pharmacological roles, including antioxidant, anti-inflammatory, 
immune-regulating, cell-protective, anti-tumor, and anti-apoptotic effects. RES 
therapy can be employed to enhance ovarian follicle function by lowering TNF-levels, 
which was validated by lowering LH levels and the ratio of LH/FSH, two markers of 
ovarian function. The scientists discovered that RES significantly increased body 
weight, ovarian index, follicle quantity, and decreased follicular atresia in POF mice.

5. Isolation, maintenance, and characterization of FGSCs

After debating the existence of germline stem cells in ovaries, proponents of their 
existence continue to question what types of FGSCs exist in ovaries and their charac-
teristics. FGSCs’ sizes vary considerably, ranging from 2 to 8 μm. Tilly’s group focused 
on bigger-sized (5–8 μm) OSCs [16], whereas smaller (2–4 μm) pluripotent stem cells, 
very small embryonic-like stem cells (VSELs) were found in ovary surface epithelium 
(OSE) [39]. However, OSCs of both sizes express germ-line markers and differentiate 
into OLCs. Thus, they concluded that there are two different populations of stem cells, 
the small-sized, pluripotent VSELs, and the bigger OSCs. VSELs are pluripotent stem 
cells produced from epiblast that are identical to PGCs and persist in small numbers 
in adult gonads [39]. In contrast, OSCs are tissue-specific progenitors that are bigger 
and have different gene expressions from pluripotent VSELs. It has been reported 
that VSELs are the most primitive population of quiescent SCs found in adult tissues 
compared to OSCs, which quickly divide and produce germ cell nests before differen-
tiating into oocytes. FSH receptor (FSHR) expression was observed on both very small 
embryonic-like stem cells (VSELs) and ovarian stem cells (OSCs) by immune-local-
ization and immunophenotyping studies. FSH treatment increases germ cell clusters 
and stimulates stem cells to undergo proliferation and clonal expansion to form germ 
cell nests. This was further confirmed by the differential expression of OCT-4 in 
VSELs and NUMB in OSCs. Immunohistochemical expression of OCT-4, proliferation, 
and FSHR were noted on stem cells located in the OSE of ovarian sections of sheep. 
Therefore, the establishment of FGSCs is significant for many applications.

Using adult porcine ovaries to isolate, identify, and characterize FGSCs to elucidate 
their origin and then examine the capability of these cells to proliferate, grow, and 
differentiate. These cells were heterogeneous, depending on both c-kit expression and 
cell size, and also expressed stem cell and germline markers. Importantly, we clearly 
demonstrated that cells with characteristics of early PGCs are present in the adult por-
cine ovaries. Once FGSCs were established, they could be expanded in vitro for months 
without the loss of identifying markers and proliferative potential. Under appropriate 
conditions, FGSCs can be differentiated into OLCs. These have the potential to make 
new oocytes, support ovarian function and fertility, and may support therapeutic 
strategies in humans [17]. The methods used to isolate, maintain, and characterize 
FGSCs from each of the research teams studied to date are summarized in Figure 2.
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The formation of germ cell nests has provided evidence in support of neo-oogenesis 
from the stem cells [40]. VSELs may endure radiotherapy and chemotherapy and 
preserve lifelong homeostasis. Due to the loss of function brought on by disturbing 
ecology, its impairment results in host aging, and the existence of overlapping pluri-
potency markers raises the possibility that it may also be linked to epithelial ovarian 
cancer. Many methods for isolation and culture of FGSC have been studied in recent 
years. Briefly, FGSCs can be isolated by enzymatic digestions (collagenase and trypsin) 
and purified with either MVH/Fragilis-magnetic bead sorting or/with Flow Cytometer-
based SSEA-4, FRAGILIS, DDX4 (VASA) or long-term passage methods to eliminate 
ovarian somatic cells. Isolated FGSCs are able to be cultured in both absence or presence 
of feeder cell layers, MEF, STO, or granulose cells. The gelatin-coated surface is typi-
cally used in the culture of non-sorting cells. The concentration of FBS varies from 5 
to 15% and is used in maintenance and differentiation medium. Besides that, growth 
factors GDNF, EGF, and bFGF are important for the expansion of FGSCs; LIF is used 
for FGSCs maintenance, while bone morphogenetic protein and retinoic acid can signif-
icantly induce germ cell differentiation [41, 42]. In addition, SCF was also suggested to 
increase the number of Fragilis- and MVH-positive cells and enhance colony formation 
efficiency [17, 43]. Other supplements such as antibiotic and antimycotic, pyruvate, 
non-essential amino acids, antioxidants, insulin, transferrin, and selenium are added to 
increase the viability and proliferation of ovarian cells. Cultured cells normally express 
general pluripotent, germ cell, and oocyte markers. While Oct4 is always strongly 
expressed in cultured OSCs, others, such as SOX2 and Nanog, are still in conflict. VASA, 

Figure 2. 
The female germline stem cells (FGSCs) were successfully isolated from porcine ovarian tissue by enzymatic 
digestion and different adhesive selection, then cultured in vitro, in DMEM/F-12 and N21 free-serum 
supplemented. Two populations of FGSCs, one with a cell diameter of 5-7μm and the other with a cell diameter of 
10-12μm, were observed with spherical morphology and expressed specific germline characteristics (Vasa, Stella, 
Oct4, c-kit). The cells became identical at 10-12 μm after ten days in culture, Oct4 expression was reduced in the 
cytoplasm and augmented in the nucleus, forming groups of cells clustered around theca cell colonies. The large 
clumps of ovarian cells will be removed during cell passages by the filter of 40μm, and FGSCs were maintained 
for one month. After one month, following the gradual death of the ovarian cells, the FGSCs were transferred onto 
mitomycin C-treated MEF feeder layers for long-term culture with the addition of stem cell factor.



Possibilities and Limitations in Current Translational Stem Cell Research

166

Sp
ec

ie
s

Is
ol

at
io

n
C

on
di

tio
n

Re
su

lt
Re

fe
re

nc
es

M
ou

se
M

AC
S-

 b
as

ed
 M

V
H

M
EM

 α
, 1

0%
 F

BS
, b

FG
F,

 E
G

F,
 G

D
N

F,
 L

IF
 C

o-
cu

ltu
re

: S
TO

FG
SC

s/
 O

ff
sp

rin
g.

[4
]

FA
CS

-b
as

ed
 D

D
X4

M
EM

 α
, 1

0%
 F

BS
, N

2 
su

pp
le

m
en

t, 
bF

G
F,

 E
G

F,
 G

D
N

F,
 L

IF
 

Co
-c

ul
tu

re
: M

EF
O

og
on

ia
l s

te
m

 ce
lls

[1
5]

FA
CS

- a
nd

 M
AC

S-
ba

se
d 

D
D

X4
M

EM
 α

, 1
0%

 F
BS

, N
2 

su
pp

le
m

en
t, 

bF
G

F,
 E

G
F,

 G
D

N
F,

 L
IF

 
Co

-c
ul

tu
re

: M
EF

O
og

on
ia

l s
te

m
 ce

lls
[1

6]

Pr
ep

la
te

 cu
ltu

re
D

M
EM

, 1
5%

 F
BS

, L
IF

, C
o-

cu
ltu

re
: M

EF
O

og
on

ia
l s

te
m

 ce
lls

[4
5]

FA
CS

-b
as

ed
 D

D
X4

M
EM

 α
, 1

0%
 F

BS
, b

FG
F,

 E
G

F,
 G

D
N

F,
 L

IF
 C

o-
cu

ltu
re

: S
TO

FG
SC

s/
 O

ff
sp

rin
g

[1
4]

M
AC

S-
ba

se
d 

Fr
ag

ili
s a

nd
 M

V
H

M
EM

 α
, 1

0%
 F

BS
, L

IF
, S

CF
 C

o-
cu

ltu
re

: M
EF

Pu
ta

tiv
e s

te
m

 ce
lls

[4
3]

M
AC

S-
 b

as
ed

 M
V

H
M

EM
 α

, 1
5%

 F
BS

, N
2 

su
pp

le
m

en
t, 

LI
F,

 G
D

N
F,

 b
FG

F 
Co

-c
ul

tu
re

: 
ST

O
FG

SC
s

[4
6]

W
ho

le
 o

va
ria

n 
ce

lls
 cu

ltu
re

D
M

EM
/F

12
, 5

%
 F

BS
, L

IF
O

va
ria

n 
st

em
 ce

lls
[4

7]

Re
pe

tit
iv

e d
iff

er
en

t a
dh

es
io

n 
se

le
ct

io
n

M
EM

 α
, 1

0%
 F

BS
, N

2 
su

pp
le

m
en

t, 
LI

F,
 G

D
N

F,
 b

FG
F,

 E
G

F
FG

SC
s

[3
7]

Ra
t

M
AC

S-
ba

se
d 

Fr
ag

ili
s

M
EM

 α
, 1

0%
 F

BS
, b

FG
F,

 L
IF

, E
G

F,
 G

D
N

F 
Co

-c
ul

tu
re

: S
TO

FG
SC

s/
Tr

an
sg

en
ic

 
of

fs
pr

in
g

[4
8]

Sh
ee

p
O

SE
 ce

lls
 sc

ra
pi

ng
D

M
EM

/F
12

, 1
0%

 F
BS

, F
SH

O
va

ria
n 

st
em

 ce
lls

[4
0]

Po
rc

in
e

O
SE

 ce
lls

 sc
ra

pi
ng

D
M

EM
/F

12
, 2

0%
 k

no
ck

-o
ut

 se
ru

m
, L

IF
, E

G
F

FG
SC

s
[4

9]

D
iff

er
en

tia
l a

dh
es

io
n 

se
le

ct
io

n
D

M
EM

/F
12

, B
27

, b
FG

F,
 E

G
F,

 G
D

N
F,

 L
IF

, S
CF

 C
o-

cu
ltu

re
: M

EF
FG

SC
s

[1
7]

D
iff

er
en

tia
l a

dh
es

iv
e s

el
ec

tio
n

D
M

EM
/F

12
, N

21
 su

pp
le

m
en

t, 
bF

G
F,

 E
G

F,
 G

D
N

F,
 L

IF
FG

SC
s

[5
0]

Bo
vi

ne
O

va
ria

n 
tis

su
e c

ul
tu

re
M

EM
 α

, b
FG

F,
 F

SH
O

va
ria

n 
st

em
 ce

lls
[2

0]

M
on

ke
y

Co
lo

ny
 p

ic
ku

p
D

M
EM

/F
12

, 1
0%

 F
BS

, L
IF

 C
o-

cu
ltu

re
: M

EF
FG

SC
s

[1
9]

H
um

an
FA

CS
-b

as
ed

 D
D

X4
M

EM
 α

, 1
0%

 F
BS

, N
2 

su
pp

le
m

en
t, 

bF
G

F,
 E

G
F,

 G
D

N
F,

 L
IF

O
og

on
ia

l s
te

m
 ce

lls
[1

5]

FA
CS

- a
nd

 M
AC

S-
ba

se
d 

D
D

X4
M

EM
 α

, 1
0%

 F
BS

, N
2 

su
pp

le
m

en
t, 

bF
G

F,
 E

G
F,

 G
D

N
F,

 L
IF

O
og

on
ia

l s
te

m
 ce

lls
[1

6]

bF
G

F:
 b

as
ic

 fi
br

ob
la

st 
gr

ow
th

 fa
ct

or
; E

G
F:

 ep
id

er
m

al
 g

ro
w

th
 fa

ct
or

; F
BS

: f
et

al
 b

ov
in

e s
er

um
; F

G
SC

s: 
fem

al
e g

er
m

lin
e s

te
m

 ce
lls

; G
D

N
F:

 gl
ia

l c
ell

 li
ne

-d
er

iv
ed

 n
eu

ro
tr

op
hi

c f
ac

to
r;

 L
IF

: l
eu

ke
m

ia
 

in
hi

bi
to

ry
 fa

ct
or

; M
EF

: m
ou

se
 em

br
yo

ni
c f

ib
ro

bl
as

t; 
O

SE
: O

va
ri

an
 su

rf
ac

e e
pi

th
eli

um
; S

C
F:

 st
em

 ce
ll 

fa
ct

or
; S

TO
: S

IM
 em

br
yo

ni
c f

ib
ro

bl
as

ts.

Ta
bl

e 
1.

 
Su

m
m

ar
y 

of
 is

ol
at

io
n 

an
d 

cu
ltu

re
 o

f F
G

SC
s i

n 
m

am
m

al
ia

n.



167

Female Germline Stem Cells: A Source for Applications in Reproductive and Regenerative…
DOI: http://dx.doi.org/10.5772/intechopen.110438

PRDM1, FRAGILIS, and DAZL are considered germline-associated genes. Oocyte-
specific markers, including ZP1–3, GDF9, NOBOX, and SCP3, are rarely detected or 
weakly expressed [15, 44]. A summary of these methods is shown in Table 1.

6. FGSCs share characteristics with epiblast-derived PGCs

We have successfully established FGSCs from porcine ovaries and demonstrated 
that these FGSCs derived from PGCs have been retained and become inactivated. 
These PGCs were thought to exist only during the fetal period, and all transformed 
into oocytes before the individual was born [17]. In addition, a study has also shown 
similar patterns of gene expression profiles between FGSCs and PGCs [51].

In the current model, PGCs are derived from a small number of epiblast cells and are 
identified before differentiation into different germ layers begins. PGCs then undergo 
a complex migration process, passing through the abdominal cavity, along the develop-
ing hindgut, and finally into the dorsal mesentery, where gonads develop. Despite the 
apparent importance of these early developmental processes for future fertility, little 
is understood. It was suggested that PGCs temporarily reside in an “Allantoic Core 
Domain” (ACD), which they propose has similar functions to the Spemann organizer, 
consisting of a stem cell pool that extends the body axis in a posterior direction—con-
tributing not only to the germ cell lineage but also the three germ layers. This creates a 
solid interface between the future umbilical cord and the developing embryo [52]. The 
stem cells in the ACD express Oct4, Blimp1, Stella, and Fragilis—markers thought to be 
specific for PGCs but appear to contribute also to other tissues [53]. These observations 
and the fact that hematopoietic stem cells also migrate from the proximal epiblast to the 
embryonic aorta-gonad-mesonephros during the same development period. Implies 
that it is theoretically possible that there may be “intermixing” or that there is a com-
mon precursor pool for PGCs and a subpopulation of bone marrow stem cells. Cell lin-
eage tree analysis based on somatic mutations accumulated in microsatellites has shown 
that oocytes form a completely distinct cluster from other cell populations, suggesting 
no mixing of germline progenitor pools with other cell types but the bone marrow stem 
cells [54]. It is conceivable that very rare subpopulations of these cells would be missed 
in this type of analysis. Their result also shows that aging and unilateral ovariectomy 
increase the number of mitotic divisions of oocytes. This may be explained by the 
recruitment of oocytes in the order in which they first differentiate during develop-
ment. However, it is also consistent with the idea that oocytes are continuously pro-
duced from circulating stem cells. Many researchers have suggested that if GSCs exist, 
they are most likely derived from normal developmental precursors of oocytes, that 
is, PGCs or oogonia (which have not yet differentiated into oocytes and can undergo 
mitosis) [55, 56]. The close relationship of PGCs to pluripotent cells is evidenced by the 
fact that they can be returned to a pluripotent phenotype called embryonic germ cells in 
vitro without genetic manipulation after isolation from the embryo [57, 58].

In 2014, we investigated the developmental origin of porcine PSCs. In normal 
development, c-kit, SSEA1, and SSEA4 are expressed by the majority of pre-gonadal 
PGCs and are progressively downregulated when PGCs enter meiosis in the embryonic 
ovary [59]. In contrast, Vasa protein is detectable only when PGCs enter the gonadal 
ridges and remains elevated in human fetal and postnatal oocytes [60]. VASA (DDX4)-
negative VSEL stem cells (2–4 μm) isolated from the human OSE express genes typical 
of ESCs, such as NANOG and SOX2, thereby indicating their undifferentiated status. 
After culture for 3 weeks under differentiation conditions, VASA-negative cells are 
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transformed into OLCs expressing VASA and ZP2, a marker for oocytes. In the present 
study, small Vasa-positive porcine PSCs (5–7 μm in diameter) began to reduce their 
expression of Nanog, Sox2, and Rex1 after 1 week in culture, indicating their transfor-
mation to a differentiating status. Previous investigations showed that Vasa-positive 
VSEL stem cells isolated from adult organs express several characteristic markers of 
early PGCs, including fetal-type alkaline phosphatase, Oct4, SSEA-1, CXCR4, Stella, 
Fragilis, Nobox, and Hdac6. Since the porcine PSCs described herein similarly express 
a number of typical, early PGC markers, these findings might indicate a close associa-
tion of PSCs with Vasa-positive VSELs and epiblast-derived PGCs [17].

7. Self-renewal capacity of FGSC

The studies have focused on the development of FGSCs into oocytes both in 
vivo and in vitro. Transplantation of the GFP-FGSCs back into ovaries leads to the 
generation of fertilization-competent eggs that produce embryos and offspring 
[4]. Furthermore, GFP_FGSCs have generated GFP-positive OLCs enclosed in host 
somatic cells, as characterized by morphology and expression of oocyte-specific 
markers after injection into adult human ovarian cortical tissue and transplantation 
into an immune-deficient mouse [61].

Maintaining and extending FGSCs in vitro is a crucial step to obtaining fully active 
germ cells. The effects of various supplements on FGSCs proliferation have been evalu-
ated to optimize conditions for in vitro culture of FGSCs. Ovarian tissue plays an essential 
role in maintaining the properties of FGSCs in vitro culture [62]. Follicle-stimulating 
hormone (FSH) and basic fibroblast growth factor (bFGF) were considered to induce 
the proliferation of FGSCs and retain their potential for spontaneous differentiation into 
oocyte-like structures in extended cultures [39]. Preliminary studies by our group have 
successfully established porcine FGSCs and maintained them for more than 6 months 
without loss of proliferative potential. Expression of identified germline markers was also 
maintained. The estimated cell doubling time was 48–72 hours. Subsequently, long-term 
culture increased the number of differentiated cells among FGSCs, but many FGSCs that 
were positive for both BrdU and Oct4 or Vasa retained high proliferative potential [17].

GSK3 inhibitors are involved in this process by promoting the proliferation of 
FGSCs by activating both β-CATENIN and E-CADHERIN [63]. FGSCs that exhibit 
pluripotency are highly capable of self-renewal, which involves a number of genes 
and signaling pathways. CADHERIN-22 (CDH22), a member of the cadherin super-
family, functions in FGSC maintenance and self-renewal through its interaction 
with JAK–STAT and β-CATENIN. The knockdown of CDH22 strongly affected FGSC 
proliferation by its inhibition and triggering apoptosis, decreased phosphorylation 
levels of p-JAK2 and p-STAT3, and led to the downregulation of β-catenin [64, 65]. 
CDH22 also interacts with PI3K to phosphorylate AKT3 and increase the expression 
of N-myc and cyclin family of FGSCs to promote self-renewal [65].

A study in 2012 evaluated the effects of leukemia inhibitory factor (LIF) and other 
growth factors, epidermal growth factor (EGF), beg, and glia-derived neurotrophic 
factor (GDNF), on the proliferation and colony formation of FGSCs. Results showed 
that these growth factors promote FGSCs proliferation through activation and upregu-
lation of β-CATENIN and E-CADHERIN, and LIF has a significant positive effect 
on cell colony number [63]. Activation of the GDNF signaling pathway is mediated 
by GFRα1 (GDNF receptor), which is related to circGFRα1 by leading to the expres-
sion of GFRα1 [66]. In addition, YAP1, an effector of the Hippo signaling pathway, 



169

Female Germline Stem Cells: A Source for Applications in Reproductive and Regenerative…
DOI: http://dx.doi.org/10.5772/intechopen.110438

regulates FGSCs proliferation and differentiation in vitro and ovarian function [67]. 
The Hedgehog (Hh) signaling pathway plays a vital role in the fertility of FGSCs. 
Blocking the Hh pathway by GANT61 depletes ovarian germ cells and FGSCs [68].

Furthermore, gene expression analysis inferred increased expression of prolifera-
tion-related genes c-Myc and Cyclin A in the OSE and cortical cells, while expression 
of the differentiation marker Zp3 was significantly decreased. Rapamycin inhibits 
the activation of primordial follicles, promotes FGSCs proliferation, and inhibits 
their differentiation, thus providing a new prospect for delaying ovarian senescence. 
Furthermore, the novel administration of Daidzein to FGSCs promoted the survival 
and proliferation of FGSCs by activating the Akt signaling pathway through Type C 
lectin domain family 11 member a, which functions as a growth factor [66].

8. Differentiation of FGSCs

Stem cell differentiation is critically dependent on the ability to differentiate stem 
cells into a specific cell type with a highly efficient and scalable system. Recent evidence 
has demonstrated that the differentiation signals are strongly modified by adhesive and 
mechanical factors. Furthermore, an environment that mimics the microenvironment 
in tissues is desired to stimulate stem cell potential and differentiation. Mimicking the 
cellular microenvironment in vitro is increasingly influential in guiding stem cell pro-
liferation and differentiation [69]. Studies claim that cells from both menopausal and 
non-menopausal women may produce in vitro oocyte-like cells (OLCs-large spherical 
cells). This suggests that neo-oogenesis may take place during ovarian senescence. Tilly 
and colleagues discovered that OSCs developed in vitro to produce OLCs with gradual 
expansion up to 30–50 μm in diameter. These cells have expressed terminal markers 
such as zona pellucida (ZP) glycoproteins, GDF–9, NOBOX, YBX2, and SYCP3. In addi-
tion, they have examined that OLCs have the haploid karyotype [15]. OLCs generated 
by regulatory factors or spontaneous development lose expression of developmental 
pluripotency-associated genes, resulting in strong expression of oocyte makers and 
maintenance of germline markers. However, although many groups have been studied 
for the establishment of FGSCs, the differentiation potential of FGSCs in mammalian 
ovaries remains a controversial issue among germline biologists and stem cell research-
ers. To date, no mammals other than mice and rats have successfully produced offspring 
from FGSCs [14, 48]. Whether FGSCs can undergo growth, maturation, and fertiliza-
tion to become functional oocytes is one of the crucial questions for us.

While most researchers have focused on the role of media (cytokines and growth fac-
tors) in regulating FGSCs differentiation into OLCs, the ideal culture system condition 
has yet to be established. We have investigated the effect of culture medium on FGSCs 
and further studied the effect of different culture systems (gelatin-coated dish, MEF 
feeder layer, co-culture with granulosa cells, and co-culture with MEF cells) on isolated 
FGSCs differentiation into OLCs. Co-culture of stem cells with a somatic cell population 
has been investigated as an alternative growth factor to induce stem cell differentiation 
[70]. This system provides growth factors and overcomes the requirement for exogenous 
growth factors to promote stem cell differentiation [71]. Somatic cells have been demon-
strated to support oocyte development through cell-to-cell communication. This plays 
a vital role in oocyte growth and functioning via the transport of metabolites [72, 73]. 
Granulosa cells are one of the most important cell types which support oocyte develop-
ment in the follicle. It was also proved that granulosa cells enhance oocyte development 
competence for in vitro culture [50, 74]. Another important cell type, MEF feeder cells, 
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can produce and secrete growth factors and cytokines to provide an environment for 
stem cell migration, differentiation, and proliferation [75]. Hence, co-culture systems 
between FGSCs and somatic cells should be studied to improve the quality of OLCs.

2D culture system (monolayer) has been used as a conventional method for stem 
cell culture and differentiation. Recently, a new advanced 3D low attachment system 
has been developed. In this system, the primary cells exhibit a higher level of a specific 
function for a more extended period in vitro in 3D culture compared to monolayer 
culture. Furthermore, the 3D low attachment culture enhances the differentiation and 
stabilizes the functions of stem cells. [76]. During oocyte culture and development, it 
has been proved that improvement in ovarian culture systems increased the survival 
and growth of preantral follicles after the long-term culture period [77]. The majority 
of work on in vitro oocyte culture was undertaken using a conventional 2D culture 
system [72]. In recent years, further technical advancement has emerged form of 3D 
culture, which improved oocyte quality and development competence [78].

Our group also has successfully isolated FGSCs from adult pig ovaries and differenti-
ated them into OLCs [50]. FGSCs were passed to the differentiation medium. Firstly, 
the old culture medium was gently removed from the tissue culture plate. Cells were 
then washed three times with PBS solution. After removing the PBS solution, 0.25% 
Trypsin-EDTA was added to the dish for 3–5 minutes. The dish was shaken slightly to 
separate FGSCs from the bottom of the surface. 10% FBS was added to stop trypsin 
action. The cell suspension was then divided into new tubes and centrifuged at 1000 rpm 
for 5 minutes twice using DMEM solution (Sigma). The supernatant was taken out, and 

Figure 3. 
The female germline stem cells (FGSCs) were isolated from porcine ovarian tissue and cultured in vitro, in 
DMEM/F-12, and N21 free-serum supplemented. These cells possessed spherical morphology and expressed 
specific germline characteristics (Vasa, Stella, Oct4, c-kit). For in vitro differentiation induction, using FGSCs 
1-week after isolation, where ovarian somatic cells remained in the culture, or using 1-month cultured cells with 
less or no ovarian somatic cells. Co-culturing the isolated FGSCs with MEF cells under three-dimensional (3D) 
cell cultures supplemented with follicle fluid. After 1-month in differentiation culture, OLCs could reach about 
70 μm in diameter, with a large number of surrounding somatic cells. OLCs expressed germ cell-specific markers 
(Vasa, Blimp1, Fragilis, C-kit) and oocyte-specific markers (ZP, ZPC, SCP3, GDF9b), contained large nuclei, 
about 25-30μm, with filamentous chromatin, similar to the oocyte.
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the pellet was resuspended with a differentiation medium. This study evaluated four 
differentiation conditions to differentiate FGSCs into OLCs in vitro (Figure 3).

9. Application of FGSCs

Preservation of fertility is one of the most important qualities of life issues fertility 
preservation (FP) for young women with threatening premature ovarian insufficiency, 
especially for young cancer survivors who have not completed their family upon a 
cancer diagnosis. Among the currently available options for FP, especially in young 
patients, is cryopreservation of ovarian cortical tissue containing primordial follicles 
followed by autotransplantation [79]. Although ovarian tissue cryopreservation (OTC) 
currently represents an experimental approach, it offers not only FP but a restoration 
of endocrine function for women with cancer prior to undergoing gonadotoxic treat-
ments. Re-implantation of OTC is currently the only option to use stored tissue, but in 
many cases, this procedure carries the potential risk of reintroducing the malignancy. 
However, in cancer patients, especially women with leukemia, re-transplantation is not 
an option due to the presence of malignant cells in the ovaries [80, 81].

FGSCs have the great clinical potential to be one of the options for the treatment 
in regenerative medicine for restoring declined female reproductive function caused 
by ovarian aging and perimenopausal-related diseases and preservation of fertility for 
patients with post-gonadotoxic therapy for ovarian cancer. In the former case, activa-
tion of FGSCs may restore ovarian function through their self-renewal and ability 
for committed differentiation into oocytes. The ovary is one of the most important 
female organs and reflects physiological signs of aging. Delay of ovarian age may 
avoid the negative consequences of menopause on one’s health and its climacteric 
symptoms. It can also be applied to the fertility of women with POF to prolong their 
lives. Regarding the latter, FGSCs can be isolated and preserved for future use by 
cryopreservation after the biopsy of the ovarian cortex from the patient. Then, it 
might be able to use for in vitro fertilization by starting in vitro maturation to mature 
oocytes or injected back into the patient’s ovaries to undergo neo-folliculogenesis. 
These will offer several advantages. First, the collection of ovarian cortex samples 
does not create the need to delay life-saving treatment, contrary to ovarian superovu-
lation regimens. Additionally, more new follicles and oocytes may be obtained from 
FGSCs than from cryopreserved tissue or ovarian stimulation. However, the actual 
clinical application has not yet been achieved, due to technical and regulatory issues. 
Thus, research on FGSCs for therapeutic application has become an important topic.

Nowadays, OTCs and re-transplantation is a viable methods to preserve fertility 
in cancer patients. Therefore, most research focuses on technical aspects of OTCs, 
including follicle survival from freezing/thawing and fragment size, and duration of 
ovarian function after re-transplantation [82–84]. Study on in vitro culture for human 
OTCs is limited by the extreme difficulty of this technique and the unavailability of 
human tissue. Despite the undeniable advancements strengthening the protocols cur-
rently used for OTCs in domestic animals and endangered species has been achieved, 
this technique is still considered to be experimental for livestock such as swine [85], 
caprine [86], ovine [87], bovine [88], equine [89]. Using OTCs to establish FGSCs 
and differentiate into functional oocytes will answer the question about the possibil-
ity of creating gametes cells from adult mammalian ovaries. Gamete cells are ready for 
insemination with sperm to form embryos. This study will contribute significantly to 
the study of biological processes in human eggs in infertility treatment.
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Moreover, FGSCs have great applicability in the basic science of stem cell models 
to study oocyte development and maturation, especially for treating human disease. 
Besides, FGSC is also very important in the production of transgenic animals. Transgenic 
animals are the animals with modified genome. A foreign gene is inserted into the 
genome of the animal to alter its DNA. This method is done to improve the genetic traits 
of the target animal. Until now, people have created many products of this type, and 
many products are suitable for use as food or medicine. Zhang and colleagues established 
FGSCs in mice and transplanted various genes [14]. FGSCs were transferred into the 
ovaries of infertile female mice. The result was to create transgenic mice after coor-
dination with normal male mice. Scientists have suggested that the ability to produce 
transgenic animals in this method would be a great tool for biological reproduction in the 
future. Producing transgenic livestock can significantly improve human health, enhance 
nutrition, protect the environment, increase animal welfare, and decrease livestock 
disease. Especially, the creation of transgenic animals with biotechnology-based phar-
maceuticals to produce precious protein for human or animal organ replacements, such 
as miniature pigs, due to the size of their organs being similar to humans.

In order to control these factors, a suitable culture system must be designed and opti-
mized. From the basic research on the ability to generate eggs from FGSCs, applying this 
method to produce transgenic animals would be carried out efficiently. A study showed 
that FGSCs were established in mice and transplanted different genes into them. Then 
these FGSCs were transferred into the mouse ovaries of infertile females. The result was 
to create transgenic mice after coordination with normal male mice [14]. Recently, scien-
tists have proven that FGSCs were a useful tool for the genetic manipulation of animals 
by creating transgenic rats [48]. Moreover, a study reported the success to restore ovarian 
function that suffers from cancer chemotherapy treatment and eventually produces 
offspring for the first time by transplanting the FGSCs [90]. Therefore, FGSCs played an 
essential role in the treatment of diseases caused by infertility females or in extending the 
period of menopause, as well as the application of stem cell therapy. In addition, FGSCs 
may play a significant role in treating diseases caused by infertile females or in extending 
the period of menopause, as well as the application of stem cell therapy.

10. Summary

FGSCs have a vital role in the treatment of diseases caused by infertility of females 
or in extending the period of menopause, as well as the application of stem cell 
therapy. Research on FGSCs opened up a new direction in reproductive biotechnol-
ogy to treat infertility and produce biological drugs supported in pre-menopausal 
syndrome in women.

Our results support the theory that the ovary contains a small number of undif-
ferentiated cells with stem cell characteristics. They may remain in the postnatal and 
adult ovary, but they are generally unable to proliferate due to inhibitory factors in 
the ovary. Under appropriate conditions, however, they can proliferate, differentiate 
into OLCs, and self-renewal of FGSCs. The presence of such FGSCs in mammalian 
ovaries and the depletion of ovarian reserve as the female reproductive system ages 
leads to the hypothesis that such “neo-oogenesis” was present in ancestors and is still 
present in insects, some fish, and mollusks. Nevertheless, it has been lost in terrestrial 
vertebrates during evolution. FGSCs are usually unable to proliferate in the ovary 
due to the presence of inhibitory factors unless placed under appropriate conditions. 
Although we have successfully established pFGSCs and differentiated them into 
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OLCs, it is still inconclusive whether FGSCs become functional oocytes through their 
growth, maturation, fertilization, and embryonic development in large animals.

In summary, FGSCs appear to exist in ovaries and have been independently iso-
lated by different research groups and from various species (e.g., humans, pigs, mice, 
rats, etc.). Furthermore, these cells can be manipulated in vitro and transplanted to 
produce offspring. However, only mice and rats have successfully produced offspring 
from FGSCs. Although the biological significance of these cells remains controver-
sial, their identification and isolation are expected to provide a valuable model for 
understanding germ cell development and represent a significant step forward in the 
future for reproductive biotechnology and infertility treatment. Thus, research on the 
isolation and culture of FGSCs from ovarian tissue before or after cryopreservation 
may be helpful in the treatment of fertility in women.
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Abstract

Numerous and diverse participants are involved in the development of novel 
therapies: patients, physicians, scientists, sponsors, governing bodies, lawmakers, 
institutional review boards, and bioethics proponents. While the welfare of the 
patient must always and unquestionably be at the forefront of any intervention along 
with informed consent, their wishes, their requests, and their expectations should 
also be considered at every step. The availability of stem cell research in various coun-
tries with dissimilar regulatory agencies has opened the door for thought-provoking 
questions about their validity from an ethical, legal, and moral perspective, which 
will be addressed in this chapter, framed within the doctor-patient relationship.

Keywords: ethics, stem cell therapy, regenerative medicine, international bioethics, 
mesenchymal stem cells

1. Introduction

In 2010, the Ministry of Health of Costa Rica disallowed stem cell therapy, citing 
concerns about the experimental nature of these procedures. This abrupt decision left 
several patients unable to continue receiving treatment at the San José hospital –  
most notably, a young pilot suffering from spinal cord injury after a 2008 airplane 
accident that rendered him paraplegic with no perspective of ever regaining mobility, 
according to two independent physicians. Having experienced encouraging prog-
ress in muscle recovery and bowel and sexual function following stem cell therapy, 
[1] he promptly filed a legal remedy for protecting his constitutional rights to the 
Supreme Court of Costa Rica, along with other patients in a similar predicament. In 
their appeal, they argued that patients had “a right to exhaust all technically feasible 
procedures to recover [their] health and quality of life”, citing Article XI of the 1948 
American Declaration of the Rights and Duties of Man (the right to the preservation 
of health and well-being) [2]. This right should not, they contended, be limited by a 
political authority. Additionally, they invoked the American Convention on Human 
Rights, namely Articles 5 (the right to physical integrity) and 2 (whereby States 
Parties undertake to adopt (...) legislative or other measures to grant the rights or 
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freedoms enshrined in The Convention). Lastly, none of the plaintiffs declared having 
experienced any adverse effects from their therapy at the time of the appeal; they had, 
in fact, perceived improvements in their health condition.

The Supreme Court ruled that medical treatments had to be permitted by law 
before their implementation, as had been argued by the defendant (the Ministry of 
Health). While the judges acknowledged the principle of patient autonomy, the doc-
tor/patient relationship, human dignity, and the right to health, selecting a treatment 
should rely on the law. However, the Court also recognized that no adverse events had 
been noted throughout these treatment cycles with stem cells and that they had no 
factual or legal arguments to halt the treatments that had already begun. The plain-
tiffs were therefore permitted to continue their therapy.

Six years later, presidential decree n°39,986-S authorized regenerative therapies 
with adult stem cells in Costa Rica, based on national scientific recommendations, 
under the human right to health access principles, and citing decades of past research 
on the safety of hematopoietic stem cells transplants [3]. Therein are outlined the 
requirements to be submitted by those seeking stem cell therapy administration: 
safety profile, scientific rationale, cellular characterization, administration, and 
requirements for the qualifications of health professionals and facilities. While the 
decree makes a distinction between minimally manipulated and more than minimally 
manipulated cells, both are permitted with different avenues for authorization.

