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Preface

Since the first description or discovery of mesenchymal stem cells and induced
pluripotent stem cells in the 1960s and 2006 respectively, these types of stem cells
have witnessed enormous progress not only in their manufacture or preparation but
also in their clinical utilization to treat several medical diseases. Many experts in the
field believe that, in the near future, these specific types of stem cell may reshape
the field of medical therapeutics and may eventually become potentially curative
for several chronic and intractable medical conditions.

The book presents the latest information on both stem cell types. It is divided into
three sections that cover several topics including: update on both cell types with a
focus on their clinical utilizations; the use of various types of mesenchymal stem
cells in the treatment of infectious diseases, osteoarthritis, and immunological
disorders; in addition to the nature as well as the angiogenic paracrine properties of
mesenchymal stem cells. Each chapter was written by scientists and clinicians with
expertise in the field.

I would like to thank the authors for their valuable contributions, as well as the
publishing manager Ms. Sara Debeuc and IntechOpen staff for their remarkable
efforts that ultimately made this book project a reality.

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

Introductory Chapter: Update
on Mesenchymal and Induced
Pluripotent Stem Cells

Khalid Ahmed Al-Anazi

1. Introduction

Stem cells are a subset of biological cells in the human body that are capable of
self-renewal, tissue repair, differentiation, and division into different cell lineages
[1-3]. Based on their origin and potency, stem cells are divided into either (1)
embryonic and adult (non-embryonic) stem cells or (2) unipotent, oligopotent, toti-
potent, multipotent, and pluripotent stem cells [1, 2, 4, 5]. Multipotent or adult stem
cells include mesenchymal stem cells (MSCs), while pluripotent stem cells include
embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) [5].

2. MSCs

MSCs are heterogeneous, non-hematopoietic, adult multipotent stromal
progenitor cells that are capable of self-renewal and differentiation into multiple
lineages and various cell types [6-12]. They were first described in the 1960s by
Alexander Friedenstein [7, 8, 10, 13]. They can be isolated from the bone marrow
(BM), peripheral blood, umbilical cord blood, amniotic fluid, placenta, adipose tis-
sue (AT), dental pulp, palatal tonsil, synovial fluid, salivary glands, as well as liver,
lung, skin, and skeletal muscle tissues [6-13]. The main source of MSCs is the BM
although MSCs constitute only a small fraction of the total number of cells populat-
ing the BM [7, 9-11].

MSCs have certain distinguishing features: being plastic adherent and ability of
differentiation into osteoblasts, adipocytes, and chondrocytes, in addition to having
characteristic surface markers [6-8, 10, 11, 13, 14]. On flow cytometry, they are
characteristically positive for CD105, CD73, and CD90 and negative for CD45, CD34,
CD11b, CD14, CD19, CD79a, and HLA-DR [6-8, 10, 11, 13]. However, several studies
have shown that MSCs obtained from BM, AT, and other sources do express CD34
surface markers [9, 15-18]. MSCs can be seen in abundant numbers in the circula-
tion under the following circumstances: stem cell mobilization with growth factors,
tissue injuries, stroke, hypoxia, and inflammatory conditions [9, 19-24]. Despite
the efforts made over the last five decades including identification of nine transcrip-
tional factors, little is known about the molecular basis underlying the stemness of
MSCs, and it is still unclear whether the recently discovered genes regulate stemness
or only differentiation of MSCs [12].

MSCs have immunomodulatory and immunosuppressive properties that enable
them to have several therapeutic and clinical applications, which include the
enhancement of engraftment as well as prevention and treatment of graft versus
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host disease (GVHD) in recipients of allogeneic hematopoietic stem cell transplan-
tation (HSCT); treatment of several autoimmune disorders such as systemic lupus
erythematosus, rheumatoid arthritis, systemic sclerosis, type I diabetes mellitus,
and Crohn’ disease; role in regenerative medicine and tissue repair including
treatment of myocardial ischemia, myocardial infarction, cardiac dysfunction,
dilated cardiomyopathy, chronic non-healing wounds, critical limb ischemia, liver
injury, spinal cord injuries, as well as macular degeneration, corneal reconstruc-
tion, and transplantation; neurological disorders such as multiple sclerosis and
amyotrophic lateral sclerosis; bone and cartilage diseases such as osteogenesis
imperfecta; and treatment of various infections and acute respiratory distress
syndrome [6, 7, 11, 25-27].

MSCs are major constituents of hematopoietic stem cell niche which is a highly
complex and dynamic microenvironment of the BM [28]. Leptin receptor (LepR) is
a marker that enriches BM-MSCs, and LepR+ cells in the BM are a major source of
bone, cartilage, and adipocytes [29]. The exosome secretome of BM-MSCs regu-
lates stem cell maintenance and their regenerative potential, and this BM-derived
secretome will be critical to the future development of therapeutic strategies for
oncologic diseases and regenerative medicine [30]. Apparently, MSCs are the
masters of survival and clonality as they communicate with diverse immune cells
and interact with other cellular components of the BM microenvironment as well as
with normal cells, leukemic stem cells, and progenitor cells [31]. The main func-
tions of MSCs include formation of hematopoietic microenvironment, modulation
of the activity of the immune system, and regulating cell trafficking [32]. When
stimulated by specific signals, MSCs can be released from BM niche into circulation
and can be recruited to the target tissues where they undergo in situ differentiation
and contribute to tissue regeneration and homeostasis [33]. The efficacy of MSCs is
linked to their immunosuppressive and anti-inflammatory properties primarily due
to the release of soluble factors [34].

The putative roles of BM-MSCs during infection are detection of pathogens;
activation of host immune response; elimination of pathogens; induction of proin-
flammatory gradients; and modulation of proinflammatory host immune response
[6, 7]. Examples of the immunoregulatory properties of MSCs include inhibition of
differentiation of monocytes to dendritic cells (DCs), alteration of cytokine profile
of DCs, induction of tolerant phenotypes of naive and effector T cells, inhibition of
antibody production by B cells, and suppression of natural killer (NK) cell prolif-
eration and NK-mediated cytotoxicity [35]. BM-MSCs may augment antimicrobial
responses, abridge proinflammatory and damage responses, and ameliorate injury
caused by the host defense to the pathogen [6, 7]. BM-MSCs appear to function
as a critical fulcrum providing balance by promoting pathogen clearance during
the initial inflammatory response and suppressing inflammation to preserve host
integrity and facilitate tissue repair [6].

MSCs could potentially be involved at multiple levels in host defense by mobiliz-
ing immune effector cells and modulation of proinflammatory immune responses
so as to minimize the tissue damage induced by inflammation [6, 36]. The immu-
nomodulatory properties of MSCs are mediated by both: cell to cell interaction and
the secreted cytokines [36, 37]. BM-MSCs may protect against infectious challenge
either by direct effects on the pathogens or through indirect effects on the host [6].
On the other hand, certain types of MSCs, particularly placenta-derived MSCs and
fetal membrane-derived MSCs, are highly susceptible to herpes viruses including
varicella zoster virus [7, 38].

Studies have shown that several types of stem cells including BM-MSCs and
neural stem cells can cross the blood brain barrier and reach tumors localized in
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the brain such as glioblastoma multiforme as well as ischemic areas and injured
sites in the brain and engraft there. Hence, MSCs can be used as means of cellular
carriers or Trojan horses to deliver cytotoxic genes or therapeutic agents for brain
tumors, and they can be used to exert their therapeutic and regenerative effects
in the brain [39-43]. In cancer, MSCs are a double-edged sword as they can exert
stimulatory effects on tumor development, while they can have inhibitory effects
on cancer cell growth and metastases [44]. MSCs have anticancer properties, and
they can be engineered or modified to become carriers of suicide genes, employed
as carriers of anti-angiogenesis factors, and utilized to target cancer stem cells
[45-47]. MSCs have recently been engineered to express antiproliferative, anti-
apoptotic, and antiangiogenic agents that specifically target different types of solid
tumors [45].

The capacity of MSCs to proliferate and differentiate into other cells in addi-
tion to their ability to release biomolecules such as cytokines, growth factors, and
microvesicles that have anti-inflammatory, immunomodulatory, anti-fibrogenic,
and trophic functions make MSCs ideal candidates to function as delivery platform
for cellular and gene therapies [48, 49]. Consequently, clinical trials incorporating
the utilization of MSCs in the treatment of immune-related diseases have rapidly
evolved after reports from preclinical studies confirming their safety and efficacy
[49]. Recently, scientists have established several strategies to generate highly
functional AT-derived MSCs and these include preconditioning of AT-MSCs with
various stimulants and inflammatory agents; genetic manipulation of AT-MSCs;
modification of culture conditions with three-dimensional aggregate formation
and hypoxic culture; and proper utilization of exosome and extracellular vesicles
(ECVs) that are secreted by AT-MSCs [50, 51]. Also, the main focus has recently
shifted from studying differentiation of MSCs to studying their paracrine proper-
ties such as the release of ECVs that contain numerous micro-RNAs (miRNAs)
including regulatory miRNAs and the production of multiple bioactive proteins and
compounds that regulate MSC differentiation [52]. Hence, soluble elements derived
from MSCs including ECVs have recently been proposed as a cell-free alternative for
various therapies on the clinical side [51].

The combination of MSCs and tissue engineering technology can enhance the
immunoregulatory properties of MSCs, and this will ultimately lead to further
expansion of their utilization in regenerative medicine [53]. Tissue engineering
strategies such as the use of various types of stem cells, scaffolds, medical devices,
gene therapy, and nanotopography have resulted in progressing the translation
of basic research towards clinical therapeutics [54, 55]. Despite the remarkable
progress in MSC therapies, sufficient data on the biodistribution of MSCs, cellular
and molecular structures of their target cells, and mechanisms by which MSCs
reach these targets are still lacking [56]. Also, several obstacles need to be overcome
before the utilization of specific types of MSCs in tissue engineering becomes a
routine practice in the clinical arena [57]. Currently, human MSCs are generated
through conventional static adherent cultures in the presence of fetal bovine serum
or human-sourced supplements. Unfortunately, these methods are not ideal proce-
dures to meet the future expectations of quality-assured human MSCs for clinical
therapies in humans [58]. Additionally, having substantial gaps in our knowledge
of the biology and therapeutic efficacy of MSCs presents major challenge to their
sustainable implementation in clinical medicine [59]. Thus, optimizing the biopro-
cess to generate human MSCs and their products will improve efficacy and safety
of stem cell therapies [58]. Also, improving the cultural environment of MSCs and
selecting the appropriate scaffolds and induction factors are essential in improving
the outcome of MSC-based tissue engineering [60].
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3.iPSCs

Human iPSCs resemble human ESCs in many aspects including morphol-
ogy, proliferation, differentiation potential, and pluripotency markers, but
the epigenetic characteristics of human iPSCs are rather distinct [1, 2, 5, 61].
Although the utilization of iPSCs can avoid the obstacles and ethical concerns
that limit the use of human ESCs, clinical application of human iPSCs still has a
number of disadvantages that include chromosomal instability and tumorigenic
potential, thus raising questions about the safety of their clinical utilization, and
low reprogramming efficiency in addition to other concerns about their repro-
ducibility for laboratory applications in disease modelling and drug screening
(1, 3,5, 61, 62].

In 2006, Takahashi and Yamanaka were the first scientists to generate mouse
iPSCs from dermal fibroblasts through retroviral-mediated ectopic expression of
the four genes: OCT4, SOX2, KLF4, and c-MYC [1, 3, 4, 63]. Since this discovery,
iPSCs have been used in many research and clinical trials, including disease model-
ling; drug toxicity as well as drug discovery; and regenerative medicine [3-5].
Reprogramming of iPSCs should have the following crucial requirements: species
such as human or mouse; cell type such as blood cell or fibroblast; factor, drug,
chemical, or other protein molecules such as miRNA, DNA modifying agent,
NANOG, or LIN28; vector such as retrovirus or lentivirus; and disease with specific
genetic mutation [1, 4, 5, 64].

Human iPSCs have revolutionized the field of human disease modelling with an
enormous potential to serve as paradigm shifting platforms for preclinical trials,
personalized clinical diagnosis, and personalized drug therapy [65]. During the last
13 years, significant developments and remarkable progress have been achieved
in enhancing reprogramming techniques and their efficacy, increasing safety of
derived iPSCs, and developing different delivery methods [61, 62]. The ability
to generate iPSCs from human somatic cells provides tremendous promises and
opportunities in basic research and regenerative medicine and can provide a wide
range of applications including cell-based therapies, drug screening, and disease
modelling [61, 66].

The capacity of human iPSCs to retain patient-specific genomic, transcriptomic,
proteomic, metabolomic, and other visualized big data information makes it pos-
sible to extend their applications beyond disease modelling into the field of person-
alized medicine which encompasses the adoption of novel prevention and treatment
strategies based on individual variability [65]. The emergence of modern iPSC tech-
nology, with the capacity of these stem cells to undergo unlimited self-renewal and
differentiation into any type of cell, has a great potential to advance translational
applications including stem cell therapies and the generation of large-scale collec-
tions of cell lines for research purposes [67]. Recently, genomic editing technolo-
gies have been applied to correct the mutations in disease-specific iPSCs to create
gene-corrected iPSCs that can be utilized in autologous stem cell-based therapies
[64]. Nowadays, patient-specific iPSCs can be obtained by reprogramming of adult
somatic cells by ectopic expression of pluripotency-associated transcription factors
including OCT4, SOX2, KLF4, and c-MYC [64]. The availability of precisely gener-
ated iPSC-derived functional cells to replace or repair damaged tissues or organs
will likely affect therapies of hematopoietic disorders and facilitate treatment of
neurological, cardiovascular, hepatic, and retinal diseases and possibly diabetes
mellitus [67]. Additionally, patient-specific iPSCs can bypass certain limitations of
ESCs such as ethical concerns and immunological rejection [64]. The first clinical
trial on cell-based therapy using iPSCs derived from patients to treat blindness
started in Japan in September 2014 [67].
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4., iPSC-MSCs and conclusion

MSCs derived from iPSCs (iPSC-MSCs) exhibit higher proliferation rate and less
senescence than BM-MSCs, and thus the former cells are emerging as an attractive
therapeutic option for obtaining a substantial population of stem cells in a sustained
manner for applications in regenerative medicine [68, 69]. Several studies using
human iPSC-MSCs and their exosomes in human and animal studies have shown
that transplantation of these cells can produce protection of the liver against hepatic
ischemia; reduction in the volume of brain infarction and preservation of neuro-
logical function after acute intracranial hemorrhage; prevention of osteonecrosis
of femoral head by promotion of local angiogenesis and prevention of bone loss;
facilitation of cutaneous wound healing by promotion of collagen synthesis and
angiogenesis; and modulation of differentiation and function of DCs in order to
support their clinical application in DC-mediated immune disorders [69-73]. Thus,
MSCs and iPSCs may reshape the future of medical therapeutics and may eventu-
ally become curative for several chronic and intractable medical illnesses [2, 4, 5].
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Chapter2

Induced Pluripotent Stem Cells for
Clinical Use

Valérie Vanneaux

Abstract

The use of induced pluripotent stem cells (iPSCs) represents a great promise
in regenerative medicine. So far, several clinical trials are underway and
preliminary results are promising with the human embryonic stem cells, their
non-reprogrammed counterparts. The experience of the clinical use of iPSC
derivatives is extremely limited because of several major safety concerns, but many
technological advances in the field of iPSC generate high expectations in the near
future to develop new clinical trials with an adapted level of patient safety. New
guidelines and several recommendations are edited by researchers and regula-
tory agencies to guarantee the safety of the iPSC products in a clinical context for
medical applications. In this chapter, we review the clinical trials with induced
pluripotent stem cells and the main factors affecting the safe translation of iPSC to
the clinic and how to overcome these issues by standardization and to control the
quality of the clinical-grade iPSC products.

Keywords: clinical-grade induced pluripotent stem cells, regenerative medicine,
clinical trials, quality control

1. Introduction

Since the discovery of induced pluripotent stem cells (iPSCs) by Yamanaka
and Takahashi in 2006, many expectations have emerged, and iPSCs have
opened up a world of possibilities for new cell-based therapies in regenerative
medicine [1]. In the domain of pluripotent stem cells, iPSCs are considered as
equivalent to embryonic stem cells (ESCs), because of two intrinsic key proper-
ties: their indefinite proliferative capacities while preserving pluripotency and
their capacity to differentiate into all known cell types. However, in contrast
to ESCs, iPSCs can be generated without any controversial ethical issues,
thus favoring their use in clinical settings. Last but not least, in an autologous
approach of cell-based therapy, by using the patient’s own cells as source for
iPSC generation, one circumvents all the issues related to the immunological
compatibility between the donor and receiver. This largely explains the tremen-
dous enthusiasm engendered by iPSC discovery in the sphere of regenerative
medicine during the last decade. In this review article, we provide an overview of
the launched clinical trials with iPSC and the ongoing efforts to understand the
risk related to safety of iPSC-derived cells, highlighting some of the problems
that have to be overcome.
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2. Clinical trials with iPSC

After over a decade of research on iPSC, and due to fast-track facilitating
procedure in Japan, several clinical studies were launched. While the first clinical
trial based on the human ESC started in 2010, taking advantage of the acquired
extensive knowledge of ESC biology, despite their relatively recent discovery,
the first clinical study based on the iPSC-derived retinal pigmented epithelium
was authorized and conducted at the RIKEN Institute in Japan in 2014 [2]. A
sheet of autologous iPSC-derived retinal cells were transplanted in a patient with
eye-related macular degeneration (AMD). In 2015, the RIKEN Institute decided
to suspend the study due to safety concerns on the cells of the second recruited
patient [3]. Nonetheless, regarding the first transplanted patient, a 25-month
follow-up revealed neither serious events, nor clinical signs of rejection. Moreover,
the macular degeneration progress was delayed in the treated eye compared to the
untreated eye. This result corroborated all the results obtained previously in the
course of the ESC-based clinical studies, where no adverse events related to trans-
planted cells were observed. Still this problem induced a shift in the approach from
patient-specific autologous to highly securized allogeneic iPSC lines. This study
was resumed in 2017 and until now five patients with AMD have been treated with
allogeneic iPSC-derived cells.

Since then, several clinical studies based on allogeneic iPSCs have been devel-
oped and approved. Until mid-2019, there have been nine ongoing clinical studies
based on iPSC, mostly nationally approved in Japan, with four of them being
approved in the first months of 2019, with indications including Parkinson’s disease,
AMD, severe cardiac failure, aplastic anemia, spinal cord injury and corneal stem
cell deficiency. Furthermore, two private companies—Cynata Therapeutics, an
Australian stem cell and regenerative medicine company, and Fate Therapeutics,
an American clinical-stage biopharmaceutical company—have developed a line of
products based on allogeneic human iPSC-derived cells. In Australia and United
Kingdom, Cynata Therapeutics just concluded a phase I study using CYP-001, an
iPSC-derived mesenchymoangioblast precursor administered intravenously in
15 patients with graft-versus-host disease (GVHD) occurring after an allogeneic
hematopoietic stem cell transplant [4]. Currently, all patients treated so far have
demonstrated at least a partial response, while no treatment-related serious adverse
events or safety concerns have been observed. The product development activities
of CYP-001 will be done in a phase II study in 2019 by Fujifilm in collaboration
with Cynata Therapeutics. On its part, Fate Therapeutics received a first approval
from Food and Drug Administration (FDA) in November 2018 to transplant an
off-the-shelf iPSC-derived Natural Killer cell, FT-500, as cancer immunotherapy
to treat solid tumors and for a second cell product derived from a genetically
engineered iPSC, FT-516, in February 2019, for the treatment of relapsed/refrac-
tory hematologic malignancies. For the first product FT-500, all the three patients
with advanced solid tumors have been treated with multiple doses of FT-500, 100
million cells per dose, and it has been well tolerated with no dose-limiting toxicities
or adverse events [5].

Even though the first clinical studies have already been started, technical
advances in iPSC biology have revealed that several factors could affect their safety
for a larger range of medical applications, and should be taken into account for
short- and long-term follow-up of patients. Two of the major concerns related to
iPSC-based products are their potential tumorigenicity and immunogenicity. The
scientific community is still continuing to elucidate the biological mechanisms
underlying iPSC’s immunogenicity and tumorigenicity and how to manage or
overcome them.
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3.iPSC safety
3.1 Tumorigenicity

The potential risk of tumorigenicity to patients from both teratomas and
malignant tumors could arise if transplanted cells are contaminated with undiffer-
entiated iPSC, or if transplanted cells have been genetically modified and become
unstable during the iz vitro production steps.

The major concern related to iPSC-based tumorigenicity is the reprogramming
method. In the original cocktail of transcription factors developed by Yamanaka,
somatic cells are transduced by retroviral vectors that become integrated into
the genome of the host cells. Two of these factors—c-Myc and klf4—are potent
oncogenes [6]. Subsequently, reports of tumorigenicity after transplantation
of iPSC or iPSC-derived cells are not surprising. Thereby, teratoma formation
could be induced by the undesired activation/suppression of essential host genes
proximal to integration sites or by residual expression of reprogramming factors
in the derived cells in animal model [7, 8]. With hindsight, there is evidence for
the necessity to select a non-integrative method for reprogramming, a higher rate
of genomic alterations occurring when human iPSCs are generated with viral
vectors, compared to mRNA [7, 9]. Numerous studies, focused on the choice of
reprogramming factors and methods of delivery, have developed various novel
strategies to enhance the efficiency of reprogramming and reduce the potential risk
of tumorigenicity. To circumvent this risk, human iPSCs have been generated by
several “integration-free” methods, based on the use of viral vectors (adenoviral
vectors and Sendai virus-based vectors) or non-viral vectors (piggyBac system,
minicircle vector, and episomal vectors). Originally, the four transcription factors
needed for complete cell reprograming were c-myc, klf4, oct4 and sox2 [1]. The pro-
tumorigenic transcription factor c-myc has been found to be unnecessary for the
reprogramming process, but the overall efficiency is decreased without it. Several
strategies have been developed with the use of different transcription factors and/
or replacement of c-myc, or the use of direct protein delivery and synthesized
mRNA [10-12].

