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Preface

Since the first description of mesenchymal stem cells (MSCs) by Alexander
Friedenstein and colleagues in 1966, stem cells have witnessed remarkable progress
not only in their manufacture and preparation but also in their clinical utilization to
treat several medical and surgical illnesses. Many scientists and experts in the field
believe that, in the near future, MSCs may reshape the field of medical therapeutics
and may eventually become potentially curative for several intractable medical
conditions.

This book, which contains several chapters covering various aspects of MSCs, was
written by scientists with expertise in MSCs. I would like to thank the authors for
their valuable contributions as well as Publishing Manager Ms. Nina Miocevic at
IntechOpen for her dedication and great efforts that ultimately made this book project
areality.

Dr. Khalid A. Al-Anazi

Department of Hematology and Hematopoietic Stem Cell Transplantation,
Oncology Center,

King Fahad Specialist Hospital,

Dammam, Saudi Arabia
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Chapter1

Clinical Relevance of Mesenchymal
Stromal Cells from Various Sources:
Insights into Transcriptome
Analysis for Identifying Inherent
Potential

Dana M. Alhattab, Salwa Alshehri and Fatima Jamali

Abstract

This book chapter provides an in-depth overview of the clinical relevance of
mesenchymal stem cells (MSCs) derived from various sources, highlighting the
importance of whole transcriptome analysis in revealing their inherent potential.

The chapter delves into different sources of MSCs, such as bone marrow, adipose
tissue, umbilical cord, and placenta, and compares their respective properties and
capabilities. Additionally, it explores the latest advancements in whole transcriptome
analysis, including RNA sequencing and microarray analysis, and their applications in
MSC research. The aim is to provide a comprehensive understanding of how high-end
technologies, such as whole transcriptome analysis, can aid in identifying the inher-
ent potential of cells for therapeutic applications. It will also discuss how such gene
expression approaches helped identify the inherent potential of specific MSC sources,
tailoring their use towards specific clinical applications, including immune toler-
ance and modulation, osteogenesis, and chondrogenesis. Additionally, it highlights
the importance of extracellular vesicles derived from MSCs. This knowledge will be
beneficial for researchers and clinicians working towards developing MSC-based
treatments for regenerative medicine and cellular therapy.

Keywords: mesenchymal stromal cells, transcriptome analysis, RNA-seq, inherent
potential, immune modulation, osteogenesis, chondrogenesis, exosomes

1. Introduction

Mesenchymal stromal cells (MSCs), also referred to as mesenchymal stem cells,
are multipotent stromal cells with self-renewal capacity and multilineage differentia-
tion potential [1]. There has been an increasing interest in MSCs in recent years due to
their unique properties, including long-term proliferation, multilineage differentia-
tion potential, and immunomodulatory capabilities [1]. These properties make MSCs
a promising candidate for use in regenerative medicine and cellular therapy.
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The discovery of MSCs dates back to 1976, when Friedenstein et al. identified
a group of non-hematopoietic, plastic-adherent, fibroblast-like cells that could be
extracted from the bone marrow (BM). Since then, MSCs have been identified in
various tissues, including adipose tissue (AT), umbilical cord (UC), and amniotic
fluid [2, 3]. It is, however, essential to note that MSCs are not homogenous in their
properties and capabilities. The source from which they are derived significantly
determines specific cellular characteristics. MSCs from different tissues exhibit
distinctive properties that may influence their potential clinical applications [4, 5].
Several studies have been conducted that compare MSCs from various sources [6-8].
For instance, Hsieh et al. performed a side-by-side functional comparison between
UC-MSCs and BM-MSCs and found that BM-MSCs can be easily differentiated into
osteocytes compared to UC-MSCs, which showed delayed and insufficient dif-
ferentiation into osteocytes [8]. Another study by Karahuseyinoglu et al. identified
that UC-MSCs possess higher chondrogenic differentiation capacity compared to
BM-MSCs [9]. Therefore, it is critical to understand the inherent potential of MSCs
from various sources before they can be used for clinical applications.

Whole transcriptome analysis is a powerful tool that enables researchers to gain
a deep understanding of the gene expression patterns and regulatory networks that
govern the properties and functions of MSCs. This cutting-edge approach allows for
a comprehensive exploration of the molecular mechanisms that underlie the unique
characteristics of MSCs. To this end, various studies have analyzed the global gene
expression profile for different types of MSCs [10-12]. Some of these studies focused
on evaluating the expression levels of pluripotency genes and embryonic stem cell
(ESC) markers [13, 14]. Other studies investigated the expression of genes that have
functional significance, such as genes involved in bone and cardiovascular develop-
ment [13, 15]. Overall, whole transcriptome analysis is a valuable tool for gaining
insights into the complex mechanisms that govern the behavior of MSCs.

This chapter will review the clinical relevance of MSCs derived from various
sources, highlighting the importance of whole transcriptome analysis in unravel-
ing their inherent potential. It will discuss the different sources of MSCs, including
BM, AT, UC, and placenta (PL), and compare their properties and capabilities.
Additionally, it will explore the latest developments in whole transcriptome analysis,
including RNA sequencing and microarray analysis, and their applications in MSC
research. The aim is to provide a comprehensive insight into high-end technologies,
such as whole transcriptome analysis, and how they can aid in identifying the inher-
ent potential of cells for therapeutic applications. This knowledge will be useful for
researchers and clinicians working towards developing MSC-based treatments for
regenerative medicine and cellular therapy. Furthermore, new strategies to enhance
the therapeutic potential of MSCs are discussed.

2. Mesenchymal stem cell sources

While bone marrow-derived MSCs (BM-MSCs) have been extensively studied
for the past four decades, the last decade has witnessed a shift towards exploring
alternative sources of MSCs. This shift is driven by the search for cell sources that are
easily accessible, noninvasive, and available in abundant quantity [16]. As a result,
MSCs have been successfully isolated from diverse tissues, such as AT and perinatal
tissues like the UC and PL [2, 3, 17]. Each source of MSCs has its advantages and
limitations, and ongoing research aims to further understand their unique properties
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and refine their applications in clinical settings. Additionally, studies are exploring
other sources, such as synovial fluid, dental pulp, and more, expanding the potential
repertoire of MSCs for therapeutic purposes. Besides the MSCs derived from the BM,
other tissue sources of MSCs provide technical advantages. For instance, harvesting
BM-MSCs involves an invasive procedure, and their expansion is imperative due to
the restricted number of stem cells [18]. Conversely, adipose tissue-derived MSCs
(AT-MSCs) are more accessible and produce a greater number of cells, simplifying the
expansion process [19]. Such technical distinctions highlight the importance of tailor-
ing protocols for isolating and expanding MSCs based on their specific tissue source.

2.1 Bone marrow-derived MSCs (BM-MSCs)

Traditionally considered the gold standard, BM-MSCs have been the focus of
extensive research and clinical trials [20]. Isolation from the bone marrow involves
a relatively invasive procedure, typically bone marrow aspiration from the iliac crest
[21]. BM-MSCs exhibit robust self-renewal capacity and the ability to differentiate
into various cell lineages, including osteoblasts, adipocytes, and chondrocytes [22].
Surface markers commonly associated with BM-MSCs include CD90, CD105, CD73,
and CD44, while they lack the expression of hematopoietic markers such as CD34
and CD45 [23]. Research on the application of BM-MSCs has shown promising results
in treating various diseases [24]. Nonetheless, discrepancies in results among stud-
ies can be ascribed to factors like donor variability, cell preparation procedures, and
a deficiency in standardization before transplantation [25]. It is important to note
that the expansion and cultivation process can vary based on specific protocols, and
researchers continuously work on optimizing these procedures for the best outcomes
in terms of cell yield, quality, and therapeutic efficacy.

2.2 Adipose tissue-derived MSCs (AT-MSCs)

AT has emerged as a rich and easily accessible source of MSCs. AT-MSCs can be
isolated from fat tissue through a minimally invasive procedure, usually involving
liposuction or fat removal during other surgical procedures. AT-MSCs share similari-
ties with BM-MSCs in terms of their differentiation potential [26, 27]. However, they
may offer advantages in terms of abundance and ease of isolation, making them an
attractive alternative to regenerative therapies. As BM-MSCs, AT-MSCs express typi-
cal stem cell surface markers and possess the potential to differentiate into various
lineages [23, 28]. Due to its accessibility and abundance, AT yields the isolation of
stem cells at a quantity 500 times greater than those obtained from bone marrow [29].
AT-MSCs have been studied for their ability to enhance wound healing processes. The
cells contribute to tissue regeneration by promoting the proliferation and migration
of various cells involved in wound repair [30-32]. Other studies have investigated the
potential of AT-MSCs in neural tissue repair. AT-MSCs may contribute to neuropro-
tection and neurodegeneration after injury [33]. They have also demonstrated a pro-
angiogenic effect, promoting the formation of new blood vessels. Studies suggest that
the paracrine factors released by AT-MSCs contribute to angiogenesis, which is crucial
for tissue repair and regeneration [34]. Research and preclinical studies have explored
the use of AT-MSCs in specific autoimmune diseases such as rheumatoid arthritis,
multiple sclerosis, and systemic lupus erythematosus. Clinical trials have been
conducted or are ongoing to assess the safety and efficacy of AT-MSCs in treating
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these conditions [35]. However, additional research is crucial to establish the optimal
dosage, administration route, and safety parameters for clinical applications [36].

2.3 Umbilical cord-derived MSCs (UC-MSCs)

MSCs derived from the UC present a unique perinatal source with distinct prop-
erties. Isolation from the Wharton’ jelly of the UC is considered noninvasive and
ethically uncontentious. UC-MSCs exhibit multilineage differentiation potential,
like BM-MSCs. Moreover, they possess immunomodulatory properties that make
them particularly interesting for therapeutic applications, especially in the context
of immune-related disorders [24, 37]. In 1991, McElreavey et al. [38] made a ground-
breaking discovery by isolating fibroblast-like cells from the Wharton’s Jelly (WJ) of
the human UC. These cells are readily available after childbirth, providing a non-
invasive and ethical source of MSCs. Obtaining a significant quantity of UC-MSCs
through several passages and extensive ex vivo expansion is a simple process [39].
UC-MSCs are considered to be in a more primitive state compared to MSCs from
other tissues, and they possess a high proliferative capacity [40]. In addition,
UC-MSCs can be cryopreserved and stored for future use, allowing the creation of
cell banks for potential therapeutic applications [41]. UC-MSCs display comparable
surface phenotypes, adherence to plastic surfaces, and multipotency characteristics
as MSCs obtained from other MSC tissue sources. UC-MSCs present versatile applica-
tions in both autologous and allogeneic contexts. Autologous use involves employing
UC-MSCs for the same individuals they are sourced from. On the other hand, alloge-
neic use refers to the application of UC-MSCs across different individuals. Allogeneic
UC-MSCs can be expanded and cryopreserved in cell banks, ready for use by patients
in need. However, it is crucial to verify the health of the baby, who is the donor of
UC-MSCs, through genomic or chromosomal tests, as their normal growth without
health problems cannot be guaranteed in advance. Understanding the advantages and
disadvantages is essential for each specific clinical application in both autologous and
allogeneic scenarios [42].

2.4 Placenta-derived MSCs (PL-MSCs)

The PL plays a crucial role in fetal development by providing nutrition and sup-
porting immunological tolerance. In recent times, stem cells derived from the PL,
known as PL-MSCs, have gained attention as an alternative perinatal source of MSCs
in regenerative medicine. PL-MSCs, originating from the fetus, exhibit the capacity
for self-renewal and multipotency, possessing immunomodulatory properties, mak-
ing them valuable for therapeutic applications [43]. Additionally, the PL harbors a
substantial number of MSCs, and its utilization for research is not encumbered by the
ethical concerns associated with human embryonic stem cells [44, 45].

2.5 Other sources of MSCs
2.5.1 Dental pulp-derived MSCs (DP-MSCs)

The dental pulp is the soft tissue at the core of a tooth, a highly vascularized
connective tissue. It is enveloped by mineralized hard tissue and contains diverse
cell types, including odontoblasts and undifferentiated progenitor cells [46]. Within
this population of undifferentiated progenitors, MSCs are found to exhibit a high
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proliferation rate and a high degree of multipotency [47-49]. Adherent colonies

of spindle-shaped cells, known as Colony-Forming Units Fibroblast (CFU-F), are
formed by human dental pulp-derived stem cells. The analysis of CFU-F reveals that
human dental pulp harbors a more abundant population of MSCs compared to human
bone marrow. Specifically, the CFU-F capacity of DPSCs is five times greater than
that of BM-MSCs [50, 51]. DP-MSCs have shown great promise in dental applications.
They held the potential for dental pulp regeneration [52] and dentin repair [53], and
showed regenerative capacity for nerve repair [54].

2.5.2 Synovial fluid-derived MSCs (SF-MSCs)

The existence and attributes of MSCs in synovium specimens were initially docu-
mented by De Bari et al. [55], and subsequent studies have extensively explored this
topic [56, 57]. MSCs derived from synovium specimens (SF-MSCs) exhibit superior
proliferative capacity and chondrogenic potential compared to MSCs from other
sources. Various studies have demonstrated the multilineage differentiation potential
of SF-MSCs in humans [58, 59]. Recent findings indicate that the chondrogenic differ-
entiation capacity of equine SF-derived MSCs is comparable to that of bone marrow
MSCs [60, 61], confirming the stemness of these cells according to the criteria set by
the International Society for Cellular Therapy [23].

3. Transcriptome analysis and identification of inherent potentials

MSCs are being actively used in clinical trials as potential cellular therapies for
various clinical conditions, with over 1000 trials registered on ClinicalTrials.gov
(http://www.clinicaltrials.gov). MSCs isolated from the bone marrow are the first to
be used in clinical trials and are the most commonly studied MSC source in preclinical
and clinical studies [62]. MSCs from other sources are also being used to treat differ-
ent clinical conditions, including MSCs from AT, UC, and others. However, variations
in the clinical outcomes of MSC treatments exist, and to date, there is no consensus
on the most suitable MSC source to treat a specific disease [63]. The inconsistent clini-
cal outcomes of MSC treatments can be attributed to the heterogeneous potency and
functional variations of the MSCs and the lack of efficient assays for assessing their
potency [7, 62].

MSCs are still identified by their expression of a specific subset of surface marker
proteins, trilineage differentiation potential, and immunomodulatory potential [23, 64].
Although these criteria have served the research community for a long time, they do not
represent the heterogeneity of the MSC population. The scientific community should
benefit from advanced technologies, such as whole transcriptome analysis and single-
cell RNA-seq technology, to explore MSC identity and function regarding their tissue
origin and functional status.

These approaches could provide a comprehensive view of gene expression pat-
terns in MSCs, enabling researchers to gain a deeper understanding of the inherent
capabilities of MSCs, including their differentiation potential, immunomodulatory
effects, and regenerative properties. In a prior study, we conducted a gene expres-
sion analysis of four types of MSCs, including MSCs derived from the BM, AT,

UC, and PL [16]. Our analysis revealed a unique set of genes that are either up- or
down-regulated in one type of MSC compared to all other stem cell types. Moreover,
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we identified signature genes exclusively expressed in one type of MSC [16]. These
findings clearly indicate intrinsic differences in the potential of MSCs from different
sources.

Such information can be leveraged to develop more effective and targeted thera-
pies for various conditions, such as osteoarthritis, cardiovascular disease, and neu-
rological disorders. Moreover, whole transcriptome analysis can identify the specific
genes and pathways involved in the biological processes of MSCs. Such an approach
can refine the operational definition of MSCs and further our understanding of
their native physiological function. Furthermore, this knowledge can inform the
development of optimized culture conditions and clinical manufacturing protocols,
leading to more consistent and effective MSC-based patient therapies. In the follow-
ing sections, we will discuss how such gene expression approaches helped identify
the inherent potential of specific MSC sources, tailoring their use towards specific
clinical applications, including immune tolerance and modulation, osteogenesis, and
chondrogenesis.

3.1 Immune tolerance and modulation

The modulation of the immune system and its tolerance is a complex process
involving gene expression related to various biological functions. One of the critical
properties of MSCs is their immune tolerance and survival mechanisms, which are
essential for the success of stem cell transplantations in treating diseases [65]. MSCs
typically express major histocompatibility (MHC) Class I antigens on their surface
and not Class II; however, Class II antigens are upregulated by inflammatory agents
[66]. Studies have shown that both autologous and allogenic MSCs prevent lympho-
cyte proliferation without causing apoptosis of T cells [67, 68]. MSCs release factors
such as transforming growth factor p (TGF-p), interleukin 10 (IL-10), interleukin 6
(IL-6), and nitric oxide, which are known to affect immune cells [69, 70]. MSCs also
affect the maturation of immune cells, increasing regulatory T cells (Treg), anti-
inflammatory T helper 2 (TH2), and dendritic (DC2) cells [66, 71, 72]. Furthermore,
they were found to induce M1 macrophages to adopt the anti-inflammatory M2
form and reduce IgG production from B cells [73]. Although the immunoregulatory
potential of MSCs has been well established, the mechanisms underlying their actions
are not yet fully understood [65]. Moreover, variations in the immunomodulatory
capabilities among different types of MSCs are identified [6, 74]. These findings are
manifested not only in in vitro studies but also in the outcomes of various clinical
trials. For example, AT-MSCs were found to possess greater immunosuppressive
capabilities than BM-MSCs in vitro and in vivo [75, 76].

Whole-gene expression analysis of MSCs from various sources can help identify
the most suitable cells for clinical use by uncovering differences in their immuno-
modulatory potential. We previously conducted a comprehensive transcriptome
analysis of MSCs from four sources to gauge their inherent potential [16]. We studied
around 1400 immune modulation-related genes to understand if there were any
differences in the MSCs’ ability to modulate immune responses. Our findings indicate
that toll-like receptor 4 (TLR-4) expression was highest in BM-MSCs and lowest in
UC- and PL-MSCs. While TLR-4 is traditionally known for activating innate immune
cells against pathogens, its activation in MSCs has also been discovered to facilitate
interactions with the surrounding environment [77] and induce Treg cell activation,
which counteracts the inflammatory aspect of several diseases [78]. We have identi-
fied a significant immune modulatory trend in BM-MSCs, which was emphasized
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with increased expression of interleukin 7 (IL-7), an inhibitor of T-cell proliferation
[79]. We also found an increase in CD200 expression, an immune player, in both
BM- and UC-MSCs compared to other MSC types. In addition to its immune tolerance
roles, CD200 inhibits the maturation of myeloid progenitors into inflammatory cells
and suppresses the secretion of proinflammatory TNF-a in stimulated macrophages
[80, 81]. On the other hand, CD274, a known immune-modulatory protein that
plays a negative role in immune modulation, was found to be uniquely upregulated
in UC- and PL-MSCs. Additionally, we found several proinflammatory pathways to
be activated in other MSC types compared to BM-MSCs, such as interleukin 8 (IL-8)
signaling, diabetes mellitus signaling, and TWEAK signaling. Our transcriptome
analysis suggests that BM-MSCs may have a higher immune modulation potential
than other MSC types.

Several studies have been conducted to evaluate the similarity and variability of
gene expression in MSC samples [11, 82, 83]. In a study by Sun C et al., the transcrip-
tomic variation of MSCs from different tissues, including PL, UC, and dental pulp,
was investigated in relation to immunomodulatory function [10]. They found that
among the genes that exhibited highly variable expression were genes involved in
the differentiation process of MSCs and genes that regulated immunomodulation,
such as CD274, C-C motif chemokine ligand 2 (CCL2), C-C motif chemokine ligand
5 (CCLS5), IL6, colony-stimulating factor 3 (CSF3), and hepatocyte growth factor
(HGF). Conversely, genes involved in other biological processes, such as metabolic
processes, gene expression, RNA processes, and RNA binding, showed minimal
gene expression changes. The study also examined the transcriptomic changes of
INFy-preconditioned MSCs to identify the molecular mechanisms behind the varying
immunomodulatory potencies of different MSC samples. They found that different
groups of MSCs use similar regulation networks in response to inflammatory stimula-
tions, but gene expression variations within those networks result in differences in
immunosuppressive capability. These gene expressions were found to vary greatly
between MSC samples. Accordingly, the study identified a panel of these responsive
genes that can be used to assess the immunosuppressive potency of MSCs.

Generally, whole transcriptome analysis studies enable investigation of the cause
of immunomodulatory functional variation in different MSC types at the molecular
level. Consequently, it can aid in establishing minimum clinical release criteria in our
pursuit to identify the best MSC source with immunomodulatory potency.

3.2 Osteogenesis and chondrogenesis

In accordance with the guidelines set forth by the International Society for Cellular
Therapy (ISCT), human MSCs are required to possess the ability to differentiate into
three distinct lineages in vitro, namely osteoblasts, adipocytes, and chondroblasts
[23]. While all MSCs from different tissue sources must be able to demonstrate osteo-
genic and chondrogenic differentiation capabilities, variations in their differentiation
potential have been extensively studied and reported [8, 84-86]. These inherent
differences have significant implications, particularly when deciding on the source
of MSCs to be used in clinical trials for related medical conditions such as cartilage
regeneration in patients with knee osteoarthritis. The selection of appropriate MSCs
is crucial to ensuring successful outcomes in such clinical trials and the development
of effective therapies.

Our previous study, which analyzed the global gene expression profile of MSCs
from different sources, revealed that BM-MSCs and AT-MSCs exhibit a higher
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expression of genes related to osteogenesis. We identified forkhead box C1 (FOXC1)
and distal-less homeobox 5 (DLX5) among the upregulated genes in BM-MSCs.
FOXC1 plays a crucial role in regulating initial osteoblast differentiation by directly
regulating the expression of Msx2, a key regulator of early osteogenic events [87].
Similarly, DLXS is a transcription factor that plays a role in later stages of osteogenic
differentiation and is regulated by bone morphogenic protein 2 (BMP2) signaling. On
the other hand, AT-MSCs showed upregulation in the bone morphogenetic protein
receptor type 1B (BMPR1B) gene, which binds to BMP ligands and transduces BMP
signaling [88]. These results suggest that both BM- and AT-MSCs have a higher
capacity to differentiate into osteoblasts than PL-MSCs and UC-MSCs. Our findings
are consistent with other studies that analyzed gene expression profiles of MSCs
from various sources, which also demonstrated that BM-MSCs have better osteogenic
potential than MSCs from other sources [8, 89]. It is worth noting that several studies
have reported comparable osteogenic differentiation capabilities of MSCs derived
from different sources, such as BM, UC, or AT [90, 91]. However, in this discussion,
we are primarily concerned with the inherent osteogenic potential that undoubtedly
reflects the osteogenic differentiation capacity of MSCs, although it does not exclude
the differentiation capacity of MSCs obtained from other sources.

A recent study conducted by Zhang et al. utilized advanced single-cell RNA
sequencing to investigate the similarity and heterogeneity of BM-MSCs and MSCs
derived from Wharton’s Jelly [92]. The study revealed a unique gene expression profile
for each MSC cell source and identified heterogeneity among MSCs from the same
tissue source, with distinct subpopulations of cells being identified. These subpopula-
tions were categorized according to their gene expression patterns. Notably, the study
identified a multipotent progenitor subpopulation that had an expression signature
enriched for trilineage differentiation, including osteogenic and chondrogenic
differentiation. However, the study did not draw any conclusions about which cell
source possesses a higher osteogenic or chondrogenic differentiation capability. This
study provides valuable insights into the inherent cellular composition of MSCs from
different sources. The unique gene expression profiles identified for each cell source
highlight the potential differences in their therapeutic applications. Furthermore, the
identification of a multipotent progenitor subpopulation with an expression signature
enriched for trilineage differentiation is of particular interest for regenerative medi-
cine applications.

The ability of MSCs to differentiate into chondrocytes has made cartilage repair a
successful regenerative application of these cells. Among the several bone and carti-
lage disorders investigated in MSC-based clinical studies, knee osteoarthritis is one of
the most extensively studied, with various clinical trials employing MSCs from differ-
ent sources [93-95]. Most of these trials have utilized an autologous source of MSCs,
either from the BM or AT, and have produced encouraging results, with one study
progressing to the phase III stage [96]. Other sources, such as W], PL, and amniotic
membrane/fluid, have also been explored [96]. Evaluating the inherent chondrogenic
and survival potential of the MSC type before its use in clinical settings could mini-
mize the risk of suboptimal cell sourcing, leading to improved patient outcomes.

We have conducted a whole transcriptome analysis of four tissue-specific MSCs
and evaluated the expression level of 43 genes related to chondrogenesis [16]. Our
results revealed that BM- and AT-MSCs exhibited the highest number of upregu-
lated genes. In BM-MSCs, chondroitin Sulfate N Acetylgalactosaminyltransferase 1
(CSGalNACcT-1), chitinase-3-like 1 protein (CHI3L1), and mothers against decapen-
taplegic homolog 1 (SMAD1) were specifically upregulated. CSGalNAcT-1 plays a
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crucial role in initiating cartilage chondroitin sulfate biosynthesis [97], while CHI3L1
is associated with proliferation and differentiation in osteogenic and chondrogenic
cell lineages during fetal development and MSC differentiation [98]. SMAD1 is an
essential regulator of Smad-dependent signal transduction pathways, which is vital
for initiating chondrogenic differentiation [99]. In contrast, transforming growth
factor beta-induced (TGFBI), transforming growth factor beta receptor 2 (TGFBR2),
and short stature homeobox 2 (SHOX2) were found to be downregulated in all MSCs
compared to AT-MSCs. Research has shown that transforming growth factor beta
(TGFB) proteins are the most potent activators of chondrogenesis in human MSCs
[100]. Inactivation of TGFBR2 in neural crest cells resulted in the aberrant forma-
tion of Meckel’s cartilage and altered the development of the mandible [101]. SHOX2
has been shown to control chondrocyte maturation by regulating the expression of
Runt-related transcription factor 1 (RUNX) genes through bone morphogenic protein
4 (BMP4) [102]. Therefore, our results propose that BM and AT-MSCs have higher
chondrogenic differentiation potential than PL and UC-MSCs. Such findings provide
a deeper understanding of the molecular mechanisms involved in chondrogenic
differentiation and could potentially inform the development of new regenerative
therapies for cartilage repair.

3.3 Extracellular vesicles of MSCs and exosome potential

Besides direct cell-to-cell contact, the therapeutic potential of MSCs is attributed
mainly to their paracrine actions [103, 104]. These actions are primarily mediated
by the secretion of extracellular vesicles (EVs), particularly exosomes. Exosomes
are small EVs with an average size of ~100 nm that are released by the cells into the
extracellular environment [105]. They are enriched with bioactive molecules, such as
nucleic acids, proteins, and metabolites, with various important biological functions
[106]. Exosomes play a crucial role in intercellular communication and can transfer
important biomolecules to target cells, thereby modulating various physiological
and pathological processes [107, 108]. Studies have demonstrated that EVs of MSCs
can exert biological effects comparable to MSCs themselves [109, 110]. As such, the
paracrine effects of MSCs through EV secretion have emerged as a promising avenue
for developing novel cell-free therapies for multiple diseases.

The unique advantage of EV as an alternative therapy for MSCs stems from the
fact that they are cell-free therapies and accordingly require less authority approval
due to their superior safety profile and lower immunogenicity [111, 112]. In addition,
the viability, longevity, and entrapment of MSCs in the lung microvasculature after
implantation hinder their use [113-115], whereas EVs of MSCs do not follow these lim-
its [103]. Although the therapeutic potential of MSCs-EV has been extensively studied
in vivo, its applications in a clinical setting have been poorly investigated [111, 116].
Only a few clinical studies have demonstrated the effectiveness of their use [117-119].

Given the high potential of exosomes in modulating cellular behaviors and their
crucial role in the paracrine action of MSCs, it is imperative to gain a deeper under-
standing of their function to develop effective exosome-based therapeutics. It has
been observed that exosomes derived from different MSC types have varying effects,
and different culture conditions also result in exosomes with greater therapeutic
effects [103, 120]. Transcriptome analysis of exosome cargo can aid in elucidating
key factors that govern their biological activities. Accordingly, such data could lead
to the development of more effective therapies. For instance, Yao et al. investigated
the effect of exosomes from BM-MSCs on pancreatic cancer cell characteristics [104].
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They performed transcriptome sequencing on the BM-MSCs-derived exosomes

at different stages and identified, for the first time, the role of circular RNA (cir-
cRNA) found in the BM-MSCs-derived exosomes in pancreatic cancer. The circRNA
(circ_0030167) was found to be enriched and identified as the main effector molecule
of the BM-MSCs-derived exosome. From there, they identified that circ-0030167
inhibited the malignant progression and stemness of pancreatic cancer via the miR-
338-5p/wif1l/wnt8/p-catenin axis.

Similarly, Liu W et al. employed a high-throughput sequencing approach to study
miRNA expression profiling in exosomes derived from human UC-MSCs and murine
compact bone MSCs (cm-MSCs) to explore their effects on acute graft versus host
disease (aGVHD) [121]. Their findings revealed a high expression level of miRNA-223
and identified this miRNA’s mechanistic action in attenuating aGVHD. In another
study by Terunuma A et al., the transcriptomes of EV from DP-MSCS and AT-MSCs
were analyzed and compared to the transcriptomes of MSCs for the same tissue types
[121]. EVs obtained from DP-MSCs exhibit transcriptomic signatures associated with
neurogenesis and neural retinal development, while those obtained from AT-MCSs
exhibit signatures related to mitochondrial activity and skeletal system development.
Notably, the transcriptomes of EV-derived MSCs closely resemble those of their parent
MSCs, and genes associated with neurogenesis were found to be highly expressed
in both DP-MSCs and their EVs. Conversely, AT-MSCs and their EVs were found to
exhibit high expression of genes associated with angiogenesis, hair growth, and dermal
matrices. These findings suggest that EVs derived from DP-MSCs may hold promise as
a therapeutic target for neurodegenerative disorders and retinal diseases, while EVs-
derived AT-MSCs may be useful in rejuvenating the musculoskeletal system and skin.

The transcriptome studies of EVs derived from MSCs have demonstrated the
significance of advanced technologies. Specifically, the analysis of the exosome cargo
transcriptome can offer valuable insights into the biological activities of exosomes
and facilitate the development of effective exosome-based therapeutics. Further
investigation into MSC-EVs from diverse tissue types may broaden the range of poten-
tial therapeutic targets and enhance our comprehension of the mechanisms underly-
ing the therapeutic effects of MSC-EVs.

4. Strategies to improve the therapeutic outcome of MSCs

While the current clinical successes of MSC therapies are encouraging, reports
of failure and minimum efficacy persist. These limitations may not necessarily stem
from the potential of MSCs but rather from their suboptimal use. As evidenced by
single-cell RNA-seq studies, MSCs are a heterogeneous group of populations with
varying cellular characteristics and potential. Additional heterogeneity in the MSC
population could be introduced during the manufacturing process (isolation and
expansion) [122, 123]. Standardizing the therapeutic potency of MSCs is therefore
crucial to ensuring reliable and reproducible results in clinical trials. This can be
achieved by establishing consistent protocols for the selection, isolation, and expan-
sion of MSCs, as well as developing protocols for assessing cell quality and potency
prior to clinical application. Furthermore, the automation of the expansion process
and large-scale production will result in consistent product quality, thereby eliminat-
ing variabilities related to the production process. Namely, isolating a homogenous
population of cells with the desired potency characteristics and following standard-
ized protocols for expansion can produce high-quality MSCs for therapeutic use.
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Another strategy to enhance the therapeutic potential of MSCs is through priming
or preconditioning with specific agents before clinical administration. Such a strategy
entails priming (treating) MSCs with small molecules, growth factors, and other
biological or chemical agents to boost their reparative and regenerative properties and
immunomodulatory capabilities. Preconditioning can be viewed as a way of educat-
ing MSCs before clinical administration. The main aim is to circumvent problems of
MSC proliferation and in vivo survival and to boost the cells’ therapeutic potential.
Depending on the intended clinical use of the MSCs, different agents may be used.
For instance, the role of growth factors in promoting the survival of transplanted
MSCs has been investigated. In cardiac therapy, preconditioning MSCs with TGF-o
for 24 hours before transplantation into ischemic sites in a rat model of myocardial
infarction increased cell survival [124]. Additionally, priming MSCs with IFNy was
found to enhance their immunomodulatory potential [92]. Alternatively, MCSs can
be genetically engineered to induce the expression of genes with desired therapeutic
outcomes, including growth factors, cytokines, enzymes, and microRNA, without
interfering with cell differentiation and self-regeneration capabilities [125]. Various
strategies can be employed for genetic modification to enhance the therapeutic
benefits of MSCs while retaining their inherent properties [125].

Cells in vivo reside within three-dimensional (3D) niches, where cell-matrix
and cell-cell interactions play a significant role in maintaining cellular charac-
teristics. The current culture protocols for MSCs rely on two-dimensional (2D)
expansion systems, which do not accurately recapitulate the native environment
of the cells. Consequently, these 2D cultures induce cellular changes that might
impact certain therapeutic characteristics of the cells. Differences in the tran-
scriptome profile of MSCs in 2D and 3D cultures have been reported [126-128].
These differences encompass the expression levels of growth factors and cyto-
kines, which play an essential role in the paracrine mechanism of MSCs’ protec-
tion [127, 129]. Therefore, the employment of 3D culture, which closely mimics
the native conditions, could be considered an alternative strategy to maintain
the therapeutic potential of MSCs. Alternatively, 3D cultures of MSCs could
be viewed as a route of cell administration, particularly if they support MSCs’
proliferation and differentiation [130, 131].

5. Conclusions

The clinical relevance of MSCs from various sources cannot be overstated, as they
have demonstrated great promise in treating a wide range of diseases and injuries.
MSCs are a heterogeneous population of cells with varying inherent potential.
Analyzing the whole transcriptome of MSCs offers a robust tool for identifying gene
expression patterns and regulatory networks. Through this approach, researchers
can gain insights into the molecular mechanisms that govern the properties and
functions of MSCs. Identifying key gene expression signatures can help predict
the therapeutic potential of MSCs and optimize their use in clinical settings. This
high-end technology could help identify the optimal source of MSCs with the
desired inherent potential for specific clinical applications. Furthermore, data
obtained from analyses could aid in enhancing the efficacy of clinical applications of
MSCs. Additionally, new strategies, such as potency testing, priming of MSCs, and
the development of 3D biomimicry conditions, should be deployed to enhance the
therapeutic outcomes of MSCs.
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Abstract

Mesenchymal stem cells (MSCs) have garnered significant attention in modern
medicine as a potentially effective therapeutic intervention, owing to their distinctive
characteristics, including the ability to self-renew, exhibit multipotency, elicit immuno-
modulatory effects, and promote tissue repair. MSCs are being studied extensively for
their potential use in a wide range of clinical applications, including regenerative medi-
cine, immunotherapy, and tissue engineering. In this chapter, we provide a comprehen-
sive overview of the biology, potential, and function of MSCs, highlighting their role in
modulating the immune system, promoting tissue repair, and restoring homeostasis in
various disease conditions. We also discuss the challenges and limitations associated with
MSC-based therapies, including issues related to their isolation, expansion, and delivery.
Further research is needed to fully understand the mechanisms underlying MSCs’ ther-
apeutic effects and to optimize their clinical application. Nevertheless, MSCs hold great
promise as game-changers in modern medicine, and their potential to revolutionize the
field of regenerative medicine and immunotherapy cannot be overlooked.

Keywords: mesenchymal stem cells, regenerative medicine, tissue repair,
multipotency, immunotherapy

1. Introduction

In the 1960s, scientists led by Friedenstein initially identified a population of
fibroblast-like cells in bone marrow tissue that had the unique ability to renew them-
selves. Ever since this landmark discovery, these cells, now known as mesenchymal
stem/stromal cells, have been the target of extensive research efforts due to their
intriguing characteristics [1]. MSCs represent a subset of adult stem cells distin-
guished by their potential to develop into different cell lineages, their self-propagating
capacity, and immunoregulatory functions [2]. Their proven capacity to mature into
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cell types like osteocytes, chondrocytes, and adipocytes makes them highly valuable
for promoting tissue repair and regeneration. Further research has shown that MSCs
secrete a variety of biomolecules like growth factors, cytokines, and extracellular
vehicles (EVs) involved in healing processes [3].

MSCs show great potential in the regenerative medicine field due to their unique
traits and therapeutic capabilities. These cells, found in tissues like bone marrow
(BM), fat, umbilical cord (UC), and dental pulp, hold significant promise for
addressing many diseases and injuries [2]. Scholars have extensively investigated MSC
isolation and expansion methods to benefit from their therapeutic properties.
Researchers have created various isolation techniques like density centrifugation,
adherence-based selection, and fluorescence-activated sorting [4]. These approaches
help capture a population enriched with MSCs, which can then be grown in culture.
Standardizing isolation protocols and characterization standards is crucial to make
results across labs and clinical applications consistent and comparable. One remark-
able MSC characteristic is immunomodulation. MSCs can alter immune responses by
regulating various immune cell activities. They suppress the proliferation and func-
tions of T cells, B cells, and natural killer (NK) cells, while promoting regulatory T cell
(Treg) expansion. This immunosuppressive ability benefits autoimmune disorders,
graft versus host disease (GVHD), and organ transplant treatment by curbing exces-
sive immunity and fostering tolerance [5].

The therapeutic applications of MSCs and their derivatives like exosomes span a
wide range of medical disciplines [6]. In orthopedics, MSCs have shown promise in
regenerating bone and cartilage tissues, offering potential alternatives to traditional
approaches such as joint replacements [7]. In cardiovascular medicine, MSCs have
been investigated for their ability to improve cardiac function and promote blood
vessel formation, holding the potential for treating heart failure and ischemic
conditions [8]. Additionally, MSC-based therapies have shown encouraging results
in neurological disorders, autoimmune diseases, and tissue injuries, demonstrating
their versatility and potential to revolutionize patient care [9]. Due to these key
characteristics, MSCs hold tremendous promise for regenerative medicine
applications.

2. Biology and characteristics of MSCs

The International Society for Cellular Therapy (ISCT) defines human MSCs as
fibroblast-like, plastic-adherent cells that express surface markers CD73, CD90 and
CD105. At the same time, they lack expression of CD45, CD34, CD14 or CD11b,
CD79a or CD19, and HLA-DR. According to ISCT guidelines, the ability to differenti-
ate into osteoblasts, adipocytes, and chondroblasts when cultured in vitro is another
key characteristic used to identify MSCs [10]. However, self-renewal — the process by
which a single stem cell divides to produce at least one new identical stem cell —is a
fundamental property of all stem cells. The ability to proliferate and generate clonal
progeny through successive cell divisions while maintaining the potential to differen-
tiate is crucial for stem cell characterization and relies on self-renewal capability [11].
Importantly, it should be noted that the expression of surface markers on MSCs may
fluctuate depending on the specific tissue they are derived from, in vitro expansion
protocols, and the culture conditions used. Careful phenotypic analysis is therefore
required to accurately characterize MSC populations [2]. For example, the surface
marker CD105, also known as endoglin and a component of the TGF-p receptor
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complex, has been shown to be expressed on mesenchymal stem cells derived from
various tissues but with differing intensities. Research findings indicate that over 50%
of liver-derived MSCs are positive for CD105, whereas less than 10% of MSCs from
the amniotic membrane (AM-MSCs) and UC (UC-MSCs) express this antigen. Addi-
tionally, liver-derived MSCs were reported to have a low-level expression (5-10%) of
CD45, a lineage marker that the majority of MSCs typically lack [12]. In a separate
study comparing mesenchymal stem cells derived from BM (BM-MSCs) to those
obtained from menstrual blood (referred to as MenSCs), distinct expression profiles
were observed between the two populations. The research found that although both
BM-MSCs and MenSCs lacked surface markers associated with pluripotency, namely
SSEA-3, SSEA-4, and TRA-1-60, MenSCs demonstrated high levels of expression of
HLA-ABC and CD49a [13]. So, proper identification of MSCs necessitates

controlling for variables that can potentially impact marker expression. In terms of
origin, MSCs have been identified in multiple tissues throughout the body, with
sources comprising BM, adipose tissue, UC, and dental pulp, among others. Of these,
MSCs derived from BM have undergone significant research and are viewed as the
archetypal MSC population. However, it is important to recognize that MSCs from
diverse tissues can demonstrate differences in their attributes and responses.