This Costa Rican case is pivotal because the Supreme Court ruling marks the first 
legal precedent in a Latin American country that allows patients who are already 
being treated with stem cells to continue their treatment – a first step, perhaps, to 
implement international legislation on stem cells. Following the law to the letter in 
that instance proved to be rather impractical, falling almost into irrationality as it lim-
ited the right of access to health for patients who required treatment as a last resort, 
and going against international law, which stipulated that Costa Rica must have taken 
the necessary legislative, economic and political measures to facilitate access to the 
said right to health. The subsequent presidential decree is also a landmark case since 
it authorizes using a non-minimally manipulated therapeutical product currently 
not permitted in other jurisdictions, notably in the USA according to the Federal 
Drugs Administration (FDA) guidance. The compassionate use of or access to drugs 
and new therapies remains limited on the grounds of minimizing harm to terminally 
ill patients [4]. How much evidence is necessary to release a given drug or a given 
experimental therapy? Are Phase I studies sufficient? Can effectiveness be shown at 
this stage? Answers remain unclear [4].

This chapter will examine legal and moral issues arising from stem cell treatments, 
the patient/doctor relationship, and the right of access to health and patient welfare 
in the context of current international regulations and medical tourism – and how 
conflicting regulations between countries pose conflicting views on ethics regarding 
patient access to new therapeutics.

2. Stem cells: definitions, applications, and considerations

Human “stem cells” is a broad term that may refer to various types of cells differ-
ing in their origin, applications, and characteristics. Hematopoietic stem cells, mul-
tipotent, self-renewing, and capable of generating blood cells, were first described 
in the early 60s [5]. Soon after, another type of multipotent stem cells differing from 
those of hematopoietic lineages were observed in bone marrow [6] – these would 
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later become known as mesenchymal stem cells [7] or mesenchymal stromal cells 
(MSCs), with a limited capacity to differentiate into specific types of adult cells. 
Pluripotent embryonic stem cells (ESCs), capable of giving rise to all cells in the 
body, were derived in the late 90s from blastocysts [8]. Finally, induced pluripotent 
stem cells (iPSCs) were introduced in 2006: somatic cells reprogrammed to have the 
embryonic capacity for differentiation [9]. While much of the research in the 20th 
century was focused on isolating and identifying techniques to culture stem cells, the 
early 21st century saw a growing number of case reports and clinical trials seeking to 
establish their therapeutic potential. This line of research was not without challenges 
or controversy (Table 1).

Most of the earlier bioethical controversy was focused, understandably, on the use 
of embryonic stem cells due to the loss of viable embryos in the process of isolation 
and derivation of the stem cells, which led to bans or limitations imposed on research 
in several nations. Mesenchymal stem cells, in contrast, share little of those ethical 
concerns related to their tissue origin since they can be derived from adult tissue, 
notably for autologous use, or from perinatal tissue, such as the umbilical cord that 
would routinely be discarded after a normal birth, for allogeneic use. Consequently, 
the ethical controversies surrounding the use of mesenchymal stem cells have shifted 
to considerations applicable to clinical trials and the development and commercializa-
tion of novel experimental therapies.

Recent clinical trials with mesenchymal stem cells cover a broad range of tissue 
sources and administration routes, complicating comparisons between published 
results. In brief, mesenchymal stem cells appear safe for administration at least in the 
short term, [21–23], and some long-term reports are also available [24, 25]. Adverse 

Product Biological 
Source

Biological concerns 
with administration or 
transplantation

Ethical concerns

Hematopoietic 
stem cells

Peripheral 
blood, bone 
marrow

Graft versus host disease, 
infections, neutropenia [10]

Need/availability ratio, donor /
recipient ethical issues common to 
other organ and tissue donations [11]

Mesenchymal 
stem cells

Adult tissue 
(e.g., bone 
marrow, 
adipose 
tissue...), 
perinatal 
tissue 
(umbilical 
cord, 
amnion...)

Lack of standardization of 
source, isolation, preparation, 
expansion, doses, homing 
effectivity [12, 13], poor 
understanding of therapeutic 
mechanisms [14]

Donor/recipient ethical issues, 
issues common to clinical trial 
participation, medical misuse, 
commercialization [15]

Embryonic 
stem cells

Blastocysts Tumorigenicity [16] Right to life of the embryo, 
objectification of human life, 
commodification of oocytes [17, 18]

Induced 
pluripotent 
stem cells

Somatic cells Genomic instability, 
tumorigenicity [16]

Personhood definitions, limited 
informed consent of donor for 
downstream research [19], risk-
benefit assessment [20]

Table 1. 
Biological and ethical concerns arising from the administration or transplantation of various stem cell types.
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events are reportedly transient, usually fever or fatigue, and no tumorigenicity or 
malignancy has been observed thus far [23]. While the mechanisms of action of 
mesenchymal stem cells are not entirely understood, current research views stem cell 
secretions as key for their immuno-modulatory, anti-inflammatory, and therapeutic 
properties. The conditions treated in various clinical trials or case reports include 
cardiovascular, neurological, autoimmune, orthopedic, pulmonary, and graft-
versus-host disease, [26] and more recently, COVID-19 [27]. At least ten products 
derived from mesenchymal stem cells have received regulatory approval in South 
Korea, Japan, India, Canada, Australia, and Europe [12]. The wide variety of condi-
tions researched as well as the legitimacy of some products, may give the erroneous 
impression that mesenchymal stem cells are a “cure-all”: more research is necessary 
to standardize isolation and culture techniques, as well as to establish risk-benefits 
and true efficacy for certain conditions to avoid these pitfalls. Most importantly, trials 
should be conducted ethically, ensuring that disappointing results are also published, 
that all adverse events are carefully documented and reported, and that patients duly 
consent with a proper understanding of the procedures and the potential benefits and 
limits.

Throughout this chapter, “stem cells” should be understood to mean mesenchymal 
stem cells or adult stem cells unless otherwise indicated.

3. International regulation and medical tourism

The use of stem cells in Costa Rica has been commercially permitted since 2016. 
The current law does not specify the effectiveness of a treatment or the amounts to 
be charged, if any. The broad wording was designed to position and cement the place 
of Costa Rica as a safe biotechnological or medical tourism hub, thereby disregarding 
ideological debates arising in other countries regarding the restrictions on the use 
of stem cells. In Turkey, the use of stem cells has been open and regulated as long as 
they are not embryonic cells, giving way to laws increasingly open to medical tourism 
[28]. South Korea is a pioneer in the production of stem cell-derived products, [29] 
notably a composite of allogeneic umbilical cord blood-derived mesenchymal stem 
cells and hyaluronate to treat cartilage defects in osteoarthritis [24, 30]. In 2014, Japan 
introduced a “fast-track” regulatory path for regenerative medical products in the 
Pharmaceutical and Medical Devices Act [31], whereby products can be commercially 
available following a short trial: patients recruited into that scheme are enrolled in a 
registry to be followed up for a period during which efficacy must be demonstrated. 
This law and the subsequent applications of this law were criticized in the interna-
tional scientific community, [32, 33] using terms such as an “obsession [with staying at 
the forefront of regenerative medicine]” [34]. Nevertheless, Japan stood its ground [35] 
and continued research with induced pluripotent stem cells, announcing the start of 
prospective trials for spinal cord injury and heart conditions in Japanese university 
hospitals [36, 37], among others. Japanese scientists appear to have followed up on 
these developments and have published some relevant self-reflection [38–40].

Irrespective of stem cells, medical tourism is hardly a new phenomenon, and a 
wealth of literature has been written about ethical considerations and repercussions 
both in the country of origin and the destination country [41, 42]. Certain countries 
such as Thailand, Singapore, and India have developed this medical tourism industry 
to the extent that it represents a non-negligible percentage of their GDP. Contributors 
to the debate should examine their own biases when referring to foreign countries, 
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avoiding terms such as ‘third world’ or assuming higher possibilities of substandard 
care, infections, or fraudulence as this may alienate so-called developing nations from 
much-needed transparency and open cooperation. The perspectives of physicians or 
researchers from “destination” nations must be included and perhaps should even 
be the primary source for scientific output, as they should be considered capable of 
producing critical literature from their own cultural and scientific perspectives. There 
is a marked inequality in availability and volume of research produced in more afflu-
ent countries compared to underprivileged ones, [43] though a process of “catching 
up” appears to be in place [44].

Nevertheless, medical tourism is a cause of concern, [45] particularly in the case 
of stem cell therapy, since prospective patients may not be sufficiently informed 
about the risk and benefits of the treatments they are receiving, or may be charged 
disproportionate amounts for dubious or unregulated procedures – a form of preying 
on their state of mind due to their illnesses. Many patients who travel abroad to be 
treated with stem cells do so as a last resort and in some cases desperately seek a cure 
or at least an improvement for their medical condition. However, medical malpractice 
or dishonesty can occur regardless of whether a country approves a given drug or 
procedure. While medical tourism may contribute or aggravate the proliferation of 
questionable practices, it can hardly be considered the only reason. Every country has 
an obligation to implement and uphold good medical practices promoting principles 
of medical ethics and the deontological standards of medicine. Moreover, the prolifer-
ation of fraudulent clinics in some destination clinics is likely hindering the develop-
ment of legitimate stem cell research [45]. The case of Stamina in Italy is an example 
where internal regulations successfully identified a fraudulent clinical practice; this 
operation needed to be halted because of an individual holding no medical qualifica-
tions, poor quality standards for manufacturing and no sound scientific rationale, not 
because of an inherent evil or penchant for fraudulence in stem cell research.

Should medical tourism then be regulated? There is currently no consensus or 
homogeneity in criteria among countries on regulatory affairs of therapeutic stem 
cell treatment. The implantation of international regulations would not be a trivial 
exercise. The suggestion of a recognized agency such as the FDA or the European 
Medicines Agency (EMA) granting certificates of approval to international clin-
ics, while desirable in theory, would not be possible in practice as it would interfere 
with the sovereignty of each territory to regulate and legislate their internal affairs. 
Similarly, the jurisdiction of national agencies is limited to their borders, and allo-
cating a portion of their budget to oversee practices in other countries would not 
be economically feasible. Some international networking organizations such as the 
International Society for Cell and Gene Therapy (ISCT), have recently established 
working groups to tackle regulatory and ethical issues with committee members 
primarily based in North America, [46] but unlike charters of international inter-
governmental organizations, binding for the undersigning nations, their advisories 
are ultimately non-binding. The Pan American Health Organization (PAHO) has 
issued recommendations for the use of “advanced therapy medicinal products”, [47] 
acknowledging that regulatory bodies are still developing in many countries and 
stressing that ethical implications must be considered, that treatments must take 
place in authorized, specialized centers, and that a risk-based approach could be 
considered for establishing regulations. This document notably states that “continual 
advances in scientific research generally keep it several steps ahead of regulatory mecha-
nisms, a situation that occurs worldwide,” and calls for open communication between 
scientists and regulatory bodies [47].
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Another possibility to curb medical tourism would be to introduce restrictions 
into the national health network for those patients who have traveled and received 
treatment in clinics unrecognized by regulatory bodies of e.g., the USA – such puni-
tive measures might, however, not be conducive to the best interests of the patients. 
Patients may feel they have to lie or be reluctant to request their physician’s opinion, 
thereby losing an opportunity for education or more extensive research into the 
treatments they seek abroad. A more constructive solution would then be to actively 
educate prospective patients before their decision, ensuring that the cost-benefits of 
stem cell treatment are carefully considered, including the possibility that effective-
ness may be small, limited, or non-existent for their particular pathology. The educa-
tion of patients is hardly a novel idea [48]. The information should be presented in a 
clear, easily understandable manner rather than a dry scientific report, as this is likely 
not the format that prospective patients are used to consuming in an era where multi-
media is pervasive. Neither should the tone of the information provided be perceived 
as scolding or belittling, as this may have the unintended effect of the valuable advice 
being dismissed altogether to the detriment of the patient; efforts should be focused 
on empowering the patients to make their own decisions (to “know best” or to “be in 
the know”) – or any other desirable traits that a sociological study into the charac-
teristics of this population may reveal, along with decision-aid studies. For example, 
they could be more receptive to someone they perceive as a peer than to a disengaged 
physician or a removed academic seemingly removed from the daily struggles of their 
conditions. The same narrative and visual techniques employed to attract patients can 
also be used to educate. Recent efforts, e.g., by the International Society for Stem Cell 
Research (ISSCR) [49], remain very text-heavy and potentially unengaging for the 
general public.

However, if after considering the risk/benefits, the patient still decides to seek 
treatment abroad, be it a clinical trial or a treatment approved by the destination 
country’s regulatory bodies, at a cost or not, it then becomes the right of a patient to 
health and the right to access health, to improve their quality of life – this is, per-
haps, far more complex to regulate or legislate in an international context. There is a 
delicate balance between governmental control (imposition or restriction) of thera-
peutics and the reach of these controls inflicting upon the freedom of the patients to 
choose what they (along with their medical doctors) want to pursue for their health, 
under the sole assumption that the patients are fully informed about the risk and 
possible benefits associated with the treatment.

4. Let doctors be doctors: the patient-doctor relationship

The 2018 Right to Try Act of the USA creates a legal framework for access to 
unapproved medical products by patients with life-threatening illnesses who have 
exhausted all their options and may not participate in a clinical trial, provided said 
product has completed a Phase I study [50, 51]. Opponents of this law have argued 
that it creates conditions for physicians to prey on desperate patients by creating false 
hope, that the burden of treatment costs is shifted to patients and manufacturers, 
and that existing health disparities may be exacerbated, ultimately leading to greater 
patient suffering [52, 53]. Additionally, valuable information or data collection about 
product development or adverse events may be lost due to the lack of FDA oversight 
[52]. The legislation does not compel a manufacturer to provide access to treatment; 
some manufacturers may outright refuse, [54] and early reports seem to indicate that 
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drugs are still being requested in greater volume under Expanded Access rather than 
with the Right to Try provision [55, 56]. This legislation raised much controversy, 
often politically charged, sparking ethical debates about what it was trying to achieve, 
how much it would truly help, or how it would be implemented in practice. The 
ethical problems of stem cell therapy then seem no different from that of any other 
experimental therapy (such as those for cancer or rare diseases contemplated by this 
law) where the patient’s autonomy, the cost/benefit of the treatment and any possible 
abuses or misuses must be weighed in. Advocates of the Right to Try Act emphasized 
the liberty of patients to choose a treatment and to eliminate bureaucracy; in a similar 
vein, Texas House Bill 810 (85R) authorized the “provision of certain investigational 
stem cell treatments” under investigation in clinical trials to patients “with certain 
severe chronic diseases or terminal illnesses.” [57]. The patients were required to provide 
written informed consent, and the treatment was to be overseen by an Institutional 
Review Board (IRB), and administered by a certified physician in a hospital, surgi-
cal center, or medical school. The IRBs were to submit annual reports of treatments 
enacted under this law. “Why can’t someone that is of age have the ability to sign off, so 
to speak, with regard to a proper medical release on the ability to do something that can 
make such a dramatic difference in their life, and their lifespan, and their quality of life?” 
argued the proponents [58]. This would also encourage “medical innovation” [58] in 
the state of Texas – not unlike the intent of countries who have passed similar laws 
allowing stem cell research or therapy. These two landmark legislations of the United 
States exemplify a movement to put the patient and their doctor’s relationship at the 
forefront, which has not been without controversy [59, 60].

If a therapy exists, every effort should be undertaken to implement a way to access 
said therapy as a last resort for patients. The requirement of having successfully 
completed Phase I of scientific research may be a reasonable compromise, as long as 
the patients are sufficiently and objectively educated about the risks and cost/benefits 
before reaching a decision. And yet, as the example of Japan has shown, a national 
law, a patient registry, and clinical trials overseen by universities, have still not been 
considered enough by the academic community. When is it enough? What and whose 
criteria drive this quantification? Would the debate not be enriched from the partici-
pation of physicians and patients who are, so to speak, in the front lines of the battle? 
One may argue that a “desperate” patient cannot adequately provide informed consent 
due to their state of mind, but this is a particularly thorny argument that toes close to 
discrimination, paternalism, [61] or, to use a more modern term, ableism: is having an 
illness ever sufficient to render a person incapable of making decisions regarding their 
own welfare? Is a person’s dignity and mental ability lessened or invalidated when 
faced with a significant loss of quality of life or an eventual end of life? This decision-
making process perhaps belongs more in the sphere of a qualified psychiatrist or 
therapist for each particular case rather than a broad stroke ruling in an academic 
setting or legislated by a government body. Broadly qualifying a disadvantaged person 
(in this case, one with an illness) as intrinsically “vulnerable” or incapable of making 
informed decisions for themselves may be an insult that reinforces the injustices and 
stigma that they already face [62]. A decision to use or seek new treatments is not in 
itself irrational; if prospective patients would be considered competent enough to 
consent to enter a phase I/II trial in a research setting, why could they not consent in 
a non-research setting under a physician’s supervision? [63]. And if patients have the 
right to refuse a treatment, surely from this right to refuse follows a reciprocal right 
to choose or access an intervention [59, 64, 65]. It is an infringement on the right of 
patient to procure treatment that they understand would be useful for their condition 
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after being presented with clear and truthful information about said treatment. 
Instead of paternalistic protection, prospective patients need empowerment: a greater 
voice in setting research agendas and designing studies [62].

Perhaps the most common concern is the potential harm of stem cells themselves 
or the problems of their commercialization, as the non-maleficence principle must 
always be kept in mind. The relative safety of mesenchymal stem cells has been 
sufficiently covered, as reported by systematic reviews [21–23]. Still, more research 
is needed for standardization of dosage, culture methods, and source of the stem 
cells, as well as a need for quantifying effectiveness for clearly defined conditions 
and thorough documenting of adverse events. Regarding commercialization, as 
long as there is a demand, there will always be a market to fulfill that demand with 
various degrees of ethical and legal shades. Stem cell therapy is no stranger to such a 
conundrum in the face of market greed. A problem of commercialization may derive 
from health providers being unwilling to fully inform patients about the risk/benefits 
for fear of losing business; however, not all practices are the same, comparable to 
medical practices running legally in which their marketing strategies might present 
skewed information to capture more clients. Within legal boundaries, there could still 
be unethical behaviors and vice-versa. On the other hand, patients who have gone to 
great lengths to receive treatment may experience a placebo effect or convince them-
selves it was worthwhile. Yet incurring in costs to access a treatment is not inherently 
unethical or fraudulent; the FDA has published a guidance outlining requirements 
where this practice may be authorized, notably when the costs would be extraordi-
nary to the sponsor because of “manufacturing complexity, scarcity of a natural resource, 
the large quantity of the drug needed (e.g., based on the size or duration of the trial), or 
some combination of these or other extraordinary circumstances (e.g., resources available to 
a sponsor)” [66].

The pressure to find new therapies for illnesses with limited, insufficient, or no 
current treatment options comes precisely from the physicians, the scientific and 
medical industry, and patients seeking relief for their conditions. Herein lies the 
more significant risk: a race for supply and greed of demand when faced with pain 
or eventual death. Suppose a particular country’s laws or guidelines are restrictive 
enough to hinder the physician/patient relationship. In that case, doctors may find it 
impossible to consider alternative therapies, even under compassionate use, due to 
the lack of adequate protocols. At the same time, patients feel powerless in the face of 
government regulations. It is precisely at this point where, in desperation, abuses or 
misuses arise, not from the new therapies themselves, but from a lack of expectations 
or incomplete information about the possibility of a cure or relief. And one may ask: 
what’s the rush? Why do some patients insist on seeking a treatment that is not readily 
available or approved instead of waiting for the due process of clinical research? 
“The rush is the daily necessity to help sick people. (...) The ‘rush’ arises from our human 
compassion for our fellow man who needs immediate help,” as “their illnesses will not wait 
for a more convenient time” [67].

If a legally qualified doctor in his professional authority, after having read results 
of recent advances in the field, well within the boundaries of the regulatory bodies 
of the country where they operate concludes that such treatment could help a par-
ticular patient, a patient who is willing and fully informed to the best of the current 
understanding – would they be morally justified in refusing said treatment? Can 
moral objections ever be a sufficient basis for denying the right to healthcare? Patients 
who seek stem cell treatments may have spiritual distress or therapeutic hope, 
[68] an aspect some medical doctors may not be equipped to manage. But what of 
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compassion? This use of “compassionate” may be close to that employed by ecclesias-
tical authorities who do not oppose but promote treatments that offer at least a better 
quality of life: a physician’s duty is not limited to knowledge and technical expertise, 
but also compassion [69]. The compassionate act and the treatment as compas-
sion, coming from the good judgment of a doctor seeking the best for his patient, 
must therefore be left in that sphere of the doctor’s relationship with his patient. 
Depersonalized rulings do not allow the physician to exercise his art, profession, 
and oath. The relationship between the physician, or a team of physicians, and their 
patients is thus an essential aspect of making an informed decision: one the one hand, 
the patient exercising his autonomy to make medical decisions, and on the other, the 
physician, upholding his medical oath and not creating false expectations by promis-
ing more than what is expected to be achieved with a given treatment or to create 
hopes beyond what can be offered. Thus, the final decision to access an intervention 
must lie in the hands of the patient and their physician, based on real world evidence 
for safety, and within a sound legal and ethical framework.

“Ethics in both research and clinical settings is most effective when it is preventive” 
[70]: indeed, bioethicists do not go ahead with scientific developments but discuss 
scientific issues that are already on the table. Conversely, neither should physicians 
regard ethical questions as “removed from their daily work at bench or bedside,” as the 
purpose of new treatments is a societal benefit [70]. “Market will efficiently allocate 
the resources, but not always in an ethical manner” concerning medical tourism; [41] 
ethical considerations should therefore be contemplated before the application of 
treatments by creating a legal framework that promotes scientific research and keeps 
the welfare of the patient at the forefront. The fear of possible misuse or medical mis-
conduct should not deny the patients’ right to health, particularly when their lives are 
at risk or when they are the most vulnerable to their condition. Accumulated clinical 
experience and evidence-based medicine about safety, dosage, and efficacy would be 
more appropriate when determining whether to offer or withhold access to treatment.

5. Legal and moral issues

The international legal system is derived from ethical principles, at the heart of 
which lies the dignity of the human person, and modern bio-law too draws from 
ethical and axiological foundations. Human dignity as a concept is fundamentally 
imprecise, as its definition necessitates defining first what is dignified or worthy, and 
what is unworthy – an anthropocentric, Judeo-Christian notion [71]. Subsequently, 
the western concept of human dignity has evolved and dissociated itself from any 
deity to accept the teleological interpretation of the end of man (Kant): each person 
is an end in itself and not a means to satisfy the end of another person. In any case, 
a more pertinent application would be establishing what makes an act respectful of 
the dignity of others. A philosophical question arises as to whether human dignity is 
opening up in the last century, whether it is facing threats as never before, or whether 
both are occurring simultaneously [72]. But if dignity is being threatened, it is first 
necessary to seek and recognize, that is to say, to pinpoint these threats. One of the 
possible threats to human dignity comes precisely from biotechnological development 
and the interference of politicized legal systems that could be restricting fundamental 
rights, such as the right to health and the right to life. International treaties regarding 
human dignity appear to have different intensities and interpretations when applied 
to concrete cases [73], in legal cases ranging from political disappearances to in-vitro 
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fertilization [74]. Interestingly, in the latter, a court of law and not science has defined 
a biological fact. Are we then facing an ideological system of human rights? Do 
human rights serve to protect life and health? Are all lives of equal value or are some 
worth less than others? Are scientific truths at the service of the law or should the law 
adjust to the reality of biotechnological progress?

The Catholic Church has been a notable exponent of the ethics of stem cell 
research and therapy, with contributions from the various Congregations of the 
Holy See and various speeches and interviews of the Popes after the Second Vatican 
Council promoting scientific development hand in hand with ethics. “Progress becomes 
true progress only if it serves the human person and if the human person grows: not only in 
terms of his or her technical power, but also in his or her moral awareness,” Pope Benedict 
XVI declared in 2006. Science shows its usefulness most strongly and richly when its 
end is to alleviate human suffering through new findings and resources: the efforts of 
the researchers result in the improvement of the affected and the different conditions 
or diseases. Stem cell research was deemed deserving of encouragement when it com-
bined scientific knowledge, the most advanced technology in the biological field, and 
the ethics advocating respect for the human being in all phases of his existence [75]. 
Man is the actor of scientific research, but he is often the object of this same research; 
he must consequently be the beneficiary of scientific research, but never a mere 
instrument. Man cannot be disposed of as an object of research or commercialization, 
especially when his state is more vulnerable, in accordance with all the principles 
of personalist ethics; the main interest is the well-being of all and, in particular, of 
each individual [76]. Research initiatives with adult stem cells were deemed to be 
free of ethical problems, and clinical use presented no moral objections as long as 
“scientific rigor and prudence [reduced] any risks to the patient to the bare minimum 
and [facilitated] the interchange of information among clinicians and full disclosure to 
the public at large” [77]. A repeated call is thus made for dialog between science and 
ethics, particularly when the fruits of research remain inaccessible to those who lack 
the means to access them. “Advances in medical science,” it was noted, “go hand in hand 
with just and equitable provision of health-care services,” [75] and one may add to this, 
with public health policies that are willing and open to enable access to those fruits 
of research. The path of advancement thus leads to the promotion structures and 
economic means conducive to scientific achievements.

The morality of medical tourism from the perspective of prospective patients has 
been examined before, considering whether it is moral to “jump the queue” in coun-
tries with socialized medicine to seek care in countries where ordinary citizens may 
not afford the facilities offered to medical tourists. While some patients understood 
the perspective of the greater good, they were more willing to solve their problems 
(pain) than to consider fairness or morality at the time of their decision [78]. At 
the heart of this conflict lie two divergent ethical frameworks: the rights-based and 
the communitarian frameworks. In rights-based approach, “the rights and dignity 
of the individual should never (or rarely) be sacrificed to the interests of the larger 
society”, whereas the “common good” will be at the center of communitarian views, 
where policies will be shaped to promote these “shared values, ideals and goals of a 
community” [64]. Having a thorough regulatory process protects the needs of the 
community, or more precisely, of the future members of the community who will 
become sick – paradoxically to the detriment of those who are currently ill or suffer-
ing and consequently have good reasons to prefer a quicker process or an alternative 
approach [59]. To what extent can the goal of seeking relief be considered immoral? 
When a patient fully and objectively informed decides to try an experimental or 
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unproven therapy in a country where it is regulated, within any means reasonably 
available to them, should their freedom to choose be curtailed? Is there a price to 
feeling well, to regain mobility? To life?

The case of Ashya King, [79, 80] a young patient from the UK suffering from a 
brain tumor in 2015, is a dramatic example of the difficult decisions patients and 
their families encounter when at odds with current regulations or laws. Unwilling to 
subject him to radiation and chemotherapy at such a young age, the parents expressed 
a desire to try proton beam therapy in Prague, which was at that time not approved 
in the UK. When they were denied this option, the parents signed the child out of the 
hospital and attempted to travel to Prague – but an arrest warrant was issued against 
them because of potential child endangerment. After a short judicial deliberation, 
they were able to reach Prague. The intervention was successful; as of 2018, the child 
was reportedly in good health with cancer in remission [81]. The UK approved proton 
beam therapy shortly after positive results from a clinical trial, as it was safe and had 
fewer side effects than chemotherapy [82]. Randomized trials comparing proton 
therapy (desired by the parents) and traditional radiation (proposed by the UK health 
system) were deemed to be “unethical and not feasible” [82] and this was “likely to be 
the best evidence available” [83]. Clinical trials are the gold standard of research, but 
of what good would that have been to the child in 2015? He did not have the time 
to wait for this approval as he needed treatment as a matter of life or death. Was it 
morally justified to withhold this treatment option from him? Was it fair to arrest 
parents for seeking treatment, unapproved in their country, that ultimately would 
save their child’s life and preserve his quality of life? The intervention was successful, 
but even if it had not been, was it immoral for them to try? Those who are healthy 
and not living with a significant disability should, perhaps, strive to achieve a greater 
understanding of the mindset and the goals of someone who is in pain or significantly 
impaired before they cast moral judgments on their actions, or seek to limit their 
liberties as self-appointed moral arbitrators. In the late 80s, when genetic therapy 
was in its infancy, the parent of three sick children wrote in the context of sickle cell 
anemia research, “I resent the fact that a few well-meaning individuals have presented 
arguments strong enough to curtail the scientific technology which promises to give some 
hope. Aren’t they deciding what’s best for me without any knowledge of my suffering?” 
[84]. Prospective patients may feel similarly bewildered when being deprived of 
their autonomy and their capacity to make their own decisions, and so the detached 
intellectual debate should be balanced with compassion [67] and with respect for the 
self-determination of patients.

6. Future perspectives

The case of Japan merits more consideration rather than outright dismissal. 
Following a desire to regulate the proliferation of stem cell clinics with dubious 
practices, a law was passed after various committee reports, some including medical 
professionals, lawyers, and lay participants [38]. The development of this legislative 
action must be understood in the Japanese context, which recognizes the right to 
access to health care and protects the freedom of discretion and academic freedom 
(physician’s discretion) [38]. Subsequently, pertinent arrests have been made in cases 
where cells were processed without proper regulatory authorization [38, 85]. The 
approval of one ophthalmological trial with induced pluripotent stem cells was sub-
ject to a committee review process, where risks to patients were examined, along with 
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how information was to be presented to prospective patients (who additionally had 
significant visual impairments) for informed consent [40]. The process in the latter 
was not perfect, [40] and neither is the current law [38]. Still, as Japanese research-
ers note, there is potential for suggestions, amendments, and recommendations to 
strengthen the practice of regenerative medicine in Japan: “If various case studies on the 
review processes of [stem cell trials] or other cutting-edge biotherapeutic trials from around 
the world were similarly discussed, such case studies would contribute to establishing or 
improving guidelines for review committees to further improve the quality of these discus-
sions” [40]. That is, perhaps, the most tragic aspect of the case of Japan: a country 
exercising its national sovereignty, enacted legislation with reasonable regulatory 
controls, but it was maligned by academics in other countries since its inception. Yet 
Japanese researchers have demonstrated they are capable of internal criticism and 
suggestions for improvement. Rather than jumping to conclusions of fraud, obses-
sions, or lack of oversight, countries should be encouraged and trusted to develop 
their regulatory laws with guidance from recognized international health bodies, and 
scientists of said countries can be held accountable for upholding ethical, medical, 
and scientific standards.

Some notable lessons may be learned from the history of excimer laser. More 
commonly known as “LASIK”, it was developed in the 1970s and applied to ophthal-
mology in the late 80s. Compared to other countries, the FDA was notoriously slow 
to authorize this intervention, or more precisely, the manufacturing process for the 
laser technology. During the lengthy review process, interesting questions such as 
“what complication rates are acceptable?”; “what length of follow-up is acceptable [for 
complications]?”; “what is an excellent study design for a clinical trial (...)?”; “how good 
must a surgical procedure (...) be before it will be made widely available for clinical use in 
this country?” [86]. These questions have many similarities with the current debates 
regarding stem cell trials. Excimer laser investigators “expressed frustration with 
the deliberate pace of the review process, while outside the United States large numbers 
of patients [were] having the surgery” in Canada, Europe, Australia, and Asia [86]. 
Indeed, clinics from those countries established “systems of referral in which Americans 
fly in for surgery and return home for post-operative care” [86]. The FDA approved 
the procedure between 1995 and 1999 following the usual clinical trial phase for-
mat. Excimer laser surgeries were extremely popular in the 2000s in the USA, then 
declined notably, [87] with a resurgence during the pandemic presumably due to 
mask wearing. The reasons for this decline in popularity are not well understood, but 
some patients cite concerns about complications after reading about the experiences 
of other patients [88]. There are lessons to be learned here: patients WILL find a way 
within their means to pursue a novel treatment or procedure they believe will help 
them, particularly if regulatory bodies are slow on the uptake. The conclusion is not 
necessarily that regulatory bodies should be less careful or quicker, but given that 
patients will seek treatment where it is available, once again education and informa-
tion are of utmost importance. Indeed, once more information about excimer laser 
became available, even with the low rate of complications, some patients decided on 
their own that the procedure was not worth it or that they were unwilling to risk it. 
Thus, patients too should be trusted in their capability to exercise their own educated 
decisions when it comes to their access to health provided that they are given suf-
ficient guidance.

The development, introduction and “fine-tuning” of stem cell interventions 
are perhaps not so different from the history of other medical breakthroughs, but 
this debate has become peculiarly heated, sometimes emotional. All stakeholders, 
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patients, patient advocates, scientists, regulators, and clinicians, even those currently 
offering unproven therapies (as not all are fraudulent or untrustworthy, and may 
desire fair regulation) must engage in a constructive dialog to define acceptable poli-
cies [89]. This dialog would ideally lead to humane, ethical, scientifically sound, and 
commercially viable regulations, as long as every party listens actively and does not 
react with frustration when presented with differing points of views. The Colombian 
Xaverian university recently collaborated with multiple countries to develop an ISO 
for “biobanking of human mesenchymal stromal cells derived from bone marrow,” 
[90] with debates and meetings in Berlin, Tokyo and Toronto, [91] proving cross-bor-
der collaboration is possible to develop international standards for stem cells. We are 
past the time of pointing fingers or engaging in unproductive academic accusations: 
all stakeholders must arrive at a consensus with the ultimate goal of developing sound 
regulatory policies at the international and national level, from which the rest will 
derive: non-fraudulent, ethically-driven clinics, physicians exercising their medical 
criteria, and patients empowered to make their own informed decisions.
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Mesenchymal Stem Cells and 
Human Amniotic Epithelial Cells  
in Multiple Sclerosis
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Abstract

Imbalance in immune responses plays an indispensable role in pathogenesis and 
development of multiple sclerosis (MS), as a neurodegenerative disorder. Current 
treatments are not always successful in preventing MS development and treating 
the disease. Stem cell-based cell therapy has provided a new window for treating 
neurodegenerative disorders. Stem cells can regulate the immune system and improve 
axonal remyelination. They can be isolated from different origins such as bone mar-
row, embryonic, neural, and adipose tissues. However, there is a challenge in choosing 
the best cell source for stem cell therapy. Mesenchymal stem cells (MSCs) derived 
from different origins have significant immunoregulatory impacts on different cells 
from the immune system. A growing body of evidence indicates that adipose tissue 
and umbilical cord can be a suitable source for obtaining MSCs. Moreover, human 
amniotic epithelial cell (hAEC), as a novel stem cell with immunoregulatory effects, 
regenerative effects, and low antigenicity, can be a candidate for MS treatment. This 
chapter discusses therapeutic impacts of MSCs and hAECs in MS disease.

Keywords: multiple sclerosis, mesenchymal stem cell, human amniotic epithelial cell, 
regenerative impacts, immunomodulatory effects

1. Introduction

Neurodegenerative disorders are considered as a chronic and progressive inflam-
matory condition resulting in the deposition of abnormal forms of specific proteins 
in the nervous system and destruction of neurons in motor, sensory, or cognitive 
systems [1, 2]. These disorders mainly involve women and are observed in subjects 
with age ranging from 20 to 30 years [3]. It is reported that more than 2.5 million indi-
viduals suffer from multiple sclerosis (MS) around the world who require effective 
therapeutic approaches to control disability and recover the central nervous system 
(CNS) functions [3]. The major problem of the management of the disease is the lack 
of successful regeneration of neurons [4].
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Until now, several therapeutic approaches for MS have been suggested to control 
abnormal immune responses including natalizumab, interferon-β (IFN-β), glatiramer 
acetate, and fingolimod (FTY720). These treatments mainly exert their inhibitory 
effects on immune reactions and thereby reduce the number of relapses and modulate 
the progression of neurologic disability. However, they have not been consistently 
successful and are suitable in arresting the disease in approximately 30% of relapsing-
remitting (RR) MS patients as the most common form of MS [5, 6]. It is reported that 
these treatments fail to control the degeneration of nerve tissue in an aggressive form 
of MS [7]. Among these approaches, stem cell-based therapies show a hopeful out-
look for decreasing neural damages in the neurological diseases through regenerative 
roles for remyelination, the secretions of neurotrophic mediators with immunomodu-
latory impacts, and differentiation into astrocytes and oligodendrocytes effectively in 
vivo and in vitro [8]. Previous studies have shown some challenges for using stem cells 
as a curative treatment in clinical trials such as tumorigenicity and immunogenicity 
[9, 10]. However, extensive data of the literature have indicated that stem cell therapy 
exerts positive effects on animal models with neurological disorders [11, 12]. Clinical 
uses of adult stem cells, particularly mesenchymal stem cells (MSCs) and human 
amniotic epithelial cells (hAEC), have been recommended for the management of 
neurological diseases such as MS [13–15]. Several advantages have been reported for 
their therapeutic applications including the following: (1) their relative safety and 
low immunogenicity in comparison with other stem cell sources [16, 17]; (2) the ease 
of their accessibility, isolation, expansion, and manipulation ex vivo [18]; (3) their 
potency in differentiation into mesodermal lineages [16]; and (4) their capability to 
transport from the blood to damaged sites. Hereby, this chapter aimed to describe and 
discuss evidence regarding MSC- and hAEC-based therapies and their mechanisms 
for treating MS.