Furthermore, the tumorigenicity risk is often linked to the genetic instability of
iPSC. Random genomic alterations are frequently observed in human iPSCs show-
ing their intrinsic instability, essentially due to the massive genome remodeling,
and probably also resulting from various mechanisms such as replicative stress,
reactivation of the telomerase and metabolism modification from the oxidative to
the glycolytic state. Epigenetic modifications may also contribute to iPSC variation
due to residual epigenetic memories of the starting cell type [13]. The incomplete
resetting of the non-CpG methylation patterns during reprogramming leads to a
biased differential potential in certain cell types depending on the donor cell source
[14, 15]. However, it has been shown that their residual epigenetic memory dimin-
ishes with the in vitro expansion over a period of time [16, 17]. As just mentioned,
the selection of the donor cell type is of importance. Many human somatic cell
types have been successfully reprogrammed. However, even if the use of different
transcription factors, delivery methods and culture conditions does not facilitate
any comparison, it is well known that reprogramming efficiencies, kinetics and
tumorigenicity vary between somatic cell types. Firstly, cell sources have to be
permissive to avoid to turn to integrative methods and to the use of oncogenes.
Some human, adult somatic cells, such as melanocytes, are known to naturally
express endogenously reprogramming factors, for instance Sox 2, at sufficiently
high levels [18, 19]. Moreover, some types of donor cells such as dermal fibroblasts
and blood cells are easily accessible, but they might carry more mutational burdens
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and chromosomal abnormalities, due to their frequent exposure to environmental
stress factors, like ultraviolet rays, or due to the donor’ age, thereby leading to
increased tumorigenicity, and significant safety problems [20, 21]. With all these
considerations of cell variability and tumorigenic potential in mind, reflection on
the generation of homogeneous cell source and banking emerged.

Many approaches have been evaluated to address the tumorigenicity challenge
by eliminating the pluripotent cells of the final product such as small molecule,
genetic approach to introduce a suicide gene; miRNA switch; antibodies targeting
a surface-specific antigen; phototoxic approach; live detection and quantification
of the residual human iPSC [22]. For the suicide gene approach, the most widely
used gene is herpes simplex virus thymidine kinase (HSV-TK) that phosphorylates
ganciclovir (GCV) and induces apoptosis by inhibiting DNA synthesis. Many stud-
ies demonstrated its efficacy as safeguard to eliminate tumoral cells [23]. Until then,
this genetic approach with an inducible suicide system may remain not necessary
enough to induce tumor elimination because of potential acquired resistance to
GCV due to variability of insertion location sites and to the uncontrolled number
of inserted transgene [24]. Another study demonstrated the same mechanism
of inducing apoptosis in 95% of iPSCs and iPSC-derived cells by transducing an
inducible Caspase 9 [25]. Recently, with development of targeted genetic strate-
gies such as gene-editing, researchers try to identify the location of “genomic safe
harbors” (GSH), corresponding to the safest permissive loci for transgenes’ inser-
tion [26]. The already known GSH candidates could be AAVS1 (adeno-associated
virus integration site 1), CCR5 (chemokine CC motif receptor 5), human ROSA26
and some extragenic loci. Recently, to predict the influence of gene integration
on nearby genes, it has been suggested that the combination of several distinct
approaches such as the analysis of the topologically associated domains of GSH
candidates of chromosomes could reduce the risks associated with cell therapy
[27]. Another targeted alternative, eliminating selectively residual pluripotent cells
sparing precursors and differentiated cells, involves PluriSIns, pluripotent cells-
specific inhibitors [28]. Alternatively, antibody, lectin or miRNA-mediated removal
undesired cells were developed to suppress the pluripotent stem cells from the final
product [29]. Lastly, a novel methodology using synthetic microRNA switch is
developed to improve the purity of the final product even if the cell surface markers
are not available to tag the relevant cells [30, 31].

3.2iPSC immunogenicity

The immunogenicity of differentiated cells derived from iPSC is of clinical
significance. At the beginning, because of the use of the patient’s own cells, theo-
retically there is no risk of rejection after their transplantation. Some studies dem-
onstrated no immune rejection of autologous iPSC-derived cells, but an activated
immune response after the use of allogeneic iPS derived cells. Contrarily, immune
rejection has been observed after autologous transplantation of iPSC-derived cells,
suggesting that in vitro operations could also impact on the immunogenicity of
the iPSC [32]. Moreover, the immune response to undifferentiated iPSC is differ-
ent from their derivatives, emphasizing the need to perform similar comparative
analyses in starting cell populations in order to predict immune tolerance after
transplantation. Whereas autologous hiPSC-derived smooth muscle cells were
highly immunogenic, autologous hiPSC-derived retinal pigment epithelial (RPE)
cells were immune tolerated, suggesting a potential abnormal expression of some
immunogenic antigens in smooth muscle cells [33]. These results demonstrated that
the nature of the differentiated cells could trigger an immune response suggesting
the importance of the differentiation protocol.

18



Induced Pluripotent Stem Cells for Clinical Use
DOI: http://dx.doi.org/10.5772/intechopen.88878

As mentioned earlier, because of their genomic instability, generation, amplifi-
cation and differentiation of iPSC could induce a modified immune response of the
iPSC in vivo. Concerning reprogramming, the RNA-based methods are relatively
efficient and do not integrate in the genome, but they are also known to be highly
immunogenic. Concerning cell type, it has been widely shown that iPSCs could be
generated from a patient’s own cells including fat cells, nerve cells, skin fibroblasts,
cuticle cells, fetal foreskin cells, B cells, T cells, peripheral blood mononuclear
cells, umbilical cord mesenchymal cells, chorionic mesenchymal cells and amniotic
mesenchymal cells. But, some studies showed that the genetic memory of the
cellular immunogenicity is conserved after reprogramming and differentiation.

So, the selection of donor cell type/origin is crucial. As an example, iPSCs derived
from less immunogenic cells, such as umbilical cord mesenchymal cells, generated
less immunogenic neural derivatives than those from skin fibroblasts-derived iPSCs
[34]. Recently, several researchers showed the less immunogenic potential of some
iPSC-derived cells as cartilage and retinal pigment epithelium cells when they are
implanted in vivo, arguing that some cell types are less immunogenic and should be
preferred for clinical settings [35, 36].

Recently, a novel approach of “Universal” iPSC was developed to address the
difficulty of immunogenicity of allogeneic iPSCs. Hypoimmunogenicity of iPSC
was induced by inactivation of major histocompatibility complex class I and II
genes and overexpression of CD47 enabled them to escape to immune rejection in
fully HLA-mismatched allogeneic recipients. This strategy allowed the long-term
survival of the transplanted cells without the use of immunosuppression. However,
overexpression of CD47 is associated with malignant transformation, leading to
include some suicide strategies as a safety concern [37]. These immune escape
approaches open the door to the clinical use of allogeneic iPSC-derived cell products
without immune rejection concerns and complications. However, their complex
production process including a combination of several transduction and gene-
editing operations could add many safety issues. Even though other vectors and
gene-editing techniques [38, 39] could also be used to reduce the risks, the multiple
genetic manipulations and additional expansions in culture require a reinforced
control of the “Universal” iPSC quality for clinical settings.

4.iPSC for clinical use
4.1 Clinical-grade allogeneic iPSC line bank

The use of human iPSCs in medicinal applications requires the establishment of
standardized and validated protocols that will allow large-scale, cost-effective cul-
tivation procedure, while maintaining their quality. Implementation of good manu-
facturing practice (GMP)-compliant protocols for the generation and maintenance
of human iPSC lines is crucial to increase the application safety and to fulfill the
regulatory requirements to obtain clinical trials’ approval. Many efforts to increase
the overall iPSC stability, reproducibility and quality have been performed by (1)
selecting the cell type that is easily accessible, less immunogenic, and permissive for
reprogramming and presents the ability to be stored for longer periods of time; (2)
improving reprogramming efficiency, which should be as high as possible without
genomic integration-based delivery method and without using oncogene and (3)
improving cultivation methods with xeno- and feeder-free products, with defined
and scalable conditions for maintenance and differentiation of human iPSC such as
automation, closed cell systems and validated protocols [40]. Moreover, selection of
cell source is of importance. Demonstration of comparability, standardization and

19



Update on Mesenchymal and Induced Pluripotent Stem Cells

validation of such systems is critical for iPSC-derived therapies. To circumvent and
manage the safety risk of the iPSC for regenerative medicine, several groups worked
at the early stage on the development of standardized clinical grade iPSC banks from
allogeneic donors. Indeed, the use of highly defined iPSC as starting cells presents
many advantages as overcoming the genetic variations inducing different immuno-
genicity, genetic instability, tumorigenicity, and differentiation outcomes. Moreover,
generation of iPSC from each patient is costly and time-consuming. In this regard,
several groups in the world have developed banking of allogeneic iPSC lines for
clinical use with validated and standardized protocols. The possibility of creating
off-the-shelf iPSC-based therapies has attracted not only academics but also indus-
trial groups as Lonzo and Cellular Dynamics International, a Fujifilm company.

iPSC banks can provide a cost-effective mass-production strategy. Several groups
have developed iPSC banks from selected HLA donors trying to cover the majority
of the population [41, 42]. The Center for iPSC Research and Application (CiRA),
in Kyoto University, started the iPS Cell Stock for Regenerative Medicine in 2013.
Initially, based on the limited diversity of the Japanese population, CiRA wanted to
generate clinical-grade iPSCs from samples of peripheral blood and umbilical cord
blood from healthy selected donors that would cover 90% of Japanese population
with only 50 iPSC lines [43]. This strategy is valuable for countries such as Japan, but
could be difficult to expand to the worldwide population. It has been evaluated that
a multiethnic iPSC bank of the 100 most common HLA types in each population
would cover only 78% of European individuals, 63% of Asians, 52% of Hispanics
and 45% of African Americans [44]. This probabilistic model highlights the neces-
sity of a large-scale international collaboration for the constitution of haplobank of
iPSC lines. Using HLA-homozygous donors limits the numbers of iPSC lines needed
to cover a given population, but identification of the potential donors would need
large screenings or the use of established data from cord blood banks. The potential
development of “universal” iPSCs made of genetically modified cells offering an
off-the-shelf product that is readily available could be an alternative to the iPSC
bank using materials from HLA-homozygous donors. The “universal” iPSC could
solve the problem of immune rejection profile of iPSC-derived cells by artificially
expressing, for example, HLA molecule as HLA-E allowing iPSC-derived cells to
escape T cell-mediated rejection and to be resistant to NK-cell lysis [37, 45].

Nevertheless, stochastic events potentially occurring during reprogramming,
colony expansion, iPSC selection, differentiation, iPSC-derived cell expansion and
purification, storage and transport could complicate efforts toward a standardized
product. Consequently, it has to be taken into consideration that variation may exist
within any iPSC bank, between iPSC and final product composed of iPSC-derived
cells in the clinic. Such variability requires continual extensive genotypic, pheno-
typic and functional assessment and highlights the need of a global quality control
confirming the iPSC and the iPSC-derived cells’ quality whatever the manufacturer,
the reprogramming method or the cell donors.

4.2 Quality control of clinical-based iPSC

Given the high variability across iPSC lines and their differentiated derivatives
in terms of their epigenetic status, tumorigenic and immunogenic potential, dif-
ferentiation capacity, batch variability and existence of heterogeneous populations
and/or non-relevant cells such as contaminating cell, the clinical outcome of the cell
replacement therapy, in terms of efficacy and safety with these iPSC-based prod-
ucts, highly relies on the acceptable quality and safety standards of these products.
Because of dissimilarities between institutions on these criteria, agreement on the
critical quality attributes (CQAs) of such lines and the assays that should be used
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is required. The CQAs correspond to the chemical, physical and biological proper-
ties of the product. As well as the type of assay, they have to be defined within an
appropriate limit, range or distribution to ensure quality and safety of the product.
For cell therapy product and for clinical-grade iPSC, the CQAs include identity,
microbiological sterility, genetic fidelity and stability, viability, characterization and
potency. In the last few years, there was a common effort made on the banking and
the quality control of the iPSC lines. After a series of workshop, adaptation to iPSC
of the established recommendations and guidance realized by the International Stem
Cell Banking Initiative (ISCBI) for human embryonic stem cell banking, has gener-
ated initial recommendations on the minimum dataset required to consider an iPSC
line of clinical grade [46]. During these workshops, the researchers, industrial and
regulation agencies pointed out the requirement of standardization and validation
of process and quality and safety controls. For each criterion, one or several tests are
required with regard to the recommended analytical methods. Global consensus rec-
ommends the performance of assays by accredited and licensed laboratories. When
it is not available, in-house tests should be undertaken after validation and qualifica-
tion, and comparability with other laboratories should be performed if possible.

The first mandatory test is to validate the identity of the iPSC line with the short
tandem repeat (STR) analysis to genotype the original cells, the iPSC seeds and the
master cell bank to ascertain the absence of switch or cross contamination of several
iPSC lines during generation or maintenance process. Due to the nature of the stem
cell-based products, they cannot be sterilized. The assessment of the microbiologi-
cal sterility is of the highest importance and should be performed not only on the
final product. This should include the mycoplasma, bacteriology and viral testing
supplemented by endotoxins detection assay and should have a negative result. The
genetic stability and fidelity of the iPSC lines should be evaluated by residual vector
testing and karyotype. To eliminate the risk of potential cell transformation and
the risk of malignancy development in patients, residual vector testing has to be <1
plasmid copy per 100 cells in seed and master cell banks and the karyotype should
be normal on more than 20 metaphases. So far, techniques with high precision
such as single nucleotide polymorphism (SNP) and whole genome analysis or other
genetic markers are not required but could be performed for information. To give an
appropriate dosage of cells, viability should be >60%. Calculation of doubling time
and detection of cell debris are not required but could provide useful information.
To manage the risk associated with the presence of non-desired or spontaneously
differentiated cells, iPSCs have to be characterized by the expression of a minimum
of two markers from the standard human pluripotent stem cells panel (positive
for Oct4, TRA-1-60, TRA-1-81, SSEA-3, SSEA-4, Sox2, Nanog). A combination of
one intracellular and one extracellular marker should be used and should be >70%.
Finally, for the potency assay, reflecting the biological activity of the cells, embry-
oid body formation or directed differentiation of monolayer cultures to produce
cell types representative of all three embryonic germ layers is mandatory. The
teratoma formation in severe combined immune-deficient (SCiD) mouse injection
assay is not mandatory for the iPSC due to a reproducibility problem, high cost and
non-ethical procedure. Molecular pluripotency assays such as mRNA array- and
RNA-Seq-based gene expression assays could be kept for information if they are
performed molecular pluripotency assays such as mRNA array- and RNA-Seq-
based gene expression assays could be for information but are not required. For the
iPS-derived differentiated therapeutic products, the minimal criteria are mostly
identical except for the phenotypical characterization, which should validate the
absence of pluripotent stem cell markers, the expression of differentiation markers
unique to the therapeutic product and assess 100% purity of the therapeutic cellular
product without any contaminating other lineage cell types.
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This consensus on CQA and minimum testing requirements for clinical-grade
iPSC lines will evolve with the advances in scientific understanding and develop-
ment in technology and best practices. The Global Alliance for iPSC Therapies
(GAIT), which facilitates the development of general clinical-grade iPSC standards
by community engagement and consensus building to support the global applica-
tion of iPSC-derived cellular therapeutics, is in charge of the future evolution
of the consensus on quality and safety standards required for a clinical-grade
iPSC. Moreover, GAiT presents objectives to achieve consensus on donor selection
and screening criteria and consent standards, which with future commercialization
and global distribution also require ethical review.

5. Conclusion

It is quite remarkable that in just over 10 years, research using iPSC has led to sev-
eral clinical studies, with many more applications expected to follow. In few years, the
iPSC-based therapies induced a switch to a mass production of clinical-grade iPSC for
the benefit of a large population at affordable costs, with the generation of clinical-
grade iPSC banks, and with a stronger involvement of biopharmaceutical companies.
This shift led to many efforts for the standardization of generation, maintenance and
differentiation procedures, and for the establishment of quality and safety standards
for the clinical-grade iPSC and their derivatives prior to transplantation to patients.

There are still a number of challenges that must be overcome for iPSCs to reach
their full potential. The improvement of manufacturing procedures for a large-scale
production would provide higher quality cells for clinical iPSC-based therapies.
Quality and safety controls are also challenging. Predicting cancer risk based on
sequence information is a formidable task, and failure to detect oncogenic muta-
tions is not necessarily a warrantor of the non-tumorigenicity of iPSC-based prod-
ucts, suggesting that recommendations should still evolve with scientific advances.

Due to their large potential in regenerative medicine, such as the generation of
complex 3D structures, tissues or organs, more challenges in differentiation proto-
cols in 3D structures have to be overcome for the up-coming year, without compro-
mising quality and safety of iPSCs.
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Abstract

Mesenchymal stem cells are heterogenous adult multipotent stromal cells that
can be isolated from various sources including: bone marrow, peripheral blood,
umbilical cord blood, dental pulp, and adipose tissue. They have certain immuno-
modulatory, immunosuppressive, and antimicrobial properties that enable them to
have several therapeutic and clinical applications including: treatment of autoim-
mune disorders, role in hematopoietic stem cell transplantation and regenerative
medicine, as well as treatment of various infections and their associated complica-
tions such as septic shock and acute respiratory distress syndrome. Although more
success has been achieved in preclinical trials on the use of mesenchymal stem cells
in animal models than in human clinical trials, particularly in septic shock and
Chagas disease, more progress has been made in both disorders after the recent use
of specific sources and certain doses of mesenchymal stem cells. Nevertheless, the
utilization of this type of stem cells has shown remarkable progress in the treatment
of few infections such as tuberculosis. The clinical application of mesenchymal stem
cells in the treatment of several diseases still faces real challenges that need to be
resolved. The following book chapter will be an updated review on the role of
mesenchymal stem cells in various infections and their complications.

Keywords: mesenchymal stem cells, host immunity, antimicrobial properties,
septic shock, Mycobacterium tuberculosis, Chagas disease,
human immunodeficiency virus

1. Introduction to mesenchymal stem cells

Mesenchymal stem cells (MSCs), which were first described by Alexander
Fridenstein in the 1960s, are heterogeneous, non-hematopoietic, adult multipotent
stromal progenitor cells that are capable of self-renewal as well as differentiation
into multiple lineages and various cell types [1-8]. They can be isolated from several
sources including bone marrow (BM), peripheral blood (PB), umbilical cord blood
(UCB), amniotic fluid, placenta, adipose tissue (AT), and dental pulp as shown
in Table 1 [1-8]. Although the BM is the main source of MSCs, these stromal
cells constitute only a small fraction of the total number of cells populating the
BM [2, 4-6].
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MSCs have the following distinguishing features: (1) ability to adhere to the plastic
vessel under optimal culture conditions; (2) capability to differentiate into osteoblasts,
adipocytes, and chondrocytes; and (3) having characteristic immunophenotypic pro-
file on flow cytometry [1-3, 5, 6, 8, 9]. MSCs are characteristically positive for: CD
105, CD 73, and CD 90 and characteristically negative for the following surface

1 Bone marrow

2 Peripheral blood

3 Umbilical cord blood: Wharton’s jelly
4 Placenta: chorionic villi of placenta

5 Amniotic fluid
6 Menstrual blood
7 Fallopian tubes and cervical tissue
8 Breast milk
9 Adipose tissues: fat
10 Dental pulp, periodontal ligaments, and exfoliated deciduous teeth
11 Palatal tonsils
12 Salivary glands
13 Skeletal muscle tissues
14 Dermal tissues
15 Lung tissues and alveolar epithelium
16 Liver tissues: fetal liver
17 Synovial membrane and fluid
18 Parathyroid glands
Table 1.

Sources of mesenchymal stem cells.

Positive Negative
Characteristic surface markers CD 105 CD 45
CD73 CD 34
CD 90 CD 14
CD 11b
CD 19
CD 79a
HLA-DR
Other surface markers that may/may not be expressed CD 117 CD 33 CD 31
CD 166 CD 49b CD 33
CD 29 CD71 CD 133
CD 44 CD 164
CD 106 CD 271
CD9 HLA-class I
CD 10 Stro-1
CD 13 SSEA-4
CD 28 ITGA-11

MSCs, mesenchymal stem cells; HLA, human leukocyte antigen.
The bold values are to differentiate characteristic from non-characteristic surface markers.

Table 2.
Surface markers of MSCs on Flow cytometry.
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markers: CD 45, CD 34, CD 11b, CD 14, CD 19, CD 79a, and HLA-DR. However,
certain types of MSCs can occasionally show positivity or negativity for specific
surface markers as shown in Table 2 [1-3, 5, 6, 8-14]. Also, MSCs can differentiate
into other cell types including: myocytes, cardiomyocytes, and neurons [5].

Several studies have shown that MSCs obtained from BM, AT, and other sources
do express CD 34 surface markers [4, 15-18]. MSCs can be seen in abundant
numbers in the circulation under the following circumstances: stem cell mobiliza-
tion with growth factors, tissue injuries, stroke, hypoxia, and inflammatory condi-
tions [4, 19-24]. Despite the efforts displayed over the last five decades including
identification of nine transcriptional factors, little is known about the molecular
basis underlying the stemness of MSCs and it is still unclear whether these recently
discovered genes regulate stemness or only differentiation of MSCs [7].

2. Functions, properties, and therapeutic indications of MSCs

MSCs have immunomodulatory and immunosuppressive properties that enable
them to have several therapeutic and clinical applications including: hematopoietic
stem cell transplantation (HSCT), autoimmune disorders, regenerative medicine
and tissue repair, neurological diseases, bone and cartilage disorders, as well as
treatment of several infections and acute respiratory distress syndrome (ARDS).
Details are shown in Table 3 [1, 2, 6, 8, 25-29]. MSCs are major constituents of the
BM microenvironment and the HSC niche and apparently they are the masters of

1. Hematopoietic stem cell transplantation:
a. Enhancement of engraftment
b. Prevention of graft versus host disease (GVHD)
c. Treatment of GVHD

2. Treatment of autoimmune diseases:

(S}

. Systemic lupus erythromatosus
. Rheumatoid arthritis

. Systemic sclerosis

. Type 1 diabetes mellitus

. Multiple sclerosis

f. Crohn’s disease

o a0 T

3.Regenerative medicine and tissue repair:
a. Myocardial ischemia

. Cardiac dysfunction

. Chronic non-healing wounds

. Liver injury

. Myocardial infarction

. Dilated cardiomyopathy

. Critical limb ischemia

5o o0 a0 T

. Spinal cord injuries
4. Treatment of various infections:
a. Bacterial infections including sepsis and its associated acute respiratory distress syndrome
b. Viral infections such as human immunodeficiency virus, hepatitis B and C viruses
c. Parasitic infections such as Chagas disease, schistosomiasis, and malaria
d. Mycobacterial infections such as tuberculosis
5. Other indications:
a. Macular degeneration, corneal reconstruction and transplantation
b. Bones and joints: osteogenesis imperfecta, osteoarthritis, and osteoporosis
c. Cancer gene therapy
d. Amyotrophic lateral sclerosis
e. Liver cirrhosis

Table 3.
Current and potential thevapeutic indications for mesenchymal stem cells.
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survival and clonality [30-32]. The main functions of MSCs include: formation
of hematopoietic microenvironment, modulation of the activity of the immune
system, and regulating cell trafficking [33].