Studies have highlighted variations in the properties of MSCs depending on their
exact anatomical source. For example, a comparative study investigated the
properties of MSCs isolated from BM, adipose tissue (AD-MSCs), placenta (P-MSCs),
and cord blood (CB-MSCs). While all MSC types exhibited similarities in proliferation
capacity, clonogenic potential (ability to form colonies), and surface marker expres-
sion, BM-MSCs and AD-MSCs demonstrated stronger osteogenic differentiation abil-
ity as determined by von Kossa staining. BM-MSCs and AD-MSCs also expressed
higher, more consistent levels of the DLX-5 gene known to regulate osteogenesis [14].
Additionally, the research reported that CB-MSCs and P-MSCs lacked osteogenic
potential and exhibited poor adipogenic differentiation as well [14]. Similar findings
were reported in another study that compared the in vivo bone-forming capacity of
MSCs derived from different tissues. Although BM-MSCs successfully generated bone
tissue under the experimental conditions, AD-MSCs, UC-MSCs, and skin-derived
MSCs did not exhibit the same ability to produce bone [15]. The results mirrored
previous research indicating that while MSCs share a multilineage potential

profile, their precise anatomical source can influence the extent of osteogenic
differentiation, with BM-MSCs demonstrating superior skeletal lineage

commitment ability compared to MSCs from adipose tissue, UC, and skin in this
experimental setup [15].

Additionally, MSCs appear as spindle-shaped cells when observed under a micro-
scope. They possess elongated and slender cytoplasmic extensions, enabling them to
interact with their microenvironment and neighboring cells. This morphology allows
MSCs to migrate to sites of injury or inflammation efficiently and participate in tissue
repair processes [16].

3. Functional properties of MSCs

MSCs have an array of traits supporting their usefulness in regenerative medicine.
Their immunomodulatory influences, capacity for tissue restoration and regeneration,
the potential to evolve into numerous cell types, and role in regulating the microenvi-
ronment collectively underlie their therapeutic power.
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3.1 Immunomodulatory effects of MSCs

The immunomodulatory function of MSCs involves complex interactions between
cell-cell contact mechanisms and soluble factor secretion to regulate immune homeo-
stasis. Both modes of action work synergistically to influence immune cell behavior.
Their impact on immune signaling pathways is another key feature of MSCs in
immunomodulatory function [17], which is explained with more detail below:

3.1.1 Cell-to-cell contact mechanisms

Direct contact between MSCs and immune cells allows interaction through cell
surface molecules. MSC expression of indoleamine 2,3-dioxygenase (IDO) depletes
the amino acid tryptophan locally, which inhibits T cell proliferation and activation
while promoting Treg cell development [18]. Upregulation of programmed death
ligand 1(PD-L1) engages with programmed cell death protein 1 (PD-1) on T cells,
hindering their activation and inducing apoptosis. Fas ligand (FasL) expression car-
ried out apoptosis of activated T cells through the Fas receptor, diminishing T cell
responses [19]. Additionally, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
augmentation enables outcompeting co-stimulatory molecules on antigen-presenting
cells (APCS) for binding, interrupting signals necessary for T cell activation [20].
Collectively, these membrane-bound pathways facilitate MSC modulation of multiple
localized immune cell subsets.

3.1.2 Soluble factor-mediated mechanisms

MSCs demonstrate potent immunomodulation by secreting a diverse array of
soluble factors like cytokines, chemokines, growth factors and EVs. These factors act
autonomously and on neighboring cells to shape immune responses. Transforming
growth factor-beta (TGF-p) released from MSCs strongly suppresses immunity,
affecting T cell activity, regulatory T cell development, and natural killer/dendritic
cell function. Prostaglandin E2 (PGE2) similarly governs T cell behavior and Treg
amplification while transitioning the cytokine profile to anti-inflammation [21].
Interleukin-10 (IL-10) blocks proinflammatory cytokine generation and bolsters Treg
cell’s function. Hepatocyte growth factor (HGF) impacts T cell proliferation/dendritic
cells and enables repair [22]. EVs such as exosomes transport molecules like TGF-f3,
PGE?2, and IL-10 between MSCs and immune cells to regulate recipient responses.
Collectively, these secreted components downscale excessive immune activation
through coordinated suppression of proinflammatory signaling and augmentation of
regulatory networks [23].

3.1.3 Modulation of immune signaling pathways

MSCs wield robust immunoregulation by targeting major networks governing
immune initiation and inflammation. Precisely adjusting these pathways optimizes
immune balance:

* Nuclear factor-kappa p (NF-«xp) signaling coordinates proinflammatory
reactions. MSCs curb and dampens inflammatory triggers, shielding tissues from
collateral harm [24].
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* The Janus kinase-signal transducer/activator of transcription (JAK-STAT)
cascade strengthens cytokine and growth factor signaling, impacting immune
effectors. MSCs suppress JAK-STAT transmission, soothing inflammatory
mediator synthesis, and immune cell behavior globally [25, 26].

* Toll-like receptor (TLR) engagement alerts cells to microbe detection, kicking off
innate activation. MSCs deter TLR relay, easing downstream proinflammatory
cytokine induction. This directly confronts inflammatory triggers at multiple
receptors [27].

* Notch intercellular communication decides cell identity crucial for immune
cell development. MSCs interact with Notch receptors on immune targets,
steering differentiation toward regulatory phenotypes through guided
differentiation [28].

* Additional influenced pathways include Wnt/f-catenin signaling hindered by
MSCs. This pathway promotes survival but also proinflammatory cytokine
synthesis when awry. Via multiple membrane and exosome proteins, MSCs
achieve these functional suppressions [29].

Yet, studies showed MSC groups vary quantitatively in immune regulation
strength and evasion depending on the source. For example, a study contrasting bone
marrow and fat tissue MSCs found fat MSCs exerted stronger, less immunogenic
effects. When exposed to low interferon-gamma (IFN-vy), fat MSCs made higher IDO
versus bone marrow MSCs. Activated fat MSCs also exhibited lower HLA-DR and
higher CD55 [30]. These enabled more efficient immune bypasses. Following activa-
tion, fat MSCs better halted T cell proliferation than bone marrow MSCs. In contrast,
bone marrow MSCs suppressed natural Killer cell proliferation more [30]. Another
study assessed BM, fat, and Wharton’s jelly MSC (WJ-MSC) immunomodulation - a
co-culture combined each MSC type with immune cells, where fat MSCs most
potently hindered proliferation. Additionally, WJ-MSCs uniquely failed to curb acti-
vated B cell and NK cell multiplication [1].

3.2 Tissue repair and regenerative potential of MSCs

Tissue damage and degenerative diseases are major health challenges worldwide,
necessitating the development of innovative therapeutic strategies. MSCs, found in
various tissues, hold great promise for tissue repair and regeneration [31]. In this
section, we will discuss the role of MSCs in tissue repair in the context of different
diseases.

3.2.1 Musculoskeletal disorders

Research shows MSCs demonstrate excellent potential for treating musculoskeletal
disorders like osteoarthritis, tendon injuries, and bone breaks. In osteoarthritis, MSCs
can mature into cartilage cells and promote repair. Additionally, their immunomo-
dulation helps reduce inflammation and pain from joint degeneration [32]. For bone
defects, MSCs aid regeneration by maturing into bone-forming cells and boosting the
recruitment of other formative cells. They also play a pivotal role in remodeling the
extracellular matrix (ECM), which is vital for repairing such conditions. MSCs make
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and secrete ECM constituents such as collagens, proteoglycans, and glycosaminogly-
cans. By synthesizing and depositing these ECM components, MSCs fortify repaired
musculoskeletal tissue structure and functionality [7].

3.2.2 Cardiovascular disorders

Research shows MSC-based therapies hold promise for heart conditions like heart
attack and clogged arteries. MSCs encourage new blood vessel growth by releasing an
array of pro-angiogenic factors including vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), insulin-like growth factor (IGF), and hepatocyte
growth factor [8]. These stimulate endothelial cell proliferation, migration, and tube
formation, vital steps in blood vessel formation that aid angiogenesis in cardiovascular
disease. MSCs may also decrease scar tissue and improve heart function by secreting
anti-fibrotic factors. They secrete substances inhibiting extracellular matrix compo-
nent formation, especially collagen, contributing to scars. These include HGF and
Matrix metalloproteinases (MMPs) that can degrade excess collagen plus TGF-f
blockers [33]. Additionally, MSCs can govern fibroblast and highly contractile
myofibroblast behavior, which contributes to scar tightening. Released factors inhibit
fibroblast activation, proliferation, and transitioning to myofibroblasts. This activity
regulates scar formation. MSCs can also mature into endothelial and smooth muscle
cells, assisting cardiac repair [34].

3.2.3 Neurological disorders

Neurological issues like stroke, spinal cord injury, and neurodegenerative diseases
have limited treatment due to the nervous system’s low regenerative capacity. MSCs
can develop into neural cells such as neurons, astrocytes, and oligodendrocytes.
Administered to the central nervous system (CNS), MSCs integrate damaged areas,
replacing lost or nonfunctional cells to promote repair and regrowth. They secrete
various neurotrophic factors including brain-derived neurotrophic factor (BDNF),
nerve growth factor (NGF), and glial cell line-derived neurotrophic factor (GDNF)
supporting existing neuron survival and growth [35]. These stimulate brain angiogen-
esis and new neural connections. MSC-secreted neurotrophins enhance neuronal sur-
vival and functional recovery. MSCs also possess immunomodulation, curbing
inflammatory responses in the central nervous system by inhibiting microglia and T
cell activation/proliferation and cytokine production. Reducing neuroinflammation
favors neural recovery while decreasing secondary neuron damage. Moreover, MSCs
activate resident brain stem and progenitor cells, aiding their maturation into func-
tional neurons or other neural cells to boost endogenous repair mechanisms, contrib-
uting to neuronal recovery and tissue restoration [36].

By governing glial cell behavior and transitioning them to a more protective phe-
notype, MSCs assist inflammatory regulation, lessen glial scar formation, and build a
supportive environment for neuronal survival and repair. These properties make them
attractive candidates for treating neurological disorders and spinal cord injuries [37].

3.2.4 Autoimmune disorders

MSCs have a powerful ability to modulate immune responses, making them bene-
ficial for treating conditions caused by abnormal immune activation like GVHD,
COVID-19, and inflammatory bowel disease (IBD). MSCs can dampen
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disproportionate immune reactions, balance proinflammatory and anti-inflammatory
cytokine levels, and spur tissue healing by adjusting the local microenvironment [38].
MSCs have the adaptability to evolve into various cell types, including mesodermal
derivatives such as fat, cartilage, and bone cells, plus non-mesodermal varieties
including nerve and liver cells. In autoimmune diseases where tissue is harmed, MSCs
can mature into specific cell types needed for repair and regrowth [39]. For example,
in an autoimmune arthritis, MSCs can become cartilage cells to further mend carti-
lage. In autoimmune liver conditions, MSCs can evolve into liver cells to facilitate
organ regrowth [40].

Table 1 shows a summary of the therapeutic application of MSCs in the mentioned
diseases in some clinical trials.

Disease’s Disease Trial Sample MSC MSC dose Main outcome Ref
category phase  size  source
Osteoarthritis Phase 15 BM- 409 x 10° + Significant [41]
/11 MSCs 0.4%10° improvement in
parameters
including bodily

pain, physical
role, and physical

functioning
Musculoskeletal ~ Bone defects phase 18 BM- 15445 x 10° Significant [42]
disorders IIa MSCs clinical
improvement in
patients.
Lateral Pilot 6 AD- 10° or 107 Significant [43]
epicondylosis  study MSCs cells decrease in

patients’ VAS &
increase in elbow

performance
scores
Severe Phase 60 BM- NM Significant [34]
ischemic 11 MSCs improvement in
heart failure myocardial
function
Cardiovascular Myocardial ~ Phase 116 WJ- 6 x 10° cells Significant [44]
diseases infarction 11 MSC improvement in
LVEF, and the
myocardial

viability (PET)
and perfusion
within the
infarcted
territory
(SPECT) was
observed.

Ataxia NM 24 UC- 1x108 cell/kg Improvement in [45]
MSCs BW patient’s
movement and
quality of life
with delay in
desease
progression.
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Disease’s Disease Trial Sample MSC MSC dose Main outcome Ref
category phase size  source
Neurological ALS Phase 15 BM- 1 x10° cell/kg Improvement in [36]
disorders /11 MSCs BW patient’s status,
ALS-FRS & FVC
MS Phase 160 BM-  1-2 x 10° cell/ MSC [46]
/11 MSCs kg BW transplantation
was safe and well
tolerable by
patients and
showed
improvement in
EDSS score.
MSA Phase 24 AD- Two doses Significant [47]
/11 MSCs (1 x 107 and decrease in the
1x 10% cell/kg ~ rate of disease
BW) progression
(UMSARS)
Refractory ~ Phase 10 BM-  1-2 x 10° cell/ Significant [48]
luminal I MSCs kg BW decrease in
Crohn’s patient’s CDAI
disease
Autoimmune COVID-19  Phase 20 UcC- 1x 10° Cell/ Improvementin [49, 50]
diseases I MSCs kg BW patient’s
oxygenation and
significant
decrease in CRP
and
inflammatory
cytokines
GVHD NM 11 BM- NM Significant [51]
MSCs decrease in TH17

cells, but increase
in Treg cellsand a
shift toward
TH2-cell
responses

Abbreviations: MSC, Mesenchymal stem cells; BM-MSCs, Bone Marrow derived Mesenchymal stem cells; AD-MSCs,
Adipose-derived Mesenchymal stem cells; W]-MSC, Wharton’s jelly-derived mesenchymal stem cells; VAS, patients’
visual analog scale; UC-MSCs, Umbilical covd-derived Mesenchymal stem cells; LVEF, Left Ventricular Ejection
Fraction; ALS, Amyotrophic Lateral Sclevosis; MSA, Multiple System Atrophy; UMSARS, Unified Multiple System
Atrophy Rating Scale; MS, Multiple sclerosis; EDSS, Expanded Disability Status Scale; GVHD, Graft-versus-host
disease; CRP, C-reactive protein; CDAI, Crohw’s disease activity index; TH17, T helper 17; Treg, T vegulatory cell; NM,
Not Mentioned.

Table 1.
Therapeutic application of MSCs in various disorders.

4, MSCs and exosomes

including tissue repair, anti-inflammation, immunosuppression, and neuroprotection.

MSCs have been extensively studied in clinical trials due to their diverse roles

Initially, it was believed that MSCs traveled to injury sites, differentiated, and
replaced damaged cells. However, later research showed MSC engraftment and
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differentiation at injuries is brief and limited [52, 53]. Current research suggests MSCs
mainly act through secreting trophic factors. Some propose exosomes mediate MSC
cell communication as they are abundantly secreted by MSCs [54].

Exosomes are tiny lipid bilayer vesicles formed through endocytosis and budding
from late endosomes, released when multivesicular bodies fuse with the plasma
membrane. They release from various cells including plasma, breast milk, serum, and
cerebral fluid (CSF) under inflammation, disease, or immune imbalance [6, 55].
Exosomes have potential to treat infections like COVID-19, cancers, and
neurodegeneration supported by evidence. Originally discovered in the 1980s study-
ing sheep blood cell maturation, exosomes garnered attention as key communicators
[56]. Though believed to dispose of proteins, exosomes stimulate immunity in vivo
and in vitro, secreting from nearly all body cells found in fluids affecting lung, kidney,
and liver functions [57, 58].

Exosomes uniquely carry a diverse cargo of lipids, proteins, DNAs, and RNAs
specific to their cellular origins, regulating immunity and communication, unlike
other extracellular vesicles. Exosomes are characterized by membrane proteins, such
as Alix, TSG101, Rab5, Rab27a, Rab27b, and multiple tetraspanins (CD37, CD63,
CD81, and CD82), distinguishing them from apoptotic bodies [59]. Exosomal mRNA
or miRNA transported from donor cells may alter recipient cell fates. For example,
brain cancer or regulatory immune cell exosomes impacted recipient cells [59, 60].
Figure 1 schematically illustrates MSC exosome structures, contents, and target cells.

MSC exosomes are considered MSCs’ paracrine effectors with comparable func-
tions to MSCs. For instance, both alleviated neuroprotection and endotoxin-induced
lung injury [61]. MSC exosomes contained miR-16 downregulating VEGF similarly to
MSCs [62]. MSC exosomes express MSC antigens and adhesion molecules such as
CD29, CD44, and CD73. Moreover, like MSCs, MSC exosomes contain genetic infor-
mation for signaling pathways [63, 64].

5. Challenges and limitations in MSC therapy

There are currently some obstacles tied to using stem cells for medical functions
because the way transplanted cells act is not fully decoded. Still, comprehending stem
cell traits, behavior, and mechanisms more profoundly could facilitate customized
treatments for many sicknesses. Before meshing stem cells with recipient tissues for
lifelong gains, certain crucial points demand prudent consideration. More knowledge
about stem cell properties may eventually alleviate the challenges of applying them
therapeutically, leading to improved prognosis and quality of life [65].

5.1 Heterogeneity and inherent differential potency of MSCs

MSCs used for medical purposes can originate from either the patient (autologous)
or a donor (allogeneic). These cells inhabit complex biological systems in the body and
have diverse subpopulations. Ignoring this heterogeneity is a primary reason cell-
based therapies have inconsistent results. Stem cells intrinsically proliferate indefi-
nitely while maintaining an undifferentiated state when environmental conditions
permit. Thus, appropriate signaling from adjacent cell types and local microenviron-
ments is required for proper functioning. Variations in how cells signal to each other
or respond to their surroundings can alter functional pathways. A thorough under-
standing of diversity across cell populations and their characteristics is essential for
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Nuclevs

Figure 1.
Biogenesis, velease, and uptake of exosomes (the figure is created using Adobe illustrator 2019).

developing well-designed clinical trials. As such, fully considering a stem cell’s innate
properties when selecting candidates for specific therapies is crucial [66, 67].

5.2 Heterogeneity of disease progression

Carefully reviewing disease worsening over time is pivotal for cell therapy success
and demands serious attention. Such review informs customized remedies for endur-
ing impacts. A thorough understanding of illness details, especially for degenerative
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conditions, allows individual care. Induced pluripotent stem cells (iPSCs) offer game-
changing ways to model human sicknesses, particularly genetic ones, by developing
iPSCs from uncommon and prevalent disease patients. This provides invaluable dis-
ease modeling and medication development, letting progression study and disorder
remedies. This process enhances comprehension of underlying molecular drivers as
most maladies contain numerous intertwined subsets rather than single illnesses.
Initially, stem cell use may concentrate on an affliction, then an individual, potentially
ushering a more targeted therapy approach. However, early efforts involve trial and
error that markedly improves over time [65, 68].

5.3 Homing and targeted MSC delivery

Stem cells prove highly effective in cell therapy due to sensing their surroundings
via cytokine receptors, permitting migration toward damaged tissues or tumors by
chemokine gradient trails. This innate navigation aids targeted delivery for enhanced
treatment. Beyond natural locating traits, induced direction strategies developed
encourage further precise transportation. Methods alter cells through membrane
receptor swaps, lipid particles conveying customized cells, viral vectors transmitting
genes, or antibody/peptide-hooked particles delivering targets. Still, just a small frac-
tion embeds at wished spots, and engraftment relies on administration technique.
Therefore, transportation optimization can emerge from route suitability consider-
ation, physiological forces concentrating cells, preconditioning, and transgenes actu-
ating homing expertly. Additional efforts are required to enhance the understanding
and utilization of stem cell manipulation and targeted tissue environments in order to
effectively leverage these techniques, either independently or in combination, to
provide optimal healthcare outcomes [65, 69, 70].

5.4 Complexity of mechanism of action of cell therapy

When exploring new treatments, a key challenge lies in understanding intricate
biochemical and physiological events during application. Animal models often study
such processes pre-human use. Cell therapies proved workable clinically, relying on
safe, reproducible advantages. Basically, therapy forestalls or reverses sickness wors-
ening. Both approaches overlap and differ at the technique level for cell-based reme-
dies, necessitating customizing to meet illness-specific demands. Identifying diverse
biotherapeutics such as anti-death, immune modulation, anti-scarring, pro-vessel
growth, cell-cell signaling chemotaxis, local stem/progenitor growth, and diversifica-
tion aspect discharge is daunting. Defining biochemical pathways and intermolecular
machinery involved in cell therapy is critical to grasping stem cell behavior/roles
better, a compelling cell therapy platform necessity to heighten predictive abilities.
Further exploration embracing cell intricacy centers on understanding underlying
behavior/roles [65, 71, 72].

6. Future directions

MSC therapies hold tremendous promise for regenerative medicine, but their
complete potential can be realized by implementing various techniques and
approaches to reduce adverse effects and improve treatment outcomes. One strategy
is the genetic engineering of MSCs, which permits precise modifications to their
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genetic makeup in order to enhance their therapeutic properties. By introducing
specific genes into MSCs, it is possible to improve their survival, ability to differenti-
ate into desired cell types, promote tissue repair, modulate the immune response, or
secrete therapeutic factors. This genetic engineering can be achieved through methods
such as viral vectors, non-viral vectors, or genome editing tools like CRISPR-Cas9,
ensuring targeted and efficient modification of MSCs [73, 74].

Furthermore, the utilization of MSC-derived products, such as exosomes and EVs,
has emerged as a promising approach to augment the therapeutic effects of MSC
therapies. These vesicles contain a diverse array of bioactive molecules, including
proteins, nucleic acids, and signaling molecules that can exert potent therapeutic
effects by facilitating intercellular communication, promoting tissue regeneration,
and reducing inflammation [75]. To boost the efficacy of MSC-derived products,
various techniques can be employed, including optimization of isolation
procedures, standardization of production protocols, and characterization of cargo
contents. Additionally, engineering MSCs to enhance the secretion of specific
exosomes or EVs with desired therapeutic cargo can further enhance their
therapeutic potential.

Besides, to mitigate adverse effects associated with MSC therapies, careful consid-
eration should be given to factors such as cell dose, route of administration, and
patient selection. Optimizing the dose of MSCs administered ensures that the thera-
peutic effects are maximized while avoiding potential complications. Choosing the
appropriate route of administration, whether it be systemic, local, or targeted deliv-
ery, can enhance the homing and engraftment of MSCs to the desired tissue, improv-
ing treatment efficacy. Moreover, thorough patient evaluation and selection based on
disease characteristics, immune compatibility, and pre-existing conditions can help
minimize adverse reactions and maximize the safety and effectiveness of MSC thera-
pies. Continued research and advancements in these areas will undoubtedly contrib-
ute to unlocking the full therapeutic potential of MSC-based therapies and pave the
way for transformative regenerative medicine.

7. Conclusion

In summary, MSCs possess unique properties making them highly beneficial for
therapeutic applications. Their ability to self-renew, differentiate into various cell
types, and modulate immunological responses provide MSCs with regenerative capa-
bilities across multiple organ systems. Extensive research over the past decades has
revealed the therapeutic potential of MSCs and their exosomes for treating a wide
range of medical conditions. As the introduction described, MSCs have shown prom-
ise in orthopedic applications like bone and cartilage repair. They have also been
studied for their cardiovascular benefits in improving heart function and promoting
blood vessel growth. Perhaps most importantly, MSC therapies have demonstrated
encouraging results in central nervous system disorders as well as autoimmune and
inflammatory conditions.

Looking ahead, further research is still needed to optimize isolation and culture
methods to standardize MSC production. Additional pre-clinical and clinical studies
are also required to fully characterize MSC engraftment, bio distribution, and mecha-
nisms of action iz vivo. Despite these remaining challenges, MSCs represent a prom-
ising tool for regenerative medicine. Their multipotency and immunomodulatory
properties provide a versatile cell-based therapeutic approach with potential
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applications across many areas of human disease. With continued advances in basic
and translational research, MSC therapies may transform patient care and manage-
ment of conditions currently lacking effective medical solutions.
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Chapter 3

Immunomodulation of Antiviral

Response by Mesenchymal Stromal
Cells (MSCs)
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Abstract

Mesenchymal stromal cells (MSCs) are known for their immunomodulatory prop-
erties, and their role in antiviral response is poorly understood. The susceptibility of
the MSCs to viral infection or viral tropism toward MSCs can be emanated from few
available literature evidences. What makes MSCs special is the ability to sustain
infection and reciprocate through immune intermediates like antimicrobial peptides,
cytokines, and secretomes. However, care has to be taken to understand that MSCs
can transmit viral infections and are known for their vulnerability to many microor-
ganisms in general. In the recent past, after deadly infections like Ebola, Zika, and
HIV, COVID-19 had posed a great threat, where stem cell transplantation was a
suggestive therapeutic model in some cases due to the cytokine storm and other
additional biochemical, molecular, and transcriptional factors associated with the
pathology. This is true in many other common viral infections at large. In this chapter,
the role of MSCs in combating viral infections as well as their susceptibility pattern are
discussed. Further, the role of MSCs in immunomodulation and their antiviral factors
cannot be delineated in understanding the immunological mechanisms preventing
tissue damages associated with viral infection.

Keywords: MSCs, immunomodulation, mesenchymal stromal cells, secretomes,
antiviral response

1. Introduction

Among the numerous forms of infectious diseases worldwide, viral infections have
been the biggest known threat in the recent years [1]. The spread of a new coronavirus
(COVID-19) caused by severe acute respiratory syndrome coronavirus (SARS-CoV-2)
affected more than 110 million people worldwide. It has prompted the scientific world
to prevent and treat by developing of new vaccination or through antiviral drugs [2].
Mesenchymal stromal cells (MSCs) constitute a heterogeneous population of immu-
noregulatory stem cells that are known to be highly regenerative and antiviral
immune response [3]. They replicate vigorously in culture plates and maintain their
biological properties. MSCs were isolated from many tissues around the body such as
the placenta, adipose tissues and bone marrow. Besides their nature, MSCs have wide
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clinical usage that includes inflammatory diseases, myocardial infarction, degenera-
tive disorders, and pneumonia [4]. Nevertheless, MSCs have good antiviral properties
and are involved in the treatment of viral infection in the last few years. Immediately
after viral invasion, damaged associated molecular patterns (DAMPs) and/or
pathogen-associated molecular patterns (PAMPs) induce pro-inflammatory (MSC1)
phenotypes in MSCs [5] and regulate circulatory immune cells involved in antiviral
response. The International Society of Cell Therapy (ISCT) has established universal
criteria for MSC definition. Therefore, MSCs must display plastic-adherence capacity;
fibroblastic spindle shape morphology in standard culture media; surface expression
of CD90, CD73, and CD105 and absence of CD11b, CD34, CD45, and HLA-DR; and
in vitro differentiation potential of osteogenesis and adipogenesis [6], thus providing
authenticity.

MSCs are known to interact with various types of immune cells such as dendritic
cells (DCs), macrophages, Natural Killer cells (NK) B-lymphocytes, CD4+, T helper
cells, and cytotoxic T lymphocytes (CTLs) [5]. MSCs are known to inhibit NK cell and
T-cell proliferation and reduce the differentiation of B cells to antibody-secreting
plasma cells [7]. MSC-sourced interferons (IFNs) modulate the cytotoxic properties of
NK cells, and CTLs enhance antigen-presenting properties of DCs. Macrophages and B
cells contribute to the effective removal of virus-infected cells [8]. However, the
activities of MSCs change due to influence of the local microenvironment, which leads
to complexity in understanding the MSC-mediated immune response. Due to their
potential immunomodulation and systemic inflammatory responses, MSCs are in a
large number of clinical and experimental studies, exploring a wide area of new
approach in the treatment of viral diseases [9]. In this book chapter, we summarized
the current knowledge on MSC-dependent cellular mechanisms that are involved in
the elimination of viruses, modulation of immune responses, and repair and regener-
ation of tissue damages caused by viral pathogens, and the efficacy of clinical practices
about MSC-mediated therapy was put forth and evaluated.

2. Susceptibility of viral infection to MSCs

MSCs are prone to DNA (Deoxyribonucleic acid) or RNA (Ribonucleic acid)
viruses both in vitro and in vivo [10-12]. Numerous biological factors facilitate the
virus entry, and the most common one is the functional cell surface receptors. Recep-
tors as active adhesive molecules provide structural bonding that are further inclined
with other molecules that strengthen the attachment. For instance, MSCs express I-
CAML1 for transmigration and immunomodulation. Several genera of viruses were
known to infect MSCs are Herpes Simplex-1 (HSV-1), Varicella Zoster Virus (VZV),
and Cytomegalovirus (CMV). HSV-1 infects the MSCs through heparin sulfate recep-
tor [13]; however, Epstein Barr Virus (EBV) and Human Herpes Virus - 6, 7, and 8
(HHV-6, 7, & 8) do not infect MSCs but facilitate the passage of virus entry to the
other cells [14]. Various factors play a crucial role in determining the viral tropism
such as antiviral signaling of cytokines, intracellular host factors that favor DNA/RNA
synthesis, and cell activation. Outcomes of viral infection to different MSCs were
studied. Although MSCs are susceptible to viral infections, not all types are readily
attacked. For instance, embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs) have shown resistance to viral infection. HIV-1 was showed to infect the
differential cells of MSCs but showed no infection to undifferentiated MSCs [15]. In
some cases, however, RNA infected MSCs initiate immediate antiviral response
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through pro-inflammatory cytokine production. This is because most of the RNA
viruses are more likely to cause an acute infection than a DNA virus [16]. Most of the
RNA viruses have compact genome inside a protein packing. These factors could hire
prompt initiation and conformational changes necessary during host-cell entry [17].
Chikungunya virus (CHIKV) has shown to reduce MSC’s osteogenic differentiation,
thereby limiting their potential in regenerative medicine [18].

The parvovirus B19 is a DNA virus (single-stranded) that infects bone marrow
BM-MSCs of human with upregulation of pro-inflammatory cytokine gene expres-
sion, such as IL-6 and TNF-a [19]. Cytokine-induced immunomodulatory function
was lost when MSCs were infected with CMV and no longer inhibited microbial
growth [20]. Also, the US11 protein used by CMV for immune invasion
downregulated MHC class I expression of human MSCs, making them vulnerable to
NK cell-mediated lysis [21]. A similar effect was obtained when horse MSCs was
infected with equid herpesvirus-1 (EHV-1). The ability of viruses that invade and
infect a cell varies between host types and is species-dependent. For instance, differ-
ent MSCs of two closely related species human and murine produce distinct varied
immunomodulatory mediators, and this indeed regulates the chance to limit or
enhance the viral replication is an important concern. Indoleamine-2,3-dioxygenase
(IDO) is known to be a primary mediator for viral replication in human MSCs, and it
was found to have no effect in murine MSCs [22].

3. Antiviral response of MSCs

Despite the virus permissiveness, evidence has emerged that MSCs can mitigate
viral infection via upregulation of their antiviral mechanisms. Through their intrinsic
upregulation of IFN-stimulated genes (ISG), the gene that blocks viral replication,
MSCs are more resistant to viral infection than their more differentiated forms [23].
Moreover, studies on gene silencing ISG like p21/CDKN1A and IFITM3 expression
have resulted in increased chances of virus attack by MSCs [7]. Several studies have
shown the expression of antiviral activation of MSCs in the presence of
Coxsackievirus B3 [13]. Another method of triggering antiviral mechanism in MSCs is
through miRNAs. The release of miRNAs by MSCs illustrated vigorous antiviral
activity that could inhibit Hepatitis C virus infection [24]. Influenza virus-induced
in vivo murine studies produced acute lung injury that were reduced and restored after
MSC administration [25, 26]. In another murine model study of gammaherpesvirus-68
(MHV-68) infection, MSCs showed anti-herpesviral properties mediated through a
cytosolic DNA pathway that was activated. However, the molecular switches of MSCs
to inhibit viral propagation iz vivo and their mechanisms require further investigation.

4. Effect of MSCs on cell-based immune response

Besides their intrinsic inhibition to viruses, MSCs could modify the antiviral
response of immune cells as they normally do with antiviral defenses. However, these
interactions influence both innate and adaptive immune components via NK cells and
T-cells response. Insight studies into MSCs with NK-cells and T-cells show high
complexity to understand. Certain cultured MSCs were marked and killed by NK cells
upon their activation. IFN-y primed MSCs mimic their exposure to the inflammatory
environment but upregulate MHC class I (major histocompatibility complex)
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expression and avoid NK-cell mediated destruction [27]. MSCs when targeted by NK
cells could identify and alter NK cells’ phenotype, which leads to inhibition of NK-cell
proliferation, decreased cytokine production, and dampened cell differentiation

in vitro. These effects were regulated by mediators IDO and prostaglandin E2 (PGE2)
that downregulate NK-cell surface receptors [28]. With CD8 + T-cells, MSCs inhibit
T-cell proliferation, releasing transforming growth factor beta (TGF-p) and hepato-
cyte growth factor (HGF). Expression of these growth factors reduces cyclin D2,
causing proliferation arrest in GOG-1 phase of cell cycle [29]. However, in this, MSCs
do not hinder CD8 + T cells, so their ability could be retained to lyse the targeted cells
even in the presence of MSCs [30]. However, in addition, MSCs did not affect the
CDS8 + T-cell function in the context of viral infection caused by EBV (Ebstein-Barr
virus) and CMV (Cytomegalo virus) [30]. A different study showed MSCs to inhibit
proliferation of CD8 + T-cells upon performing a gentle pulse to T-cells with CMV
phosphoprotein and influenza matrix protein antigen for a time of 2 h. IFN- y derived
from MSCs has a role of offsetting the immunosuppressive effect of MSCs and is
involved to take part in partial cytotoxic responses during viral infection [31]. MSCs
are likely dependent to alter immune cell response based on the specific host and its
inflammatory parameters. Certain contradictory findings stated MSCs could not sup-
press T-cell responses. With varying environmental parameters, MSCs respond dif-
ferently and are distinctly plastic that are not intrinsic, but activated by several
combined cytokines, IFN- y with TNFa, or IL-1p [32]. Therefore, MSCs associated
immune cell response differs under various pathological conditions.

5. Engineered MSC-EVs as therapeutic vehicles

Mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) represent poten-
tial cell-free alternative to stem cell therapy but are also rapidly emerging as a novel
therapeutic platform particularly in the form of engineered EVs (EEVs) tailored to
target a broad range of clinical indications. Several biodistribution studies using
labeled dyes for EV uptake into animal models proved the accumulation of 70% dyes
in the liver and spleen [33, 34]. However, the engineered EVs facilitate the distribu-
tion of therapeutic molecules into other organs and were considered by some
biopharma companies “hard to treat disease,” for example, cancer [35]. One method
conferring this is to alter selected cell-surface-proteins. One route is to produce a
fusion protein that inserts its tail into the EV membrane and the head binds to a
projecting receptor (Figure 1) [37]. Modified EEVs could be accomplished by favoring
selected cell surface protein alteration that confers target capabilities. One such copy
was used to target neuron cells in the brain after systemic injection. The fusion protein
was created between EV membrane protein Lam2b and rabies viral glycoprotein
(RVG) peptide, which binds the acetylcholine receptor on the brain cells [36]. Tian
et al. [38] have shown that cultured proteins from cell cultures can also be incorpo-
rated onto EVs for target delivery. A recent study has showed that fusion proteins that
bind the phosphatidylserine onto EVs to ischemic brain tissues after systemic injection
relieving inflammation. Similar approaches were also used to treat tumor cells in a
mouse model of glioblastoma [39]. EEVs with protein receptors on their surface have
been developed as decoys to capture target molecules such as the pro-inflammatory
cytokine IL-6 as a potential therapeutic for chronic inflammatory diseases [40].

MSC-EVs are known to lodge therapeutic small molecules that promote regenera-
tion in damaged tissues by lowering inflammation and inhibit apoptosis. MSCs have
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Figure 1.

Mesenchymal stromal cells (MSCs) EVs show therapeutic potential in a wide scale. (A) MSC-EVs had multiple
isolation sources that include birth-associated tissues, adipose tissues, and bone marrow tissues. (B) MSCs are
known to alter and import properties of demand for treatment. (C) EVs of both natural and engineered sources
explored a wide range of clinical indicators. Adopted from: [36].

been recently engineered to enhance bone regeneration [41]. Another characteristic of
EVs is to transfer non-immunogenic capsules that appeared to be ideal as drug vehi-
cles, such as for tumor cells. This idea of EVs fastens new strategies to produce
therapeutic cargo. These methods could be associated with the above incubation with
drug delivery or transfecting of cells to allow specific small molecules into EVs. EV
loading can also be facilitated after EV isolation from cell culture. Techniques includ-
ing freeze-thawing, sonication, electroporation, osmotic shock, and saponin
permeabilization have been adopted to temporarily disrupt the EV membrane suffi-
cient for the uptake of therapeutic cargo.

6. Antiviral properties of MSCs

MSCs typically are virus-resistant cells compared to their more differentiated cell
types. Such an ability was obtained by MSCs via IFN-stimulated genes (ISG), thereby
resisting viruses to pass over cell membrane and blocking mRNA transcription,
nuclear imports of mRNA, translation, and viral assembly and release [7, 42, 43].
PMAIP1, ISG15, IF16, IFITM, SAT1, p21/CDKN1A, SERPINE1, and CCL2 are ISGs
known to express during various viral infections such as dengue, Ebola, SARS, and
influenza, that limits viral proliferation inside the cells [43]. The effects of ISGs were
studied by silencing them. For instance, silencing p21/CDKNIA expression results in
MSC susceptible to chikungunya virus infection, whereas silencing IFITM3 results,
MSCs prone to yellow fever and Zika virus infection. A list of ISGs constitutively
expressed by human MSCs was arrayed: IFITM1, IFI6, CCL2, ISG15, SAT1, PMAIP1,
and nonconstitutive ISGs includes such as MT1G, CD74, SERPING1, IFNAR2, and
MT1X. Besides those of original ISGs by MSCs, the upregulation of nonconstitutive
ISGs represents adjustment ability in enhancing antiviral capacity. This feature was
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notably beneficial in the context of respiratory tract infections [5]. Similarly, in
another case, the IDO-expressing MSCs primed with IFN-y iz vitro reduced HIV-1/2
virion yield. The authors hypothesized that this effect might be related to tryptophan
depletion, which limits emergent viral protein biosynthesis [25].