2. MS and its pathogenesis

Multiple sclerosis (MS) is the most common non-traumatic disabling disease, 
resulting in axonal loss and myelin disruption. The frequent features of MS are 
formations of lesions and sclerotic plaques in the central nervous system (CNS) and 
the cerebrospinal cord. The immune system plays a critical role in neural evolution 
through regulating oligodendrogenesis, neurogenesis, and synaptic organization. 
Therefore, immune cells can participate in the pathogenesis and development of MS 
[19, 20]. The pathogenesis of MS is largely related to hormone, environmental, and 
genetic factors. It is reported that alterations in expressions and functions of some 
immune agents such as major histocompatibility complex (MHC), immunoglobulin 
(Ig), T-cell receptor (TCR), and cytokines can contribute to the increased risk of 
MS [6, 21]. Today, studies on MS have indicated that autoreactive T-cell migration to 
the CNS occurs upon autoimmune cascade initiation and blood-brain barrier (BBB) 
disruption, which leads to destroy myelin sheath and creates sclerotic lesions and 
plaques [6, 22]. Destruction of the myelin sheath, which plays a significant role in 
survival and integration of axon, is a major reason for the development of MS [3]. T 
helper 1 (Th1) and T helper 17 (Th17) cells are the main effector cells that participate 
in the demyelination and destruction of the CNS [19, 20]. Th1 and Th17 produce 
some pro-inflammatory cytokines, including inerleukine-1 (IL-1), IL-17, interferon-
gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-α) [23]. Moreover, CD8+ T 
cells are found in MS lesions, especially around the blood vessels. Previous studies 
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have revealed that the proliferation of CD8+ T cell in patients with MS is more than 
CD4+ T cell, which is largely associated with axon injury [1]. Besides the roles of T 
cells in the pathogenesis of MS, other immune cells play important roles in the forma-
tions of lesions and plaques. The activation of macrophage by Th1 cytokines leads to 
the destruction of the myelin and thereby exposes more CNS antigens. Although it is 
demonstrated that autoreactive T cells are the major effector cells for the pathogenesis 
of MS, some reports have indicated that autoreactive B cells have critical roles in 
disappearing the myelin sheaths and axonal loss, through cytokine secretions, antigen 
presentations, and autoantibody productions [24]. Autoantibodies can be major 
immune mediators that can be found in MS plaques. There are some reports pointing 
toward the association of immunoglobulin G (IgG) with MS signs. Furthermore, it is 
shown that IgG, especially IgG against proteolipid proteins (PLP) and myelin basic 
proteins (MBP), can be considered as the features of the disease, although their roles 
in MS pathogenesis are not well identified yet (Figure 1) [25].

3. Mesenchymal stem cells

MSCs can be obtained from different tissues such as bone marrow, adipose tissue, 
umbilical cord, brain, dental tissue, and fetal lung [26–28]. MSCs can differenti-
ate into monocytes and neurons in vitro and in vivo [29]. These cells can migrate 
to injured tissue via expressions of the receptors for chemokines such as CXCR4, 
CXCR5, CXCR6, CCR1, and some growth factors [7]. In line with potential therapeutic 
effects of MSCs, it is revealed that these cells possess anti-oxidant and anti-apoptotic 
impacts and are able to secrete trophic factors, which can contribute to support axon 
and increase neural stability [30]. They improve neural cell differentiation, promote 
angiogenesis, inhibit neuron apoptosis, and repair the CNS in MS patients [25]. 

Figure 1. 
The impacts of immune responses in MS pathogenesis.
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Furthermore, these cells can recruit oligodendrocyte precursors to the CNS and 
induce their differentiation into neuronal cells [31, 32]. MSCs exert immunomodula-
tory impacts through suppressing the activity of B, T, and other immune cells [33]. 
Intravascular MSC therapy improves CNS tissue repair through the induction of 
T-cell tolerance to myelin glycoproteins [34]. Studies on experimental autoimmune 
encephalomyelitis (EAE), an animal model of MS, indicated that intravenous injec-
tion of syngeneic MSCs induces tolerance in MOG-specific T cells and thereby reduces 
immune cell infiltrations to the CNS and increases the clinical course [35, 36]. Others 
have revealed that the immunoinhibitory effects of MSCs are mediated through the 
secretions of anti-inflammatory cytokines such as TGF-β, prostaglandinE-2 (PGE-
2), and indoleamine-pyrrole 2, 3-dioxygenase (IDO) [37]. Previous studies have 
demonstrated that MSCs can impair B-cell proliferation and antibody production 
through inhibiting the activation and proliferation of Th1 cells [38]. These cells also 
improve the activation of suppressor of cytokine signaling 3 (SOCS3) and decrease 
the differentiation of Th17 via the IFN-γ pathway [39]. IDO, as a mechanism used 
by MSC for controlling immune responses, depletes tryptophan from the environ-
ment of lymphocytes, which plays a key role in lymphocyte activations [40]. MSC 
participates in the development of regulatory T cells (Treg) through inducing IL-10 
secretion of peripheral dendritic cells (DCs) [40]. In line with the improvement of 
peripheral tolerance, it is reported that MSCs inhibit the differentiation and function 
of DCs, resulting in the inhibition of clonal expansion of autoreactive T cells via the 
reduction of antigen presentation [41]. Hepatocyte growth factor (HGF) produced 
by MSC increases tolerogenic DCs [42]. MSCs with HGF can reduce immune cell 
infiltrations and CNS inflammation in EAE mice [42]. Thus, HGF derived from MSC 
may be effective in MS treatment. Several studies on genetically modified MSCs have 
shown that over-expressed anti-inflammatory cytokines such as IL-10 and IL-4 can 
participate in suppressing immune responses, reducing BBB injury, and improving 
remyelination of neurons in EAE mice (Figure 2) [43].

4. Human bone marrow-derived MSCs (hBM-MSCs)

MSCs obtained from bone marrow have multiple properties, which make them an 
attractive cell source for therapeutic applications (Table 1). These cells are the most 

Figure 2. 
Immunoregulatory and therapeutic effects of MSCs.
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frequent cell sources used in clinical settings [49]. Given therapeutic features of hBM-
MSCs in neurological disorders, it is revealed that they can promote disease recovery 
in relapsing-remitting and chronic types of MS in EAE mice, due perhaps to reduce 
demyelination regions and inflammatory infiltrates, induce oligodendrogenesis, and 

Different 
sources of MSCs

Advantages Disadvantages

hBM-MSCs 1. Colony formations that contribute to hemopoi-
esis [44].

2. Differentiation into mesodermal lineage cells 
[44].

3. Secretion of brain-derived neurotrophic 
factor (BDNF) and enhancement of 
oligodendrogenesis.

4. Immunomodulatory impacts in animal models 
of neurodegenerative disorders, especially in 
the early stages of MS [16].

1. Invasive and painful tech-
niques with low efficiency for 
its isolation [45].

2. Low efficiency in controlling 
disease progression in the 
stabilized stage of MS [16].

3. The probability of malignant 
transformation and immune 
rejection after clinical applica-
tions [46, 47].

hUC-MSCs 1. Less-invasive techniques for its isolation [48].

2. Less ethical issues for its isolation [48].

3. High proliferation ability [48].

4. Low immunogenicity potential [48].

5. Differentiation capacity into various lineages 
[48]

6. Immunoregulatory impacts in animal models 
of autoimmune disorders [49].

7. Production of nerve growth factors [50].

1. Tumorigenic potential and 
immune rejection after clini-
cal use [51].

2. Procoagulant properties that 
may contribute to pulmonary 
embolism [52].

3. The risk of viral and prion 
transmission after administra-
tion [53, 54].

AD-MSCs 1. Easy isolation with high efficiency of adipose 
tissue [53].

2. Adipogenic, cardiogenic, neurogenic, myo-
genic, chondrogenic, and osteogenic features 
[53].

3. Migration to different organs through expres-
sion of α4 integrin [55].

4. Production of different growth factors [56].

1. Tumorigenic potential and 
immune rejection after their 
clinical use [57].

2. Nephrotoxicity potential [49, 
57].

3. Procoagulant properties [52].

hAECs 1. Easy isolation with high efficiency of the 
amniotic membrane [58].

2. Pluripotency and self-renewal properties [18, 
59].

3. Differentiation into the cells originating from 
three germinal layers [18].

4. Production of neurotrophic mediators [59, 60].

5. Immunomodulatory impacts in animal models 
of inflammatory neurological disorders [61, 
62].

6. Low tumorigenic and immunogenicity 
potential [15, 18, 63].

1. The controversial formation 
of teratomas upon hAEC-
derived neural cell engraft-
ment [64].

2. Are not described as stem 
cells because they do not show 
long-term self-renewal and 
fail to grow the cells from 
single-cell clones [17].

Table 1. 
The pros and cons of MSC-based therapies.
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enhance brain-derived neurotrophic factor (BDNF) production [65]. Several stud-
ies have reported that BM-MSCs have immunomodulatory effects in EAE through 
preventing the maturation of antigen-presenting cells (APCs) and proliferation of B 
and T cells [39]. These immunosuppressive impacts are mainly mediated by releasing 
various bioactive mediators [66]. Moreover, their neuroprotective effects can induce 
local progenitor cells and suppress scar creation, gliosis, and neuron apoptosis [67]. 
Besides having immunomodulatory impacts, they have the ability to differentiate into 
the neurons and improve the replacement of the cells [67]. Nonetheless, the isolation 
of BM-MSC is painful, invasive, and low efficiency [45], which may be considered 
a disadvantage in their clinical applications. In the first phase of clinical trial using 
autologous ex vivo expanded BM-MSCs on patients with advanced MS, it was reported 
that 30% of patients were unable to grow an acceptable number of these cells 
(< 2 × 106) despite several bone marrow aspirations. This observation has reflected 
an inherent deficiency of MSCs in the bone marrow of participants [67]. Thus, MSCs 
derived from other tissues can be considered for MS treatment. In EAE, BM-MSCs are 
notable curative effects if they are used before disease initiation due to a significant 
suppression on effector T cells and the induction of peripheral tolerance. However, 
these cells fail to control disease development in the stabilized stage of MS [16].

5. Human umbilical cord (hUC)-MSCs

HUC-MSCs have significant characteristics, which distinguish them from 
other sources of MSCs (Table 1). Several lines of evidence suggest the administra-
tion of hUC-MSCs in autoimmune disorders such as encephalomyelitis, type 1 
diabetes, and rheumatoid arthritis due to its immunoregulatory impacts [68–71]. 
Immunomodulatory effects of these cells have fundamental roles in tissue recovery 
[72]. They have the decreased expression of HLA-I, increased capacity of prolifera-
tion, and more rapid growth in vitro, compared with BM-MSCs [73]. In vitro and in 
vivo studies have indicated that hUC-MSCs have a positive effect on Treg proliferation 
[74]. hUC-MSCs can increase behavioral activities and reduce the histopathological 
impairments of EAE. Furthermore, they exert a positive effect on the productions 
of IL-4 and IL-10, unlike IL-1 and IL-6 [70]. In vitro studies have demonstrated that 
hUC-MSCs can enhance the frequency of Treg and secretion of anti-inflammatory 

Figure 3. 
Immunomodulatory and therapeutic impacts of hUC-MSCs.
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cytokines of peripheral blood mononuclear cells (PBMCs) (Figure 3) [74, 75]. In 
addition to their immunoregulatory effects, this source of stem cells is able to release 
several nerve growth factors, for example, glial cell-derived neurotrophic factor 
(GDNF) and BDNF. Moreover, their capacity to differentiate into oligodendrocyte 
precursor cells can improve axonal growth [50].

6. Human adipose-derived MSCs (AD-MSCs)

AD-MSC can be obtained from adipose tissue by collagenase digests. Adipose 
tissue contains high levels of MSCs (approximately 100–1000 MSCs per gram of fat) 
and is easily accessible for use. Thus, this tissue is an important source of the cell for 
cellular therapy. AD-MSCs show the adipogenic, cardiogenic, neurogenic, myogenic, 
chondrogenic, and osteogenic features in vitro, which make them a fantastic cell 
source for stem cell therapy [8, 76]. Unlike BM-MSCs, these cells are able to migrate 
to different organs due to express α4 integrin, an adhesive molecule [55]. It is sug-
gested that autologous and allogeneic AD-MSCs are effective in the treatment of the 
diseases with immunopathogenesis such as MS and autoimmune encephalomyelitis 
[77–80]. Study on EAE mice revealed that intravascular AD-MSC participates in the 
reduction of immune infiltration in the CNS and decreases demyelination and axonal 
loss [9]. Various growth factors released from AD-MSCs, such as anti-apoptotic, 
angiogenic, and neurotrophic mediators, play critical roles in cell differentiation, 
proliferation, and maturation [56]. It is thought that AD-MSCs have more capabilities 
for stem cell-based cell therapy, due perhaps to the expression of integrin α4β1; pass 
the BBB; and exert their anti-inflammatory, immunoregulatory, and neurodegenera-
tive impacts (Figure 4) [7]. Until now, several studies have been performed to find a 
standard method for the treatment of MS by these cells [81, 82]. Nonetheless, there 
are some concerns regarding the clinical application of MSCs such as tumorigenesis 
and immune rejection after use that must be addressed in future studies.

7. Human amniotic epithelial cells (hAECs)

hAECs are easily isolated from the amniotic membrane, the inner layer of the fetal 
membranes, and possess some stem cell-like properties [83–86]. These cells express 

Figure 4. 
Immunoregulatory and therapeutic impacts of AD-MSCs in degenerative disorders.
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some markers of pluripotent stem cells, including FGF-T, Sox-2, Nanog, Rex-1, SSEA-4, 
and Oct4. Some of these markers have important roles in pluripotency and self-renewal 
properties in induced pluripotent stem (iPS) cells and embryonic stem cells (ESCs) 
[87]. hAEC can differentiate into different cells such as the pancreatic cells, neural 
cells, hepatocytes, cardiomyocytes, adipocytes, and myocytes, which originate from 
the endoderm, ectoderm, and mesoderm [18]. It is reported that hAECs have immu-
nomodulatory impacts on adaptive and innate immune systems [17, 88, 89]. They exert 
suppressive effects on the activations of natural killer (NK) and CD4+ T cells, migra-
tions of neutrophil and macrophage, secretions of pro-inflammatory cytokines of CD4+ 
T cells, and proliferation of B cells [23, 61, 90, 91]. These impacts are primarily mediated 
through the productions of immunoregulatory mediators, such as IL-4, PG-E2, and 
transforming growth factor-beta (TGF-β), which may participate in the increase of 
Tregs and Th2 cells, inhibition of pathogenic T-cell reactions, and protection of the 
peripheral naive CD4+ T-cell source [61, 63, 92–95]. These effects suggest that hAECs 
may be considered as an effective cell source for MS treatment [62, 95]. To support this 
notion, they can contribute to a shift from Th1-type responses to Th2-type responses 
[95]. EAE mice treated with hAECs experienced significant reductions in demyelination 
and immune infiltration into the CNS [95]. It is indicated that hAECs have a negative 
effect on Th17 differentiation through reducing the productions of TGF-β and IL-6, 
which play indispensable roles in the differentiation of these cells [88]. Studies on 
animal models of MS have revealed that alpha-fetoprotein (AFP) produced from hAECs 
participates in the reduction of lymphocyte function and neuroinflammation [96, 97]. 
Others have indicated that these cells can reduce gray and white matter damages through 
residing in inflammation locations such as the brain [98]. Furthermore, they can release 
neurotrophic agents such as neurotrophin-3 (NT-3), nerve growth factor (NGF), and 
brain-derived neurotrophic factor (BDNF) (Figure 5) [59, 60]. These features along 

Figure 5. 
Immunomodulatory and stem cell characteristics of hAECs.
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with low antigenicity provide additional confirmations to clarify therapeutic properties 
of hAECs in the treatment and management of inflammatory neurological disorders 
such as MS [99]. hAECs possess a limited proliferative potential due perhaps to the lack 
of telomerase [87, 92, 100, 101], which helps to reduce potential tumorigenicity of stem 
cell-based therapies. Nevertheless, it should be noted that further works and more infor-
mation are needed to illustrate the possible capability of these cells in treating diseases 
with immune pathophysiology.

8. Comparison of hAECs with MSCs derived from different sources

There are some differences and similarities between hAECs and MSCs derived 
from different sources, for example, morphologic and tumorigenic properties, 
immunoregulatory characteristics, angiogenesis capacities, and ethical issues associ-
ated with their isolations and applications [45, 102]. In line with morphology, hAECs 
show a cobblestone-like morphology, while the cultured hAMSCs have a spindle 
fibroblast-like morphology [103]. The morphologic feature of the cultured MSCs 
derived from BM can range from fibroblast-like spindle-shaped cells to large flat cells 
[104]. MSCs from other sources, such as AD-MSCs and hUC-MSCs, indicate spindle 
shapes in the culture [105, 106]. The amniotic membrane can be collected by standard 
isolation methods following cesarean section, which is not invasive and does not 
have unfavorable effects on human embryos and ethical issues [102]. The isolation 
of amniotic cells can simply be performed upon prenatal testing. However, there are 
some ethical problems in regard to clinical applications of MSCs and the isolation of 
some sources of MSCs [104, 107]. As mentioned above, the isolation of hBM-MSCs is 
done by invasive techniques with low efficiency, which is painful [45]. Today, there 
is no document pointing to the tumorigenicity of amnion membrane or membrane-
originated cells after clinical applications [17]. However, some reports have shown 
that MSCs may raise tumor growth in some cancer mouse models [108]. Several lines 
of evidence propose that hAECs, BM-MSCs, and AD-MSCs participate in enhancing 
angiogenesis through the productions of some cytokines and angiogenic factors, 
such as VEGF, HGF, and EGF, and mechanisms associated with protease [103, 109]. 
According to evidence, hAECs possess better immunomodulatory impacts but lesser 
osteogenic effects than BM-MSCs and MSCs derived from the human amniotic fluid 
(hAF) [110]. hAECs express some MSC markers such as CD90, CD44, and CD105. 
However, the levels of SSEA4 and SSEA3 expressions are higher on hAECs than those 
on hBM-MSCs and hAFMSC, revealing more multipotent potential of these cells [17, 
111]. Furthermore, hAECs and hAFMSC possess higher levels of PD-L1 and PD-L2 
than hBM-MSCs, which may make them more successful in providing peripheral 
tolerance in immune cells [110, 112].

9. Mesenchymal stem cell-based cell therapy and clinical trials

Until now, several clinical trials were carried out using MSCs as a therapeutic 
approach for MS. In a phase II clinical trial, intravascular MSCs were employed in 
the treatment of nine relapsing-remitting multiple sclerosis (RRMS) patients. After 
6 months, the results revealed a significant reduction in MS lesions in magnetic 
resonance imaging (MRI) [67]. In a phase IIa clinical trial, autologous BM-MSCs 
were injected to one RRMS and nine secondary progressive multiple sclerosis (SPMS) 



Possibilities and Limitations in Current Translational Stem Cell Research

212

patients. After 3 months to 1 year, authors observed that BM-MSCs improved clinical 
features in the treated patients. In this clinical trial, 10 SPMS patients were treated 
with intravascular MSCs for 6 months, and the results revealed neuroprotection 
effect of MSCs and remyelination [67]. Furthermore, in a study conducted by Bonab 
et al., in 2007, therapeutic impacts of intrathecal injection of MSC were studied 
on 10 MS patients. This study indicated that the disease progression was gradually 
reduced in half of the participants [113]. Another study on 22 patients with primary 
progressive multiple sclerosis (PPMS) demonstrated that intravascular and intrathe-
cal injections of BM-MSCs were effective in MS treatment [35]. In a triple-blind and 
placebo-controlled study on 30 patients with SPMS, the researchers indicated that 
AD-MSC injection is a possible and safe method in the treatment of SPMS patients 
[114]. Staff et al. reported the safety of intrathecal administration of AD-MSCs in 
amyotrophic lateral sclerosis (ALS) patients [115]. In a study conducted by Li et al., it 
was demonstrated that hUC-MSC transplantation is able to reduce MS symptoms and 
relapse occurrence in comparison with control individuals. In addition, the research-
ers observed that hUC-MSC administration results in a shift in Th1 responses toward 
Th2 immunity [116]. In line with the therapeutic impacts of MSCs, Riordan et al. 
indicated that hUC-MSC transplantation is safe and exerts suitable impacts on life 
quality and brain lesion in MS patients [117].

10. Conclusion

There are many documents pointing to stem cell-based cell therapy as a treatment 
for MS and other neurological disorders. However, an inconsistency in the results 
of these studies is observed. Among different types of stem cells, MSCs are more 
possible to consider as a therapeutic approach for MS treatment because they utilize 
different mechanisms involved in regulating immune responses and repairing CNS 
damages. Furthermore, MSCs have anti-oxidant and anti-apoptotic properties and 
trophic factor secretion, which exert positive effects on the axon and neural stability. 
Numerous studies have recommended that MSCs derived from umbilical cord and 
adipose tissue can be more effective for stem cell therapy. Moreover, hAECs are men-
tioned as a novel source of the cells, which have immunoregulatory effects and show 
a potential for differentiation into the cells originating from three germinal layers. 
Consequently, hAECs may be considered a therapeutic method to manage and control 
MS. However, more experimental studies should be done to illustrate their efficiency 
and mechanisms involved in the treatment of MS.
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Abstract

Regenerative medicine aims to repair organs or tissues that have congenital 
abnormalities, or that have been damaged by disease, aging, or trauma, and to restore 
or at least improve their native function. One of the strategies used in regenerative 
medicine is stem cell therapy, due to the enormous regenerative potential of stem 
cells. A staminal cell line is a group of cells that can replicate for an extended period 
in vitro, that is outside the body. These cells are grown in incubators using a culture 
medium that should have a temperature and an oxygen/carbon dioxide composition 
that simulates the desired environment. This chapter describes the main character-
istics of stem cells, the main fields of application, and outlines what could be the 
future developments of their use, also considering the ethical and technical problems 
that currently limit their use. There is still much to be done in the field of stem cell 
research, and researchers are working tirelessly to remain leaders and innovators in 
it. A struggle, step by step, will make it possible to have more information on current 
knowledge by expanding the scientific literature and push current limits ever further.

Keywords: stem cells, regenerative medicine, clinical studies, research strategies, 
therapeutic method

1. Introduction

In recent years, increasing attention has been paid to the study of various types of 
cells, with particular attention to their properties, to promote regenerative processes 
and/or to be used for the cellular treatment of many diseases [1]. Great interest in 
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research has been aroused by stem cells; their ability to self-renew, and differentiate 
into mature adult cells has made them, since their discovery, extremely promising for 
the regeneration of human tissue [2]. It is no coincidence that the first results of their 
use have contributed to the real definition of “regenerative medicine” [3]. Today, stem 
cells and their differentiated derivates are increasingly used in an ever-widening field 
of cellular studies, often with the aim of treating the condition of cell loss related to 
various diseases [4].

Stem cell division can give birth to an asymmetrical offspring with an additional 
progenitor cell and a daughter stem cell. For this reason, they exhibit both self-
renewal and regeneration capabilities. The differentiation capacity of stem cells 
depends on their specification potential.

Generally, the renewal of adult stem cells (ASCs) is limited because they can 
only differentiate into specific cells of a single tissue. Finding stem cells capable of 
differentiating into all tissue types is a challenge. In the event that all terminal cell 
populations can be reached the cells are said to have the property of totipotency, 
while the ability to pursue a more restricted pattern of phenotypes is the property of 
multipotency [5] (Figure 1).

Scientists have traditionally dealt with two types of animal and human stem 
cells: embryonic stem cells (ESCs) and non-embryonic “somatic” or “adult” stem 
cells. Almost 30 years ago, in 1981, researchers discovered how to obtain ESCs from 
early mouse embryos [7]. A method to extract stem cells from human embryos, and 

Figure 1. 
Totipotent stem cells generate all the cell types of the organism (e.g., zygote or fertilized egg). Pluripotent stem cells 
produce all the embryonic germ layers (endoderm, ectoderm, and mesoderm). Multipotent stem cells generate a 
limited number of cell types based on their tissue of origin. Mesenchymal stem cells give rise to fat, bone, muscle, 
and cartilage. Hematopoietic stem cells give rise to different types of blood cells (for example platelets, and red 
and white cells). Neural stem cells give rise to neurons, oligodendrocytes, and astrocytes. Oligopotent stem cells 
generate some closely related cell types (for example myeloid stem cells). Unipotent stem cells generate a single cell 
type (e.g., epidermal stem cells or muscle stem cells) [6].
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growing the cells in the laboratory was discovered in 1998, as a result of a deepen 
examination of mouse stem cell biology [8]. Human embryonic stem cells (hESCs) 
were the name given to these cells. The in vitro fertilization techniques utilized in 
these investigations were used to produce the embryos for use in reproduction. When 
they were no longer needed for that function, they were given to study with the 
informed consent of the donor. ESCs possess powerful properties, but their use goes 
against ethical principles [9], and for this reason it has been limited. Today there is 
already and will probably continue to be in the future, a debate on their use, on the 
possibility of keeping them in culture for more than 14 days, and on all the social, 
moral and ethical problems connected to them [10].

A possible way to overcome this obstacle was already found in 2006 by Takahashi 
and Yamanaka. Under unknown circumstances, some specialized adult cells were 
genetically “reprogrammed” to take on a stem cell-like form. The current name of this 
novel form of stem cell is induced pluripotent stem cell (iPSCs). iPSCs exhibit mor-
phology, growth properties, and cell marker gene expression of ESCs, without ethical 
concerns. iPSCs can differentiate in various human tissues and exploit regenerate 
properties [11, 12], given their pluripotency capability. Unlike hESCs, iPSCs do not raise 
any ethical concerns regarding the timing of human personality initiation [13, 14].

However, both ESCs and IPSCs carry the risk of tumor formation, a risk related 
to both pluripotency and self-renewal. This is a critical factor of both cells types [15]. 
Furthermore, iPSCs still present some technical issues related to immune rejection 
after transplantation. This means that research in this field needs to be expanded 
because more studies are needed before using iPSCs as a viable tool for in vivo tissue 
regeneration [16, 17].

2. Origin of stem cells

Stem cells have the ability to self-renew, i.e. to create copies of themselves, and to 
differentiation into lineage populations, i.e. to develop into more specialized cells, 
which allow cell turnover in the respective tissues present in multicellular organ-
isms [18]. The production of tissue-specific stem cells, which generally assist the cell 
renewal of all tissue types for the development of the organism, is a necessary step in 
the life cycle of a complex organism [19].

The core cells of the 3- to 5-day-old embryo, known as blastocysts, give rise to the 
complete body of an organism, including the numerous specialized cell types and 
organs such as the heart, lung, skin, sperm, eggs, and other tissues [20].

Distinct populations of ASCs provide replacements for cells lost due to natural 
wear and tear, injury, or disease in different adult tissues, such as bone marrow, 
muscle, and brain. Stem cells allow novel therapeutic possibilities for addressing these 
conditions thanks to their exceptional ability to regenerate [21].

Scientists can study the basic characteristics of stem cells and what distinguishes 
them from other specialized cell types through laboratory investigations. In laboratories, 
stem cells are already being used by researchers to test new drugs, create models/systems 
to study healthy growth, and pinpoint the origins of birth abnormalities. Understanding 
of how an organism grows from a single cell and how healthy cells replace damaged ones 
in adult creatures has been advanced through stem cell research [19, 22].

One of the most promising areas of modern biology is stem cell biological product 
research. It has recently been ascertained that miRNA-containing vesicles, such as 
exosomes, could induce a change in some pathologies [23–25] (Figure 2).
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There is still much work to be done in laboratories and clinics to improve the efficacy 
of using these cells and their byproducts in what are termed cellular treatments, or even 
regenerative or reparative medicine treatments, of a diverse pool of diseases [26].

3. Stem cells subpopulations

All stem cells can self-renew and develop, as described in the previous chapter, but 
they differ greatly in what they can and cannot become and in the conditions under 
which they can and cannot perform certain functions. This is one reason why scien-
tists employ different kinds of stem cells in their study.

3.1 Adult stem cells

ASCs are undifferentiated cells found in some differentiated tissues of the body and 
have the possible property of self-renewing or producing new cells to replace damaged 
or dead tissue [27]. Alternatively, ASCs are sometimes referred to as “somatic stem 
cells”, where the term “somatic” refers to the non-reproductive cells of the body (eggs or 
sperm). Some examples of ASCs are: Epithelial and Skin Stem Cells, Neural Stem Cells, 
Hematopoietic Stem Cells (Blood Stem Cells), Mesenchymal Stem Cells [28] (Figure 3).

ASCs are often insufficient in native tissues, making them difficult to study and 
harvest for research [29]. Distinct populations of ASCs, which are present in most 
tissues in the human body, produce new cells to replace those lost as a result of natural 
repair, disease, or damage.

All tissues in a person, including the umbilical cord, placenta, bone marrow, 
muscle, brain, adipose tissue and lipoaspirates, skin, stomach, etc. include ASCs.

Figure 2. 
Adult adipose tissue derived murine stem cells ADAS. Here shown, ADAS cultured with complete DMEM 
containing 10% FBS and 1% P/S mix 1:1, and incubated at 37°C in a 5% CO2 atmosphere. These cells have the 
characteristic of producing exosomes, which in recent studies have shown to have unique characteristics for some 
neuropathologies [23]. The image acquisition was done using a bright field optical microscope, Olympus BX-51 
(Olympus, Tokyo, Japan) equipped with a digital camera (DKY-F58 CCD JVC, Yokohama, Japan) and connected 
with a PC endowed with image-pro plus 7.0 software.
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In 1948, the first ASCs were removed and utilized to create blood [30]. When the 
first adult bone marrow cells were employed in clinical therapy for blood disorders in 
1968, this process was expanded [31].

For more than 40 years, treatments for blood disorders such as leukemia and lym-
phoma have included transplantation of peripheral blood stem cell and bone marrow [32].

There is an ongoing debate. According to some studies [33], ASCs can only pro-
duce the cell types of the tissue in which they reside. However, other studies suggest 
that ASCs may be able to produce cells of other tissue types [34]. More research is 
required to clarify this aspect.

Scientists have demonstrated that ASCs are present in most body tissues. Scientific 
research is looking for ways to locate, isolate, and multiply these cells for therapeutic use.

Most of the biological effects of ASC are probably mediated by extracellular 
vesicles, such as exosomes, which influence surrounding cells. The current develop-
ment of exosome therapies requires efficient and non-invasive methods to localize, 
monitor, and trace exosomes [25] (Figure 4). The idea behind these therapies is that 
the exosomes and the chemicals released are the stem cells’ way of manifesting their 
therapeutic function.

3.1.1 What are exosomes?

Exosomes are vesicles that include peptides, mRNA, and microRNAs [35, 36], range 
in size from 50 to 150 nm, and are essential for intercellular communication [37]. 

Figure 3. 
Fat harvesting via liposuction. Here shown, human adipose derived mesenchymal stem cells cultured with DMEM 
complete medium for 2 weeks, fixed with PFA 3%, washed PBS 1x stained with hematoxylin, the protocol involved 
the seeding of ADSCs on a 12-wells plate with sterile slides on the bottom of each well. The cells were seeded and 
incubated with 1 ml of complete culture medium for 24 hours at 37° C and 5% CO2. At the end the cells were fixed 
with paraformaldehyde 4%, stained with Mayer’s hematoxylin (bio-Optica, Milan, Italy) for 5 min. Finally, the 
cells were washed with tap water for 5 min and mounted with mount quick aqueous solution (bio-Optica, Milan, 
Italy). The image acquisition was done using a bright field optical microscope, Olympus BX-51 (Olympus, Tokyo, 
Japan) equipped with a digital camera (DKY-F58 CCD JVC, Yokohama, Japan) and connected with a PC endowed 
with image-pro plus 7.0 software. Slides were gently cleaned with ethanol, acquired using a 20X.
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They mimic the effects of stem cell transplantation by delivering physiologically active 
chemicals to recipient cells, which change their gene expression and behavior.

According to several studies, stem cell-derived exosomes may have a role in syn-
aptic plasticity, nerve regeneration, neuronal protection, and neurological recovery 
[38, 39].

By using these vesicles as a treatment, rather than their generated parental cells, 
restrictions and dangers for cell transplantation are avoided.

3.2 Embryonic stem cells

The embryo, known as a blastocyst at this stage, contains an inner cell mass 
capable of growing all the specialized tissues that make up the human body, 3 to 
5 days after fertilization and prior to implantation [40]. ESCs are produced from the 
inner cell mass of an in vitro fertilized embryo, donated for scientific research. ESCs 
are not made from eggs that have been fertilized inside a female’s body [41].

Isolable only in the early stages of development, these pluripotent stem cells can 
develop into virtually any cellular form (Figure 5). One of the research objectives is 
to understand how these cells differentiate during development [42]. The progressive 
increase in knowledge about these stages of development, could allow researchers to 
use ESCs generated in vitro to rebuild different types of tissue, such as neurons, skin, 
gut, and liver for transplantation [43].

Figure 4. 
TEM images of ADAS incubation with nanoparticles (NPs) were morphologically analyzed through a 
transmission electron microscope (TEM) in order to confirm the intracellular uptake of NPS and visualize their 
intracellular localization. The scale bar in the left and right pictures is 5000 nm, and the Centre picture is focused 
on the endocytic invagination containing nanoparticles and the internalized nanoparticles inside the endosome 
(scale bar 2000 nm). Cell pellets were fixed for 1 h in 2% glutaraldehyde in 0.1 M phosphate buffer (PB) and, 
after washed, postfixed for 1 h in 1% OsO4 diluted in 0.2 M K3Fe (CN)6. After rinsing in 0.1 M PB, the samples 
were dehydrated in graded concentrations of acetone and embedded in a mixture of Epon and araldite (electron 
microscopic sciences, Fort Washington, PA, USA). Ultrathin sections were cut at 70 nm thickness on a Ultracut E 
ultramicrotome (Reichert-Jung, Heidelberg, Germany), placed on Cu/Rh grids and contrasted with lead citrate. 
Samples were observed with Pa Philips Morgagni 268 D electron microscope (Fei company, Eindhoven, the 
Netherlands) equipped with a mega view II camera to acquire digital images [25].
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In the future, ESCs could be used to treat a broader spectrum of disorders. It is hoped 
that once this technique is well understood, the information will be applied to vehicular 
ESCs, i.e., induce them to differentiate into the specific cell type required for patient 
therapy [44]. Currently, diseases treated with ESCs transplantation include diabetes, 
spinal cord injury, muscular dystrophy, heart disease, and vision/hearing loss [45].

3.3 Reprogrammed pluripotent stem cells

Halfway between ASCs and ESCs are iPSCs, which are stem cells produced in a 
laboratory, by introducing embryonic genes into a somatic cell, such as a skin cell, so 
that it returns to a “stem cell-like” state [46].

The production of these cells is an innovative technique of genetic reprogram-
ming. First identified in 2006 [47], several years of study will be required before they 
can be used therapeutically.