3. Role of MSCs in host defense and infections

The putative roles of BM-MSCs during infection are: (1) detection of pathogens,
(2) activation of host immune responses, (3) elimination of pathogens, (4) induc-
tion of proinflammatory gradients, and (5) modulation of proinflammatory host
immune response due to having specific immunoregulatory properties of MSCs
including: inhibition of differentiation of monocytes to dendritic cells (DCs), alter-
ation of cytokine profile of DCs, induction of tolerant phenotypes of naive and
effector T-cells, inhibition of antibody production by B-cells, and suppression of
natural killer (NK) cell proliferation and NK-mediated cytotoxicity [1, 2, 28, 34].
BM-MSCs may augment antimicrobial responses, abridge proinflammatory and
damage responses, and ameliorate associated tissue injury and they appear to func-
tion as a critical fulcrum providing balance by promoting pathogen clearance during
the initial inflammatory response, and suppressing inflammation to preserve integ-
rity of the host and facilitate tissue repair [1, 2, 34].

The immunomodulatory properties of MSCs are mediated by cell-to-cell inter-
action and the secreted cytokines [35-37]. MSCs could potentially be involved at
multiple levels in host defense by mobilizing immune effector cells and modulation
of proinflammatory immune responses to minimize tissue damage [1, 37]. BM-
MSCs may protect against infectious challenge by direct effects on the pathogens or
through indirect effects on the host [1]. However, placenta-derived MSCs and fetal
membrane-derived MSCs are highly susceptible to herpes viruses including vari-
cella zoster virus (VZV) [2, 38]. Several types of stem cells including BM-MSCs and
neural stem cells can cross the blood brain barrier and reach not only brain tumors
but also ischemic and injured tissues caused by certain infections in the brain and
engraft there. Consequently, MSCs can be utilized as means of cellular carriers to
deliver therapeutic agents to sites of brain injury in order to exert their therapeutic
and tissue regenerative effects in the brain [39-43].

4. Antimicrobial properties of MSCs

MSCs have been shown to exhibit the following antimicrobial properties:
(1) capacity to enhance antibacterial activity by interaction with the host innate
immune system in order to increase antibiotic sensitivity, increase bacterial
killing, and slow bacterial growth; (2) capacity to enhance bacterial clearance in
preclinical models of sepsis, cystic fibrosis, and ARDS; and (3) secretion of
antimicrobial peptides such as: interleukin (IL)-17, indoleamine 2,3-dioxygenase
(IDO), B-defensins, lipocalin-2, and cathelicidin LL-37 [44-46]. Members of the che-
mokine family have been found to have antimicrobial peptide activity although the
role of chemokines in immunity during infection is rather complicated [47].

5. MSCs in sepsis, ARDS, and chronic bacterial infections
5.1 MSCs in sepsis syndrome and septic shock

Sepsis syndrome and septic shock represent major health problems worldwide and
they are leading causes of death in hospitalized patients due to their association with
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high rates of morbidity and mortality in the absence of effective therapy [48-51].
Sepsis is a potentially lethal syndrome that can develop following an infection in
which a breakdown in the immune homeostasis results in both proinflammatory and
anti-inflammatory mechanisms that become uncoupled from normal regulation [50].
The inflammatory-driven maladaptive response induces disruption of endothelial and
epithelial barriers, thus resulting in organ dysfunction. However, the host responds to
sepsis by stimulating the proliferation of HSCs in the BM or by activating emergency
hematopoiesis in an attempt to counteract the effects of sepsis on the function of
multiple body organs [51]. Septic shock is a devastating complication of uncontrolled
bacterial infection that carries a mortality rate of 20-50% [50, 52]. Currently, there is
no specific treatment for septic shock and the management of this devastating com-
plication of serious infections remains supportive. However, the following measures
should be taken into consideration: early identification, fluid resuscitation, prompt
institution of antibiotic therapy, control of the source of infection, circulatory sup-
port, and lung protection by mechanical ventilation [48, 49, 52, 53].

Based on numerous preclinical studies, cell-based therapies are potentially bene-
ficial in the treatment of septic shock and ARDS. However, various types of stem cells
including embryonic stem cells, MSCs, and induced pluripotent stem cells have been
used in the treatment of sepsis and ARDS, but MSCs are the most commonly used
stem cells in septic shock [53]. In patients with septic shock complicated by acute
lung injury (ALI) and ARDS, the paracrine factors secreted by MSCs can: mediate
endothelial and epithelial permeability, and increase alveolar fluid clearance in addi-
tion to other mechanisms that reduce the complications of septic shock [54].

In a mouse model of sepsis, lipopolysaccharide-preconditioned MSC transplan-
tation has been shown to: ameliorate survival rate after transplantation, protect cells
from apoptosis and organ damage, and have immunomodulatory therapeutic prop-
erties [55]. Also, transplanted MSC can secrete Toll-like receptor-4, which plays a
seminal role in attenuating in vivo Escherichia coli-induced pneumonia and ALI
through anti-inflammatory and antibacterial effects [56]. In experimental animal
models of sepsis, the effectiveness of BM-MSCs was compared to that of Wharton’s
jelly (WJ) of umbilical cord; both sources of MSCs regulated leukocyte trafficking
and reduced organ dysfunction but only WJ-MSCs were able to improve bacterial
clearance and survival [57]. In animal models of Staphylococcal toxic shock syn-
drome, MSCs; particularly AT derived MSCs; were able to suppress cytokine pro-
duction and attenuate sepsis but they failed to improve survival [58, 59].

Several preclinical sepsis studies have suggested that MSCs are capable of:
modulating inflammation, enhancing clearance of pathogens as well as tissue
repair, thus resulting in improvement in symptoms and reduction in organ damage and
finally improvement in survival and reduction in mortality rates [48-50, 52]. A meta-
analysis that evaluated the preclinical use of MSCs in animal models of septic shock
demonstrated that MSC treatment significantly reduced mortality rates and the results
of this survey supported the decision to proceed to clinical trials that test the effective-
ness of MSCs in treating infections causing sepsis in humans [60].

In a phase I clinical trial that included patients admitted to the intensive care
unit (ICU) with septic shock, infusion of freshly cultured allogeneic BM-MSCs in
doses up to 3 million cells/kg into these ICU patients was shown to be safe as this
dose of stem cells did not exacerbate the elevated cytokine levels in the plasma of
patients with septic shock [52, 61].

5.2 MSCs in ALI and ARDS

Bacterial pneumonia and sepsis from non-pulmonary causes are the most com-
mon etiologies of ALI and ARDS that are associated with mortality rates ranging
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between 25 and 50% [62-65]. Management of ARDS is mainly supportive with:
protective ventilation, fluid conservation, and antimicrobial therapy [62, 64]. In
patients with bacterial pneumonia and sepsis, MSCs can attenuate inflammatory
process and enhance bacterial clearance [63, 65]. MSCs secrete paracrine factors
that can regulate lung permeability and decrease inflammation and this makes
MSCs a potentially attractive therapeutic modality for ALI [62]. In patients with
ARDS, MSCs can exert beneficial effects by secreting paracrine factors,
microvesicles, and transfer of mitochondria. These secretory products have: (1)
anti-inflammatory properties that participate in resolving injuries to lung endothe-
lium and alveolar epithelium; (2) regulatory effects on alveolar fluid clearance, thus
reducing lung edema; (3) antimicrobial effects mediated by release of antimicrobial
factors; and (4) upregulation of monocyte/macrophage phagocytosis [66]. In
Escherichia coli-injured human lungs, MSCs were able to: restore alveolar fluid
clearance, reduce inflammation, and exert antimicrobial activity partly through
secretion of keratinocyte growth factor [62].

In patients with bacterial pneumonia causing ALI and ARDS, MSCs could
become a promising novel therapeutic modality and an ideal candidate for future
cellular therapy due to the following reasons: (1) MSCs are able to differentiate into
various cell types, (2) MSCs can secrete multiple bioactive molecules that are
capable of stimulating recovery of injured cells and inhibiting inflammation, (3)
MSCs lack immunogenicity, and (4) MSCs can perform immunomodulatory func-
tions [62, 63, 65, 67]. In a phase I clinical trial, Jennifer Wilson et al. showed safety
of allogeneic BM-MSCs administered to patients with ARDS [56, 68]. However, the
role of MSCs in ARDS patients should be carefully evaluated by well-designed
multicenter randomized clinical trials [68].

5.3 MSCs in severe and chronic infections

Chronic implant and wound infections that are characterized by biofilm forma-
tion are often difficult to treat and they usually require continuous antibiotic ther-
apy for weeks to months. However, alternative therapies for chronically infected
wounds include: use of antibiotic impregnated implant materials or biological scaf-
folds, administration of biofilm disrupting agents, and combining cellular immu-
notherapy with antibiotics [44].

In patients with very severe aplastic anemia (VSAA), prolonged neutropenia
results in refractory and overwhelming bacterial infections as well as invasive
fungal infections that are associated with significant morbidity and mortality in
these severely immunocompromised individuals [69]. In patients with VSAA
lacking human leukocyte antigen identical sibling donors and having refractory
infections, co-transplantation of haploidentical HSCs and allogeneic BM-MSCs has
been shown to be a safe and a promising therapeutic modality [69].

Studies have shown that: (1) secretion of cathelicidin LL-37 by MSCs could
enhance bacterial products indicating that MSCs can upregulate antimicrobial
activity in the presence of infection and (2) activated MSCs, when administered
intravenously and in combination with conventional antibiotics, can potentially
suppress and eradicate chronic Staphylococcus aureus biofilm infection in difficult-
to-treat locations. Thus, treatment with activated MSCs represents a novel thera-
peutic option for patients having highly drug-resistant infections [44].

5.4 MSCs in bone, joint, and dental infections

The multidirectional differentiation potential of BM-MSCs is essential for tissue
repair after local injury of bones, joints, and medullary adipose tissue. Additionally,
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the regulation of multiple differentiation potentials of MSCs by various antimicro-
bial agents affects the recovery from bone and joint infectious diseases [70].
Minocycline induces the following favorable changes in MSCs: migratory capacity,
proliferation, gene expression, and growth factor release, ultimately resulting in
enhancement of angiogenesis. Also, the triple antimicrobial-loaded hydrogels
reduce bacterial bioburden and preserve viability of MSCs in the presence of
bacteria [71].

Gingival MSCs encapsulated in silver lactate-containing alginate hydrogel have
successfully differentiated into osteogenic tissue and have shown promise for bone
tissue engineering with antimicrobial properties against peri-implantitis caused by
gram negative bacterial infections [72]. Synthesized antibiotic-containing scaffolds
have been shown to possess significantly lower effects on proliferation and viability
of human dental pulp stem cells when compared to the saturated ciprofloxacin/
metronidazole solution [73].

6. MSCs in viral infections

Studies have shown that: (1) MSCs are susceptible to infection by members of
the herpes group of viruses such as: cytomegalovirus, Epstein-Barr virus, herpes
simplex virus (HSV) type 1, HSV-2, and VZV, and MSCs become functionally
defective following infection with herpes viruses; (2) AT-MSCs can differentiate
into functional hepatocyte-like cells but AT-MSCs undergoing hepatic differentia-
tion are not susceptible to infection by hepatitis B virus in vitro; (3) human MSCs
are permissive to the highly pathogenic avian influenza A/H5N1 infection and
infection of MSCs can cause apoptosis and loss of their immunomodulatory activity;
and (4) MSCs can significantly reduce the impairment of alveolar fluid clearance
induced by influenza A/H5N1 infection in vitro and prevent or reduce influenza
A/H5N1-associated ALI in vivo [28, 34, 74]. The extracellular vesicles (ECVs)
secreted by MSCs have anti-inflammatory and anti-influenza properties. Hence,
they can be used as cell-free therapy for influenza in humans [75]. Infection of
MSCs by respiratory syncytial virus (RSV) alters their immunoregulatory functions
by upregulating interferon (IFN)-f and IDO, thus accounting for the lack of pro-
tective RSV immunity and for the chronicity of RSV-associated lung diseases such
as bronchial asthma and chronic obstructive airway disease [76]. In mice models,
treatment with MSCs alleviates inflammation and mortality associated with
Japanese encephalitis virus, which is a leading cause of viral encephalitis in Asia
[77]. Zika virus infection of human MSCs promotes differential expression of pro-
teins that are linked to several neurological disorders such as Alzheimer’s disease,
Parkinson’s disease, autism, and amyotrophic lateral sclerosis [78].

MSCs exhibit immunomodulatory, anti-inflammatory, and pro-angiogenic
properties, and therefore have the potential to improve the outcome of allogeneic
HSCT in patients with AA. In a multicenter study that included 75 patients with AA,
the combination of HSCs obtained from BM and PB sources as well as MSCs has
resulted in amelioration of acute graft versus host disease (GVHD) and viremia
resulting ultimately in an improved survival benefit [79].

6.1 MSCs in HIV infection and AIDS

Acquired immunodeficiency syndrome (AIDS), which is caused by human
immunodeficiency virus (HIV), poses a real threat to human life [80]. Despite the
advent of highly active antiretroviral therapy (HAART) that suppresses plasma
viral load but does not cure disease, HIV-1 persists in latent tissue reservoirs, mainly
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in macrophages and T-helper lymphocytes, and this poses significant challenge to
long-term cure [2, 80-82]. HIV-1 predominantly infects HSCs such as macro-
phages, monocytes, and T-helper lymphocytes [82]. Non-immune responders
(NIRs) do respond to HAART, which effectively suppresses HIV replication, but do
not show any improvement in their immune status as reflected by an increase in
CD4+ T-cell counts [83]. More than 20% of HAART-treated HIV-infected individ-
uals exhibit NIR phenotype and these individuals are at risk of opportunistic infec-
tions, cancer, and reduced life expectancy [83].

Coexposure to MSC-conditioned media can enhance the latency-reactivation
efficacy of the approved latency reversing drugs vorinostat and panobinostat [81].
Undifferentiated AT resident MSCs are not permissive to HIV-1 infection despite
that HIV-1 exposure may increase the expression of some hematopoietic lineage
related genes [82]. It has been reported that transfusions of UCB-MSC or more
specifically W] are well tolerated and can efficiently improve immune reconstitu-
tion in HIV-infected individuals who are NIRs [83, 84]. Memory CD4 T cells are the
key cells organizing all immune actions against HIV while being the targets of HIV
infection [85]. MSCs can express receptors that permit their infection by HIV-1.
Additionally, human T-lymphotropic virus (HTLV)-1 could infect and replicate in
human BM-MSCs possibly by involvement or infiltration of CD4+ lymphocytes
[2, 86, 87].

7. MSCs in parasitic infections

Recently, MSCs have been introduced to treat parasitic infections associated
with tissue damage in the form of granuloma formation or organ fibrosis such as:
schistosomiasis, malaria, and Chagas disease [88, 89]. Studies have shown that
MSCs can: (1) ameliorate liver injury and hepatic fibrosis induced by Schistosoma
japonicum, particularly when combined with conventional therapies such as
praziquantel and (2) play an important role in improving host protective immune
responses against malaria by modulating regulatory T cells [88, 89].

7.1 MSCs in Chagas disease

Chagas disease, which is caused by the protozoan Trypanosoma cruzi, is endemic
in Central and Latin America. However, incidence of the disease has recently
increased in the United States of America, Canada, Japan, Australia, and Europe due
to migratory movements [2, 90-93]. The disease has acute and chronic phases
[90-92]. The acute phase is characterized by intense parasitemia with no or few
symptoms while the chronic phase, which extends over indeterminate period of
time that may span over years or decades, is characterized by the evolution of
cardiac as well as gastrointestinal manifestations reflecting disease complications
[90, 91]. Pathogenesis of chronic Chagas cardiomyopathy (CMP) is still debatable
but the following have been proposed to be the main pathological mechanisms
involved: parasite persistence, microcirculatory alterations, autoimmune mecha-
nisms, and autonomic dysfunction [90, 94]. The cardiac complications of Chagas
disease include: myocarditis, dilated CMP, heart failure, arrhythmias, heart block,
thromboembolism, stroke, and sudden death [2, 90, 91, 94].

The available and future therapies of Chagas disease include: treatment of
arrhythmias and heart failure, antiparasitic therapy, resynchronization treatment,
heart transplantation, and stem cell therapies [2, 90, 91, 93, 95]. In patients with
chronic Chagas CMP and cardiac failure, conventional pharmacologic therapies are
limited by being not always effective, thus rendering the disease incurable [90, 91, 96].
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Heart transplantation may occasionally be needed but the procedure has a number of
problems including: shortage of donors, high costs, and complications of long-term
immunosuppressive therapies administered to recipients of heart transplants [90, 95].

Different stem cell types and delivery approaches have been used in both pre-
clinical models as well as clinical trials with the aim of improving cardiac function
and reversing complications [95]. In animal models, stem cell therapies have shown
reductions in: right ventricular dilatation, and inflammatory infiltrates as well as
fibrosis [91, 93]. Stem cell therapy with BM-MSCs has emerged as a novel thera-
peutic option for Chagas CMP and heart failure [91, 93]. In a murine model of
Chagas disease, cotransplantation of autologous BM-MSCs and skeletal myoblasts
has been shown to be effective in reversing ventricular dysfunction [94]. Also, in an
animal model of chronic Chagas disease, genetic modification of MSCs mobilized by
granulocyte colony stimulating factor has increased the immunomodulatory actions
and paracrine functions of MSCs by recruitment of suppressor cells such as regula-
tory T-cells and myeloid-derived suppressor cells [97].

Transplantation of MSCs has shown clinical efficacy in animal or mouse models
but studies in humans have not shown equivalent success due to a number of
challenges that need to be overcome [2, 91, 93, 95, 98]. In animal models of chronic
Chagas CMP, cardiac MSCs have been shown to exert protective effects by
decreasing the degrees of fibrosis and inflammatory infiltrates in the affected myo-
cardium [99]. The beneficial effects of MSC therapy in Chagas mice models may be
an indirect action of the cells on the heart rather than a direct action of the large
numbers of transplanted MSCs on the myocardium [91, 96]. Tracking of infused
BM-MSCs in animal models has shown migration of these cells to the heart and their
participation in tissue repair or regeneration [91-93]. Although an early clinical trial
of intracoronary injection of autologous BM-cells in patients with chronic Chagas
CMP and heart failure showed safety and feasibility, a large multicenter, random-
ized double-blind, placebo-controlled trial using intracoronary infusion of BM-
mononuclear cells showed no improvement in cardiac function or in quality of life
in patients with chronic Chagas CMP [2, 99, 100].

8. MSCs in tuberculosis

Mpycobacterium tuberculosis (MTB) remains a leading cause of morbidity and
mortality due to infectious diseases in humans [101]. Multidrug-resistant (MDR)
and extensively drug-resistant (XDR) TB, mainly caused by non-adherence to
antimicrobial therapy, are recognized health problems in: Eastern Europe, South
Africa, and South East Asia [101-103]. Therapeutic strategies that are employed
in the management of MDR/XDR TB include: directly observed treatment
(DOTS), DOTS-Plus, recombinant human IL-2 by aerosol therapy, and
recombinant [FN-y [102].

Despite the strong host immune response in humans, MTB organisms are capa-
ble of persisting or staying dormant for prolonged periods of time, thus resulting in
latent infection [104-106]. Hypoxia or hypoxemic microenvironment may favor
dormancy of MTB and subsequent evolution of drug resistance [106]. MSCs play a
crucial role in the ability of MTB to evade the potent host immune responses and
cause TB. Hence, targeting MSCs or nitrous oxide (NO) seems a plausible thera-
peutic intervention for the design of new effective preventive strategies against TB
[107]. Studies have shown that MSCs are recruited into the tuberculous granulomas
and they position themselves between the harbored pathogen and the effector T-
cells [107-109]. CD271+ BM-MSCs can provide an antimicrobial protective intra-
cellular niche in the host in which dormant MTB can reside for prolonged periods of
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time [106, 109-111]. MTB infects and persists in a dormant form inside BM-MSCs
even after successful antimicrobial therapy [112]. Virulent mycobacteria can
manipulate Toll-like receptors and certain signaling pathways including nuclear
factor kappa-light-chain-enhancer of activated B cells in order to survive inside the
BM stem cells [112]. MSCs can increase NO production in Mycobacterium abscessus-
infected macrophages through activation of tumor necrosis factor (TNF)-a in the
presence of IFN-y [113]. The cellular crosstalk between TNF-a and prostaglandin-
E2 is essential for the increased production of NO in macrophages [113]. Conse-
quently, MSCs may become an ideal choice as adjunct therapy in MDR and XDR TB
particularly in individuals with comorbid medical conditions [102, 103, 114]. There
are three main clinical trials on the use of MSCs in the treatment of MDR/XDR TB
[115-117]. In the first trial, 27 patients with MDR/XDR TB who had been unsuc-
cessfully treated with conventional anti-TB chemotherapy received autologous
MSCs, the following results were obtained: all patients showed positive responses to
MSC therapy, bacterial discharge from lungs was abolished in 20 patients, tissue
damage and lung cavitation resolved in 11 patients, and persistent remission of TB
was encountered in 56% of patients after 2 years of autologous MSC transplantation
[115]. In the second study, a phase I clinical trial, 36 patients with MDR/XDR TB
received anti-TB chemotherapy for 4 weeks; then, they were subjected to autolo-
gous MSC transplantation [116]. Six months after autologous transplantation of
MSCs: no major adverse events were reported, 70% of patients showed radiological
improvement, while 16.7% of patients showed stable radiological appearances.
Eighteen months after autologous transplantation of MSCs: 53% of patients were
cured, while 10% of patients showed evidence of treatment failure [116]. In the
third study, a randomized clinical trial, 72 patients with MDR/XDR TB were
included: 36 patients (control group) received conventional anti-TB chemotherapy
only, and the other 36 patients (study group) received anti-TB chemotherapy and
autologous MSC transplantation [117]. Successful outcomes were encountered in
81% of the study group and 40% of the control group. So, the addition of autologous
MSC transplantation to conventional anti-TB chemotherapy significantly enhanced
the response rates in patients with MDR/XDR TB [117]. Therefore, combining
standard anti-TB chemotherapy with autologous MSC transplantation may ulti-
mately become valuable in increasing the efficacy of anti-TB treatment in patients
with MDR-TB [2, 102, 115, 116].