Indoleamine 2,3 dioxygenase (IDO) nutrient deprivation is a useful antiviral MSC
strategy, and this effect has been observed against measles virus, cytomegalovirus,
herpes simplex virus-1, and HBV [25, 44]. IDO seems to be a fundamental antiviral
molecule of the MSCs. Another antiviral mechanism by MSCs is the production of
noncoding miRNAs with antiviral activity by targeting viral replication. For instance,
the antiviral activity of MSCs against hepatitis C virus (HCV) is conferred by Let-7f,
miR-145, miR-199a, and miR-221 in derived extracellular vesicles (EVs) [44].

7. MSC-based therapies for COVID-19

The outbreak of the pandemic novel coronavirus (COVID-19) during 2019 drasti-
cally increased the number of patients and mortality rate worldwide [45]. Although
the vaccine has been developed, rapid mutations made the virus more complex, and
therefore, effective treatment measures were challenging. To date, the benefits of
MSC-based viral therapy working on the basis of its immunomodulation, antiviral,
anti-apoptotic, anti-infective, and angiogenic properties are promising [46]. While
using a cellular product, it cannot suppress patients when dealing with the infection or
must not make it susceptible to other infections [46]. MSCs could overcome this
scenario because of their ability to fight against virus infection with immunomodula-
tory and regenerative abilities [13, 47]. As a concern of available resources, the pre-
clinical models of acute lung injury, acute respiratory distress syndrome (ARDS), viral
hepatitis, human immunodeficiency virus (HIV) infection, and viral pneumonia have
been evaluated in the last years [48-50]. To date, there are no standard protocols
designed that improve the therapeutic potential of MSCs to target the viral attack
[51, 52]. Therefore, much safety has ensured on MSC-based therapy on all clinical
trials with small patient groups. Some efforts were made only to boost the antimicro-
bial activity of MSCs. Hypoxia priming of MSCs increases microvesicles to release
growth factors, upregulate chemokine-receptors, and decrease cellular senescence and
thus import therapeutic efficiency [52].

COVID-19 represents public health emergencies that urge the need of alternative
therapy [29, 53-55]. Almost every COVID-19 victim experienced severe lung compli-
cations such as ARDS were observed only in some limited cases. SARS-CoV-2 is
thought to be a major disease complication with COVID-19 with rise in mortality [56].
At this point, MSC-based therapy line would be plausible because of the easy biolog-
ical properties of the MSCs that can be easily expanded when intravenously infused.
Owing to their remarkable immunomodulatory and regenerative abilities, MSCs could
attenuate the cytokine and prevent progression to ARDS and protect victims from
multiple organ failure in severe COVID-19 condition [56]. As an advantage, the
intravenously infused MSCs are trapped into the lungs, and this in fact marks benefi-
cial as the lungs were the primary organ targets of SARS-CoV-2 [56, 57].

Attention has to be ensured that MSCs are not transfused during the initial period
of viral infection. When wrongly used, the immunosuppression of MSCs hinders
physiological and replication inflammation that are much essential to control viral
infection [58]. Several other challenges have to be taken into context when MSCs are
allowed in therapy line. The time and dosage of MSCs during administration must be
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calculated; if exceeded the exacerbated immunosuppression may have negative effect
on the victim [56]. When administrated to large cohort groups, it must be ensured
that the design plan is accurate and significant. Besides all of them, a good quality
standard in the trials under appropriate regulatory supervision must be followed and
has to be reported periodically in a complete and transparent manner. Ethical guide-
lines provided by the World Health Organization (WHO) for using cell-based therapy
in clinical trials must be appropriate while using MSCs for COVID-19. Both ethical and
moral aspects should be followed when performing the clinical trials during non-
pandemic situation.

The critical pathological features of COVID-19 hospitalization are acute lung inju-
ries (ALI) and ARDS characterized by immunopathological complications. Any treat-
ment that hastens COVID-19 recovery would be in a substantial demand, and so, MSC
therapeutics would be an ideal approach to handle the situation of COVID-19 symp-
toms due to their potential antiviral properties [59]. MSCs release various cellular
components such as keratinocyte growth factor, prostaglandin E2, granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-6, and IL-13 to facilitate phago-
cytosis and to further activate alveolar macrophages, alter the cytokine secretion
profile of dendritic cell subsets, and decrease the limit of interferon y from NK-cells.
Tryptophan catabolizing enzyme indoleamine 2,3-dioxygenase is found to suppress T-
cell proliferation, and this could even change the cytokine profile of T-cells. Further-
more, the proliferation and differentiation of B cells were notably impaired by MSCs
as well. However, these effects were restored by the MSCs, and all these mentioned
functions might also be worked out by MSCs in COVID-19 infections also. One among
the potential outbursts of COVID-19 is the elevated levels of inflammatory cytokines
due to overstimulation of immune cells resulting in a cytokine storm that eventually
damaged the tissues and organs, especially the lungs. On the other hand, systematic
treatment measures using MSCs have been increasing and a complete idea on their
effect is still lacking. In this book chapter, the meta-analysis of COVID-19 retrieved
from various sources is discussed.

8. Meta-analysis and systematic review

This review protocol was planned through a module in which the eligible criteria
were defined according to the PICOS (population intervention, comparison, out-
comes, and study) format. The target study population was all COVID-19 laboratories
that confirmed patients received MSC treatment with an age group of 18 and above
regardless of the gender. The disease severity from moderate to severe cases was
involved. The experimental group was administrated with non-modified form of
MSCs from BM and PTs (e.g., placenta, umbilical cord). Studied that used MSCs
derived from embryonic stem cells (ESCs) and pluripotent stem cells (IPSC) were
excluded. Genetically modified MSCs were also excluded. The reports were compared
with the non-MSCs receiving group. The outcomes were represented such as groups
with mortality and adverse effects (AEs), reduced inflammatory reactions based on
the schematic markers, and third category of improvement in pulmonary function
and oxygenation. Including the experimental outcomes, the article publications were
retrieved from 6 databases (Figure 2) for analysis in this review that includes terms
and limitations (Table 1).

Randomized controlled trial (RCT) was conducted for quality assessment with the
incidence of mortality, AEs, and serious adverse effects (SAEs). The levels of CRP and
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IL-6 were assessed with the intention to treat the disease in an effective way. Meta-
analysis on pulmonary function was not performed due to insufficient data. Of all the
100 articles retrieved, many articles failed in full-text retrieval, so 8 articles were
selected finally for data extraction. Table 2 shows the characteristics of review, which
includes the details of treatment used. The umbilical cord-derived MSCs were intra-
venously infused into the COVID-19 patients. The outcomes of the study that
included the mortality occurrence and AEs, elevation in the inflammatory responses,
and improvement in patient pulmonary were recorded and tabulated (Table 3). It is
noteworthy that patients in the MSCs-treated group were reported with less mortality
when compared with those in the control group [60, 61]. Various levels of inflamma-
tory responses were studied by researchers. The inflammatory markers CRP and
procalcitonin (PCT) and certain pro-inflammatory cytokines like IL-6, IL-2, tumor
necrosis factor alpha (TNF-a), and anti-inflammatory cytokine (IL-10) were com-
pared in the meta-analysis. Those with MSCs treated cases notably decreased in the
cytokines were observed [62]. Studies led by Adas and co-workers [63] reported
increased levels of anti-inflammatory cytokine IL-10. Similarly, another study showed
higher expression of IL-10 in MSC-treated patients [61]. However, CT score of MSC-
applicable groups showed improvement in the lung clearance, the number of lobes
involved, and ground-glass opacity (GGO) [64-66].

In this book review, it was observed that the efficacy of MSCs was determined
based on the inflammatory markers and pulmonary function in the COVID-19
patients. Due to insufficient data on pulmonary function, the meta-analysis was not
performed. Thus, for convenience, details of CPR and IL-6 were included in this meta-
analysis to standardize the study results [61].
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PRISMA 2020 flow diagram shows data collection sources.
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Databases Search terms and limitations

PubMed Search terms:

Last searched: (Mesenchymal stem cells OR Mesenchymal stromal cells OR MSC) AND
Nov 7, 2022 (COVID-19 OR SARS-CoV-2)

Filter:
The search results were filtered for clinical trials and randomized controlled
trials only

Science direct
Last searched:
Nov 7, 2022

Search terms:

Mesenchymal stem cells OR Mesenchymal stromal cells or MSCs and
COVID-19 or SARS-CoV-2 and cytokine storm OR cytokine release syndrome
Filters:

The year of publication was set from 2020 to 2022 to remove irrelevant
articles

The results were filtered to generate research articles and case reports only

EBSCO host Last
searched:
Nov 7, 2022

Search terms:

Mesenchymal stem cells OR Mesenchymal stromal cells OR MSC) AND
(COVID-19 OR SARS-CoV-2) AND (cytokine storm OR cytokine release
syndrome) Filters:

Searches by Boolean/Phrase was applied

Results were filtered for full text English articles

The terms were searched within full text of the articles

Search for equivalent subjects was applied

The year of publication was set from 2020 to 2022 to remove irrelevant
articles

The source type was filtered to academic journals only

Google scholar
Last searched:
Nov 15, 2022

Search items:

Mesenchymal stem cells OR Mesenchymal stromal cells or MSCs and
COVID-19 or SARS-CoV-2 and cytokine storm OR cytokine release syndrome
Filters:

The year of publication was set from 2020 to 2022 to remove irrelevant
articles

The results were filtered to generate research articles and case reports only

The Cochrane Library
Last searched:

Search terms:
(Mesenchymal stem cells OR Mesenchymal stromal cells OR MSC) AND

Nov 7, 2022 (COVID-19 OR SARS-CoV-2)
*No filter applied
BioRxiv Search items:
Last searched: Mesenchymal stem cells OR Mesenchymal stromal cells or MSCs and
Nov 15, 2022 COVID-19 or SARS-CoV-2 and cytokine storm OR cytokine release syndrome

Filters:
The year of publication was set from 2020 to 2022 to remove irrelevant
articles

ClinicalTrials.gov
Last searched:
Nov 7, 2022

Search items:

Mesenchymal stem cells OR Mesenchymal stromal cells or MSCs

and COVID-19 or SARS-CoV-2 and cytokine storm OR cytokine release
syndrome

Filters:

The year of publication was set from 2020 to 2022 to remove irrelevant
articles

*SARS-CoV, severe acute respiratory syndrome covonavirus 2.

Table 1.
Search terms and limitations used in article searches.
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Sources MSC-treated Control
Number of death  Number Total Number of Number of Number of Total
events of Mortality death patients with  patients with  Mortality
patients  rate (%) events AEs SAEs rate (%)
of with
AEs
patients
with
SAEs
Adas et al. 3 N/A N/A 10 30 6 N/A N/A 10 60
Turkey
Dilogo et al. 10 N/A N/A 20 50 16 N/A N/A 20 80
Indonesia
Lanzoni et al. 2 8 2 12 16.67 7 11 8 12 58.33
United States
Liang et al. 0 0 0 1 0 N/A N/A N/A N/A N/A
China *Case
report
Monsel et al. 5 18 6 21 2381 4 18 6 24 16.67
France
Rebelatto 5 N/A N/A 11 4545 1 N/A N/A 6 16.67
et al. Brazil
Shu et al. 0 N/A N/A 12 0 3 N/A N/A 29 10.34
China
Zhu et al. 0 0 0 1 0 N/A N/A N/A N/A N/A
China *Case
report

AE, adverse event; N/A, not available; MSC, Mesenchymal stromal/stem cell; SAE, serious adverse event.

Table 3.
Incidence of mortality and adverse events in MSC-treated and control groups.

9. Main pathways of MSCs immunomodulation

The immunomodulatory function of MSCs is versatile and is widely described
here. The establishment of response is defined as the important regulatory work of
MSCs and immune responses. The iNOS-NO axis induced cytokines that are involved
to mediate the immunoregulation of rodents such as mouse, rat, and hamster, whereas
IDO is preferably useful for mammalian species [67]. Upon activation by pro-
inflammatory cytokines, the murine MSCs produce a high level of iNOS and NO.
Inhibition of iNOS abolishes the mouse MSC-mediated antiproliferative effect on T
cells [68]. SH2 domain-containing phosphatase-1 (SHP1) negatively modulates the
iNOS expression in MSCs. High level of JAK1 and STAT3 phosphorylation shall occur
to produce more iNOS and cyclooxygenase 2 (COX2) when SHI1 is deficient in MSCs
that result in more immunosuppressive liver injury. NO may coordinate with phos-
phorylated STATS3 to increase PD-L1 expression in IL-17-stimulated MSCs. Thus,
MSCs with pre-treated IL-17 acquire high potent immunosuppressive capacity with
modulated mRNA stability through degrading ARE/poly(U)-binding/degradation
factor 1 (AUF1). NO shall therefore be lost through oxidation. In order to be effective,
T cells have to be attached in close proximity to MSCs by chemokines by adhesion
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molecules such as ICAM-1 and VCAM-1. During tuberculosis progression, the patho-
gen recruits MSCs to the site and induces NO production, blunting T-cell responses
and helping the bacterium to invade host immune responses [69]. Similar attempt was
also noted with Coxsackievirus B3 (CVB3)-induced myocarditis, indicating MSCs to
stimulate antiviral immunity to blunt T-cell activation in NO-dependent. Under inad-
equate stimulus or insufficient inflammation-exposure time, NO-mediated immuno-
suppression by MSCs is likely useful to enhance the effect. Ablation of iNOS
expression in MSCs could still enhance immune response because chemokines attract
immune cells and enhance immune response both i vitro and in vivo to suppress
tumor cells as well [70]. The therapeutic effect of liver fibrosis was also mediated by
MSCs by the expression of iNOS under inflammatory condition that produces cytokines
but not NO without any pathological changes in the liver fibrotic mice [71]. In another
experimental model of sclerosis, the INOS—/— MSCs lost the capacity of exerting the
anti-fibrotic effect. The tryptophan-IDO-kynurenine-aryl hydrocarbon axis IDO is a
rate-limiting enzyme for degrading tryptophan (Trp) to N-formylkynurenine. The
culture medium also resists the growth of T lymphocytes, a paracrine effect that
depends on the expression of IDO. The IDO-mediated conversion of Trp into KYN
induces apoptosis and cell cycle arrest in T cells. The catabolites of tryptophan such as
KYN and picolinic acid also inhibit activated T cells and NK cells in the absence of Trp,
but the addition of Trp restores allogenic T-cell proliferation. Human MSCs require IDO
to promote monocytes into immunosuppressive macrophages. However, KYNA limited
IL-10 production via the increase of intracellular cAMP in BM-derived macrophages
and predicted poor prognosis in atherosclerosis [71]. When stimulated with IFNy
together with TNFa or IL-1, the MSCs express IDO and show immunosuppression in a
STAT1-dependent manner. Overexpression of STAT1 results in T-cell suppression

in vitro. This stimulation leads to a metabolic glycolysis shift. Once the MSCs are
blocked by 2-Deoxy-d-glucose (2-DG) treatment, STAT1 binds to IFNy which gets
activated in the IDO1 promoter that eventually resulted in IDO upregulation and T-cell
response inhibition [72]. An attempt to silence the IDO in human MSCs results in the
acceleration of immune responses as MSCs facilitate PBMC stimulation in both low and
high cell density levels. IDO and its metabolic components are highly essential as
mediators for MSCs to enrich immune cells in varying environments as MSCs are also
involved in the aging process. To note, hyperactivity of IDO-mediated tryptophan
degradation would result in reduced other metabolic reaction pathways and so generate
melatonin that serve as an antioxidant to reverse the aging phenomenon of the MSC
itself [73]. KYN was found to accumulate over age in the plasma and in the bone tissues
that results in vulnerable bone in mice and osteoporosis. It was reported that KYN
inhibit autophagy and induce senescence in MSC via AhR signaling.

MSCs express Toll-like receptors (TLRs) to recognize pathogens including viruses
[74, 75]. MSCs derived from adipose tissues express TLR2, TLR3, TLR4, and TLR9
through transcriptional and translational levels and provide TLR machinery to acti-
vate inflammatory NF- kB pathway and interferon factors, which are important for
viral infection. MSC secretome helps the organism to repair damaged areas through
secretions of proangiogenic, antiapoptotic, and antifibrotic factors. Due to severe
inflammation and tissue destruction, the nutritional and oxygen depletion level is
impaired that results in organic ischemia. Therefore, neo-vessels have to raise blood
perfusion with maximized number of viable cells to finally restore tissue function and
prevent tissue fibrosis [76]. Antiapoptotic factors secreted by MSC are ANG,
ANGPT1, bFGF, CXCL12, EGF, ESM1, GF-1, IL-6, JAG1, LIF, MCP-1, MMP-1, PDGF,
PIGF, PTN, STC1, TGF-f, and VEGF [77, 78].
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10. MSCs attenuate COVID-19

One of the major problems that resulted during COVID-19 is multiple organ failure
and death due to lung endothelial damage and activation of blood coagulation, which
is also accompanied by cytokine storm. MSCs offer a promising innovative strategy
for attenuating the cytokine storm and ultimately improving patient outcomes
(Figure 3). Several methods of infusions (intravenous, intra-arterial, & direct) are in
practice in which in the intravenous method, the MSCs get trapped into the inflamed
lungs and exert immunomodulatory response directly by reacting with the epithelial
and immune cells of the lungs. This response releases various mediators that ulti-
mately reduce inflammation and protect epithelial cells in alveoli [79-81]. Adminis-
tration through intratracheal in COVID-19 cases is also found to be conceivable and
might work better. Recent studies have shown robust evidence with MSCs to treat
lung injury and ARDS. Exposure of lung cells to MSCs results in reduced pro-
inflammatory cytokines including IL-1«, IL-1f, IL-6, IFN-y, and TNF-a and an
increase in anti-inflammatory cytokines such as IL-4, IL-5, and IL-10, thus restoring

Invasion and mechanism of action of SARS-CoV-2.
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Figure 3.

Invasion and mechanism of action of SARS-CoV-2. The virus entry is facilitated through ACE2 cell surface receptor
protein (angiotensin covering enzyme-I1). Viral entry triggers the activation of immune response in dendpitic cells, T-
cells, B cells, macvophages, T-helper cells, CTLs, and NK cells. Chemokines/cytokine storm results in organ dysfunction
and tissue damage in lung and alveolar cells. MSCs sources present in various body sites upon activation reduced
damage by altering cytokine of dendritic cells and through decrease interferon-y in NK-cells result relief outcome.
Viral molecules facilitate cell ruptuve, fluid accumulation, alveolar thickening, and blood clot formation in AT1 and
AT2 lung cells through damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs), thus inducing MSC1 phenotype. Expressed interleukin IL-1a, IL-1p, and IL-6; interferon gamma (INF-
v) and TNF-a; and increase in anti-inflammatory cytokines such as IL-4, IL-5, and IL-10 help protect the lung cells;
GM-CSF - granulocyte-macrophage Colony-stimulating factor, SARS-CoV-2 - severe acute respiratory syndrome
Coronavirus-2, TNF - tumor necrosis factor, MSCs - mesenchymal stromal cells.
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the fluid clearance of the lungs, thickening alveoli, increasing air space volume, and
reducing inflammation markers [82]. MSCs can inhibit platelet activation through
CD73 ectonucleotidase activity, which is one of key MSC membrane markers. Hence,
MSCs might play a crucial role in dampening both inflammation and hypercoa-
gulopathy status during SARS-CoV-2-related severe pneumonia [83]. MSCs isolated
from different sources largely differ in their incompatibility of the expression of tissue
factor (TF). For instance, bone marrow MSCs (BM-MSCs), demonstrate a high level
TF expression with reduced hemocompatibility [81].

11. Anti-inflammation and immunomodulation COVID-19

Inflammatory modulation of MSCs is a key to the successful control of COVID-19.
Corticosteroid therapy as it exerts potential anti-inflammatory effect was relatively
restricted as it delays in virus clearance [84]. Thus, the urge of therapeutic interven-
tions with anti-inflammatory effect was needed. MSCs are capable of reducing this
risk, thereby protecting epithelial lung cells from undergoing death of COVID-19 [85].
Preclinical studies have showed MSCs could save acute alveolar injury in mouse model
of ALI/ARDS [80, 86]. Once lodged into the lungs, MSCs secreted secretome (EVs) to
exert anti-inflammatory effects. When incorporated into COIVD-19 patients, MSCs
increased the peripheral lymphocytes with CRP levels decreased. Surprisingly,
COVID-19 patients after MSC-based therapy displayed reduction in TNF-a level, a
pro-inflammatory cytokine, and an increased anti-inflammatory mediator IL-10. The
anti-inflammatory effect exerted by MSCs is a part of paracrine pathway. MSCs
release anti-inflammatory cytokines and factors such as growth factor-b (TGFp),
vascular endothelial growth factor (HGF), vascular endothelial growth factor
(VEGF), epidermal growth factor (EGF), and brain-derived neurotrophic factor
(BDNF). MSC-derived secretomes (EVs) contain specific peptides that are migrated
to the injured site and have an effect on the treatment of subsequent pulmonary
fibrosis. After invasion of SAR-CoV-2 in the host environment stimulated innate and
subsequently adaptive immune response. Antigen presenting cells (APCs) drove the
virus-derived compounds to T cells and triggered immune response. Though the
antiviral response is much essential for the virus clearance, damages to the alveolar
epithelium and lung endothelium have to be repaired [87]. During viral destruction,
the immune system is highly activated with high levels of inflammatory cytokines
worsening the lung injury and organ damage. MSCs with immunomodulatory prop-
erty inhibit the innate immune response as well as adaptive responses [88]. MSCs
therefore regulate the activity of T and B cells, macrophages, monocytes, dendritic
cells, and NK cells through cell-cell communication and through secretome [80].
MSCs have been found to exert immunosuppressive functions via recruiting and
promoting the generation of regulatory T cells (Tregs) from CD4 and CD8 T cells
[89]. In the similar way, MSCs are capable of inducing cell cycle arrest in B cells with
reduced antibody production. Furthermore, MSCs inhibit B cells by the induction of
regulatory B cells. MSCs have an effect on innate immunity they suppress a group of
major cells that are involved in innate immunity. They has also suppressed DCs
maturation and therefore inhibit NK cells’ cytotoxic activity and convert macrophages
into regulatory macrophages with anti-inflammatory properties [90]. Aside from all
these, MSCs escape from immune surveillance. This peculiar modulation renders
MSCs a promising agent for the management of COVID-19.
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12. MSC-based therapy of viral hepatitis

Experimental studies have documented the beneficial effect of attenuation of acute
hepatitis and liver failure. MSCs were observed to suppress the activation of hepato-
toxic IFN-y and IL-17 in an NO- and IDO-dependent manner. This expression pro-
duces numerous cytokines and induces proliferation of FoxP3 and NKT cells.
Additionally, MSCs promote hepatocyte proliferation and liver regeneration. The BM-
derived MSCs helped survive 56 acute-on-chronic liver failure (ACLF) patients from
hepatitis B virus. For this, MSCs were injected intravenously once in a week for 4
weeks. No infusion-related adverse effect was noted, which indicated the safety of
MSCs in disease treatment for ACLF. As laboratory measurements, the total serum
bilirubin for patients with End-Stage Liver Disease (MELD) score treated with MSCs
was compared with a control group where normal treatment was acquired [91]. The
infection was higher in the group of patients who received standard therapy than in
the MSC-treated group. MSCs manage to suppress the activation of hepatotoxic
immune cells without changing systemic immunosuppression and immunodeficiency
[92]. Similar to this observation, a single stage umbilical cord-derived MSC was noted
to improve the liver function of patients treated with HBV-ACLF. The improvement
was ensured by hepatocyte-functioning markers including, albumin, alanine amino-
transferase, aspartate aminotransferase, total bilirubin, prothrombin time (PT), and
international normalized ratio (INR). A significant reduction in MELD score was
noticed in patients after 4 weeks without causing side effects considering MSCs as an
adjuvant therapy to treat HBV-ACLF. UC-MSC exosomes (UC-MSC-Exos) signifi-
cantly improved the therapeutic efficacy of IFN-a, which are used as a standard
therapy for patients with hepatitis C virus (HCV) infection. UC exosomes contain
numerous immunosuppressive and miRNAs that bind to HCV RNA and prevent its
replication.

13. Neutrophil extracellular traps (NETs) in COVID-19

During the severity of COVID-19 viral infection, networks of DNA-bound histone
molecules wrapped around and detains the viral infection were observed. This
sophisticated web-like structure called NETs through NETosis liberated by neutro-
phils upon activation was studied [93]. It was believed that NET production was
triggered through fungal and bacterial infection. However, during COVID attack, it
was reported that NETosis expression could defend viral diseases [94]. NETosis is
known to be a cell-controlled process, but its mechanism still remains a mystery with
some proven evidences stating that its expression begins in an ROS-independent
manner [95]. Upon activation of neutrophils through viral infection, the nuclear
envelop disintegrates, enabling the DNA to mix with granular proteins that are lines
with effector proteins and peptidyl arginine deiminase type IV (PAD,) activation
[95]. Proteins including neutrophil elastase (NE) and myeloper oxidase (MPO) stim-
ulate chromatin condensation and deteriorate histones [96]. In the presence of histone
hypercitrullination, PAD, regulates decondensation and DNA-protein complexes are
released extracellularly as NETSs [97]. During chronic obstructive pulmonary disease
and in ARDS patients, the levels of NETs were increased [98].

Nicolai et al. [99] and Skendros et al. [100] found the NET-related fibrin and
platelet aggregation in COVID-19 patients and in SARS-CoV-2 infection alter the
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disease severity. Similar studies conducted by Middleton et al. [101] found elevated
NET formation with COVID-19-related ARDS. The release of NETs during viral
infection seems to change the NE production that has changes in the macrophage role
by cleavage of TLRs. In addition, cytokines TNF-o and IL-8 can lead to the increase in
neutrophil release of NETs. In a study led by Veras et al., the potential detrimental
function of NETs in 32 severe COVID-19 cases was found to have higher expression
levels of NETs in tracheal aspiration and plasma with significant concentration of
neutrophils naturally increasing the concentration of NETs [102].

Increased levels of cell-free DNA, myeloperoxidase-DNA (MPO-DNA) and
citrullinated histone H3 (Cit-H3) were reported in the sera of COVID-19 patients
[103]. Although the literature does not directly support the action mechanism of
NETs with viral diseases, NETs found in sites of viral infection entrapping virus
particles in a DNA web such that of SARS-CoV-2, influenza, COVID-19, and syncytial
respiratory viral infection were reported [49, 50]. Therefore, treatments using the
NETs to the new COVID-19 could reduce the disease severity caused by
hyperinflammation [104], avoiding invasive mechanical ventilation and hence
reduceing the mortality rate. Drugs such as gasdermin D [105], PAD4 [106], and NE
[107] are known inhibitors that block molecules necessary for NET synthesis. Treat-
ments on NETs in COVID-19 patients using various NET inhibitors are still in the
development stage. Therefore, in the sense of COVID-19, treatments using NET-
targets reduce the damage caused to lung cells and hyperinflammation, and research
has to be considered further in various aspects to underline the neutrophil response
mechanism and NETosis.

14. MSCs in the treatment of SARS-CoV-2

SARS-CoV-2-induced infection affects pneumocytes and ciliated cells of the lungs
and results in alveolar injury and lung inflammation. In many cases of COVID-19
patients, the effective elimination of virus happens by activated alveolar macro-
phages, DCs, and T cells. Due to the overaccumulation of inflammatory cytokines and
highly activated immune cells, cytokine storm occurs in some patients, making it
complicated, which leads to life-threatening pneumonia, lung edema, and acute
respiratory distress syndrome (ARDS) [85]. MSC-sourced hepatocyte growth factor
(HGF), IL-10, and TGF-p act synergistically to induce alternatively activated anti-
inflammatory (M2) phenotypes in alveolar macrophages. MSCs directly suppress the
expansion of inflammatory IFN-y producing Th1 and IL-17 in the injured lungs
[47, 108]. MSCs, on the other hand, induce program death ligand (PDL) to induce
apoptosis in over-activated T-cells. In addition, MSC-sourced TGF- f and HGF cause
G1 cell cycle arrest, thereby suppressing the activation of JAk-Stat signaling pathway.
Since MSCs effectively suppress immune response and provide additional oxygen
supply to the injured lungs, investigations on the therapeutic potential of MSCs have
proven to be significant. Within 48-96 h after MSC infusion in patients with SARS-
CoV-2, the oxygen saturation level significantly increased and pneumonia-related
symptoms of shortness of breath, cough, and fever started to disappear. It was con-
firmed by a computer tomography (CT) [109]. More importantly, MSCs prevented
the influx of inflammatory immune cells in the patient’s lungs, favored the expansion
of anti-inflammatory cells, restored the function of liver and kidney, and prevented
multiple organ dysfunctions.
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15. Conclusion and future perspectives

Mesenchymal stem cells (MSCs) are considered to be a promising therapeutic
(Figure 1) method of more severe viral infections like COVID-19. Due to their prom-
inent mechanism in action (Figure 2) to various levels and demonstrated safety
profile in the early phase studies, MSCs have been a major research focus in the recent
years and in phase 2 clinical trials of COVID-19 pneumonia. In the context of well-
studied differentiation potentials and immunomodulatory properties of MSCs are
appealing to treat immunological disorders. Understanding more on the plasticity of
MSC-mediated immunoregulation will help to guide the appropriate potential
of MSCs. Another important thing to be considered is the pathophysiological role of
MSCs in their original and inflammatory form. Although MSCs are involved to treat
various immunological disorders, the role of tissue-resident in immunomodulation yet
needs to be more investigated. Furthermore, new markers should be identified for
specific inflammatory condition and MSC-based clinical protocols to be optimized so
as to respond at different levels of disease progression.
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Chapter 4

Mesenchymal Stem
Cell-Derived Exosomes as a New
Possible Therapeutic Strategy for
Parkinson’s Disease

Zhongxia Zhang, Jing Kong and Shengjun An

Abstract

Mesenchymal stem cell-derived exosomes (MSC-Exos) are nano-sized extracellular
vesicles that have low immunogenicity and the ability to transfer the effective sub-
stances enriched in stem cells freely and reported experimental studies have demon-
strated MSC-Exos have effects on some diseases. As the second most predominant
neurodegenerative disease worldwide, Parkinson’s disease (PD) is characterized by
severe progressive motor dysfunction caused by loss of dopaminergic neurons (DAn)
and dopamine depletion. Since MSC-Exos serve as a beneficial promoter of neuropro-
tection and neurodifferentiation, in this article, we will summarize the application of
MSC-Exos in PD treatment and the possible therapeutic mechanisms, especially the
role of microRNAs included in MSC-Exos in the cellular and molecular basis of PD,
and discuss the potential application prospects against PD.

Keywords: mesenchymal stem cells, exosomes, Parkinson’ disease, blood-brain
barrier, microRNA

1. Introduction

Parkinson’s disease (PD), described in 1817 by James Parkinson, is an age-related
neurodegenerative disorder. As older people in the world are growing, neurodegen-
erative diseases will become the second leading cause of death. Especially PD, with
a prevalence of 1-2% [1, 2] among aging people [3], affects over 10 million people.
Patients with PD have clinical features including motor symptoms, such as rigidity,
resting tremor, bradykinesia, akinesia, postural and gait instability, and nonmo-
tor symptoms, like sleep disorders, depression, dementia and peripheral injuries.
The primary pathology of this disease is the degeneration of dopaminergic neurons
(DAn) in the substantia nigra (SN), which is also associated with the Lewy bodies
(LB; protein aggregates of a-synuclein) accumulation, and the decrease of dopamine
production in the brain [4, 5]. Although there are some diagnostic test scales and
some functional measurements like Positron emission tomography (PET) scan and
MRI for PD, recently, the diagnosis of PD mainly still depends on clinical judgment
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[6]. Therapies to increase DA levels mainly include deep brain stimulation (DBS) and
pharmacological treatments based on DA substitutes such as Levodopa preparations,
dopamine agonists, monoamine oxidase-B (MAO-B) and catechol-omethyltransferase
(COMT) inhibitors [7, 8]. However, these treatments can only relieve symptoms in the
early stages but have little effect on the progression of PD, that is to say, they cannot
cure or prevent the process and even cause adverse reactions involving involuntary
motor action that may affect the quality of their life.

Among all the stem cell-based treatments, mesenchymal stem cells (MSCs)-based
therapy may be the most encouraging therapeutic strategy against PD. MSCs can
be easily isolated from widespread sources throughout the body, including bone
marrow, adipose tissue, umbilical cord Wharton’s Jelly, peripheral blood, brain and
dental pulp [9-12] and can also differentiate into at least osteoblasts, adipocytes and
chondroblasts, with low immunogenicity and strong regeneration potential. Not only
in experiments for rodent and nonhuman primate PD models but also in some clinical
trials for mild to moderate PD patients [13], thanks to the secretion of neurotrophins,
growth factors, and regulatory factors released [14-16], MSCs have been shown the
great effects on the progression of PD. Recently, these effects have been ascribed
to the products released into the extracellular milieu by MSCs, named extracellular
vesicles (EVs). Exosomes, the subgroup with the smallest size of EVs [17], have been
found in various body fluids or some tissues, affecting cell-to-cell communication
[18] and effects of exosomes derived from MSCs on neurological disorders, especially
neurodegenerative diseases, have been reported. Thus, in this chapter, we will review
the therapeutic potential and the possible mechanisms of exosomes derived from
MSCs in treating PD.

2. Exosomes

Exosomes were first discovered in maturing sheep reticulocytes as relatively
uniform-sized particles in 1983 [19]. Later studies have shown that exosomes can be
secreted by all cells in the body and most cell lines such as tumor cells, immune cells,
neurons, stem cells, epithelial and endothelial cells [20], extracted from all body
fluids involving blood, urine, cerebrospinal fluid, breast milk, amniotic and synovial
fluid, ascites, pleural effusions and the cell culture supernatant [21, 22]. According
to the criteria made by the International Society for Extracellular Vesicles (ISEV),
exosomes are one type of EVs based on their size, origin and cargo. Therefore, they
also meet the evaluation conditions of EVs [23, 24]: isolated from the conditioned
cell culture or body fluids, have at least three different categories in the reparation-
cytosolic proteins, transmembrane or lipid-bound extracellular proteins, verified by
at least two different technologies in imaging and size measurements.

For the size, while the other two subtypes, microvesicles and apoptotic bod-
ies, with a diameter of 50-1000 nm and 50-2000 nm, respectively, the exosomes
have the smallest range of 30-150 nm [25]. For the origin, exosomes formed inside
the multivesicular bodies (MVBs) and released by the fusion of MVBs to the
plasma membrane, while the microvesicles formed directly by budding from the
membrane and the apoptotic bodies are the products of apoptosis. For the cargo
inside, exosomes carry a variety of molecules like oncoproteins, cytoskeleton pro-
tein, enzymes, hormones, lipids, steroids, sugars, signaling molecules, cytokines,
growth factors and genetic material including small RNA, mRNA, microRNAs, long
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noncoding RNA, ribosomal RNA (rRNA), transfer RNA (tRNA) and DNA frag-
ments that are contributing to their functions [26, 27]. The contents of exosomes
differ depending on the source types and physiological or pathological state of the
donor cells.

Structurally, exosomes present a lipid, to be precise, a phospholipid bilayer mem-
brane, which can keep the membrane stable [28]. Containing the internal proteins and
nucleic acids mentioned above inside the exosomes, there are some membrane proteins
and lipids on the membrane. The membrane proteins, containing membrane transport
and fusion-related proteins (e.g., annexins, RABs, flotillins, ARFs and GTPases), antigen
presentation-related proteins (MHC-I, MHC-II), adhesion molecules (MFGES8 and inte-
grins), ESCRT complex (Alix, Tsg101), tetraspanins (CD9, CD63, CD81 and CD82) and
other transmembrane proteins (e.g., PGRL, LAMP1, LAMP2 and TfR), participate in cell
transporting, adhesion and mediate T cell activation [29-32]. The lipids includs phos-
phatidylserine, which has great flexibility and plays an important role in the budding
and merging from the donor cell [33, 34], and ceramide, phosphatidic acid, diglycerides,
ceramides are, which are not only contained in exosome biogenesis, but also in packaging
and transporting the substances into the exosomes [35, 36], and other lipids like sphingo-
myelin, cholesterol, all of which are mainly involved in molecular signal transduction.

3. Treatment of MSCs in PD

Since PD is one of the progressive neurodegenerative disorders, there is not yet
any curable therapeutic method for the progression [37]. More and more studies have
shown the positive effects of MSCs on treating PD. Direct intracranial administra-
tion of MSCs-derived from bone marrow, adipose tissue, or umbilical cord with or
without prior differentiation has provided improvement in motor function, striatal
dopamine release and dopaminergic neuron survival in rodent models of PD [38].
Although there are still some concerns about the limited crossing of the blood-brain
barrier, the effects of venous administration of MSCs on PD have been reported [38].
Our lab has shown that intranasal administration of MSCs-derived from the umblili-
cal cord has similar effects on the MPTP-induced PD model mice through regulating
intestinal microorganisms [39]. Moreover, positive effects of MSCs in human PD
have also been reported. For example, in a study using autologous MSCs through
intravenous and tandem (intranasal + intravenous) injections to 12 patients with PD,
a decrease in the severity of motor and nonmotor symptoms (including depression,
sleep quality, etc.) in the posttransplant period (1 and 3 months posttransplantation)
have been found [40]. In a 12-month single-center open-label dose escalation phase
1 study, 20 subjects with mild or moderate PD accepted a single intravenous infu-
sion of bone marrow-derived MSCs at doses of 1, 3, 6, or 10 x 10° per kilogram body
weight, and they were evaluated at 3, 12, 24 and 52 weeks postinfusion. Results have
shown that the infusion is safe, well tolerated, and not immunogenic in human PD,
and the highest dose seems to be the most effective at 52 weeks [41]. However, there
are still challenges with cell sources, the number of homing cells, functional and
safety testing, manufacturing and storage, cell survival rate and immunomodulatory
effects after implantation in vivo. While MSCs have demonstrated preclinical success
in PD during clinical trials, some issues like the clinical-trial design, including cell
dose, administration interval time and route of administration, are required to be
improved [42, 43].
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4., Potential of MSC-derived exosomes in PD

As reviewed above, MSCs do provide benefits to animals or patients with PD,
and some reports have provided the idea that the substances released by MSCs may
exert protective effects. Indeed, some researchers have started to focus on the use
of MSC conditional medium or the MSC-derived secretome, both involving the
exosomes, as a cell-free treatment for PD [44]. As previously mentioned, while
exosomes are one subtype of EVs, which include the other two major subtypes,
microvesicles and apoptotic bodies, the MSC-derived secretome was defined as the
composition of EVs and some soluble factors [45, 46], and the MSC-derived condi-
tioned medium (CM) includes all the soluble molecules and vesicular components
derived from MSCs [47, 48].