The potential to alter recipient somatic cells into a “ESC-like” state undoubtedly 
makes therapies using iPSCs attractive [48]. The cells required for the therapies could be 
produced using appropriate differentiation processes of these iPSC cells. What makes 
this technique attractive is that it circumvents the need for lifelong histocompatibility 
immunosuppression, as is the case with transplanted cells of donor stem cells [49].

iPSC cells are regarded as pluripotent, making them similar to most ESCs. 
However, unlike for ESCs, manipulation of iPSCs has not been successful in growing 
the outer layer of an embryonic cell, which is required for the cell to develop into a full 
human individual [50]. But, iPSC research is rapidly moving towards translational 
and clinical applications [51].

4. Advantages of different stem cell lineages

It is possible to list some advantages and disadvantages associated with the three 
distinct stem cell types (ASCs, ESCs, and iPSC) previously described. If we start from 
the analysis of the disadvantages and ongoing debates on the use of different stem 
cells, we are immediately redirected towards their advantages.

ASCs – Among the positive characteristics of ASCs is their ability to transdifferen-
tiate and reprogram themselves. Also they are less likely to be rejected when used in 
transplants [52]. Their efficiency in the therapeutic field has already been proven in 
numerous clinical applications [53].

Figure 5. 
Schematic representation of ESCs. ESCs are pluripotent, and are derived from the inner cell mass of a blastocyst. 
Human embryos reach the blastocyst stage 4–5 days after fertilization and at that time consist of approximately 
50–150 cells [40].
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ESCs – Among their advantageous properties, ESCs have the potential to be maintained 
in culture, and to grow even for more than a year. Numerous protocols have been estab-
lished for their maintenance in culture, protocols that consider the ability of these cells to 
produce most cell types in the body [54–57]. There are numerous studies relating to these 
cells, which appear to be among the most investigated stem cells. A further increase in 
these studies may lead to more knowledge about how living things develop and thrive.

iPSCs – iPSCs are mostly derived from donor somatic cells. This means that they 
can be utilized in large quantities, avoiding histocompatibility issues in transplants. 
These cells have performed well in preclinical drug testing and research/development 
studies [58–60]. The definition of the new cellular “reprogramming” procedure, and 
the new knowledge deriving from it, could be applied to define in vivo therapies for 
the reprogramming of damaged or diseased cells and tissues.

The currently best-known cell therapy for the treatment of blood malignancies 
and other blood problems is bone marrow transplantation, which transplants blood 
stem cells [61].

Theoretically, Parkinson’s disease, spinal cord damage, stroke, burns, heart disease, 
Type 1 diabetes, osteoarthritis, rheumatoid arthritis, muscular dystrophy, and liver 
disease are all possible candidates for stem cell therapy [62]. Additionally, regeneration 
of the retina using isolated ocular stem cells could one day contribute to the reversal of 
blindness, providing a potential treatment for distressed or injured eyes [63].

Cell therapy, which replaces unhealthy cells with healthy ones to treat disease, is 
one potential use of stem cells; it is comparable to organ transplantation, except that 
the cells rather than the organs are transplanted (Figure 6).

Figure 6. 
Autologous human iPSCs can be derived from individual patients and differentiate into different cell types. To 
develop new therapies, isolated and cultured cells are used to observe specific disease phenotypes and identify 
possible new pathological mechanisms. Cell therapy includes therapies based on stem and non-stem cells, 
unicellular and multicellular, with different immunophenotypic profiles, isolation techniques, mechanisms of 
action and regulatory levels. The use of human iPSCs, autologous to the patient, offers an innovative approach for 
regenerative medicine ([35, 36]).
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5. Limitations and obstacles to their use

Many factors still need to be considered and many studies are still needed to fully 
understand how to use stem cells.

ASCs – The differentiating capacity of ASCs are not yet fully elucidated [64]. This 
may mean that a different interpretation of their properties is needed, considering 
them multi- or unipotent.

Furthermore, ASCs cannot be grown for long periods of time in culture without an 
observable phenotypic change occurring and fail to prevent their immortalization.

Another limitation of the use of these cells is that they are present in small quanti-
ties in the tissues. This makes it difficult to identify the niche and the purification/
isolation process is tedious. Currently few technologies are available to generate large 
quantities of cultured stem cells and keep them incubating. We have previously suc-
cessfully tested the combination of CELLviewer [65] with Spin∞, a new bioreactor 
still in the prototype stage [66].

ESCs – The limitations and obstacles that can be found in the use of ESCs concern 
various aspects, among which the fundamental one is that the cell line generation 
process is inefficient. Moreover, their use is strictly regulated [67].

It is uncertain whether they would be rejected if used in transplants. Therapies 
that use ESC pathways are largely new, and much more research and testing is needed 
to ascertain their effectiveness as alternative pathways to conventional clinical 
 treatments [68].

Finally, when used directly from the undifferentiated culture, ESCs for tissue 
transplants can generate and cause tumors (teratomas) or the development of cancer.

iPSCs – The reasoning on iPSCS turns out to be more complex. Since the transcrip-
tion and reprogramming factors of stem cells were identified in 2006 [47], several 
methods to obtain iPSCs have been certified. These methods have been duly included 
in protocols that ensure cell reproducibility and maintenance [49]. New discover-
ies are not uncommon, given that the tissues into which they differentiated are not 
known a priori [69].

An important limit to the use of these cells are the viruses that are currently used 
to introduce embryonic genes into somatic cells. Studies in mouse models have shown 
that these viruses can cause tumors.

The use of iPSCs has given rise to several controversies because, however, there 
could be numerous application possibilities in the research field and in the market.

As far as ethical aspects are concerned, for the use of ASCs has not raised any signifi-
cant issue. For the use of ESC, to acquire the inner cell mass, the embryo is destroyed. 
Therefore, donor consent is required. Relevant problem may concern iPSC cells because, 
when exposed to the right conditions, they have the potential to become embryos.

It should be noted that there can be many possible hitches related to the cellular 
therapy. For example, in the presence of insufficient synthesis of stem cells in the 
bone marrow, a poor transfusion is obtained, i.e. a transfusion with few cells. This 
is typical of elderly individuals who, compared to younger individuals, have a lower 
capacity of the bone marrow to produce stem cells. Regardless of the number of cells, 
the quality of these cells is also crucial.

Finally, not all existing health problem can be solved with stem cell treatment. 
Each person responds differently; the fundamental goal of this method is to provide 
the body with the means and the optimal environment to repair damaged tissue on its 
own. The knowledge of the type of patients to be treated in the different modalities 
to optimize therapeutic outcomes has significantly improved. For some pathologies/
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patients, on the other hand, there has been no progress and it is not yet known what 
the most suitable cell therapy might be. Additionally, the outcome of any procedure 
relies on the participant’s individual body resilience. Each body can respond differ-
ently. Therefore, it is currently not possible to generalize the results of a treatment or 
to determine it as the ideal treatment for a given pathological condition. There is no 
universal treatment plan.

6. Future perspectives of culturing stem cells

Faced with the possibility of using different stem cells, it should be remembered 
that the cells can be used in abundant quantities of donor somatic cells, thus making 
autologous treatments possible. In other words, the histocompatibility problems typi-
cal of transplants from donors other than the recipient, which are normally the main 
reasons for rejection, could be avoided.

Stem cells can be useful for several areas of interest such as drug development or 
development studies.

Finding a suitable stem cell source is the first step. Finding, isolating, and cultivating 
the proper type of stem cell, such as a rare cell in adult tissue, requires painstaking work.

Tissue-specific stem cells are thought to be less adaptable than embryonic and 
foetal stem cells, in general. The correct environment must be created after the stem 
cells have been identified and separated, an environment where the cells can differen-
tiate into the specialized cells needed for a specific therapy.

A transport/migration system for cells to the area of the body where they are to act 
must be created. It is only in this area that the cells must perform their action, inte-
grating with the body’s native cells. However, although cells can chemically recognize 
injured tissue, there may be a physical barrier, such as a blocked artery, preventing 
these cells from “traveling” to damaged regions. The rate of tissue regeneration will be 
poor, slow, or non-existent if the root cause of the blockage is not removed.

Like organ transplants, it may be necessary to suppress the immune system of 
the body to lessen the immune response triggered by the donated cells. It should be 
considered that the body may react negatively to the addition of progenitor cells caus-
ing the formation of tumors or accelerating their growth rate. The oncological field is, 
without a doubt, a field in which cell therapy research must be strengthened, given its 
potential, but with the appropriate measures.

Since 2001, hundreds of stem cell lines have been developed; these lines are much 
more adaptable and easier to deal with than lines established nearly a decade ago [70]. 
They also have the advantage of not being “contaminated” by being produced from 
other cells. Therefore, the National Institutes of Health (NIH) or other competitive 
funding organizations are unlikely to support experiments limited to older cell lines, 
given the advantages of newer ones [71]. The study of stem cells and their potential 
uses for the treatment of various human diseases is still in its infancy, despite encour-
aging results from animal models. To guarantee long-term efficacy and safety, a 
thorough research process should be followed.

7. Conclusion and final considerations

Fundamental knowledge of how organisms grow and develop, as well as 
how tissues are maintained throughout adult life, is aided by stem cell research. 
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Understanding what goes wrong during disease and damage and, ultimately, how 
to treat these diseases, is necessary. In the future, researchers will have the means 
to simulate diseases, test medications, and create increasingly effective treatments 
with the help of developing human tissue and stem cell lines, and related biological 
products.

In conclusion, there are two factors that make the creation of disease- or patient-
specific pluripotent stem cells extremely therapeutically promising. First, these cells 
may offer a powerful new tool for researching the causes of human diseases and for 
developing new drugs. Secondly, the generated ESCs could be transformed into a 
specific cell type and, if transplanted into the original donor, would be recognized 
as “autologous,” eliminating the issues with immunosuppression and rejection that 
arise with transplants from unrelated donors. The research must go on and unlock the 
potential of stem cells to further advance regenerative medicine.
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Chapter 11

A New Cell Stem Concept for 
Pelvic Floor Disorders Prevention 
and Treatment – Endometrial 
Mesenchymal Stem Cells
Manuela Cristina Russu

Abstract

High rate complications and recurrences in reconstructive surgery using in situ 
synthetic/polypropylene (PP) meshes have driven to a new concept based on mes-
enchymal stem cells (MSCs) for homeostasis repair in pelvic floor disorders (PFD). 
Prevention and therapy with MSCs are up to date analyzed on small and large animal 
models, less in women trials. Cell based-vaginal/intraurethral, or systemically intro-
duced, tissue engineering (TE) with new generation meshes/scaffolds MSCs seeded-
bone marrow, adipose tissue and recently proposed the endometrial/menstrual MSCs 
(eMSCs/MenSCs) for PFDs, management. Easy collected, isolated with specific 
markers, cultured for number harvesting, without ethic and immune compatibility 
issues, with unique biologic properties eMSCs/MenSCs differentiate in many cel-
lular types—smooth muscle, and fibroblast-like cells, preserving cell shape, and 
phenotype, without oncogenic risks, and collagen, elastin fibers; eMSCs/MenSCsare 
appropriate for PFDs management, respecting good protocols for human safety. 
The quick appeared regenerative effect-mediated by angiogenesis, apoptosis inhibi-
tion, cell proliferation, no chronic inflammation and low/no foreign body reactions, 
less thick collagen fibers, and fibrosis improve connective/neuromuscular tissues; 
less pelvic structures stiffness with more elasticity are advantages for new meshes/
scaffolds generation in TE. Human eSMCs/MenSCs deliver bioactive factors by their 
exosomes/microvesicles/secretome for paracrine effects to injury site, facilitating in 
vivo tissue repair.

Keywords: pelvic floor disorders, endometrial/menstrual mesenchymal stem cells, cell 
based therapy, tissue engineering, new generation meshes/scaffolds

1. Introduction

Pelvic Floor Disorders (PFDs) are a continuous gynecologist’s challenge, reason 
for this paper to review their correction attempts, by better knowledge of patho-
physiology, pelvic connective tissue structure and biology with the new concepts 
of regenerative medicine by mesenchymal stem cells (MSCs) and/or their bioactive 
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mollecules, sometimes crucial. All these objectives are after the era of reconstructive 
surgery with native tissue or in situ synthetic/polypropylen (PP), non-absorbable 
meshes for fascia repair. The surgical procedures have immediate, and subsequent 
(within 5 years) complications (10–30% rate) [1], disorder’s recurrence or a new 
disorder, and host reactions to mesh—as a foreign body reaction (FBR), with fibrosis, 
mainly to transvaginal type, explaining abnormal functions after interventions. FDA 
(USA) had two public health notifications, warning since 2010 against vaginal mesh 
use in POP, because complications, recurrences, and litigations [2]; PP mesh use is 
prohibited for transvaginal POP surgery in Australia, New Zealand, USA, and UK 
[3]. Stem cells, as endometrial/menstrual mesenchymal stem cells (eMSCs/MenSCs) 
with their remarkable unique biological properties are considered a new potential tool 
for PFDs prevention and therapy, in a properly response to pathophysiology. MSCs 
are key regulatory components in the regenerating stem cell local microenvironment 
termed “stem cell niche” or for MSCs culture conditions, per se or by their secretome, 
facts that positively influence altered pelvic floor connective tissue, and contribute 
to tissue homeostasis restoration [4]. Allogeneic and autologus MSCS/MenSCs  are 
proposed for these aims, being easy collected, isolated, purified with known perivas-
cular surface markers for pericytes [5], and with the novel single perivascular marker 
Sushi Domain Containing 2 (SUSD2) for purifying eMSCs [6], and maintaining cells 
clonogenicity, reduced by flow cytometry used for their sorting [5, 6]. Different 
to other MSCs culture expandation imposing presence in culture medium of some 
constituents of their secretome [7, 8], for eMSCs and ERCs one adds transforming 
growth factor-β receptor inhibitor (TGF-β R inhibitor), that limits cells spontane-
ous differentiation to fibroblasts, and maintains the undifferentiated cells status in 
days following administration, to ensure efficacy [9]. eMSCs and ERCs have no ethic 
issue, or incompatibility risk, no need of immunosuppressive adjuvant drug, they 
intervene in repair and regeneration by new blood vessels formation, modulating host 
immune system, reducing chronic inflammation, FBRs, and fibrosis, with no scar 
as endometrium regenerates after each menstruation from the menarcha to meno-
pause, under a normal estrogen/progesterone balance, and in postmenopause when 
on menopausal hormone therapy (MHT). One proposes cell based therapy-eMSCs/
MenSCs direct placement in vaginal walls or intraurethral, or systemic administra-
tion [10, 11] to prevent postpartum POP or SUI, and tissue engineering (TE)/tissue 
grafts with eMSCc/MenSCs seeded in a new meshes/scaffold generation preferable 
biodegradable, obtained by a variety of technologies, as knitting (like old ones) from 
alternative synthetic and natural polymers, electrospinning, and three-dimensional 
printing [12], and a composite mesh of polyamide plus a gelatin layer [13], instead 
of PP meshes, with no ectopic tissue formation, or malignant tumor [14]. There are 
many small and large animal models, and few human clinical studies on MSCs for 
tissue restoration and repair when PFDs.

2. Contemporary burden of women’s pelvic floor disorders

PFDs named also Pelvic Floor Dysfunctions represent a women old pathology, with 
high incidence and prevalence in the last 70 years, associated to worldwide lifespan 
increase, independently to their different definitions and diagnosis criteria, last 
updated in 2010 by the International Urogynecological Association and International 
Continence Society [15], with over 250 definitions for clinical categories and subclas-
sifications, and alphanumeric code for each definition. PFDs is an umbrella term for a 
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group of clinical conditions caused by pelvic floor supportive tissue weakening, some-
times degenerative, occurring independently or simultaneously, connected to genetics, 
childbirth and aging, and it includes pelvic organs prolapse (POP) into vagina, as a 
hernia in the endopelvic fascia [16], and alterations in sensory or emptying abnor-
malities of the lower urinary and gastrointestinal tracts: urinary incontinence (UI) 
with clinical manifestations of stress urinary incontinence (SUI), overactive bladder 
syndrome (ORB), detrusor instability, urinary retention, and fecal incontinence, and 
sexual dysfunctions. PFDs are diagnosed in middle-aged women as stress urinary 
incontinence (SUI)—incidence peak around 46 years, and in elderly women when a 
second SUI peak between 70–71 years, being described in young women, also, around 
18 years, with annual risk of 3.8 and 3.9 per 1000 women at that bimodal peaks; the 
risk for pelvic organ prolapse (POP) is increasing progressively from 50 to 60 years in 
Swedish population [17], to ages of 71 and 73 years, when annual risk is 4.3 per 1000 
North American women evaluated for lifetime risks for SUI, or POP, or both surgery 
between 2007 and 2011 [18], and higher in institutionalized, and when dementia [19]. 
The recent Swedish national register-based cohort study [20] estimated a 12–19% 
lifetime risk for surgery for POP, similar to the earliear 19%-for Australian women 
[21]. PFDs have serious negative influences on women’s quality of life at any age [22]. 
SUI and POP are highly related to childbirth-associated pelvic floor injury [23], less 
influenced by route of delivery (vaginal, cesarean section), sometimes inherited, as a 
familial disorder, associated to other hereditary conditions—joint hypermobility and 
even Ehlers–Danlos syndrome, a mutation in the gene for collagen III [24, 25]. One 
recommends the extension of familial conditions lower than first degree generation 
relationship [26] for familial risk reduction and prolapse prevention, many cases 
being more frequently in postmenopause, without any pregnancy/delivery, when the 
association of ovarian aging hypoestrogenism, plus vasomotor syndrome, depressive 
mood, chronic constipation and cough, obesity, characteristics for this life period, are 
increasing PDFs medical and financial burden [27].

2.1 Synthetic mesh unfavorable results in surgery for pelvic floor disorders

In front of PFDs burden, one tried to correct the supportive tissue of cardinal, 
utero-sacral ligaments, levatorani muscle, and urethral sphincter damaged by gesta-
tion, parturition, and aging initially by non-surgical interventions: physical exercises 
(after delivery), pessaries—first choice for POP symptomatic women [28], or as a 
tool for decision of mid-urethral slim mesh, when one decides POP surgery, to avoid 
over and under-treatment if vaginal mesh is used for an nonexistent SUI or a urinary 
leakage when surgery for POP [29], pharmacological therapies, laser, nonablative 
monopolar radiofrequency [30], and surgery, when all these failure; either vaginal 
or abdominal route, or both with native tissue repair, through open surgery or lapa-
roscopy, or reconstructive surgery with synthetic, monofilament PP mesh respecting 
the principles for different PFDs manifestations, classified in anterior and posterior 
compartment, and vaginal vault disorders. It was evident that the addition of mesh 
as reinforcement to vaginal walls provides better prolapse correction, compared with 
colporrhaphy using native tissue alone, by both objective and subjective criteria [31], 
as it was demonstrated for abdominal wall defects/hernia repair [32]. Unfortunately 
medical staff and patients wishes for pelvic floor normal functions restoration with 
PP meshes were not accomplished, or the results were not better than after native 
tissue repair, being reported high risks—immediate, subsequent (within first 5 years) 
readmissions for later postoperative complications, such as intractable pain, or mesh 
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erosion or extrusion into the bladder, bowel or vagina [33], requiring surgical excision 
in ≥10% [28], or deterioration of vaginal biomechanical properties by high stiffness 
mesh implanted for prolapse [34], and further recurrences of previous disorder, or a 
de novo one, as incontinence surgery-incidence of 9.9% after surgery for POP without 
occult SUI (apical and non-apical) [35] or further prolapse surgery, sacro-spinous fix-
ation with synthetic mesh being a risk factor for POP recurrence [36], andtransvaginal 
PP mesh having a higher risk than vaginal vault sacro–colpopexy [37, 38]. The popula-
tion-based cohort study from Scotland [39] compared the primary outcome—immedi-
ate postoperative complications and subsequent (within 5 years) readmissions for later 
postoperative complications, further incontinence surgery, or further prolapse surgery 
in women older than 20 years, after first, single PP mesh (retropubic mesh, or single 
prolapse mesh procedure) to non-mesh procedures during 20 years. Immediate com-
plications were lower after mesh procedures [adjusted relative risk (aRR) 0.44 (95%CI 
0.36–055) and subsequent prolapse surgery [adjusted incidence rate ratio (air) 0.30 
(0.24–0.39)], and a similar risk for further incontinence surgery [0.90 (0.73–1.11)], 
and later complications [1.12 (0.98–1.27)]. Anterior compartment prolapse PP mesh 
repair was associated to a similar risk of immediate complications as non-mesh surgery 
[aRR 0.93 (95%CI 0.49–1.79)], but with an increased risk of further incontinence [air 
3.20 (2.06–4.96)], and prolapse surgery [1.69 (1.29–2.20)], and a substantially higher 
risk of later complications [3.15 (2.46–4.04)]. Posterior compartment mesh repair was 
associated to a similarly increased risk of repeat prolapse surgery and later complica-
tions as non-mesh surgery. Vaginal vault prolapse had similar outcome when vaginal 
and, separately, abdominal mesh repair were compared with vaginal non-mesh repair. 
Both vaginal and abdominal mesh procedures for vaginal vault prolapse repair are 
associated with similar effectiveness and complication rates to non-mesh repair.

The synthetic meshes used for pelvic floor reinforcement or reconstruction may 
provide the necessary mechanical support for damaged tissue, but implants’ biologi-
cal actions interfere with host biology, inducing the growth of a fibrous tissue layer, as 
an additional physical support, but the scar may contract the mesh, and surrounding 
tissue up to 60% [40], Mesh parameters influence host tissues: microstructure-
porosity (permeability for host’s cells, mainly immune cells, fibroblasts, macrophages, 
metabolites, oxygen at repair place, and also bacteria effects, by chronic inflam-
mation), fiber filament type (monofilament: polyamide and polyetheretherketone 
monofilaments or multifilaments; synthetic/natural/composite), and diameter, mesh 
weight (light/ultralight/heavy), mechanical properties as stiffness, and elasticity, 
chemical properties, materials biodegradability, and integration in host organ by new 
blood vessels formation, facts that contributed to the new concept of stem cells in cells 
based therapy, and tissue engineering (TE) for PFDs prevention or repair [13, 41].

3.  A new concept of stem cell use in prevention and therapy of women’s 
pelvic floor disorders

Tissue engineering is a new option in the field of pelvic floor repair when soft 
tissue reinforcement  or reconstruction, or normal function  are necessary. MSCs  
and/or their secretome  are    proposed  after many studies regarding pelvic tissue 
biology,  materials properties associated to stem cells designed to restore the anatomi-
cal functions, to  provide a real  pelvic floor mechanical support after damage, usually 
to be like a hammock, and to offer  both the lost stiffness when under tension and the 
flexibility under bending [42].
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3.1 Tissue homeostasis/remodeling behind repair in pelvic floor disorders

Pelvic floor—a complex resistance piece, keeps pelvic organs within the body, 
still allowing passage through urethra, vagina and anal canal, around which are 
designated striated muscles—levatorani, with its three fascicles, and superficialperi-
nealmuscles or urogenital diaphragm [43], forming a functional neuromuscular unit, 
and fibrous connective tissue, generating endopelvic fascia, cardinal and utero-sacral 
suspensory ligaments, and vaginal dense fibromuscular-connective tissue. Pelvic 
connective tissue maintains the position of organs adjacent to vagina, and the close 
anatomical relationship among vagina, bladder, and rectum may contribute to the 
emergence of anatomical-functional failure of adjacent organs/systems, in PFDs [44], 
according to their normal different stiffness/elasticity. Animal models indicate that 
molecular changes in tissue composition, mainly protein content, coincide to altered 
biomechanical properties, in PFDs, mainly in POP, as one cites in Australian [45], 
European [46], North American analyses [47, 48]. Human and mouse pelvic floor 
provided similarities of pathological changes, centered on deep and superficial mus-
cles, ligaments, and connective tissue, mainly on vaginal walls. Pelvic floor connec-
tive tissue contains stromal cells and a very complex extracellular matrix (ECM). The 
balance between ECM synthesis and degradation during women/females life is a key 
in pelvic floor properties, and the vaginal structures are strongly influenced during 
women, small and large animals life, ovine models demonstrating architectural and 
functionaldifferences according the reproductive status. The Australian ovine model 
[45] revealed the lowest total collagen content in virgin vaginal tissue, in contrast to 
parous tissue with highest total collagen and lowest elastin content with concomitant 
high maximum stress, in contrast to pregnant sheep with lowest collagen and high-
est elastin contents, and thickest smooth muscle layer and low maximum stress, and 
poor dimensional recovery following repetitive gestational loading. The vaginal tissue 
is anisotropic with some biomechanical properties—loading pressure, deformation 
rates, resistance to rupture, which were tested in ewes [49], and in vaginal specimens 
collected during surgery for POP [50] compared to specimens from cadavers without 
noticed PFDs (non-pelvic organ prolapse)—the first experimental study providing 
vaginal tissue mechanical behavior. The results highlight the non-linear relationship 
between stress (force per unit of surface) and strain, the vagina being hyperelastic 
and supporting very large deformation before rupture appearance, as in labor, and 
fetal expulsion. The vaginal walls tissue is stiffer in patients with POP than non-POP 
[51]. Comparison of biomechanical properties of the crucial organs of pelvic support 
[52], showed significant differences at large strain levels: vagina is more rigid, and 
less extendible than rectum, which, is more rigid than the bladder. The anterior and 
posterior vaginal walls have different stiffness, and the bladder tissue was anisotropic 
at large strain levels, facts very important for tissue repair: region with dysfunction/
disorder, or procedure type.

ECM molecules are arranged in a matrix/scaffold, surrounding stromal cells 
(fibroblasts, myofibroblasts, smooth muscle) that synthesize collagen, as tropocol-
lagen and elastin, as tropoelastin to form the fibers complex network, plus proteogly-
cans, and matricellular proteins, enzymes, according to their genes. All forming the 
complex network of pelvic floor support, recently updated [53]. EMC contains:

• tropocollagen, self-assembled into fibrils, aggregating to form a collagen type I (for 
tensile strength) and type III collagen fiber (for elastic properties, and increased 
collagen III reduces mechanical strength [54]; collagen form a cross-linked 
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network intertwined with elastin—the elastic fibers core component, secreted by 
elastogenic cells as the monomer tropoelastin, and undergoes self aggregation, 
cross-linking and deposition on to microfibrils assemble into insoluble elastin 
polymers. A microfibril scaffold-primarily formed by the protein fibrilin-1, is 
required for elastic fibers formation [53]. Collagen and elastin fibers are sur-
rounded by a viscous substance of proteoglycans-consisting of a core protein 
to which one or more glycosaminoglycan (GAG) chains—ashyaluronan or 
hyaluronic acid, heparan, dermatan sulfate and the small leucine-rich repeat 
proteoglycans (SLRPs)-decorin, lumican and fibromodulin [17] are covalently 
attached; SLRPs cover the surface of collagen fibers, contributing to fiber 
optimal formation [55]. Proteoglycans have key roles in controlling gradients and 
availability of potent growth factors, chemokines, cytokines, and morphogens, 
very important in tissue’s homeostasis, mechanical strength, development, and 
repair. One or more proteoglycans are cell surface or transmembrane receptors 
for adhesion molecules in all mammalian extracellular matrices [56], contribut-
ing to progenitor stem cells microenvironment/niche [57, 58].

• matricellular proteins or elastic fibers associated [59]: fibrilin-1, fibrilin-2, 
fibulin-3, -4, -5, are involved in elastic fibers synthesis and assembly. Fibulin-5 
is a pivotal molecule with dual functions involving MMP-9 enzyme regulation, 
and in tethering polymerized monomeric form of elastin to surrounding cells 
in vaginal wall, and positively regulating coacervation, but negatively regulat-
ing maturation of coacervated elastin in vitro [60]. When pre pregnancy POP 
fibulin-5 knockout mice increases in severity after vaginal delivery [61–63].

• adhesion molecules: fibronectin; integrins—α, β or α-β integrins interaction with 
fibulin-5 is essential in vascular development, but dispensable for fibronectin 
fibrils assembly.

• enzymes:

○ matrix proteases as matrix metalloproteinase (MMP)-2, MMP-9 involved 
indisruption of collagen and elastin fibers, and particularly increased in POP, 
and in postmenopause comparative to premenopauseal asymptomatic cases; 
estrogens withdrawal or antiestrogenic therapy upregulates MMP-9; and 
TIMP-1, TIMP-2

○ lysyl oxidase-like–1 (LOXl-1)—predominantly catalyzes elastin cross-linking, 
its inhibition associated to increased MMP-9 led to subclinical POP [27, 64], 
because tropoelastin accumulation, according to the theory of antielastase-
elastase inbalance in mice lacking LOXl-1, and the lack of deposit with normal 
elastic fibers in the uterine tract, and an abnormal postpartum heal of elastin, 
In LOXL1 knockout mice, smooth muscle cells stiffness and cells adhesion are 
altered, being proved the interplay between smooth muscle mechanics and 
ECM remodeling, mainly in postpartum [65, 66].

• water, very important for all body composition.

The content, aspect and cross-link of collagen and elastic fibers, matricellular pro-
teins, proteoglycans, and enzymes specially MMPs, LOXl-1 are negatively changed 
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when POP; elastic and mechanical strength are decreased during gestation, and with 
age, beingconceivable that a loss of elastic fiber–associated proteins in pelvic floor 
connective tissues with aging, may disrupt the optimal balance between synthesis and 
degradation of vaginal elastic fibers, and lead to POP, fact associated to the critical 
negative proteases role in POP progression [48]. The fibers amount is less interested 
initially after vaginal delivery; their histomorphology is first changed, regarding 
length (shorter), and cross-linking in net-work [61], fibers density decreases later, by 
aging [67]. The quantification of collagen and elastic fibers shows a more important 
decrease of elastic fibers in superficial epithelial layers near vaginal epithelium, 
and less in the deepness of pelvic cavity, around muscles, and thin, irregular and 
disrupted collagen bundles, higher levels of collagen type III in the vaginal wall, 
and fragmentation of collagen fibers [68], being appreciated that epithelial-stromal 
interactions, and fibulin-5-integrin interactions—that suppress ROS generation, are 
critical in regulation of MMP-9 in mice vaginal wall [48], with an increased level 
of MMP-2, -9 in advanced prolapse [69, 70]. It is sure that such molecular changes 
are not corrected by surgical techniques with native tissue or with PP mesh, and the 
procedures of tissue engineering by different MSCs types, and/or their secretome 
may change pelvic floor future histomorphology and functionality with normal/near 
normal connective tissue appearance, that will be discussed in Section 2.5.

3.2  Genetics, gestational and postmenopausal influences on pelvic floor 
connective tissue disorders

Genes, sexual steroid hormones with their receptors, ligands and co-activators 
modulate pelvic floor structures, and volumes entire women’s life. One analyses 
Homeobox genes (HOXA-11involved in utero sacral ligaments fibroblasts prolifera-
tion and p53 regulation [71]), gene encoding LOXl1-generating a primarily failure of 
elastin postpartum healing in knockout mice, the decrease gene signal for produc-
tion of three SLRPs-decorin, lumican and fibromodulin, which are collagen fiber 
assembly regulators with affected collagen fibrilogenesis and collagen fibrils shape, 
and impairment in elastic fiber assembly by down regulation of fibulin-5 in POP [17]. 
Genes encoding fibulin-5, fibulin-3, Upii-sv40t—involved in elastin fiber structure, 
are analyzed in PFDs associated to knockout mice aging [27].

Pregnancy induces adaptations in pelvic floor structures for vaginal delivery to 
withstand deformations with minimum damages, but vaginal delivery leads to floor 
disorders, damaging nerves, connective tissue, pelvic smooth and striated muscles. 
Pelvic connective tissue reduced stiffness and elasticity is essential, being demonstrated 
that the load carrying response (other than the functional response to the pelvic organs) 
of each fascia component, pelvic organ, smooth muscle, and ligament are assumed 
to be isotropic, hyperelastic, and incompressible [72]. There are parallel gestational 
changes in levatorani muscle: sarcomerogenesis, fiber elongation, and an increased 
ECM collagen content, with muscular stiffness [73], to avoid sarcomere hyperelonga-
tion resulted from mechanical strains imposed by vaginal delivery. Sometimes delivery 
related strains lead to acute sarcomere hyperelongation, and pregnancy pelvic floor 
muscles (PFMs) adaptation is exceeded [74]; with pelvic floor muscles (PFMs) avulsions 
discovered postpartum [73]. Human parturition needs PFMs elongation of 300% in 
resting muscle length to achieve fetal vaginal delivery, as computational models revealed 
[75]. An instrumental vaginal delivery with forceps may induce important damages of 
levator ani muscle visible at 3D/4D postpartum ultrasound [76], and one considers that 
the majority of vaginal deliveries are followed by subclinical damages. The postpartum 
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pelvic floor repair is different from cervix uteri repair, with loss of pregestational EMC 
composition restoration. Each vaginal delivery, in special genes and familial heredity 
conditions, and also without these risk factors, may contribute to EMC damages, with 
changes of pelvic floor shape and in biochemical structure in pregnancy, and post deliv-
ery versus nullipara [77], gestation has the greatest impact on vaginal tissue composition 
and biomechanical properties proved in animal models (mice, sheep), and women. 
Important differences of pelvic floor EMC structures are described [45] between virgin, 
pregnant and parous females regarding total collagen, collagen III/I + III ratios, GAGs, 
and elastin, and in passive biomechanical properties-compliance and elasticity, and 
maximum stress and strain, with permanent strain following cyclic loading after each 
gestation. Vaginal tissue of virgin sheep had the lowest total collagen content and perma-
nent strain, and parous tissue had the highest total collagen, and lowest elastin content 
with concomitant high maximum stress in contrast to pregnant sheep, that had the 
highest elastin and lowest collagen contents, and thickest smooth muscle layer, situation 
associated with low maximum stress, and poor dimensional recovery following repeti-
tive loading. Vaginal biomechanical properties do not recover after pregnancy to those of 
virgins [44], and tensile strength appears to be linked to vaginal content: total collagen, 
elastin, and smooth muscles show a direct influence on tissue compliance—reduced 
after ovine consecutive pregnancies, different to rectum and bladder compliance which 
are stiffer than vaginal walls after many deliveries [78]. Vaginal distensibility pregnancy-
induced and along vaginal delivery by tissue vaginal pressure is not recovered in late 
postpartum rats [79]. It was demonstrated in mice vaginal culture, the POP appearance 
and progression after each pregnancy and vaginal delivery, caused by a combination 
of inhibited elastin linking with tropoelastin accumulation [47], because inability to 
initiate damaged tissue necessary clear and replacement, with poor elastin properly self 
repair after each delivery, through abnormal enzymatic actions of MMP-2 (decrease)—
TMP-4 (rise) [48], after an initial total elastin amount preservation.

Ageing associated hypoestrogenism is worsening pelvic floor condition. Sexual ste-
roid hormones have receptors in all pelvic organs, not only in genitalia (Table 1) [80]. 
Uterine prolapse, but not SUI is diagnosed in nuliparous postmenopausal women.

ERs P4Rs ARs

Vagina + + +

Urethra +

Urethral sphincter +

Periurethal venous system +

Bladder trigon + + +

Pelvic floor
Pubo cervical muscle
Levator Ani muscle
Cardinal ligaments
Utero-sacral ligaments
Periurethral Fascia
Perivaginal tissue

+
?(+/−)
+
+ (α, β)
+ (α, β)
+

+
+
−
−

Adapted from Rechberger and Skorupski [80] (creative common: License CC BY4.0 for adapt). ERs: estrogen receptors; 
P4Rs: progesterone receptors; ARs: androgens receptors.