9. MSCs in fungal infections

Administration of human MSCs does not have negative impact on host response
against Aspergillus fumigatus [118, 119]. Also, Aspergillus fumigatus does not stim-
ulate MSCs to secrete cytokines that play a major role in the pathogenesis of GVHD
indicating that Aspergillus fumigatus is not involved in the pathogenesis of GVHD
following HSCT. In an animal model, infusion of BM-MSCs into mice infected with
Paracoccidioides brasiliensis failed to induce any antimicrobial effects.

10. Conclusions and future directions

Since their first description in the 1960s, the history of MSCs has witnessed
steady progress that ultimately resulted in their clinical application in the treatment
of many disorders including several infectious diseases. Although the success has
not been uniform with regard to various infections and despite the gap between the
achievements in animal studies and results of clinical trials in humans, plenty of
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efforts have been made to resolve the remaining challenges in the clinical
applications of MSCs in several diseases.

Some of the remaining challenges facing the utilization of MSCs in the clinical
arena include: (1) encountering failure of treatment or resistance to therapy; (2) the
need to have quality control and safety measures; (3) implementation of guidelines
and design of specific protocols for: preparation and manufacture, banking and
cryopreservation of MSC products, administration and therapeutic use of each type
and source of MSCs, and finally tracing of infused MSCs; and (4) performing large
prospective multicenter clinical trials on the use of specific MSCs in certain diseases
in order to test their uniform efficacy and verify their long-term safety.
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Chapter 4

The Role of Mesenchymal Stromal
Cells in the Management of
Osteoarthritis of the Knee

Charan Thej and Pawan Kumar Gupta

Abstract

Osteoarthritis (OA) is one of the most common chronic, inflammatory, and
degenerative diseases affecting the synovial joints, the hip, and the knee. OA is
commonly managed clinically by treating pain with anti-inflammatory medicines
using nonsteroidal anti-inflammatory drugs (NSAIDS) or analgesics. In severe OA
patients, invasive knee replacement surgery is the last option. Treatment of OA
using mesenchymal stromal cells (MSCs) has been widely explored due to their
anti-inflammatory properties and chondrogenic differentiation potential. In this
chapter, we comprehensively discuss in detail the in vitro OA potency development,
OA preclinical studies, and clinical trials conducted using MSCs.

Keywords: osteoarthritis, pooled human bone marrow-derived mesenchymal
stromal cells, potency assay, preclinical studies, clinical studies

1. Introduction

Common factors linked to osteoarthritis (OA) occurrence are increasing age
(55 years) and obesity [1]. The gender also seems to play a major role, where
the majority of OA patients are women and higher prevalence has been liked to
menopause. Radiological evidence suggests that about 70% of women above the age
of 65 years are affected by OA [2, 3]. Other factors such as genetic predisposition,
extrinsic environmental factors, nutrition, and lack of exercise are reasons for the
increased prevalence of OA. It has been reported by the World Health Organization
(WHO) that 10-15% of the populations aged >60 years exhibit a certain degree of
OA [4]. It has been reported by the National Health Portal of India that 22-39%
of the Indian population are affected by OA. As reported by the United Nations
Organization (UNO), 130 million people will be affected by OA with over 40 mil-
lion people with severe disability due to disease progression [3].

The etiology of OA is believed to be multifactorial. Some of the main reasons
include the biomechanical disease progression due to the narrowing of space in the
joints, bone hypertrophy, and formation of new osteophytes in the articular margins
causing stiffness and pain in the joints. In addition, an imbalance in the synthesis and
release of cytokines by chondrocytes in the disease state could be the main reason for
the continual inflammatory state in the joint. During the initial stages of OA, catabolic
interleukins (IL) such as IL-1a and IL-1f and tumor necrosis factor o (TNFa) increase
inflammation affecting cartilage metabolism and homeostasis. TNFa is a proinflam-
matory cytokine implicated in the degradation of matrix proteins synthesized by
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chondrocytes and synoviocytes [5]. Further, increase in the levels of interferony
(IFNy) in the joint worsens the inflammatory state and structure of the joint leading to
degradation of proteoglycans such as sulfated glycosaminoglycans (sGAG) [5, 6].

2. Current treatment options for osteoarthritis

Currently, pain in OA is pharmacologically managed using nonsteroidal anti-
inflammatory drugs (NSAIDS), opioids, and analgesics. Corticosteroid injections
have also been used for relieving severe pain in OA patients. Recent attempts have
been made to use TNFa blockers as recent studies have proven the significant role
of TNFa in contribution to the pathogenesis of OA [7]. Research by several groups
has implicated the role of nerve growth factor (NGF) and its binding to tropomyo-
sin receptor kinase A (trk A) which leads to downstream signaling and activation
of peripheral and central pain molecules causing severe pain. The therapeutic
efficiency of anti-NGF antibodies to block NGF or its antagonists has been studied
by several groups for relieving pain. The pain-relieving effects of anti-NGF anti-
bodies fasinumab and fulranumab manufactured by Regeneron Pharmaceuticals
and Janssen Pharmaceutica, respectively, have been evaluated in phase III clinical
trials [8]. In addition to pain relief, efforts have been made to halt further cartilage
damage using slow-acting symptomatic drugs such as chondroitin sulfate and
glucosamine sulfate. Orally administered chondroitin and glucosamine have shown
to relieve joint pain equivalently compared to NSAIDs. These molecules, intact or
broken, could be absorbed into the matrix of the joint and prevent cartilage degen-
eration. Although glucosamine and chondroitin sulfate have been clinically proven
to be safe, their therapeutic efficacy in protecting the cartilage matrix was found
to the variable [9]. In grade 4 OA (Kellgren and Lawrence classifications), patients
are advised to opt for total knee replacement surgery [10]. Alternatively, autologous
chondrocyte implantation (ACI) has been suggested and reported to be successful.
In the ACI method, the chondrocytes from patients are taken, culture-expanded
in vitro, and then implanted back into the knees of patients. This procedure is
invasive and has a lesser success rate than total knee replacement surgeries [11].

Apart from ACI, the efficacy of autologous platelet-rich plasma (PRP) in provid-
ing pain relief and promoting cartilage regeneration has been recently investigated by
several groups [12]. The PRP is rich in platelets that secrete several growth factors and
cytokines such as platelet-derived growth factor (PDGF), hepatocyte growth fac-
tor (HGF), insulin-like growth factor 1 (IGF-1), vascular endothelial growth factor
(VEGF), and prostaglandin E2 (PGE-2) [13]. Several research groups have reported
that intra-articular injections of PRP primarily reduced inflammation mediated by
PGE-2, HGF, and IGF-1. IGF-1 synthesized and secreted by platelets is shown to
prevent leukocyte infiltration into the joint space, thereby reducing the levels of IL-1p
and TNFu in the synovial fluid [13]. Overall intra-articular injection of PRP has been
shown to maintain joint homeostasis. However, clinical trial data suggest that the
effect of PRP seems to last for only 3 weeks and thereafter reduces. The symptoms
of OA were seen to relapse after a period of 1 year. Although promising results were
observed using PRP in the hydrogel, chitosan, or hyaluronic acid (HA) scaffolds [14],
efficacy is yet to be shown in elaborate randomized clinical trials (RCTs).

3. Mesenchymal stromal cells

The history of mesenchymal stromal/stem cells (MSCs) dates back to 1960 when
seminal studies conducted by Friedenstein showed the isolation of MSCs from bone
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marrow (BM) which were capable of forming ectopic bone in vivo. This was found to
be a non-hematopoietic fibroblast-like, colony-forming cell which primarily sup-
ported hematopoietic stem cells in the perivascular niche [15]. Owen and Friedenstein
discovered that these cells were capable of differentiating into the osteogenic lineage
[16]. Subsequently, the multipotent plasticity of that bone marrow MSCs (BMMSCs)
was identified and shown that they were capable of differentiating into osteocytes,
chondrocytes, and adipocytes in vitro [17]. In addition to the abovementioned

three lineages, Caplan and colleagues demonstrated that these cells were capable of
differentiating into cells of the muscle, tendons/ligaments, and connective tissue
after which he coined the term “mesenchymal stem cells” [18]. Bianco and Gehron
Robey deduced that chfal gene was the master regulator for directing the osteogenic
fate of MSCs. Because of the ability of MSCs to form osteocytes, they named them
skeletal stem cells [19]. In 2006, the International Society for Cellular Therapy

(ISCT) proposed the name multipotent mesenchymal stromal cells and defined that
MSCs must adhere to the criteria of being plastic adherent; express surface markers
CD105, CD73, and CD90; lack the expression of hematopoietic markers CD45, CD34,
CD14 or CD11b, CD79a or CD19, and HLA-DR; and differentiate into osteoblasts,
chondrocytes, and adipocytes under suitable conditions in vitro [20]. In addition to
their differentiation capacity, MSCs have been shown to elicit immunosuppressive and
immunomodulatory effects on T lymphocytes, B cells, dendritic cells (DC), and natu-
ral killer (NK) cells either by cell-cell interactions or by secretion of anti-inflammatory
molecules such as indoleamine 2,3-dioxygenase (IDO) and prostaglandin E2 (PGE-2),
interleukin-4 (IL-4), interleukin-10 (IL-10), and transforming growth factor f§
(TGFp) making them ideal cell types for treatment of diseases [21-23]. Because of
their ability to differentiate into chondrocytes in vitro and with their anti-inflamma-
tory and immunomodulatory functions, they were believed to be candidate cell type
to treat diseases such as OA. MSCs have been isolated from over 18 different tissue
sources. The most commonly used tissue sources for isolating MSCs apart from bone
marrow are the adipose tissue, umbilical cord, placenta, and dental pulp. However,
autologous or allogeneic BMMSCs are currently the most widely used cell type in clini-
cal trials for various disease indications. They are considered the “gold standard” MSC
type because of their extensive characterization that took place for over 5 decades.

4. Possible mechanism of action (MoA) of BMMSCs for treatment of
osteoarthritis

The pathophysiology of OA is characterized by degradation of hyaline cartilage
causing narrowing of joint space leading to subchondral sclerosis, subchondral
cysts, hypertrophic chondrocytes, and formation of osteophytes. The fric-
tion caused by the rubbing of joints results in chronic pain in OA patients [24].
Degeneration of cartilage extracellular matrix (ECM) may be caused due to the
increase in the levels of proteolytic enzymes such as matrix metalloproteases
(MMPs) and aggrecanases mediated by IL-1p and TNF« [25]. BMMSCs express a
wide range of properties that are anticipated to be beneficial for treating genetic,
mechanical, and age-related degeneration in diseases such as OA. In our previous
publication, we have in detail attempted to deduce the possible mechanism of action
(MoA) of allogeneic pooled BMMSC population [25]. Briefly, BMMSCs are known
to be immunomodulatory in nature, primarily because of their potential to signifi-
cantly suppress the proliferation of inflammatory T cells, monocytes, and dendritic
cells either by direct cell-to-cell contact. In addition, they secrete a wide range of
anti-inflammatory molecules such as PGE-2, IDO, IL1Ra, and IL-10 [26, 27].
BMMSCs influence the local osteoarthritic microenvironment by stimulating
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resident chondrogenic progenitor cells and promote their differentiation into
mature chondrocytes mediated by secretion of bone morphogenetic proteins
(BMPs) and TGFp1 [28]. BMMSCs are known to differentiate into chondrocytes

in vitro using differentiation cues such as BMP-7 and TGFp1. A similar mechanism
could be involved in the differentiation of BMMSCs in vivo. With the increase

in the levels of BMP-7 and TGFp1 in the local joint milieu, mediated by a change

in expression of master regulatory genes such as Sox9, HoxA, HoxD, and Gli3,
BMMSCs could differentiate into chondrogenic progenitor cells (CPCs) in vivo. The
CPCs further differentiate into chondroblasts characterized by definitive upregula-
tion of collagen types II B, IX, and XI. Subsequently, the CPCs differentiate into
mature chondrocytes regulated by balanced expression of collagen X (Col X) and
synthesize the secretion of collagen II which is made of sGAG building blocks which
maintain the structural integrity of hyaline cartilage [25]. Very high expression

of collagen X has been linked to hypertrophy of chondrocytes and formation of
fibrous cartilage, and thus a regulated expression of Col X would likely result in
deposition of hyaline cartilage [29]. From the above-described multimodal MoA,

it is clear that BMMSCs are an ideal cell population which could contribute signifi-
cantly for an effective treatment of OA.

5. Advantages of using a pooled human BMMSC (phBMMSC,
Stempeucel®) product for treating osteoarthritis

In the current therapeutic scenario, the common practice is to screen several indi-
vidual donors, isolate MSCs, and characterize them based on their key characteristics
such as their surface marker expression, tri-lineage differentiation potential, and
immunomodulatory and paracrine properties [30-32]. It is inevitable that a product
that is manufactured using a master cell bank (MCB) made from a single donor will
result in exhaustion. Successively, a product that is made using another single donor
MSC bank, although presumably similar in basic characteristics qualifying the iden-
tity and safety criteria, may not have the same functional attributes which may lead to
varied therapeutic outcomes. Eminent scientific groups have demonstrated donor-to-
donor variability in properties of MSCs such as their clonogenicity, growth kinetics,
and differentiation potential [33]. A comparative analysis of five different BMMSC
populations showed significant variation in the proteomic profile of these cells. Only
13% similarity in the proteomic profile which included transcriptional and transla-
tional regulators, kinases, receptor proteins, and cytokines between the five BMMSC
populations was found. A maximum of 72% similarity in the proteome was observed
between two of the five analyzed cell populations [34]. Disparities in clinical trial
outcomes have been reported where BMMSCs derived from single donors have been
used. A steroid-refractory acute graft-versus-host disease (SR-aGvHD) clinical trial
conducted in both children (n = 25) and adults (n = 30) using BMMSC products
derived from 92 HLA-matched and HLA-mismatched donors resulted in only 50%
overall durable complete response, while the remaining patients did not respond or
partially responded to the treatment [35]. Similar variations with limited response
rates were observed in a phase III GvHD trial conducted by Osiris Therapeutics
using Prochymal® with only 35% complete response rate compared to 30% in the
placebo arm [36]. It has been suggested that improper selection of a BM donor and
making a single donor-derived cell product could lead to substantial variations in
therapeutic outcomes [37]. In order to challenge this issue, some scientific groups
have suggested pooling of BMMSCs from two or more donors in order to compensate
for the variation and balance the properties between different donor cell populations.
Samuelsson et al. showed that a two- or three-donor pooled BMMSC product could
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Figure 1.
Chondrogenic potency assessment using quantification of sGAG in 16 batches of Stempeucel® cryopreserved in
PlasmalLyte A-based cryopreservation solution and 4 batches of Stempeucel® cryopreserved in CS 5.

optimize the immunosuppressive properties of these cells in vitro [38]. Later, Kugi

et al. showed substantial variability in the immunosuppressive properties of indi-
vidual donor-derived BMMSCs (n = 8). On the contrary, a mesenchymal end product
(MEP) made by pooling BMMNCs from eight donors resulted in a cell population that
consistently suppressed an MLR in vitro [39]. Subsequently, they went on to conduct
a multicentric SR-aGvHD clinical trial in 51 children and 18 adults using MEP/MSC
Frankfurt am Main (MSC-FFM, Obnitix®) cells and observed 83% overall response
(complete response, 32%; partial response, 51%) [40]. At Stempeutics Research Pvt.
Ltd., we were the first group to develop an allogeneic pooled human BMMSC product
called Stempeucel® using an established, robust pooling protocol and a two-tier
manufacturing and banking system as previously described [41, 42]. Recently, we
have published our comprehensive studies including in vitro chondrogenic proper-
ties and preclinical and clinical findings establishing the efficacy and safety of using
Stempeucel® for the treatment of OA of the knee joint [43]. In this study, we found
that several manufactured batches of Stempeucel®, when differentiated into the
chondrocyte lineage, downregulated the expression of the gene Sox9 and upregulated
the expression of collagen type 2A (Col2A) gene confirming their differentiation into
the chondrogenic lineage. The same Stempeucel® batches synthesized substantial
levels of sGAG (30 + 1.8 pg/pg GAG/DNA) which were estimated using a dimethyl-
methylene blue-based biochemical assay kit (Figure 1). These properties indicate that
Stempeucel® could be a potential treatment option for treating OA.

6. Development of a potency assay for Stempeucel® intended to treat
osteoarthritis

The US Food and Drug Administration (USFDA) describes potency assays as “The

specific ability or capacity of the product, as indicated by appropriate laboratory tests
or by adequately controlled clinical data obtained through the administration of the
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product in the manner intended, to effect a given result” (US-FDA, 21 CFR 600).

For any cell therapy product (CTP) intended to be used for a particular indication, a
specific, quantifiable, potency test or array must be developed. The development of

a potency assay must begin with in vitro and preclinical studies based on the MoA of
the CTP. The confirmation of the assay or the identified marker must be evaluated in
every large-scale manufactured batch of the CTP during the progress of the phase I
and phase II clinical studies. A quantifiable range for the potency test must be defined
and implemented during the course of phase III clinical trial [44]. In order to predict
the efficacy of a CTP, either in vitro biochemical assays or biological assays or in vivo
biological assessment could be implemented. For example, a company called TiGenix
(Leuven, Belgium) has developed and adopted an assay matrix where an ex vivo poly-
merase chain reaction (PCR) array for autologous chondrocytes (ChondroCelect) is
performed and ectopic cartilage formation is correlated to the histology sections of an
orthotopic goat model where ChondroCelect is implanted [45, 46]. Jeong et al. have
demonstrated that thrombospondin-2 (TSP-2) could be an effective marker to predict
the chondrogenic efficiency of umbilical cord-derived MSCs (UC-MSCs). They
demonstrated that UC-MSCs, through the TSP-2 secretion, can promote chondro-
genesis via PKCa, ERK, P38/MAPK, and Notch signaling pathways [47]. Recently,
another group estimated the levels of TSP-2 to evaluate the chondrogenic potency of a
UC-MSC product (Cellistem®OA, Cells for Cells, Brazil) intended to be used in phase
I/phase Il RCT for knee OA [48]. Other scientific groups have shown that autologous
culture-expanded chondrocytes could be embedded in collagen-1 and injected
subcutaneously in nude mice to predict the potency of several bioactive molecules

in promoting chondrogenesis [49]. For the first time, we have developed a chondro-
genic potency assay for an allogeneic pooled bone marrow-derived MSC product
(phBMMSCs, Stempeucel®). Preliminarily, we culture-expanded and differentiated
several Stempeucel® batches into the chondrogenic lineage using commercially
available differentiation assay kits (Thermo Fisher Scientific, USA). To confirm the
differentiation, we evaluated the Col2A mRNA expression in differentiated cells and
compared them with the undifferentiated control cells. After observing a significant
increase in the Col2A expression of differentiated cells, we enzymatically digested
both the differentiated and undifferentiated cells to quantify the levels of sGAG syn-
thesized by these cells using a 1,9-dimethylmethylene blue (DMMB)-based assay kit
(Blyscan, Biocolor, UK). We further normalized the levels of sGAG with the amount
of DNA from the same number of cells. We evaluated the sGAG levels in 20 batches of
Stempeucel® of which 16 batches were cryopreserved in our older formulation (10%
dimethyl sulfoxide (DMSO), 5% human serum albumin (HSA) and PlasmaLyte A)
and also four batches of Stempeucel® cryopreserved in a new cGMP grade CryoStor
5 solution (CS5, BioLife Solutions). We observed a significant and consistent increase
in the levels of sGAG in the differentiated cells compared to the undifferentiated cells
(undifferentiated, 11.9 + 4.6 GAG/DNA (pg/pg); differentiated, 31 + 8.6 GAG/DNA
(ng/pg; P < 0.0001; n = 20)) (Figure1). Based on our results, we propose that the
sGAG assay is a simple, quantifiable, and robust potency assay which could also be a
part of a bigger potency assay matrix to predict the chondrogenic potency of thera-
peutic cells intended to treat cartilage defects.

7. Preclinical efficacy studies in OA
Many studies have demonstrated that MSCs are nontoxic and non-tumorigenic
when tested in various animal models [50, 51]. Prior to evaluating the efficacy of

Stempeucel® in an appropriate preclinical model of OA, we had earlier evalu-
ated the preclinical safety and toxicity of Stempeucel® in rodent and non-rodent
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Author/ Animal  OA model Cell type and Vehicle Study Reference
year dose duration
time
points

Murphy Goat ACLT- 10 x 10° HA 12and [65]
etal. (2003) meniscectomy  Autologous (goat) 26 weeks

BMMSC + HA
Frisbieetal. ~ Horse Arthroscopic 10.5 x 10° Saline 10 weeks  [61]
(2009) surgery Autologous

(horse) BMMSC
Sato et al. Pig Spontaneous 7 x 10° Xenogeneic ~ HA/PBS 1,3,and [66]
(2012) (human) BMMSC 5 weeks
Song et al. Sheep ACLT- 10 x 10° PBS 8 weeks [63]
(2014) meniscectomy  Autologous

(sheep) BMMSC
Delling Sheep Bilateral 20 x 10° PBS 0,1, 4, [64]
etal. (2015) meniscectomy  Autologous 8, and

(sheep) BMMSC 12 weeks
Singh et al. Rabbit ACLT 1 x 10° Autologous  Culture 4 and [55]
(2014) (rabbit) BMMSC medium 6 weeks
Chiang Rabbit ACLT 1 x 10° Allogeneic HA 6and [56]
etal. (2016) (rabbit) BMMSC 12 weeks
Diekman Mouse Closed tibial 1x10° Allogeneic Saline/mouse 8 weeks [52]
etal. (2013) plateau (mice) BMMSC albumin

fracture

Suhaeb Rat MIA injection 3.5 x 10° HA 3and [67]
etal. (2012) Allogeneic (rat) 9 weeks

BMMSC
Kim et al. Rat ACLT- 1 x 10° Allogeneic Culture 3and [53]
(2014) meniscectomy  (rat) BMMSC medium 6 weeks
Yang et al. Rat ACLT- 0.5 x 10° PBS 3 weeks [54]
(2015) meniscectomy  Autologous (rat)

BMMSC
Guptaetal. Rat MIA injection 0.6 x 10° PlasmaLyte A 4,8, and [43]
(2016) or13x 10° 12 weeks

Xenogeneic

(human) pooled

BMMSC

Table 1.