It has been demonstrated that human MSCs conditioned medium could increase
dopaminergic neurons and decrease the motor and histological symptoms in the
transgenic PD model [49] and the similar effects in 6-OHDA PD model rats [50]. In
research to compare the effects of BMSCs and their conditioned medium, for the PD
model rats made by rotenone, both BMSCs and the medium had effects on the behav-
ioral performances and histological characteristics, and the medium even had better
effects than BMSCs [51]. Besides these, conditioned medium from human exfoliated
deciduous teeth MSCs (SHED) [52], menstrual blood MSCs, and adipose MSCs [50,
53]. All showed the protective effects in PD rat model induced by rotenone, PD cell
model treated by 1-methyl-4-phenylpyridinium (MPP+) and 6-OHDA-lesioned PD
rats, respectively, which were related to the decreased neuroinflammation marked by
Iba-1 and CD4 levels, induced oxidative stress, increased brain-derived neurotrophic
factor (BDNF) and neurotrophin-3 expression.

In a study of the neuroprotective effects comparison between human bone mar-
row-derived MSC (hBM-MSCs) and secretome derived from them, for the 6-OHDA
PD model, the secretome even has better effects on protecting dopaminergic neurons
such as neuronal differentiation and survival than hBM-MSCs, and the proteomic
analysis showed that there were some factors related to the ubiquitin-proteasome
and histone systems [50]. Abnormal aggregation of a-synuclein, the biomarker of
PD, could be degraded by matrix metalloproteinases (MMPs) that are contained in
MSC-secretome both in vivo and in vitro PD models [54]. In addition, many neuro-
regulatory products, such as brain-derived neurotrophic factor (BDNF), vascular
endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1), pigment
epithelium-derived factor (PEDF), DJ-1, and cystatin-C (Cys-C) contained in MSCs-
secretome may be the mediators against PD [50, 55, 56].

As mentioned above, exosomes are included in the conditioned medium or the
secretome and could be separated from the medium. Since the MSC-derived exosomes
were first isolated from human MSCs-derived from embryonic stem cells (ESC) in 2010
[57], and the effects of the medium or the secretome have been proven, a number of
studies have begun to explore their potential for various diseases, especially for the cen-
tral neural systems diseases such as stroke [58], traumatic brain injury [59], spinal cord
injury [60], Alzheimer’ disease [61] and PD, which we highlight in this article. It has
been found that in vitro, exosomes but not microvesicles, derived from human dental
pulp stem cells from human exfoliated deciduous teeth (SHEDs) exerted their anti-
apoptosis ability in the 6-OHDA-induced PD cell model, and the exosomes could reduce
80% of the dopamine neuron apoptosis [62]. After that, the same group reported that
the EVs derived from SHEDs could improve motor symptoms and increase the expres-
sion of dopamine neurons of 6-OHDA-induced PD model rats in vivo [63].
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In the previous study, our group found that the exosomes derived from human
umbilical cord mesenchymal stem cells (hucMSCs) not only reduced the SH-SY5Y
apoptosis induced by 6-OHDA in vitro but also relieved the motor disorder of PD
rat model induced by 6-OHDA, increased the dopamine levels in striatum and the
numbers of dopaminergic neurons in the substania nigra through the taken up of
exosomes by SH-SY5Y cells in vitro and the neurons in vivo observed by the PKH
labeling. The exosomes have played a role in increasing the autophagy ability of
dopaminergic neurons [64]. Then, we further made an observation on the effect of
exosome treatment in the different way in vivo and explored the anti-inflammatory
effects. We found that the lateral ventricle transplantation of huc-MSCs-derived exo-
somes had the same effect as tail vein injection, and the exosomes could be absorbed
by both dopaminergic neurons and microglia on the lesioned side of the brain in vivo
and by the BV2 cells in vitro. The protection of dopaminergic neurons was perhaps
mediated by inhibiting microglia activation. In vitro, exosomes reduced secretion
of inflammation factors such as interleukin-1f and interleukin-18, prevented the
pyroptosis-associated morphology of BV2 cells, and increased the cell viability of
SH-SY5Y cells in the neuroinflammatory cell model system [65].

5. Mechanism of exosomes derived from MSCs in the treatment of PD

Compared with the MSC-based treatment and drug therapy, besides the advan-
tages such as cell-free, rare side effects, no undesirable differentiation of transplanted
cells, low immunogenicity, compatibility, long circulating half-lives, the most appar-
ent advantage is the ability to cross the blood-brain barrier (BBB) [66]. For various
neurological diseases, the most common barrier for the therapeutic stem cells or the
drugs is the BBB, which is a selective semipermeable barrier maintaining the central
nervous system homeostasis by preventing molecules larger than 400 Da [67-69].
Therefore, almost all the drug molecules, like recombinant proteins, peptides,
antibodies and even genes, short interfering RNAs (siRNAs) cannot cross BBB [70].
Classical methods for the delivery of compounds to pass the BBB include invasive
injection, changing the shape, size, surface charge, and ligands type, and using the
transporters such as nanoparticles or liposomes or receptors that are highly expressed
at the BBB surface, which are considered as the most popular way [71, 72].

Since the exosomes are nano-sized, protein-embedded and membrane-bound
vesicles, they can cross the BBB well, not only from the bloodstream to the brain but
also from the brain to the bloodstream, which has been proved that the exosomes
derived from stem cells in the brain can be found in the peripheral blood [73]. The
ways exosomes interact with the receiving cell described are as follows: 1) to adhere
to the receiving cell surface and fuse with it, and release the inclusion into the cell,
which probably causes the occurrence of some biological processes; 2) to associate
with a cell surface protein G-coupled receptor and then induce signal cascade reac-
tions; 3) through different transcytosis mediated by nonspecific/lipid raft or the
receptor or by the macropinocytosis [74-76]; 4) in some pathological conditions
like neurodegenerative diseases, BBB permeability may increase [77]. Among these
routes, the key factors would be the surface markers that mediate the interaction of
exosomes with receiving cells [74]. After passing BBB, exosomes may release the
contents in the receiving cell cytoplasm and induce some related signal transduction,
reach the receiving cell plasma membrane as the neoformed exosomes to the adjacent
cell, or be degradated by lysosomes [78].
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Another important mechanism is related to one of the most common contents of
exosomes, miRNA. MiRNAs are a class of noncoding RNAs with a length between
21 and 25 nt. Through binding to the untranslated region (UTR) of mRNA and
recruiting the RNA-induced silencing complex (RISC), miRNAs regulate the target
genes expression by degradating mRNA or inhibiting the translation [79, 80]. Since
miRNAs have been indicated as a potential tool for diagnostics and therapies of vari-
ous diseases, massive miRNAs expression dysregulation has been shown in PD [81].
The most obvious biomarker of PD, a-synuclein, could be modulated by miR-433
[82], miR-16-1 [83], which binds to the fibroblast growth factor 20 (FGF 20) mRNA
and the HSP70 mRNA, respectively, in addition with miR-153, miR-34b/c [84-86],
miRNA-155 [87, 88], miR-7 [89], all of which could increase the a-synuclein level.
Considering the related genes, LRRK2, PRKN and PARK? genes, which play key roles
in the pathogenic process of PD, such as formation of LB, mitochondria damage and
oxidative stress damage, are correlated with miR-205, miR-34b/c [90], miR-494 and
miR-4639-5P [91, 92] levels.

As anovel miRNAs carrier, exosomes derived from MSCs may deliver the miRNAs
into the target cells of the brain crossing the BBB. It has been found that miR-133,
which is an important factor in DAn development, presents in the exosomes derived
from MSCs and could be transferred to the neuronal cells and promote neurite
outgrowth [93]. In addition, miR-143, miR-21, miR-17, miR-18a, miR-19a/b, miR-20a
and miR-90a that enriched in MSCs-derived exosomes, are able to modulate immune
response, neurogenesis, axonal growth and neuronal death [94, 95]. On the basis of
the effectiveness of exosomes derived from hucMSCs on PD models, our lab further
examined the miRNAs included by high-throughput miRNA sequencing and identi-
fied 616 miRNAs (associated with 14,235 target genes) in exosomes. MiR-7, miR-
125-5p, miR-122-5p, miR-126-3p and miR-199-3p were the most abundant miRNAs
[65]. It has been shown that miR-7 can inhibit NLRP3 inflammasome activation
and a-synuclein aggregation, attenuate the death of DAn in the MPTP-induced PD
model mouse [89], mimics-miR-124 can promote behavioral improvements and
neurogenesis in the 6-OHDA induced PD model mice [95], while the antago-miR-155
and antago-miR-126 [96] are useful to the PD therapy, since miR-155 could lead to
neuroinflammation and miR-126 could result in the increased dopamine vulner-
ability. Despite limited research, and the cellular and molecular mechanisms in how
they impact PD regulated by miRNAs are still not entirely clear, the beneficial effects
of MSCs-derived exosomes have been demonstrated in the present findings, and new
therapeutic approaches based on miRNAs may attract particular attention.

6. Conclusion

MSC-derived exosomes have been proposed as a new strategy for PD due to their
characteristics. Their ability to cross BBB, secreting various factors into the receiving
cells can improve symptoms and regulate vital biologic processes, such as inhibiting
the neuroinflammation, reducing apoptosis, and regulating autophagy. Since miRNAs
have gained an important status in PD researches recently for that they can not only
affect the onset and the progression of PD, be served as the biomarkers of PD, but
also be considered for the treatment of PD transported in the exosomes, therefore,
as a natural carrier of miRNA and other effective substances, exosomes derived
from MSCs will be a potential clinical therapy for PD patients. However, there are
still some issues, like the selection of cell lines, development of isolation technique,
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improvement of exosomes’ targeting capability, mechanisms of how the miRNAs
interact with target cells, exosomal cargo selection process, ways of taken up by cells
should be overcome, and further investigations are needed to characterize all the bio-
active molecules fully for better use in PD and other degenerative or central nervous
system diseases.
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Abstract

Dental pulp is a feasible source of stem cells that could be differentiated into
osteoblast providing a therapeutic approach, which contribute to bone regeneration.
Furthermore, as dental pulp stem cells originate from the neural crest, they have
significant potential in regenerating neural tissues. To isolate dental pulp stem cells, it
is not necessary to undergo an additional surgical procedure, they can be obtained
from teeth that need to be extracted for specific reasons or naturally shed in children.
Dental pulp stem cells have an expansive and clonogenic potential by culturing them
in a high-security laboratory. As dental pulp stem cells do not express the Major
Histocompatibility Complex, these cells can be used trough a universal donor in
several clinical procedures. In this chapter, we present evidence about the role and the
applications of DPSCs to regenerate bone as well as in clinic cases to treat neurological
affections.

Keywords: dental pulp stem cells, MSCs, cell therapy, stroke, ischemia, spinal cord
injury

1. Introduction

Dental pulp MSCs (DPSCs) exhibit immunomodulatory, anti-inflammatory, and
antifibrotic properties. Thus, DPSCs are used in cell therapies for conditions of
chronic inflammation such as autoimmune diseases, as well as for regenerating or
replacing damaged cells or tissues [1-3].

Stem cells have the capacity for self-renewal, generating exact copies that can
remain in quiescence or follow the differentiation pathway marked by the signaling
pathways to which they are exposed. Stem cells are classified according to their
potential for differentiation into multipotent; although they are embryologically
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derived from the neural crest, they can induce the differentiation of neural progenitor
cells into functional adult neurons through their secretome (e.g. Brain Derived Factor,
Glial Cell Derived Factor) [1, 4]. DPSCs are located in the center of teeth called
dental pulp. DPSCs can be differentiated into several cell types such as osteoblasts,
chondrocytes, and muscle cells [5]. Thus, DPSCs are a promising source of stem cells
that make then valuable for their use in regenerative medicine and tissue engineering
applications [6].

2. Sources for obtaining MSCs from DPSCs

MSCs (MSCs) have been isolated from dental tissues such as dental pulp (DPSCs),
periodontal ligament (PDLSC), deciduous teeth (SHED), apical papilla (SCAP), folli-
cles (DFSC), and gingiva (GMSC) [3, 7, 8].

In 2000, Gronthos and cols. Carefully performed extractions from impacted third
molars, reporting the first protocol to isolate, expand and cryopreserve DPSCs [9]. In
this study, authors showed that adult dental pulps contain clonogenic cells, high
proliferation, and tissue-regenerating capabilities. These properties allowed to define
them as stem cells. Moreover, they demonstrated that a large number of cells can be
obtained from a single tooth. It represented a potential clinical use for cell therapy in
the future [9].

The main indications for third molar extraction are:

* Pericoronitis

* Orthodontic reasons

* Associated cystic or tumoral pathologies

* Damage due to resorption to the second molar [10].

Studies have shown that DPSCs can be isolated from human teeth without harming
the tooth or the donor.

2.1 Obtaining from deciduous teeth
2.1.1 Exfoliation age

Planning is essential for the collection of dental pulp MSCs, because, it is necessary
that the tooth have 1/3 of the root on the day of collection and that the root of the
permanent tooth is partially formed and ready to be erupt.

3. Laboratory characteristics of INDEBIOC for manufacturing DPSCs

The MSCs expansion to perform the translation of preclinical into clinical-grade
large-scale requires a precise standardization of the procedural parameters such as cell
seeding density, culture medium, cultivation devices and laboratory infrastructure.

To ensure that MSCs are consistently produced and controlled according to high
quality standards, the good manufacturing practice (GMP) should be employed to
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Molecular Weight

Internal control (191 pb) + INDEBIOC samples

Internal control (191 pb)+
Negative control (H,0)

Mycoplasma DNA (267 pb)

Figure 1.
Mycoplasma detection by PCR. Lane 1—6 correspond to samples obtained from the INDEBIOC laboratory with
negative results, lane 7 corvesponds to the positive control and lane 8 to the negative control.

produce clinical-grade stem cell products [1, 10-12]. In this way, the company
INDEBIOC has a security 2 laboratory to isolate, expand and cryopreserve MSCs.

INDEBIOC performs high quality control procedures to ensure the identity,
potency, purity, and safety of the biological products produced. This is maintained
from the arrival of materials to the release of the final product.

Noticeably, the laboratory performs microbiological analysis (aerobic and anaero-
bic bacteria, viruses, fungi), specially for Mycoplasma to ensure the sterility of the
biological products (Figure 1). All cells used in patients are previously tested to
ensure the absence of tumor markers. Furthermore, every batch of cells is shipped to
specialized companies for a Genetic Test to prove that those cells have a normal

karyotype.

4. Isolation, expansion, culture, cryopreservation, thawing, and
preparation of DPSCs for clinical using

To isolate cells from pulp tissue we collected molars by extraction or by waiting
deciduous teeth exfoliation. We use the enzymatic dissociation (ED) method to digest
the tissue and disaggregate the cells, which are then cultured in enriched medium.
Cells placed in culture plates are maintained into the incubator at 37°C under satu-
rated humidity, and 5% CO, conditions. At the moment that cells reach the 70% of
confluence several passages are performed until we obtain the desired number of cells.
Then, cells are cyoprotected using agents that maintain the integrity of the cells while
the temperature is gradually reduced to be transferred to the liquid nitrogen tank,
where they are stored until use (Figure 2) [13-16].

5. DPSCs characterization

To characterize mesenchymal cells it is needed that cells fulfill the following
requirements conventionally established by global literature (Figure 3):

* Fusiform morphology.

* High clonogenicity and short duplication time.
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Figure 2.
Isolation of MSCs from different tissues: (A) dental pulp, (B) adipose tissue, (C) olfactory bulb. Secretome

INDEBIOCs study.
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Figure 3.
Key points for the characterization of DPSC. (A) Representative microphotograph of spindle shaped morphology.
(B) Representative image of clonogenecity. (C) Dot plot for the positive markers CD9o, CD73, CD105.
* Positive (CD105, CD90, CD73) and negative (CD38 and HLA-DR) markers
analyzed by flow cytometry.

* Differentiation potential to adipocytes, osteoblasts (alkaline phosphatase+ and
osteocalcin+), and to chondrocytes.

6. Mechanisms of action and therapeutic potential of DPSCs

6.1 Safety

Thompson and cols. Reviewed 7473 clinical studies. From those, 55 studies with a
total of 2696 patients evaluated fulfill the inclusion criteria indicating the side effects
of the intravenous infusion of MSCs.
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Figure 4.
Developed tumor with HeLa cells 11 x 40 mm. All HeLa mice were sacrificed later. No tumor growth was
developed in the mice DPSCs mice.

MSCs as compared to controls were associated with an increased risk of fever, but
not acute fever induced by infusion toxicity, infection, thrombotic/embolic events,
tumor development nor death [17]. Unlike pluripotent stem cells, multipotent MSCs
do not have a tumorigenic potential. However, considering Thompson’s date, we
performed a DPSCs tumorigenesis study in immunocompromised mice. We aimed to
evaluate the tumorigenic capacity of MSCs derived from dental pulp in 21 immuno-
deficient mice of the FoxN1nu strain. For this, each mouse was inoculated with 3
million cells in each side of the body (6 million cells per mouse).

Freshly thawed DPSCs were administered in the study group, while HeLa cells
were injected as the positive control (Figure 4). Furthermore, mice injected with
saline physiologic solution were the negative control was used.

Malignant transformation of human MSCs has not been directly demonstrated, and
attempts to induce a malignant phenotype by long-term ex vivo expansion have been
unsuccessful [18, 19]. In contrast, the clinical applications that we have done using MSCs
from our laboratory, we demonstrated that MSCs transplantations or infusions are safe.

6.2 Therapeutical mechanism of DPSCs

Years ago, biotechnologists and clinicians considered that the main therapeutic
function of mesenchymal cells was to induce their differentiation into functional cells
to regenerate organs. Today, we know that paracrine activity of the MSCs is a key
mechanism in repairing mechanisms that involves the secretion of proteins/peptides
and hormones that MSCs produce.

The secretome of MSCs include the secretion of growth factors, cytokines, and
hormones. The MSCs secretome is involve in biological functions that include (1)
immunomodulation, (2) anti-inflammation, (3) anti-fibrotic processes, (4) angiogen-
esis, and (5) induction of differentiation of progenitor cells from other organs (e.g.
oligodendrocytes, cardiomyocytes, motor neurons).

Several reports show that MSCs are not constitutively inhibitory, but rather need
to be activated by an inflammatory environment in the host for the induction of their
immune-regulatory effect [20, 21].

Dra. Leblanc demonstrated for first time that MSCs have immunomodulatory
properties [22]. To understand the immunomodulatory clinical potential, it is
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necessary to understand the dynamic interaction between MSCs and the innate and
adaptative immune response [23].

To demostrare the pharmacodynamics of MSCs in humans is difficult, but animal
studies have shown that once infused, these cells will not integrate into tissues and
organs, but will go through the followed described mechanisms to carry out their
therapeutic functions. The presence of living MSCs in the lungs is temporal, within the
first 24 h most of them die in the lungs while their secreted molecules are distributed to
other sites, mainly the liver. Apoptosis is the primary mechanism of death of MSCs.

Cells that undergo apoptosis release the known “find me signals” that are directly
or indirectly produced through the executioner caspases.

Once phagocytized, the second step is the identification of the apoptotic cell
through “eat-me signals” by exposing phosphatidylserine on the plasma membrane of
the cell [24].

Within the first hours of establishing, the inflammatory response molecules
expressed by damaged tissues are recognized by innate effector cells. This triggers
phagocytosis promoting the release of inflammatory mediators that initiate the innate
immune response, mainly through the activation of phagocytic cells, including type 1
polarized pro-inflammatory macrophages [25].

6.3 MSCs and innate immunity

MSCs promote the formation of anti-inflammatory M2 macrophages by both, cell
contact and MSCs-soluble factors secreted such as Prostaglandin E2 (PGE2) and
catabolites of tryptophan activity including kynurenine and cyclooxygenase 2
(COX-2) [26, 27]. The polarization resulting from the effect of MSCs on M2 macro-
phages is related to the ability of MSCs to promote the emergence of regulatory T cells
(Tregs) [28]. Tregs are a subset of T cells that play an important role in regulating the
immune system and preventing autoimmunity. MSCs induce the differentiation of
Tregs from naive T cells through several mechanisms, including the secretion of
immunomodulatory factors such as IL-10 [29].

Moreover, MSCs might suppress the proliferation of T lymphocytes through the
secretion of B-Transforming Growth Factor, Hepatocyte Growth Factor, Prostaglan-
din E2, and Indoleamine 2,3-dioxygenase (IDO). The release of these suppressive
factors increases after MSCs are stimulated with Tumor necrosis factor (TNF)-alpha
and Interferon (IFN)-gamma [30, 31].

Importantly, apoptosis of the MSCs induces receptor mediated immunomodulation.
Apoptosis of MSCs is actively induced trough Perforin Dependent Apoptosis by cyto-
toxic cells; this process is essential to initiate the immunomodulation induced by MSC
themselves [32]. Thus, to explore the fate of MSCs could help predict clinical responses.

7. DPSCs for bone reconstruction

Several reports show good results in the application of DPSCs in repairing bone
defects. Interestingly, there were no major side effects in animal or human studies,
proposing the use of this cells as safe and harmless for health [7, 33].

Bone defects are the result of trauma, resection of tumors, or surgical correction of
congenital defects. The use of autologous bone increases donor site morbidity and can
cause deformity. In addition, allogeneic grafts also imply risk for infection, disease
transmission, and immune rejection [34, 35].
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The existing techniques used for the reconstruction of bone deficiencies reflect
both, the inadequacies of each method and the significant need to develop novel and
improved approaches for bone regeneration.

The use of MSCs, and particularly those derived from teeth, have attracted much
clinical and research attention [36].

The ideal strategy to promote bone formation would be the combination of a
biomaterial scaffold with a cellular and molecular component that responds to envi-
ronmental signals or the environment in which they are found. In this way, bone
regeneration in critical defects is unpredictable if cells with osteoinductive and/or
osteogenic properties are not used.

Bone defects, specially maxillary and mandibular defects of critical size (which do
not regenerate on their own) require for their adequate reconstruction to regenerate
an adequate volume of bone, both in height and thickness. In addition, it is needed to
maintain the regenerated bone as a metabolically active bone [37, 38].

Three key elements are required for bone tissue engineering [39]:

1. Scaffold/matrix
2.Cells
3. Cell modulators and/or regulators

Three types of reconstruction methods are typically used to achieve these goals:

a. Free autografts, a procedure that requires a donor area with a good volume of
bone and a recipient area with adequate vascularity and local cell activity.

b. Microvascularized bone grafts, which are a very expensive and time-consuming
procedure with a big donor side.

c. Recombinant human morphogenic protein 2 carried in collagen sponge.

We demonstrate that the use of MSCs of dental origin provide adequate results in
repairing critical defects, without the morbidity presented by the donor bed of free
grafts, and without the high economic cost of microvascularized grafts or morpho-
genic protein. This, by combined an adequate carrier and osteoconductive materials
plus microporosity and small particles that are quickly absorbed after fulfilling their
osteoconduction and angioconduction functions.

7.1 Bone regeneration

Bone regeneration requires 3 biological processes: osteoconduction,
osteoinduction, and osteogenesis. The activation of tyrosine kinase membrane recep-
tors induce the osteoinductive activity of morphogenetic protein 2 tyrosine kinase
membrane receptors activate intranuclear SMADS proteins, which are translocated to
the nucleus and activate the bone differentiation gene in the chromosome 3 to differ-
entiate MSCs into osteoblasts that begin to secrete collagen 1 which will be mineral-
ized. This event produce osteopontin, osteonectin, alkaline phosphatase, osteocalcin,
which induce bone mineralization.

95



Recent Update on Mesenchymal Stem Cells

7.1.1 Preclinical studies
7.1.1.1 Surgical cveation of bone defects and bone mandibular regeneration in pig

Here, we present some cases treated with DPSCs for reconstructions of mandibular
critical size bone defects (CSBD) in domestic pig’s maxilla and mandible. We
performed CSBD based in the extension of the defects, it is between 4 and 6 cm?, Inall
cases we took out the periosteum that surrounded the defect to avoid the presence and
activation of MSCs and pre-osteoblastic cells from this surrounding periosteum [40].

We performed a Control Defect—1100 mm? reconstructing it without cells
(Figure 5). Furthermore, in each mandibular defect we used 6 x 10° human DPSCs/
cm?, cultivated in a collagen membrane as a scaffold in a clinical good manufacturing
tissue practices settings (INDEBIOC’s laboratory) and covering the reconstructed
defects with a titanium mesh to avoid the collapse of the soft tissues over the grafted
defects (Figure 6).

Figure 5.
Control defect (left side). Upper molar extraction and alveolar created defect treated with a collagen membrane
without DPSC (right side). No bone regeneration 4 months later.

7.1.1.2 Periodontal vegeneration in pig’s periodontal induced disease

Figure 6.

New method of therapy for periodontal disease using stem cells in situ in pre-clinical studies. (1) Establishment of
periodontal disease, (2) transplant human MSCs, (2a) human MSCs of dental origin, (3) regeneration
(immature bone) after transplantation.
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7.1.1.3 Critical size defects in pig’s mandibles

Critical defect in pig mandible of 6 cm3 without periosteum did not
heal spontaneously. Transplantation of 6 million green fluorescent
protein-labeled DPSCs cultured on bovine collagen membrane +
demineralized human cadaver bone as osteoconduction, contained by titanium
mesh or lyophilized bone were plate to avoid collapse of the tissue engineered
graft (Figures 7-11).

7.1.1.4 Created bone defects in the pig mandible mandibular body

Figure 7.
Created critical bone size defect without periostewm and regenerated bone.

7.1.1.5 Created critical size bone defects in pig’s mandibular angle

Figure 8.

Critical bone defects in pig’s mandibular angle. (A) Complete size of the defect. (B) Periosteum removal from
masseter muscle and periostewm from medial pterygoid muscle. (C) P full-thickness mandibular inferior alveolar
artery and muscles without periosteum to avoid osteogenesis from these structuves. (D) Critical size bone defect and
pterygoid and masseter muscles without periosteum.

Figure 9.

Critical bone defects in pig’s mandibular. (A) Full size of critical size defect. (B) Placement of lingual (internal)
part of the titanium mesh. (C) Placement of the previously mentioned graft based on dental pulp MSCs. (D)
Placement of the external side of titanium mesh.
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Figure 10.

(A) Re-approach to the grafted site 5 months after the bone and periosteum regeneration with DPSCs. (B) Cleaned
sample obtained from the grafted mandible. Same size to the created defect. (C) Bone and periosteum thickness
obtained from the DPSCs grafted site.

Figure 11.

(A) Titanium mesh impression which is observed in the periosteum of the DPSCs regenerated bone. (B) Normal
macroscopic regenerated bone and periosteum with DPSCs. (C) and (D) Regenerated bone and periosteum
histologic view that shows woven bone and some well-organized lamellas as mature bone.

8. DPSCs in human’s maxillary and mandible bone defects
8.1 Case #1

This is a 58-year-old female patient who underwent titanium dental implant
placement in the anterior maxilla 2 years ago. Despite significant maxillary bone
atrophy, without any bone regeneration procedure, 4 implants were placed, which
were not covered by bone. Fourlane of them were inserted into the nasal cavities. The
patient developed multiple infectious processes. Moreover, the implants were mobile
due the lack of bone and because they supported a dental prosthesis that was too large
and heavy (Figures 12 and 13).

Two years later, the implants and 2 mobile teeth were removed, and a tissue-
engineered graft was performed, as the patient refused the use of autologous grafts.
We used 6 million DPSCs from dental pulp cultured in the INDEBIOC laboratory.

Figure 12.

(A) and (B) Clinical view of implants in an atrophic maxilla, with chronic inflammation, infection, and
mobility. (C) and (D) Panoramic X-ray and CT scan that shows 5 nonintegrated implants, 2 of them inside the
nose and very atrophic bone in the maxilla.
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Figure 13.
(A) Infected nonintegrated titanium dental implants. (B) Unaesthetic nonintegrated implant supported denture.

Figure 14.

(A) Uncovered vertical and vestibular-palatine critical bone defect. (B) Adapting, shaping height and thickness
and securing the lyophilized bone sheet with 1.5 mm screws. (C) Grafting with DPSCs + RRBMP-2 + PRP + FDB
into the space between the residual maxillary bone and the fixed bone sheet. (D) Fixed bone sheet covering the
transplant of DPSCs + RhBMP-2 + PRP + FDB. (E) Suture covering the tissue-engineered graft while maintaining
the height and thickness of the critical bone defect of the vesidual maxillary bone.

Cells were cultured on collagen membranes + recombinant human bone morphoge-
netic 2 protein (RhBMP2) + platelet-rich plasma (PRP) + dried and frozen bone
(FDB). DPSCs + RhBMP-2 + PRP + FDB were covered and spaced in suitable height
and thickness by fixed lyophilized bone sheets using screws (Figures 14 and 15).

8.2 CASE #2

In this case, a male 18 years old was underwent esthetic maxillomandibular
osteotomy surgery. He exhibited post-surgical sequelae of maxillary necrosis. The
entire anterior part of the maxilla became necrotic, resulting in the loss of bone, gum
tissue, palatal mucosa, and 6 teeth. To face up this complex deformity with a critical
size bone defect we combined 6 million cultured DPSCs x cm?® on a collagen mem-
brane + 2.4 mg of RhBMP2 + PRP + FDB. 2 years later, he got 4 dental titanium
implants. To restore the patient’s dental function and esthetic appearance for his age,
an appropriate and esthetic fixed dental prosthesis was used (Figures 16-19).
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Figure 15.

(A) Frontal view. (B) Palatal view of the reconstructed maxilla with DPSCs + RhBMP-2 + PRP + FDB. (C) and
(D) Comparative view of the height of the anterior maxillary bone reabsorbed by chronic infectious process before
(C) and after (D) reconstruction with tissue-engineered. (E) Height and (F) thickness after transplant of DPSCs +
RhBMP-2 + PRP + FDB covered with lyophilized bone sheets in a critical bone defect of the maxilla following the

removal of chronically infected titanium dental implants.

Figure 16.

(A) Male, 18 years old. Underwent esthetic maxillomandibular osteotomy surgery. Post-surgical sequelae of
maxillary necrosis. (B) Necrotic loss of maxillary bone and 7 anterior teeth. (C) and (D) In this complex
deformity due to bone, dental, gingival, and palatal mucosa loss, we combined 6 million cultured DPSCs/cm’ on a

collagen membrane + 2.4 mg of RkBMP2 + PRP + FDB.

Figure 17.
(A) Pre-surgical image of the defect. (B) Image of the defect before reconstruction with DPSCs. (C) Critical size
bone defect in the anterior maxilla. (D) 3D digital planning where we created a titanium mesh to prevent collapse

of the DPSCs graft.
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Figure 18.

(A) and (B) Pre molded titanium mesh covering and avoiding collapse of the engineered bone graft done with
DPSCs + RhBMP + PRP + FDB. Post-surgical CT scan of the mesh providing height and thickness to the
reconstruction. (C) Sagittal view, (D) coronal view, (E) bone density measurements, at 6 months.

Figure 19.

(A) Post osteotomy maxillary necrosis defect. (B) Maxillary bone height and density obtained with DPSCs + Rh
BMP-2 + PRP + FDB. Regenerated bone after 14 months. (C) Tissue engineered cortico-lamellar bone type.
Excellent height and thickness for placement of titanium dental implants. (D) Implant surgical guide. 4 titanium
dental implants in newly regenerated bone.
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9. Case # 3 mandibular reconstruction with DPSCs

The following case is about a 18-year-old male who was diagnosed with mandibu-
lar ameloblastoma by incisional biopsy. We decided to perform an en bloc resection
with 1 cm safety margins and placement of a reconstruction plate. The procedure was
carried out under general anesthesia without complications. After one year without
signs of recurrence, the planning for mandibular reconstruction under general anes-
thesia was initiated for future implant placement. At that time, it was decided to
reconstruct using a block iliac crest graft, spongy iliac crest graft, and allograft as an
osteoconductive material. The blocks were fixed to the preexisting reconstruction
plate, and the aforementioned grafts were added.

The procedure was performed without complications. After this reconstruction,
the COVID-19 pandemic favored that the patient stopped attending appointments but
returned to us 2 years after the reconstruction surgery. Unfortunately, at that time,
the graft had been resorbed by more than 50%, making it impossible to place dental
implants on the new-formed bone. At this point, a second reconstruction was decided
upon, in which BMP-2, allograft, and DPSCs were used. Under general anesthesia, the
second reconstruction was successfully performed using the aforementioned mate-
rials. At 7 months post-reconstruction, guided dental implant placement is planned,
which achieves an initial stability greater than 50 N. Currently, the patient is under-
going the necessary time for proper osteointegration to receive the implant-supported
prostheses (Figures 20-22).

Figure 20.

(A) Mandibular 3D reconstruction with presence of mandibular ameloblastoma (green). (B) X-ray 2 years from
iliac crest graft showing reabsorbed graft. (C) DPSCs in their vials for second reconstructive procedure. (D) Graft
material with DPSCs (white scaffolds), allograft and BMP-2.

Figure 21.
(A) Newly formed bone 6 months after DPSC. (B) X-ray 6 months after reconstruction with DPSCs graft. (C) Grafted
site with DPSCs. (D) Implant placement with adequate initial stability in new formed bone after DPSCs graft.

Figure 22.
Titanium dental implants placed on bone regenerated with DPSCs + Rh BMIP-2 + PRP + FDB A, B and C.
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10. Treatment of sequelae of cerebrovascular events in patients through
different routes of administration

Considering that DPSCs have the same ectodermal origin as the central nervous
system cells, we proposed to inject it into patients with spinal cord injury or stroke.

DPSCs have been also administrated in patients with neuropathic pain in the neck
or lumbar region have been injected, from which any physical or organic injury has
been ruled out. In this way, it leads us to treat the pain and being able to disguise any
injury that compromises the patient’s life.

10.1 Spinal cord injury

The following data report the treatment of the administration of 100 million
mesenchymal cells in 3 patients with traumatic spinal cord injury that were evaluated
3 months later.

10.1.1 Patient 1

A 56 years old male with spinal cord injury due to fall at L3 level presented chronic
injury with paraplegia. The patient was presented with anesthesia at L3 level and the
rest of scan was negative. We administrated 100 million of DPSCs intrathecally, using
the same cerebrospinal fluid of the patient as vehicle, extracting 10 cc and processing
the cells to administer them by the same route without complications. He did not
show any type of reaction to the application. Three months later, the patient reported
and improvement in his bowel movements.

10.1.2 Patient 2

A 54 years old male suffered an automobile accident resulting in chronic cervical
spinal cord injury with quadriplegia predominantly in the legs, sensory level in C4,
with lack of sphincter control and unable to move his upper extremities with limited
flexion and extension of the fingers. We administrated 100 million of DPSCs intra-
thecally, using the same cerebrospinal fluid of the patient as vehicle, extracting 10 cc
and processing the cells to administer them by the same route without complications.
He did not show any type of reaction to the application. Three months later there was
no improvement.

10.1.3 Patient 3

A 20 years old patient male with traumatic thoracic spinal cord injury due to a fall
into a ravine. The patient presented paraplegia and had to undergo surgery to place
bars and screws for spinal stability. The patient presented sensory level in T5 and lack
of sphincter control. We administrated 100 million of DPSCs intrathecally, using the
same patient cerebrospinal fluid as vehicle, extracting 10 cc and processing the cells to
administer them by the same route without complications. He did not show any type
of reaction to the application. Three months later the patient did not report evident
improvement. Six months later, the patient exhibited greater sensitivity of the legs in
the form of non-specific patches. Eight months later, the patient had a decrease in the
sensory level from T5 to L1, and he had an erection and a little sphincter control, with
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slight movement of the feet and being able to feel the back, lower region and thus the
incidence of bedsores was lower, since proprioception had improved. He missed his
clinical evolution for a year.

10.2 Stroke
10.2.1 Patient 1

A 25-year-old male patient who, while in Australia for studies, presented a cerebral
infarction without any type of recognized origin for it. The cerebral infraction leaving
as a sequel right hemiparesis and language alterations. We administrated 25 million of
DPSCs in saline solution intrathecally without complications. At follow-up there was
no improvement. Three years later, 300 million cells were administered intracere-
brally, administering the cells stereotaxically in the left posterior parietal region by a
single application. There were no complications. The next day the movement of the
right hand was significantly appreciated, less contracture and more movement. The
walking was lighter and the patient was able to lift his leg higher. One month after
treatment, the hand contracture returned. Despite the walking improved, language
disturbances persisted. The patient has already been in office for four months and has
been stable.

10.2.2 Patient 2

A 75-year-old male patient with left middle cerebral infarction with hemiplegia
and language disorders was treated three months after his cerebral event. An angiog-
raphy was performed and we administrated 100 million of DPSCs through the left
middle cerebral artery and the overall increase in circulation was immediately appre-
ciated in the control angiography at 15 minutes. Three months after its application, the
patient has not had a noticeable improvement.

10.3 Subarachnoid hemorrhage
10.3.1 Patient 3

A 60-year-old female patient with subarachnoid hemorrhage in the frontal arte-
riovenous fistula, admitted to a coma, developed a subacute subdural hematoma
during her hospitalization, which was operated on and drained adequately. Tracheos-
tomy and gastrostomy were performed. It was totally dependent on the fan. At the
third month, 100 million of DPSCs were administered intravenously without notice-
able improvement. One week later, 100 million of DPSCs were administered intra-
arterially via angiography through the left middle cerebral artery. In the control
cerebral angiography performed 10 min later, vasodilatation was observed, removing
the vasospasm that it presented. A week after the transplant she was able to go home
(Table 1 and Figure 23).

10.3.2 Patient 4

This is the case of a 50-year-old male patient with subarachnoid hemorrhage due to
bleeding that could not be identified angiographically. He was in a coma since
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Neurological commitment

Pre-transplant Post-transplant
Patient who was already hospitalized for 3 months with No significant improvement in
tracheostomy and gastrostomy Two weeks before his discharge, application I.V.

100 million DPSCs I.V. were applied. A week later, 100 millions
MSC were applied by angiographic route in the posterior territory

Not being able to speak Started talking
Paralysis of the gaze (III, IV, and VI) Onset with eye movements
Bifacial paralysis Initiation with facial movements of

oral predominance

Unable to eat or swallow (IX, X, XI and XII commited) Began to eating and moving tongue
Paralysis of all four limbs Started moving hands and legs
Dysautonomic imbalance Began to normalizing

Other properties that the husband noticed No hair loss, softer skin, more awake

and other features more

Table 1.
Neurological compromise before and after transplantation of a 60-year-old female patient with subarachnoid
hemorrhage from a frontal arvteriovenous fistula treated with DPSC.

Figure 23.
Angiography before and after transplantation of a 60-year-old female patient with subarachnoid hemorrhage
from a frontal arteriovenous fistula treated with DPSC.

admission development of hydrocephalus, performing referral. He presented a
ventriculoperitoneal shunt, without being able to control exvacuo hydrocephalus due
to neuronal damage. Three months later, he remained in a persistent vegetative state.
We administrated 100 million of DPSCs by intraventricular route without complica-
tions, and without any type of rejection or dysautonomic reaction. He continued to
depend on the ventilator and finally it was decided to withdraw the ventilator due to
severe neurological damage and he died.
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11. Conclusions

MSCs from dental pulp can be easily obtained and are highly clonogenic
with multidifferentation and neuromuscular properties. Here, we presented a
general view of the high quality methods used to isolate DPSCs and their
subsequent culture and applications. In addition, we showed that DPSCs therapy for
bone reconstruction.