Table 1. 
Sexual steroid hormones receptors distribution in pelvic floor structures.
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Aging is associated to intrinsic aging stem cells-meaning self renewal reducing, 
through their genes aging [81] in the general dysfunctional frailty syndrome, where 
pro-inflammatory cytokines-TNF-α, IL-6 and C-reactive, are increased [82], and 
one may delay aging effects by menopausal hormone therapy (MHT), started from 
perimenopause for urogenital aging, with local estriol to reduce vaginal atrophy, and 
some symptoms of bladder aging [83, 84], and it is adjuvant in pre and long term 
postoperative care, associated to systemic MHT, around age of 50′ as new protocols 
advice, and different MSCs, types treatments, for frailty delay to safe health and 
function of organs/tissues, and one speaks about safe proper frailty treatment with 
MSCs, to increase health and function of organs/tissues [85, 86].

3.3 Mesenchymal stem/stromal cells for pelvic tissue repair and regeneration

High number surgical gynecological procedures proposed along 100 years showed 
limitations, low adequacy to PFDs pathophysiology, no restoring organs’ normal posi-
tions and functions, and better understanding by three dimensional digital models 
combining DeLancey JO’s theory [16] to Petros P integral theory of continence [inter-
dependence between pelvic organ support systems, linking ligament fascia lesions, 
and clinical expression, with less critics after TVT (tension free vaginal tape) tech-
nique] [87], and tissue structure continuing to deteriorate by aging after correction, 
being far to be restored by surgery either by native tissue or by PP meshes. MSCs, and 
their secretome, are discussed since more than 10 years, specially after techniques for 
their potency enhancement by specific culture systems, including three-dimensional 
culture conditions, or their priming preconditioning with some molecules of their sec-
retome [7, 65]. MSCs represent a pathophysiologic correction, and limitation of PDFs 
progression [88]. Tissue engineering is a new option to restore and maintain micturi-
tion normality via direct effects on damaged or dysfunctional tissues, or pelvic floor 
repair when soft tissue reinforcement is necessary [89, 90], to improve outcomes in 
POP management [91]. MSCs also referred as mesenchymal stromal cells belong to the 
pool of progenitor and adult stem cells (ASCs) family, from all postnatal organs and 
tissues, with specific properties for each one, ensuring the capacity of renewal after 
damage, and in aging [7]. Collected and isolated from various anatomical sites, more 
or less easy accessible, few ethics-related issues, MSCs are actually easily separated/
purified [92], with specific markers, and cultured. Some consider multipotent MSCs 
to have a limited self-renewal capacity [93], in a specific microenvironment termed 
“stem cells niche”, first described by Schofield R [94] as “adult stem cell niche hypoth-
esis”, which is reconsidered to be more dynamically than originally appreciated, with 
a bilateral influence from healthy or damaged tissue to MSCs, mainly by immunologi-
cal and inflammatory signals in conjunction to MSCs’ paracrine effects. Others [95] 
consider that MSCs unique properties-high proliferative ability, self-renewal, differ-
entiation to mesodermal lineages, appropriate to their location, are supporting tissue 
regeneration in physiologic and pathologic conditions, and are contributing to tissue 
homeostasis. MSCs are key regulatory components in the regenerating stem cell niche, 
by the increase of their own compound, or increasing physiologic cells turn-over [96] 
to support tissue regeneration after injury, or are activated in injured tissue, where 
they are inactive [97], or are attracting supporting cells to niche [4], or are activating 
tissue’s own cells to facilitate repair [98], capabilities that are different according to 
tissue type. These biological properties determined the change of “stem” cell nomina-
tion to “stromal” for a more appropriate connotation [7], and earlier Caplan AI [99] 
proposed the name of “Medicinal Signaling Cells” for a more accurate presentation: 
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when systemically administered MSCs home in on sites of injury/disease, and exhibit 
a paracrine action, by secreting bioactive molecules as regulatory and growth factors, 
chemokines, cytokines, nucleic acids, packaged into extracellular vesicles or MSCs-
derived exosomes, with trophic and immunomodulatory actions, reflecting that MSCs 
make therapeutic drugs in situ that are medicinal, important for tissue repair. MSCs 
fate in a tissue is influenced by local microenvironment or niche fixed compartment, 
where ASCs are in a dormant state (G0) through signaling pathways inhibitory for 
growth and differentiation, often involving transforming growth factor-ß (TGF-ß), 
and bone morphogenetic protein (BMP) family members [57], being anchored to 
niche cells by adhesion molecules—cadherins, integrins [100] during stem cells’ 
periods of inactivity, and niche cells differentiation signals to resident stem cells [58].  
The bioactive molecules produced through MSCs homing when systemic adminis-
trated, or when are added in cultures to potentiate MSCs action, as MSCs primers [65], 
are considered more important than cell engraftment and replacement. MSCs and 
their bioactive molecules have proangiogenic [101], antifibrotic, anti-inflammatory, 
and pro-inflammatory actions, which sustain proliferation [102], and stimulate effect 
of resident progenitor cells, in relationship to disease/organ/tissue type [103].  

Figure 1. 
MSCs role in damaged connective tissue repair. MSCs activation after tissue injury. The damaged tissue activates 
MSCs after injury through different inflammatory signals (hypoxia, cytokines asIL-1β, IFN-γ, TNF-α, LPS). MSCs 
activation leads microenvironment to coordinate the production of immunomodulatory factors, that sustain 
inflammation progression, and of growth factors to stimulate endothelial cells, fibroblasts, and tissue progenitor 
cells to differentiate, and all contribute to tissue repair, in an orderly action by angiogenesis, EMC remodeling, 
and functional tissue restoration. Adapted from Miceli et al. [7]. It is an open access article, distributed under the 
terms and conditions of the creative commons attribution (CCBY), licensee MDPI, Basel, Switzerland.
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The damaged, ischemic tissue activates MSCs after injury, through different inflam-
matory signals (hypoxia, proinflammatory cytokines as IL-1β, IFN-γ, TNF-α, 
lipopolysaccharide) from host innate immune system and leads microenvironment 
to coordinate the production of immunomodulatory factors to sustain inflammation 
progression and rapid remove of allogenic MSCs, and production of growth factors to 
stimulate endothelial cells, fibroblasts, and tissue progenitor cells’ differentiation from 
MSCs niche, all contributing to tissue repair, in an orderly action by angiogenesis, 
EMC remodeling, and functional tissue restoration [7], MSCs have the ability to home 
to injured tissues to exert their paracrine actions when systemically administered, a 
very attractive feature for this chapter discussions (Figure 1) [104].

MSCs do not impose immunosuppresion, being immune-privileged due to their 
low expression of CD40, CD80, CD86, and major histocompatibility complex I  
(MHC I), and the lack of MHC II [92], or because they are immune evasive [105].

4.  Endometrial and menstrual mesenchymal stem cells for prevention  
and therapy of pelvic floor disorders

MSCs from different tissues exhibit many common characteristics, their biological 
activity and some markers are different and depend on tissue origin: bone marrow 
(obtained by aspirate), adipose tissue (obtained by liposuction), placenta (for mater-
nal MSCs), and umbilical cord, amniotic membranes and liquid (for fetal MSCs) 
collected at birth. All these MSCs have some limitations, as in vitro expansion [106] 
for their rarity in original tissue, invasive methods to harvest bone marrow aspirates, 
donor aging affects MSCs proliferative capacity [86], and the necessity to add their 
secretome’s active molecules in culture medium [7, 8, 107].

4.1  Unique characteristics of endometrial mesenchymal stromal/stem cells  
and menstrual mesenchymal stromal cells

In the last 15–20 years, a MSCs subpopulation of stem/progenitor/regenerative 
cells has been identified and characterized in human endometrium (eMSCs) and in 
menstrual blood (MenMSCs or ERCs), comparable to bone marrow and adipose tis-
sue MSCs [95], but with unique biologic characteristics [1, 108], and knowledge plus 
new technique capabilities made them a very promising MSCs category in autologous 
and allogeneic cellular therapy, and TE. Uterine fragments of shedding endometrial 
tissue with their remarkable cells turn-over—like hematopoietic bone marrow, intes-
tinal epithelium, epidermis, contribute to endometrial repair and renewal without 
scar, and gene profiling has demonstrated that the lysed stroma is enriched in genes 
involved in EMC dynamics, biosynthesis and degradation [109, 110], very promising 
in pelvic floor connective tissue repair/restoration, and other endometrial fragments 
from menstrual blood contain MenSCs. The concept of endometrial renewing after 
each menstruation (~400 cycles in woman’s life) by endometrial stem/progenitor cells 
located perivascular [6], in the basalis of endometrial glands near myometrium was 
first hypothetized by Prianishnikov VA, 1978 [111], reloaded by Padykula HA, 1989 
[112], and it is continued in Australia at the Department of Obstetrics—Gynecology, 
Monash University and Centre for Women’s Health Research (Melbourrne, Victoria) 
by a team led by Gargett CE [113], who presented the first direct evidence that human 
endometrium contains rare populations of epithelial (0.22%), mesenchymal/stromal-
eMSCs (1.25%), and endothelial progenitor cells, which exhibit the adult stem cells 
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behavior in vitro, as clonogenicity, and later their differentiation potential (reviewed 
in 2016) (Figure 2) [115].

One may add a small side population (SP) cells which enriches endometrial stem 
cells fractions, according to their identity and differentiation potential [116]. eMSCs 
are responsible for cyclic regeneration of human, mice, and ovine endometrium 
[117–120]. Other research group [121] demonstrated that the low number of human 
endometrial stromal/stem cells seems to belong to the family of MSCs, by possessing 
the minimal criteria of MSCs assessment [122] clonogenity, self-renewal, plastic adher-
ence in culture, high proliferative potential and capacity and ability to differentiate into 
at least one type of mature functional progeny, but eMSCs have multilineage differen-
tiation capacity [123]. eMSCs have proliferative capability to undergo 30 populations 
doubling before reaching senescence, generating 6.5 × 1011 cells (Table 2) [124].

Taylor HS [125] at Yale University (USA) presented bone marrow (BM) as an exog-
enous source of eMSCs, which appear histologically as epithelial and stromal endometrial 
cells, expressing appropriate markers of endometrial cell differentiation, and cyclic 
mobilization of BM-derived stem cells is considered a normal physiologic process [126]. 
Menstrual blood, an usual waste tissue, but a “bio-waste” as recently reconsidered [127] 
(endometrial functionalis layer shed during menstruation) is an easy obtained source 
of MSCs, with no ethic issue, and isolated, cultured similarly to bone marrow aspirated. 

• MSCs must be plastic-adherent when maintained in standard culture conditions.

• MSCs must express CD105, CD73 & CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79α or 
CD19 & HLA-DR surface molecules.

• MSCs must differentiate to osteoblasts, adipocytes and chondroblasts in vitro

International Society for Cellular Therapy position statement [122].

Table 2. 
Minimal criteria for defining multipotent MSCs.

Figure 2. 
Schematic perivascular localisation of human eMSCs. Co-expressing CD146 and PDGFRβ/CD140b and SUSD2+ 
eMSC in the endometrial basalis and functionalis layer, indicating eMSC will be shed into menstrual blood. 
Reprinted from Gargett and Masuda [114] with license permission: 535199193277 for Copyright Oxford University 
Press, 2022, July.
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Menstrual stem cells (MenSCs), named also endometrial regenerative cells (ERCs) by the 
team from Bio-Communications Research Institute (Wichita, USA), who first isolated 
and cultured them [128], have the classic properties, and pattern of MSCs surface mark-
ers, are multipotent [129], retain a stable karyotype in culture [130], proved at more than 
68 doublings without any karyotype or functional abnormalities [128, 131]. ECRs have 
similar capabilities for tissue repair and restoration as eMSCs, according to their secretome 
that ensure cells paracrine actions on endometrium (after menstruation, and Asherman 
syndrome) [132], ovaries [133], and on different organ [134, 135]. There are many con-
troversies on eMSCs and ERCs makers [108], being demonstrated that endometrial/men-
strual MSCs clones express MCSs markers [ITGB1 (CD29), CD44, NT5E (CD73), THY1 
(CD90), ENG (CD105), PDGFRB (CD140B), MCAM (CD146)], but not endothelial or 
hemopoietic markers PECAM1 (CD31), CD34, PTPRC (CD45), and the pan-leukocyte 
marker CD45 [128]. The Australian team used these markers for eMSCs isolation and 
culture [124], plus two perivascular cell surface markers—CD146, and platelet-derived 
growth factor-receptor β (PDGF-Rβ) or CD140B, and have determined eMSCs location 
near blood vessels in human endometrium [114, 136, 137], blood vessel wall is considered 
the eMSCs niche, as it is for all MSCs [138, 139]. These markers were used in association to 
Sushi Domain Containing 2 (SUSD2) or W5C5, a special marker for eMSCs and MenSCs 
isolation, proposed as a novel single marker for purifying eMSCs, and to reconstitute 
endometrial stromal tissue in vivo from endometrial biopsies [6]. MenSCs need a selective 
marker enrichment to be consistent and efficacious as eMSCs obtained by endometrial 
biopsy. It is known that perivascular MSCs or pericytes are rare cells, difficult to harvest 
from adult tissues, and necessitate substantial ex-vivo culture expansion to achieve a suf-
ficient number of potent cells, and prolonged culture of MSCs determine a spontaneous 
differentiation to fibroblasts, which limits culture expansion, and these significant limits 
challenged the special add in culture medium of a novel small molecule-transforming 
growth factor-β receptor inhibitor, namely A83-01, that limits the inconvenient and main-
tains eMSCs and other MSCs undifferentiated in the days following administration and 
ensure the therapeutic efficacy of a small proportion (2%) of cells which are estimated to 
remain in vivo in the days following administration [9, 91, 114, 140]. MenSCs secretome 
needs a special attention for its exceptional therapeutic effects, due to extracellular vesicles 
(EV) [135], including microvesicles, exosomes and apoptotic bodies transporting bioac-
tive molecules. A total of 895 molecules are identified in exosomes [141], as micro RNA, 
lipids, growth factors (vascular endothelial growth factor, insulin-like growth factor-1, 
hepatocyte growth factor), chemokines, cytokines as regulators of immune response in 
different tissues [142], which can be isolated from menstrual blood as are MenSCs isolated 
[143]. The human MenSCs transcriptome and methylome profiles showed their most 
distinctive expression and epigenetic signature compared to human bone marrow and 
adipose MSCs [144]. MenSCs trandifferentiation capacity is extensively discussed, associ-
ated to their possibility to differentiate into mesodermal lineage (including chondrogenic, 
osteogenic, adipogenic, and cardiomyogenic fate), endodermal lineage (hepatocyte), and 
ectodermal lineage (neural and glial) [145], processes that varies considerably between 
each type, and it is different when one compares them to bone marrow and adipocyte 
MSCs [128]. Recently there were proved the beneficial effects of MenSCs and their secre-
tome in pulmonary healing in severe acute adults lung cells injury (ARDS) from  COVID, 
by increasing number of CD4 lymphocytes, reducing expression of inflammatory mark-
ers (C Reactive Proteine, ferritine, LDH), absorption of bilateral pleural exudates, better 
than other MSCs types (BM, adipose tissue) when systemic transplanted [146], having 
also the advantage of easy collection in emergency.
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4.2  Potential application of endometrial and menstrual mesenchymal stem cells 
in pelvic floor disorders prevention and therapy

eMSCs with autologous and allogeneic origins are easily procured from endometrial 
biopsies—during reproductive years, under contraceptives, in postmenopause 
[115], without anesthesia or from menstrual blood (source that can be repeatedly 
used at every menstrual cycle, much easier obtained vs. other sources of ASC). 
with remarkable differentiation capabilities, plus paracrine actions from their 
secretome, proved by preclinical and some phase III trials—much discussed and 
criticized in USA [147], because industry commercial enthusiasm [148]. FDA 
(USA) approved in 2011 clinical trials with ERCs, which can be used for PFDs 
prevention and therapy. Actually eMSCs are not accessible for human trials all over 
the world, or there are no legally approved banks for eMSCs/MenMSCs, these cells 
being used in some countries only for academic/scientific health centers or not-for 
profit public institutions. European Medicine Agency has a “hospital exemption” 
clause, with existence of many unknowns/controversies on eMSCs/MenMSCs-
based therapies in human (allogeneic or autologous), as they are used in animal 
models. Actually one must consider that amalgamation of highly specialized 
disciplines such as tissue engineering, stem cell therapy and personalized medicine 
provide important approaches and tools to respond to these challenges in PFDs 
prevention and therapy, as there were found regulatory approval and deployment 
for disorders with unmet medical needs [149].

4.2.1  Endometrial/menstrual mesenchymal stem cells based for pelvic floor disorders 
prevention and therapy

Cell therapy is an emerging field in clinical practice, bone marrow, adipose tissue 
being subjects for trials in chronic and degenerative disease. Basic evidences provide 
the preventive role of MSCs autologous cell based therapy in rats SUI by local-urethral 
administration [150], which is a minimally invasive procedure, and intravenous (i.v.) 
route [10]. MSCs are homing in damaged pelvic organs, where they are attracted by 
cytokines [151] and chemokines [152]. After i.v. administration, post vaginal disten-
sion (VD)—a model for childbirth injury, GFP-labeled cells were depicted at 4 to 
10 days in urethra, vagina, rectum, and levator ani muscle of sacrificed animals, with 
significantly more MSCs homing at 4 days versus after sham VD, and reduction of 
GFP intensity at 10 days after VD [153]. It is discussed PFDs prevention with MSCs 
in high risk women by genetic predisposition, with postpartum SUI and/or POP, and 
the possibility to induce homing a long time after injury or to increase homing after 
an acute injury via stem cells genetic modification to express a greater number of 
homing ligands [154] or an electrical stimulation to the paravaginal region, which 
induces neural stem cells migration [155], or by MSCs paracrine effects in damaged 
tissues [growth factors as Granulocyte-Macrophage Colony-Stimulating Factor 
(GM-CSF), angiopoietin-2, and Platelet-Derived Growth Factor (PDGF-BB)], which 
were proved to be in a rate of about 10–100,000 times more for MenMSCs than the 
control mesenchymal cell lines derived from umbilical cord blood, and by stimulat-
ing metalloproteinases involved in elastin postpartum [128]. Post infusion febrile 
reaction is the sole adverse event associated to bone marrow MSCs i.v. [156]. One 
discusses the i.v. dose differentiation  between small (rodents), large (ovine) animals, 
and human: 50 million MSCs/kg for rodents, and 1–2 million cells/kg and never more 
than 12 million cells/kg for human. MSCs pulmonary entrapment, with their quick 
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phagocytisation, by lung tissue macrophages [157], and the genetic instability and 
tumorigenicity [156], not valuable for eMSCs/MenMSCs [14]. ERCs presenting  more 
than 68 doublings without any karyotype or functional abnormalities [128, 131].

Australia has programs based on techniques to purify eMSCs by magnetic beads and 
special markers, for production of large number of cells under Good Manufacturing 
Practice (GMP) conditions to offer women’s own eMSCs when they need for PFDs, 
for TE. Actually there are only animal studies, no human trial on eMSCs, /MenSCs 
for PFDs, being discussed other MSCs types. The Cochrane Database Syst Rev. (2017) 
[158] found in Cochrane Incontinence Group Specialized Trials Register only one small 
RCT for SUI, on injection of autologous MSCs with fat origin vs placebo, terminated 
early because of safety concerns, and afterwards there are mentioned some clinical 
trials for SUI treated with autologous muscle derived MSCs compared to placebo [159], 
or transurethral and periurethral intrasphincteric injections of cellular suspension for 
SUI, with limited accuracy of results [160], or a preliminary randomized study of stem 
cells from adipose tissue implanted for fecal incontinence [161].

4.3  Tissue engineering with endometrial and menstrual mesenchymal stromal 
cells for pelvic floor disorders

Tissue engineering (TE) for pelvic floor disorders treatment combines principles 
of eMSCs/MenSCs biology with materials science (scaffolds, meshes for pelvic 
implantation), and biomedical engineering [162]. The most discussed PFDs ben-
eficiary of eMSCs therapy are POP and SUI—de novo, persistent or recurrent after 
failure of surgery with native tissue or reconstruction. There are necessary multi-
disciplinary trained teams. and special protocols, as are presenting Ichim T (2008) 
CEO at Medistem Laboratory (San Diego, USA), and Gargett CE (2013)—head of the 
Australian Stem Cell Centre.

The key to safe and efficacious TE in PFDs was the generation of some tissue 
substitute by materials with nano-architecture/nanofiber technology [163] or 3D 
printing, mimicking EMC pelvic floor topography, mainly vaginal EMC, or to 
induce favorable tissue mechanical responses, or to add some EMC constituents (as 
tropoelastin-the elastin core in EMC network, besides collagen, lost in POP) [164], 
for production of mesh/scaffold new generation, which allows entrapment, and 
persistence of seeded eMSCs/MenSCs up to 14 days after implant [41]. eMSCs are in 
vitro optimized in serum free conditions—fibronectine is the optimal substrate for 
human eMSCs attachment [91], and eMSCs transcriptome reveals improved potential 
for cell based therapy after adding TGF-β receptor inhibitor in culture medium (to 
prolong their undifferentiated status after implantation, by eMSCs apoptosis, and 
senescence prevention, and maintaining the percentage of SUSD2+ cells to more 
than 90% for all samples) [165]. Another proposal for eMSCs tissue repair efficacy 
augmentation is the add of a protective delivery system, as a compatible bio-hydrogel 
carrier that encapsulates eMSCs in mesh/scaffold and improves cells retention at site 
from host immune system actions to rapid their remove, due to loss of vascular niches 
[107], and by their encapsulation in hydrogel MSCs can promote endogenous cellular 
repair [140]. There are many composite meshes produced from different materi-
als: nondegradable polyamide meshes, as those of polyamide/gelatin seeded with 
100,000 human or ovine MenSCs/cm2, which stimulate angiogenesis, host synthesis 
type 1 and type III collagen, lower leukocytes infiltrate at 90 days postimplantation 
(when tested on rats) [166], andthe new biomimetic tissue generation of degradable 
nano/microstructured meshes [167], meshes obtained through new technologies of 
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electrospinning and 3 D bioprinted endometrial stem cells on an aloe vera–alginate 
(AV-ALG) injectable hydrogel or on melt electrospun poly epsilon-caprolactone mesh, 
with the largest open pore diameter and the lowest thickness that promotes eMSCs 
encapsulated in the hydrogel attachment, which reduces FBRs associated to eMSCs 
same action [168, 169]. The meshes designed with nanoscale fibers using electrospin-
ning techniques promote cell–cell and cell-biomaterial interactions, being appreciated 
in Australia [91, 167, 170], and Nederland studies [171] that biometric properties of 
this nanostructured mesh can improve the integration, overcome erosion, and offer 
good outcomes in POP reconstructive surgery. The mesh type added to eMSCs have 
different persistence time after implantation, the natural ones have the shortest “life” 
duration after implant; the non-degradable polyamide/gelatin mesh plus autologuse 
MSC persisted 3 days in immunocompetent mice, 1–2 weeks in immunocompromised 
rodent model when xenogenic human eMSCs, and 90 days in ovine; the longest dura-
tion is at 3 D printed mesh [168]. The Chinese study [12] shows that a composite mesh 
based on synthetic and natural polymers seems to provide the best combination for an 
ideal pelvic floor mesh material, because natural polymers can provide ligands for cell 
adhesion and growth factors that promote tissue remodeling, while synthetic poly-
mers provide mechanical strength. New scaffolds proposed for POP provide a three-
dimensional environment, and are mimicking EMC network, specially by their micro/
nanoscale architecture [172], offering a larger area for EMC constituent proteins, and 
more binding sites for cell membrane receptors, and adhesion molecules, growth fac-
tors, genes, immunomodulatory agents, and external stimuli (electrical, or magnetic 
pulses), which are delivered simultaneously to target sites after scaffold implantation 
for promotion of new healthy tissue [173]. No ideal mesh/scaffold for PFDs exists to 
day, and one may choose the mesh/scaffold according to patient history, and implants’ 
properties, such as material type: natural (as purified human/animal collagen, 
chitosan, gelatin, elastin, fibrin, silk, and fibronectin for human eSMCs [174, 175], or 
synthetic, or by the old criteria used for PP meshes, as pore sizes, mesh’s weight, and 
the host tissue response to mesh/scaffold material or to eMSCS/ERCs, understanding 
that reaction to implant materials are crucial for balance between their own elasticity 
and stiffness, vaginal tissue capacity of strain, which are absent when PP meshes are 
used. Novel blends of electrospun synthetic and natural polymers combined with 
eMSC in new generation of implants show that this approach promotes host cell infil-
tration and slows biomaterial degradation that has potential to strengthen the vaginal 
wall during healing [164, 165], actioning like intrinsic ECM, but with some limita-
tion regarding small pore size of electrospun nanofiber meshes and toxic organic 
solvents used for their production [12]. /Human eMSCs/MenSCs modulate host tissue 
response to implanted materials, by stimulating tissue proper stem cells prolifera-
tion, their own high proliferation rate [128], and scaffolds’ eMSCs infiltration, and 
constituents of their secretome as growth factors, enzymes as MMPs—important for 
elastin postpartum recovery [128], influence mesh mechanical behavior after implan-
tation [166], by fibrosis and FBRs reducing, when nondegradable polyamide mesh 
implant, through influencing macrophage polarization switching from an M1 to M2 
phenotype, as in rodent and ovine models [166, 176, 177]. eMSCs seeded in degradable 
nano/microstructured meshes improve mesh tissue integration, eMSCs are entraped 
over 6 weeks in vivo, by cells with immunomodulatory effects, and by increasing local 
angiogenesis reduce FBRs to mesh implanted in mice with POP [166, 167, 169], and 
induce an up-regulation of M2 markers—as CD206 and Arg1, Mrc1, and Il10 genes in 
host tissue macrophages, parallel to reduction of cellular infiltration and secretion of 
inflammatory cytokines Il-1β and Tnf-α [175].
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The Australian researchers [140] appreciate that tissue engineered mesh inserted 
transvaginally in large animal models will aid the validation of these constructs prior 
to clinical translation by assessing their integration with host tissue, and FBRs through 
histological analysis, immunoassays and gene profiling. Research has commenced 
with the completion of multiple xenogenic small and large animals studies assessing 
eMSC/PAG constructs, as mentioned above [166]. These animal models will be crucial 
in further assessing the efficacy of locally delivered eMSC and further determination 
of their action mechanisms. Based on these findings, multiple heterologous small and 
large animal studies are underway to assess the efficacy of other biomimetic degrad-
able materials such as PLCL and 3D-PCL meshes seeded with eMSC/MenSCs.

5.  Future proposals for stem cell prevention and therapy  
in pelvic floor disorders

The Australian research teams recognize some unknown data about eMSCs/
MenSCs, mediation on cellular migration and recruitment by their paracrine effects, 
how eMSCs mediate M2 immunomodulatory responses during the FBR after implan-
tation of bioengineered constructs. One discusses eMSCs secretome constituents 
as future associated to new generation implants for tissue engineering in PFDs. The 
Canadian and North American and Chinese researchers recognize the high financial 
burden for the studies and introduction in human clinical practice according to 
legislation issues which are incomplete resolved in Europe and North America, in 
comparison to Australia and Japan.
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Chapter 12

Therapeutic Approaches Targeting 
Cancer Stem Cells
Shin Mukai

Abstract

Cancer stem cells (CSCs) have been identified in many types of cancer since their 
discovery in leukemia in the 1990s. CSCs have self-renewal and differentiation capac-
ity, and are thought to be a key driver for the establishment and growth of tumours. 
Several intracellular signalling pathways are reported to play a significant role in the 
regulation of the biological activities of CSCs. Thus, many researchers have consid-
ered CSCs to be a compelling therapeutic target for cancer, and blockade of CSC-
related signalling pathways can be efficacious for the treatment of multiple cancer 
types. This chapter succinctly summarises the recent progress in the development of 
treatments targeting signalling pathways related to the functions of CSCs.

Keywords: therapeutic modalities, drug development, signalling pathways,  
self-renewal, cancer stem cells

1. Introduction

Cancer is a life-threatening disease in which abnormal cells grow and divide, 
resulting in the destruction of normal body tissues. The last several decades have 
seen advancements in cancer treatments [1]. However, the conventional therapeutic 
methods often fail due to cancer recurrence and metastasis [2]. This can be explained 
by the existence of cancer stem cells (CSCs), which are a minor population in tumours 
and can survive most traditional cancer therapies killing cancer cells with prolifera-
tive properties [3]. Cancer relapse, metastasis, multidrug resistance, and radiation 
resistance can be induced by the transient arrest of CSCs at the G0 phase, leading 
to the production of new malignant tumours [4]. The ability of CSCs to self-renew 
and differentiate into multiple cellular subtypes allows them to generate tumours 
[4]. Thus, researchers have regarded CSCs as a promising target for the treatment of 
cancer since they were discovered in leukemia in the 1990s [5, 6]. CSCs have also been 
found to be a subpopulation of many types of tumours, and tissue-specific expression 
of CSC markers has been reported [7]. It is known that the biological functions of 
CSCs are controlled by several signalling pathways [8]. This chapter focuses on the 
research status in cancer therapies targeting the signalling pathways that are believed 
to control the properties of CSCs.
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2. General biology of CSCs

Since CSCs were found in leukemia in the 1990s, they have been studied intensively 
[5, 6]. However, the origin of CSCs remains to be elucidated [9]. It has been reported 
that (a) CSCs possess self-renewal capacity and high proliferation rate, (b) CSCs are 
able to generate and maintain tumours, and (c) cancer recurrence may be induced 
by the unlimited self-renewal capacity of CSCs [10]. CSCs are shown to be a distinct 
subpopulation in haematologic malignancies and solid tumours, and cell surface 
markers of CSCs in various types of cancer have been reported and can be used for 
the identification and isolation of CSCs (Figure 1) [11–15]. Signalling pathways such 
as Wnt/β-catenin, Notch and Hedgehog signalling pathways are thought to regulate 
the properties of CSCs [8]. Emerging evidence supports the clinical relevance of CSCs 
[16]. In particular, CSCs are shown to be resistant to conventional chemotherapy and 
radiation therapy, and they are believed to be a key player for cancer recurrence and 
metastasis [16]. Thus, understanding of signalling pathways that control the functions 
of CSCs can be useful for the creation of novel therapeutic interventions for cancer.

3. Development of therapeutic modalities targeting CSCs

3.1 Notch signalling

The Notch signalling pathway is a highly conserved pathway in mammals and con-
trols a variety of cellular functions [17]. In mammals, the Notch pathway comprises 
four Notch receptors (Notch 1–4) and five Notch ligands (Jagged 1, Jagged 2, Delta-
like ligand (DLL)-1, DLL-3, and DLL-4), and its primary effector is the transcription 
factor CSL (CBF1/RBP, Su(H)/Lag-1), which is crucial for the activation of the genes 
downstream of the Notch signalling pathway [18]. The Notch signalling pathway 
is divided into canonical and noncanonical pathways: the CSL-dependent pathway 

Figure 1. 
Cell surface markers for CSCs in various organs. This figure was created with BioRender.
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(canonical Notch signalling pathway) and non-CSL-dependent pathway (non-canon-
ical Notch signalling pathway) [19]. Evidence suggests that these pathways play an 
instrumental role in preserving the existence of stem cells and initiating embryonic or 
foetal cell differentiation [20].

In the canonical Notch signalling pathway (Figure 2), the binding of receptor and 
ligand is induced through metalloproteinase- and γ-secretase-mediated proteolytic 
activation of the Notch receptor, leading to the release of the intracellular NOTCH 
domain (NICD) [21]. Subsequently, NICD migrates to the nucleus and forms a com-
plex with CSL. As a result, the transcription and expression of the downstream target 
genes are triggered, leading to self-renewal, differentiation and proliferation [21].

Recent studies suggest that there is non-canonical Notch signalling, which can 
be activated either with or without ligand interaction [22]. In addition, the activa-
tion of non-canonical Notch signalling can occur in a γ-secretase-dependent or 
-independent manner [22]. In the case where non-canonical Notch signalling occurs 
in a γ-secretase-independent way, Notch remains bound to membrane [22]. Non-
canonical Notch signalling does not require CSL [23, 24]. Instead, NICD or membrane 
bound Notch interacts with (a) Wnt, PI3K, mTORC2 and/or AKT pathways in the 
cytoplasm, and (b) NF-κB, YY1 and/or HIF-1α pathways in the nucleus [23, 24]. It is 
suggested that non-canonical Notch signalling plays a role in cell survival, metabolism 
and differentiation [23, 24]. Compared with the canonical Notch signalling pathway, 
there is less information on the non-canonical Notch signalling pathway [25]. Thus, 
more work will be needed for the identification of potential therapeutic targets in the 
non-canonical Notch signalling pathway [25].

Notch inhibition is believed to be a promising therapeutic approach to target 
CSCs, which are resistant to conventional methods such as chemotherapy and radia-
tion [26]. As γ-secretase is a key player in Notch signalling, a great deal of effort has 
been invested in the development of γ-secretase inhibitors (GSIs) (Figure 3) [27]. It 
should be noted that GSIs show anti-CSC effects and that they were the first Notch 
inhibitors to reach clinical development [27]. However, one of the major concerns is 
the toxicity of GSIs [28]. In particular, serious toxicity in the gastrointestinal tract 

Figure 2. 
Brief diagram of the canonical Notch signalling pathway. This figure was created with BioRender.
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can be caused by GSIs [28]. Several GSIs have entered clinical trials thus far. Data 
from a Phase II clinical trial suggest that RO4929097 did not show sufficient efficacy 
for the treatment of metastatic melanoma and platinum-resistant ovarian cancer as 
monotherapy [29, 30]. Nirogacestat (PF-3084014) is another GSI undergoing clinical 
trials for desmoid tumours [31]. The result of Phase II clinical trials indicates that 
(a) treatment of desmoid tumour fibromatosis patients with Nirogacestat could be a 
promising approach, (b) the objective response rate was 71.4% and (c) relatively low 
doses and high tolerability were achieved, resulting in prolonged disease control [31, 
32]. Another study shows the antitumour and antimetastatic effects of Nirogacestat 
in hepatocellular carcinoma [33]. The potent pan-Notch Inhibitor BMS-906024 has 
advanced into clinical trials, and the data suggest that it could be effective for the 
treatment of leukemia and solid tumours [34]. The clinical development status of 
other small molecule inhibitors is as follows: (a) The GSI MK-0752 is in a Phase I 
clinical trial for the treatment of pancreatic ductal adenocarcinoma [27], (b) the 
GSI LY900009 is in a Phase I clinical trial for ovarian cancer [35], (c) CB-103, which 
inhibits the interaction between NICD and CSL, is in a Phase I clinical trial for 
adenoid cystic carcinoma (ACC), colorectal cancer, breast cancer and prostate cancer 
[36], and (d) Crenigacestat (LY3039478), which is an oral Notch and GSI inhibitor, 
is in a Phase I clinical trial for solid tumours [37]. Recently, cryoelectron microscopy 
(cryo-EM) structures of γ-secretase in complex with each of the two GSI clinical 
candidates Semagacestat and Avagacestat have been reported, and these pieces of 
information might be useful for the design of novel GSIs [38].

A study suggests that the expression of the Notch ligand DLL4 is increased in 
gastric cancer, enhancing self-renewal ability of CSCs [39]. Therefore, inhibition of 
DLL4 can be an effective approach to treating cancer [39]. Currently, Enoticumab 
(REGN421), a fully human IgG1 monoclonal antibody against DLL4, is in a phase I 
clinical trail for the treatment of solid tumours [40].