OA preclinical studies using BMMSCs.

models. In the same study, we evaluated the feasibility of multiple routes of cell
injection. Tumorigenic analysis in severe combined immunodeficient (SCID) mice
showed that Stempeucel® is non-tumorigenic. In addition, the biodistribution
kinetics of CM-Dil labeled Stempeucel® in the systemic circulation and also in
muscle tissue were studied in both rats and mice [51].
It is important to demonstrate the efficacy of any cell therapy product in an ani-
mal model of disease before administrating the product in humans with the same
disease. It is imperative to determine the suitability of using animal stem cells in
animals or human stem cells in immunocompromised/immunocompetent animals.
A common regulatory requirement is to have animal data for the same test product
that is intended to be tested in humans. In our recently published work, we evalu-
ated the efficacy of Stempeucel® in a monosodium iodoacetate (MIA)-induced
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OA model in Wistar rats. We demonstrated the dose-dependent efficacy of two
Stempeucel® doses of 0.65 x 10° (25 x 10° human equivalent dose, HED) and

1.3 x 10° (50 x 10° HED) followed by an injection of hyaluronic acid (HA). A
significant dose-dependent reduction in pain scores was observed in both low and
high Stempeucel® doses compared to the HA alone and disease control group.
Histological evaluation of joint tissue sections in all study groups showed significant
improvement in proteoglycan staining in both low and high Stempeucel® admin-
istered groups indicating significant regeneration of the cartilage in both groups
compared to the HA alone and disease control groups [43].

Similar to the animal model we used, other scientific groups have created articu-
lar cartilage defects in small animals, such as mice [52], rats [43, 53, 54], and rabbits
[55, 56]. Smaller animal models are cost-effective and easy to house, and rodents are
available in a variety of genetically modified strains with minimal biological vari-
ability [57, 58]. However, the small joint size, thin cartilage, altered biomechanics,
and increased spontaneous intrinsic healing hamper the study of the regenerative
capacity of stem cells and these mechanisms of healing which cannot be fully
extrapolated to human cartilage repair [59, 60]. Rodents have mainly been used to
assess the chondrogenesis of cell-based therapies by subcutaneous, intramuscular,
and intra-articular implantations of cells [60]. Of all small animals, the rabbit
model is the most utilized model in cartilage regeneration studies because of the
slightly larger knee joint size than rodents [55, 56]. Despite their limited translational
capacity, small animals can be very useful as a proof-of-principle study and to assess
therapy safety before moving on to preclinical studies using larger animals [60].

Large animal models play a more substantial role in translational research
because of a larger joint size and thicker cartilage; however, their preclinical use is
often hindered by high costs and difficulties in animal handling. A variety of large
animal models have been used to investigate cartilage repair strategies, including
horses [61], dogs [62], sheep [63, 64], goats [65], and pigs [66], each with their own
strengths and limitations. We have listed some relevant published studies which
have used autologous, allogeneic, or xenogeneic BMMSCs to treat OA induced by
various methods (Table1).

Based on the positive efficacy outcomes of our preclinical study, subsequently,
we demonstrated the safety and optimal dose for efficacy in a phBMMSC product,
Stempeucel®, in a randomized, double-blind, placebo-controlled dose-finding
phase II clinical trial in Indian patients [43].

8. Clinical trials in osteoarthritis of the knee joint
8.1 Safety of mesenchymal stromal cells in clinical trials

Lalu MM et al. conducted a systematic review of clinical trials that examined the
use of MSCs to evaluate their safety [68]. A total of 36 studies having 1012 partici-
pants with different clinical conditions was evaluated. Eight studies were random-
ized control trials (RCTs) and enrolled 321 participants. Only prospective clinical
trials that used the intravenous or intra-arterial route of administration in different
age groups were analyzed. Meta-analysis did not detect an association with MSC
administration and acute infusional toxicity, organ system complications, infection,
and death. There was a significant association between MSCs and transient fever
at or shortly after MSC administration which was not associated with long-term
sequelae. Most importantly, the meta-analysis showed no serious adverse event due
to the administration of MSCs and specifically found no association between MSCs
and tumor formation. In another study, Peeters et al. [69] did a systemic review of
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the safety of intra-articular administration of culture-expanded stem cells. A total
of 844 procedures (mean follow-up of 21 months) was analyzed. Four SAEs were
reported—one infection following bone marrow aspiration (BMA) that resolved
with antibiotics, one pulmonary embolism after 2 weeks of BMA, and two adverse
events not related to the therapy. Other adverse events documented were increased
pain/swelling and dehydration after BMA. In another review, a recent analysis of
adverse events (AEs) in 2372 orthopedic patients treated with autologous stem
cell therapies and followed up for 2.2 years has been published [70]. The common
AEsreported included post-procedure pain and pain due to progressive degenera-
tive joint disease in under 4% of the population. Hence, we can conclude that the
systemic administration of MSC including intra-articular administration is safe.

8.2 Efficacy of stem cells including mesenchymal stromal cells in clinical trials
of osteoarthritis of the knee joint

Several clinical trials have been conducted using bone marrow mononuclear
cells, adipose tissue-derived stromal vascular fraction (AD-SVF), adipose tissue-
derived mesenchymal stromal cells (AD-MSCs), or bone marrow-derived mesen-
chymal stromal cells (BMMSCs) in OA of the knee joint. The list of the published
clinical trials in chronological order is given in Table 2. Administration of the cells
has been fairly standardized, with the cells being administered either directly intra-
articularly or under ultrasound guidance. Few trials have been conducted using the
arthroscopic method of administration with direct implantation of the cells alone or
with a scaffold at the site of cartilage injury.

The first clinical study has been published way back in 2002 by Wakitani et al.
[71]. In this study of 12 patients who underwent high tibial osteotomy, BMMSCs at
a dose of 13 million cells were embedded in collagen gel and transplanted into the
cartilage defect and covered with autologous periosteum. The clinical improvement
was not significantly different from the control group, but the arthroscopic and his-
tological evidence was better in the transplanted group than the control arm. Since
then many studies have been published, but still many contentious issues regarding
cell therapy in OA are being discussed. We will try to discuss a few burning issues in
this chapter:

a.Level of evidence regarding the use of MSC therapy in OA: Jevotovsky
et al. [106] did a systemic review of 61 studies to look at the study evidence
level, MSC protocol, treatment results, and AEs. The levels of evidence were
defined by Marx et al. stating the level of evidence as level 1, randomized
controlled trial; level II, prospective cohort study or observational study with
dramatic effects; level III, retrospective cohort study or case—control study;
level IV, case series; and level V, mechanism-based reasoning [107]. These
levels of evidence help physicians to come to clinical decisions. In this review,
a total of 2390 patients in 61 studies was identified. Most of the studies used
adipose-derived stem cells (ADSCs) (n = 29) or bone marrow-derived stem
cells (BMSCs) (n = 30). The majority of the studies (57%) were level IV evi-
dence which consists of therapeutic case series without comparative groups.
Only five and nine studies were level I and level II evidence, respectively, in
a total of 288 patients. Additionally, 11% were level III retrospective cohort
studies, and 8% were level V single-patient case reports. The published data
highlights the need for more level I and level II evidence to evaluate the
role of MSC treatment in OA patients. However, the majority of the studies
have reported positive results and an association between MSC therapy and
symptomatic and radiologic improvement in these patients.
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b.Best source of MSC for treatment of OA: Many studies have been published

using different sources of MSCs, and there is no consensus as to which MSC
type is the most effective in treating OA. Recently few studies have been pub-
lished using SVF, bone marrow aspirate concentrate, and micro-fragmented
adipose tissue, which further adds to the variability of this issue. The most
common problem affecting the clinical outcome in OA is the tendency of MSCs
to differentiate into fibrous-like tissue instead of hyaline cartilage [108]. To
eliminate or reduce chondrogenesis of the injected MSCs, one school of thought
is to identify new sources of MSCs for cartilage repair. Recently synovium-
derived stem cells have been used for OA study as it is believed that epigenetic
memory may play a role and impact the specific lineage differentiation of

MSCs [109]. Hence, the use of synovium stem cells predicts a better outcome as
chondrogenic differentiation is expected as it belongs to the same lineage. Fetal
stem cells have higher plasticity and proliferation ability than adult stem cells.
Hence, fetal tissue-derived stem cells, especially derived from the fetal cartilage,
may show higher chondrogenic activity [110] and may be the ideal source of
cells for OA. More controlled clinical trials are required to come to a conclusion
as to which cell type may be the best choice for the effective treatment of OA.

. Autologous or allogeneic source of MSCs: Most of the published trials used

autologous MSCs to minimize immune response, which may lead to best clini-
cal outcomes. Six of the studies in Table 2 attempted to investigate the poten-
tial application of allogeneic MSCs [43, 48, 93, 96, 103, 105] in OA. Recently

in the last 2-3 years, most of the studies have attempted to use an allogeneic
source of MSCs due to the ease of application. Further, no observed serious
adverse effects indicate the safety of allogeneic cells in OA. Around 3000
patients have been administered allogeneic MSCs for different conditions, and
no immune response has been reported to date [111]. In a recently published
trial using allogeneic umbilical cord-derived MSCs (UC-MSC) in knee OA,
patients were randomized to receive hyaluronic acid at baseline and 6 months
(HA, n = 8), single-dose (20 x 10%) UC-MSC at baseline (MSC-1, # = 9), or
repeated UC-MSC doses at baseline and 6 months (20 x 10° x 2; MSC-2, n = 9).
No serious adverse events were reported. At 12 months of follow-up, MSC-2-
treated group had significantly lower levels of pain [visual analog score (VAS),
Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC),
total score, and pain subscale] than HA group [48]. Hence, it can be safely
concluded that the use of allogeneic MSCs is safe and may be efficacious in OA.

d.The optimal dose of MSCs for best efficacy in OA: MSCs have been used in

different doses in several clinical trials of OA (Table 2). The dose varied from as
low as 1.18 million cells [79] to as high as 150 million cells [43]. In a study by Koh
etal. [79], 18 patients were given intra-articular injections with adipose tissue-
derived MSCs in a mean dose of 1.18 million cells and platelet-rich plasma. At

26 montbhs of follow-up, patients had significant improvement in VAS, Lysholm,
and WOMAC scores. Magnetic resonance imaging (MRI) was evaluated using
WORMS score and showed statistically significant improvement in the total

and cartilage scores. In another dose-finding study, Pers et al. [90] recruited 18
patients who were treated with autologous AD-MSCs in three different doses: low
dose (2 x 10° cells), medium dose (10 x 10° cells), and high dose (50 x 10° cells).
After 6 months of follow-up, the procedure was found to be safe, and no serious
adverse events were reported. Patients in the low dose had significant improve-
ment in pain levels and functions as compared to baseline. In a dose-finding study
conducted by Gupta et al. [43], four different doses (25, 50, 75 and 150 million
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cells) of allogeneic BMMSCs were used in a total of 60 patients. At 1 year of
follow-up, the lower doses of 25 million had shown improvement in pain levels
and function as compared to placebo and baseline. However in a study by Jo

et al. [101], 18 patients were injected with autologous AD-MSCs in three dif-
ferent doses: 10, 50, and 100 million cells. At 2 years of follow-up, significant
improvement in the Knee Society clinical rating system (KSS), Knee Injury and
Osteoarthritis Outcome Score (KOOS), and VAS scores was seen in the highest
dose of 100 million cells. As can be seen, most of the studies are single-arm studies
without any control arm. Hence, to determine the most efficacious dose in OA,
more randomized controlled, dose-finding clinical trials are required.

e. Selection of endpoints for the conduct of clinical trial: The FDA 2018 draft
guidance document for OA regarding the development of structural endpoints for
the development of drugs, devices, and biological products for treatment states
that approvals for OA to date have been based on patient-reported outcome meas-
ures that assess pain and function. For the development of new product in OA,
the goal of treatment should be inhibition of structural damage or targeting the
underlying pathophysiology associated with OA or significantly delay the com-
plications of joint failure and the need for joint replacement and also to reduce the
deterioration of function and worsening of pain. All of the above may be taken
into consideration for the development of endpoints for the study in OA [112].

Recently a meta-analysis was done to evaluate the different endpoints used
to see the therapeutic efficacy and safety of MSCs for the treatment of patients
with knee osteoarthritis [113]. Five hundred eighty-two patients in 11 random-
ized controlled trials were included in this meta-analysis. It showed that MSC
treatment significantly improved VAS and International Knee Documentation
Committee (IKDC) scores after 24 months of follow-up compared to controls.
MSC therapy also showed significant improvement in the Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC), Lequesne algofunctional
indices (Lequesne), Lysholm knee scale (Lysholm), and Tegner activity scale
(Tegner) at 12 or 24 months of follow-up. Hence, all the endpoints used currently
for evaluation of efficacy in OA have shown significant improvement in different
clinical trials:

f. MRI to evaluate cartilage regeneration: MRI has emerged as the leading
method of imaging soft tissue structures around joints. An ideal MRI study
for the cartilage should provide an accurate assessment of cartilage thickness
and volume, show morphologic changes of the cartilage surface, show internal
cartilage signal changes, and allow evaluation of the subchondral bone for signal
abnormalities. Also, it would be desirable for MRI to provide an evaluation of the
underlying cartilage physiology, including providing information about the sta-
tus of the glycosaminoglycan (GAG) and collagen matrices [114]. But, in actual,
there is an absence of a standard system by MRI to evaluate cartilage regenera-
tion. Many studies as given in Table 2 that have used MRI to evaluate cartilage
regeneration are only qualitative. It is recommended to use validated imaging
outcomes for cartilage regeneration for scientifically validating cell-based thera-
pies, thus advancing the field. The most common parameters used for evaluation
of cartilage regeneration by MRI are cartilage thickness in different points in all
the compartments of the joint [97], cartilage volume [101], whole-organ magnetic
resonance imaging score (WORMS) [43, 48], T2 relaxation time mapping [78, 83,
85, 95, 98], MRI Osteoarthritis Knee Score (MOAKS) score [88, 103], magnetic
resonance observation of cartilage repair tissue (MOCART) score [88],
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and contrast-enhanced imaging technique known as delayed gadolinium-
enhanced MRI of cartilage ({GEMRIC) [90]. Among all the parameters, T2
mapping and WORMS seem to be the most commonly used qualitative parame-
ters used for evaluation of cartilage regeneration as it is sensitive to both changes
in cartilage hydration and collagen fibril orientation. In a study by Orozco et al.
[78], T2 relaxation measurements demonstrated a highly significant decrease of
poor cartilage areas (on average, 27%), with the improvement of cartilage quality
in 11 of the 12 patients. In another study by Rich et al. [83], a total of 50 patients
was evaluated by T2 mapping at 12 months of follow-up after administration

of autologous BMMSCs. The mean poor cartilage index (PCI) significantly
decreased in 37 of 50 patients (74%), 10 remained the same (20%), and 3 wors-
ened between 7 and 10% (6%). Hence, cartilage T2 mapping may be a sensitive
marker for monitoring cartilage quality in subjects with knee OA as it allows us to
accurately determine the grade of disorganization of the extracellular matrix.

g.Use of MSC alone or MSC with a scaffold for intra-articular injection in OA:
When MSCs are injected intra-articularly alone, MSCs scatter widely in the
joint, making it impossible to obtain consistent local concentration at the site of
cartilage defect. Hence, with a hope to enhance their efficacy in cartilage regen-
eration, MSC implantation using scaffolds is being attempted in different clini-
cal trials so that the cells are delivered to the site of interest. Compared to direct
intra-articular injection, MSC delivery via a scaffold affords more control of
proliferation, matrix production, and self-renewal which may help in the regen-
eration/repair of degenerated or damaged articular cartilage. Different scaffolds
have been designed as the delivery system for the repair of articular cartilage.
The different scaffolds which can be used are either made of poly-lactic-co-
glycolic acids (PLGA) [115], collagen [116], gelatin [117], tricalcium (TCP)
[118], poly-lactic acid (PLA) [115], hyaluronic acid (HA) [119], poly-glycolic
acid (PGA), or fibrin glue [120]. HA has been used frequently for implantation
of MSCs into the joint. Many clinical studies (Table 2) have used HA as scaffold
along with MSCs for implantation of the cells. Cartistem®, an approved drug
by the Korean FDA for knee OA, is a combination of human umbilical cord
blood-derived MSCs and sodium hyaluronate which is directly implanted at
the site of cartilage injury into the joint by arthroscopy [96, 121]. Hence, cells
with scaffold are the ideal combination for intra-articular delivery for cartilage
degeneration. However, further studies are necessary to find optimal implanta-
tion vehicles that can result in the regeneration of articular cartilage.

8.3 Clinical trials in India

Few clinical trials using autologous or allogeneic MSCs or mononuclear stem
cells in OA have been conducted in India. The trials registered in the Clinical Trials
Registry of India are the two trials done by Stempeutics (one phase II trial com-
pleted and the other phase III trial ongoing). However, one published trial by Bansal
et al. [122] for the single-arm study was done in India in which a total of 10 patients
were treated with AD-MSCs. The patients were evaluated for safety, WOMAC,
6-minute walk test (6MWT), and MRI for cartilage thickness. The patients were
followed up for 2 years. The total WOMAC and its subscale scores and 6MWT
were significantly improved at all-time points till 2 years of follow-up. Cartilage
thickness as determined by MRI improved by at least 0.2 mm in six patients, was
unchanged in two patients, and decreased by at least 0.2 mm in two patients. The
authors concluded that the procedure demonstrated a strong safety profile with no
severe adverse events or complications reported.
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8.4 Stempeutics Research experience in osteoarthritis of the knee joint

The off-the-shelf allogeneic, pooled BMMSC product developed by Stempeutics
has completed one phase II clinical trial [43] and currently ongoing phase III trial
in knee OA. In our completed phase II trial, we included patients of idiopathic OA
in grade 2 or 3 of Kellgren and Lawrence radiographic criteria; patients who had
self-reported difficulty in at least one of the following activities attributed to knee
pain, lifting and carrying groceries, walking 400 m, getting in and out of a chair, or
going up and down stairs; and patients who had been on stable medication, includ-
ing nonsteroidal anti-inflammatory drugs/opioid analgesics for the past 3 months
and in the age group of 40-70 years. All the criteria have to be present before being
included in the study [43].

8.4.1 Phase II study in patients with osteoarthritis of the knee joint

The phase II results of Stempeucel® in OA patients have been published [43].
Briefly, it was a double-blind, randomized, placebo-controlled, dose-finding study. In
this study, 60 OA patients were randomized to receive different doses of Stempeucel®,
25, 50, 75, and 150 million cells or placebo. Stempeucel® was administered intra-artic-
ularly (IA) to the knee joint followed by 2 ml of hyaluronic acid (20 mg). The subjects
were followed up for 2 years and were evaluated for safety parameters including AEs,
and for efficacy parameters, VAS for pain, Intermittent and Constant Osteoarthritis
Pain (ICOAP), WOMAC (total score and its subscales), and MRI were done to evaluate
the WORMS score. The intra-articular administration of Stempeucel® was safe with
knee pain and swelling as the most common AEs. Clinically relevant improvement in a
persistent manner was seen in 25 million dose group in all subjective parameters (VAS,
ICOAP, and WOMAC scores) (Figures 2-4). WORMS of MRI knee did not reveal any
difference from the baseline and placebo group. It was concluded that intra-articular
administration of Stempeucel® is safe and 25 million dose may be the most effective
among the doses tested.

Currently, we are conducting a phase III trial in OA of the knee joint. Thisisa
randomized, double-blind, multicentric, placebo-controlled study assessing the
efficacy and safety of intra-articular administration of Stempeucel® in patients
with osteoarthritis of the knee joint. One hundred and forty-six patients will be
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Figure 2.
Visual analog scale values. Data presented as mean value + SD; C1 = cohort 1; C2 = cohort 2; 25M, 50M, 75M,
150M = 25, 50, 75, 150 million cells, vespectively; 1M, 3M, 6M, 12M = 1, 3, 6, 12 months, respectively.
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WOMAC results. WOMAC: (A, B) composite; (C, D) pain; (E, F) stiffness; and (G, H) physical function.
Data presented as mean value + SD; C1 = cohort 1; C2 = cohort 2; 25M, 50M, 75M, 150M = 25, 50, 75, 150
million cells, respectively; 1M, 3M, 6M, 12M = 1, 3, 6, 12 months, respectively; WOMAC = Western Ontario

and McMaster Universities Osteoarthritis Index.

randomized to stem cell and placebo arm in a ratio of 1:1. Seventy-three patients
will receive Stempeucel® (25 million) followed by 2 ml of hyaluronan, and 73
patients will receive only intra-articular injection of 2 ml of placebo followed by

2 ml of hyaluronan. The patients will be followed up for a total of 2 years after IMP
administration. The details of the study are found in the Clinical Trials Registry of
India (CTRI/2018/09/015785).
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ICOAP results. ICOAP: (A, B) total; (C, D) continuous pain; and (E, F) intermittent pain. Data presented
as mean value + SD; C1 = cohort 1; C2 = cohort 2; 25M, 50M, 75M, 150M = 25, 50, 75, 150 million cells,
respectively; 1M, 3M, 6M, 12M = 1, 3, 6, 12 months, respectively; ICOAP = Intermittent and Constant
Osteoarthritis Pain.