Finally, we presented a series of clinical cases in which the administration of
DPSCs was able to improve the quality life of patients who suffering of stroke or
subarachnoid hemorrhage. All the present work is based in the fact that DPSCs and
their secretome serve as critical immunomodulators that contribute with injury repair.
Our clinical studies are promising in the use of DPSCs as a tool for treating bone
disease, cerebrovascular events and spinal cord injury.
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Abstract

Over the past few years, the coronavirus disease-2019 (COVID-19) pandemic
has infected billions of people worldwide. Most patients infected with COVID-19
present with fever, cough, headache, fatigue, and other clinical manifestations. For
elderly patients or people with low immunity and underlying diseases, it is frequent
to develop into severe or critical illness, which may even lead to multiple organ failure
and death. Symptomatic treatment remains the most common treatment for patients
with severe COVID-19 infection, whereas the effectiveness is limited. A large number
of studies have shown that mesenchymal stem cells (MSCs) can inhibit viral growth,
enhance tissue repair, and reduce inflammation, infection-induced cytokine storm,
and multi-organ failure by secreting a variety of paracrine factors. In this paper, we
summarized current relevant research, describe the mechanism of action and thera-
peutic effect of MSCs in patients with severe COVID-19 infection-related diseases,
and discuss the therapeutic potential of MSCs and their exosome derivatives in
patients with critical infections.

Keywords: COVID-19, SARS-CoV-2, CARDS, mesenchymal stem cell, exosome

1. Introduction

Expanding of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
caused a novel epidemic of coronavirus disease worldwide, which is named with
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coronavirus disease 2019 (COVID-19) on account that it was firstly reported in 2019.
SARS-CoV-2 belongs to the order Nidovirales of the p-coronavirus genus and is a class
of enveloped single plus-stranded RNA viruses [1]. Humans of all ages are susceptible
to SARS-CoV-2, while the virus can be transmitted via air, contact through nose,
mouth, eye mucosa of infected patients, or inhalation of droplets of infected patients
[2, 3]. The incubation period of SARS-CoV-2 virus is 3-14 days, then patients may
present with typical symptoms, including fever, dry cough, dyspnea, fatigue, along
with decreased white blood cell count, and obvious lesions in lung [4].

Invasion of SARS-CoV-2 is initiated with combination between viral S protein
with the major receptor and angiotensin-converting enzyme 2 (ACE2) [5]. ACE2 is
normally enriched in respiratory epithelial cells (e.g., type II alveolar epithelial cells)
and capillary cells (e.g., endothelial cells), endowing these sites as major targets of
the SARS-CoV-2. After initial recognition, activation of the fibrillin and decreased
pH of endosomes trigger fusion of viral envelope to endosomal membrane, followed
with entry of SARS-CoV-2 genetic material into cytosol to launch transcription and
replication [6]. The newly synthesized RNA is subsequently transported to endoplas-
mic reticulum and Golgi apparatus, to be assembled with structural proteins before
release as vesicles [7].

During the progress of SARS-CoV-2 infection, the abnormal activation and
recruitment of immune cells promote release of a large number of cytokines, result-
ing in pulmonary inflammation, fibrosis, cell apoptosis, and alveolar fluid accumu-
lation, eventually leading to respiratory failure and even multiple organ failure in
severe patients [8]. Compared to healthy individuals, serum levels of inflammatory
factors, such as interleukin (IL)-2, IL-7, granulocyte colony-stimulating factor
(GCSF), monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor
(TNF)-a in patients with COVID-19 admitted to ICU, were significantly elevated [9].
A stereotyped bronchiolar-alveolar pattern of lung remodeling was observed in lung
tissue of patients with COVID-19, presented with symptoms including basal epithelial
cell hyperplasia, mucinous differentiation, and immune activation [10]. Since the
pathogenesis of severe COVID-19 is complicated and rapidly progressing, it is urgent
to explore more effective therapeutic options in addition to active symptomatic
treatment.

2. Introduction of mesenchymal stem cells (MSCs)

In 1966, Friedenstein et al. found that fibroblast-like cells obtained from mouse
bone marrow would differentiate into bone cells when transplanted subcutane-
ously, which are named with mesenchymal stem cells (MSCs) [11]. In addition to
be derived from bone marrow, MSCs can also be derived from other tissues such as
adipose tissue, placenta, and umbilical cord [12]. MSCs are marked with self-renew
property, manifested with regeneration, and multidirectional differentiation, as well
as immune modulatory and anti-inflammatory function. Previous studies have shown
that MSCs can exert anti-inflammatory effects by increasing the number of lympho-
cytes, enhancing antigen presentation of dendritic cells (DCs), and reducing the lev-
els of pro-inflammatory cytokines (e.g., IL-6, IL-8, TNF-a, etc.). Additionally, MSCs
can affect both innate and adaptive immune cells to play an immunomodulatory
role [13]. Cytokines secreted by bone marrow MSCs, including IL-10, transforming
growth factor (TGF)-p, and tryptophan catabolase indoleethylamine 2, 3-dioxy-
genase (IDO) can inhibit the overgrowth of T cells and alter the cytokine expression
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profile of T cells [14]. Proliferation, differentiation, and chemotactic properties of
B cells are also reported to be affected by MSCs [15]. MSCs can also affect immune
homeostasis, regulate inflammatory processes, repair damaged cells by binding to
cytokines, chemokines, and cell surface molecules, and repair vascular barrier [16].
Based on the function of repairment, MSCs have been widely explored for organ
regeneration and tissue repair. In the past few years, safety and efficacy of MSC-
based treatment have been preliminarily confirmed in neurogenesis and a variety of
diseases such as traumatic injuries, neurogenesis and traumatic injury [17], osteosar-
coma [18], type 1 diabetes [19], rheumatoid arthritis [20], acute liver failure [21], and
acute kidney injury [22]. The therapeutic potential of stem cells and their derivatives
in severe cases and sequelae of COVID-19 have been preliminarily demonstrated.
Literature and clinical trials of MSC and its derivatives-based treatment in COVID-19
infection and sequelae were comprehensively summarized, as well as the molecular
mechanisms involved.

3. Molecular mechanism of MSCs-based treatment of COVID-19
3.1 Antiviral effects of MSCs

During viral infection, innate immune response plays a central defensive role.
Interferon (IFN) can be autogenously synthesized, inducing a batch of intracel-
lular interferon-stimulated genes (ISGs) [23]. Products of those ISGs include
non-constitutive ISG-expressed proteins such as metallothionein (MT)1X, MT1G,
serpin family G member (SERPING)1, spermidine/spermine N1-acetyltransferase
(SAT)1, IFNA receptor (IFNAR) [24, 25], and constitutive ISG express proteins such
as IFNA inducible protein (IFI)6, IFN stimulated gene (ISG)15, and the C-C motif
chemokine ligand (CCL)2 [26]. Those ISG-encoding proteins play a targeted inhibi-
tory role in multiple stages of the viral infection cycle such as preventing SARS-CoV-2
cell membrane invagination process, mRNA transcription, genome amplification,
protein translation, virus assembly, and release [25, 27, 28]. However, previous studies
have revealed that coronaviruses (such as SARS-CoV-2 and MERS-CoV) can blunt
IFN-mediated antiviral responses. For example, the nonstructural protein 2 (NSP2)
of SARS-CoV-2 can directly interact with GIGYF2 protein. This interaction enhances
the binding of GIGYF2 to 4EHP, which is the mRNA cap-binding protein, thereby
repressing the translation of the IFN-p1 mRNA [29]. Meanwhile, cells in the target site
of SARS-CoV-2 initial infection, including nasal epithelial cells, induced pluripotent
stem cell-derived alveolar type 2 cells (1AT2), and cardiomyocytes (iCM), manifest
with weak expression of IFN or OAS-RNase L [30]. In addition, MSCs stimulated
with IFN-y express IDO, which reduces the content of TRP in cells and is involved in
the inhibition of virus synthesis [31].

3.2 Anti-inflammatory and immunomodulatory effects of MSCs

Cytokine storm syndrome (CSS) is considered as the major pathogenic mecha-
nisms of respiratory failure and multi-organ damage in patients with COVID-19
[32]. A variety of plasma cytokines and numbers of immune cells are abnormally
augmented in patients with severe COVID-19, which are involved in generation of
cytokine storm. Along with the persistent infiltration of monocytes and macro-
phages, intensive inflammation leads to atrophy of the spleen, lymph nodes, and
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lymphopenia, which is also accompanied by thrombosis and multi-organ dysfunction
[33]. Under this condition, MSCs can be recruited to inflammatory sites by chemo-
kines to play a systemic immunomodulatory function through direct contact and
paracrine effects. The anti-inflammatory mediators released by MSCs are specific to
different pathogens, mediated by corresponding pathogen-related receptors on the
surface of MSCs [34]. Under viral infection, unmethylated viral DNA or viral RNA
can activate the toll-like receptor-9 (TLR-9) and TLR-3 signaling pathways, respec-
tively, inducing synthesis and secretion of numerous inflammatory factors [35].

In the early phase of infection, the production of these factors, such as type-I IFNs
limits virus propagation; whereas uncontrolled increase of them leads to aberrant
inflammation in the late phase of the infection, which is associated with poor clinical
outcome [36].

Correspondingly, a variety of paracrine factors secreted by MSCs show mutual
influence on immune cells and improvement of COVID-19 patients’ condition. For
example, indoleamine 2,3-dioxygenase, transforming growth factor-p (TGF-f),
human leukocyte antigen (HLA), and prostaglandin E2 (PGE2) have been identified
as the main effectors [37]. Growth factors, such as keratinocyte growth factor (KGF)
and angiopoietin-1 (Angl), can promote the recovery of the disrupted alveolar-capil-
lary barrier during COVID-19 [38]. Beside, activated TLR-4 signaling is also reported
to improve regeneration in alveolar epithelial cells during fibrotic status [39].

3.3 Repair effect of MSCs on damage cell/tissue

Aside from being effective in controlling viral replication, MSCs also show recover
impact on injured organs during COVID-19. Generation of inflammatory factors
induced by SARS-CoV-2, such as ILs and TNF as mentioned above, contributes to
severe destruction of alveolar epithelial cells and cardiac tissue damage [40]. Patients
suffer from long-term cardiopulmonary damage, presenting with continuous breath-
lessness, coughing, fatigue, and limited exercise ability [41]. The unique homing
properties of MCSs enable them to migrate those damaged tissues through blood
flow [42]. On the one hand, MCSs can repair both the histology and function of those
damaged tissues. In a bleomycin-induced lung injury and fibrosis mice model, MSCs
home to injury area and initiate epithelioid trans-differentiation, which significantly
alleviated inflammation and collagen deposition in lung tissue [42]. Through scratch
experiment and co-culture experiment, MSCs are firmed to ameliorate wound heal-
ing and protect primary small airway epithelial cells, by promoting the migration and
proliferation of epithelial cells [43]. In addition, MSCs are found to transfer endo-
thelial mitochondria to damaged alveolar epithelial cells, increase alveolar adenosine
triphosphate (ATP) concentration, and reduce endotoxin-induced alveolar damage,
thereby facilitate lung fluid clearance [44].

On the other hand, differentiation of MSCs is found to stimulate regeneration
of those damaged areas and reconstruct the microenvironment in the case of
pulmonary infection [45]. This is attributed to their tolerance to cytotoxic agents
and the inhibition of signaling cascades in response to lung injury, as well as the
release of growth factors, anti-inflammatory cytokines, extracellular vesicles,
etc. [46]. Type-2 alveolar epithelial (AT-II) cells are generated by human induced
pluripotent stem cells (hiPSCs), which are applied for SARS-CoV-2 infection and
drug testing [47]. iPSCs-induced endothelial cells and pneumocytes can engraft
in lungs of emphysematous mice and form functional lung units to ameliorate
emphysema [48].
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4. Clinical progress of treatment with MSCs in COVID-19 and severe
complications

During the past years, MSCs and their released products have been proved to
be effective in COVID-19 therapy, based on their immunomodulatory and repair
capacities [49-51]. In a systematic review about stem cell-based therapy in ARDS
of COVID-19 patients, CRP levels were found to be decreased in 14 of the 17 trials
(82.3%). In addition, IL-6 levels were diminished in nine (52.9%) of seventeen studies
[52]. Indicators involved in severe cases, including oxygen saturation and the PaO2/
FIO2 ratio, are increased in 12 out of 14 (85.7%), while the lung picture on chest CT
or radiography improved in 15 out of 17 studies (88.2%) [52]. MSCs based therapy
showed obvious effect in reducing cytokine storm, recovering injured alveolar epithe-
lial cells, and facilitating tissue repair by secreting anti-inflammatory cytokines and
antifibrotic growth factors [53], suppressing excessive immune responses to protect
the alveolar epithelial lining during acute respiratory distress syndrome [54, 55].

4.1 Cytokine release/storm syndrome (CRS/CSS)

CRS, known as CSS, is an abnormal systemic inflammatory response triggered by a
variety of factors (infection, drugs, and other factors) [56]. In many patients infected
with SARS-CoV-2, types of inflammatory cytokines are sharply stimulated and
released into both the pulmonary and circulatory system, including IL-2, IL-7, IL-10,
G-SCF, MCP-1, MIP-1a, and TNF-« [5, 9, 57, 58]. Clinical studies have found that CRS
is much more common in critical patients with COVID-19, which is corresponded to
poorer outcome or deterioration, such as ARDS and multiple organ failure [59, 60].
Patients with CRS presented with massive alveolar damage, interstitial inflammation,
intra-alveolar edema, fibrin and collagen deposition, bronchiolitis, and leukocyte
infiltration, contributing to progressive respiratory failure [61]. Glucocorticoids and
immunosuppressive agents are recommended in the current treatment of CRS as they
might increase the risk of side effects, such as osteonecrosis [56].

The immune modulatory and repair function of MSCs makes them as an ideal option
toward rapidly developing CRS [59]. In a single-arm pilot study that was conducted in
critical patients with COVID-19, transplantation of UC-MSCs increased oxyhemoglobin
saturation, and improved cytokine storm without adverse reactions, demonstrating the
safety and feasibility of UC-MSCs in the treatment of COVID-19-associated CRS [62].
The study performed by Zhinian Guo et al. also showed that injection of MSCs could
restore oxygenation and down-regulate cytokine storm in COVID-19 patients without
risk of side reactions. The average pressure ratio of arterial partial pressure of oxygen to
the fraction of inspired oxygen (PaO2/FiO2) and lymphocyte count increased, and serum
C-reactive protein, procalcitonin, D-dimer and IL-6 decreased after UC-MSCs infusion
in 31 COVID-19 positive patients [63]. In another study, 210 severe/critical patients with
COVID-19 were transplanted with 1-2 x 10®/kg UC-MSCs, showing recovery of oxygen-
ated Sa02 and remission of CRS [64]. The results of these clinical studies showed that
MSCs treatment could effectively reduce the levels of IL-6 and other cytokines, which
proved the preliminary potential of the treatment of COVID-19-related CRS.

4.2 Acute respiratory distress syndrome (ARDS)

ARDS is an acute respiratory disease with sustained serious lung injury, character-
ized with increased bilateral lung texture, blurred edges, and severe hypoxemia [65].
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There are about 15-30% of hospitalized patients with COVID-19 will develop into
COVID-19-related acute respiratory distress syndrome (CARDS), which is closely
related to occurrence of CRS [66]. Development of ARDS is rapid, while ARDS
patients have of lower survival rate and quality of life compared to COVID-19 patients
with mild symptoms. Due to the persistent inflammation of the lung, the permeabil-
ity of alveolar endothelial cells and epithelial cells increases, resulting in accumula-
tion of pulmonary edema fluid [67, 68]. At present, the major therapeutic option is
mechanical ventilation to improve oxygenation, which shows limited influence on
patient mortality in related studies [68]. Current approved therapies, such as intra-
venous remdesivir and dexamethasone, have a modest effect on moderate to severe
COVID-19 [69].

As evidenced by clinical results, MSCs-based therapy is effective in regulating the
inflammatory process, repairing epithelial and endothelial cell damage, enhancing
alveolar fluid clearance, and delaying the process of ARDS [70, 71]. Injection of MSCs
derived from umbilical cord (UC-MSCs), placental (PL-MSCs), and bone marrow
(BM-MSCs) have been proved to be safe and reliable in patients with COVID-19
induced ARDS, without showing any severe adverse reactions in relevant clinical
trials. In the experiment conducted by Antoine Monsel et al., infusion with BM-MSCs
significantly increased the survival rate of ARDS patients at both 28 days and
60 days (Day28, 100%:79.2%, p = 0.025; Day60, 100%:70.8%, p = 0.0082) [72, 73].
Compared with the patients in control group, the level of D-dimer and pulmonary
microcirculation thrombosis was also reduced in patients treated with BM-MSCs,
indicating alleviated ventilation disorder and restored coagulation [74]. Similar thera-
peutic efficacy was observed in patients under UC-MSCs treatment, performed as
remodeled anti-inflammatory immunity and improved patient outcome. After being
injected with UC-MSCs, levels of proinflammatory cytokines, such as IL-6, IFN-y,
TNF-a, and IL-17, were diminished, while levels of anti-inflammatory cytokines
such as TGF-p, IL-1p, and IL-10 were increased [75, 76]. In the trial led by Seyed-
Mohammad Reza Hashemian et al., lung opacity was significantly reduced after
PL-MSCs treatment as determined by computed tomography (CT), and the recovery
degree was better than that of the conventional treatment group [77].

4.3 Idiopathic pulmonary fibrosis (IPF)

IPF is a chronic, progressive pulmonary fibrosis disease, attributed to abnormal
ECM formation in the alveolar epithelium and disrupted lung function. Accompanied
with pandemic of COVID-19, the incidence and prevalence of IPF are increasing
globally. IPF is characterized by interstitial fibrosis accompanied by reduced lung
volume and hypoxemic respiratory failure [78]. IPF patients manifest with dry cough,
fatigue, and dyspnea [79]. In patients with COVID-19-related ARDS, fibrosis can
become one of the major long-term complications, with the incidence of persistent
lung injury exceeding 30% within one year, and one-third of patients have fibrotic
lung injury [80], even in asymptomatic patients with COVID-19 [81, 82]. The mecha-
nism of pulmonary fibrosis caused by COVID-19 is that chronic inflammation leads
to epithelial cell damage and fibroblast activation and proliferation, excessive deposi-
tion of collagen, and other extracellular matrix (ECM) components, resulting in
destruction of normal lung structure and preventing the reconstruction of damaged
alveolar epithelium [83]. The progression of pulmonary fibrosis compresses normal
lung parenchyma and damages capillaries, leading to respiratory failure [84]. Current
treatment of COVID-19-associated IPF mainly contains Pirfenidone and Nintedanib.

118



Emerging Role and Therapeutic Application of Mesenchymal Stem Cell (MSC) and MSC...
DOT: http://dx.doi.org/10.5772/intechopen.1002641

Pirfenidone can inhibit production of fibrosis-related proteins or ECM to reduce the
aggregation of inflammatory cells, while Nintedanib targets on a variety of tyrosine
kinases to block fibroblast proliferation. However, patients’ tolerance of them is not
satisfactory [85].

The testing of MSCs on IPF patients is positive. Animal experiments have shown
that intravenously transplanted MSCs can accumulate in lung tissue, protecting alveo-
lar epithelial cells and restoring the microenvironment in lung [77]. In bleomycin-
induced pulmonary fibrotic mice, MSCs reduced the accumulation of collagen and
matrix metalloproteinase through augmenting IL-1RA production [86]. IL-1RA isa
cytokine that competitively binds with IL-1b, while IL-1b serves as the major inflam-
matory cytokines in pulmonary edema fluid of patients with ARDS [87]. Several
clinical studies have proved that fibrosis-related proteins in the lung tissue are mark-
edly lower in the MSCs treatment group than that of the control group (all P < 0.05)
[88]. Forced vital capacity (FVC), carbon monoxide diffusing capacity (DLCO), and
other indicators of pulmonary function are reduced in IPF patients [89]. In the clini-
cal trial performed by Daniel C. Chambers et al., treatment with placenta-derived
MSC prevents fibrotic progress in patients with COVID-19-associated IPF. Compared
to baseline, there is no deterioration of FVC, DLCO, and radiological scoring at
6 months posttreatment [90, 91]. However, due to the limited number of clinical
trials, the safety of MSCs in the treatment of IPF needs to be further verified.

5. MSCs-derived exosomes for COVID treatment

A large number of studies have shown that the therapeutic effect of MSCs in repair
is mainly attributed to paracrine signals, including secreting extracellular vesicles
(EVs), especially exosomes [92]. Exosomes are lipid bilayer vesicles with a typical
diameter of 30 to 200 nm, packaged with biomolecules such as cytoskeletal proteins
and signal transduction proteins, as well as a variety of nucleic acid components such
as messenger RNA (mRNA), ribosomal RNA (rRNA), and microRNA (miRNA) [93].
As evidenced previously exosomes have the advantages in safety and expense over
MSCs [94]. Beside, based on its carriage property and nano-size, exosomes can be used
as an ideal loading vehicle for deliver functional components in COVID-19 patients.

A number of preclinical studies have shown that exosomes have good therapeutic
effects in animal models of inflammatory diseases such as acute lung injury (ALI),
ARDS [95], and IPF [93]. MSC-derived exosomes can improve indices of ALI and
reduce total proteins in extravascular lung water and bronchoalveolar lavage in a
KGF-mediated mechanism [96]. In a clinical study, 24 patients with severe COVID-
19 were treated with exosomes derived from allogeneic BM-MSCs. At 72 hours
after injection, their clinical condition was remised with restored oxygenation and
downregulated CRS [97]. In the clinical trial performed by Meiping Chu et al.,
patients with COVID-19-associated pneumonia who received aerosolized MSCs-
derived exosomes showed reduced CRP levels, improved lung lesion absorption [98].
In another clinical trial, seven patients with severe COVID-19-related pneumonia
received nebulized human adipose (haMSC)-derived exosomes. All patients showed
well tolerance to haMSC-Exos and with different degrees of resolution of pulmonary
lesions [99]. Therefore, exosomes derived from MSCs may become a superior thera-
peutic tool for COVID-19 than MSCs [100]. Although exosomes have shown a good
prospect in clinical experiments, the standard of isolating and verifying exosomes,
especially obtained from different origins, must be established for quality ensurance.
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6. The bottleneck of MSCs application in the treatment of severe
COVID-19 patients

Despite the advantages described above for MSCs and exosomal products in
COVID-19, many questions remain to be addressed before further application. First of
all, the characterization of MSCs is a common problem of MSCs for clinical use. Lack
of unified molecular markers makes it difficult to ensure the consistency and stability
of MSCs [101]. Secondly, whether MSCs can be infected or hijacked by virus is also
controversial. Although sequencing result demonstrated extremed low expression of
ACE2 on MSCs, suggesting that MSCs are not suitable targets of SARS-CoV-2 virus
[38]. However, there are also studies reported that in the inflammatory microenviron-
ment of COVID-19, expression of ACE2 in MSCs can be abnormally stimulated by
IFN expression, leading to an increased risk of viral infection and a detrimental effect
on MSCs [102]. In addition, the survival rate of MSCs in damaged tissue areas and the
low transplantation potential limit the effectiveness of MSCS in tissue repair [103].
Safety (potential tumorigenicity), cost in isolation, and storage restrict its application
in patients infected with SARS-CoV-2 [104, 105].

7. Summary and prospect

Based on preclinical investigation and ongoing clinical trials (as summarized in
Table 1), MSCs have shown great immune-modulatory ability in reforming unbal-
anced immune system, recovering lung tissue from immune damage or CRS, and
improving the physical condition of patients with severe COVID-19. However, there
are still limitations of MSCs or MSCs-derived exosome-based treatment in terms
of lack of homogeneity markers and transplantation efficacy. Whether MSCs can
be infected and damaged by viruses is still suspending. MSCs treatment could be
considered as a potential candidate for patients with COVID-19, especially for cases
suffering from severe symptoms, such as CARDS.

Trial ID Source of Phase = Numbers Doses and Primary Reference
MSCs of administration outcomes
patients routes
NCT04313322 WJ-MSCs 1 5 Three doses of Improved NA
1X 10° cells/ clinical
kg; IV symptoms
including fever,
cough, and
respiratory
distress.
NCT04252118 UC-MSCs 1 20 Three doses of 3 Safe and well [106]
X 107 cells; IV tolerated.
NCT04355728 UC-MSCs 2 24 Two doses of 1 Safe and well NA
107 cells; IV tolerated.
Improved
oxygenation
index and PEEP.
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Trial ID Source of Phase Numbers Doses and Primary Reference
MSCs of administration outcomes
patients routes
NCT04400032 UC-MSCs 1&2 15 Panel 1: Three NA NA
doses of 25X
10° cells; IV
Panel 2: Three
doses of 50 X
10° cells; IV
Panel 3: Three
doses of 90 X
10%cells; IV
NCT04898088 MSCs NA 30 Three doses; IV NA NA
NCT04625738 ‘WJ-MSCs 2 30 day 0:1X 10° NA NA
cells/kg; IV
day 3:0.5X 10°
cells/kg; IV
day5:0.5X 10°
cells/kg; IV
NCT04399889 hCT-MSCs 1&2 12 Phase 1: Three Safe and well NA
doses of 1 X 10° tolerated.
cells/kg; IV
Phase 2: One
dose of 1X 10°
cells/kg; IV
NCT04333368 UC-MSCs 1&2 47 Three doses of NA [107]
1X 10° cells/
kg; IV
NCT04457609 UC-MSCs 1 40 One doseof 1X NA NA
10° cells/kg; IV
NCT04269525 UC-MSCs 2 16 Four doses of 1 No adverse [108]
X 108 cells; IV effects.
Improved
oxygenation
index and
lymphocyte
count.
NCT04753476 Secretome- 2 48 1 ccevery NA NA
MSCs 12 hours
for three
days(Dosage
not mentioned)
NCT04352803 AD-MSCs 1 20 5X 10° cells/ NA NA
kg; IV
ChiCTR MB-MSCs 1 44 Three doses of 3 Safe and well [63]
2000029606 x107 cells; IV tolerated.
Improved
SpO2 and chest
imaging.
NCT04416139 UC-MSCs 1 5 One dose of 1x Improved PaO,/ [63]
10° cells /kg; IV FiO,.
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Trial ID Source of Phase = Numbers Doses and Primary Reference
MSCs of administration outcomes
patients routes
NCT04392778 UC-MSCs 1&2 30 Three doses of NA NA
3X10° cells/
kg; IV
NCT04339660 UC-MSCs 2 58 One dose of Safe and well [63]
1x 10° cells / tolerated.
kg; IV Improved
clinical
symptoms,
values of
inflammatory
parameters, and
CT scan.
ChiCTR MSCs 1 10 1X 10° cells/ Improved [106]
2000029990 kg; IV pulmonary
function.
ChiCTR UC-MSCs 1 41 2 X 10° cells/ Clinical [109]
2000031494 kg; IV improvement.
NCT04288102 UC-MSCs 2 100 Three doses of 4 Safe and well [110]
x107 cells; IV tolerated;
Increased
distance in
6MWD.
NA UC-MSCs 1 9 A single dose of Well tolerated; [111]
1 x 10° cells or without serious
5 x 10° cells or adverse events.
1 x 107 cells; IV
NCT03042143 UC-MSCs 1 9 A single dose Well tolerated. [112]
of lor2or Adverse events
4 x108; IV included
apyrexia,
non-sustained
ventricular
tachycardia, and
deranged liver
function.
NA BM-MSCs Case 2 A single dose Improved [113]
report of 2 x 106 cells/ oxygenation
kg; IV and pulmonary
compliance;
reduced
inflammation
markers.
NA UC-MSCs 1 31 1 x 10° cells/ No adverse [63]
kg; IV events.
Improved
laboratory
parameters.
NCT04276987 MSCs- 1 24 5 doses Safe and well [114]
derived of 2 x 10° tolerated.
exosomes nanovesicles
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Trial ID Source of Phase = Numbers Doses and Primary Reference
MSCs of administration outcomes
patients routes
NCT04491240 MSCs- 1&2 20 doses of No adverse NA
derived 0.5-2 x 10" effects.
exosomes exosomes

Abbreviations: MSCs: Mesenchymal stem cells, W]-MSCs: Wharton’s Jelly mesenchymal stem cells, UC-MSCs:
Umbilical cord blood-derived mesenchymal stem cells, AD-MSCs: Adipose-derived mesenchymal stem cells, MB-MSCs:
Menstrual blood-derived mesenchymal stem cells; hCT-MSCs: Human cord tissue mesenchymal stromal cells,
BM-MSCs: Bone marrow-derived mesenchymal stem cells, MSCs-derived exosomes: Mesenchymal stem cells-derived
exosomes. NA: Not available.

Table1.
Summarigation of clinical trials on COVID-19 patients treated with MSCs.
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Abstract

Conventional treatments rely on the removal of damaged or impaired tissues,
followed by the use of restorative materials. However, the inability to regenerate a
functional tooth complex simulating its original structure remains a major unmet
treatment objective. Tissue engineering is an amalgamation of engineering and
biological principles that aims to not just remove diseased tissue but also replicate and
repair lost structures. This evolutionary concept draws from three key elements: cells,
an extracellular matrix scaffold, and signaling molecules. Though tissue engineering
has come a long way in regenerative medicine, its future in dentistry is promising too.
Tissue engineering approaches in dentistry harbor the potential of inducing mesen-
chymal stem cells (MSCs) of dental origin to combine with biocompatible scaffold,
and growth factors to create a three-dimensional environment for regeneration and
repair of a fully functional tooth complex. This chapter summarizes the application of
mesenchymal stem cells and tissue engineering in dentistry.

Keywords: tissue engineering, regenerative medicine, mesenchymal stem cells,
scaffold, dentistry

1. Introduction

For a field as dynamic as medicine, the most significant challenge lies in regenerating
or restoring missing or damaged organs or tissues. In the past few decades, miscel-
laneous regeneration techniques have been applied to rebuild tooth structure destroyed
due to dental caries, pulpitis, fractures, and periodontal disorders. Conventional
therapies work to remove harmed or impaired tissues and replace missing tissue with
avariety of restorative substances. However, the capacity to repair the injured tissues
still represents an unmet target. Therefore, the primary objective of regenerative dental
medicine continues to be the predictable three-dimensional regeneration and repair of a
healthy, functioning tooth complex that mimics its predisease structure [1].

Recently, it has been understood that the processes occurring during regeneration
of a tissue mimic those occurring during the natural development of that tissue. This
hasled to the development of the concept of tissue engineering. Primarily used in the
field of medical specialties for replacing vital structures damaged due to disease or
trauma; the application of mesenchymal stem cells and tissue engineering in dentistry
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Cells
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Figure 1.
Tissue engineering triad.

presents a potential solution to achieve predictable three-dimensional regeneration
and repair of a fully functioning tooth complex [1, 2].

The field of tissue engineering was first described as “an interdisciplinary field
that applies the principles of engineering and life sciences toward the development
of biological substitutes that restore, maintain, or improve tissue function or a whole
organ” by chemist R. Langer and surgeon J.P. Vacanti in the 1980s [3]. It is a science
based on fundamental principles that involve the identification of appropriate cells
with the ability to differentiate into specialized regenerative cells, certain signaling
molecules required to induce cells to regenerate a tissue or organ, and a conductive
scaffold with vascular networks to provide nutrition for tissue growth. In the last few
years, medicine has begun to explore the possible applications of stem cells and tissue
engineering toward the repair and regeneration of body structures.

Accordingly, tissue engineering triad combines three key elements (Figure 1) [4].

¢ Stem cells

* Scaffold or supporting matrix

* Signaling molecules

One of the most important factors in tissue engineering is the choice of scaffold
and optimal stem cell population to employ.

2. Stem cells

Tissue regeneration requires specialized cells capable of synthesizing the extracel-
lular matrix specific to each tissue. In this sense, stem cells have been extensively
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used in regenerative medicine [5]. Stem cells are immature progenitor cells capable of
both self-renewal and multi-lineage differentiation through mitosis into one or more
types of specialized cells. They can be isolated from various sources, such as fetuses,
embryos, or adult tissues, and their differentiation capability depends on the cell
source.

Characteristics of stem cells [2]:

* Totipotent: these are embryonic cells and extra-embryonic cells, which can be
differentiated into all cell types.

* Pluripotent: cells that can give rise to all the cell types that make up the body;
except extra embryonic tissues such as placenta. For example, embryonic stem
cells and induced pluripotent stem cells.

* Multipotent: these cells can develop into more than one cell type, which can
give rise to tissues belonging to only one embryonic germ layer (ectoderm or
mesoderm or endoderm), for example, cord blood stem cells and adult stem
cells

* Clonogenicity: a stem cell is clonogenic as it can proliferate to form colony of
cells.

Depending on the developmental stages of the tissues from which the stem cells
are isolated, stem cells are broadly divided into embryonic stem cells and adult stem

cells (Figure 2) [6].
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Figure 2.
Classification of stem cells.
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2.1 Embryonic stem cells (ESCs)

Embryonic stem cells (ESCs) are derived from the cell of early-stage embryos,
during the blastocyst stage. These cells are considered pluripotent type as they can
differentiate into any cell type in the body [7]. ESCs have been the focus of much
research due to their potential to treat a spectrum of diseases, including Parkinson’s
disease, diabetes, and heart disease. However, their use has been limited due to ethical
concerns and the risk of teratoma formation and tumorigenicity.

2.2 Induced pluripotent stem cells (iPSCs)

Induced pluripotent stem cells (iPSCs) are obtained from somatic cells, such as
skin cells, through the reprogramming of gene expression. These cells have similar
properties to ESCs and can differentiate into any cell type in the body. iPSCs were first
generated in 2006 and have since been used in disease modeling and drug screening,
as well as in regenerative medicine. However, their use is still limited due to the risk of
genetic abnormalities resulting from the reprogramming process [8].

2.3 Adult stem cells (ASCs)

Adult stem cells (ASCs) are multipotent stem cells and depending upon their origin,
they are further classified into hemopoietic stem cells and mesenchymal stem cells.

2.3.1 Hematopoietic stem cells (HPCs)

An immature cell that gives rise to different types of blood cell types, including
platelets, red blood cells, and white blood cells. Bone marrow and peripheral blood
both contain hematopoietic stem cells. They are also known as blood stem cells.
Many cancers (such as leukemia, lymphoma) and non-malignant conditions (such
as sickle cell disease) are treated with HPCs in order to repair or rebuild the patient’s
hematopoietic system. This type of treatment is known as bone marrow or stem cell
transplant [9].

2.3.2 Mesenchymal stem cells (MSCs)

Mesenchymal stem cells are nonhematopoietic and multipotent cells that can
differentiate into an array of cell types comprising varieties of tissues. They were first
identified in aspirates of adult bone marrow by Friedenstein in 1976 [10].

These cells demonstrate specific properties [11]:

1. MSCs have ability to adhere to plastic tissue-culture surfaces.

2. They have potential to differentiate into osteoblasts, adipocytes, chondrocytes, etc.

3.Immunoregulatory properties.

4.MSCs are positive for the surface antigens CD73, CD9o, and CD105.

MSCs can be isolated from various sources, including bone marrow, blood vessels,
skeletal muscle, umbilical cord, amniotic fluid, placenta, adipose tissue, and teeth.
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Owing to their presence in teeth, and relatively easy availability of tooth-derived
MSCs from deciduous and permanent teeth than other anatomical sites; dental mes-
enchymal stem cells are of great interest for research in the field of tissue engineering
and regenerative medicine [12].

3. Mesenchymal stem cells of dental origin

MSCs are the main cell source. They are multipotent cells that can be cryopre-
served safely, have immunosuppressive qualities, and express mesenchymal markers.
Explant cultures or enzymatic digestion can be used to isolate dental mesenchymal
stem cells (DMSCs). Autologous stem cells are great option since there is no chance
of immunological rejection, less expensive, and they eliminate legal and ethical
concerns.

Dental mesenchymal stem cells that have been isolated and grouped according to
their position in the tooth are:

* Dental Pulp Stem Cells (DPSCs)
* Stem cells from Human Exfoliated Deciduous teeth (SHEDs)

* Periodontal Ligament Stem Cells (PDLSCs)

Dental Follicle Stem Cells (DFSCs)

Stem Cells from the dental Apical Papilla (SCAPs)

3.1 Dental pulp stem cells (DPSCs)

These are a common source of dental tissue-derived stem cells obtained from
the pulp of permanent teeth. In 2000, Gronthos et al. were the first to spot MSCs in
the dental pulp of teeth that are today referred to as DPSCs. He further studied the
proliferation and differentiation capabilities of DPSCs and stated that they possess
high plasticity and trans-differentiation potency of their population [13]. These cells
possess the potential to differentiate into osteogenic, adipogenic, chondrogenic,
and neural cells and show high expression of surface markers of MSCs. Due to their
profound regeneration, differentiation, and proliferation capabilities, they can be
induced in vitro to differentiate into cells of odontoblastic phenotype [14]. Dr. Irina
Kerkis in 2006 reported discovery of Immature Dental Pulp Stem Cells (IDPSC), a
pluripotent subpopulation of DPSC using dental pulp organ culture [15]. DPSCs can
also be harvested from one cavity and applied to dentin regeneration in many teeth.

DPSCs could therefore be used as a generic allogenic source of MSCs.

3.2 MSCs from dental pulp of exfoliated deciduous teeth (SHED)

MSCs from dental pulp of exfoliated deciduous teeth (SHED) was first isolated
in 2003 from pulp of human deciduous teeth [16]. Iz vitro, these cells may produce
dentin, induce bone formation, and differentiate into various nondental mesen-
chymal cell descendants. SHED show enhanced population doublings, faster rates
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of proliferation, iz vivo osteoinductive potential, and the capacity to organize into
sphere-like clusters. They cannot, however, repair whole dentin/pulp-like complexes
in vivo like DPCSs. Dental stem cells may be useful for treating neurodegenerative
illnesses and repairing damaged motor neurons because of their capacity to generate
and release neurotrophic substances [17].

This multilineage potential makes SHEDs alternative source of dental stem cells.

3.3 MSCs from dental follicle (DFSCs)

The dental follicle, which encircles the developing tooth, contains a collection of
dental mesenchyme stem cells that are essential for the growth of the alveolar bone,
cementum, and periodontal ligament. In 2005, Morsczeck et al. isolated DFPCs from
the dental follicle of human third molar teeth, and these cells were discovered to
display the stem cell markers Notch and Nestin. DFSCs have the capacity to differenti-
ate into osteoblasts, adipocytes, and nerve-like cells iz vitro but could only produce
cementum iz vivo. A further investigation found that 4 weeks after DFSC implanta-
tion into mice, a new periodontal ligament had formed [18].