3.2 Wnt signalling

The Wnt signalling pathway is known to play a pivotal role in embryogenesis and 
tissue repair by controlling proliferation, differentiation, apoptosis and cell-to-cell 
interactions [41, 42]. The Wnt signalling pathway is classified into the canonical 

Figure 3. 
Structures of Notch signalling inhibitors in clinical development.
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Wnt pathway (β-catenin dependent) and the noncanonical Wnt pathway (β-catenin 
independent) [43]. Wnt ligands are required for the activation of Wnt signalling, 
and the acyltransferase Porcupine is known to be essential for the production of Wnt 
ligands [44]. In canonical Wnt signalling (Figure 4), the absence of Wnt ligands leads 
to the degradation of β-catenin due to phosphorylation by glycogen synthase kinase 
3β (GSK3β), and thereby translocation of β-catenin from the cytoplasm to the nucleus 
does not occur [45]. In the presence of Wnt ligands, their ligation to Frizzled proteins 
and LRP5/6 receptors induces the activation of the cytoplasmic protein DVL and the 
subsequent suppression of GSK3β [46]. It enables β-catenin to migrate to the nucleus 
and trigger target gene transcription by binding to TCF/LEF transcription factors 
[46]. Noncanonical Wnt signalling does not require the cytoplasmic stabilisation of 
β-catenin or its translocation into the nucleus [47]. The noncanonical Wnt signalling 
is subdivided into the following two well-characterised pathways: the planar cell 
polarity (Wnt/PCP) pathway and the Wnt-Calcium (Wnt/Ca2+) pathway [48]. In the 
Wnt/PCP pathway, Wnt ligands bind to the Frizzled receptor, leading to the activa-
tion of Dishevelled (DVL) protein [49]. Activated DVL forms the DVL-Rac complex 
and DVL-Rho complex [49]. The former stimulates the Rho kinase (ROCK), and the 
latter stimulates the c-Jun N-terminal Kinase (JNK) [50]. JNK is known to translocate 
into the nucleus and trigger the transcription of target genes [51]. The Wnt/Ca2+ 
pathway involves the activation of PLC and PKC, and an increase in intracellular Ca2+ 
[52]. The phosphatase calcineurin is stimulated by Ca2+ and dephosphorylates the 
transcriptions factor NF-AT, resulting in the migration of NF-AT to the nucleus [52].

Dysregulation of Wnt signalling is observed in many types of cancer [53]. The Wnt 
signalling cascade is reported to play an important role in controlling the properties 
of CSCs [53]. Thus, many scholars have been striving to create therapeutic modalities 
to target Wnt signalling for safe and effective elimination of CSCs, and several small 
molecule inhibitors and monoclonal antibodies have entered clinical trials (Figure 5) 
[53]. Evidence suggests that pharmacological inhibition of Porcupine can selectively 
block Wnt signalling and suppress tumour growth [54]. Thus, Porcupine is consid-
ered to be a promising therapeutic target for cancer [54]. LGK-974, a small molecule 
disrupting the enzymatic activity of Porcupine, is currently in Phase I clinical trials 
for pancreatic cancer, melanoma and triple-negative breast cancer [55]. Cryo-electron 
microscopy (cryo-EM) structures of Porcupine in complex with LGK-974 are avail-
able in the PDB database (PDB ID: 7URD) [55], and this information could be useful 
for creation of novel Porcupine inhibitors. Another Porcupine inhibitor ETC-159 is 

Figure 4. 
Brief diagram of the canonical Wnt signalling pathway. This figure was created with BioRender.
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in a Phase I clinical trial for the treatment of solid tumours [56]. The small molecule 
inhibitor PRI-724 is reported to block canonical Wnt signalling by preventing the 
interaction between β-catenin and its coactivator CREB binding protein (CBP) [57]. 
PRI-724 is in a Phase II clinical trial for advanced myeloid malignancies [58]. The 
therapeutic monoclonal antibody OMP-18R5 (vantictumab), which can target the 
Frizzled receptors, is now in a Phase I clinical trial for the treatment of non-small-cell 
lung cancer (NSCLC), pancreatic cancer and breast cancer [59–62]. The recombinant 
fusion protein ipafricept (OMP-54F28) can inhibit Wnt signalling by binding to Wnt 
ligands, and its safety and effectiveness are being evaluated in clinical trials [63–65].

3.3 Hedgehog signalling

The Hedgehog (Hh) signalling pathway contributes to the control of cell prolifera-
tion, cell survival, cell differentiation, and stem cell maintenance and development 
[66]. In Hh signalling (Figure 6), the autoproteolytic cleavage of Hh ligand precursor 
proteins leads to the production of an N-terminal protein, followed by dual lipid 
modification [67]. Subsequently, active Hh ligands are released through mediation of 
Dispatched and Scube2 [67]. In the absence of Hh ligand, Patched (PTCH) prevents 
the activation and ciliary localisation of Smoothened (SMO) [68, 69]. As a result, 
the Glioma-Associated Oncogene Homolog (GLI) forms a complex with Suppressor 
of Fused (SUFU), which precludes GLI from translocating into the nucleus [68, 69]. 
In the presence of Hh ligand, the binding of Hh to PTCH allows SMO to interact with 

Figure 5. 
Structures of Wnt signalling inhibitors in clinical development.

Figure 6. 
Brief diagram of the canonical Hedgehog signalling pathway. This figure was created with BioRender.
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β-arrestin (Arrb2) and kinesin family member 3A (KIF3A), leading to the ciliary 
localisation of SMO [68, 69]. As a result, GLI is released from SUFU and subsequently 
migrates to the nucleus, triggering the transcription of Hh target genes [68, 69].

Evidence suggests that the dysregulation of Hh signalling is associated with 
detrimental events such as the self-renewal and metastasis of cancer stem cells [67]. 
Thus, therapeutic targeting of Hh signalling has accorded a great deal of attention 
from many researchers, and SMO has been regarded as the most promising pharma-
cological target [68]. Indeed, several SMO inhibitors have been approved by the Food 
and Drug Administration (FDA) or are undergoing clinical trials (Figure 7) [70]. 
Vismodegib (GDC-0449) was the first SMO inhibitor that was granted FDA approval 
to treat basal cell carcinoma in 2011 [71]. Mounting evidence suggests the inhibitory 
activity of Vismodegib against self-renewal and mammosphere formation of breast 
CSCs [72]. Data from Phase II clinical trials demonstrate that (a) Vismodegib could 
be used as a neoadjuvant chemotherapy agent for patients with triple-negative breast 
cancer (NCT02694224) [73], (b) Vismodegib could be efficacious for the treatment 
of pancreatic cancer by suppressing self-renewal, proliferation and survival of 
pancreatic CSCs [74] and (c) Vismodegib could be effective for untreated metastatic 
colorectal cancer by reducing the stem cell markers of colon CSCs [75, 76]. These 
results support the notion that Vismodegib can inhibit the activities of CSCs by 
blocking the Hh signalling pathway. The SMO inhibitor Sonidegib (LDE225) was 
approved by FDA for the treatment of advanced basal cell carcinoma in 2015 [77]. 
A recent study indicates that Sonidegib can make triple-negative breast cancer more 
sensitive to Paclitaxel and improve clinical outcomes by reducing the expression of 
CSC markers [78]. Glasdegib (PF-04449913) was an FDA-approved SMO antagonist 
for the treatment of acute myeloid leukemia and launched in the USA in 2018 [79]. 
Glasdegib is also undergoing a Phase II clinical trial for the treatment of myelodys-
plastic syndrome and chronic myelomonocytic leukemia [80]. Although the develop-
ment of SMO inhibitors is beneficial for cancer patients, monotherapy with each of 
the FDA-approved antagonists can cause SMO mutations in tumour tissues, leading 
to drug resistance [80]. Hence, novel therapeutic methods inhibiting SMO will need 

Figure 7. 
Structures of Hedgehog signalling inhibitors in clinical development.
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to be created in order to overcome this setback. The clinical development status of 
other SMO inhibitors is as follows [81]: (a) BMS-833923 is in a Phase I clinical trial 
for extensive-stage small cell lung cancer [82], (b) Itraconazole is in a Phase II clinical 
trial for prostate cancer [83], (c) Saridegib (IPI-926) is in a Phase I clinical trial for 
advanced and/or metastatic solid tumours [84], (d) LEQ-506 is in a Phase I clinical 
trial for advanced solid tumours [85], (e) Taladegib (LY2940680) is in a Phase I clini-
cal trial for advanced solid tumours [86] and (f) TAK-441 is in a Phase I clinical trial 
for advanced nonhematologic malignancies [87]. In addition to the SMO inhibitors, 
arsenic trioxide is reported to inhibit the Hh signalling pathway and tumour growth 
by binding to GLI [81]. Arsenic trioxide is in a Phase II clinical trial for the treatment 
of advanced neuroblastoma or other childhood solid tumours [88]. Although there 
are no other GLI inhibitors undergoing clinical trials, in vitro and in vivo preclinical 
investigation into the GLI inhibitor GANT61 suggests its inhibitory activity against 
pancreatic cancer stem cells [89].

3.4 NF-κB signalling

The transcription factor nuclear factor kappa B (NF-κB) is a rapidly inducible 
transcription factor and a family of heterodimers or homodimers [90]. The heterodi-
mers or homodimers are produced from different combinations of the five related 
proteins: p65/RelA, RelB, c-Rel, p105/p50 (NF-κB1) and p100/p52 (NF-κB2) [90]. 
The p50/p65 complex is thought to the most abundant form of NF-κB and serve 
main physiological functions [91]. The activation of NF-κB signalling induces the 
translocation of the transcription factor complexes from the cytoplasm to the nucleus 
[92]. The NF-κB signalling pathway diversifies into the canonical NF-κB signalling 
pathway and the noncanonical NF-κB signalling pathway [92]. The canonical NF-κB 
pathway is activated by the binding of ligands to their receptors such as the binding 
of (a) bacterial cell components to toll-like receptors (TLRs), (b) TNF-α to the TNF 
receptor (TNFR), (c) lipopolysaccharides to their respective receptors such as TLRs 
and (d) IL-1β to the IL-1 receptor (IL-1R) [93]. In response to the stimulation of these 
receptors, the kinase TGFβ-activated kinase 1 (TAK1) is activated, leading to the 
subsequent phosphorylation and activation of the IκB kinase (IKK) proteins [94]. The 
activated IKK proteins then phosphorylate IκB proteins. It induces the degradation of 
IκB, leading to the translocation of the activated p50/p60 complex into the nucleus 
[95]. The noncanonical NF-κB pathway is initiated by stimulation of receptors such as 
CD40, receptor activator for NF-κB (RANK), B cell activation factor (BAFF), TNFR2 
and lymphotoxin β-receptor (LTBR) [94]. Subsequently, the kinase NF-κB-inducing 
kinase (NIK) is activated, resulting in the phosphorylation and activation of IKKα 
[94], which induces the phosphorylation of carboxy-terminal serine residues of p100 
[94]. As a result, the C-terminal IκB-like structure of p100 is selectively degraded, 
which generates p52 and causes the p52-RelB complex to migrate to the nucleus [94].

A previous study shows that the production of cytokines, growth and angiogenic 
factors and proteases is promoted in the tumour development and progression, 
activating NF-κB signalling [96]. The NF-κB pathway is reported to contribute to 
self-renewal, maintenance and metastasis of CSCs [11]. Ovarian CSCs can display 
the enhanced capability of self-renewal, metastasis and maintenance due to the 
increased expression of RelA, RelB and IKKα [97]. In breast cancer, NIK expres-
sion is augmented, and the noncanonical NF-κB pathway is activated, leading to 
the self-renewal and metastasis of breast CSCs [98]. Regarding the development of 
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therapeutic modalities to inhibit self-renewal, proliferation and metastasis of CSCs 
by targeting the NF-κB pathway (Figure 8A), Disulfiram is known to inhibit the 
activity of NF-κB in breast CSCs and is in a Phase II clinical trial for the treatment of 
metastatic breast cancer [99, 100]. Sulforaphane is suggested to prevent the trans-
location of p50/p65 and reduce the expression and transcriptional activity of p52/
RelB, resulting in the inhibition of self-renewal of triple-negative breast CSCs [101]. 
Sulforaphane is in a Phase II clinical trial for the treatment of breast cancer [102]. The 
NF-κB pathway inhibitor curcumin is reported to impede self-renewal and metastasis 
of CSCs and is undergoing clinical trials for the treatment of breast cancer [103–105].

3.5 mTOR signalling

The mammalian target of rapamycin (mTOR) signalling pathway plays a pivotal 
role in cellular growth and metabolism in mammalian cells within various environ-
ments [106]. The activation of mTOR signalling can promote cell survival by (a) 
increasing cellular metabolism and the synthesis of proteins and lipids and (b) 
blocking apoptotic pathways [106]. The mTOR pathway is initiated by the bind-
ing of growth factors to tyrosine kinase receptors in the cell membrane, leading to 
the phosphorylation and activation of phosphatidylinositol 3-kinase (PI3K) [107]. 
Subsequently, protein kinase B (AKT) is phosphorylated and activated, leading to the 
activation of mTOR [107]. It activates a variety of transcription factors and enables 
them to migrate to the nucleus in order to promote the transcription of the target 
genes [108]. mTOR is divided into two protein complexes. mTORC1 is a complex of 
RAPTOR, mLST8, PRAS40 and DEPTOR, and mTORC2 is a complex of RICTOR, 
mLST8, DEPTOR, mSin1 and PROCTOR [109, 110]. mTORC1 is reported to (a) 
activate the ribosomal protein S6K, which promotes protein synthesis, (b) facilitate 
lipid synthesis and mitochondrial biogenesis and (c) reduce autophagy [109, 110]. 

Figure 8. 
Structures of CSC-related signalling inhibitors in clinical development. (A) NF-κB, (B) mTOR, (C) JAK/STAT, 
(D) ROCK.
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mTORC2 is known to promote actin cytoskeleton and cell migration by phosphorylat-
ing various proteins [109, 110].

Evidence suggests that the mTOR signalling pathway is correlated with the func-
tions of CSCs. According to previous studies, activation of mTOR signalling contrib-
utes to (a) prostate cancer radioresistance due to the enhancement of CSC properties 
and (b) the tumourigenicity of breast CSCs [111, 112]. Dysregulation of the PI3K/
Akt/mTOR signalling pathway is reported to enhance the expression of chemokine 
(C-X-C motif) receptor 4 (CXCR4), and CXCR4-mediated STAT3 signalling is then 
activated, promoting the self-renewal of CSCs in non-small-cell lung cancer [113]. 
Furthermore, the activity of mTOR through the PI3K feedback loop is associated with 
the survival of prostate CSCs [114].

The mTOR signalling pathway has been regarded as a promising candidate for 
therapeutic modalities targeting CSCs, and several mTOR inhibitors have been 
approved for the treatment of cancer or undergoing clinical development (Figure 8B) 
[115]. As demonstrated by a series of in vitro and in vivo experiments, the mTOR inhibi-
tor Everolimus can suppress the expression and phosphorylation of AKT-1, and thereby 
inhibit the activity of HER2-overexpressing breast CSCs [116]. Everolimus has been 
approved by FDA for the treatment of advanced breast cancer [117]. The mTOR inhibi-
tor Rapamycin is shown to suppress the properties of colon CSCs [118] and inhibit the 
stemness of haemangioma stem cells [119]. Rapamycin is undergoing clinical trials for 
advanced or metastatic colorectal cancer and infantile hepatic haemangioendothe-
lioma [120, 121]. Previous reports show the inhibitory effects of the mTOR antagonist 
Metformin on breast and pancreatic CSCs [122, 123]. Clinical trials of Metformin are 
in progress or completed for the treatment of breast and pancreatic cancer [124, 125]. 
Considering previous studies show that mTOR signalling plays an important role in 
controlling the functions of CSCs, further investigation into a link between mTOR 
signalling and CSCs could lead to the development of better therapeutic strategies for 
cancer.

3.6 JAK/STAT signalling

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) 
signalling pathway contributes to a variety of biological processes such as embryonic 
development, stem cell maintenance, haematopoiesis and inflammatory response 
[126]. It is known that the JAK family in mammals comprises four members (JAK1, 
JAK2, JAK3 and tyrosine kinase 2 (TYK2)) and that the STAT family in mammals con-
sists of seven members (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6) 
[127]. The JAK/STAT signalling pathway is initiated by the binding of cytokines to 
their corresponding receptors [128]. The receptors then undergo dimerisation, and 
the JAKs bound to the receptors come close to each other, leading to the activation 
of the JAKs through the interaction of tyrosine phosphorylation [128]. The activated 
JAKs induce the phosphorylation of the tyrosine residues of the catalytic receptor, 
resulting in the formation of a docking site with the SH2 domain of the STAT protein 
[128]. Subsequently, the STAT protein bound to the receptor is phosphorylated and 
dimerised, culminating in the translocation of the activated STAT to the nucleus and 
the transcription of the target genes [128].

Literature precedent indicates that JAK/STAT signalling plays a role in control-
ling the properties of CSCs [129]. It has been suggested that (a) the self-renewal 
and survival of breast CSCs are facilitated by the persistent activation of JAK/
STAT signalling [112], (b) IL-10-mediated JAK1/STAT1 signalling promotes the 
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self-renewal and migration of non-small-cell lung cancer and colorectal CSCs [130, 
131], (c) the OCT4-activated JAK1/STAT6 pathway is associated with the functions of 
ovarian CSCs [132], (d) OCT4, which is a gene downstream of IL-6-mediated JAK1/
STAT6 signalling, is involved in the transformation of bulk cancer cells to CSCs in 
breast cancer [133] and (e) JAK2/STAT3 signalling plays a role in the regulation of the 
properties of breast and colorectal CSCs [134–136].

With respect to the development of therapeutic strategies to target JAK/STAT sig-
nalling for the treatment of cancer, the JAK1/2 inhibitor Ruxolitinib is shown to inhibit 
the functions of CSCs, leading to a decrease in the number of CSCs (Figure 8C) [137]. 
Ruxolitinib is undergoing clinical development for the treatment of solid tumours 
[138]. Many studies have shown that the JAK/STAT signalling pathway is correlated 
with the survival, self-renewal and metastasis of CSCs. Thus, more endeavours will be 
needed to develop novel therapeutic modalities targeting CSCs through the inhibition 
of JAK/STAT signalling.

3.7 ROCK signalling

The Rho-associated coiled-coil-containing protein kinase (ROCK) signalling 
pathway plays a pivotal role in various cellular activities such as cell survival and 
apoptosis [139]. It is known that there are two types of ROCK in mammals: ROCK1 
and ROCK2 [139]. Diverse extracellular stimuli activate guanine nucleotide exchange 
factors (GEFs), leading to the conversion of Rho-GDP to Rho-GTP [140]. Rho-GTO 
subsequently activates ROCK1 and ROCK2, resulting in the phosphorylation of their 
substrates and the induction of a range of cellular responses [140].

Dysregulation of ROCK signalling is reported to be involved in the pathogenesis of 
a variety of diseases such as cancer [139]. According to an in vitro study, the proper-
ties of CSCs can be reduced by pharmacological inhibition of ROCK with the ROCK 
inhibitors ML7 or Y-27632, supporting the involvement of ROCK signalling in control-
ling the functions of CSCs [141]. With regard to the clinical development of ROCK 
inhibitors, the dual ROCK1/2 antagonist AT13148 is undergoing clinical trials for 
patients with advanced cancer [142, 143]. There is still sparce information on the roles 
of the ROCK signalling pathway in the regulation of the functions of CSCs. Thus, 
further investigation into a correlation between ROCK signalling and CSCs could be 
beneficial for the development of novel cancer treatments.

3.8 TGF-β signalling

The transforming growth factor β (TGF-β) signalling pathway contributes to diverse 
biological processes including cell proliferation and differentiation [11]. When dimeric 
TGF-β binds to the TGF-β receptor type-2 (TβRII), TβRII is dimerised with the TGF-β 
receptor type-1 (TβRI), leading to the phosphorylation and activation of the receptor-
regulated SMADs (R-SMADs) SMAD2 and SMAD3 [11]. Subsequently, SMAD2 and 
SMAD3 undergo trimerisation with the common-partner SMAD, SMAD4 [11]. The 
trimer migrates to the nucleus and promotes the transcription of target genes [11].

It has been suggested that TGF-β may have contradictory functions in the proper-
ties of CSCs [144]. A study using a breast cancer xenograft model indicates that the 
activation of TGF-β signalling can reduce the number and the self-renewal potential 
of breast CSCs [145]. In addition, another in vivo study suggests that the number of 
CSCs in diffuse-type gastric carcinoma can be reduced by the activation of TGF-β 
signalling, leading to the suppression of tumour formation [146]. In contrast, it is 
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reported that the activation of TGF-β signalling leads to an increase in CSC counts 
and the enhancement of CSC properties in various types of cancer such as breast 
cancer liver cancer, gastric cancer, skin cancer, glioblastoma and leukaemia [147–156]. 
Considering these pieces of evidence, the therapeutic targeting of the TGF-β signal-
ling pathway might be a promising strategy to eliminate CSCs. However, more work 
will be required to gain a better understanding of a link between TGF-β signalling and 
CSCs for the development of novel therapeutic modalities.

4. Conclusion

CSCs are a minor population in tumours, and their self-renewal capacity and 
differentiation potential contribute to tumour relapse, metastasis, chemoresistance 
and radioresistance. This chapter has provided a succinct summary of (a) major 
signalling pathways that are reported to be associated with the functions of CSCs 
and (b) clinical development of inhibitors targeting CSC-related signalling pathways 
for the purpose of encouraging research scientists (medicinal chemists, biologists, 
immunologists and others) to create new treatments (Table 1). Therapeutic target-
ing of CSCs via these signalling pathways has been considered to be a compelling 
strategy, and several small molecule inhibitors such as Vismodegib (GDC-0449), 
Sonidegib, Glasdegib (PF-04449913) and Everolimus have been approved by FDA for 
the treatment of cancer in the clinic. However, the development of such therapeutic 
interventions is challenging, and there is still vast scope for improvement. It is in part 
because signalling pathways interact with each other and because the CSC properties 
are thought to be controlled by the signalling network. AL/ML has been applied to the 
drug discovery, and it is reported that AL/ML is highly beneficial for target discovery, 
drug design and so on. These pieces of evidence can provide a scientific rational for 
applying AL/ML to the development of new therapeutic interventions targeting 
CSCs. The signal regulatory mechanisms of CSCs remain to be elucidated, and con-
tinuing studies of CSC-related pathways will lead to the creation of novel therapeutic 
modalities for various types of cancer.

Table 1. 
Landscape of clinical development of inhibitors targeting CSC-related pathways.
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Abstract

Reprogramming adult somatic cells into induced pluripotent stem cells (iPSCs) 
through the ectopic expression of reprogramming factors offers truly personalized cell-
based therapy options for numerous human diseases. The iPSC technology also provides 
a platform for disease modeling and new drug discoveries. Similar to embryonic stem 
cells, iPSCs can give rise to any cell type in the body and are amenable to genetic cor-
rection. These properties of iPSCs allow for the development of permanent corrective 
therapies for many currently incurable disorders. In this chapter, we summarize recent 
progress in the iPSC field with a focus on potential clinical applications of these cells.

Keywords: cell differentiation, cell-based therapy, genetic correction, induced 
pluripotent stem cells, iPSCs, regenerative medicine, stem cell reprogramming

1. Introduction

Direct reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) 
through the ectopic expression of reprogramming factors [1–5] has had a dramatic 
impact on the field of regenerative medicine and has opened a new era in research and 
therapy. Human iPSCs represent an unprecedented source of patient-specific pluripo-
tent stem cells suitable for disease modeling and tissue replacement therapy.

Stem cells (SCs) have the ability to self-renew through cell division and can differ-
entiate into various cell types. Based on their origin, SCs are divided into embryonic 
SCs (ESCs), induced pluripotent SCs (iPSCs), and adult SCs. ESCs are pluripotent 
cells derived from the inner cell mass of the blastocyst. They can give rise to tissues of 
the three germ layers and are regarded as a renewable potent cell source for the regen-
eration of all bodily tissues [6]. Adult SCs are multipotent cells of adult tissues that are 
also essential for regenerative medicine [7]. iPSCs share many similarities with ECSs, 
including pluripotency, differentiation potential, and the capability to form teratomas 
and viable chimeras [8].

Human ESCs are isolated by the use of surplus in vitro fertilization embryos [9]. 
Therefore, unlike the iPSC technology, ESC-based techniques do not allow for the 
generation of genetically diverse patient-specific cells. Additionally, the use of ESCs 
is obstructed by the need to destroy human embryos in the process of cell isolation, 
which raises ethical considerations. Primary human ESCs, therefore, are a suboptimal 
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SC source for therapy and tissue engineering. ESC-based cell therapies may also result 
in immune rejection, which theoretically can be avoided if autologous iPSC-derived 
cells are used instead.

Similar to ESCs, iPSCs can proliferate indefinitely and differentiate into all three 
germ layers. Thus, the iPSC technology solves many problems associated with the use 
of ESCs and provides an unlimited source of autologous pluripotent SCs, which can 
be genetically corrected, differentiated into adult lineages, and returned to the same 
patient as an autograft [10]. Significant advances have been achieved in recent years 
in improving the safety of the iPSC technology; thus, expanding the opportunities for 
its clinical application. However, despite the tremendous potential of iPSCs, extensive 
analyses of their safety and reliability are still required. This chapter discusses the 
current progress and prospects of using the iPSC technology in tissue replacement 
therapy and as a tool for studying human pathologies.

2. Reprograming of somatic cells into iPSC

The first attempts to derive pluripotent SCs from adult cells were stimulated by 
early experiments that demonstrated the feasibility of reprogramming adult frog 
somatic cell nuclei by the cytoplasm of an enucleated unfertilized frog oocyte [11]. 
Later findings showed that reprogramming of somatic cells back to the pluripotent 
state is possible by transferring somatic cell nuclei into oocytes or by fusing somatic 
cells with pluripotent SCs [12–14]. Finally, the successful cloning of Dolly the sheep 
showed the feasibility of complete reprogramming of a mammalian somatic nucleus 
back to a pluripotent state from which it can develop a new animal [15].

2.1 Main reprograming factors

The success of animal cloning has demonstrated that unfertilized eggs and ESCs 
contain a set of factors that can confer pluripotency to somatic cells. Oct4, Sox2, 
c-Myc, and Klf4 were later identified by Takahashi and Yamanaka as sufficient to 
induce pluripotency in mouse somatic cells, resulting in iPSCs that were functionally 
equivalent to mouse ESCs [1, 2].

OCT4 is a key transcriptional factor, which maintains pluripotency in both early 
embryos and ESCs [16]. The level of OCT4 expression is vital for regulating pluripo-
tency and it can both activate or repress the promoter of the REX1 gene, also a critical 
regulator of pluripotency [17]. The transcription factor SOX2 (sex determining region Y 
(SRY)-box2) is also essential for maintaining cell pluripotency. It comprises a regulatory 
complex with OCT4 and REX1 that cooperatively binds to DNA to activate transcription 
of other pluripotency factors [18]. The proto-oncogene c-MYC has multiple downstream 
targets that enhance cell proliferation, resulting in SC self-renewal [19]. The c-MYC 
protein can also induce global histone acetylation allowing OCT4 and SOX2 to bind 
to otherwise inaccessible sites [20]. Krüppel-like factor 4 (KLF4) is an oncogene that 
contributes to the long-term maintenance of the ESC phenotype. The role of KLF4 in 
cell reprogramming is probably to downregulate the expression of the tumor suppressor 
protein p53 [21]. KLF4 can also activate transcription by interacting with histone acetyl-
transferases, suppressing cell proliferation, and reciprocally acting with c-MYC [22].

The combination of OCT4, SOX2, KLF4, and c-MYC (abbreviated as OSKM), is 
widely used to reprogram various types of somatic cells into a pluripotent state. Under 
specific conditions, reprogramming can also be achieved without c-MYC or with 
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only one or two factors from the OSKM set [23–25]. An alternative combination of 
OCT4, SOX2, NANOG, and LIN28 has also been shown to be sufficient to reprogram 
human cells into iPSCs [5]. Additional factors can be used in combination with OSKM 
to enhance reprogramming efficiencies, such as LIN28, human telomerase reverse 
transcriptase (hTERT), and SV40 large T antigen [26–28]. Regardless of their combi-
nation, reprogramming factors remodel the epigenetic configuration of somatic cells 
in a way that allows for the conversion of these mature somatic cells into immature 
pluripotent SCs. Mechanisms of reprogramming into iPSCs are reviewed in detail by 
Meir and Li [29].

2.2 Reprograming approaches

Early approaches to obtain iPSCs relied on the use of integrating retro- and 
lentiviral vectors to deliver reprogramming factors into somatic cells [1]. However, the 
expression of these exogenous factors is only essential in the initial step of reprogram-
ming, and their silencing must occur to ensure the stability of iPSCs [2]. The use of 
retroviral vectors can not only result in the reactivation of exogenous reprogramming 
factors and in turn destabilization of iPSCs [2] but also increase the risk of insertional 
mutagenesis and cancer transformation in iPSC-derived tissues. The development of 
integration-free reprogramming approaches made the production of iPSCs safer for 
potential clinical applications. Somatic cells have been successfully reprogrammed 
into iPSCs using episomal plasmids encoding the reprogramming factors and adeno-
viral vectors [30, 31]. A number of other non-integrating vectors of viral origins have 
been utilized for reprogramming, such as those based on Sendai virus [32], Epstein–
Barr virus [26], and various circular plasmid constructs [33, 34]. While these methods 
produce integration-free iPSCs, many of these approaches suffer from extremely low 
efficiency, which hampers their potential clinical application [35].

The generation of iPSCs has been recently accomplished with defined chemicals 
that can functionally replace reprogramming factors [36]. iPSCs can also be generated 
by fusing reprogramming factors with cell-penetrating proteins that allow for the effi-
cient transport of reprogramming proteins through cell membrane [37]. Despite their 
safety, these DNA-free approaches also suffer from low reprogramming efficiency.

A more promising approach for the transgene-free generation of iPSCs can be 
the use of synthetic modified mRNAs encoding the reprogramming factors. This 
approach has been shown to reprogram a variety of cell lines with an efficiency 
superior to that of other integration-free approaches [38]. The disadvantage of this 
method is that RNAs have to be delivered into the cells daily during the reprogram-
ming process. MicroRNA (miRNAs), such as miR-200c, miR-291-3p, miR-294, miR-
295, and miR-302a-d, have also been shown to significantly enhance the efficiency 
of pluripotency induction [39]. When combined with modified mRNAs encoding 
reprogramming factors, miR-367 and miR-302a-d  have been shown to increase the 
reprogramming efficiency of human primary fibroblasts to an unprecedented level, 
and reprogramming up to 90.7% of individually plated cells [40].

2.3 Reprogramming process

Different cell types have been used for the generation of iPSCs, albeit with differ-
ent reprogramming efficiencies. Fibroblasts are the most commonly used cells due to 
their availability and easy culture conditions. Keratinocytes, melanocytes, blood cells, 
hepatocytes, and gastric epithelial cells are also suitable for reprogramming [41].
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The reprogramming process has been extensively studied in fibroblasts and 
has been shown to follow an organized sequence of events, which begins with the 
downregulation of somatic gene expression [42]. The first step requires a pheno-
type transition initiated by the activation of the early pluripotency stage-specific 
embryonic antigen (SSEA1) and alkaline phosphatase, and the inactivation of the 
differentiation-related antigen Thy-1 (CD90), followed by the activation of NANOG 
and OCT4 [31, 42]. OCT4, SOX2, and NANOG further induce the expression of stem-
ness genes, such as STAT3 and ZIC3, and repress differentiation-associated genes [17, 
43]. The expression level and balance of reprogramming factors are also important 
for iPSC generation. For example, the increased relative expression of OCT4 enhances 
reprogramming efficiency [44].

Reprogramming somatic cells often results in the generation of heterogeneous 
iPSCs with different molecular phenotypes and differentiation potentials [45]. The 
duration of the reprogramming process also affects the characteristics of the result-
ing iPSC. Prolonged cultivation of iPSCs yields phenotypes closer to those of ESCs as 
compared to cells in the early phase of reprogramming. This suggests that reprogram-
ming continues even after iPSCs have been established [46]. Alterations in epigenetic 
modifications, such as DNA methylation, are also important for iPSC induction [47]. 
Interestingly, epigenetic profiling of iPSCs has revealed that reprogrammed cells 
retain epigenetic marks of the cell type of origin [48] although these marks disappear 
upon continued passaging [42].

3. Clinical applications of iPSCs

The rapid progress of the iPSC technology increases efforts to translate autologous 
iPSC-based therapies into the clinic. While only a few clinical trials have directly 
tested the delivery of iPSC-derived cells into patients, the technology continues to 
develop and researchers from virtually every field develop iPSC-based cell therapies 
for relevant diseases. These therapies are still at different stages of development and 
rely on the feasibility to derive functional somatic cell types from iPSCs. Examples of 
the efforts toward the development of iPSC-based therapies for a variety of tissues 
and organs are summarized for selected fields below.

3.1 Dermatology

The skin may represent an ideal tissue for testing novel iPSC-based therapies. It 
is readily accessible, highly proliferative, and can be easily monitored. Multiple skin 
cell lineages have been generated from iPSCs, such as keratinocytes [49], melanocytes 
[50], fibroblasts [51], and ectodermal precursor cells [52]. Mouse iPSC-derived 
keratinocytes display characteristics similar to those of primary keratinocytes and 
can regenerate differentiated epidermis and skin appendages when grafted together 
with mouse fibroblasts into athymic mice [49]. Human iPSC-derived keratinocytes 
have also been shown to establish functional organotypic skin in culture and 3D skin 
models [53]. These and other studies have demonstrated the potential of iPSCs to 
generate autologous donor cells for cell-based therapies for skin diseases.

As an essential step toward future clinical use, in vitro 3D skin equivalents have 
been generated using iPSC-derived components. These equivalents exhibit normal 
skin morphology, stratification, and terminal differentiation [54], and can potentially 
be used for drug screening. Skin organoids with stratified epidermal and dermal skin 



299

Induced Pluripotent Stem Cells: Advances and Applications in Regenerative Medicine
DOI: http://dx.doi.org/10.5772/intechopen.109274

layers that are able to spontaneously produce de novo hair and sebaceous glands have 
also been generated from murine [55] and human [56] iPSCs.

Many of the most devastating forms of inherited skin diseases that are caused 
by known mutations, such as Epidermolysis Bullosa (EB), can be treated with 
genetically corrected iPSC-derived cells [54]. EB is a group of inherited skin 
blistering diseases that results in severe blistering and scarring [57]. Precise gene 
editing techniques, such as those based on CRISPR (clustered regularly interspaced 
short palindromic repeats)/CRISPR-associate (Cas) systems, can be used for the 
generation of these patient-specific genetically corrected iPSCs. These corrected 
iPSCs can then be differentiated into skin cells and transplanted back to the same 
patient in need of treatment. Similar strategies can be implemented for a variety 
of other diseases affecting many other organs (Figure 1). In fact, the generation of 
iPSCs, coupled with gene targeting, can solve many obstacles that are associated 
with gene correction in somatic cells. Unlike somatic cells, iPSCs can be expanded 
indefinitely, allowing for easier selection and expansion of corrected clones. In 
addition, iPSCs derived from very old patients can differentiate into “rejuvenated” 
cells [58].

While currently there are no approved clinical trials to test iPSC-based thera-
pies for the treatment of skin diseases, EB is likely to be the first skin disease 
to benefit from the iPSC-based therapy due to the severity of this disorder. For 

Figure 1. 
Cell therapy strategies using iPSC-derived cells. Patient-specific primary cells of different origin can be isolated, 
cultured in vitro, reprogrammed to iPSCs, and if needed, genetically corrected. Genetically corrected or 
unmodified iPSC clones can be differentiated into desired cell lineages. These iPSC-derived cells can then be used 
for either autologous transplantation or the development of new therapeutic strategies, for example, by testing new 
drug modalities.
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example, Anthony Oro’s team at Stanford University has received an award from the 
California Institute for Regenerative Medicine (CIRM) to translate an iPSC-based 
gene correction therapy for the severe recessive dystrophic form of EB into the 
clinic by producing transplantable epidermal sheets from genetically corrected EB 
iPSCs [59]. Dr. Oro’s team is currently generating data for an investigational new 
drug application (IND) with the Food and Drug Administration (FDA) to initiate a 
clinical trial.

3.2 Vascular therapy

Endothelial cells, pericytes, and vascular smooth muscle cells have been derived 
from animal and human iPSCs [60, 61]. iPSCs can also be directed into cord-blood 
endothelial colony-forming cells that can be used to derive highly proliferative blood 
vessel-forming cells applicable for the restoration of endothelial function in patients 
with vascular diseases [62].