9. Conclusion

Osteoarthritis is a common disorder involving damage to synovial joint tis-
sues particularly the cartilage and bone. Current treatments are mostly targeted
at end-stage disease, but biological therapies including stem cell therapy show a
promise for earlier intervention with a more prolonged benefit. With all the pub-
lished clinical trial data, it is reasonable to expect that MSCs may prove to be an
important therapy for OA. Pooled BMMSCs with their enhanced anti-inflammatory
potential, immunomodulatory properties, and secretion of paracrine factors create
the optimum environment for a controlled reparative pathway in the affected joint.
Pooled BMMSC treatment, perhaps combined with other modalities like a scaffold,
would be advantageous in providing treatment in early OA to slow disease progres-
sion, thus delaying or avoiding total joint replacement.
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Chapter 5

GMSC: Updates of Advances on
Its Therapy in Immunological
Diseases

Yuluan Hou and Song Guo Zheng

Abstract

Mesenchymal stem cells (MSCs) derived from various tissues are multi-potency
of self-renewal and differentiation into multi-lineages, including chondrocytes,
adipocytes and osteoblasts iz vitro and in vivo. In addition, these cells also display
potent immune regulatory roles that benefit the treatment of inflammatory and
autoimmune diseases. We and others have previously identified that human
gingival-derived mesenchymal stem cells (GMSCs) not only share similar biological
features, but also display some potential advantages compared to other MSC
populations. In the chapter, we have discussed the discovery, phenotypic and func-
tional characteristics, as well as updated the advances of these cell therapies in
immunological diseases.

Keywords: mesenchymal stem cells, gingival-derived mesenchymal stem cells,
inflammatory and autoimmune diseases, immunomodulatory, cell therapy

1. Introduction

Mesenchymal stem cells (MSCs) are pluripotent stem cells derived from meso-
derm with features of self-renewal and multi-lineage differentiation. These
populations include MSCs that are primarily isolated from bone marrow (BMSCs)
[1], fat [2], umbilical cord [3], dental pulp [4] and others [5, 6], particularly in most
of adult tissues. Investigators have reported the successful differentiation of MSCs
into mesenchymal-like cells, such as osteoblasts, chondrocytes, adipocytes [1-6],
neural crest stem-like cells [7] and synoviocytes [8], and manifested that MSCs
maintain immune homeostasis and prevent autoimmunity involving in the repair of
impaired tissues and immunoregulation of autoimmune and inflammatory diseases
[9, 10]. However, the occurrence and development of some autoimmune diseases
are related to MSCs abnormality [11]. In addition, application of cell therapy using
MSCs has weaknesses, like limited large-scale expansion iz vitro and vive [12],
immunological rejection of allogeneic transplant and potential risk on tumorigenesis
[13]. The availability of human gingival mesenchymal stem cells (GMSCs) together
with their potent capacity of self-renewal, proliferation, multi-directional differen-
tiation, inflammatory modulation and less tumorigenesis makes it as an ideal
subtype of MSCs.
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2. Discovery, development and biological characteristic of GMSCs

Gingiva is a unique oral tissue attached to the alveolar bone of tooth sockets,
recognized as a biological mucosal barrier and a distinct component of oral mucosal
immunity [14]. Wound healing within gingiva is characterized by rapid and fetal-
like scarless healing, contrary to the common scar formation in skin [15]. Gingival
tissue is easily assessable and gingival cells can be easily isolated and expanded from
patients or healthy donors. Gingival fibroblast-like cells, including fibrocytes,
myofibroblasts, pericytes and mesenchymal stem cells, a heterogeneous group of
cells with distinct properties and functions, were named gingival fibroblasts before
2009, playing key roles in tissue development, maintenance and repair, as well as
contributing to various pathologies [16]. Zhang et al. was the first to isolate and
characterize a new population of precursor cells from human gingival tissues,
termed GMSCs, which exhibit three unique stem cell-like properties as MSCs
derived from bone marrow and other postnatal tissues [17]. Based on the minimal
characterization criteria for human MSCs of the International Society for Cellular
Therapy [18], the population of GMSCs shows: (1) in vitro proliferation as plastic-
adherent cells with fibroblast-like morphology, colony-forming ability,

(2) multipotent differentiation into different cell lineages, (3) positive expression of
MSCs surface markers and stem cell-specific genes, negative of hemopoietic stem
cell ones. Moreover, some studies reported that GMSCs manifested a higher expan-
sion and telomerase activity and kept the features of MSCs, morphology and normal
karyotype stable during cell expansion [19]. Recently, Gugliandolo et al. reported
that most oncogenes of GMSCs at higher passengers were turned off, suggesting
that long-term cultured GMSCs may be safer in the clinical setting [20].

GMECs Other M5Cs References
Advantages
Source .'G--'lnwa élnrw marrow and 1:;1!1er atult I.I.S]
a. Essily sccesuble and no tissues
inreasive a.  Invasive and rare from bone
b. Wound healing rapsd and marrow and tendon
scarless b.  Wound healing with scar in
skin
Safty Oncogenes at higher Potential risk on tumorigenesis (i}
passengers turned off
And no tumarigenic
Basical charneters Hamagenous Heterogemous [19]
Praliferatation faster and Variable morphobogy and
maorphology stable replicative sanescence in vitra
Mormal karyotype and srial propagation
telomerase acticity in Loose MEC characteristic at
long-term cultunes kigher passages
Regulation of immune Equal or even better Efficacy of the adminlstration of 9], 110},
Emimuneregulation in MSCs for reatment of [31], [53];
immunological diseases Imnvimne-refated diseases has [59], [63],
been confirmad In vivie studies,
Posithve factors 3D spherodd culare Mo show in this chapter [Ea).i74]

Hypaxic stimulation

Table 1.
Advantages of GMSCs in the treatment of immunological diseases compared to other MSCs according to the
updated studies.
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Table 1 summarizes the advantages of GMSCs obtained from current studies in the
treatment of immunological diseases.

3. Roles and mechanisms of GMSCs in treating immunological diseases

In response to the current challenges in the field of medicine on the efficacy and
serious adverse effects of the current treatments, researchers are investigating the
alternative therapies. In this regard, the use of MSCs represents a great promise for
the treatment of a variety of immune-related diseases due to their potent properties
of immunomodulatory ability [21, 22]. BMSCs and umbilical-cord MSCs (UC-
MSCs) are widely studied because of their low immunogenicity [12, 23]. GMSCs, as
a new subtype of MSCs, share strong abilities of immune regulation as MSCs from
other tissues [24, 25]. As to update these advances of researches in GMSCs, we
summarize the current recognition on the curative effects and mechanisms on
immune and inflammation-related diseases (Table 2).

3.1 Immunoregulatory properties of GMSCs on autoimmune diseases

Autoimmune diseases are caused by defects in immune tolerance, resulting in
that the body immune system failing to identify cells from their own or the foreign
accompanied by the cellular or tissue damage [26]. Autoimmune diseases are cate-
gorized into systemic or organ-specific types according to the extent of tissue
involvements [27]. The pathogenesis of autoimmune diseases is still not well-
understood as multifactorial factors may be involved in at least both genetic and
environmental factors [28, 29]. Although the conventional and biological therapies
can somehow ameliorate clinical symptoms and decrease the morbidity and mor-
tality, the limited efficiency, bone marrow toxicity and other side effects including
infection and tumor are problematic [30]. Therefore it is desirable to find new
strategies that can cure autoimmune diseases with minimal side effects. The MSCs
therapy has been demonstrated to be likely as a new alternative approach. As a
subset of MSCs, current studies show that GMSCs have even strong and better
immunoregulatory effects than MSCs derived from other sources, through cell-cell
contacting or secreting molecules to modulate both innate and adaptive
responses [31].

Type 1 Diabetes Mellitus (T1DM) is an autoimmune disorder resulted from T
cell-mediated destruction of pancreatic p-cells [32]. Hu et al. reported a clinical trial
that implantation of Wharton’s jelly-derived mesenchymal stem cells (WJ-MSCs)
from the umbilical cord for newly-onset T1IDM restored the function of islet p-cells
in a longer time by improving the level of HbAlc and C peptide without acute or
chronic side effects, suggesting that the implantation of WJ-MSCs for the treatment
of newly-onset T1DM is safe and effective [33]. Researches in experimental models
of mice manifested that MSCs inhibited the expansion of Th1, Th17 cells and
stimulated the proliferation of CD4+CD25+Foxp3+ T regulatory (Treg) cells by
reducing the levels of pro-inflammatory cytokines such as TNF-a, IFN-y, CCL2,
IL-1B, IL-2 and IL-17 but increasing the expression of immunoregulatory cytokines
such as IL-4, IL-10 and IL-13 [9]. Zhang et al. infused GMSCs to determine the
therapeutic effect on TIDM model, just as other MSCs, showed that GMSCs
administration, homing to pancreas lymph nodes and pancreas, could delay diabe-
tes onset, ameliorate pathology in pancreas by regulating down IL-17 and IFN-y of
CD4+ and CD8+ T cell and induce the generation of induced regulatory T (iTreg)
in vivo which may be regulated through CD39/CD73 signal pathway [34]. Treg cells
are a crucial immune suppressor that maintains the immune tolerance and prevents
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Table 2.
List of studies in which the therapeutic potential of administration of GMSCs for the treatment of
immunological diseases was obtained.
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the autoimmune responses [35-37]. It was also observed in rheumatoid arthritis
animal model where GMSCs promoted Treg cell development to control autoim-
mune arthritis [38]. Some investigators also identified that high exocytotic fusion
by secreting exosomes and cytokines is an alternative mechanism of GMSCs to
promote the wound healing in diabetic patients, one of the most challenging com-
plications in clinical medicine [39, 40].

The utilization of MSCs has reduced both the severity of disease and histopa-
thology scores in rheumatoid arthritis models [9]. In collagen-induced arthritis
(CIA) models, Chen et al. demonstrated that the adoptive transfer of GMSCs
significantly delayed the onset of CIA and decreased the severity scores [38]. His-
tological and quantitative analysis of ankle joints demonstrated a significant
decrease in synovitis, pannus formation and destruction of bone and cartilage in
treated mice by increasing iTreg cells frequency while reducing percentages of Th1
and Th17 cells and relevant pro-inflammatory cytokines IFN-y, IL-17, and TNF-a.
Interestingly, Th2-type IL-4, IL-5 and IL-13 were not affected [38]. They found that
GMSCs exerted the immune suppression functions indirectly viz adenosine through
CD39/CD73 signaling [38]. Recently, Gu et al. further supported this finding that
GMSC ameliorated CIA and revealed that GMSC mediated T-cell apoptosis and
influenced the polarization of the Th cells via a FasL/Fas pathway, resulting in
immune tolerance and ameliorating the severity of CIA in mice [41].

3.2 Immunoregulation of GMSCs on graft-versus-host disease

Allogenic graft-versus-host disease (allo-GVHD) is a severe complication of
organ or bone marrow transplantation related to the activation of alloreactive T cells
or autoreactive mechanisms [42-44]. In clinical trials and experimental models, the
administration of MSCs from bone marrow, adipose tissue and others decreased the
severity of the symptoms and increased the survival. Most studies reported that
MSCs inhibit reactive T cells trafficking and their proliferation. In addition, MSCs
also stimulate cells differentiation into immunomodulatory cells such regulatory
dendritic cells, Treg, Breg cells and M2 macrophages [9]. There is only a research of
GMSCs for the treatment of allo-GVHD in mice model. Huang et al. revealed that
GMSCs displayed the superior effect to BMSCs on suppressing xeno-GVHD
according to the weight loss and inflammatory pathology in liver, lung, and intes-
tine [45]. The underlying mechanism may be that GMSCs inhibited lymphocytes
proliferation through CD39/CD73/adenosine and/or IDO signals without influenc-
ing CD4+Foxp3+ Treg cells [45].

3.3 Therapeutic progression of GMSCs in other inflammatory diseases

Inflammatory bowel disease characterized by dysfunction of the innate and
adaptive immunity is a group of inflammatory conditions of the colon and small
intestine [46-48]. The existing studies demonstrated administration of MSCs
inhibited the proliferation and infiltration of inflammatory cells, for instance, sig-
nificant inhibition in the expansion of Th1 and Th17 cells and opposite effect in the
clonal expansion of Treg, by two main ways: direct cell-cell contact and the release
of soluble factors [9]. In line with other tissues-derived MSCs, systemic infusion of
GMSCs protected mice from colitis related tissue injuries and reduced the overall
disease severity. Zhang et al. confirmed that GMSCs suppressed CD4+ T lympho-
cyte and promoted regulatory T cells infiltration to the colonic sites, which was
accelerated by IFN-p-induced IDO and IL-10 [17]. While Yang et al. exhibited other
actions of GMSCs in colitis that hydrogen sulfide upregulated the expression of
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Fas/FasL in GMSCs coupling-induced T cells migration and T-cell apoptosis to
maintain immunomodulation of GMSCs iz vive and in vitro [49].

Atherosclerosis is the major cause of cardiovascular diseases. Current evidences
indicate that inflammation is involved in the pathogenesis of atherosclerosis and
monocytes/macrophages are the major inflammatory cells [50]. Zhang et al. firstly
indicated that GMSCs decreased inflammatory level, plaque size and lipid deposi-
tion in mice model in vivo, partly by inhibiting macrophage foam cell formation,
suppressing the activation of M1 macrophages and promoting their development
into the M2 phenotype via IDO and CD73 signals [51].

Periodontitis is a widespread bacterially induced immune-inflammatory disorder
of the periodontium, featured with a progressive destruction of the tooth-supporting
structures [52]. The milieu of bacterial biofilms challenges and activates host innate
and adoptive immune systems to produce pro-inflammatory cytokines and
chemokines for inflammatory cells recruitment, striking the balance of osteoblast and
osteoclast [53]. MSCs from bone marrow, adipose, dental pulp and periodontal liga-
ment have been testified to, in vivo, newly form periodontal bones, collagen fibers,
periodontal ligament-like tissue and cementoid tissue indicating periodontium
regeneration [54]. GMSCs also were proved to generate new cementum-like tissue,
bone and sharpey fibers in dog and pig model of periodontitis [55, 56].

3.4 The contribution of GMSCs to contact hypersensitivity

Murine contact hypersensitivity (CHS) as a model similar to human allergic
contact is caused by delayed-type hypersensitivity responses to antigens that come
into contact with the skin [57]. The pathological process consists of sensitization
phase, the elicitation or challenge phase, and resolution/regulation phase [58]. In
this process, allergen-specific effector T cells and various types of innate immune
cells are involved [59]. In 2011, Su et al. investigated the immunoregulatory role of
GMSCs and for first time found that i.v. injection of GMSC significantly attenuated
the CHS appearance at different phases of CHS, and showed that GMSCs-derived
PGE2 played a crucial role in their inhibitory effect on dendritic cells and mast cells
[60]. Li et al. further testified that PGE2-EP3 signaling played an important role in
the immunomodulatory functions of GMSCs in murine CHS [61].

3.5 Wound healing

Cutaneous wound healing involves in three phases: inflammation, tissue forma-
tion, and remodeling [62]. Studies have demonstrated that systemically injected
MSCs can home to injury sites accelerating wound repair [63]. Because of the rapid
and fetal-like healing of gingival trauma, researchers have focused on the effect and
mechanism of GMSCs. Experiments iz vitro suggested that GMSCs were capable of
switching macrophages from classical activation or proinflammatory M1 phenotype
to an anti-inflammatory profile of M2 macrophages by soluble factors such IL-6,
COX-2 and GM-CSF [64]. In vivo mice model suggested that enhancement of
wound healing by systemic infusion of GMSCs related to enhanced re-
epithelialization, collagen deposition and angiogenesis [64]. Compared with
BMSCs, Linard et al. reported that gingival fibroblasts (GFs) intradermally injected
in irradiated skin induced earlier development of thick, fully regenerated epider-
mis, skin appendages and hair follicles [65]. GFs also modified expression of ECM-
related gene, ECM components (tenascin-C and a-smooth muscle actin) and wound
healing-related factors, like TGF-p1 and CTGF [65]. While the influence to macro-
phage recruitment and differentiation of GFs was in accordance with Zhang et al.,
other studies presented that GMSC-derived exosomes accelerated wound healing in
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a diabetic rat skin defect model [39, 40]. Kou et al. indicated that TNF-a-Fas/Fap-1
via the NF-kB pathway enhancing IL-1RA release in GMSCs participated in healing
progress [40].

4. Analysis of factors influencing the function of GMSC

Only well preserved the comprehensive and stable features, GMSCs can be an
alternative cell therapy to autoimmune and inflammation-related diseases. Many
factors can disturb the functions of GMSCs. Su et al. reported disturbed oral
microbiome weakened the wound healing of GMSCs through miR-21/Sp1/telome-
rase reverse transcriptase pathway [66]. The physical condition of donors is a key
factor to properties of GMSCs. Assem et al. revealed that GMSCs exhibited a greater
proliferation rate and higher surviving in normal individuals than the diabetic
patients [67]. Moreover, GMSCs exosome from diabetic mice showed reduced
IL-1RA and decreased Fas expression when compared to WT GMSCs [40]. Differ-
ent culture techniques of GMSCs have a profound effect on their biological func-
tions. Subbarayan et al. showed that GMSCs derived spheroids enhanced abilities of
viability, pluripotency and multi-lineages and maintained the properties of stem
cells convincingly than conventional culture methods [68]. Zhang et al. have con-
firmed that spheroid-derived GMSCs possessed better therapeutic efficacy than
their adherent counterpart [69]. The spheroid-derived GMSCs also had a greater
homing ability to mucositis sites and underwent a higher mesenchymal-epithelial
transformation compared to conventional culture GMSC in murine model of
chemotherapy-induced oral mucositis [69]. Although normal and inflammatory
GMSCs similarly expressed mesenchymal stem cells markers and proliferation abil-
ity, inflammatory microenvironments indeed reduced differentiation potentials of
GMSCs [70]. Zhang et al. demonstrated that initial inflammatory stimuli of IL-1 and
TNF-a appeared essential for GMSCs proliferation and tissue regeneration, while
with inflammatory persistence, this effect turned to osteogenesis followed by a
short-term stimulatory [71]. However, Apatzidou et al. demonstrated that GMSCs
from periodontal granulation tissue possessed similar immunophenotype and
regeneration feature to those in healthy periodontal tissue [72]. Many studies have
also demonstrated that other elements also affect the biological characteristics of
GMSCs, for instance, Lee et al. reported that dexamethasone accelerated the aging
of GMSCs through downregulating SIRT1 and IL6 and upregulating EDN1 genes via
the AGE/RAGE pathway [73]. In addition, hypoxic enhanced the suppressive
effects of GMSCs on peripheral blood mononuclear cells and inhibited the local
inflammation of injured skin by suppressing the inflammatory cells, accompanying
with reduction of TNF-a and increase of IL-10 [74].

5. Conclusion

The existing studies have documented that GMSCs have self-renewal,
multi-lineage differentiation potential, and immunomodulatory properties. These
properties make GMSCs an alternative cell-based therapy of autoimmune and
inflammation-related diseases. Plenty of internal and external factors may affect
their functions of renewal, regeneration and immunoregulation. Moreover, the
specific mechanisms and clinical efficacies are indistinct. Future studies and
clinical trials should be implemented to elaborate mechanisms and therapeutic
effects of immunomodulatory properties in detail on various inflammatory and
immunological diseases.
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Abstract

Tissue engineering and regenerative medicine are branches of biomedical
sciences that facilitate the use of cells and biocompatible scaffolds in favor of tissue
restoration. In this regard, restoration and maintenance of angiogenesis and blood
supplementation could be an effective strategy for injured tissue removal, accelerat-
ing healing rate, and successful transplantation of cells and scaffolds into target
sites. It has been elucidated that mesenchymal stem cells have the potency to pro-
mote angiogenesis via paracrine activity and trans-differentiation into the endothe-
lial lineage. In this chapter, we highlighted the paracrine property of mesenchymal
stem cells to modulate angiogenesis in the target tissues.

Keywords: mesenchymal stem cells, angiogenesis, paracrine activity, exosomes

1. Introduction

Angiogenesis, termed as neovascularization, is defined as de novo vasculariza-
tion from the pre-existing vascular network and activated in response to numerous
pathological and physiological stimuli, playing critical roles during development
and tissue repair [1]. Recent advances in the field of stem cell research, nota-
bly MSCs, have opened new horizons to human medicine in the promotion of
angiogenesis and restoration and salvage of ischemic tissues [2]. MSCs actively
participate in angiogenesis via direct differentiation, cell contact interaction with
endothelial lineage, and releasing pro-angiogenic factors via a paracrine manner
[3]. Due to the low survival and differentiation rate of MSCs posttransplantation
into ischemic microenvironment, it is proposed that the paracrine activity is the
principal mechanism for the therapeutic outcome [4]. It has been well-established
that stem cell-secreted growth factors are responsible for, at least in part, therapeu-
tic effects. As a matter of fact, MSC-derived secretome is thought to be a suitable
alternative therapeutic modality to MSCs posttransplantation. At present, the
underlying mechanisms by which MSC secretomes contribute to tissue healing and
angiogenesis are not fully addressed and many efforts are needed to fill knowledge
gaps by experimental animal research and clinical trials prior to application to
human medicine [5, 6]. Paracrine factors could increase the blood supplement of
damaged tissues via the activation and recruitment of resident/circulating stem
cells and progenitor cells [7, 8]. Several experiments detected the pro-angiogenic
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capacity of MSCs isolated from different sources [9, 10]. Table 1 ELISA and liquid-
chip assays of cytokine content of umbilical cord MSCs revealed several angiogen-
esis factors, including interleukin-8 (IL-8), insulin-like growth factor 1 (IGF-1),
and vascular endothelial growth factor (VEGF) compared to mature cell types such
as fibroblasts. These pro-angiogenic factors are able to form vascular networks and
increase the migration of endothelial lineage in vitro [51]. In addition to the secre-
tion of angiogenic factors by MSCs, it was revealed that various factors existing in
secretome could activate the angiogenic behavior in endothelial cells (ECs). For
instance, equine peripheral blood MSC angiocrine was found to stimulate endothe-
lial functional behavior by the induction of VEGF-A signaling pathway via several
factors such as endothelin-1, IL-8, platelet-derived growth factor-AA (PDGF-AA),
and IGF-2 [52]. Due to the variety of factors released by MSCs such as VEGF,
monocyte chemoattractant protein-1 (MCP-1), and IL-6, an increased angiogenesis
rate was observed in the mouse model of hindlimb ischemia, and even the combina-
tion of VEGF, MCP-1, and IL-6 could be served as a commercial cocktail for the
promotion of angiogenesis either in vivo or in vitro [53]. In addition to the existence
of the pro-angiogenic factor in MSC secretome, some authorities, however, showed
the anti-angiogenic properties of these cells (Table 2) [67]. In some circumstances,
the dual effect of a distinct factor was proved related to angiogenesis status. For
example, in VEGF-free condition, the attachment of angiopoietin-2 (Ang-2) to
receptor tyrosine kinase (RTK), namely Tie-2, promotes vascular destabilization
and regression by reduction of pericyte-EC interaction, while in normal condition
Ang-2 could increase EC migration and tip cell formation required for neovascular-
ization [68]. Commensurate with these comments, one could hypothesize that the
dynamic balance of MSC secretome, cell source, purity, and preconditioning could
predetermine the pro- and/or anti-angiogenic property of MSCs [67].