3.4 MSCs from the periodontal ligament (PDLSCS)

The periodontal ligament houses stem cells that self-renew and specialize to gener-
ate other tissues, such as cementum and alveolar bone, and it may be separated from
the root of removed teeth [19]. In vitro differentiation of PDLSCs into adipocytes,
osteoblasts, and chondrocytes is possible. Alkaline phosphatase, bone sialoprotein,
osteocalcin, and TGF-receptor type I are among the cementoblastic/osteoblastic
markers that are expressed by cultured PDLSCs, in addition to CD105, CD90, CD73,
STRO-1, and CD146/MUC18 [20].

3.5 MSCs from apical papilla (SCAP)

In 2006, Sonoyama et al. identified apical part of dental papilla of human
teeth as a unique source of MSCs, which can be considered for oral tissue regenera-
tion. SCAP can be isolated from human third molars, thus making them easily
accessible. Due to their greater ability to proliferate, they encourage the forma-
tion of roots and seem to be more effective in promoting tooth development than
PDLSC. They create dentin and odontoblast-like cells. Additionally, they show
adipogenic differentiation ability. Similar to DPSCs, SCAP exhibits stem cell mark-
ers (STRO-1, CD146, and CD34), but with substantially greater rates of prolifera-
tion and mineralization [21].

3.6 Gingiva-derived mesenchymal stem cells (GMSCs)

Zhang et al., in 2009, recognized human gingival tissue as a potential source of
MSC:s for tissue regeneration and therapy. Based on their quantity and accessibility,
the GMSCs were examined. When isolated, they demonstrated greater proliferation
potential than BM-MSCs [21]. In vitro, the GMSC successfully differentiated into
mesoderm adipocytes and osteoblasts, as well as endodermal and neural ectodermal
cells implying stem cell characteristics. Furthermore, the GMSCs were shown to have
stem cell-specific cellular markers and a phenotype consistent with mesenchymal
progenitor cells [22].

140



Mesenchymal Stem Cells and Tissue Engineering in Dentistry
DOI: http://dx.doi.org/10.5772/intechopen.1002291

4. MSCs of nondental origin

The bone marrow microenvironment is the body’s major MSC niche. MSCs
are known to live in two distinct niches: endosteal and perivascular. The end-
osteal niche is considered to keep MSCs quiescent for a long time, whereas the
perivascular niche is thought to keep MSCs proliferating and mediating circula-
tion. BMMSCs and adipose-derived MSCs have been found in BM perivascular
regions [23].

* Bone marrow mesenchymal stem cells (BMMSCs)

* Adipose tissue derived stem cells (ADSCs)

4.1 Bone marrow mesenchymal stem cells (BMMSCs)

Bone marrow mesenchymal stem cells (BMMSCs) are stem cells derived from
the bone marrow. They can differentiate along a variety of mesenchymal lineages.
BMMSCs have emerged as a unique option for the tissue engineering of teeth and
may be used to produce both mesenchymal and epithelial cells [24]. Both BMSC
and DPSC are capable of forming structures that resemble teeth or bones and have
several traits in common with one another. In contrast to DPSC, BMSCs have a
decreased odontogenic potential. After being implanted into damaged periodontal
sites, BMSCs have the ability to develop alveolar bone, periodontal ligament, and
cementum iz vivo. In order to treat periodontal diseases, bone marrow offers an
alternate source of MSC [25]. BMMSC harvesting results in poor cell numbers,
discomfort, and morbidity.

4.2 Adipose-derived stromal cells (ADSCs)

ADSCs are a subset of pluripotent mesenchymal stem cells that are generated from
fat. They are capable of multilineage differentiation, which includes adipogenesis,
osteogenesis, and chondrogenesis. Due to their easy accessibility and efficiency in
getting, through lipectomy and various esthetic and medical operations. ADSCs are
the most often employed source of MSCs [26].

5. Scaffolds

The scaffold is a three-dimensional structure that serves as a template or frame-
work for cell attachment, growth, and regeneration of new tissue. The purpose of a
scaffold in tissue engineering is to provide a temporary framework for cells to attach
and grow, and to mimic the natural extracellular matrix (ECM) that surrounds cells in
the body [27].

The main functions of scaffolds in tissue engineering are:

* Structural support: Scaffolds provide a three-dimensional structure that can
mimic the shape and mechanical properties of the target tissue. This support
is critical for the survival and growth of the cells, and for the development of
functional tissue.
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* Cell attachment and proliferation: Scaffolds can provide a surface for cells to
attach and proliferate. This attachment is vital for the formation of functional
tissue, as it allows cells to interact and communicate with each other.

* Diffusion of nutrients and waste products: Scaffolds can facilitate the diffu-
sion of nutrients and waste products throughout the developing tissue. This is
important for the survival and function of the cells.

* Guided tissue regeneration: Scaffolds can be designed to promote the growth
of specific types of tissue, such as bone, cartilage, or muscle. By controlling the
properties of the scaffold, researchers can guide the development of the tissue to
achieve a desired outcome [27].

Scaffolds can be made from a variety of materials such as natural polymers,
synthetic polymers, metals, ceramics, or composites that are used to carry biologically
active molecules to the site of regeneration [27, 28].

The ideal properties of scaffold are:

* It must be nontoxic
* It should be biocompatible, biodegradable, and highly cell adhesive
* It should be porous, to facilitate cell seeding

* It should have optimal physical and mechanical properties.

In tissue engineering, scaffolds have been fabricated using several natural and
synthetic polymers.

5.1 Naturally derived scaffold materials

Natural polymers, including collagen, gelatin, chitosan, alginate, and hyaluronic
acid, are used in tissue engineering applications [28].

¢ Fibrin: a crucial element of blood clots, is combined with thrombin to create an
in-situ forming gel that serves as a framework for carrying different physiologi-
cally active molecules.

* Collagen: one of the most used scaffolding materials is collagen. Typically,
gelatin and animal tissues are the sources of type I collagen.

* Chitosan: a cationic polymer generated from chitin is chitosan. Its scaffold
creates an osteo-conductive hydrophilic surface, pointing to its potential utility
in bone tissue creation. Brown algae are the source of the anionic polysaccharide
known as alginate. When combined with divalent cations such as Ca.

* Hyaluronic acid: is a glycosaminoglycan made up of repeating disaccharide units

that are nonsulfated. It contributes significantly to connective tissue and creates
cross-linkable hydrogels with different modifications.
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5.2 Synthetically derived scaffold materials

The commonly used chemical compounds to fabricate synthetic scaffolds include
poly(a-hydroxyester) s, polyanhydrides, and polyorthoesters. Among these polymers,
poly(a-hydroxy- ester)s such as polylactide (PLA), polyglycolide (PGA), and its
copolymers are extensively used. These polymers are biocompatible, biodegrad-
able, bioresorbable, and can be easily processed to form various 3-D structural Poly
Lactic-co-Glycolic acid (PLGA) copolymers with controlled degradation matrices [29].

The behavior and mechanical characteristics of poly (lactide-co-glycolide)
materials can be altered to meet specific needs. In order to accomplish effective tissue
growth, they can be utilized to create nanofibrous scaffolds. The major drawback of
these polymers is that when they break down, acidic byproducts may interfere with
the regeneration process.

The extracellular matrix is composed of a complex meshwork of proteins and
polysaccharides, which are produced by the resident cells in the tissue/organ.

The extracellular matrix is generally composed of three categories of molecules:
fibrous proteins (e.g., collagen, elastin, fibrillin, and fibulin), adhesive glycoproteins
(e.g., laminin, fibronectin, tenasin, thrombospondin, and integrin), and glycos-
aminoglycans. More importantly, emerging studies suggest that the extracellular
matrix can itself function as an inductive scaffold or modify a biomaterial-based
scaffold for tissue and/or organ regeneration. This makes the extracellular matrix
a critical element in the field of tissue engineering and regenerative medicine [28].
They are generally fabricated through decellularisation and other manufacturing
processes. Extracellular matrix scaffold maintains initial geometry and flexibility,
possesses a certain degree of mechanical strength, and comprises the main physi-
cal advantage of artificial scaffolds. Extracellular matrix scaffold, by obtaining

an intact three-dimensional structure, also overcomes the drawback of synthetic
scaffold [30].

Scaffolds can be fabricated using a variety of techniques, such as electrospin-
ning, 3D printing, lyophilizing, phase separating, foaming, rapid prototyping, and
microfabrication, and can be tailored to match the specific mechanical, chemical,
and biological properties of the target tissue. For example, scaffolds for bone tissue
engineering may be designed to have high stiffness and strength, while scaffolds
for cartilage tissue engineering may be designed to have high flexibility and elastic-
ity [31]. Therefore scaffold design is a critical aspect of tissue engineering, as the
properties of the scaffold can significantly affect the behavior of the cells and the
development of the tissue. Scaffold-based tissue engineering shows a great promise
in a variety of applications, including bone and cartilage regeneration, skin tissue
engineering, and organ transplantation. However, there are still many challenges to
overcome in order to fully realize the potential of scaffold-based tissue engineering,
including optimizing the design and fabrication of scaffolds, improving cell seeding
and growth, and ensuring biocompatibility.

6. Signaling molecules
Tissue engineering involves the use of various signaling molecules to promote tis-

sue regeneration and repair. These signaling molecules can be categorized into several
groups based on their functions and roles in tissue regeneration.

143



Recent Update on Mesenchymal Stem Cells

6.1 Growth factors

Growth factors are a class of signaling molecules that plays a critical role in tissue
engineering. They are naturally occurring proteins that are produced by cells and
act on neighboring cells to stimulate or inhibit their activity. Growth factors can be
incorporated into the scaffold material or delivered to the target site through a variety
of methods, such as direct injection or controlled release from a biomaterial carrier to
stimulate the growth and proliferation of stem cells, which are the building blocks of
tissues. They can also promote the differentiation of stem cells into specific cell types,
such as bone, cartilage, or muscle. By controlling the activity of stem cells, growth
factors can help to regenerate damaged or diseased tissues.

There are many different types of growth factors that have been identified, in tis-
sue engineering, among them are the bone morphogenetic proteins (BMP); fibroblast
growth factor (FGF); interleukins; hedgehog proteins (HHS); tumor necrosis factor
(TNF); and vascular endothelial growth factor (VEGF). Among these signaling mol-
ecules, the bone morphogenetic proteins (BMPs) are known for their ability to induce
the formation of bone and cartilage and have been extensively studied and applied in
dental regeneration (Table 1) [32-34].

6.2 Dental pulp-derived factors

Smith concluded from his findings that dentin matrix may be regarded as a
powerful cocktail of bioactive molecules when released following tissue injury has

Function

Name

Origin

Bone morphogenetic
proteins (BMPs) [32]

Demineralized bone matrix,
MMSCs, and osteoblasts
endothelial cells chondrocytes

Stimulates differentiation of
mesenchymal stem cells into bone-
forming cells, and promotes formation
of bone and cartilage. BMP-2 and
BMP-7 are commonly used.

Platelet-derived growth
factor (PDGF)

Platelets, macrophages,
keratinocytes, and endothelial cells

Potent mitogen and chemoattractant
promote wound healing, and stimulate
proliferation and migration of various

cell types.

Transforming growth
factor-a (TGF- o)

Platelets, macrophages,
keratinocytes, and brain cells

Activates neutrophils, fibroblast
mitogen, stimulates angiogenesis

Transforming growth
factor-p (TGF- p)

Dentine matrix, platelets,
osteoblasts, chondrocytes
endothelial cells, fibroblasts

signal odontoblast differentiation,
promotes wound healing, inhibits
macrophage, and lymphocyte
proliferation

Fibroblast growth factor
(FGF)

MMSCs, osteoblasts, chondrocytes,
endothelial cells

Bone and cartilage regeneration,
nerve growth, proliferation, and
angiogenesis.

Vascular endothelial
growth factor (VEGF):

Platelets osteoblasts chondrocytes
endothelial cells

Endothelial cell proliferation,
angiogenesis

Insulin-like growth factor
(IGF)

Osteoblasts, chondrocytes,
endothelial cells

Osteoblasts proliferation, osteoclasts
proliferation, and ECM synthesis

Table 1.
Growth factors in tissue engineering.
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the potential to dramatically influence cellular events in the dentin-pulp complexes
such as the group of angiogenic growth factors or any cytokines sequestered in the
dentin matrix will be released due to caries demineralization and might contribute to
the overall repair process. Dentin matrix proteins such as dentin sialoprotein (DSP)
and dentin matrix protein 1 (DMP-1) are known to regulate odontoblast differentia-
tion and dentin formation [35]. The research in tissue engineering is ongoing and
new signaling molecules and strategies are continually being explored to improve the
regeneration and repair of tissues.

7. Applications of tissue engineering

MSCs generated from dental tissue have demonstrated their multilineage
differentiation capabilities and excellent therapeutic promise in oral and systemic
disorders. Together with growth factors and/or scaffolds, dental MSCs make a highly
effective interaction, which is of utmost importance in tissue engineering. It has
shown great potential in the regeneration and restoration of damaged tissues or
organs (Figure 3).

7.1 Application of tissue engineering in regenerative medicine
DPSCs have been found to have therapeutic benefits for myocardial infarction

[36], cerebral ischemia [37], muscular dystrophy [38], and corneal recon-
struction [39] due to their adaptability. These cells were discovered to exhibit
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Figure 3.

Schematic presentation of tissue engineering.
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neuron-specific markers in the damaged cortex, indicating that engrafted DPSC-
derived cells may integrate into the host brain and may serve as a helpful source

of neuro and gliogenesis in vivo. Furthermore, DPSC transplantation boosted
neurogenesis and vasculogenesis in rats, showing that DPSCs might be a therapeutic

option [40].

7.2 Application of tissue engineering in dentistry

Tissue engineering has the potential to revolutionize the way dental treatments are
performed by providing new and improved approaches for repairing and replacing
damaged or missing teeth. It is becoming a rapidly advancing field in the develop-
ment of biomaterials that can mimic the natural structure and function of dental
tissues. Thus, can benefit major dental branches like endodontics, oral surgery, and

periodontics (Figure 4).

Potential applications in:

* Endodontics
* Periodontology

¢ Oral and maxillofacial

7.2.1 Endodontics

Tissue engineering can be applied in endodontics to regenerate dental pulp tissue,
dentin, and other tissues that may have been damaged due to injury or disease. Here
are some specific examples of how tissue engineering is being used in endodontics.

Regenerative endodontics [41] is a new treatment approach that aims at:

* Regeneration or restoration of lost or diseased dentinal tissue

* Revascularization of necrotic dental pulp
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7.2.1.1 Dentin pulp regeneration

One of the most promising applications of tissue engineering is the regeneration
of dental pulp. Dental pulp is the soft tissue inside the tooth that contains nerves
and blood vessels. Dental pulp is damaged due to decay or trauma, which can lead to
infection and eventually tooth loss. Initially, for the regeneration of the dentin-pulp
complex, various pulp capping materials (e.g., calcium hydroxide, mineral trioxide
aggregates Biodentine) were used, which stimulates the pulp progenitor cells to
differentiate into odontoblast-like cells or the secretion of TGF-b131, which plays an
essential in angiogenesis, the recruitment of progenitor cells, cell differentiation, and
ultimately mineralization of the damaged area. Tissue engineering techniques can
be used to create a scaffold that mimics the structure of dental pulp and promotes
the growth of new tissue. This approach has the potential to restore the function and
vitality of damaged teeth [42].

Because of the size and confinement of the pulp within the root canal(s), cell
treatment and/or injectable hydrogels were the most commonly used strategy for
engineering the dentin-pulp complex. Encapsulated stem cells were also used for
dentin-pulp regeneration such as Gelfoam-encapsulated dental stem cells encour-
aged dentin-pulp complex development in pulpless root canals of juvenile permanent
incisors in beagles [43].

7.2.1.2 Revascularization of necvotic dental pulp

The term “revascularization” describes the occurrence of physiological tissue
creation and regeneration that really took place [44, 45]. This might be explained by
SCAPs continuing to function after the infection and causing this occurrence. It is
also possible that the radiographic appearance of increased dentinal wall thickness is
attributable to ingrowth of cementum, bone, or a dentin-like substance. This varia-
tion in cellular response is not surprising given that DPSCs can acquire odontogenic/
osteogenic, chondrogenic, or adipogenic phenotypes based on their exposure to
various combinations of growth factors and morphogens.

7.2.2 Oral and maxillofacial surgery

Oral and maxillofacial surgery is a surgical specialty that involve the diagnosis
and treatment of diseases, injuries, and defects in the face, jaws, and oral cavity. Here
are some of the potential applications of tissue engineering in oral and maxillofacial
surgery:

7.2.2.1 Maxillary or mandibular reconstruction

The main causes of aberrant maxillofacial bone tissue in the maxillofacial region
are the increasing loss of jaw bone tissue and periodontal tissue inflammation. By
polarizing M2 macrophages, SHEDs may lessen periodontal inflammation. Encourage
the regeneration of periodontal tissue [46]. Tissue engineering can be used to recon-
struct large mandibular defects that result from trauma, cancer, or congenital mal-
formations. This approach involves the use of biomaterial scaffolds that are seeded
with bone-forming cells (DPSCs/SHEDs) and growth factors that promote bone
regeneration. There have been a few clinical examples reported wherein large defects
like mandibulectomy, treated with a titanium mesh cage, has been used to support the
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HA-coated with signal proteins and in a case of segmental jaw deformity was repaired
utilizing composite scaffolds (collagen-HA-tricalcium phosphate) and bone morpho-

genetic protein 2 (BMP2) [47]. The results of bone tissue engineering are encouraging
and might help overcome the limitations of bone autografts and allografts.

7.2.2.2 Temporomandibular joint (TM]) reconstruction

Tissue engineering can be very useful in repairing or regenerating a bony condyle
or a fibrocartilagenous disc. Thomas et al. described the first in vitro creation of TM]J
cartilage more than two decades ago, type I meshes were employed to culture chon-
drocyte-like cells iz vitro. DPSCs have been utilized to differentiate chondrocytes to
restore the cartilage [48]. Puelacher et al. attempted to tissue engineer the TMJ disc a
few years later. Chondrocytes (Bovine articular) were planted on disc-shaped degrad-
able and fibrous PGA and PLA scaffolds. After seven days, naked mice were implanted
with chondrocyte-loaded scaffolds. Within three months, the creation of new cartilage
and organic matrix revealed the prospect of TMJ disc tissue engineering [49].

7.2.2.3 Cleft palate repair

MSCs can differentiate into osteoblasts and are considered the best potential
option for the repair of alveolar cleft palates, which are congenital defects that result
from incomplete fusion of the palatal shelves during embryonic development. This
approach involves the use of biomaterial scaffolds that are seeded with cells that can
differentiate into the various tissues that make up the palate, as well as growth factors
that promote tissue regeneration. BMP-2-aided bone regeneration has been reported
for the reconstruction of the alveolar cleft [50].

7.2.2.4 Nerve regeneration

Tissue engineering can be used to regenerate nerves in the facial region, which is
often necessary after facial trauma or surgery. Apart from their substantial neural dif-
ferentiation potential, DPSCs produced from distinct cranial neural crest cell lineages
express many factors that promote nerve and axon regeneration. DPSCs have been
reported to express the neural crest cell markers CD271 and SOX10, which might be
utilized to induce the development of Schwann cells, which are important in periph-
eral nerve repair [51].

7.2.2.5 Salivary gland regeneration

In Salivary gland bioengineering, the principal role of DPSCs is to regenerate the
salivary stroma or mesenchymal-derived compartment, and these cells are one of
the best choices for that purpose because the tooth mesenchyme and the Salivary
gland mesenchyme share a common neural crest embryonic origin. The construction
of three-dimensional salivary glandular tissue was attempted using biodegradable
polymer scaffolds. Human salivary epithelial cells were seeded on scaffold and
implanted into the mouse models. The constructed tissue can be implanted under the
oral mucosa and secrete saliva directly into the oral cavity using engineered ducts. It
has been proposed that implanted functioning salivary gland tissues may be a better
therapy option for xerostomic patients due to their capacity to discharge saliva ata
continual rate in more physiological ways [52].
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7.2.3 Periodontics

Periodontics is a branch of dentistry concerned with the prevention, diagnosis,
and treatment of diseases affecting tooth’s supporting structures. Periodontium is a
complex structure that includes two hard and two soft tissues: periodontal ligament,
Gingiva, cementum, and bone.

7.2.3.1 Periodontal regeneration

Complete regeneration of the periodontium has always been challenging due to its
complex structure. MSCs have the ability to repair new cementum, alveolar bone, and
periodontal ligament. In vitro grown periodontal ligament cells were also effectively
reimplanted into periodontal defects. PDLSCs and DFSCs have emerged as an addi-
tional cell source for periodontal regeneration treatment.

Masako Miura et al. in 2004 studied the possibility that human PDL includes
stem cells capable of regenerating periodontal tissue. PDLSCs are isolated using
single colony selection and other methods, then implanted into immunocompro-
mised mice to test their ability to regenerate and repair tissue. PDLSCs developed
into adipocytes, cementoblast-like cells, and collagen-forming cells under certain
culture conditions [53]. In dog experiments, periodontal ligament cell sheets were
employed to stimulate periodontal regeneration [54, 55]. Clinical experiments
employing BM-MSCs and platelet-rich plasma (PRP) have shown successful peri-
odontal regeneration [56].

7.2.3.2 Oral mucosa

The similarities between skin and oral mucosa resulted in the development of
engineered oral mucosa, which followed the same protocol, starting with the develop-
ment of an epithelial sheet. Oral keratinocytes were seeded on decellularised cadav-
eric human dermis (AlloDerm) [57] or a three-dimensional cell-seeded scaffold to
create a composite oral mucosal equivalent. Thus, skin and mucosal replacements can
be utilized interchangeably.

A review of recent developments in synthetic oral mucosa noted that the basic
structure of the connective tissue component and the reconstituted basement mem-
brane in such biomimetic models only allows for a simplistic representation of the
native stromal microenvironment. As a result, the majority of researchers in the field
of oral tissue engineering are shifting from the use of biomimetic models to more
realistic approaches [58].

7.2.3.3 Gingival augmentation

Gingival augmentation involves the use of soft tissue grafts to increase the volume
and thickness of the keratinized tissue around the teeth. Gingival epithelial sheets
made from autologous gingival tissues were created and utilized to treat chronic des-
quamative gingivitis [59]. The results demonstrated that human-cultivated gingival
epithelial sheets promoted gingival augmentation. GINTUIT, an allogeneic cellular
product, was recently introduced. This product contains allogeneic cultivated kera-
tinocytes and fibroblasts in bovine collagen. McGuire et al. in 2011 determined that
the product was a safe and effective treatment for enhancing the keratinized gingival
zone [60].
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7.2.3.4 Bone regeneration

For bone augmentation, autogenous or allogeneic bones, as well as artificial
materials, are used. However, there are several complications with these grafts, includ-
ing donor site injury, the likelihood of infection or absorption, and ethical concerns.
MSCs can be employed as an alternativeto autogenous bone transplants. DPSCs are an
important source of osteoprogenitor cells, which play an important role in bone tissue
plasticity processes. SHED and DPSC have osteoinductive properties, which allow
them to develop into osteoblasts and stimulate bone formation [61]. The study was
conducted to regenerate bone in a significant osseous defect with minimum invasive-
ness and good flexibility. To boost osteogenesis, they used platelet-rich plasma as an
autologous scaffold with MSCs. Newly developed bone was discovered at 8 weeks [56].

8. Recent advancements in tissue engineering
8.1 Whole tooth regeneration

One of the most prevalent disorders is tooth loss, which can be caused by
periodontal disease, caries, or trauma. Currently, dental implants are considered the
best option for restoring the missing teeth and have achieved long-term success.

There have been several ways proposed for constructing complete biological teeth.
Cell-tissue recombination and dental tissue engineering are the two main techniques
utilized for tooth regeneration. Dental cell-tissue recombination techniques focus
on mimicking natural tooth formation processes, in which, cultivated progenitor
stem cell-tissue constructions are directly implanted in the defect site [62]. Young
etal. claimed to have successfully regenerated the first-ever tooth structure with
dentin and enamel using tooth buds from porcine third molars. Tooth bud cells were
implanted in rats after being seeded onto biodegradable scaffolds. Within five to
seven months, visible tooth structures (mature enamel with enamel organ, dentin
with odontoblasts and pulp chamber, Hertwig’s root sheet with cementoblasts) were
regenerated. However, smaller tissues (4 mm2) were created, and tissue-engineered
teeth did not conform to scaffold [63]. Duailibi et al. demonstrated that cultured
4-day post-natal rat tooth bud cells seeded onto PGA/PLLA and PLGA scaffolds,
implanted, and grown in the mandible, could form organized bioengineered dental
tissues such as dentin, enamel, pulp, and PDL. Bioengineered mandibular implant
tooth tissues produced enamel and dentin proteins and exhibited morphological and
histological similarities to naturally formed dentin and enamel. It could be concluded
that iz vivo whole tooth regeneration is achievable, but it is currently difficult to
overcome translational barriers and test these methods on humans [64].

8.2 The bio-root regeneration

A bio-root was created by implanting preshaped root-like scaffolds along with
mesenchymal stem cells into the alveolar bone to form a functional root with root-like
structure, biomechanical properties, and elements similar to natural teeth, periodon-
tal ligament-like tissue, and dentin-like matrix structure, and the ability to support
post-crown prostheses [65].

SCAP and PDLSC are now being widely researched for bioroot engineering. Only
dentin structure renewal was detected. As a result, regeneration of the whole tooth
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structure was not completed in many cases. Instead of attempting to build a whole
tooth, Sonoyama et al. in 2006 revealed that by combining SCAP with PDLSCs, they
were able to generate a bioroot with periodontal ligament tissues. The autologous
SCAP and PDLSCs were placed onto HA/TCP and gel foam scaffolds, respectively,
then reimplanted into the sockets using a small swine model. Three months later, the
bioroot established in the porcine jaw. The bioroot structure was made up of dentin
that was randomly produced by the SCAP. The bioroot was surrounded by peri-
odontal ligament tissue and appeared to have normal relationship with surrounding
bone. However, the presence of residual HA in the newly regenerated dentin formed
a structure different from that of normal dentin. This leads to a reduced mechanical
strength of the bioroot, nearly two-thirds of a natural tooth [21].

9. Conclusion

MSCs have shown great potential for tissue engineering applications due to their
ability to differentiate into various cell types, including osteoblasts, chondrocytes, and
adipocytes. This capacity allows them to regenerate and repair damaged or lost tissues.

The use of MSCs in dentistry is still an active area of research, and, further
research and clinical trials are needed to optimize their effectiveness and long-term
outcomes. Regulatory approval and standardization of protocols are needed before
widespread clinical application. Nonetheless, the combination of MSCs and tissue
engineering approaches represents an exciting avenue for advancing dental treat-
ments and regenerative therapies in the future by providing patient-specific therapy
options that optimize function, esthetics, and patient care quality.
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Abstract

Dental pulp stem cells (DPSCs) are a special mesenchymal stem cell (MSC) type.
These cells can be isolated from the dental pulp (DP) of deciduous, adult, and wisdom
teeth. Stem cells from milk/baby teeth fall naturally, representing an advantageous
source of young stem cells. These cells are less studied than MSCs from bone marrow,
adipose tissue, and umbilical cord. MSCs from these sources are currently widely
used in clinical studies. However, obtaining significant quantities of DPSCs from one
donor is still challenging, thus limiting their systemic application in patients, which
requires doses starting from 5 x 10° per kg of weight and higher. In this chapter, we
would like to share our experience of more than 20 years in the isolation and scaling
up of DPSC from deciduous teeth. We will also provide information about their in
vitro growth, differentiation, and therapeutic potential observed in animal models
that mimic human diseases or injuries in preclinical studies. Finally, we will discuss
our experience of DPSC production under good manufacturing practice conditions
and their use in regulated clinical studies in Brazil for Huntington’s disease.

Keywords: dental pulp stem cells, deciduous teeth, scaling up, preclinical studies,
therapeutic potential

1. Introduction

The term “stem cells” was first proposed by Russian histologist Alexander
Maksimov in 1908 to explain the ability of specific tissues, such as blood, to self-
renew for the lifetime of an organism. Maksimov’s unitary theory of hematopoiesis
was based on stem cells and substantiated the concept of hematopoietic stem cells in
various animal models [1]. Another Russian scientist, Alexander Friedenstein, stud-
ied the interactions between bone tissue and the blood system and proposed the idea
of a hematopoietic microenvironment formed by populations of non-hematopoietic
stromal stem cells or bone marrow-derived osteogenic precursors. He showed that
these cells are adhesive fibroblast-like clonogenic cells and also showed high replica-
tive ability and the possibility of differentiation into osteoblasts, chondrocytes,
adipocytes, and stromal cells that support hematopoiesis [2-6].
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Arnold Caplan, Professor of Biology and Director of the Skeletal Research
Center at Case Western Reserve University, who was also the first to demonstrate
the biotechnological and therapeutic potential of these cells, first suggested the
term “mesenchymal stem cells” (MSCs). MSC means that the cells were isolated
from mesoderm-bone marrow (BM) and can undergo iz vitro differentiation into
mesoderm derivatives. In 1991, Caplan wrote: “The study of these MSCs, whether
isolated from embryos or adults, provides the basis for the emergence of a new
therapeutic technology of self-cell repair. The isolation, mitotic expansion, and site-
directed delivery of autologous stem cells can govern the rapid and specific repair of
skeletal tissues” [7-9].

Mesenchymal stem cells were isolated from different tissues besides BM, such as
adipose tissue, umbilical blood and cord, menstrual blood, placenta, DP, and other
tissue sources. Moreover, these MSCs beyond mesoderm (BM-MSC) originated
from extraembryonic tissue, such as the umbilical cord and placenta, and ectoderm
as DP [10-14]. As demonstrated by Friedenstein and Caplan, all these MSCs are
fibroblastic, adherent, and colony forming. Fibroblastic colony-forming units
(CFU-F) were developed for plastic-adherent clonogenic BM-MSC, which grow in
a monolayer and are self-renewing, and are used to characterize MSC from other
sources. These cells can also differentiate from mesoderm derivatives iz vitro, like
BM-MSC [5-7].

Caplan and his colleagues were the first to discover cell-surface antigens such as
CD105 (SH2) and CD73 (SH3/4) on human BM-MSC, which are detected by mono-
clonal antibodies [15]. Currently, these antibodies are recognized as principal markers
for MSC identification and are part of the minimum criteria for defining MSC, along
with CFU-F and differentiation assays [16].

Dental pulp stem cells (DPSCs) can be isolated from deciduous, adult, and
wisdom teeth. Their discovery is more recent compared with BM-MSC. DPSC from
adult DP for the first time was isolated in 2000, and 3 years later, these cells were
isolated from human exfoliated deciduous teeth (SHED) [17]. These cells and their
potential therapeutic application have been evaluated mainly in dentistry for a long
time. Only recently, these cells and their potential use have attracted attention from
other medical areas, for instance, for treating spinal cord injury, neurological and
neurodegenerative diseases [18, 19].

Whether DPSC or MSC is still unknown, although they fit in the MSC definition
proposed by the International Society for Cellular Therapy [16]. In this chapter, we
would like to provide comprehensive, critical, and concise information about our
group’s experience with the isolation, characterization, nonclinical, clinical applica-
tion, and scaling-up expansion to obtain significant quantities of DPSC from decidu-
ous teeth, which can allow further possible commercialization of these cells.

2. Origin and function of MSC and DPSC

Figure 1 demonstrates the embryonic origin of tissues used for MSC isolation. This
figure shows that BM-MSCs are originated from paraxial mesoderm [20], which gives
rise to the axial skeleton. Adipose tissue-derived MSCs (AT-MSCs) [10] are derived
from lateral plate mesoderm that gives rise to the appendicular skeleton and adipose
tissue. DP is originated from neural crest (that gives rise to the craniofacial skeleton)
and head mesenchyme (that gives rise to the bones, cartilages, muscles, tongue,
craniofacial nerves, and teeth, and dental ectomesenchymal stem cells and connective
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Figure 1.

Embryonic development ontology tree. This figure demonstrates the different embryonic origins of tissues, which
can originate MSCs. MSC in the adult organism can be isolated from DP (ectoderm,), bone marrow and adipose
tissue (mesoderm), and umbilical cord and placenta (extraembryonic mesoderm).

tissues in the craniofacial complex) [14, 21, 22]. Umbilical cord and placenta-derived
MSC are originated from extraembryonic mesoderm [23].

Mesenchymal stem cells, independently of origin, exert similar but not identical
functions. Accumulation of scientific data about MSC showed that old ideas about
replacing injured tissues with MSC have no basis anymore. Iz situ MSCs differ from
isolated and cultured cells because the cultivation methods cannot reproduce iz vivo
microenvironments. Therefore, MSCs isolated and cultured iz vitro, when trans-
planted back into the organism, show very limited differentiation capacity in meso-
dermal or another type of tissue without additional stimulus [24-26].

In recent years, the research has been directed toward a better understanding of
the mechanisms of MSCs function. This includes the rescue and repair of injured
organs and tissues. It has been discovered that MSCs, when transplanted into injured
tissue, can be used mainly for paracrine activity involving the secretion of proteins/
peptides and hormones by these cells [27-31].

2.1 Function of MSC and pericytes

Crisan et al. [32] demonstrated the link between MSC and perivascular cells, also
called pericytes. His group compared the MSC and the pericytes’ in vivo location and
cell marker signatures of both. They demonstrated that cells with MSC markers also
express markers associated with pericytes [32]. This raised the question of whether
MSCs are pericytes. Pericytes, by definition, are mural cells surrounding blood
vessels adjacent to endothelial cells. They control vascular branching morphogen-
esis, which is critical in maturation and maintenance. Pericytes are essential for the
central nervous system (CNS) to form and regulate the blood-brain barrier (BBB).
Pericyte deficiency occurs in the central nervous system (CNS) in diseases, such as
multiple sclerosis, diabetic retinopathy, neonatal intraventricular hemorrhage, and
neurodegenerative disorders [33, 34].
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Because of these findings, endogenous pericytes were widely associated with
MSC, even though the cell fate plasticity of endogenous pericytes iz vivo is unknown.
In 2017, Guimardes-Camboa and colleagues [35], using lineage-tracing experiments of
an inducible Tbx18-CreERT2 line, demonstrated that pericytes and vascular smooth
muscle cells maintained their identity in aging and diverse pathological settings;
however, they were not able to differentiate iz vivo into other cell lineages. Therefore,
not all MSCs are pericytes, mainly because large and small vessels are surrounded
by perivascular cells, which exert different functions (e.g., brain macrophages-glial
cells) and are not associated with the osteo-, chondro-, or adipogenic progeny of
MSCs [36, 37].

The fact that MSC/pericytes secreted bioactive molecules expects their involve-
ment in a regenerative microenvironment for a variety of injured adult tissues. These
cells can limit the area of damage and induce a self-regulated endogenous regenerative
response. In this context, the regenerative microenvironment was referred to as tro-
phic, and MSCs play the role of valuable mediators for tissue repair and regeneration
[38]. Therefore, the differentiation capacity of MSC was relegated to the background
because the iz vivo differentiation capacity of MSC after their intravenous or intra-
arterial transplantation to the adult organism did not receive proper confirmation.
Because of the latest findings, A. Caplan suggested denominating these cells used in
multiple clinical studies focused mainly on their secretome potential as “Medicinal
Signaling Cells,” thus maintaining the abbreviation of MSC, however, reinforcing
their therapeutic meaning [39, 40].

2.2 Dental pulp from deciduous teeth

Dental pulp is a soft, gelatinous, and non-mineralized oral tissue. A jelly-like core
is composed of soft, loose connective tissue and vascular, lymphatic, and nervous
cells found in each tooth’s dental pulp cavity. DP is made up of Type I and Type III
collagens; however, it lacks elastin fibers.

Dental pulp from deciduous teeth, discarded after exfoliation, represents a valu-
able source of young stem cells. The fact that the cells from deciduous teeth are young
is significant for their therapeutic use. Evidence shows that MSCs function declines
with age, thus limiting their therapeutic potential [38, 40-42].

The main difference in the biology of the DP isolated from deciduous and per-
manent teeth is that the lifetime of deciduous teeth is rather limited. Different from
adult teeth, they start to grow during embryonic life, and their loss begins at the age
of 6 years, starting with the central incisors and followed about a year later by the
lateral incisors [43]. However, from a tiny piece of DP of deciduous teeth, significant
quantities of young cells can be isolated [44].

3. DPSC isolation and characterization

As mentioned, one of the characteristics of MSCs is their adherence to plastic
surfaces. Therefore, the principal method of MSC isolation is based on the ability
of the MSCs to selectively adhere to plastic surfaces. The method of isolation and
culturing of MSC is challenging and depends on the MSC method of prepara-
tions, which should account for variability in tissue sources, and donor-related
issues, for instance, age, disease, gender, etc., culture media, and population
doublings.
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3.1 Explant culture

For the first time, we isolated human immature DP stem cells (hIDPSCs) from the
DP of deciduous teeth using the explant method [44, 45]. This method is also denom-
inated as organ culture and used for the iz vitro growth of organs or part of organs
containing the various tissue components, such as parenchyma and stroma, following
their transfer to a nutrient medium. The explanted organ preserves its anatomical
relationship and function as in tissue. It is essential that the DP is gently disrupted and
requires careful handling. The media used for growing tissue culture are generally the
same as those used for cell culture.

However, only recently, eleven years after our pioneering work [44], the explant
method was recognized as more advantageous for MSCs isolation compared to
enzymatic one. This method is gainful because first, it excludes the proteolysis step
during cell isolation. Second, it provides the presence of small tissue pieces in the
primary cell culture. Third, it removes lytic stress on cells and reduces iz vivo to in
vitro transition stress for the cells migrating out of tissue; and fourth, it provides
supporting functions of extracellular matrix and released growth factors from tissue
explant [46].

3.2 Isolation of human dental pulp stem cells (hDPSCs)

Using an explant method, the cells like MSC from other tissues can be isolated
from DP, which is a very small organ,; its length is approximately 4.04 mm, while
the width is 1.0 mm. In deciduous teeth, a greater cellular density was observed in
the coronal region, approximately 47.30 + 14.71 cells/mm? [47]. However, this size
allows an easy iz vitro manipulation of DP tissue without microscopy. After the DP is
placed into a culture dish in an appropriate culture medium and after a short period
of approximately three days DP, it adheres to the plastic, and the cells start to outgrow
from below DP, forming a circle of growing cells around DP (Figure 2A). After
aweek, the DP is transferred to the new culture dish. The adherent cells undergo
enzymatic treatment and are transferred in a new culture flask for further growth
and multiplication or frozen at passage 0 (P0) (Figure 2B). Thus, the first cycle of
DP cell isolation is ended. Transferred DP continues growing and producing the cells
that undergo enzymatic treatment and can be frozen or transferred in a culture flask
for further growth and cell multiplication. Thus, the second, the cell isolation cycle,
is ended, and so on. DP decreases in size following transfers and finally runs out,
making further transfers impossible. The number of DP transfers-cycles of the cell’s
isolation is individual for each DP and can vary approximately from 5 to 15 or more
cycles [48].