Coronary artery disease continues to be the leading cause of death and morbidity 
around the world, with the existing therapy being not always efficient. Studies have 
shown that transplanted iPSCs can promote angiogenesis and effective tissue revascu-
larization [63].

In diabetes, prolonged hyperglycemia causes aberrant angiogenesis in both micro- 
and macro-vessels, resulting in deficient functionality of endothelial progenitor cells 
and leading to decreased neovascularization. iPSC-derived endothelial cells have been 
widely explored as a model to study the mechanisms and novel treatments for endo-
thelial dysfunction in type 1 and 2 diabetes and maturity-onset diabetes of the young 
(MODY) [64, 65].

iPSC-derived endothelial cells have also been used to study the mechanisms of 
macular degeneration and ischemic retinopathies [66, 67]. iPSC-derived spinal motor 
neurons and cerebral microvascular endothelial cells seeded into the spinal cord lead 
to vascular-neural interaction with specific maturation effects of endothelial cells on 
the neural tissue [68].

Vascular grafts have been successfully developed from iPSC-derived cells, reca-
pitulating the cellular composition and orientation, as well as the anti-inflammatory 
properties, of functional blood vessels [69, 70].

Endothelial derived from iPSCs are yet to be evaluated in clinical trials. However, 
these cells are now successfully used for drug testing [71].

3.3 Cardiology

The recent advances in iPSC reprogramming into cardiomyocytes and other types 
of cardiac cells have provided potential avenues for cardiac repair, and functional 
cardiomyocytes have been successfully generated from iPSCs [72]. iPSC-derived 
cardiomyocyte-like cells demonstrate spontaneous contractility and exhibit molecular 
and structural similarities to cardiomyocytes.

Many studies have focused on testing iPSC-derived cells for post-myocardial 
infarction repair [73], which is one of the leading causes of morbidity and death 
throughout the world. In patients with extensive myocardial infarction, more than 
a billion cardiomyocytes can be lost, overwhelming the heart’s repair capacity. Such 
massive cell death in the myocardium initiates the replacement of cardiomyocytes 
with fibrous tissue, resulting in heart failure. Beating iPSC-derived cardiomyocytes 
have been generated from patients with hypertrophic cardiomyopathy associated 
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with diastolic dysfunction to study the cellular mechanisms and potential therapeutic 
targets of diastolic dysfunction [74].

Patient-specific iPSC-derived cardiomyocytes have also been generated from 
patients with different types of diabetes and used for modeling and studying 
the molecular mechanisms underlying diabetic cardiomyopathies [75]. Human 
iPSC-derived cardiomyocytes, endothelial cells, and cardiac fibroblasts have been 
generated and integrated in beating 3D cardiac microtissues as a platform for cardio-
vascular disease modeling [76].

Human iPSC lines have also been generated from patient-derived cells to study 
ventricular and atrial arrhythmias, which often lead to sudden cardiac death [77].

A few clinical trials to test the efficacy of iPSC-derived cardiomyocytes have 
been initiated. For example, an Osaka University spin-off company, Cuorips, Inc. 
has recently initiated a clinical trial to determine the efficacy and safety of a human 
allogeneic iPSC-derived cardiomyocyte sheet for ischemic cardiomyopathy patients 
(NCT04696328). Heartseed, Inc. is currently testing iPSC-derived cardiomyocyte 
spheroids in patients with severe heart failure in Phase I/II study (NCT04945018). 
Since both studies are still ongoing, no results have been reported.

3.4 Skeletal muscle regeneration

Converting iPSCs into skeletal muscle cells can offer a tool for in vitro modeling 
of muscular diseases and potential hope for patients afflicted with skeletal muscle 
dystrophic diseases. Myogenic progenitor cells have been derived from iPSCs in many 
studies [78, 79].

Skeletal muscle satellite cells, which drive skeletal muscle regeneration, have 
been shown to play an important role in the early regeneration of damaged skeletal 
muscles in muscular dystrophies and have been generated from human iPSCs for the 
identification of new therapeutic targets for the treatment of these disorders [80]. 3D 
functional skeletal muscle tissues have also been successfully generated from human 
iPSC-derived skeletal myotubes with sarcomeric structures as an in vitro model of 
contractile myofibrils for disease modeling and drug screening to study muscular and 
neuromuscular diseases [78].

Developing treatments for muscular dystrophy is a priority topic for researchers. 
Vita Therapeutics, Inc. has recently received an orphan drug designation from the 
FDA to initiate a clinical study that will test the efficacy of iPSC-derived myogenic 
stem cells to treat Duchenne muscular dystrophy [59]. More iPSC-based therapies for 
muscular dystrophies are currently in development [81].

3.5 Neurology

Several types of well-differentiated and functional populations of neural cells 
and neuronal multipotent progenitors have been generated from human and murine 
iPSCs. These progenitors have also been tested in cell replacement studies in rodent 
models with promising results [82]. Spinal neural progenitors have been differenti-
ated from human iPSCs and together with human iPSC-derived brain microvascular 
endothelial cells were included in the dual-channel spinal cord chip system as an in 
vitro model of human vascularized motor neuron tissue [68]. Similarly, the blood–
brain barrier chip system has been created for modeling neurological disorders and 
drug screening [83]. Cells in such systems can be generated from the same iPSC donor 
source, producing an isogenic in vitro model [84].
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iPSCs are becoming an important source for the development of personalized 
therapeutic and preclinical strategies for research focusing on neurodegeneration. 
Parkinson’s disease is one of the most common neurodegenerative disorders, resulting 
from the loss of dopamine neurons in substantia nigra. Cell replacement therapy, such 
as the transplantation of iPSC-derived neural progenitors, provides an alternative 
treatment strategy for Parkinson’s disease (PD) [85]. An ongoing clinical trial in Japan 
is testing iPSC-derived dopaminergic neurons for PD [86]. In 2018, midbrain dopami-
nergic progenitor cells derived from autologous iPSCs were successfully transplanted 
into the brain of a patient with PD, and clinical symptoms improved in this patient at 
18 to 24 months after implantation [85]. Aspen Neuroscience is currently developing 
two iPSC-based therapies for PD: an autologous iPSC-derived dopaminergic neuron 
therapy for idiopathic PD and an autologous gene-corrected iPSC-derived dopami-
nergic neuron therapy for genetic PD [87]. These and other therapies currently in 
development provide hope in the treatment of many neurological conditions.

3.6 Hearing loss

Hearing loss is a common impairment in humans that mainly results from the 
irreversible loss of sensory hair cells and auditory neurons. Patient-specific iPSCs 
are a promising tool for the regeneration of sensory hair cells and spiral ganglion 
neurons of the affected cochlea. iPSCs can be successfully reprogrammed into otic 
epithelial progenitors and otic neuroprogenitors that can subsequently be differenti-
ated into inner ear hair cells [88, 89]. Functional cochlear supporting cells that can be 
important therapeutic targets for the treatment of hereditary deafness have also been 
successfully generated from mouse iPSCs [90]. Human iPSC-derived neural progeni-
tors have been shown to innervate early postnatal cochlear hair cells in vitro, forming 
functional synapses [91].

Sensorineural hearing loss is a prevalent form of deafness, commonly arising 
from damage to the cochlear sensory hair cells and degeneration of the spiral gan-
glion neurons. iPSCs can serve as an autologous source of replacement neurons in an 
injured cochlea for the treatment of sensorineural hearing loss and as a model system 
to develop therapies to treat hereditary hearing loss [89]. While many iPSC-based 
treatment options are being developed in research settings, there are no approved 
clinical trials for hearing loss using iPSCs.

3.7 Ophthalmology

Transplantation of ocular cells derived from both autologous and allogeneic iPSCs 
in animal models and clinical trials showed great promise for cell-based therapies and 
disease modeling in ophthalmology. Using patient’s own cells and the ability to correct 
disease-related gene mutations in patient-derived iPSCs provided a powerful approach 
for the treatment of ophthalmologic diseases. Various ocular cells have been generated 
from iPSCs, including corneal epithelial progenitor cells capable of terminal differen-
tiation toward mature corneal epithelial-like cells [92], conjunctival epithelial cells, 
and conjunctival goblet-like cells [93], retinal pigment epithelial cells [92], photorecep-
tors, and retinal ganglion cells among others [94]. Human iPSCs can, in an autonomous 
manner, recapitulate the main steps of retinal development and form 3D retinal cups 
containing all major retinal cell types arranged in layers via retinal progenitors [95].

iPSCs hold a promise for the treatment of various degenerative eye disorders 
by filling clinical gaps in the use of adult limbal SCs or ESCs [96]. iPSC-derived 
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photoreceptor cells and retinal pigment epithelium cells provide a cell replacement 
therapy for visual impairment associated with inherited retinal degeneration and 
age-related degeneration of photoreceptors [97].

Similar to the skin, the eye may represent an ideal tissue for testing iPSC therapies: 
it is relatively easy to monitor and access. Unsurprisingly, retinal pigment epithelium 
(RPE) cells derived from iPSCs were the first autologous iPSC-derived cell type to be 
transplanted into a human patient [85]. These RPE cells were used to treat age-related 
macular degeneration (AMD), the leading cause of vision loss in the elderly. A 4-year 
follow-up demonstrated that the iPSC-derived RPE sheets transplanted into the right 
eye of a 77-year-old patient had survived post-engraftment. While no improvement 
in vision was noted, the patient’s vision remained stable, emphasizing the safety of 
the iPSC-based therapy to treat eye diseases [98]. Additional iPSC-based therapies are 
being assessed for the treatment of AMD in clinical trials in Japan [99] and in the United 
States by the team at the National Institute of Health (NCT04339764). The use of iPSC-
derived photoreceptors to cure blindness is also being tested in preclinical research [59].

3.8 Bone and cartilage regeneration

While autologous bone grafting remains the main approach to reconstruct bone 
defects, the risk of bone resorption, infection, and insufficient amount of tissue 
available for transplantation is high. Therefore, iPSC technologies may provide a 
suitable alternative to grafting autologous bone/cartilage-forming cells. Functional 
osteoblasts, osteocytes, and chondrocytes have been generated from iPSCs [100, 101].

Human and animal iPSCs, as well as iPSC-derived mesenchymal stem/stromal 
cells (MSCs), have been differentiated into osteoblast- and osteocyte-like cells, which 
could be transplanted to achieve bone formation or regeneration of calvarial bone 
defects in in vivo animal models [102]. For bone tissue regeneration, engineered 
bioactive scaffolds provide mechanical support and components that mimic the 
extracellular matrix for iPSC-derived osteogenic cell grafting, increasing their adhe-
sion, growth, and survival [103].

iPSCs also represent a potential source of viable chondroprogenitors for articu-
lar cartilage repair and engineering [104]. The regenerative potential of iPSCs is 
attractive for the therapy of intervertebral disc degeneration—a common cause of 
musculoskeletal diseases, such as low back pain, which is often attributed to a reduced 
number of nucleus pulposus cells that form the intervertebral disc. Current treatment 
strategies fail to replenish nucleus pulposus cells. The latter, however, have been suc-
cessfully differentiated from iPSCs [105].

The development of iPSC-based therapies for bone and cartilage diseases is 
still ongoing. However, Australian Cynata Therapeutics has already tested alloge-
neic MSCs derived from iPSCs in a clinical trial for graft vs. host disease (GvHD) 
(NCT02923375). The infusion of these iPSC-derived MSCs was well tolerated by 
patients and promoted encouraging improvement in symptoms of GvHD [106]. 
Cynata therapeutics is also initiating a Phase III trial that will use iPSC-derived MSCs 
for the treatment of osteoarthritis [107].

3.9 Dentistry

Human iPSCs can potentially be a source to derive human odontoblasts for tissue 
engineering and regenerative therapy for the treatment of dental pulp damage [108]. 
The tooth is formed by sequential reciprocal interactions between epithelial cells 
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originating from mesenchymal cells and surface ectoderm cells from cranial neural 
crest. iPSCs can be differentiated into neural crest-like cells, which in turn can be 
differentiated into odontogenic mesenchymal cells, odontoblast progenitors, and 
odontoblasts suitable for transplantation [109].

Periodontal disease is an important health problem that ultimately leads to tooth loss. 
An alternative to the existing artificially manufactured tooth replacements is the genera-
tion of complete or partial biological replacements, consisting of living periodontal 
tissues. Animal and human iPSCs and iPSC-derived MSCs transplanted to animals with 
a model of molar defects demonstrate periodontal tissue regeneration. Transplanted 
neural crest-like cells derived from iPSCs have also been shown to form a well-organized 
vascularized dentin-pulp complex and calcified tooth-like structures, demonstrating 
the feasibility for iPSCs use in dental tissue regeneration [108]. However, extensive 
research is still needed to advance the iPSC technology into dental applications.

3.10 Nephrology and urology

Renal failure is one of the most common causes of mortality and morbidity in the 
world. An iPSC-based cell therapy may offer an alternative therapeutic approach to 
kidney transplantation.

iPSCs have been successfully differentiated into nephrogenic intermediate meso-
derm and renal progenitor cells [110, 111]. These cells pose the ability to differentiate 
into multiple cell types that constitute the adult kidney, such as metanephric mes-
enchyme cells, metanephric stromal cells, nephric duct, ureteric bud cells, proximal 
tubular cells, mature glomerular podocytes, and other types of cells capable of form-
ing renal tubule-like structures [110]. iPSC-derived kidney organoids have been cre-
ated containing multiple cell types and mimicking nephrogenesis that have a potential 
for regenerative medicine and personalized therapy [112]. iPSC-derived cells are also 
used to recellularize decellularized kidney scaffolds as an approach to bioengineer-
ing human replacement kidneys [113]. iPSCs generated from patients with specific 
kidney disorders have also been used in disease modeling [114]. The iPSC technology 
is now widely used to model kidney diseases and perform drug screening. However, 
no clinical trials have been approved to date.

3.11 Pulmonology

Lung transplantation remains the only treatment for many severe lung diseases. 
The use of iPSCs may be an effective strategy for developing patient-specific cells for 
lung cell therapy and lung tissue engineering as an alternative to whole-organ trans-
plantation. iPSC-based models of lung diseases can also help to better understand 
lung pathologies and identify new therapeutic approaches.

Human alveolar and airway epithelial and basal cells have been successfully gener-
ated from iPSCs [115, 116]. Airway basal cells, in particular, can give rise to other 
airway lineages, such as secretory and ciliated cells, and can restore airway function-
ality [117].

Human iPSC-derived type II alveolar epithelial cells are capable of repopulat-
ing acellular lung matrices prepared from rat and human adult lungs, adhering and 
proliferating to form alveolar structures as a 3D lung tissue model of the distal lung 
regions [118]. Recently, scaffold-free structures for airway regeneration were also cre-
ated using 3D bioprinting and a combination of human native chondrocytes, MSCs, 
and iPSC-derived endothelial cells [119].
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Thus, significant progress has been achieved in deriving alveolar epithelial cells 
from iPSCs. However the complexity of lung tissue prevents rapid development and 
clinical translation of iPSC-based therapies for lung diseases.

3.12 Hepatology

Currently, liver transplants represent the only way to treat patients suffering from 
terminal liver failure. However, liver transplantation is associated with numerous 
problems, such as graft failure. As an alternative to the donor liver, human iPSCs may 
provide a promising source of hepatocytes for autologous cell therapy. iPSCs have 
been differentiated into hepatocytes [120]. Since the function of hepatocytes depends 
on their position in the liver globule, methods have been developed to generate iPSC-
derived hepatocytes with zone-specific hepatic properties [121].

In addition to hepatocytes, the liver parenchyma also consists of many types of 
nonparenchymal cells, which are essential for maintaining hepatic metabolic activity 
and other functions. Human iPSC-derived hepatic progenitors have been differenti-
ated into multiple liver cell types and produce functional liver models [122]. In vitro 
liver models are crucial for the study of liver diseases and development of effective 
therapies. Since liver transplantation is contingent on organ availability and other con-
straints, transplantable iPSC-derived cells and vascularized 3D organoids capable of 
repopulating and restoring liver functions have been developed as an alternative [123].

Hepatocyte transplantation is one of the most attractive approaches for the 
treatment of liver failure [124], and patient-specific iPSC-derived hepatic cells are 
expected to be used for patient-specific transplantations. The transplantation of 
hepatocyte-like cells differentiated from genetically corrected iPSCs has also been 
shown to ameliorate inherited liver diseases in a mouse model [125]. While iPSC-
derived hepatocytes have not yet been translated into clinical trials, these cells are 
currently being used for screening drug hepatoxicity [126].

3.13 Gastroenterology

The gastrointestinal tract is one of the largest and most active systems, which not 
only breaks down and absorbs macromolecules from the lumen but also functions as an 
endocrine organ that regulates digestion and metabolism. The gastrointestinal system 
requires integrated neuronal, lymphatic, immune, and vascular tissues to function 
properly. The iPSC technology provides unique opportunities for modeling human dis-
eases and novel therapeutic approaches in regenerative gastroenterology. Human iPSC-
derived intestinal and gastric cells, as well as generated in vitro human organoids, may 
facilitate drug screening and modeling of gastrointestinal diseases. On the other hand, 
intestinal cell models can be widely used to study drug absorption and metabolism.

iPSCs can be differentiated into various types of intestinal cells and can even form 
multicell type intestinal tissue [127]. Among other cell types, human iPSCs have 
been differentiated into gastric epithelial cells and acid-secreting parietal cells [128], 
mature exocrine pancreatic cells [129], as well as directed along the gastric endocrine 
cell fate path [127]. Human iPSCs can also be efficiently differentiated into neural 
crest SCs and various subtypes of mature enteric neurons [130]. Enterocytes derived 
from human iPSCs have been used as a model system for predicting the pharmacoki-
netics of the human intestine and drug absorption and metabolism [131, 132].

The developed cell culture protocols allow for the derivation of self-organizing mul-
ticellular intestinal organoids from iPSCs, which resemble in vivo intestinal crypts [133]. 
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Such organoids, which are composed of various intestinal cells, represent a physiologi-
cally relevant in vitro model for basic studies of intestinal development and pathophysi-
ology, as well as a tool in personalized regenerative medicine and drug development. 
Bioengineering the intestine on a vascularized native scaffold can also be a promising 
approach for intestinal regeneration in patients with intestinal failure [134]. Intestinal 3D 
organoids derived from human primary digestive samples are currently being tested in 
a clinical trial to treat ulcerative colitis at Rennes University Hospitals (NCT05294107). 
The successful completion of this study will pave way for approval to use iPSC-derived 
intestinal organoids for the treatment of intestinal diseases in clinical trials.

3.14 Metabolic disorders

Several major types of diabetes are caused by the destruction and decrease in 
the number of functional insulin-producing β-cells. Therefore, the generation of 
functional insulin-secreting pancreatic β-cells represents an important goal for 
the treatment of various types of diabetes. Functional insulin-secreting pancreatic 
β-cells have been successfully generated from healthy human iPSCs [135], providing 
an important cell source for personalized drug screening and cell transplantation 
therapy in diabetes. Human iPSC-derived β-cells exhibit many of the properties of 
functional pancreatic β-cells, such as expression of specific transcription factors and 
the presence of mature endocrine secretory granules [136].

Brown adipocytes are promising cell targets for the treatment of obesity and type 
2 diabetes due to their ability to actively drain and oxidize circulating glucose and 
triglycerides, which can prevent hyperglycemia and hypertriglyceridemia. Because 
of the scarcity of brown adipocytes in adults, iPSCs may be an important potential 
source of these cells and their progenitors for transplantation. Human iPSCs have 
been successfully differentiated into adipocytes [137].

MODY is a monogenic autosomal dominant disease caused by a mutation in one of 
the specific genes. Various mutations in each of these genes affect pancreatic β-cells, 
resulting in their dysfunction and diabetes development. However, despite extensive 
research, the mechanism by which the mutant MODY gene results in monogenic 
diabetes is not yet clear [138]. iPSCs have been generated from patients with different 
types of MODY to establish a human-based model for studying the molecular mani-
festations and mechanisms of these diseases [139].

iPSCs harboring disease-specific gene mutations have also been generated from 
somatic cells of patients with a few types of lipodystrophy and other inherited meta-
bolic disorders for studying the pathogenesis of these diseases [140, 141].

While iPSC-based therapies for metabolic diseases are still being developed, the 
progress achieved by Melton’s group in using human ESCs to derive functional allogeneic 
insulin-producing β-cells [142] has created a strong foundation for the use of iPSCs in 
treating type 1 diabetes. Vertex Pharmaceuticals, Inc. is currently testing the glucose-
responsive allogeneic β-cells generated from human ESCs in combination with immuno-
suppressive therapy in Phase I clinical trial (NCT04786262). The preliminary results of this 
clinical trial show engraftment and functionality of implanted hESC-derived β-cells [143].

3.15 Gland regeneration

Hypofunction of salivary glands causes various life-disrupting effects. With no 
satisfactory therapy available, the therapeutic and regenerative potential of iPSCs has 
been explored for the treatment of salivary gland dysfunction [144].
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Inflammatory and degenerative changes in the lacrimal gland often lead to the 
development of severe dry eye syndrome, a complex disease resulting in visual acuity 
disruption. Currently, only palliative treatments for this disease exist. iPSCs have 
been used for developing a therapy for lacrimal gland tissue injuries [145].

The thymus plays a significant role in the establishment of immunological self-
tolerance and is required for the generation of T cell-mediated immunity. Thyroid 
progenitors, thymic epithelial cells, and thymic organoids derived from iPSCs can 
completely regenerate the thymus in vivo and demonstrate the potential for regenera-
tive therapy in patients with immunodeficiency and hypothyroidism [146]. Despite 
the progress in generating iPSC-derived thymic cells, a poor understanding of thymus 
biology impedes the clinical translation of these cells.

The mammary gland is a primary target for carcinogenesis, and regenerative ther-
apy for damaged mammary gland tissues is the best way to restore breast functions. 
iPSCs have been successfully reprogrammed into mammary SCs [147]. In addition, 
human mammary-like organoids have been produced from iPSCs. Such organoids 
have been shown to regenerate mammary glands upon transplantation [148]. To date, 
no clinical trials have been approved for the use of iPSCs in gland regeneration.

4. Conclusion

Despite tremendous progress achieved in the iPSC field, broad applications of 
 iPSC-based therapies will take time to establish. Nevertheless, considerable advances 
have been made in deriving iPSCs from patients, differentiating them into tissues of 
interest, and using them as a platform for studying the mechanisms of diseases. The 
development of iPSC-based therapies is just emerging and only a limited number of clin-
ical studies using the transplantation of iPSC-derived cells have been initiated to date. 
However, clinical studies related to the iPSC technology are not limited to the studies 
described above. Other studies worth mentioning include the successful use of autolo-
gous iPSC-derived platelets for the treatment of aplastic anemia [149] and the derivation 
of an off-the-shelf allogeneic chimeric antigen receptor (CAR) T-cell therapy targeting 
B-cell malignancies developed by Fate Therapeutics (NCT04629729). An iPSC-derived, 
off-the-shelf, CAR natural killer (NK) cell therapy is currently being tested in a Phase I 
clinic trial for refractory B-cell lymphoma (NCT 04245722) and is showing promising 
therapeutic efficacy [150]. Other studies have been reviewed by Kim et al. [99].

Even though iPSCs hold great potential in the field of regenerative medicine and 
personalized medicine, a number of challenges hinder the widespread clinical appli-
cations of these cells. These challenges include the safety of methodologies for the 
generation, gene correction, and differentiation of iPSCs and the high cost associated 
with the technology.

The first major challenge is reprogramming and gene correction methods that 
are known to introduce undesired genetic modifications into the patient genome. 
Other limitations include the heterogeneity of iPSC lines that impairs the consistency 
of differentiation during manufacturing of iPSC-based cell products. Establishing 
selection criteria for iPSC-derived cells, such as cell-specific markers, proliferation 
rate, lifespan, and genomic analyses, help minimize the variability of iPSC-derived 
cells. Just like ESCs, iPSCs are also predisposed to forming teratomas when undif-
ferentiated. The available cell purification technologies often do not guarantee the 
complete eradication of undifferentiated iPSCs during manufacturing. Although 
many problems concerning the clinical applications of iPSCs still remain, iPSC-based 
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Abstract

Regenerative Medicine is a developing and multidisciplinary field of science that 
uses tissue engineering, biology, and cell or cell-free therapy to regenerate cells, tis-
sues, and organs to restore their impaired or lost function. Regenerative medicine uses 
a new element linked to stem cells, which call exosomes, introduces it to the healthcare 
market. Exosomes are present in almost all body fluids, such as synovial fluid and blood. 
Exosomes and microvesicles are very efficient mediators of cell-to-cell communication 
by transferring their specific cargo to recipient cells. Furthermore, the modification of 
extracellular vesicles is possible that can become an excellent choice for drug delivery 
systems and vaccines. Isolation of exosomes for their use as therapeutic, research, or 
diagnostic agents for a specific type of disease is of particular importance. Five techniques 
have been used to isolate exosomes from different sources, including ultracentrifugation-
based, size-based, immunoassay, exosome sedimentation, and microfluidic techniques. 
The use of exosomes in medicine has many applications, including in Bone and cartilage, 
dental, immune system, liver, kidney, skeletal muscle, nervous, heart systems, skin and 
wound, microbial and infectious, and also in cancers. This chapter focuses on stem cells, 
especially exosomes, as novel approaches in disease treatment and regenerative medicine.

Keywords: stem cell therapy, exosome, regenerative medicine, disease treatment, organ

1. Introduction

Regenerative medicine is a developing and multidisciplinary field of science that 
uses tissue engineering, biology, surgery, and cell or cell-free therapy to repair and 
regenerate cells, tissues, and organs to restore their impaired or lost function [18]. Cell-
based treatment methods, especially stem cell therapy have been recognized for many 
years as the main methods in regenerative medicine for their characteristics, such as 
easy isolation, self-renewal, multidirectional differentiation, immunomodulatory func-
tion, and stimulation of tissue regeneration. During the last decade, it was discovered 
that most of the therapeutic effect of Stem cells is due to different paracrine factors such 
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as exosomes. So consequently, cell-free treatment was introduced as a novel approach in 
regenerative medicine. Although exosomes do not have cell therapy-associated compli-
cations such as tumor formation, transplant rejection in the host, and the formation of 
ectopic tissue, stem cells can differentiate into different types of tissues, which is their 
main advantage over paracrine factors. This section focuses on stem cells, especially 
exosomes, as novel approaches in disease treatment and regenerative medicine.

2. Stem cells in clinic, advantages, limitations

Stem cells (SCs) have been extensively known for their reparative actions. There 
is enormous global anticipation for stem cell-based therapies that are safe and effec-
tive. Numerous pre-clinical studies represent encouraging results on the therapeutic 
potential of different stem cell types, such as tissue-derived stem cells.

SCs are classified into two broad categories according to their differentiation 
capacity and tissue of origin. Based on stem cell hierarchy, SCs are classified into 
totipotent, pluripotent, multipotent, or unipotent cells, depending on their cluster of 
differentiation [1].

If we want to compare adult stem cells, embryonic stem cells, and induced 
pluripotent stem cells, the positive points of adult stem cells are the ability of trans-
differentiation and reprogramming of these cells which is possible but is not well 
studied, being less likely to be rejected if used in transplants, and successful results 
have already been demonstrated in various clinical applications. On the other hand, 
there are some concerns about them such as limitations on the differentiation ability 
of ASCs which is still uncertain; they are currently thought to be multi or unipotent, 
being not able to grow for long periods of time in culture, usually, a very small 
number in each tissue making them difficult to find and purify. There is no technol-
ogy available to generate large quantities of stem cells in culture, and no major ethical 
concerns have been raised [2].

Embryonic stem cells possess remarkable properties, including their ability 
to maintain and grow in culture for extended periods of one year or more. Well-
established protocols for their culture maintenance are available, making them 
a promising research subject. With their pluripotency, they can generate a wide 
range of cell types, making them an important tool for understanding the process 
of development. By further studying embryonic stem cells, we can gain a deeper 
understanding of developmental processes. Also, there are some limitations, such 
as the inefficient process to generate ESC lines, being unsure whether they would 
be rejected if used in transplants, therapies using ESC avenues are mainly new, and 
much more research and testing are needed. Also if they are used directly from the 
ESC undifferentiated culture prep for tissue transplants, they can cause tumors 
(teratomas) or cancer development, and finally, the ethical concerns as the embryo is 
destroyed to acquire the inner cell mass, and the risks for female donors [3].

Also, positive points about induced pluripotent stem cells are that abundant 
somatic cells of the donor can be used for therapeutic approaches, concerns about his-
tocompatibility mismatch are avoided, they are beneficial for drug development and 
developmental studies, information learned from the “reprogramming” process may 
be transferable for in vivo therapies to reprogram damaged or diseased cells/tissues.

Furthermore, there are some limitations such as methods for reproducibility and 
maintenance, differentiated tissues are not specific, viruses are currently used to 
introduce embryonic genes and have been shown to cause cancers in mouse studies. 
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Moreover, as an ethical concern, it should be noted that iPS cells can become embryos 
if exposed to the right conditions [4].

Although stem cell transplantation has good efficacy, weak immunogenic potential, 
and high multi-potential differentiation, there are some concerns about that, such as 
safety considerations in terms of tumorigenicity and transmission of infection, tight 
regulations, short shelf life, and high cost associated with strict production, transport, 
and storage conditions. To overcome these challenges, CM’s induction of SCs in their 
native niche to stimulate the regeneration process is a promising cell-free approach [5]. 
Despite the advantages of this method, such as Immuno-compatibility, improved safety 
compared with stem cell transplantation, and feasibility of mass production, some 
limitations should be considered, such as limited therapeutic efficacy due to low concen-
tration of paracrine factors, difficulty in obtaining the CM with a consistent composi-
tion, short half-lives of paracrine factors, and requiring frequent administrations with 
large doses [6]. Stromal Vascular Fraction (SVF) treatment efficacy likely depends upon 
several patient and treatment-specific characteristics, including the severity and cause 
of hair loss, treatment frequency, preparation methods, and adjunctive therapies [7]. 
Literature reviews propose that all kinds of cell types will have the therapeutic applica-
tion with the potency of regenerative therapy. Different types of cells include many 
diagnostic and therapy factors. Differential potency of SC such a neurogenesis, synap-
togenesis, vasculogenesis, myogenesis, oligodendrogenesis, axonal connectivity, myelin 
formation, etc.

Although the exact mechanisms by which SCs perform are still unidentified, 
recent documents have proposed they might be associated with their contents, such 
as exosomes [8]. Extracellular vesicles (EV) are lipid bilayer-enclosed and small 
(40–1000 nm) vesicles secreted into biological fluids. EVs are highly heterogeneous in 
the context of contents, size, and membrane composition, depending on the source of 
origin. So far, three main categories of EVs have been identified, including exosomes, 
apoptotic bodies, and cellular microparticles/microvesicles/ ectosomes [8]. EVs have 
been identified as vital components in intercellular communication and information 
transfer to other cells, affecting both the recipient and parent cells’ physiological and 
pathological functions. Also, the roles of EVs in cancer and autoimmune disease have 
been suggested in some research [9].

3. Exosomes: properties and applications

Extracellular vesicles (EVs) are small lipid particles secreted from all human cell 
types, both healthy and malignant. They can be released either directly from the 
plasma membrane or upon fusion among multivesicular bodies (MVBs) and the 
plasma membrane. Based on their size, origin, and cargo heterogeneity (i.e., DNA, 
proteins, various types of RNAs), EVs have been classified into several groups, such as 
exosomes, microvesicles, apoptotic bodies, and other vesicle types [10].

Two scientists named Pan and Johnston first defined intercellular communica-
tion by exosomes in 1983. They discovered that during the maturation of sheep 
reticulocytes into erythrocytes, transferrin receptors were enclosed in nanovesicles 
of endosomal origin. During these years, scientists considered the term exosome for 
these nanovesicles, which are between 30 and 150 nm [11].

Exosomes are present in almost all body fluids, such as synovial fluid and blood. 
Exosomes and microvesicles are very efficient mediators of cell-to-cell communica-
tion by transferring their specific cargo to recipient cells. For example, exosomes are 
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involved in the delivery of genetic materials causing epigenetic modifications in the 
target cells, antigen transfer to dendritic cells (DCs) for cross-presentation to T cells, 
extracellular matrix remodeling, and several signaling pathways [12, 13].

The most crucial feature of EVS, including exosomes, is to be loaded as delivery 
systems and vaccines because it can be easily loaded with different molecules, such as 
drugs, antibodies, miRNAs, and siRNAs, especially in anti-tumor treatments, result-
ing in more specific and efficient systems compared to the carried molecules alone. 
Furthermore, the modification of EVs is possible that can become an excellent choice 
for drug delivery systems and vaccines [14].

Exosomes enter the cell through pinocytosis, endocytosis, or direct fusion with the 
plasma membrane. Today, stem cells are used significantly in regenerative medicine 
treatment protocols due to their ability and capacity to differentiate into various cell lines. 
It has also been proven that the ability to heal and regenerate stem cells is due to exosomes 
secreted from them, which act in paracrine [15, 16]. Similar to cancer, exosomes act as a 
double-edged sword due to their ability to carry and deliver molecules to target cells in 
infectious diseases. Exosomes play a crucial role in the pathogenesis of infection but also 
trigger immune responses to confer protection against pathogens [17]. In general, the 
advantages of using exosomes in regenerative medicine include the following:

1. The risks associated with treatment with exosomes derived from different cells 
are relatively lower compared to other cell therapy methods in which the cells 
themselves are used, which created a project in the field of cell therapy called 
Cell-free therapy, which reduces the risks of rejection of transplanted cells due to 
the reaction of the host’s immune system against the transplant.

2. Due to the possibility of direct communication of exosomes with the target cells 
and the ability to target, they are used as a preferred method over other methods, 
which have less toxicity and faster cleaning in the body.

3. In vivo preclinical studies have shown that targeting exosomes to specific cells 
can reduce transported molecules’ concentration and save materials and costs.

4. Structure and biogenesis

The biogenesis of exosomes starts with endocytosis, and the cargo enters the 
primary endosome membrane by budding. Endocytosis can be dependent or indepen-
dent of clathrin protein. The early endosome enters the late endosome phase, which 
has a spherical shape and is located close to the nucleus [18]. The budding of the cargo 
into the lumen of the endosome causes the formation of intraluminal vesicles (ILVs) 
with sizes of 30–150 nm, called Multivesicle bodies (MVBs). These multivesicular 
bodies (MVBs) may fuse with the cell membrane and release their intraluminal vesi-
cles (ILVs), which are exosomes, outside the cell, or they may fuse with the lysosomal 
membrane to degrade their contents [19]. The membrane components of exosomes 
that have been identified so far include: lipid rafts containing sphingomyelin, choles-
terol, ceramide, phosphatidylserine, and more than 4000 exosomal proteins [20].

Common proteins in all exosomes include transfer proteins such as annexin, Rab 
GTPase, proteins related to the biogenesis of exosomes such as Alix, TSG101, actin, myo-
sin, and cofilin, as well as tetraspanins such as CD9, CD63, CD81, CD82, CD151, and 
MHC classes one and two [21, 22]. Sometimes, on the membrane of exosomes, there 
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are glycoproteins related to targeting lysosomes called Lamp1 or Lamp2, as well as 
integrins and heat shock proteins such as HSP90 and HSP70. Usually, integrins and 
tetraspanins play the roles of adhesion and targeting [23, 24].

5. Separation methods

Isolation of exosomes for their therapeutic use, research, or diagnostic agents 
for a specific type of disease is of particular importance. With the rapid progress of 
science and technology, techniques for isolating exosomes in a high-quality and high-
purity form have been expanded in large quantities. Each technique uses a particular 
feature of exosomes, such as size, shape, or surface proteins, for their separation. 
Five techniques have been used to isolate exosomes from different sources, including 
ultracentrifugation-based, size-based, immunoassay, exosome sedimentation, and 
microfluidic techniques. For the investigation of the quality of isolated exosomes, sev-
eral optical and non-optical techniques have been developed to check the size, shape, 
and quantity of chemical components [25, 26].