By modulating distinct signaling pathway/s inside the MSCs, cell bioactivity
would be induced in favor of neovascularization. For instance, it was shown that
the activation of sonic hedgehog (Shh) factor in Wharton’s jelly-derived MSCs
(WJ-MSCs) induced the production of pro-angiogenic factors such as angiogenin,
angiopoietin-1, activin A, matrix metallopeptidase-9 (MMP-9), granulocyte-
macrophage colony-stimulating factor, and urokinase-type plasminogen activa-
tor, indicating WJ-MSCs an ideal cell source for the induction of vascularization
[69]. An experiment conducted by Matluobi et al. showed an enhanced vascular
formation capacity of human MSCs after treatment with carvacrol evaluated by
chicken chorioallantoic membrane angiogenesis assay. The carvacrol-treated MSCs
tended to trans-differentiate into endothelial lineage by the expression of VWF
and VE-cadherin [70]. MSCs have the ability to adapt themselves with environ-
mental condition increasing regenerative potential in different conditions [71].
Maintaining the MSC cross talk with other cells is required for cell hemostasis,
stemness feature, and regenerative potential in the distinct niche. For example, the
normal bioactivity of Hox gene, Abdominal-B, seems to be essential in Drosophila
cystic stem cells to obtain multipotentiality [72].

Regarding issues related to isolation protocols and stem cell proliferation rate, a
careful selection is essential for high-throughput results. Vizoso et al. demonstrated
large-scale secretome production and release of a vast array of bioactive factors in
human uterine cervical stem cells with considerable advantages over MSCs from
other tissues for research and clinical application [73].

The emergence of some conditions could change the trans-differentiation capac-
ity of MSCs into distinct phenotypes. In the case of the vicious cycle of abnormal
placental development in intrauterine growth restriction, placental mesenchymal
stromal cells lose angiogenic potential while acquiring adipogenic capacity which is
coincided with a metabolic shift from aerobic to anaerobic state [71]. It seems that
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Factor Amniotic fluid/ Function

bone marrow
MSCs

Angiogenin +/+ A pancreatic ribonuclease, known as ribonuclease 5, which
induces vascularization [11]

Angiopoietin-1 +/+ Activates TEK/TIE2 receptor; promotes angiogenic processes,
endothelial cell survival, migration, proliferation, and
stabilization; and during embryogenesis has a role in heart
development [12]

Angiopoietin-2 +/— Binds to TEK/TIE2, in the presence of VEGF and Ang-2 and
promotes neovascularization [13, 14]

Angiopoietin-4 +/+ Binds to TEK/TIE2, modulating ANGPT1 signaling, can
induce tyrosine phosphorylation of TEK/TIE2, and promotes
endothelial cell survival, migration, and angiogenesis [15]

Amphiregulin +/— An EGF-like ligand that binds to the EGFR, enhanced
lymphangiogenesis, and stimulates the growth of normal
epithelial cells [16]

Artemin +/— Binds for the GFR-alpha-3-RET and GFR-alpha-1-RET receptor
and promotes angiogenesis [17]

Tissue factor +/— Stimulates PDGF receptor signaling pathway, angiogenesis,
endothelial cell migration, chemotaxis and proliferation, and
coagulation factor I1I/CD142; improves transcription of VEGF;
and reduces transcription of the thrombospondins [18]

CXCL16 +/+ Encourages a chemotactic response, pro-angiogenic [19]

DPPIV +/— A membrane-bound oligopeptidase acting on and modulating
the pro-angiogenic chemokine CXCL12 [20]

Epidermal growth +/— Encourages the growth of epithelial tissues, is anti-apoptotic,

factor induces lymphangiogenesis, and improves MSC survival [21]

EG-VEGF +/— Also called Prokineticin 1. Binds to PROKR1 and PROKR2,
pro-angiogenic [22]

Endothelin-1 +/+ Derived from the endothelium with vasoconstrictor and
angiogenic effects, prolymphoangiogenic [23]

Endoglin +/— Also called CD 105. Modulates TGF-p1 and f3 responses,
vascular development, and angiogenic effects [24]

FGF-7 +/+ Has positive effects on cell proliferation, migration and
division, chemotaxis, and arteriogenesis [25]

Acidic FGF/FGF-1 +/— Binds to for FGFR1 and integrins and induces angiogenesis [26]

Basic FGF/FGF-2 +/— Ligand for FGFR1, FGFR2, FGFR3, and FGFR4, Vascular
regeneration; role in cell migration and proliferation involved in
angiogenesis, stimulates arteriogenesis [27]

FGF-4 +/— Has positive effects in MSC proliferation, pro-angiogenic [28]

GDNF +/— Has positive effects in angiogenesis [29]

GM-CSF +/— Has positive effects in angiogenesis [30]

Heparanase +/+ Has positive effects in angiogenesis [31]

Heparin +/+ Has positive effects in angiogenesis [32]

binding-EGF

Hepatocyte +/— Has positive effects in angiogenesis [33]

growth factor

HIF-1a +/+ Functions as a master transcriptional regulator of the adaptive

response to hypoxia and influences cell metabolism, cell
survival, and angiogenesis [34]
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Factor Amniotic fluid/ Function

bone marrow

MSCs
IL-1p +/— Has positive effects in angiogenesis and lymphangiogenesis [35]
IL-6 +/— A potent pro-angiogenic cytokine which stimulates endothelial

cell and smooth muscle cell proliferation and migration and
promotes neovascularization [36]

IL-8 +/— Has a role of pro-angiogenic factor [37]

Leptin +/— Stimulates vessel formation [38]

MCP-1 +/— CCL2. Induces stabilization of new vessels [39]

MIP-1x +/— CCL3. Induces vessel formation

MMP-8 +/— Known as collagenase 2. Breaks collagen types 1, II, and IIl and
has positive effects on angiogenesis [40]

MMP-9 +/— Called as gelatinase B. Breaks both collagens and gelatins and
has positive effects on angiogenesis [41]

NRG1-p1 +/— Promotes angiogenesis and arteriogenesis [42]

Pentraxin-3 +/+ Has a role of a pro-angiogenic agent [43]

(PTX3)

PD-ECGF +/— Stimulates angiogenesis [44]

PDGF-AA ++ Has positive effects on MSC proliferation and stimulates
angiogenesis [45]

PDGF-AB/ +/— Induces neovascularization and arteriogenesis [27]

PDGF-BB

Persefin +/— Induces angiogenesis [3]

PIGF ++ Has a role of a pro-angiogenic factor [46]

Prolactin +/— Has a role of a pro-angiogenic factor in intact form [47]

Sphingosine ++ Promotes angiogenesis [48]

kinase 1

SDF-1a -1+ An important chemotactic factor for progenitor cells. Stimulates

stem cell migration, adhesion, and homing [3]

TGF-p1 +/— Promotes angiogenesis at least in part via the secretion of the
survival factors TGF-a and VEGF [3]

uPA ++ Promotes endothelial cell proliferation and migration and has
positive effects in vascular network formation [49]

VEGF +/+ Promotes angiogenesis [50]
VEGF-C +/— Promotes lymphangiogenesis [50]
Table 1.

Comparison of angiogenic paracrine factors secveted by MSCs from ammiotic fluid and bone marrow.

external environmental influence could alter the therapeutic potency of MSCs by
rendering epigenetic marks associated with cell differentiation capacity [74]. In
support of this claim, Rezaie and co-workers found a decrease of angiogenic human
MSC potential after exposure to diabetic sera. The diabetic MSCs showed a declined
migration capacity by suppressing the transcription of MMP-2, MMP-9, and
CXCR-4 and aborted the secretion of Ang-1, Ang-2, and VEGF [75]. The expression
of CXC chemokine receptors such as CXCR-1, CXCR-2, and CXCR-4 was found

to accelerate and direct MSC migration in response to the chemokine gradients. A
blockade of CXCR chemokine such as CXCL6 had potential to abrogate cardiac stem
cell migration and motility [76].
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Factor Amnijotic fluid/ Function
bone marrow
(MSCs)
Angiopoietin-2 +/— Binds to TEK/TIE2 and induces endothelial cell

apoptosis in the absence of VEGF [54, 55]

Angiostatin +/— Angiogenic inhibitor. Acts as an inhibitor of endothelial
cell proliferation and migration [56]

Endostatin +/— Acts as inhibitor of endothelial cell proliferation and
migration and angiogenesis and induces endothelial
apoptosis [56]

TGF-p1 +/— Angiogenic inhibitor [57]
Platelet factor 4 (PF4) +/— Angiogenic inhibitor [58]
Serpin B5 +/— Maspin. A member of the serine protease inhibitor

family and negative regulator of angiogenesis [59]

Serpin E1 +/+ Serine protease inhibitor; inhibition of angiogenesis;
inhibitor of uPA; preserves the vascular integrity [60]

Serpin F1 ++ Serine protease inhibitor, inhibition of angiogenesis [61]

TIMP-1 +/+ Angiogenesis inhibitor [62]

TIMP-4 +/+ Angiogenesis inhibitor [63]

Thrombospondin-1 +/+ Anti-angiogenic. Inhibits endothelial cell proliferation
[64]

Thrombospondin-2 +/— Anti-angiogenic. Inhibits endothelial cell migration and

tubule formation [65]

Vasohibin +/— A negative feedback regulator of angiogenesis [66]

Table 2.
Comparison of anti-angiogenic paracrine factors secreted by MSCs from the amniotic fluid and bone marrow.

At present, the combination of cell and tissue engineering techniques increased the
restoration potential of a distinct cell type after transplantation [77]. In most of these
approaches, the maintenance of cell-to-cell interaction in 3D microenvironment could
increase survival signaling pathway and organotypic plasticity of cells. For instance,
it seems that cell encapsulation by the mixture of alginate-gelatin promotes angio-
crine cues and vascular network formation [77]. The introduction of MSC-alginate
microbeads to ischemic hindlimb mouse model promoted arterial collaterals after the
occlusion of the femoral artery by the modulation of VEGF-A signaling pathway [78].
A side-by-side comparison of MSCs expanded in 2D, and alginate microbeads revealed
enhanced angiogenic and chemotactic activity in cutaneous healing [79].

2. Modulation of angiogenesis by exosomes

Regarding paracrine activity, MSC exosomes transfer various bioactive mol-
ecules, microRNAs, and protein factors with the ability to modulate angiogenesis
behavior in the target cells.
2.1 Exosomes biogenesis

Exosomes are a subtype of extracellular vesicles (EVs, 40-200 nm) found in

bio-fluids and released from all cell types. They maintain cell-to-cell communica-
tion through shuttling diverse biomolecules [80-82]. The first intracellular step
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in exosome biogenesis involves the invagination of the membrane of the multive-
sicular body (MVB) to form membrane-bound vesicles in MVB lumens that are
identified as intraluminal vesicles (ILVs) (Figure 1) [83, 84]. Various factors and
signaling pathways have been considered in biogenesis, trafficking, and abscission
of exosomes [85]. Of note, endosomal sorting complexes required for transport
(ESCRT) machinery with four complexes, ESCRT-0, ESCRT-I, ESCRT-II, and
ESCRT-III, participate in exosome formation and packing cargo incorporation with
different accessory proteins (Figure 1) [81, 85, 86]. Noteworthy, the formation of
MVBs in the absence of the ESCRT machinery is aborted. In this condition, oligo-
dendroglial cell ceramide is a key molecule to induce inward budding of the limiting
membrane of MVBs [83, 87]. After MVB formation, intracellular trafficking of
vesicle systems was orchestrated by Rab-GTPase family proteins [81]. As shown

in Figure 1, several Rab proteins specifically contribute to the transfer of vesicles

in definitive pathways. Along with these factors, soluble NSF attachment protein
receptor (SNARE) has been suggested to control the fusion of MVBs with the
plasma membrane (Figure 1) [88]. At the intracellular level, three possible fates are
considered to involve MVBs such as secretory, lysosomal, and back fusion pathways.
Once secreted, exosomes can be received by neighboring cells by three possible

-

d

Sigmaling Pathways

Figure 1.

Biaggenesis, structure, and uptake of exosomes. Exosomes are producing during invagination process of MVB’s
membrane. ESCRT machinery and ESCRT-independent mechanisms (lipid rafts/tetraspanin) contribute

to form exosomes and sort several molecules including proteins, miRNA, mRNA, DNA strands, and lipids

into their lumen or limiting membrane of exosomes. Exosome cargoes are collected from materials received

by endocytic pathway, Golgi apparatus, and cytoplasm. Rab-GTPase family proteins regulate intercellular
trafficking and docking of MVBs. In the secretory pathway, MVBs actively fuse with the plasma membrane to
release exosomes into the extracellular space. In alternative pathways, MVB could prefer binding to the lysosome
or directly fuse back to the plasma membrane. Once secreted, exosomes envoll several mechanisms to arrive at
the tavget cell: (I) enter through internalization process; (II) bind through receptor-ligand intevactions, (III)
divect fusion with the plasma membrane of the target cell. Exosomes are able to affect the biological processes of
the target cells.
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mechanisms: (i) internalization, (ii) direct fusion, and (iii) receptor-ligand interac-
tion. Exosomal uptake results in triggering signaling pathways reprogramming fate,
proliferation, survival, and morphology of recipient cells (Figure 1) [89, 90].

2.2 Pro- and anti-angiogenic capacity of exosomes

It was shown that a significant portion of MSC angio-activity drives from their
potency to release exosomes that can affect the function of ECs, either by increas-
ing the production of pro-angiogenic factors or decreasing the production of
anti-angiogenic factors [91]. The fact that MSC exosomes promote angiogenesis, by
delivering mediators such as miRNAs, protein factors to distinct cells, was con-
firmed in various in vivo experimental studies [89, 92, 93].

2.2.1 miRNAs

It seems that exosomal cargo such as cytokines and miRNAs could be eas-
ily transferred to recipient cells. Increasing evidence indicates that exosomal
pro-angiogenic miRNAs (miRNA-125a, miRNA-30b, miRNA-30c, miRNA-424,
miRNA-150, and let-7f) are important regulators of angiogenesis in the target
sites [89, 94-96]. Data suggest that exosomal miR-150 is a key contributor to the
pro-angiogenic activity of MSC exosomes following ischemic injuries [89, 96, 97].
In contrast, anti-angiogenic function on tumor cells was reported by a research
group guided by Lee et al. They demonstrated the anti-angiogenic function of MSC
exosomes on breast cancer cells governed by delivering miR-16 to suppress VEGF
factor [91]. In a recent study conducted by Chen et al., they declared that exosome
can be used as therapeutic transfer vesicles to carry miRNAs and genetic molecules
to modulate VEGF content and control untamed angiogenesis in rheumatoid
arthritis [98]. Based on the literature, the expression of VEGF, endothelial marker
CD31, and matrix metalloproteinases-14 (MMP-14) activity is induced in patients
with rheumatoid arthritis. The application of MSC-derived exosomes containing
miRNA-150-5p (Ex0-150) clearly decreased transcription of VEGF and MMP-14 in
synovial fluid. Consistent with these changes, the pro-inflammatory response was
blunted by decreasing IL-1p, transforming growth factor-p (TGF-$) and tumor
necrosis factor-a (TNF-a) content in synovial fluid. This study has shown that
MSC-derived Exo-150 can be used as bio-shuttle and magic bullet for inhibiting
an exacerbated angiogenesis via the modulation of angiogenesis-related factors.
However, some contradictory facts exist regarding the sole application of exosomes
in the context of tumor cells.

2.2.2 Exosomal pro- and anti-angiogenic factors

MSCs can secret signal transducer and activator of transcription-3 (STAT3)
mRNAs via exosomes that augment the transcription of hepatocyte growth fac-
tor (HGF), IL-6, and VEGF, promoting proliferation and migration of ECs [99].
In this context, MSC exosomes abundantly are enriched with VEGF factor that
increases neovascularization through the Wnt4/p-catenin pathway in epithelial
cells [100, 101]. The pro-angiogenic propriety of MSC exosomes has been previ-
ously shown in myocardial ischemia/reperfusion injury experiments following
acute myocardial infarction [102-104]. In contrast, MSC exosomes may contain
abundant anti-angiogenic factors that could regulate tumor angiogenesis rate. Lee
et al. showed that exosomes from MSCs significantly downregulated the expres-
sion of VEGF in breast cancer cells, leading to the abortion of angiogenesis [91].
However, there are contradicting results. For example, human bone marrow MSC
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exosomes promoted VEGF synthesis in colonic and gastric carcinomas through the
activation of extracellular signal-regulated kinasel/kinase2 (ERK1/ERK2) and p38
MAPK pathways [105]. Taken together, these issues show a fact that exosomes from
various MSC types can mediate physiological and pathological angiogenesis and
could be considered as a suitable bio-shuttle for establishing promising therapeutic
approaches in an individual with cancers and ischemic pathologies. The feasibil-
ity of exosome uptake by recipient cells, make these cell products for introducing
in clinical approaches. Xue and colleagues investigated the effects of cord blood
and adipose-derived MSC exosomes on human EC angiogenesis capacity under
hypoxic and normal conditions [106, 107]. They noted the potency of isolated
exosomes in triggering angiogenesis rate especially under the hypoxic condition
compared to exosome counterpart originated from normal milieu. Based on their
data, the transcription level of genes related to angiogenesis such as angiopoietin-1
(Ang-1) and VEGF receptor-2 (also termed FLK-1) was induced significantly after
exposure to exosomes collected from hypoxic MSCs rather than that of normal
cells. Following the induction of Ang-1 and FLK-1, the status of some downstream
effectors would be turned to an activated form. For instance, it was found that
protein kinase A (PKA) is indirectly triggered after the activation of genes Ang-1
and VEGFR-2. Along with changes, the transcription level of angiogenesis inhibi-
tory gene like Vash1 is completely suppressed. The inhibitory angiogenesis potential
of MSCs was investigated on cancer cells or progenitors residing inside tumor mass.
Both anti-inflammatory and pro-angiogenesis property of MSC-derived exosomes
were shown in cardiovascular disease [92, 97]. In addition to the promotion of

cell surface receptors, exosomes could augment the synthesis of VEGF factor in
targeted cells. Doeppner et al. also previously demonstrated that MSC-derived
exosomes initiated healing processes after the onset of neurological diseases by
increasing angiogenesis and blood supply which led to the neurological recovery
and neurogenesis [108]. Other experiments added notion on the potency of exo-
somes to reduce neuroinflammation in traumatic brain injury [109]. However, some
contradictory facts exist regarding the sole application of exosomes in the context
of tumor cells. The superior stimulatory effect of MSC-derived exosomes on tumor
angiogenesis was also addressed by different authors [110]. For example, Zhu et al.
demonstrated the vasculogenic role of MSC exosomes after addition to human
gastric carcinoma (SGC-7901) and colon cancer (SW480) cell lines [105, 111]. They
found that the normal status of signaling effectors such as phosphorylated ERK1/
ERK2, Bcl-2, and VEGF proteins; alpha-smooth muscle actin (a-SMA); CXCR-4;
and mouse double minute 2 homolog (MDM2) mRNA was modulated in the favor
of angiogenesis in a mouse cancer model. In addition to the direct fast action on
recipient cells, it is reasonable to hypothesize that exosomes are able to dictate pro-/
anti-angiogenesis pattern in distinct cells by provoking specific signaling pathways
and effectors such as ERK1/ERK2 and p38 MAPK kinase routes.

The engagement of factors such as AKT, STAT3, Wnt/p-catenin, and ERK
happens following cutaneous wound regeneration treated with MSC exosomes.
Proteomic analysis revealed that the protein content of growth factors IL-6, stromal
cell-derived factor-1a (SDF-1a), IGF-1a, STAT3, and HGF contributed to cell
proliferation, migration, and angiogenesis, improving reepithelialization in wound
sites [112]. The modulation of Wnt/f-catenin pathway targeting Wnt4 diminishes
the number of cells with apoptotic changes with the levels of pro-angiogenic factors
such as IL-6 and IL-8, granulocyte-colony-stimulating factor (G-CSF), PDGF-BB,
MCP-1, and VEGF are increased. In response to treatment with exosomes, phos-
phorylation of glycogen synthase kinase 3 (GSK3p) as a main negative regulator
of Wnt signaling pathway is initiated, resulting in the progression of a cell from
phase G1 to S and cutaneous cell proliferation [113]. An enhanced angiogenesis rate
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with reduced cardiomyocyte apoptosis was reported following the administration
of MSCs to infarct area. After being exposed to the ischemic/hypoxic condition,
MSCs were programmed to secrete exosomes. Under these conditions, GATA-4 is
induced which prevents cell apoptosis, reducing the infarct size. Meanwhile, the
level of an anti-apoptotic agent such as miR-19a and miR-22 was increased in the
target sites [114]. In another experiment conducted by Teng et al., it was shown that
MSC-derived exosomes harboring miRNA-132 efficiently are delivered to human
umbilical vein ECs (HUVECs). Therefore, it could be pointed out that MSCs could
dictate prominent changes in the target cells. They also declared that endothelial
Ras signaling pathway effectors are modulated by recipient cells after direct interac-
tion of this miRNA with RASA1 gene. Ras group genes have a basic role in control-
ling cell proliferation and differentiation [107]. Along with these statements, the
bona fide effects of MSC exosomes need to be precisely addressed by a plethora of
various experiments.