3.3 Characterization of the population of hIDPSC

After isolation, the cells present a fibroblast-like phenotype and adherent to the
plastic. The term “immature” is due to the discovery that human immature DP stem
cells (hIDPSCs) express embryonic stem cell markers, such as octamer-binding
transcription factor 4 (Oct-4), Nanog, stage-specific embryo antigen 3 (SSEA-3),
stage-specific embryo antigen 4 (SSEA-4), tumor resistance antigen 1-60 (TRA-1-
60), and tumor resistance antigen 1-81 (TRA-1-81), at early passages and mainly in
outgrowth culture (before enzymatic treatment) and under conditions described in
Kerkis et al. [44]. These cells also express MSC markers, such as CD105, CD73 [16],
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Vimentin

Figure 2.

Iso%ation and characterization of hIDPSC. A. The cells outgrowing from DB, passage o. B. HIDPSC after passing
(passage 1, P1). C. Flow cytometry demonstrates the expression of CD105, CD73, CD90, CD44, neurotrophic
growth factor (NGF), nestin, and human leukocyte antigen HLA-DR isotype (major histocompatibility complex
(MHC) class II cell-surface receptor). Immunofluorescence shows positive staining of hIDPSC to nestin (D),
vimentin (E), and CD44 (cell-surface glycoprotein) (F). Azul—expression of studied markers after the first DP
adhesion (P5), red—expression of studied markers after the first DP transfer (Ps). Scale bar: (A, B) = 100 pm,
(D-F) = 10 ym. A, B—light microscopy, phase contrast, D-F—epifluorescence.

and CD13, which is not a typical MSC marker, and they were negative for CD34,
CD43, HLA-DR (Figure 2C), and CD45 ruling out the absence of contamination
with hematopoietic and endothelial cells. The cells grow during at least 25 passages
while maintaining the normal karyotype [44, 48]. Further investigation of the
molecular phenotype of the cells demonstrated that they also express such mark-

ers as Nestin, vimentin, CD44, neurotrophic growth factor (NGF) (Figure 2C-F),
CD29, CD146, CD31, alpha-fetoprotein (AFP), STRO-1, CD146, CD117 (c-KIT), and
other markers [45].

4. In vitro differentiation and priming of hIDPSC

We also showed that hIDPSC, in vitro, could be stimulated to undergo uniform
differentiation into smooth and skeletal muscles, cartilage, and bone under appropri-
ate culture conditions and additional drugs that help to induce differentiation. They
could also produce neurosphere-like structures and neuronal-like cells [44, 48]. Like
MSCs, the hIDPSC can be prepared for the tissue-specific environment in which
they will be transplanted, thus improving their survival and biological activity for
a specific pathology. The modulation of the cell culture conditions, or the use of a
biologically active scaffold, can improve cell function through a process known as
preconditioning or priming [49]. Therefore, if the hIDPSC were preconditioned, they
would be denominated “priming” hIDPSC.
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4.1 Osteogenic and chondrogenic hIDPSC potential

The priming hIDPSC demonstrated the osteogenic and chondrogenic potential in
vitro [44, 48] (Figure 3A and B). For this purpose, the cells were grown on biphasic
calcium phosphate bioceramics that possess osteoconductive and osteoinductive
properties and in a culture medium that induces osteogenic differentiation. As a
result, the upregulation of two transcription factors already expressed in hIDPSC,
SOX9 (Sex-Determining region Y-Type (SRY)-Box Transcription Factor 9) and
RUNX2 (Runt-related transcription factor), was observed. The RUNX2 gene is
involved in developing and maintaining the teeth, bones, and cartilage, while SOX9
is essential for skeleton development and determining sex before birth. However,
hIDPSC showed very low expression of peroxisome proliferator-activated receptor
gamma (PPARy), which is extensively expressed in MSC from adipose tissue and less
in bone marrow [50].

4.2 Neuronal in vitro differentiation

When treated with retinoic acid (RA)—a potential inductor of neuronal dif-
ferentiation—hIDPSC exhibited morphology like that of neural cells. In addition
to expressing neural proteins (Nestin, Beta-Tubulin, and anti-glial fibrillary acidic
protein (GFAP)), hIDPSC presented an electrophysiological response for sodium
and potassium and can trigger an action potential (Figure 3C-F). Curiously, the cells
without RA treatment also express these markers and present an electrophysiological
response. In addition, hIDPSCs were able to direct neural differentiation of embry-
onic stem cells in coculture assays [51, 52].

5. The immunomodulatory capacity of hIDPSC

One of the most essential characteristics of MSCs and their mechanism of
action are immunomodulatory properties, which have critical clinical applications.
Therefore, the hIDPSC’s immunomodulatory potential has also been studied.

The immunomodulatory effects of hIDPSC on differentiation, maturation
of dendritic cells (DCs) derived from monocytes (mo-DC), and their ability to
activate T cells and check soluble factors released in coculture cells were analyzed.
Peripheral blood mononuclear cells (PBMCs), T cells, and hIDPSCs were obtained
from unrelated donors (n = 4). Monocytes were obtained by adhering and removing
non-adherent cells from the PBMC cultivation. They were induced to differenti-
ate into mo-DC by culture in the presence of interleukin 4 (IL-4) and granulocyte
macrophage colony-stimulating factor (GM-CSF) for seven days. Lipopolysaccharide
(LPS), added after five days of culture, was used to induce mo-DC maturation.
Effects of hIDPSC were analyzed by flow cytometry after its addition to the cultures
from day zero or after five days of culture at a ratio of 1:10. Monocytes derived from
DC exposed to hIDPSC from day zero showed a reduction in mean fluorescence
intensity (MFI) of the markers, such as blood dendritic cell antigen 1 (BDCA-1)
(70%) and CD11c (32%), compared to the control. After activation by LPS, there
was a decrease in MFI of CD40 levels (52%), CD80 (35%), CD83 (67%), and CD86
(50%) compared to the control. Mo-DC exposed to hIDPSC from day five showed
no changes in the expression of markers. To assess the ability of mo-DC exposed
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E

Figure 3.

Induced in vitro diffeventiation of hIDPSC. A. Neurosphere-like structures formed by hIDPSC suspension culture.
B. Neurosphere-like structures adherent to plastic with neuron-like cells around. C. Rosette formed by neuron-like
cells derived from hIDPSC positive for anti-Beta 3 tubulin antibody. D. Glial-like cells derived from hIDPSC
positive for anti-glial fibrillary acidic protein (GFAP). E. Osteogenic differentiation of hIDPSC Von Kossa
staining. F. Chondrogenic diffeventiation of hIDPSC Masson’s trichrome staining. Scale bars: A, B = 100 pm;

C =50 ym; D-F = 20 pm.
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to hIDPSC from day zero in activating T cell responses, mo-DC (HLA-DR +) were
separated from hIDPSC (HLA-DR-) by magnetic beads and were cocultured (ratio
1:10) with T cells (carboxyfluorescein diacetate (CFSE)-labeled). After five days,

cell proliferation was assessed by CFSE dilution. The proliferation of CD4+ T cells
induced by mo-DC (exposed to hIDPSC) decreased by 63% for immature mo-DC
(IDC) and 50% for mo-DC activated by LPS (mDC), compared to control non-
cultivated with hIDPSC. Similarly, the proliferation of CD8+ T cells decreased by 40
and 26% by culture with immature dendritic cells (IDCs) and mature dendritic cells
(mDCs), respectively, when cocultured with hIDPSC. There was an increase in the
proportion of CD4 + FoxP3 + IL-10+ T cells and CD4 + FoxP3 + IFN-y + T cells after
cocultured with mDC previously cultivated with hIDPSC. The levels of the released
soluble factors in cocultures demonstrate the immunomodulation of the studied cells.
The levels of pro-inflammatory factors, such as interleukin 2 (IL-2), tumor necrosis
factor alpha (TNF-a), and interferon gamma (IFN-y), reduced while that of the
anti-inflammatory factor IL-10 increased. These data showed that hIDPSC affects
the differentiation of mo-DC, a phenomenon reflected in the reduction of markers of
mo-DC maturation and a decreased ability of mo-DC to induce T cell proliferation.
The anti-inflammatory balance of factors released to the medium supports observa-
tions [51-53].

6. In vivo biodiodistribution of hIDPSC in adult, embryonic, and fetal
environment

Mesenchymal stem cells are one of the principal products of advanced cell
therapies, which are of great interest due to their paracrine effect that provides
a microenvironment improvement, and regenerative activity of endogenous cells in
the injury site. The biodistribution of MSCs is an essential step in their characteriza-
tion that is used to identify addressed migration and engraftment of MSC in injured
sites. These properties are very important for defining MSC safety and efficacy after
transplantation to human organisms. To understand MSC’s therapeutic potential and
differentiation capacities, biodistribution studies should be performed at different
development stages.

6.1 Biodistribution in nude mice

After in vivo transplantation of these cells into immunocompromised mice, they
showed dense engraftment in the lung, liver, kidney, and brain, which was evidenced
by immunofluorescence and real time-polymerase chain reaction (real-time-PCR)
analysis using specific primer for detection of human Gaucher disease region.
However, this study did not prove whether these cells are intact and alive [44].

6.2 Biodistribution and fate of hIDPSC in developing mouse embryo

We injected the cells in mouse compacted morulae or early blastocysts to verify
the biodistribution of hIDPSC in developing mouse embryos and their possible dif-
ferentiation in the embryonic or fetal microenvironment [54]. Production of human/
animal preterm chimeras is widely used to analyze mammalian cells’ developmental
potency in biomedical research [55-57].
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We showed that hIDPSC presented biological compatibility with the mouse host
embryo environment and could survive, proliferate, and contribute to the inner cell
mass after introduction into early mouse embryos (n = 28), which achieved the hatch-
ing stage following 24 and 48 h in culture. This result demonstrates that hIDPSCs were
not toxic for early stage embryo development. When transferred to foster mice (n = 5),
these blastocysts with hIDPSC (n = 57) yielded embryos (n = 3) and fetuses (n = 6)
(Figure 4A-D). The hIDPSC demonstrated robust engraftment in 11 d.p.c. (days post
coitum) embryos in the nervous system in primary vesicles, telencephalon, mesen-
cephalon, and rhombencephalon. Additionally, the hIDPSC engrafted in the ocular
region on 18-d.p.c. hIDPSC showed comprehensive individual, organ, and tissue
biodistribution in mouse fetuses. The cells were observed in different organs of the
chimeras, such as the brain, liver, intestine, and muscles (Figure 4E and F). However,
as expected, while fetal age increased the number of grafted hIDPSCs decreased. We
verified whether hIDPSC would also be able to differentiate into tissue-specific cell
types in the mouse environment. The contribution of hIDPSC in at least two types
of tissues, muscles, and epithelial tissue, was confirmed. We showed that hIDPSC
survived, proliferated, and differentiated in mice developing preterm chimeras [54].

Overall, these findings were significant for further exploration of the therapeutic
potential of hIDPSC since the cells grafted into the growing fetus’s brain and other
tissues that form the animal head. Thus, this study suggested hIDPSC similarity
with neural crest cells, which produce diverse cell lineages, such as melanocytes,

Figure 4.

H1,¢gman immature dental pulp stem cell’s biological compatibility with the mouse embryo environment. A.
hIDPSC stained with Vybrant—cytoplasm, nucleus stained with 4',6-diamidino-2-phenylindole (DAPI) (DNA
stain). B. Mouse embryo and glass capillary with hIDPSC inside (white arrow). C. hIDPSC observed inside
mouse embryo (white arrow). D. Epifluorescence + phase contrast showing Vybrant-stained hIDPSC (red,
white arrow) aggregated with mouse blastocyst cells. Fluorescence in situ hybridization (FISH) analysis using
human'Y chromosome probe in (E) chimeric muscle fibers and in (F)—heart. G. It shows nuclear localization
of Y chromosome signal (red), nuclei stained with DAPI (blue, epifluorescence). E-G—confocal microscopy. E
and F—epifluorescence + DIC—digital interference contrast. G—epifluorescence. Scale bars: A~D = 20 pm;
E-G = 10 pym.
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craniofacial cartilage and bone, smooth muscle, peripheral and enteric neurons, and
glia. Another important observation is that the cells could express human proteins in
a tissue-specific manner under the environment clues provided by the fetuses.

6.3 Biodistribution of hIDPSC following iz utero transplantation in canine model
(Canis lupus familiaris)

Intrauterine stem cell transplantation (IUSCT) treats genetic, congenital,
hematological, and immunological diseases. Basic research provides a model for
studying the dynamics of migration, graft, and functional status of different types
of stem cells. The cells can be transplanted in different moments of the gestational
period, which can be divided into equivalent quarters. The choice of the cells and the
quarter where the stem cells will be applied can influence cell behavior and trans-
plantation results. Fetal and adult hematopoietic or bone marrow-derived MSCs were
mainly used for IUSCT [58-60]. Our study aimed to evaluate the migration capacity,
proliferation, and homing of IDPSCs after IUSCT during the third fetal period in
dogs. All experimental procedures were approved by the Ethical Committee of the
School of Veterinary Medicine and Animal Science of San Paulo University and were
performed under appropriate anesthesia. Up to 1 x 10° undifferentiated green fluores-
cent protein (GFP)-positive human IDPSCs (GFP-hIDPSCs) were transplanted into
five fetuses at 45 days of gestation. This transplantation occurred through laparotomy
and intraperitoneal injection, guided by intra-operative ultrasound control. Five
fetuses, which did not receive IDPSCs, were used as a control. Ultrasound analyses
were performed daily before the collection of the fetuses. After seven days of ovarian
hysterectomy, fetuses were collected; organs and tissues were isolated and fixed or
cryopreserved. The biodistribution of GFP-IDPSCs within the organs and tissues was
analyzed on cryosections (5 pm) under a confocal microscope. Homing of GFP-
IDPSCs was observed in organs derived from three germ lines, endoderm, ectoderm,
and mesoderm. GFP-IDPSCs were found in the intraglandular space and muscular
mucosae in the stomach and the intestine. In the liver, these cells were observed
in the hepatic parenchyma, in the heart within the myocardium, and in the brain
within blood vessels in the cerebellum, specifically within Purkinje cells. Among
the different organs, expressive homing was observed in the heart, spleen, and liver
myocardium. The hIDPSCs were also found in the canine placenta, especially in blood
vessels. These data were confirmed using anti-human nucleus antibody (immunohis-
tochemistry), GFP-hIDPSC, and FISH analysis for the human chromosomes. Human
IDPSC showed high migration and proliferation potential after IUSCT in dog fetuses.
Therefore, hIDPSC demonstrated homing in fetal hematopoietic (placenta), epithe-
lial (gastric glands), and perivascular stem cell niches [61].

7. hIDPSC local application and iz vive differentiation

Most in vitro cultured MSCs, after transplantation back into the iz vivo
environment, lost their proliferation and differentiation capacity. From experi-
ence with in vitro differentiation of MSC, we knew that induction culture media is
necessary for differentiation. Therefore, in vitro cultured MSCs are not prepared
for the in vivo setting, and they need to be primed using induction culture media, a
different attached matrix, or any other stimulus able to prepare the cells for iz vivo
differentiation [66].
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7.1 hIDPSC sheet transplantation in the damaged ocular surface in rabbits:
unilateral limbal stem cell deficiency

The ability of hIDPSC to differentiate in vivo in epithelial cells [54] raised the
investigation of their use in corneal epithelium reconstruction in cases of ocular
surface injury.

Two distinct types of epithelial cells, conjunctival and corneal epithelia, compose
the ocular surface. Corneal epithelial stem cells reside at the corneoscleral limbus,
whose microenvironment is essential in maintaining their stemness. However, the
limbal stem cells may be partially or depleted after limbus damage. Such stem cell
deficiency results in corneal surface abnormalities that lead to “conjunctivalization”
and corneal vascularization, producing an irregular and unstable epithelium and
vision deficiency. Limbal stem cell transplantation is commonly used in patients with
either uni- or bilateral total limbal stem cell deficiency (LSCD), which can be repro-
duced in rabbits. Commonly, the chemical burn in one eye of rabbits induces LSCD
[62]. We verified hIDPSC in vivo differentiation capacity into the corneal epithelium
using this model.

First, we verified whether hIDPSC expresses markers in common with LSCD,
such as ABCG2 (adenosine triphosphate (ATP)-binding cassette subfamily G member
2), integrin beta 1, vimentin, p63, connexin 43, and cytokeratin 3/12 (K3/12). The
expression of these markers was confirmed in undifferentiated hIDPSC, excluding
K3/12, a marker of the differentiated corneal epithelium [63]. Next, we induced a
rabbit model of unilateral burn eye—LSCD. We demonstrated that hIDPSC could
reconstruct the eye surface after induction of LSCD in rabbits and transplantation
of the priming hIDPSC sheet growing on the scaffold directly onto the exposed
stromal bed. Morphological and immunohistochemical analysis using human-specific
antibodies against limbal and corneal epithelium demonstrated corneal epithelium
reconstruction, presenting an expression of human antibodies such as integrin beta 1
(ITGB1), cytokeratin 18 (CK18), and K3 [63].

Further investigation with a higher number of animals confirms that this study
provided new histological electron microscopy and demonstrated the expression
of corneal epithelium human’ protein (ABCG2, CK18, p63, and K3 expression in a
rabbit LSCD model) [64].

7.2 Reconstruction of significant cranial defects in rats using hIDPSC

Mesenchymal stem cells are critical in bone fracture repair by differentiating
between bone-formation osteoblasts and cartilage-forming chondrocytes [65].
Kerkis and coworkers [44] showed remarkable iz vitro osteogenic properties of
hIDPSC. To evaluate the iz vivo capacity of priming hIDPSC in bone healing, the
large-sized cranial bone defects (5 x 8 mm) on each parietal region in non-immuno-
suppressed rats were analyzed. The left side (LS) was supplied with collagen mem-
brane only and the right side (RS) with collagen membrane with growing priming
hIDPSC. Bone formation was observed one month after surgery on both sides, but
a more mature bone was present in the RS. Human DNA was PCR-amplified only at
the RS, indicating the presence of human functional DNA. Our findings suggest that
hIDPSC positively contributes to bone formation in the significant cranial defect in
the rat [66].
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8. hIDPSC and genetic disease animal model

It is known that adult stem cells can be used in treating genetic diseases. For
instance, osteogenesis imperfecta (OI) is not a curable chronic disease. Off-the-shelf
MSC appears as a candidate in a clinical therapy for OI. This is due to MSC’s high
osteogenic potency. Recently, preclinical and initial clinical data supported the use of
MSC in treating OI [67]. We present here our preclinical study using DPSC to treat
Duchenne muscular dystrophy (DMD) in dogs [68].

8.1 hIDPSC for muscle regeneration in golden retriever muscular dystrophy
(GRMD) dogs: intramuscular and intra-arterial applications

Our previous study [44] also suggests using hIDPSC for muscle regeneration.
Duchenne muscular dystrophy (DMD) is a lethal X-linked disease affecting newborn
males. It is caused by mutations in a large gene located at Xp21 that encodes the
muscle protein dystrophin. The closest model for human DMD is the golden retriever
muscular dystrophy (GRMD) dog, which causes analogous skeletal and cardiac
muscle disease and shows the absence of dystrophin. GRMD dogs are typically suc-
cumbing to the disease by around age 2.

In Kerkis and coauthors [68], transplantation of hIDPSC (2n = 46, XY) of four
affected littermate GRMD (2 males and 2 females) aged 28-40 days by either arterial or
muscular injections (6 x 10’ cells per animal), and without using immunosuppression
has been carried out. The females received one unique injection, whereas the males
were treated with monthly injections, and one male received six intramuscular (biceps
femoris) injections. In contrast, another subject received nine systemic injections of
arterial (femoral artery) (Figure 5A-C). No signs of immune rejection were observed,
and these results suggested that hIDPSC transplantation might be done without immu-
nosuppression. Indeed, white blood cell counting did not present any critical changes
in response to cell transplantation, and no lymphocyte infiltration was observed in
muscle cells. A 1-year-old dog, which received nine systemic injections, showed a good
performance with moderate scores, mainly in postural tone, standing up, crossing
barriers, and hoping. At 26 months old, this dog still showed no decline. Our data sug-
gested systemic multiple deliveries seemed more effective than local injections. Biopsies
from the dog’s muscles were obtained and checked by immunohistochemistry (dystro-
phin markers) and FISH using human antibodies and X and Y DNA probes. We showed
that hIDPSC presented significant engraftment in GRMD dog muscles, although
human dystrophin expression was modest and limited to several muscle fibers [68]
(Figure 5D-G). Two years after we published our study on GRMD dogs, the dog that
received nine systemic transplantations of hIDPSC was still alive (data not published).

Further studies confirmed our finding demonstrating that DMD mice and dog’s
phenotypes, such as pathological inflammation and motor dysfunction, can be
significantly improved by repeated systemic injections of hIDPSC [69].

9. hIDPSC and neuroregenerative potential

Currently, the neuroregenerative potential of hIDPSC derived from young and
adult teeth is widely explored and discussed in scientific literature. This is because
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Figure 5.

Trgmplantan’on of hIDPSC to golden vetriever muscular dystrophy (GRMD) dogs. A. Rave litter of GRMD

dogs. B. Intra-arterial hIDPSC injection. C. Biceps femoralis biopsy. D. Chimeric human/canine muscle fibers
present positive green, fluovescent immunostaining with anti-human nucleus antibody (white arrows). E. Positive
immunostaining with anti-human dystrophin antibody, clone 2C6 (MANDYS106) in large dystrophic fibers
(white arrows). G. FISH analysis of dystrophic male’s muscles using specific human probe for chromosome: Y
(red) and in inset X. Yellow, because merged images of propidium iodide (PI) (ved)-stained nucleus and probe of
chromosome X (green) are presented. D-G confocal microscopy: Epifluorescence + DIC. G—green artificial color.
(D) Nucleus stained with DAPI (blue). Scale bars: A, E = 50 ym G = 10 ym.

hIDPSCs are a population affluent in cell proliferation and multipotency. After
transplantation in animal models that mimic neurodegenerative disease, hIDPSCs
showed neuron-protective effects. These protective effects are related to trophic
factors released from hIDPSCs, which are neurotrophic and were effective for models
of neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), and amyotrophic lateral sclerosis (ALS) [70-72].

9.1 hIDPSC delivery precision in a mouse model of compressive spinal cord
injury: localized administration approach

A spinal cord injury (SCI) is damage to any part of the spinal cord or nerves at
the end of the spinal canal. This injury causes temporary or permanent changes
in spinal cord function. In the USA, 17,000 new SCIs occur yearly, while in Brazil,
approximately 150,000 cases occur yearly. Among the factors that contribute to
limited SCI recovery are the reduced ability of remyelination spared demyelinated
axons, failure of axons to overcome the local expression of myelin-associated inhibi-
tory molecules, a lack of neurotrophic factors to support axonal growth, and other
factors [73-75].

We aimed to investigate the efficacy of hIDPSC after local transplantation in a
compression lesion of the spinal cord induced in mice. Therefore, SCI was induced
in C57/BL6 mice females via laminectomy at T9 and spinal cord compression with
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a vascular clip for 1 min. The cells were transplanted 7 days or 28 days after the
lesion. The recovery in a subacute or chronic phase of SCI was evaluated after

cell therapy. We demonstrated that transplantation of hIDPSC into the site of the
spinal cord lesion improved tissue organization in the injured site significantly.
Larger areas of white-matter (WM) preservation were also evidenced only in
groups treated with hIDPSC but not in control. In addition, in treated groups, the
morphological ultrastructural analysis demonstrated large numbers of standard
fibers, many axons being remyelinated by either Schwann cells or oligodendro-
cytes, and preserved neurons exhibiting intact synapses on their cell bodies. These
effects were attributed to the statistically significant release of trophic factors
observed in CSI animals treated with hIDPSC. This is because we showed in the
present study that hIDPSCs express neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF), nerve
growth factor, beta polypeptide (NGF-b), neurotrophin 3 (NT-3), and neuro-
trophin 4/5 (NT-4/NT-5), as detected by reverse transcriptase-polymerase chain
reaction (RT-PCR). Statistically significant differences in BDNF, NGFb, NT-3, and
NT-4 expression in brain tissues between treated (increased) and control animals
were observed. Before transplantation, the hIDPSCs labeled with cell tracer (red)
were observed undestroyed and distributed in the white matter and demonstrated
co-localization with anti-GFAP and anti-S-100 antibodies. Furthermore, we used
the basic mobility scale (BMS) and the global mobility test to assess motor perfor-
mance in animals with CSI treated with hIDPSC. Our data suggest that hIDPSC-
treated groups showed better locomotor performance in both functional tests and
exhibited higher speeds than the control groups, especially in the subacute animals
that received cell transplantation seven days after injury. Therefore, we demon-
strated the hIDPSC therapeutic potential in both subacute and chronic stages of

a mouse compressive SCI, which suggests possible use of hIDPSC in human trials
shortly [76].

9.2 hIDPSC in multiple sclerosis: clinical cases of canine distemper (hardpad
disease), intravenous injection

Multiple sclerosis (MS) is a progressive disease affecting 2.8 million people
worldwide without a definitive cure. The immune system attacks the brain and spinal
cord tissues (central nervous system) and nerves by the own organism, causing MS.
The etiology of MS is unclear. However, it may be a combination of genetic and envi-
ronmental factors. Recently, it has been proposed that infection with the Epstein-Barr
virus (EBV) may cause this disease [77].

In MS, the immune system attacks the protective sheath (myelin) that covers
nerve fibers and causes communication problems between the brain and the rest
of the body, thus causing permanent damage or deterioration of the nerve fibers.
Canine distemper is an animal model for MS. Canine distemper is a viral disease of
dogs, and this virus belongs to the paramyxovirus group. In approximately half of
the cases, it is fatal. Impossible to cure, canine distemper is a severe viral illness that
attacks a dog’s body on all fronts. It can cause persistent infection of the dog’s cen-
tral nervous system, resulting in a progressive, multifocal demyelinating disease.
Once an animal develops neurological symptoms of the disease, such as seizures or
paralysis, its chances of surviving are slim, its quality of life is bound to worsen, and
the animal dies [78].
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Therefore, we conducted the study using hIDPSC in canine distemper following
international animal care guidelines. The animals were enrolled in an experimental
procedure after obtaining informed consent signed by the animals’ owners. The
treatment was also realized without cost to the owners, and animals received long-
term follow-up. Eight dogs of variable breeds aged between 4 and 6 years and weigh-
ing 8-16 kg in canine distemper were diagnosed. They presented symptoms such as
vomiting, diarrhea, and fever; others were enrolled. Before cell transplantation, these
dogs received antibiotics to fight the cough and pneumonia, which did not provide
any clinical amelioration. Following the dog’s ability to fend off the effects of the
virus, they acquired the symptoms of a neural form of this disease, such as paralysis
of the hind paws or both hind and front paws.

We performed transplantation of previously cryopreserved hIDPSC (P3-P5)
only after the effect of the virus was ended. The cells were thawed before trans-
plantation and washed twice in prewarmed (37°C) sterile phosphate-buffered
saline (PBS) following centrifugation for 5 min at 800 x g. At that moment, the
viability of the cells was tested using trypan blue staining and was approximately
98% of live cells. The cell number used in each application was established fol-
lowing the dog weights and varied between 2 x 10° (8 kg) and 4 x 10° (16 kg). The
cells were suspended in a mean volume of +0.5 mL sterile physiological solution
for subsequent intravenous injection. The dog received an injectable anesthetic,
which dose was computed according to the weight of the dog and the sensitivity of
certain breeds to the anesthetic. The dogs received single or multiple (no more than
three) applications according to disease severity. Human IDPSCs were transplanted
without any immunosuppressive protocol. None of the animals showed signs of
immune rejection following single or numerous hIDPSC transplantations. Soon
after the first hIDPSC application, all animals showed significant amelioration of
symptoms of the neurological form of canine distemper. The animals, which were
able only to crawl, started to half-rise, while those that were able to half-rise started
to get up and stroll. Each animal had its healing dynamics, and those with stronger
musculature demonstrated accelerated dynamics of amelioration. The dogs that
presented more advanced clinical symptoms and could only crawl demonstrated
significant amelioration after the third IDPSC application and even with difficulty,
but these animals could walk. At a follow-up 4 months later, all animals recuper-
ated their movement and even running capacities. At a follow-up 2 years later, the
animals demonstrated that hIDPSC transplantation was safe and could maintain
the physical performance of dogs, which were healthy. None of the animals demon-
strated tumor formation, which supposedly can be caused by stem cell transplanta-
tion [79, 80].

9.3 hIDPSC in rat model of Huntington’s disease

Huntington’s disease (HD) is an inherited neurodegenerative disorder. It is
caused by genetic mutation expansion of cytosine-adenine-guanine (CAG) repeats
in the huntingtin (Htt) gene localized on chromosome 4. This rare disease is found
in 0.4-5.7 cases per 100,000 people. The clinical symptoms appear in middle-aged
or older people and present motor, cognitive, and behavioral changes. HD causes
neuronal loss in the striatum and cortex. Mutant Htt protein forms neuronal intra-
nuclear aggregates in medium-spiny neurons (MSNs). HD causes neuronal loss in the
striatum and cortex. Mutant Htt protein forms neuronal intranuclear aggregates in
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medium-spiny neurons. This neuronal population of HD-vulnerable y-aminobutyric
acid (GABA) neurons in the striatum constitutes a hallmark of degeneration in HD
because these neurons die first.

Cumulative evidence has demonstrated that BDNF-expressing MSCs can
confer neuroprotection, promoting functional recovery in rodent Huntington’s
disease (HD) models. To investigate the capability of BDNF-expressing hIDPSC
to restore the BDNF, dopamine- and cAMP-regulated phosphoprotein, 32 kDa
(DARPP32), and dopamine D2 receptor (D2R) expression, Wistar rats subjected
to a subacute treatment with 3-nitropropionic acid (3-NP), a toxin that irrevers-
ibly inhibits the mitochondrial succinate dehydrogenase (SDH), leading to
mitochondrial dysfunction and neurodegeneration of striatal cells, mimic the
characteristics of HD. Although it is impossible to fully mimic the HD pathology
since no genetically modified or chemically induced animal models exhibit the
primary clinical signal of the disease, the chorea, the 3-NP has been successfully
used to promote selective brain damage that inevitably leads to striatal neurons’
(MSN) loss. Two doses of hIDPSC (single versus three consecutive injections)
were injected intravenously. The cells demonstrated homing in the striatum, cor-
tex, and subventricular zone. Thirty days after hIDPSC administration, the cells
found in the brain still express hallmarks of undifferentiated MSC (Figure 6).
Immunohistochemistry quantitative analysis revealed a significant increase in
BDNF, DARPP32, and D2R positively stained cells in the striatum and cortex in
the hIDPSC groups. The differences were more expressive in animals that received
only one administration of hIDPSC. These data suggest that intravenous hIDPSC
can restore the BDNF, DARPP32, and D2R expression, promoting neuroprotection
and neurogenesis [81].

Figure 6.

Human immature dental pulp stem cell engraftment in mice brain after the treatment with 3-nitropropionic
acid. A—C hIDPSCs stained with Vybrant (green) optical cuts demonstrate the polarization of hIDPSC,
suggesting their migration within brain capillaries. White arrows indicate hIDPSC green cytoplasm is shown by
white arrowheads, the same cells on A-C. D. hIDPSC fibroblastic morphology in brain parenchyma. hIDPSC
engraftment observed in the striatum E and subventricular zone in F. Overlapping (yellow) of Vybrant-stained
hIDPSC (red) with immunopositive staining for mesenchymal stem cell markers—CD1os5 (G) and CD73 (H)
both in green. A-D, G, H—confocal microscopy: Epifluorescence + DIC. G—Dblue artificial color. (D) Nucleus
stained with PI (ved).
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9.4 hIDPSC in rat facial nerve regeneration, local application

Facial nerve paralysis compromises muscles controlling smiling, blinking capacity,
and other facial movements. It is also accompanied by disorders in speech and mas-
tication, as well as esthetics. The successful facial nerve lesion regeneration depends
on the Schwann cells’ (SCs’) support, which participates in the phagocytosis of axon
and myelin debris and later in the myelination of newly formed axonal fibers, besides
the production of neurotrophic factors that contribute to regularization and modula-
tion of neuronal survival. We induced unilateral facial nerve crush in 70 Wistar rats
(CG—control not injured group, G1—crushed group, G2—crushed + hIDPSC). The
functional recovery was evaluated after 3, 7, 14, 21, and 42 postoperative days. The
cells (5 x 10°) were transplanted immediately after the crush injury. G2 exhibited
statistically more significant values (p < 0.05) in nerve growth factor expression com-
pared with CG and G1 at 7 days and showed complete functional recovery at 14 days,
while G1 recovered after 42 days. Additionally, G2 presented histological improve-
ment, evidencing better axonal and structural organization of the myelin sheath, and
exhibited statistically higher values for the outer and inner perimeters and g-ratio
(degree of myelination). At 42 days, both groups were close to the levels observed
in the control group. Therefore, a single injection of hIDPSC accelerates facial nerve
trunk regeneration [82].

10. Osteoarthritis and HIDPSC

Osteoarthritis (OA) affects millions of people worldwide. This common disease
occurs because the protective cartilage cushions the ends of the bones and is gradually
destroyed along the life, and it frequently affects hands, joints, knees, hips, and spine.
These irreversible damages and diseased people suffer from joint pain and movement
limitations. MSC can be injected into a joint helping to relieve pain, swelling, and
loss of movement. They can also be used to make artificial cartilage in a laboratory,
which can be transplanted into a joint helping to repair damaged bone, ligaments, and
cartilage [83-85].

10.1 Cartilage regeneration observed after intra-articular administration of
hIDPSC in experimental osteoarthritis rat model

Osteoarthritis is an incurable condition mainly affecting joints in your hands, knees,
hips, and spine. Due to the complexity of the disease, we investigated the molecular
and morphological effects after intra-articular injection of one single dose of hIDPSC
(8 x 10°) in the OA rat model. We also compared the effect of this treatment with the
effect of diacerein and glucosamine-chondroitin drugs, which are known to relieve
osteoarthritis symptoms. The cell therapy-treated group received the cells on day 14
after osteoarthritis induction, and euthanasia was performed after 60 days. The drug-
treated groups were given 50 mg/kg of diacerein and 400/500 mg/kg of glucosamine-
chondroitin starting on day 14 for 60 days. The morphological analysis and expression
of SRY-Box Transcription Factor 5 (SOX-5), Indian hedgehog (IHH), matrix metal-
loproteinase-8 (MMP-8), matrix metalloproteinase-13 (MMP-13), and Type II collagen
antibodies were statistically analyzed in lateral femoral condyle cartilage. We showed
that after hIDPSC transplantation, structural reorganization of the tissues of lateral
femoral condyles was observed, while the glucosamine-chondroitin sulfate provided
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anti-inflammatory modulation. The diacerein treatment preserves the primordial
cartilage of femoral condyles. In conclusion, we demonstrated that a single hIDPSC
injection significantly improved cartilage regeneration in an OA rat model compared
with the positive therapeutic effect of daily administered conventional drugs [86].

11. Aplastic anemia and hIDPSC

Aplastic anemia and myelodysplastic syndromes are rare disorders characterized
by bone marrow failure, which lead to a significant reduction in the hematopoietic
stem/progenitor cells (HSPCs), which results in defective mature blood cell produc-
tion and peripheral pancytopenia [87, 88].

11.1 Hematoprotective role of hIDPSC for aplastic anemia and potentially for
other hematopoietic failures

To induce the acquired aplastic anemia (AA), a mouse model subjected to total
body irradiation (TBI) was used. After three consecutive hIDPSC (1 x 106 cells/
animal) transplantations, we observed that the irradiated mice showed high BM
cellularity, recovering the normal BM histology 62 days after cell transplantation
(short-term treatment) when compared to irradiated mice treated with saline
(placebo). Furthermore, we showed that at D182, the irradiated mice treated with
hIDPSC demonstrated stable BM tissue improvement, as evidenced by histological
studies. In contrast, BM of the irradiated and placebo-treated mice still presented
a significant fat deposit. These data suggest that hIDPSC can stimulate BM tissue
recovery and long-term hematoprotection. They (hIDPSCs) maintained fibroblast-
like morphology and influence positively the expression of endogen Nestin, which is
a marker of vascular structures in BM [44] and a selective marker of BM perivascular
MSC that was downregulated after irradiation. In addition, the endogenous CD44+
cell increased in cell-treated mouse BM 180 days after hIDPSC transplantation. CD44
is essential for human hematopoietic regulation, including lymphocyte migration
and activation, progenitor cell proliferation, and BM environment restoration. This
result suggests that although hIDPSCs are of ectomesenchymal origin and differ from
bone marrow MSCs, they accurately respond to BM microenvironment control, thus
providing BM recovery [89].

12. Tumorigenic potenial of hIDPSC

Only the cell, which presents a modified genome leading to loss of control of cell
growth, can produce a malignant mass tumor. Analyzing factors (proliferation rate,
karyotype integrity, and mutations’ presence) that may influence the tumorigenicity
of hIDPSC to generate malignant tumors discards such a possibility. Moreover, no
scientific evidence supports malignant tumor generation by the MSC [90].

Teratoma formation is essential in determining the pluripotency of any plu-
ripotent cells, such as embryonic or induced pluripotent stem cells (ES and iPS
cells). A consistent protocol for assessing the cells’ teratoma-forming ability was
established and used in studies [91]. This method is helpful for the biosafety analysis
of other adult/mesenchymal stem cells (MSCs), such as those derived from DP of
deciduous teeth, umbilical cord adipose tissue, and others. To form teratomas, the
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normal pluripotent stem cells should have epithelial-like morphology and present
gap junction, which helps to keep these cells connected. Functionally, gap junctions
maintain cellular homeostasis by allowing communication between adjacent cells
[92]. However, gap junctions also play an essential role in teratoma formation because
they do not allow the migration of pluripotent cells from the local injection of the
cells aiming to form teratoma. Furthermore, the enzymatically dissociated cells are
used for teratoma formation. Therefore, the cells are co-injected with Matrigel, a
solubilized basement membrane matrix used for pluripotent cell adherence to ensure
cell mass formation. Co-injection of the pluripotent cells with Matrigel increased
subcutaneous teratoma formation efficiency from 25 to 40% to 80-100% [93]. In
early development, MSCs originated from pluripotent embryonic cells. Furthermore,
they underwent epithelial-mesenchymal transition and became migratory cells. This
argument discards the possibility of forming a teratoma by MSC because the cells
should stay together to form a teratoma or tumor.

12.1 Experimental evidence demonstrates that hIDPSC does not produce
teratomas

In Kerkis et al. [44], we reported that a few cells from the hIDPSC population
express two of three pluripotent stem cell markers, such as octamer-binding tran-
scription factor (Oct) 3/4 and Nanog. Therefore, hIDPSC can supposedly produce a
teratoma. This capacity of hIDPSC was tested. For this purpose, BALB/c nude mice—
females (Institute of Biomedical Sciences (ICB)/University of Sdo Paulo (USP), Isogenic
Mouse Vivarium) received an intraperitoneal injection of 1 x 10° hIDPSC. Animals
(n = 15) were sacrificed 1, 2, and 3 months after injection by approved methods, and
tissues of interest were freshly frozen to verify the presence of human cells. No teratoma
or other type of tumor formation was observed. The human DNA sequence encoding
the glucocerebrosidase (GBA) gene was detected by PCR in the sites of hIDPSC engraft-
ment and found in the liver, spleen, brain, kidney, and other organs [44].