Ultracentrifuge: There are usually two types of ultracentrifuge: analytical and 
preliminary. Analytical ultracentrifuge is used to research the physicochemical 
properties of particles and molecular interactions of polymeric materials [27]. The 
preliminary ultracentrifuge is used as the gold standard for the isolation of exosomes 
because its use is simple and does not require particular expertise. Of course, it is fast 
and cheap. Separation of exosomes by the type of differential usually includes a series 
of centrifugation cycles with different centrifugal forces, the duration of which is 
different from other components based on density and size [28]. A purification step 
is performed at the beginning of the separation of exosomes from human plasma and 
serum to get rid of large biological particles. Of course, protease inhibitors are added 
to the sample to prevent the destruction of exosome membrane proteins [29, 30]. 
There are two types of density gradient ultracentrifuge: isopycnic and moving zone. 
The use of density gradient ultracentrifuge to separate extracellular vesicles such as 
exosomes has received much attention. In the density gradient ultracentrifuge, dif-
ferent densities of the substance are created in the tube, which usually decreases from 
the bottom to the top, so the exosomes with different densities are placed in a differ-
ent part of the tubes based on the force exerted on them during the centrifugation 
[31, 32]. In moving zone ultracentrifuge, samples containing exosomes are placed in a 
narrow area above the density gradient of the environment, which has a lower density 
than any of the substances dissolved in the sample, unlike isopycnic ultracentrifuge, 
which separates only based on density [33, 34].

Based on size: Ultrafiltration is one of the most popular methods of separating 
exosomes based on size [35]. Methods such as western blotting or electron microscopic 
methods are used to confirm the successful isolation of exosomes. For cell-free samples 
such as urine, serum, spinal fluid, and cell fluid culture media, kits based on filtration 
separation have been developed [27, 36]. Sequential filtration is performed to separate 
exosomes from the solution on the cell culture medium. Initially, filtration with 100 nm 
filters is used to separate floating cells, and large cell debris, but components with a size 
larger than 100 nm but flexible are possible [37]. In this method, in the chromatography 
column, the stationary phase is a porous substance and is used to separate particles and 
macromolecules that are smaller in size than exosomes. These substances enter the pores, 
and when washing the column, the exosomes are separated earlier, which are finally 
separated by western blotting of the isolated exosomes [38].
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Immunoaffinity capture: For example, the Enzyme-linked immunosorbent assay or 
ELISA method is usually used to isolate exosomes in body fluids such as serum or urine. 
The results of absorption values indicate surface biomarkers produced on the membrane 
of exosomes. In another method, the surface characteristics of exosomes are evaluated 
by immunoprecipitation methods based on microplates by ultracentrifugation. This 
method’s more accurate results are obtained with a smaller sample, which shows its 
superiority over the ultracentrifugation method [28]. It also depends on the quality of 
the exosomes and the environment in which they are located [35, 39]. Examples of these 
diagnostic kits are used to isolate exosomes from the plasma of acute myeloid leukemia 
(AML) patients that contain abundant amounts of CD34 on their membrane, and sepa-
ration is done by magnetic beads coated with the target antibody of this marker [28, 40].

To increase the capacity of immunoaffinity capture, the mass spectrometry method 
is used along with the immunoassay method. For exosome isolation, antibodies on 
highly porous silica micropipettes that are integrally immobilized are used to isolate 
CD9-containing exosomes. Another example demonstrating the combination of immu-
noaffinity trapping with other exosome isolation methods is a magnetically activated cell 
sorter that uses epithelial cell adhesion molecules to purify isolated tumor exosomes. It 
uses plasma samples of lung cancer using the method (SEC) [41, 42].

Based on sedimentation: Exosomes can be precipitated in biological fluids by changing 
the solutions containing exosomes or by creating a particular type of dispersion in these 
solutions. For this purpose, special polymers like polyethylene glycol (PEG) can be used 
[27]. Typically, the incubation of samples with precipitating substances such as PEG, 
which have a molecular weight of up to 8000 D, for one night at 4°C causes exosomes to 
precipitate at a low speed by centrifugation or filtration. This method is an easy separa-
tion method that does not require special tools [43]. Several exosome precipitation kits 
have been commercially developed and available that isolate exosomes from body fluids 
such as plasma, serum, urine, and spinal fluid. The urinary exosomes isolated with these 
kits have been proven to be quantitatively higher than in ultracentrifugation [44]. The 
main weakness of the polymers’ exosome deposition method is co-precipitation with 
other non-exosome components, such as proteins and other substances [28].

Separation based on microfluidics: Rapid advances in microfluidic technology 
have led to the development and manufacture of devices for the fast and high-
yield separation of exosomes; applying such devices savings the use of materials, 
reagents, and time. An example of such a device is an acoustic nano-filter that uses 
ultrasound waves to separate the constituents of a sample based on size and density. 
Larger particles experience more wave pressure and move faster toward the pressure 
nodes embedded in the device [45]. To take advantage of the size difference between 
exosomes and other extracellular vesicles, Wang and colleagues have tailored porous 
nanowire structures on the micropillars of a microfluidic device, which preferentially 
transport exosomes between 40 nm and 400 nm in diameter. Proteins and other cel-
lular components are filtered out, and the entrapped exosomes are isolated by dissolv-
ing the porous silicon nanowires in PBS buffer [46]. To increase the specificity and 
introduction of exosomes, Chen and his colleagues tried for the first time to integrate 
the immunoaffinity trapping technique with the microfluidic chip, which is similar 
to the immunoassay methods of exosome isolation based on the specific interaction 
between exosome membrane proteins and their proven antibodies on a chip. Based on 
this method, commercial Exochips have been designed, as shown in Table 1, to isolate 
exosomes. These exochips are immunochips with anti-CD63 function present on the 
membrane of most exosomes, and a special fluorescent dye called carbocyanine (Dio) 
stain exosomes are also used in these special chips [47].
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6. Application of exosomes in regenerative medicine

The use of exosomes in Medicine has many applications, including in drug 
delivery to transfer a specific drug or therapeutic molecule, as well as in regenera-
tive medicine and cell therapy, because nanovesicles are made of cell membranes, 
which are effective due to their genuineness. They have high and typical safety, and 
also their presence in all body fluids makes them reliable candidates for diagnosing 
methods (Figure 1).

The role of exosomes in diagnosing and treating various diseases lies in their func-
tion as carriers of intracellular communication signals. Recent exosome investigations 

Methods Specification Advantage and disadvantage

Ultracentrifuge Using a very strong centrifugal 
force of up to 1,000,000 G [30]
To separate exosomes, isopycnic 
or moving zone techniques are 
preferred [34].

Advantages: Accessible and easy 
to use Disadvantages: Differential 
ultracentrifugation is typically 
linked to contamination and 
exosome loss because some 
exosomes in heterogeneous mixtures 
overlap with other particles in terms 
of size.

Based on size Ultrafiltration
Size exclusion chromatography 
(SEC) [35]

Advantages: works faster than 
ultracentrifugation and does not 
require special equipment or 
expertise.
Disadvantages: it is usually repeated 
two more times [36]

Immunoaffinity capture Exosomes have been used for 
immune targeting based on 
antibody affinity to an antigen or 
receptor affinity to a ligand with 
the goal of isolation. The first 
characteristic and special feature 
of the membrane of exosomes 
is a protein called CD63, which 
is abundantly expressed on the 
membrane of human exosomes 
[28].

Advantages: yields better 
RNAs than ultracentrifugation. 
Immune trapping is preferable to 
ultracentrifugation for isolating 
colon cancer exosomes [28, 40].

Sedimentation Exosomes can precipitate in 
biological fluids by altering the 
solutions that contain them or 
by introducing a specific kind of 
dispersion into them. Specialized 
polymers like polyethylene 
glycol (PEG) can be utilized for 
this purpose [27].

Advantage: It does not call any 
specialized equipment. The 
co-precipitation of other non-
exosome components, such as 
proteins and other substances, is the 
mechanism of exosome deposition 
of the polymers’ main drawback 
[43].

Microfluidics An acoustic nano-filter separates 
sample constituents by size and 
density using ultrasonic waves. 
Larger particles feel higher wave 
pressure and migrate faster to 
device pressure nodes [45].

Advantage: can reduce the use of 
materials, reagents, and time.
Disadvantage: expensive to build

Table 1. 
Summery of exosomes separation methods.
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focused on exosomes derived from humans and plants. Based on registered clinical 
trials (https://clinicaltrials.gov/), exosomes are used in different issues as biomarkers 
for cancer diagnosis like, lung, breast, colorectal, thyroid, exosome-therapy, drug 
delivery, and vaccines. In the case of exosome therapy, 35 studies have been registered 
which 22 clinical trials used MSCs-derived exosomes and most of them have been 
used in infectious diseases. Although some stem cell therapies have been approved for 
blood and immune diseases, but there is no approval for exosome therapy and more 
clinical trials are needed, yet.

7. Bone and cartilage tissue

Clinical studies on laboratory animals have shown the therapeutic effect of mesen-
chymal stem cells (MSCs) in healing cartilage injuries. The reason for these therapeutic 
effects is the secretion of various exosomes by these cells. It has been found that 
intra-articular injection of exosomes derived from mesenchymal stem cells improved 
osteoporotic defects in model rats. Most articular cartilages have a limited capacity to 
heal after injury. As challenging surgeries should be done to replace the joint, there is 
always a fear of rejection of the graft in this treatment [48, 49]. Recently, mesenchymal 
stem cells have been used to treat these defects. However, using mature mesenchymal 
stem cells as multipotent stem cells may not be able to optimally repair these damages 
because, usually, with the increasing age of the donor cells, the ability of these cells to 
self-regenerate and multiply and differentiate decreases dramatically [50].

Another theory suggests using pluripotent stem cells as permanent sources in cell 
therapy. Although these cells can differentiate into various cell lines clinically, they may 
cause tumors and teratoma, and they cannot be considered a reliable treatment source. 
So an alternative method is to use exosomes derived from these types of cells [51].

In a study by Zang et al., osteoporotic defects were created in two groups of model 
mice, one as a sample and the other as a control of the same size. For 8 weeks, 100 μL 

Figure 1. 
Exosomes and its application in regenerative medicine.
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of exosomes derived from mesenchymal stem cells were injected intra-articularly 
into the PBS control group and the sample group (the environmental and nutritional 
conditions of both groups were the same). To observe the progress and effectiveness 
of the treatment, tissue evaluation was performed. It was observed that four cartilage 
defects were completely healed within 6 weeks, and hyaline and collagen type 2 were 
created entirely. In one case, tissue repair was done by fibrosis [48]. In the field of 
bone regeneration, most of the attention is on exosomes derived from mesenchymal 
stem cells due to their ability to influence and interact with the bone microenviron-
ment at different levels of regeneration.

At different levels of regeneration, cells such as osteoblasts, osteoclasts, osteo-
cytes, chondrocytes, and endothelial cells are associated with different repair 
mechanisms [52]. Exosomes derived from MSCs can generally distinguish osteoblasts 
by transmitting various miRNA cargoes. Exosomes produced by stimulated cells can 
connect to the extracellular matrix and induce the distinction of osteoblasts through 
regional interaction with them. In addition, considering the importance of the 
interaction between osteoclasts and osteoblasts in bone homeostasis, specific target-
ing molecules to inhibit or induce osteogenesis, such as miR-214-3p, which is secreted 
from osteoclasts, are of great interest [48, 53]. Another study identified the pathways 
by which miRNAs in exosomes regulate osteoblastic differentiation.

WNT and PI3K/AKT pathways directly affect the induction of bone formation. 
One of the essential miRNAs in this field is miR-27A-3P, which affects different signal-
ing pathways in bone, such as TGFβ, BMP, and WNT, which influence proliferation 
genes involved in bone distinction, such as STAB2, DLX2, OSX, and Runx2 [52, 54]. 
According to various research, the bone regeneration capacity of exosomes derived 
from MSCs depends on the type of tissue from which they are isolated. For example, 
exosomes derived from MSCs isolated from human adipose tissue can increase the 
speed of healing and regeneration of bone defects [55].

8. Dental tissue

Recently, studies have been conducted on miR133b derived from certain exosomes 
of dental dentin cells, which regulate apoptosis in tooth development. This miRNA 
induces apoptosis in the primary mesenchyme of the dental tissue’s upper part and 
causes the dental tissue’s proper formation in the laboratory environment. Such stud-
ies highlight exosomes’ critical role in signaling growth, differentiation, and regenera-
tion of oral, facial, and cranial tissue [56]. Exosomes derived from adipose tissue stem 
cells have tremendous healing effects in treating oral and dental diseases. They have 
opened a clear horizon for dental treatments without the need for surgery. Exosomes 
may be isolated from mesenchymal stem cells of dental tissues, including dental pulp 
stem cells (DPSCs). These are multipotent cells that can directly contribute to the 
regeneration of dental pulp, bone, muscle, nerve, blood vessels, and even the liver 
[57, 58]. DPCS-derived exosomes play an important role in regenerative medicine. 
Research has confirmed that these exosomes in primary cell culture and animal mod-
els have a modulatory role and support the immune system and anti-apoptotic activ-
ity, similar to MSC-derived. They have the unique ability to regenerate dental pulps. 
Periodontal ligament cells (PDLCs), known as old sources of multipotent stem cells, 
are other cells in tooth regeneration. One of these cells’ unique features is maintaining 
the ability of self-regeneration when transplanted [59]. Although extensive research 
has not been done on the effects of exosomes derived from dental ligament cells, there 
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are shreds of evidence about the modulating properties of these cells. In addition, it 
has been found that exposure of PDLCs to lipopolysaccharide (LPS) produces exo-
somes that can induce polarity in proinflammatory macrophages [60, 61].

9. Modulation of the immune system

The ability of exosomes to modulate the immune system, and increase or inhibit 
inflammation, has introduced them as an attractive choice as therapeutic agents. 
Exosomes can transport different antigens, load on MHC class I and II complexes, 
and stimulate immune response through epitope presentation by cell-presented anti-
gens [62, 63]. Exosomes derived from dendritic cells (DC) loaded with viral antigens 
can activate TCD8+ cells. Exosomes secreted from cells infected by bacterial and viral 
antigens can stimulate the release of macrophages and determine the activity of T 
cells. Similarly, after being made inside dendritic cells, cancer-specific epitopes can 
stimulate the activity of cytotoxic T cells against cancer cell antigens [64]. Exosomes 
derived from regulatory T cells (Treg) play the role of modulating and sometimes 
suppressing the immune system. TCD4+, CD25+, and Foxp3+ cells can activate TCRs 
or receptors on T cells. Exosomes produced by this type of T cells are quantitatively 
more than other T cells. Treg-derived exosomes can reduce the release of inflamma-
tory cytokines such as IL2 and IFNγ [65]. The suppressive nature of Treg exosomes 
has been attributed to CD73 ectoenzymes, and the loss of CD73 in Treg exosomes 
reverses its natural suppressive property. It has been found that the contents of exo-
somes that move between Treg cells and T effector cells (Teffs) contain miRNAs such 
as Let-7d, Let-7b, and miR155, which indicate the modulating and inhibitory function 
of these exosomes [65, 66]. It has been reported that using exosomes derived from 
cancer cells as a vaccine for chronic myeloid leukemia (CML) patients increases the 
power of cytotoxic T cells against CML cells. In addition, exosomes derived from mes-
enchymal stem cells present cancer epitopes on their membrane, which can stimulate 
the activity of antibody secretion by B cells and Th1 memory cells [67]. Exosomes can 
be used to transfer molecules that modulate the immune system, such as vitamin D 
derivatives, which play a role in regulating the immune system in osteoporosis, or as 
vectors for gene transfer of anti-inflammatory molecules to reduce the damage caused 
by osteoporosis. Immunotherapy based on exosomes has numerous advantages over 
cellular immunotherapy because its production is of higher quality, a safer method, 
and they are more stable and less toxic [68, 69].

10. Liver tissue

The special features of mesenchymal stem cells, such as multipotency and self-
regeneration, have been used as promising tools for treating liver diseases. According 
to the figure, exosomes derived from these cells can regenerate various tissues, includ-
ing the liver, in damaged models [70]. Several studies have been conducted on the 
therapeutic effects of MSC-derived exosomes in mice models of liver fibrosis. Carbon 
tetrachloride (CCL4) was used to cause this damage. It was determined that exosomes 
derived from MSCs isolated from umbilical cord blood have improved liver fibrosis 
by inhibiting the epithelial-mesenchymal transition of hepatocytes and increasing 
collagen production [71, 72]. It has been found that exosomes significantly restore the 
activity of the liver aspartate aminotransferase enzyme and inhibit the smad/TGFβ 
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signaling pathway by inactivating phosphorylation and increasing the production 
of type 1 and 3 collagen [73]. Another study showed that hepatic mesenchymal stem 
cells could release exosomes containing miR-125b, which are transported between 
these cells and target cells, such as stellate cells that respond to the Hedgehog (Hh) 
signaling pathway and heal the fibrosis caused by CCL4 damage in mouse models 
by inhibiting Hh pathway signaling which preventing SMO protein expression [74]. 
It has been reported that exosomes derived from adipose-derived MSCs (AD-MSC) 
contain miR-122, which affects hepatocytes and regulates the expression of specific 
genes such as P4HA1 and IGF1R, which are effective in collagen production and 
increase the speed of liver fibrosis treatment [75]. Exosomes derived from AD-MSC 
can significantly reduce the level of alanine and aspartate aminotransferase and 
concanavalin A, as well as the serum level of pro-inflammatory cytokines such as 
TNFα, INFγ, IL6, IL8, and also reduces IL1β, which causes severe liver inflammation. 
Exosomes derived from MSCs can also improve the acute liver damage caused by acet-
aminophen or H2O2 by affecting the genes of anti-apoptotic proteins such as BCL-XL 
and transcription activators such as STAT3 and increasing their expression [70, 76].

11. Renal tissue

Exosomes secreted by bone marrow mesenchymal stem cells can enhance the 
growth of cisplatin-damaged proximal tubule epithelial cells by horizontal transfer 
of IGF-1 receptor mRNA. It has also been shown that exosomes derived from human 
umbilical cord blood mesenchymal stem cells can improve acute kidney injury by 
inhibiting kidney oxidative stress and apoptosis, increasing kidney epithelial cells’ 
growth [77, 78]. A scientist named Borges discovered that by placing renal tubule 
epithelial cells in hypoxia condition, these cells release TGF-β1 mRNA-rich exosomes 
into the culture medium, which can activate fibroblasts to initiate a fibrotic remodel-
ing response [79]. Burger investigated the therapeutic potential of colony-forming 
cells derived from umbilical cord blood in acute kidney ischemic injury models, which 
showed the therapeutic abilities of these cells in treating this type of injury due to 
miR-486-containing exosomes. 5p is derived from these cells, which can repair this 
damage by targeting the PTEN gene [80]. Research has also been done on the thera-
peutic abilities of exosomes derived from stem cells isolated from the urine; which 
has shown that the damage caused by streptozotocin-induced renal damage models 
by weekly injection of urine-derived stem cell (USCs) exosomes can inhibit apoptosis 
and increase survival and vessel regeneration [81].

12. Skeletal muscle tissue

Recently, the use of mesenchymal stem cell secretomes, especially exosomes 
derived from mesenchymal stem cells (MSCs), for skeletal muscle regeneration has 
been researched. In vivo studies have shown that exosomes derived from MSCs can 
increase the speed of muscle regeneration by increasing angiogenesis and reducing 
muscle fibrosis. Concerning skeletal muscle injuries, researchers have discovered 
miRNAs with anti-apoptotic activity, such as miR-21, and myogenic activities, such 
as miR-1, miR-133, miR-206, and miR-494, which were able to reduce these types of 
injuries in mouse models [82, 83]. Choi and colleagues found that exosomes derived 
from human skeletal myoblasts (hSKMs) during myotube differentiation could 
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induce myogenesis response in hASCs. Experiments on skeletal muscle injury model 
mice confirm that using hSKMs-derived exosomes can accelerate skeletal muscle 
regeneration by reducing the collagen deposition rate and increasing myofibrils’ 
regeneration in injured muscles. According to studies, exosomes derived from MSCs 
regenerate skeletal muscles by strengthening myogenesis and angiogenesis; at least 
part of these effects are caused by miRNAs such as miR-494 [82, 84].

13. Nervous system

Exosomes have also been investigated to improve regenerative medicine’s central 
and peripheral nerve systems. They can cross the blood-brain barrier as moderators of 
inflammatory responses and regeneration of nerve damage. Nervous system injuries 
are very debilitating for patients and often cause severe skeletal muscle disorders, 
and the management and recovery of these injuries are complicated and unresolved. 
Peripheral nervous system damage causes inflammation, loss of neuron function, 
and destruction, resulting in cell death. Today, we know that exosomes derived from 
MSCs support nerve growth by stimulating the secretion of growth factors needed to 
support and stimulate Schwann cells, which play an essential role in myelin produc-
tion [85, 86]. Exosomes derived from MSCs can significantly induce repair of the 
nervous system by miR-133b, which is modified with lentiviral expression vectors and 
determine the overexpression or silencing of miR-133b and thus cause the regenera-
tion of neurons [87]. Recently, it has been found that in debilitating diseases such as 
Parkinson’s and Alzheimer’s, neurons release exosomes containing α synuclein and β 
amyloid, respectively. These exosomes can play a role in the nucleation and physical 
release of these aggregated proteins that cause these diseases [88]. In the research, 
it has been proven that exosomes can be used as biomarkers of brain damage, for 
example, exosomes containing miR-9 and miR-124 isolated from blood as biomark-
ers are used to diagnose acute ischemic stroke (AIS) and also evaluate the amount 
or degree of damage caused by this ischemia [89]. The effects of exosomes in the 
regeneration of neurons and the nervous system have also been proven, for example, 
exosomes derived from oligodendrocytes stimulated with glutamate can increase neu-
rons’ survival in hypoxia conditions without glucose. Exosomes derived from bone 
marrow tissue stem cells can significantly increase the survival of retinal ganglion 
cells (RGCs) and the regeneration of their axons [90–92]. Usually, after nerve dam-
age, Schwann cells differentiate and grow and direct axons to their target tissue. It has 
been found that the exosomes derived from these cells inhibit the activity of RhoA, a 
GTPase that can cause axons to lengthen and repair them [93, 94].

14. Heart muscle tissue

The protective effects of exosomes in myocardial ischemia re-injury models are 
being investigated. Scientists have shown that exosomes isolated from cardiosphere-
derived cells (CDCs), when injected into mice model of ischemia, can inhibit apopto-
sis and induce the growth of heart cells. It has been found that these beneficial effects 
are due to the richness of these exosomes in miR-146a [95]. During another study, 
it was determined that exosomes secreted from bone marrow mesenchymal stem 
cells stimulate the formation of umbilical cord vein endothelial cell tubes and inhibit 
the production of T cells in vitro. In addition, the severity reduces infarction [96]. 
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According to other research on exosomes derived from mouse embryonic stem cells, 
these exosomes can restore the internal function of the heart after myocardial infarc-
tion. With further research, the researchers found that this is due to miR-294 in these 
exosomes, which are transferred to cardiac progenitor cells [97, 98]. Another research 
group in China investigated the protective effects of mesenchymal stem cells derived 
from human umbilical cord blood on acute myocardial infarction (AMI) animal mod-
els and noticed the effects of these exosomes in protecting myocardial cells. Apoptosis 
and increased angiogenesis in the damaged area. They found that these effects 
are related to the modulation of BCL-2 pro-apoptotic protein family gene expres-
sion [99]. Certain exosomes in the heart’s pericardial fluid improve the survival, 
growth, and communication of endothelial cells in the culture medium. It restores the 
angiogenic capacity of endothelial cells, and even these exosomes improve blood flow 
and angiogenesis after ischemic injuries in model mice. Further research has shown 
that these exosomes contain miR let-7b to carry out this process [100].

15. Skin

Angiogenesis is essential in various physiological processes, including wound 
healing and skin tissue regeneration. Scientists found that exosomes secreted by 
mesenchymal stem cells derived from adipose tissue can significantly stimulate the 
angiogenesis of endothelial cells in vitro and in vivo. Further research showed that 
these exosomes transfer miR-125a to endothelial cells, which decreases the expression 
of inhibitory proteins Delta-like 4 (DLL4) that inhibit angiogenesis [101, 102]. Burns 
is one of the most common skin injuries that significantly intensify inflammatory 
reactions by increasing the level of factors such as TNFα, Il-1β, and decreasing the 
level of IL-10. The scientists found that using exosomes derived from umbilical cord 
blood stem cells successfully reduced the inflammatory reactions caused by burns, 
and further research revealed that this effect is due to the presence of miR-181c in 
these exosomes, which reduces pain and severe inflammation caused by burns by 
reducing TLR4 signaling [103]. It has been determined that exosomes derived from 
umbilical cord blood endothelial progenitor cells can heal diabetic wounds in rat 
models. Microarray analysis has shown that exosomes significantly increase the 
expression of some genes. They change the ERK1/2 signaling pathway, which is very 
important in the healing and regeneration of these wounds. Studies by Guo and col-
leagues have shown that platelet-rich plasma-derived exosomes can effectively induce 
the proliferation and migration of endothelial cells and fibroblasts to increase angio-
genesis and regeneration and repair severe skin wounds. Exosomes can also control 
skin regeneration bipolarly. They can also prevent scarring caused by burn healing 
and collagen deposition through the induction of phosphorylation that inhibits the 
WNT/𝛽𝛽catenin YAP pathway [84, 104].

16. Cancer

In the mid-2000s, the first results from clinical trials on exosomes as a treatment 
for cancer were published. Exosomes derived from dendritic cells (DEXs) are poten-
tial targets for cancer therapeutic strategy. DEXs can directly catalyze the transfer 
of peptide-MHC complexes from their membrane surface to the T cell membrane 
surface (cross-dressing). Moreover, DEXs can indirectly stimulate T cell responses via 



Possibilities and Limitations in Current Translational Stem Cell Research

334

cross-dressing with dendritic cells or via exosome uptake and processing, following 
the peptide-MHC complex presentation to T cells. DEXs can also induce activation 
and proliferation of NK cells by establishing interaction of the NKG2D ligand on 
DEXs with NKG2D receptors on the NK cell membrane [105]. In 2005, two phase I 
clinical trials using DEX vaccines were performed. The first trial reported the use of 
DEXs loaded with HLA-restricted melanoma-associated antigen (MAGE) peptides, 
which were infused into patients with HLA A2+ non-small cell lung cancer (NSCLC); 
the second trial reported the use of DEXs derived from DCs pulsed with MAGE and 
inoculated them to conduct immunization of melanoma patients [106]. Exosomes 
exhibit features for application as adjuvant carriers, such as optimal size, biocompat-
ibility, stability in the systemic circulation, and target-specific delivery. Recently, an 
exosome-based adjuvant delivery system was developed using genetically modified 
murine melanoma B16BL6 cells. The exosomes derived from these cells containing 
CpG DNA were injected three times at 3-day intervals and successfully induced 
immunostimulatory signals in mice 7 days after the last immunization [107, 108]. In a 
recent study by Shi et al., a vaccine with exosomes derived from IFNɣ-modified RM-1 
prostate cancer cells under a vaccination regimen of four injections (on days 0, 4, 8, 
and 12) decreased the number of Tregs. It reduced the metastatic tumor rate in C57BL 
male mice with lung metastasis [109]. Recently, a non-randomized phase I/II clinical 
trial showed promising results with a vaccine designed using exosomes derived from 
DCs pulsed with SART1, a biomarker of esophagus squamous cell carcinoma. Pulsed 
DCs obtained from patients could generate exosomes that were well tolerated and 
induced antigen-specific CTLs in seven patients. One patient in this study remained 
stable for 20 months after DEXs therapy, although he developed lung metastasis 
after the stable period. The other six patients had progressive disease and died up to 
10 months post-vaccination. These findings indicate that developing personalized 
exosome-based immunotherapy is feasible, although challenging [110]. A phase I 
clinical trial reported using exosomes derived from ascites (AEXs) in combination 
with granulocyte-macrophage colony-stimulating factor (GM-CSF) as immunother-
apy for colorectal cancer. Injection of AEXs for colorectal cancer was safe and well 
tolerated by all patients during the four weekly doses administered [111].

17. Applied exosomes on scaffolds

The short tissue retention of exosomes after in vivo implantation is still a sig-
nificant challenge in clinical applications. Scaffold encapsulation of exosomes can 
enable continuous delivery in the injured environment, thereby improving the 
therapeutic effect. Researchers have developed several methods to deliver exosomes 
to the post-infarct environment sustainably. For example, exosomes isolated from 
cardiomyocyte-derived induced pluripotent stem cells encapsulated in hydrogel 
patches were directly delivered to the hearts of infarcted rats [112]. The exosome 
patches demonstrated prolonged exosome release and promoted recovery of the 
ejection fraction, prevented cardiomyocyte hypertrophy, alleviated the ischemic 
injury, and promoted heart recovery. Another study loaded endothelial progenitor 
cell-derived exosomes into a shear-thinning gel to achieve precise administration 
and sustained delivery [113]. In a rat model of myocardial infarction, the exosome 
hydrogels enhanced angiogenesis and myocardial hemodynamics around the infarct. 
The cell-free scaffold material improved the effects of exosome-mediated myocardial 
therapy. In another study, exosomes isolated from human umbilical cord-derived 
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MSCs were encapsulated in functional peptide hydrogels to increase their stability 
and provide sustained release. The exosome hydrogels protected cardiomyocytes from 
oxidative stress induced by H2O2, which improved cardiac function in a rat myocardial 
infarction model. These studies provide practical and effective methods for exosome-
laden scaffolds in myocardial regeneration [114]. Exosome-laden scaffolds are most 
widely used for skin repair.

Several findings indicate that combining bioactive scaffold materials with the 
controlled release of exosomes heals skin wounds. For example, exosomes isolated 
from human umbilical cord-derived MSCs encapsulated in polyvinylalcohol (PVA)/
Alg nanohydrogels were used to heal diabetic wounds. The PVA/Alg nanohydrogel 
promoted cell proliferation, migration, angiogenesis, enhanced the efficacy of exo-
somes, and accelerated the healing of diabetic wounds. In another study, exosomes 
were loaded in a novel injectable bioactive hydrogel called FHE. Exosomes isolated 
from adipose-derived MSCs were loaded into FHE hydrogel through electrostatic 
interactions with poly-ε-L-lysine. The exosome hydrogel promoted angiogenesis, 
cell proliferation, and granulation tissue formation at the wound site and accelerated 
the healing of diabetic wounds and skin regeneration [115, 116]. In another study, 
methylcellulose-chitosan hydrogels loaded with exosomes isolated from placenta-
derived MSCs were shown to heal diabetic wounds and form new tissues similar 
to natural skin. Similarly, chitosan/silk hydrogels with swelling and moisturizing 
capabilities loaded with exosomes isolated from gingival-derived MSCs promoted col-
lagen epithelial regeneration and angiogenesis and accelerated the healing of diabetic 
skin defects [117, 118]. Chitosan scaffolds have also been shown to provide controlled 
release of exosomes isolated from synovium-derived MSCs, which accelerated wound 
healing by increasing the formation of granulation tissue and angiogenesis [118, 
119]. Modified exosomes also have the potential to stimulate bone regeneration. For 
example, miR-375 was enriched in exosomes by overexpression in parental cells. The 
exosomes were loaded into a hydrogel and injected into a rat skull defect model. The 
exosomes were continuously released into the wound, which enhanced bone regener-
ation [120]. Liu et al. developed a photoinduced imine functional group cross-linking 
hydrogel glue to generate a decellularized tissue patch for cartilage regeneration. The 
patch retained stem cell-derived exosomes in the cartilage for a long time. In addi-
tion, the exosome-laden scaffold integrated with the natural cartilage matrix induced 
cell migration in the cartilage defect and promoted the repair and regeneration of 
articular cartilage [121]. Another study constructed a cell-free bone tissue engineer-
ing system by combining poly (lactic-co-glycolic acid) (PLGA)/polydopamine (pDA) 
scaffolds and exosomes isolated from human adipose-derived stem cells. The exo-
somes were slowly and continuously released from the scaffold, which promoted the 
migration of MSCs and significantly enhanced bone regeneration [112].

18. Exosome for microbial diseases

MSCs express various types of anti-microbial peptides and proteins (AMPs). Some of 
them are known for anti-bacterial properties, such as cathelicidin LL-37), β-defensin-2 
(BD-2), hepcidin, and Lipocalin-2 (Lcn2) [122]. It is suggested in recent studies that 
MSCs can improve bacterial infection in preclinical models by AMPs. Therefore, MSCs 
can enhance the innate immune response against bacteria. It is suggested in recent stud-
ies that MSCs can improve bacterial infection in preclinical models by AMPs. Therefore, 
MSCs can enhance the innate immune response against bacteria [123].



Possibilities and Limitations in Current Translational Stem Cell Research

336

In a study by Yagi et al. in 2020, the anti-microbial activity of human Adipose-
derived MSCs (AD-MSCs) on Staphylococcus aureus was assessed. The findings 
showed that human AD-MSCs conditioned medium significantly prevented the 
growth of S. aureus. The results also showed the critical anti-microbial activity of 
cathelicidin LL-37 in AD-MSCs [124]. A previous study also showed that the anti-
microbial activity of BM-MSCs against the growth of Gram-negative (Escherichia coli 
and Pseudomonas aeruginosa) and Gram-positive (S. aureus) bacteria was mediated by 
LL-37 [125]. On the other hand, human umbilical cord blood-derived MSCs attenu-
ated acute lung injury through E. coli infection in mice. The results demonstrated that 
MSCs secreted BD-2 through the TLR-4 signaling pathway and mediated the anti-
microbial effects [126].

Moreover, menstrual-derived MSCs secreting hepcidin in synergy with antibiotics 
in sepsis were responsible for bacterial clearance. MSCs also secret different growth 
factors, such as the Keratinocyte growth factor (KGF), to exert anti-bacterial activ-
ity. In the research performed by Lee et al. on an E. coli infection model in an ex vivo 
perfused human lung, BM-MSCs improved alveolar fluid bacterial clearance and 
mitigated inflammation [127, 128]. The metabolomics and immunomodulatory effects 
of MSCs-MVs are performed by enhancing the intracellular ATP levels in injured 
alveolar epithelial cells and reducing the secretion of inflammatory cytokines, includ-
ing tumor necrosis factor-alpha (TNF-α) in human monocytes. It should be consid-
ered that MSC-MVs expressed Cyclooxygenase2 (COX2) mRNA. COX2 is the crucial 
enzyme in prostaglandin E2 (PGE2) synthesis that is a critical factor for transforming 
the polarization of M1 into M2 macrophages. As articles suggest, the enhancement 
in PGE2 secretion by monocytes following the transfer of COX2 mRNA from MSC-
MVs to these cells caused the phenotype switch from M1 to M2. MSC-MVs, by direct 
transfer of KGF or indirectly by activating monocytes, mitigated lung inflammation, 
cytokine permeability, bacterial growth, and improved survival. This therapeutic 
effect of MVs was abrogated by KFG neutralizing antibody, proposing a possible 
mechanism for the anti-bacterial effect of MSC-MVs [129, 130]. As the anti-bacterial 
effect of KGF in MSCs was previously reported [128], these studies supported the 
hypothesis that MVs can partly conserve the anti-microbial effects of parent cells, 
by using growth factors, including KGF. Cell-Exo can overcome the shortage of stem 
cells to treat microbial and other infectious diseases and provide a new generation in 
medical science from cellular to acellular therapy.

Both intact and engineered exosomes have been applied, and their efficacy on 
various infectious diseases has been assessed in preclinical studies and limited clinical 
trials. Although exosomes perform part of their antimicrobial activity by directly 
transferring mRNA, miRNA, and protein cargos, their beneficial effects are mainly 
indirectly applied through reprogramming immune cells and activating innate and 
adaptive immune responses.
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