Furthermore, the capacity of hIDPSC to form teratomas was verified when
hIDPSC was reprogrammed to induce pluripotent hIDPSCs using four Yamanaka
factors [95]. Reprogrammed hIDPSC-induced pluripotent stem cells (iPSCs) acquired
embryonic stem cell (ESC)-like morphology, expressed pluripotent markers, pos-
sessed stable, normal karyotypes, and demonstrated the ability to differentiate in
vitro and in vivo. Their capacity to format teratomas has also been tested. In this study,
no reprogrammed hIDPSCs were used as a control for hIDPSC-iPSC. Approximately
1 x 10® hIDPSC-iPSCs or hIDPSCs were suspended in PBS and injected into the right
testicle or intramuscularly into the limb of nude female mice anesthetized with isoflu-
rane. The injection sites were chosen based on reports of embryonic stem cell (ESC)
teratoma formation assays [94]. As reported, teratomas were observed between 5
and 7 weeks after injection only in mice that received hIDPSC-iPSC but not in those
receiving hIDPSC [95].

13. hIDPSCs display unique transcriptional signature

Since 2016, the hIDPSC isolation and cultivation technology [44, 48, 79], whose
development started in 2000 by a research group led by Dr. Irina Kerkis within the
Brazilian Butantan Institute, was licensed to Cellavita Pesquisas Cientificas Ltda.
Brazilian Startup Company in the middle of 2016. Based on this technology, an
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advanced cell therapy investigational product was developed for treating neurode-
generative diseases, particularly Huntington’s disease (HD). Currently, it comprises
a hIDPSC suspension in sterile saline solution (0.9% NaCl), which expresses Nestin,
a protein known for axon growth, and secretes high levels of brain-derived neuro-
trophic factor (BDNF). This revolutionary product is composed of cryopreserved
hIDPSC, which after thawing corresponds to the active component of the NestaCell®
product. Following intravenous (IV) administration, NestaCell® can migrate and
home in the brain tissues. Because of the low expression of HLA-DR antigens,
NestaCell® is safe for heterologous use without immune suppression. To provide fur-
ther characterization and to demonstrate stability of three different batches (donors)
of NestaCell® product, we performed the transcriptome analysis of these cells pro-
duced on a large scale using RNA-Seq. We used bioinformatics tools to obtain the list
of differentially expressed genes (DEGs), which were next subjected to functional
enrichment analysis. One of the most important findings is that the hIDPSC samples
showed clustering with a less dimensional distance compared with other analyzed
MSC samples. Although the hIDPSC shares at least 72% of transcripts with the other
137 MSC samples from different donors of adipocyte-derived (AD-MSC), bone
marrow (BM-MSC), hepatocyte-derived (HD-MSC), menstrual blood (MB-MSC),
umbilical cord (UC-MSC), and vertebral tissue (vMSC), they did not present overlap-
ping with these samples. Additionally, we showed that NestaCell® uniquely expressed
375 genes that represent 4.61% (375/8128 genes) of the whole transcriptome of the
product, and these genes mainly promote axon growth and guidance [96].

14. NestaCell® use in clinical regulatory studies in Huntington’s disease
and COVID-19

The neurogenic potential of hIDPSC was demonstrated in various animal models:
spinal cord compressive injury model in mice, in Wistar rats that suffered unilateral
injury due to crushing of the facial nerve, in dogs with neurological sequelae of
distemper, and in a pharmaceutical model of HD [76, 80-82]. All these studies, to
some extent, are related to HD pathologies. For instance, spinal cord compression
injury induces brain white-matter (WM) impairment. HD also leads to WM degen-
eration, possibly due to an early breakdown in axon myelination [97]. The facial nerve
regeneration model is also essential since uncontrollable movements of the face are
between later symptoms of HD [98]. Therefore, all these studies justify the clinical
investigation of NestaCell® product in HD.

Mesenchymal stem cell use in COVID-19 treatment appears helpful because of
these cells’ immunomodulatory, anti-inflammatory, and regenerative properties. It
has been suggested that MSC can improve the survival rate of critically ill COVID-19
patients via inflammation control [99]. NestaCell also showed immunomodulatory
potential in vitro [51-53], which made us believe that hIDPSC could improve clinical
COVID-19 symptoms.

14.1 Clinical trials on intravenous administration of NestaCell® product in
patients with Huntington’s disease and COVID-19

NestaCell product was used in three clinical studies. The first-in-human,
non-randomized, Phase I study entitled “SAVE” aimed to evaluate the safety and
tolerability and preliminary evidence of the effectiveness of the NestaCell® after
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intravenous administration in HD patients (ClinicalTrials.gov ID NCT02728115). This
study started on October 16, 2017 and enrolled six patients who received three intra-
venous injections, two doses 1 x 10° and 2 x 10° cells/kg of body weight and followed
for 5 years. The study showed that participants tolerated NestaCell® and that no
treatment-related serious adverse events were observed at the end of 2 years and up to
the present. Five of six patients presented improvement in the Unified Huntington’s
Disease Rating Scale (UHDRS) observed for six to nine months after the last adminis-
tration [100]. The second is a Phase II study entitled “ADORE” (ClinicalTrials.gov ID
NCT03252535), aimed at identifying the optimal NestaCell® dose for HD treatment.
This is a prospective, Phase II, single-center, randomized, triple-blind, placebo-con-
trolled study with two test doses of NestaCell® (= Cellavita HD) product. This study
enrolled 35 patients who started on January 15, 2018. The patients were randomized in
a2:2:1 ratio for the groups G1: lower dose (1 x 10° cells/weight range), G2: higher dose
(2 x 10° cells/weight range), or G3: placebo. The study confirmed that NestaCell®

is safe for humans with no treatment-related adverse effects. The Phase Il ADORE
study was extended, and the patients from the control group started to receive the
product since the patients from the experimental group demonstrated improvements
in UHDRS (motor score). Thus, the extension study evaluates the long-term safety
and efficacy of NestaCell® in patients who concluded the ADORE trial. The product
NestaCell is also being evaluated to proceed with the Phase III study.

Clinical trial entitled “HOPE” (ClinicalTrials.gov ID NCT04315987) was con-
ducted on COVID-19 hospitalized patients to evaluate the NestaCell® safety and pre-
liminary efficacy. This Phase I/II prospective, randomized, double-blind, multicenter,
placebo-controlled clinical trial enrolled the patients hospitalized with COVID-19 but
not requiring mechanical ventilation. A total of 90 male and female patients received
up to four intravenous injections of 20 million cells per injection (45 patients) or
saline (45 patients) every other day (a maximum of 80 million cells per patient).
NestaCell® was safe with no relevant treatment-related adverse effects [101].
However, there was no clinical or laboratory benefit in comparison with placebo.

14.2 NestaCell® do not engraft in preexisting malignant neoplasm

Although it is well stated that MSCs, including hIDPSCs, are safe in terms of
tumorigenicity, there is a constant concern with the use of cell therapy in patients
with preexisting malignancies. This is because several studies have reported that can-
cer naturally recruits stem cells (particularly bone marrow MSC), which can engraft
within the tumor microenvironment (TME), contributing to cancer progression and
metastasis, as previously revised by us in Costa et al. [102]. This concern is still higher
for lung cancer. Due to the pulmonary first-passage effect associated with intravenous
infusion (the most used route of MSC administration), there is a rising concern that
these cells could be entrapped in the lungs and grafted in preexisting lung cancer
[103]. Despite this concern, until 2021, no clinical report describes whether manufac-
tured stem cells, when transplanted in patients, could engraft within TME, contribut-
ing to the oncogenic process.

In this regard, during the clinical trial of the NestaCell® product, a patient with
Huntington’s disease who attended all roll-in criteria established by the study protocol
was subjected to the intravenous treatment with two cycles (one per year) of three
doses of 1 x 10° cells/kg each, receiving a dose per month. However, a preexisting
pulmonary nodule was identified during the trial screening. The patient was referred
to a pulmonologist who considered the nodule to be a benign tumor and authorized
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enrollment. One month after the last dose, it was observed as a nodule growth. For
this reason, the nodule was biopsied through a bronchoscopy biopsy, which revealed
alung adenocarcinoma. The neoplasm was surgically excised, and the tumor was sec-
tioned into six fragments (representing different areas). These fragments were sub-
jected to RNA-Seq analysis. The transcriptome of each tumor section was compared
with the transcriptomes of transplanted hIDPSCs (which correspond to the active
component of the NestaCell® product). Using reduction dimension analysis (PCA or
principal component analysis), we demonstrated no evidence of the hIDPSCs within
the lung adenocarcinoma. This result suggests that transplanted manufactured hIDP-
SCs neither home nor graft within the pulmonary nodule [104], reinforcing that the
cell therapy with the NestaCell® is safe even for patients with preexisting lung cancer.

15. Conclusions

The hIDPSC differential is the original method of isolation and culturing, which
allows for obtaining significant quantities of cells from one DP. This method is based
on DP explant culture and multiple DP transference to a new culture flask, avoiding
excessive passages requiring enzymatic DP and cell treatment. This method drasti-
cally decreases the number of donors used for cell isolation and, consequently, genetic
variability observed between donors during clinical studies. These cells were used in
multiple nonclinical studies demonstrating safety and efficiency in animal models. As
aresult of technology transfer from academic to commercial areas through licensing,
anew advanced cell therapy investigational product was created, which is currently
under clinical investigation. Therefore, NestaCell® is an innovative, cryopreserved,
off-the-shelf, allogenic cell therapy product, whose active ingredient is based on
young, undifferentiated, early passage, hIDPSC, and release of high levels of brain-
derived neurotrophic factor (BDNF) in vitro (minimum secretion level 1 ng/mL).

It is believed that NestaCell® exerts its therapeutic effects via paracrine secretion of
neurotrophic, growth, and anti-inflammatory factors in injured brain sites, like the
striatum of HD patients.
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Chapter 9

Pharma Intelligence Applied to the
Research and Development of Cell
and Cell-Free Therapy: A New Era
of the Medicine

Rodrigo Pinheiro Araldi, Jodo Rafael Dias Pinto
and Irina Kerkis

Abstract

Cellular and cell-free therapies have provided novel therapeutic opportunities
for treating various incurable diseases. This is because the mesenchymal stromal/
stem cells (MSCs) produce a plethora of bioactive molecules able to target different
biological pathways through extracellular vesicle-mediated paracrine mechanisms
simultaneously. However, to share transcriptomic signatures with their origin tissue,
it is expected that each MSC population has a unique molecular profiler. In this sense,
to analyze the transcriptome of therapeutic cells, it is crucial to identify the molecular
profiler of these cells to predict the potential clinical benefits promoted by these cells.
Herein, we discuss the application of high-throughput RNA-sequencing (RNA-Seq)
in the Pharma Intelligence Era, discussing and exemplifying how the combination of
molecular biology with Analytics can revolutionize the Research, Development, &
Innovation (RD&I) of advanced medicinal products.

Keywords: mesenchymal stem cell, extracellular vesicles, RNA-Seq, pharma
intelligence, analytics

1. Introduction

Since their discovery, mesenchymal stromal/stem cells (MSCs) have been pro-
posed as the best candidate for treating non-curable diseases [1-7].

Stem cells can be obtained from both embryonic and adult tissues. Embryonic stem
cells (ESCs) are derived from the inner cell mass of the human blastocyst at the pre-
implantation stage. However, hESC are pluripotent cells and can differentiate into all
cell types, which compose adult organisms. Therefore, when transplanted in an animal
model, these cells form teratomas—benign tumors that contain derivate of all three germ
layers, the most typical ones being bone, cartilage, neuronal rosettes, and epithelium of
the airways and gut [8]. By contrast, human adult stem cells (hASCs) comprise a popula-
tion of undifferentiated precursor cells that naturally reside in all tissues and organs.
However, hASCs show limited differentiating capability (multipotent cells), and they do
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not confer any risk of forming teratomas. This is one of the reasons why hASCs are the
most studied type of stem cell for therapeutic purposes.

The bone marrow hASCs are classified as stromal cells or mesenchymal stem cells
(MSCs). Stromal cells are progenitors of the hematopoiesis-supporting stroma and
are components of skeletal tissue such as bone, cartilage, and adipocytes. MSCs can be
isolated from numerous adult and perinatal tissues, such as bone marrow (BM), umbili-
cal cord (UC) vein, Wharton jelly, adipose and placental tissues, menstrual blood (MB),
liver, spleen, and dental pulp (DP) [2, 3, 9, 10]. Moreover, MSCs can be easily expanded
in vitro and in accordance with Good Manufacturing Process (GMP) conditions, which is
crucial to guarantee a large-scale production of therapeutic cells for therapeutic purposes.

For along time, it has been suggested that the therapeutic properties of stem cells
were based on the capacity of these cells to replace dead cells in injured tissues [3, 11].
However, studies showed that transplanted MSCs remain in the injury site for a few
days and, subsequently, are not found in the tissue [11-13]. These results were later
confirmed by numerous independent studies [10, 14, 15], which reported that less
than 1% of transplanted MSCs survive for more than 1 week after systemic admin-
istration [16, 17]. Historically, these studies broke the paradigm that the therapeutic
action of these cells is based on their capability to replace dead cells. Despite the
therapeutic properties and the facilities to isolate and produce these cells, the mecha-
nism of action (MoA) of the MSCs remains not completely understood.

Supporting this breaking paradigm, Takahashi et al. [18] showed that injection of
MSC conditioned culture medium (CCM) increases the capillary density, reduces the
damage size, and improves the cardiac function in murine models for heart attack.
This result, combined with previous evidence that less than 1% of MSCs survive for
more than 1 week after systemic administration, provided strong evidence that the
therapeutic properties of MSCs are mediated by the “secretome” of these cells, which
is composed of a plethora of bioactive molecules [2, 19, 20].

To date, several bioactive molecules have already been identified in the MSCs’ secre-
tome, such as chemokines cytokines, interleukins, growth factors, lipid steroids, nucleo-
tides, nucleic acids, ions, and metabolites [2, 21, 22]. These molecules can be found in free
form (when directly released into the extracellular space) or within extracellular vesicles
(EVs), which are recognized as a key component of paracrine secretion [6, 22, 23].

The rediscovery of EVs and the discovery that these vesicles mediate cell-to-cell
communication led to the conceptualization of the paracrine stimulation theory [11,
24]. This theory postulates that MSCs release a variety of bioactive molecules into
the intercellular space, playing a key role in cross-talk communication between the
cells and the surrounding tissues [1-3, 10, 25]. Thus, the MSCs’ secretome is the key
mediator of the regenerative action of these cells [6, 11, 21, 26]. For this reason, in
2017, Prof. Dr. Arnold Caplan, who isolated for the first time the MSC population for
therapeutic purposes, proposed to rename these cells to signaling cells [27].

The paracrine stimulation theory not only brought novel horizons to elucidate
the MoA of stem cells but also allowed us to explore the biotechnological potential of
these EVs in a new therapeutic modality known as cell-free therapy [2, 6, 22, 28].

2. Cell-free therapy: novel horizons for the treatment of non-curable
diseases

The discovery that the MSC conditioned culture medium (CCM) elicits therapeu-
tic properties similar to the MSCs [18] aroused the interest in exploring the content
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of this CCM as an alternative to cell therapy. However, CCM contains components
such as bovine fetal serum, antibiotics, and pH indicators that limit the direct applica-
tion of this medium for clinical purposes. For this reason, the CCM is discarded as a
subproduct of the MSC manufacturing process. Thus, biopharmaceutical companies
are discarding a valuable source of feedstock rich in bioactive molecules that could be
explored for clinical purposes in cell-free therapy [6, 28].

Although the MSC-derived bioactive molecules could be found in a free form
diluted in the CCM, generally, in this form these bioactive molecules are easily
degraded or oxidized. By contrast, when released within EVs, these bioactive mol-
ecules are preserved, increasing the half-life of these molecules [6, 28]. Therefore, it
is not surprising that cell-free therapy is based on the therapeutic use of these EVs,
justifying the increased interest in these vesicles, as illustrated by the number of
publications involving EVs shown in Figure 1.

Although the interest in these vesicles had emerged two decades ago (Figure1),
the EVs were discovered in the second half of the 1940s, when Chargaff, studying
blood coagulation, observed small “membrane debris” sedimented at high-speed cen-
trifugation of plasma supernatant [29, 30]. Twenty years later, after Chargaff’s report,
Peter Wolf confirmed the existence of corpuscles, “platelet dust,” through electron
microscopy [31]. However, the biological nature of these corpuscles remained
unknown until 1974, when Nunez et al. [32] identified structures with a size under
1000 nm, called multivesicular bodies (MVBs), opening up the path in the identifica-
tion of a subtype of EVs that later was called exosomes or small EVs (30-150 nm) [33].

The EVs comprise a heterogenous group of small cell-released particles [34],
which are classified according to their size and biogenesis in exosomes (30-200 nm),
microvesicles (150-1500 nm), and apoptotic bodies (1000-5000 nm) [6, 35, 36].
Among these EVs, exosomes are the most studied and useful type of EV for therapeu-
tic purposes [6, 36]. For this reason, we will focus on this class of EV.

Exosomes are nanosized vesicles, surrounded by a phospholipid membrane, contain-
ing cholesterol, sphingomyelin, ceramide, lipid rafts, and evolutionarily conserved
markers such as tetraspanins (CD9, CD63, and CD81), heat shock proteins (HSP60,
HSP70, and HSP90), major histocompatibility component (MHC) classes I and II, Alix,
TSG101, lactadherin, and lysosome-associated membrane glycoprotein 2 [6].

Exosomes constitutively originate from late endosomes, which are formed by
inward budding of the limited multivesicular body (MVB) [6, 37, 38].

MVBs and late endosomes are a subset of specialized endosomal compartments
rich in intraluminal vesicles (ILVs) [39]. During the ILV formation process, certain
proteins are incorporated into the invaginating membrane, while the cytosolic
components are engulfed and enclosed within the ILV [38, 40, 41].

Along the biogenesis, the endosomal sorting complex required for transport
(ESCRT), which consists of ESCRT-0, -1, -II, -III, combined with the vacuolar protein
sorting 4-vesicle trafficking 1 (VPS4-VTA1), and some accessory proteins such as
the ALG-2-interacting protein X (ALIX) homodimer [42] promotes the sorting of
specific biomolecules to the exosomes [43].

Upon maturation, the MVBs can be transported to the plasma membrane via the
cytoskeletal and microtubule network and undergo exocytosis post-fusion with the
cell surface, whereby the ILVs get secreted as exosomes [40, 44]. Alternatively, MVBs
can also follow a degradation pathway either by direct fusion with lysosomes or by
fusion with autophagosomes followed by lysosomes [39]. Although both the secretory
and degradative MVB pathways coexist, the mechanism that influences these path-
ways remains unclear [39].
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Figure 1.

Number of publications involving extracellular vesicles from 1956 to October 10, 2023 (A). Numbers show an
increased intevest in these vesicles, which has increased since 2008. Results also show an increased interest in
exosomes from 2004 (B), a specific class of EV. However, the number of publications using exosomes devived from
MSCs has been reduced since 2010 (B).

Once released into the extracellular space, exosomes interact with the extracellular
matrix and recipient cells, serving as natural vehicles for the nanodelivery of nucleic
acids, proteins, metabolites, and lipids [6, 36, 39].

Considering that all cell types naturally produce and secrete exosomes, all cell
types can be considered a source of exosomes [6, 28]. However, for therapeutic pur-
poses, the MSCs emerge as the most important source of therapeutic exosomes. This
is because, as previously discussed, MSCs can be easily isolated and produced ona
large scale. In addition, these cells naturally produce a plethora of bioactive molecules
that can elicit therapeutic responses. Thus, considering that during the biogenesis,
the ESCRT complex promotes the sorting of specific molecules that may be driven
to the lumen of these nanosized vesicles, it is expected that the molecular cargo of
exosomes changes according to their origin. Therefore, no prototype MSCs can serve
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as a universal source of exosomes to treat all types of diseases. For this reason, know-
ing the molecular profiler (transcriptomic signature of MSCs) can help us to identify
appropriate exosomes for the treatment of a set of diseases. In this regard, RNA-Seq
emerges as a useful tool to identify the molecular profiler of these cells and their
respective exosomes and, with this, to predict the clinical application of these cells
and/or exosomes.

3. RNA-Seq analysis applied to identification of molecular profiler of
ATMPs

The advent of high-throughput techniques presents a multitude of opportunities
to the biopharmaceutical industry [45, 46]. Among these techniques, transcriptome,
which includes RNA sequencing (RNA-Seq) and single-cell RNA sequencing (scRNA-
Seq), stands out due to their capability to assess qualitative and quantitatively the
gene expression levels, serving as important tools to characterize MSCs and MSC-
derived exosomes with therapeutic interest. While RNA-Seq can be applied to charac-
terize a cell or exosome population, scRNA-Seq is useful to analyze the heterogenicity
of cell type in the MSC population. This chapter will focus on RNA-Seq since this
technique is most useful to characterize MSC or MSC-derived exosome populations
and predict their therapeutic properties.

Due to the complexity of the RNA-Seq data, several recommendations have been
proposed to guarantee the quality of the results obtained with this technique [46-49].
In general, these recommendations are focused on experimental questions, such
as the number of samples, sequencing depth, quality control, read alignment, and
quantification of gene levels [47-49]. However, there is no single analysis pipeline to
be used in all cases. In this sense, the multiple bioinformatic tools, especially those
applied to assess the differential expression, make the RNA-Seq data analysis a labori-
ous task, requiring basic knowledge of genetics, bioinformatics, and statistics [46].

Statistical analyses comprise a mandatory step to identify differentially expressed
genes (DEGs), which can be used to characterize the molecular profile and predict
the therapeutic potential of MSCs or MSC-derived exosomes. Although the statistical
techniques required for these purposes are included in the packages used to analyze
the RNA-Seq, the choice for inappropriate controls and/or the lack of the most power-
ful analytics techniques, particularly those based on artificial intelligence (AI), can
negatively affect the power of the transcriptome to predict the therapeutic potential
of cell and cell-free products.

However, the combined use of traditional statistical methods with Analytics tools
to analyze Pharma Big Data such as those generated by the RNA-Seq has revolution-
ized both pharmaceutical and biopharmaceutical industries. The combination of
these techniques applied to analyze (bio)pharmaceutical data led to the advent of
Pharma Intelligence, which has revolutionized the research, development, & innova-
tion (RD&I) in life sciences [46].

4. Pharma Intelligence applied to the identification of transcriptomic
signature of different types of MSCs

Pharma Intelligence (PI) is a generic term employed to refer to the combined use
of mathematics, statistics, Data Analytics (or Analytics), Business Intelligence (BI),
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bioinformatics, and artificial intelligence (AI) to analyze and extract valuable infor-
mation from big data produced in the multi-Omics Era [46].

Pharma Intelligence emerged as a need of the pharmaceutical sector that, over the
last two decades, evidenced numerous disadvantages of the traditional empirical drug
development model [46]. The traditional empirical drug development model is based
on meeting regulatory requirements to guarantee the investigational product (IP) gets
market access instead of providing the most useful details about the IP, such as the
eventual side effects and even the mechanism of action (MoA), which could predict
the drug repositioning, accelerating the RD&I in the pharmaceutical area [46]. For this
reason, historical evidence of the traditional empirical drug development model not only
increases the time to obtain the registry of new (bio)pharmaceutical products for the
treatment of NCDs but also causes economic losses to the entire pharmaceutical supply
chain. In this regard, technologies that could predict the eventual risk of the IP, and MoA
are crucial to mitigate the failure rate of the IP during the clinical trials.

On the one hand, the advent of “Omics” technologies (genomics, transcriptome,
proteome, and metabolome) revolutionized the RD&I in the (bio) pharmaceutical
sector; on the other hand, these multi-Omics tools have contributed to the generation
of high amount of data (Big data) that are not efficiently used by (bio)pharmaceutical
industry to generate valuable insights [46, 47, 50, 51]. Moreover, due to the complex
nature of the pharmaceutical data, which combine structured (tabular data) and
non-structured data (image bank, sound, and video recording from clinical trial), the
conventional statistical techniques are not sufficient to efficiently explore these data-
sets [46]. This occurs because standard statistical tests assume that a single hypothesis
is tested. However, when multiple hypotheses are tested simultaneously, there is a
higher probability of a type I error (false-positive)—an incorrect rejection of a true
null hypothesis [46, 52]. However, PI has allowed us to overcome the challenges
imposed by the Pharmaceutical Big Data Era, helping to select variables of interest,
revealing unexpected correlations among these variables, and significantly reducing
the time and cost of drug discovery [46, 52, 53].

In addition, the PI possibilities the reanalyze of datasets available on public data
banks, such as the Sequence Read Archive (SRA) of the National Institute of Health
(NIH, https://www.ncbi.nlm.nih.gov/sra), facilitating the RD&I of ATMPs.

5. Pharma intelligence applied to prediction of therapeutic potential of
MSCs and MSC-derived exosomes

To share a transcriptomic signature with their origin tissue, each MSC popula-
tion is expected to possess different molecular profiles. Thus, it is not surprising that
there is no universal MSC that can confer therapeutic benefits for all diseases. For this
reason, identifying the molecular profile (or transcriptomic signature) of each MSC
population is crucial to predicting the therapeutic potential, as well as the mechanism
of action (MoA) of these cells.

In this sense, the SRA can serve as a useful source of RNA-Seq datasets of MSCs
and MSC-derived exosomes to predict the appropriate use of each MSC or MSC-
derived exosome for target disease.

Generally, standard analysis of RNA-Seq, using conventional packages (DSeq2,
NOISeq, edgeR, etc.) to assess the genes differentially expressed, provides noise
results. This is because these packages are based on statistical tests that provide
p-values. Thus, all gene that shows a p-value <0.05 is recognized as differentially
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expressed. However, slight biological expression differences result in a significant
p-value (p-value <0). Although commonly employed, analysis using this analytical
approach can result in the identification of numerous genes/transcripts with low
biological relevance. Alternatively, some bioinformaticians have calculated the log2
fold-chance (log2FC) and adopted a cutoff value that could justify a phenotypic
difference (i.e., a biological response), assuming that this cutoff represents a statisti-
cally significant difference. However, using appropriate analytical strategies based
on PI, it is possible to combine the log2FC to statistical tests to select genes of interest
accurately for downstream prediction analyses.

This strategy was currently used to assess the transcriptional profile of human
immature dental pulp stem cells (hIDPSCs) produced on a large scale [54]. In order to
increase the predictor power of this method, the study compared the hIDPSCs transcrip-
tional profile with the transcriptome signature of other MSCs obtained from adipose
tissue (AD-MSC, BM-MSC (HD-MSC, hepatocyte-derived-MSC), menstrual blood
(MB-MSC), UC-MSC and vertebral tissue (vMSC) [54]. For this, the study employed a
dataset comprised of more than 130 samples from the SRA [54]. Results obtained by the
PI showed that the hIDPSCs have a unique transcriptome when compared with other
analyzed MSCs [54]. The study also identified that the hIDPSCs express 375 unique
genes (Table 1), which are not expressed by other MSCs [54]. These unique genes were
subjected to the biological functional enrichment analysis. Interestingly, the results of
these analyses suggest that the hIDPSCs have a higher capacity to mediate cell commu-
nication when compared to other MSCs and that the genes exclusively expressed by the
hIDPSCs regulate metabolic processes and neurogenesis [54]. To confirm experimentally
these results, primary motor neurons from transgenic mice for amyotrophic lateral
sclerosis (ALS) were treated with three different concentrations of exosomes isolated
from the conditioned culture medium of these cells for up to 14 days. Results showed
that the exosomes derived from the hIDPSCs were able to promote both neurite and
axon guidance length in a concentration- and time-dependent manner [54]. These data
provide evidence that the PI applied to the analysis of RNA-Seq of therapeutic cells has
an accurate predictor power.

Using this same analytical approach (based on PI), herein we reanalyzed these
data, showing that the MSCs share the expression of 5912 genes in common, which
represents between 61.62% (MB-MSC) to 85.53% (BM-MSC) of the genes encoded by
these cells (Table1).

Number of genes

MSC population Total identified Commonly expressed (%) Exclusively expressed
AD-MSC 7581 5912 (77.98%) 13
BM-MSC 6912 5912 (85.53%) 0
HD-MSC 7739 5912 (76.39%) 93
hIDPSC 8127 5912 (72.75%) 375
MB-MSC 9593 5912 (61.62%) 832
UC-MSC 7011 5912 (84.32%) 0

vMSC 7970 5912 (74.17%) 114

'In relation to the total genes identified/MSC population.

Table 1.
Genes commonly e exclusively expressed in each MSC population.
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Aiming to predict the biological pathways in which these 5912 genes commonly
expressed by all MSCs, it was employed the same functional enrichment technique
used to predict the hIDPSCs therapeutic properties. Results showed that 98.34%
(5814/5912) genes commonly expressed by all MSCs encode proteins, which are
involved in (i) metabolic process (4246) and (ii) biological regulation (3877), (iii)
response to stimulus (2811), (iv) cellular component organization (2557), and (v)
cell communication (1968) (Figure 2). The high number of cell communication-
related genes identified as commonly expressed by the MSCs reinforces the paracrine
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Figure 2.

Biological functional envichment in terms of biological process of the 5814 genes commonly expressed by the MSC
populations analyzed. Results were obtained using the WEB gestalt tool, available from: https://www.webgestalt.
org/.
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stimulation theory, suggesting that the therapeutic effects of MSCs can be mediated
by the bioactive molecules naturally produced and secreted by these cells within EVs.

Biological function enrichment also showed that the genes commonly expressed
by the MSCs are involved in (i) transcriptional and (ii) translational regulation, being
associated with protein folding and polyubiquitination (Table 2). Interestingly, the
products of these genes are also involved in (iii) mitochondrial regulation, (iv) cell
survival, (v) angiogenesis, and (vi) vesicle-mediated transport (Table 2). These data
show that MSCs have a complex mechanism of action since the proteins encoded by
these cells can act synergically and simultaneously in multiple biological pathways,
which are found deregulated in most diseases.

Using the same approach, we also analyzed the set of genes identified as exclu-
sively expressed by the MB-MSCs, since this MSC population showed the highest
number of unique genes, followed by the hIDPSCs (Table 1). Results showed that
96.39% of the genes exclusively expressed by the MB-MSCs (802/832) encode
proteins, which are related to (i) metabolic process (480), (ii) biological regulation
(410), (iii) response to stimulus 251), (iv) component organization (223), and other
biological process, including (v) cell communication (Figure 3).

Biological function enrichment analyses of the genes exclusively expressed by the
MB-MSCs showed that most of the products encoded by these genes bind to the DNA,
acting as transcriptional factors, regulating cellular responses to DNA damages, or are
involved in DNA replication, as part of the replication fork (Table 3).

Interestingly, the reanalyzing of the 375 genes exclusively expressed by the
hIDPSCs showed that, although the unique genes found in hIDPSCs are involved
in the same biological process regulated by the unique genes found in MB-MSCs
(Figure 3), they govern distinct biological pathways (Table 4), conferring different
therapeutic properties for these two populations of MSC. This is because the unique
genes expressed by hIDPSCs are involved in neurogenesis and synapsis (Table 4),
suggesting that these cells can be explored for the treatment of neurological disorders,
such as neurodegenerative diseases.

Confirming the predictor power of the Pharma Intelligence applied to cell therapy,
preclinical studies involving the intravenous administration of the hIDPSCs in rat
models for Huntington’s (HD, neurodegenerative disorder characterized by a progressive
loss of medium spiny neurons (MSNs) in the striatum, causing motor, cognitive and
neuropsychiatric disorders) provided evidence that these cells can cross the brain-blood
barrier and engraft within the brain areas involved in the HD pathophysiology. Besides
this, the study showed that the hIDPSCs administration increases the expression of
MSN biomarkers, suggesting a neuroregenerative action [55]. In another independent
study, using a rat model for Parkinson’s disease, it was also observed that the intravenous
administration of these cells ameliorated the motor function of these animals only 3
days after the cell transplantation [56]. Similar results were also demonstrated in phase
I clinical trial for HD, which provided evidence that the transplantation of hIDPSCs can
improve the motor function of patients with HD [57].

6. Perspectives of the use of pharma intelligence in cell and cell-free
therapy

Although already commonly used by pharmaceutical companies to accelerate the
RD&I in drug discovery, the complex nature of MSCs and/or MSC-derived exosomes
still has limited the application of Pharma Intelligence as part of the characterization
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Enrichment result FDR  p-value  Geneset Overlap
size
Geneontology (GO) Regulation of catabolic process 0.000 0.000 875 510
(G0:0009894)
Positive regulation of catabolic process 0.000 0.000 348 204
(GO:0031331)
Vesicle-mediated transport 0.000 0.000 1942 899
(G0:0016192)
Translational initiation (GO:0006413) 0.000 0.000 192 154
RNA binding (G0:0003723) 0.000 0.000 1603 1056
RNA processing (GO:0006397) 0.000 0.000 487 337
Protein targeting (GO:0006605) 0.000 0.000 412 264
Protein folding (GO:0006457) 0.000 0.000 210 131
Protein polyubiquitination 0.000 0.000 255 155
(G0:0000209)
Ubiquitin ligase complex 0.000 0.000 273 166
(G0:0000151)
Mitochondrial protein complex 0.000 0.000 266 167
(G0:0098798)
Pathway (KEGG, Protein processing in endoplasmic 0.000 0.000 165 125
Pnather, Reactome, reticulum (has04141)
Wikipathay) Ubiquitin-mediated proteolysis 0.000  0.000 136 100
(hsa04120)
Ubiquitin proteasome pathway 0.000 0.000 44 37
(P00060)
p38 MAPK pathway (P05918) 0.000 0.000 34 24
RAS pathway (P04393) 0.000 0.000 70 48
PI3 kinase pathway (P00048) 0.000 0.000 47 30
PDGF signaling pathway (P00047) 0.000 0.000 125 72
Integrin signaling pathway (P000340 0.000 0.000 166 95
P53 pathway (P00059) 0.000 0.000 79 44
Transcription regulation of TP53 0.000 0.000 365 221
(R-HAS-3700989)
Vesicle-mediated transport 0.000 0.000 667 397
(R-HAS-5653656)
Cellular response to stress 0.000 0.000 426 242
(R-HAS-2262752)
PTEN regulation (R-HAS-6807070) 0.000 0.000 140 104
mRNA processing (WP411) 0.000 0.000 126 108
Electron transport chain (OXOPHOS 0.000 0.000 103 71
system in mitochondria) (WP111)
VEGFA-VEGFR2 signaling pathway 0.000 0.000 431 280
(WP3888)
EGF/EGEFR signaling pathway (WP437) 0.000 0.000 162 109

FDR — false discovery ratio; GO — Geneontology; has — KEGG; P — Panther; R-HAS — Reactome; WP — Wikipathway.

Table 2.

Biological functional envichment of the genes commonly by all analyzed MSC population.
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Biological functional envichment in terms of biological process of the genes exclusively expressed by the MB-MSCs
(A) and hIDPSCs (B) results were obtained using the WEB gestalt tool, available from: https://www.webgestalt.

org/.
Enrichment result FDR p-value Overlap

Geneontology RNA modification (GO:0009541) 0.000 0.000 41
(GO) ncRNA processing (GO:0034470) 0.000 0.000 38
DNA repair (GO:0006281) 0.000 0.000 43
Cellular response to DNA damage stimulus 0.000 0.000 62

(GO:0006974)
DNA replication (GO:0006260) 0.000 0.000 27
Replication fork (GO:0005657) 0.034 0.000 10
DNA-binding transcriptional factor activity 0.000 0.000 114

(G0:0003700)
Methyltransferase activity (GO:0008168) 0.000 0.000 27
Pathway Chromosome maintenance (H-SRA-73886) 0.000 0.000 17
Ubiquitin-mediated proteolysis (hsa04120) 0.000 0.000 100
Mitotic spindle checkpoint (H-SRA-69618) 0.000 0.000 16
Cell cycle (H-SRA-1640170) 0.000 0.000 49
Gene expression (transcription) (H-SRA-1640170) 0.000 0.000 49

FDR — false discovery ratio; GO — Geneontology; R-HAS — Reactome.

Table 3.

Biological functional envichment of the genes exclusively expressed by MB-MSC population.
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Enrichment results FDR p-value Overlap
GO Neurogenesis (G0O:0022008) 0,000 0,000 51
Neuron spine (GO:0044309) 0,007 0,000 10
Dendritic spine (GO:0043197) 0,0000 0,007 10
Neuron to neuron synapsis (GO:0098984) 0,019 0.000 13

FDR — false discovery ratio; GO — Geneontology.

Table 4.
Biological functional envichment of the genes exclusively expressed by hIDPSC population.

and, as a tool to predict the therapeutic potential of cells and exosomes. However,
fortunately, today, we already have specialists and facilities providing innovative
solutions that combine mathematical, statistics, analytics, and bioinformatic tools
to extract valuable information from multi-Omics, preclinical, and even clinical
datasets. Although the number of specialists and companies dedicated to employing
Pharma Intelligence in RD&I of cell and cell-free therapy remains reduced when
compared to the number of companies offering services dedicated to drug discov-
ery, Pl is no longer a promise for the future of these therapies. PI is the New Era of
advanced medical therapies.

Moreover, the capability of the algorithms to predict results that can drive
the correct use of each MSC population or even each MSC-derived exosome has
improved, particularly with the combined use of Al Section 6 exemplifies how
the appropriate use of PI can drive the correct use of MSC populations for clinical
purposes.

However, the recent emergence of ChatGPT (which is a type of AI) and the
idealization of the use of Al brought by science fiction (sci-fi) could lead to a false
interpretation of the power of these techniques, creating an over-expectation about
the PI.

In this sense, PI may be understood as a powerful predictor tool to characterize
molecular cells and exosome candidates for clinical purposes that can bring many
advantages to the R&D of cell and cell-free therapies. Thus, PI serves as a tool to
facilitate decision-making, allowing us to identify the best application or predict the
MoA of a specific MSC population or MSC-derived exosome.

On the one hand, the PI brings novel opportunities, including job offers. On the
other hand, it requires qualified professionals who have expertise in life science (par-
ticularly with expertise in cell and cell-free therapy) and analytics. This is because the
predictive value of any result obtained using PI depends on many factors, such as (i)
the data quality, (ii) data organization and availability, advanced knowledge in (iii)
programming, (iv) statistics, (v) bioinformatics, (vi) molecular and cellular biology,
and in (vii) the pathophysiology of the target disease. Despite this complexity, which
requires a multidisciplinary effort to extract valuable information from data, PI can
be considered a revolutionary tool for the biopharmaceutical sector, accelerating
the time to obtain the registry of an investigational product and reducing costs with
non-necessary experiments needed to bring the proof of concept (POC) required for
Regulatory Agencies.
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