In the context of tumor niche, both anti- and pro-tumorigenic features was
found after the treatment of cancer cells with MSCs exosomes. The migration
and proliferation of tumor cells were tightly regulated by exosome factors by the
modulation of PDGFR, C-Met, and EGFR signaling. Ex vivo modulation showed
this fact that MSC exosomes could activate or phosphorylate intracellular kinase
domain of relevant receptors, thereby triggering Akt, PKC/PKB, and MAP signal-
ing pathways, leading to proliferation and migration of gastric tumor cells [115].
Exosomes released by human bone marrow MSCs augmented VEGF in colonic
carcinoma and gastric carcinoma tumor cells through the activation of ERK1/ERK2
and p38 MAPK pathways [105]. This hypocrisy generates doubts on the definite
therapeutic effect of exosomes from MSC source in various niches. In an experi-
ment, the lack of cell response was approved in dormant-like tumor-initiating cells
[116]. The differences in tumor cells to MSC secretome may relate to the divergence
of factors and dynamic growth of target cells inside tumor niche [116]. In light
of various genetic and proteomic reservoir, the target signaling and possible side
effects of exosome treatment are required to be investigated in relation to specific
distinct signaling pathway. It seems that exosome therapy is at the beginning step,
and the type and source of cells have a superior role in the orientation of target cell
behavior. A more deep understanding of the regulatory signaling pathways and
precise inquiry in profiling of components transferred by exosomes is required to
enroll and engineer the exosomes for therapeutic angiogenesis or targeted therapy

3. The application of MSCs and secretome in ischemic cardiac disease

Cardiovascular diseases remain the leading cause of mortality and morbidity
in worldwide. Various investigators have continued to assess a large number of cell
types injected through several routes to promote cardiac repair in patients with
cardiovascular diseases in both the preclinical and clinical stages. Clinical studies
have largely been focused on the administration of MSCs [117, 118]. For instance,
intracoronary injection of bone marrow MSCs led to an improved function of
the left ventricle in subjects with acute myocardial infarction [119]. Mechanisms
of action of MSCs administrated to the injured myocardium include accelerating
angiogenesis process, diminished fibrosis, and regulation of immune response
[102, 120]. Both in vitro and in vivo investigations have confirmed the trans-dif-
ferentiating capacity of MSCs to effective cardiomyocytes in injured cardiac tissue
[50]. In addition, documents revealed that MSCs from different sources release
greater amounts of angiogenic factors (HGF, VEGF, and other growth factors),
cell migration chemokine (SDF-1a), immune-signaling elements (IL-6, IL-8, and
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MCP-1) TGF-B, neurotrophic factors (brain-derived neurotrophic factor (BDNF)),
nitric oxide (NO), and improved cardiac restoration after injury [121].

Exosomes from MSCs exposed to hypoxia and FBS-free condition enhanced
neovascularization in the injured heart [92, 122-124]. In a preclinical study, intra-
myocardial transplantation of exosome secreted from MSCs significantly improves
blood flow rate and reduced infarct zone in the rat model [125]. Approximately, the
entire small and large animal model of CVD preclinical investigations along with
high-quality phase 0, I, I, and III clinical trials and meta-analysis studies vigor-
ously confirmed that MSC therapy has the effective effects in developing angiogenic
networks in ischemic regions [126, 127].

Ongoing researches on preconditioning and genetic manipulations of MSCs are
needed to enhance angiocrine capacity governed by growth factors, microvesicles,
microRNAs, long noncoding RNAs (IncRNAs), etc. [128, 129]. Finding the route of
cell delivery, the optimum dose, the excellent cell source, and transplantation time
are factors that still require to be addressed so as to achieve the aim of comprehen-
sive cardiac regeneration.

4. Angiogenesis assays

Both in vitro and in vivo angiogenesis assays are commonly used to investigate
pro- and anti-angiogenic potential of stem cells and different cell types.

4.11Invitro analyses
4.1.1 Proliferation and survival assays

Monitoring the proliferation of ECs is needed to develop microvascular units.
Different survival and proliferation assays based on DNA synthesis or metabolic
status are applicable. These assays could also predetermine the anti-angiogenic
property of a specific compound in the context of tumor biology.

4.1.2 Migrvation assays

This method shows the migration in response to diverse factors, ability to digest
basal membrane, and healing capacity of MSCs which is done by various assays as
follows: Boyden chamber assay, Transwell® inserts, agarose assay, wound-healing
assay, Teflon fence assay, phagokinetic track, etc. [130].

4.1.3 Tube formation (tubulogenesis) assay

This system is done in the 2D and 3D milieu and able to monitor alignment and
juxtacrine connection of cells after plating on a specific substrate such as Matrigel,
Fibrin, etc. Plated cells acquire phenotype to form capillary-like structures and
lumen which are applicable to in vivo condition and evaluated in terms of tube area
and number per microscopic field [130, 131].

4.1.4 Aortic ring assay

In this assay, the aorta from mouse or rats was removed and placed on col-
lagen or fibrin matrix in serum-free condition. The angiogenic potential is
determined by EC sprouting, polarized cells, and outgrowth appearance to the

periphery [132].
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4.2 In vivo analyses
4.2.1 Corneal angiogenesis assay

The cornea is considered as avascular tissue with unique properties for moni-
toring the angiogenesis and done in the model of mouse, rat, and rabbit. In the
procedure of corneal angiogenesis, the candidate biomaterials and polymer with
putative pro- and anti-angiogenic factors were transplanted into the stromal pouch
created by surgical approach. The penetration and ingrowth of nascent vessels into
the avascular area is monitored by the time [133].

4.2.2 Chicken chorioallantoic membrane angiogenesis assay

This assay is performed on embryonated eggs by using polymer pellets and
silastic rings containing target molecules on the surface of the chorioallantoic
membrane. After the completion of distinct time, the number and dilation of blood
vessels from avian source to the implants were quantified [70].

4.2.3 Matrigel plug assay

It is a choice of in vivo angiogenesis assay following administration of gelatinous
protein mixture termed Matrigel into subcutaneous space. The target molecules
could be administrated with Matrigel at the site of injection and systemically to
the circulation system. To precisely elucidate the formation of de novo capillaries,
fluorochrome agent could be administrated into the systemic circulation [130].

5. Conclusion

It is anticipated that MSC secretome and angiocrine could be used as an off-
the-shelf alternative therapy to modulate angiogenesis/vascularization in distinct
tissues. Considering both pro- and anti-angiogenic capacity, a big question remains
to the identification of safety and efficacy of MSC secretome under specific condi-
tions. Based on the data from different experiments, the angiogenic paracrine
potential of MSCs is currently under investigation, and results of preclinical and
translational studies, if confirmatory of previous basic experiments, could lead to
human medicine for angiogenic modulation of tissues. The discovery of the signal-
ing pathways that mastermind the paracrine pro- and anti-angiogenic potential of
MSCs enables us to find appropriate policies for modulating angiogenic switch on/
off in in vivo condition.
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Chapter7

The Dual Nature of Mesenchymal
Stem Cells (MSCs): Yin and Yang
of the Inflammatory Process

Carmen Ciavarella and Gianandrea Pasquinelli

Abstract

The well-known reparative properties of mesenchymal stem cells (MSCs)
make them an attractive source for cell-based therapy. In vitro and in vivo studies
support an anti-inflammatory role of MSCs by directly targeting immune cells or
via the secretion of immunomodulatory factors. MSCs have been isolated from
several human normal tissues, even from pathological biopsies and blood samples;
in these cases, MSCs displayed peculiar characteristics, suggesting a phenotype
transition into a pathological state. Indeed, MSCs derived from inflamed tissues
acquired a pro-inflammatory behaviour. In this view, MSCs may be crucial players
of many pathways involved in human diseases, especially during the inflammatory
cascade. The present chapter will minutely describe the basic biology of human
MSCs derived from normal and pathological arteries, focusing on their dual nature
as cellular switchers of the inflammatory setting. We will also discuss the emerging
role of miRNAs in regulating MSC functions and their potential use as alternative
strategies to manipulate MSC efficacy.

Keywords: mesenchymal stem cells (MSCs), immunomodulation,
inflammatory process, phenotype switching, vascular wall

1. Introduction

Mesenchymal stem cells (MSCs) are adult, multipotent stem cells endowed of
self-renewal, a process of continuous divisions essential to maintain the stem cell
pool. Meanwhile, MSCs can be activated under the action of growth factors, chemo-
kines and cytokines which are normally released during the physiological tissue
renewal or in pathological conditions in the presence of tissue damage. Specific
signals stimulate the MSC migration at the damaged site and their differentiation
into specialized cell types belonging to the mesodermal lineage. The homing and
the differentiation potential allow MSCs to be actively involved in the tissue homeo-
stasis as well as in the repair process. MSCs have been firstly identified as a non-
hematopoietic, adherent and spindle-shaped cell subset of the human bone marrow
stroma [1]. From their first isolation in 1970, MSCs have been extensively character-
ized, gaining the increasing interest of the scientific community, and lots of studies
issued the biology and the inner properties of these promising cells. One of the
most intriguing and studied functions of MSCs is the immunomodulation, that is,
the ability to repress inflammation; however, little is known about the reversal of
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this property that has been observed in some disease models. The present chapter
will review the differentiation and immunomodulatory capabilities of MSCs, will
discuss the contradictory face of MSCs and will focus on the vascular wall setting.

2. Mesenchymal stem cells (MSCs): source, phenotype and properties

In vivo and in vitro data have demonstrated the unique reparative potential of
MSCs, which are now considered as the most attractive and functional source for
cell-based therapies in the field of regenerative medicine. First of all, the ease of
MSC isolation and in vitro propagation excited researchers, who addressed their
efforts to find novel sources for MSCs and to characterize them. MSCs have been
efficiently isolated and characterized from different human tissues, other than
their native site, i.e. peripheral blood [2], umbilical cord (UC) blood [3], fat [4],
Wharton’s jelly (WJ) [5], synovial membrane [6] and vascular wall [7, 8]. The lack
of standard markers, differences in laboratory procedures, type and age of the
source tissue may affect the purity of MSC pool and impair their effectiveness for
clinical applications. In order to fill this gap and provide a consensus statement for
MSC definition, the International Society for Cellular Therapy (ISCT) postulated
the following minimal criteria [9]:

* Adherence to plastic substrate in vitro

* Expression of surface markers CD90, CD105 and CD73 (mesenchymal linage)
and lack of CD34, CD19, CD45 and CD11a (hematopoietic lineage), CD31
(endothelial lineage) and HLA-DR (human leukocyte antigen)

* Multilineage differentiation ability into the mesodermal lineage (chondro-
genic, adipogenic, osteogenic commitments)

Even if researchers concur with the consideration of CD34 as distinctive marker of
endothelial and hematopoietic cells, it has been detected also in MSCs correlating with
advanced progenitor properties [10, 11]. Moreover, adipose tissue-derived MSCs posi-
tive to CD34 lost its expression after in vitro propagation suggesting that the absence
of CD34 may be a result of in vitro culture [12, 13]. Thus, the immunophenotype is not
per se sufficient to identify MSCs, but functional assays aimed at testing the stemness
properties, like the ability to form colonies, and the differentiation potential are neces-
sary. At this regard, MSCs also manifest the capacity to differentiate into ectoderm-
and endoderm-derived cell types, i.e. endothelial cells, neurons and hepatocytes.

The presence of MSCs with self-renewal and multilineage differentiation prop-
erties within adult tissues suggests their intrinsic participation to the regular tissue
homeostasis and cell turnover. Cytokines and chemokines that are released from
the injured tissue act as recruiting factors of MSCs from their niche, allowing their
mobilization and trafficking. The ability of differentiate into tissue-specific cell
types is the major mechanism through which MSCs replace dead cells; in addition,
MSCs secrete soluble factors that include hepatocyte growth factor (HGF), trans-
forming growth factor (TGF) 1 and vascular endothelial growth factor (VEGF)
and contribute to cutaneous wound healing [14].

The migration and the differentiation abilities support the clinical use of MSCs
for the cure of degenerative diseases but, if uncontrolled or impaired, could become
prerequisites to the occurrence of pathological conditions. Further, the tissue source
constitutes a discriminating factor among MSCs in terms of differentiation potency,
migration and effectiveness in tissue repair. The differentiation potency can also
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be regulated on epigenetic basis; at this regard, the methylation status of the main
regulators of MSC fate crucially drives the differentiation program. This condition
has been demonstrated in a study by Xu et al., where BM-MSCs resulted more effec-
tive in osteogenic differentiation than adipose tissue (AT)-MSCs, which displayed
the opposite trend and were mainly addressed towards the adipogenic commitment
[15]. Similarly, perivascular MSCs isolated from the UC blood exhibited higher
angiogenic potency than umbilical artery and WJ- MSCs, with implications for the
cure of ischemic injury [16]. Therefore, the clinical use of MSCs is a promising and
undeniable chance for regenerative medicine, but it needs to be optimized because
of the MSC multifaceted nature

2.1 MSC immunomodulation

A large body of experimental and clinical studies showed that MSCs modulate
the immune response, both innate and adaptive with possible implications in the
management of transplantation, autoimmune and inflammatory disorders [17].
MSCs have been historically considered as immune-privileged cells, because of their
poor immunogenicity. Indeed, the low levels of human leukocyte antigen (HLA)
histocompatibility complex-I and the lack the complex HLA-II allow MSCs to elicit
the immune recognition. Additionally, MSCs do not express the Fas ligand and the
co-stimulatory molecules CD40, CD80 (B7-1) and CD86 (B7-2), which are neces-
sary for effector T-cell activation [18, 19]. On the other hand, it has been widely
demonstrated that MSCs affect the immune system, both through cell-cell interac-
tions and by the paracrine secretion of anti-inflammatory factors.

2.2 MSC-immune cell interactions and in vitro immunomodulatory assays

The majority of studies use a mixed lymphocyte reaction (MLR) assay and
explore the immunosuppressive effects of MSCs on allogeneic T cells in the MLR
reaction. Peripheral blood mononuclear cells (PBMCs) are obtained by density
gradient separation and cultured on a feeder layer of irradiated MSCs generally for
3 or 5 days. PBMCs are stimulated by the addition of mitogens to the culture media
like phytohaemagglutinin (PHA), which markedly induces CD8 T-cell proliferation
[20]. The coculture protocol can be executed in a direct manner for testing effects
mediated by physical cell-cell interactions; alternatively, it is possible to evaluate the
influence of MSC paracrine secretion in a separate coculture system by the use of a
Transwell insert of 0.4 pm that inhibits PBMC migration and maintains the two cell
compartments separated. At the end of the experimental coculture, PBMCs are col-
lected and analyzed in terms of proliferation and activation. Cell cycle analysis and
specific proliferation test, like the incorporation rate of bromodeoxyuridine (BrdU)
into DNA, are executed for T-cell survival together with the analysis of T-cell
subpopulation percentage. On the other hand, MSCs are characterized for immuno-
modulatory markers, such as HLA-G, interleukin (IL)-10 and HGF, through a wide
range of techniques including flow cytometry, immunofluorescence and Western
blot. A pictorial description of the basic immunomodulatory assay can be observed
in Figure 1a. MSCs inhibit naive CD4" T helper cell proliferation by inducing the
cell cycle arrest at GO and by hindering the T helper cell differentiation into Tyl and
Ty17 subsets. In addition to direct cell-cell interactions, the MSC immunomodula-
tion is exerted through the secretion of soluble anti-inflammatory mediators, such
as nitric oxide (NO), TGF-f1, interleukin (IL)-10, indoleamine 2,3-dioxygenase
(IDO), HGF and prostaglandin E2 (PGE2). HLA-G is another crucial component
involved into the MSC immunosuppressive system, allowing the induction of
regulatory T cells (Treg) and inhibiting natural killer (NK) cell cytotoxicity and
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MSC immunomodulation: (a) schematic description of the immunomodulatory procedure for testing the MSC
effects on PBMCs; and (b) overview of the main mechanisms MSC-dependent on immune cells. Abbreviations:
PBMC, peripheral blood mononuclear cells; PHA, phytohaemagglutinin; HLA-G, human leukocyte antigen;
HGE, hepatocyte growth factor; TGF-p1, transforming growth factor; IL-10, interleukin; NO, nitric oxide;
IDO, indoleamine 2,3-dioxygenase; PGE2, prostaglandin E2.

dendritic cell (DC) maturation [21, 22]. MSCs further exert their immunosuppres-
sive effects on B cells, blocking their proliferation. The scheme in Figure 1b sum-
marizes the main mechanisms relative to the MSC-driven immunomodulation.

The successful application of MSCs has been reported in several clinical studies;
among these, MSCs resulted effective in graft-versus-host disease (GvHD) patients
even in those resistant to steroid treatment. Moreover, beneficial effects were observed
in patients affected by systemic lupus erythematous (SLE) and Crohn’s disease [23].
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However, the effectiveness and safety of MSC application are still under debate,
and some data suggest that the immunomodulatory function is tightly regulated.
Moreover, many studies have elucidated differences in terms of immunomodula-
tory potency among MSCs isolated from distinct sources. At this regard, a study by
Mattar et al. compared the immunosuppressive properties of BM-MSCs, AT-MSCs,
CB-MSCs and WJ-MSCs on PHA-activated T cells, showing that MSCs from tissues
alternative to bone marrow were effective in inhibiting T-cell proliferation [24].
Similarly, Li et al. demonstrated that W]J-MSCs exhibited the highest immuno-
suppressive force and lowest levels of immunogenic factors than AT-, BM- and
PL-MSCs, thus resulting as the most promising for potential therapeutic application
[25, 26]. Further comparative analysis aimed at deepen functional characteristics of
MSCs from multiple sources is necessary to improve their translation into the clinic.

2.3 MSCs like macrophages: switch from pro-inflammatory to
anti-inflammatory phenotype

Several studies have addressed the intrinsic mechanisms associated with MSC
immunomodulation, and increasingly evidences have demonstrated the plastic
nature of this intriguing property. The effectiveness of MSC immunomodulation can
depend on the external microenvironment; different studies support the hypothesis
that MSCs can both reduce and strengthen the inflammatory process but is the
inflammatory context itself at determining the immunosuppressive function of
MSCs. Thus, MSCs need to be ‘licensed’ for their activation and regulate the immune
response [23]. At this regard, MSCs can switch from a pro-inflammatory to an anti-
inflammatory phenotype, characterized by a different soluble factor and cytokine
panel. This paradigm mimics the macrophage polarization model. Macrophages are
immune cells that derive from the differentiation of their precursor cells, mono-
cytes, and represent key players of the immune response. Monocytes, once arrived at
the damaged site, can differentiate into M1- or M2-type macrophage, depending on
the microenvironment stimuli. The M1 macrophage releases a series of inflammatory
cytokines, contributing to the local inflammation; conversely, the M2 macrophage
mainly secretes IL-10 and TGF-p1 that are anti-inflammatory. The local microen-
vironment critically triggers MSC polarization, and the Toll-like receptors (TLRs)
are of crucial importance in this regulatory mechanism. TLRs represent a conserved
family of pattern recognition receptors (PRRs) able to detect a wide spectrum of
pathogen-associated patterns (PAMPs) and activate the immune cells. The expres-
sion of TLRs in MSCs changes according to the tissue source but also depends on the
microenvironment stimuli. According to Bunnel et al., the activation of TLR4 trig-
gers MSCs skew into a pro-inflammatory phenotype, releasing factors like IL-6 and
IL-8 that contribute to tissue injury [27]. Conversely, the stimulation of TLR3 shifts
MSC:s to the anti-inflammatory phenotype accompanied by the secretion of IL-4,
IDO and PGE-2 [27, 28]. Other studies support the contribution of nitric oxide (NO)
to the anti-inflammatory activity of MSCs; indeed, the inhibition or the genetic
ablation of NO synthase (iNOS) stimulates T-cell proliferation after being cultured
with MSCs [29]. Thus, the poor activation of MSC anti-inflammatory profile leads
to the worsening of the inflammatory process and of the tissue damage. Defects
of the immunomodulatory functions have been observed in some diseases, like a
study on a mouse model of collagen-induced arthritis (CIA) demonstrated. MSCs
exposed to an inflammatory environment, like in the CIA model, displayed impaired
immunomodulation and, after TNF-a addition, lost the ability to regulate T-cell
proliferation [30]. Also, MSCs isolated from the bone marrow of multiple myeloma
patients were ineffective in vitro, reflecting an aberrant T-cell function in vivo
[31]. The therapeutic application of MSCs for treating inflammatory conditions is
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really promising; nevertheless, the effectiveness and safety of their administration
in vivo are still controversial, representing a challenging issue. The diversity of MSC
biology and mechanism of action implicate knowledge gaps that need to be filled for
a clinical application of MSCs on large scale [32, 33]. For this reason, novel studies
should address all the technical concerns related to the use of MSCs and extend their
investigation field to MSCs from human disease models.

3. Tissue specificity of MSCs: normal versus diseased arteries

As described in the second paragraph, MSCs are markedly represented in several
adult human tissues other than bone marrow and fat; the rationale to this wide
distribution comes from the existence of the vasculogenic zone, which is a stem cell
niche within the vascular wall.

In this field, our research team has reached a 10-year experience in isolating MSCs
from a broad range of vascular segments of small and large size, including healthy
and diseased arteries. As regards the technical concerns, the isolation protocol
consists of the enzymatic digestion of both fresh and cryopreserved arteries collected
at the Cardiovascular Tissue and Cord Blood Bank (S. Orsola-Malpighi Hospital,
Bologna, Emilia Romagna-Italy) and belonged to different vascular districts (carotid
bifurcation, aortic arch, abdominal/thoracic aorta, femoral artery). In spite of
the extreme temperature conservation in liquid nitrogen for about 10 years, these
vascular tissues were vital and resulted as an unusual source of clonogenic and highly
proliferative MSCs endowed of chondrogenic, adipogenic, osteogenic and smooth
muscle differentiation capability [34]. Interestingly, these human vascular wall-
MSCs (hVW-MSCs) possess angiogenic potential, as demonstrated by the capacity
of forming a capillary-like network when seeded onto a semi-solid matrix (Matrigel)
and by the expression of endothelial markers after VEGF stimulation. The capacity
of VW-MSCs to differentiate into endothelial-like cells befits with their location
within the arterial wall, suggesting their function as cell reservoir during the normal
tissue renewal. The angiogenic potential and the migratory capacity of VW-MSCs
were explored as crucial aspects for the healing of vascular ulcers and resulted
boosted under the effects of recombinant HGF [35]. Another intriguing finding sup-
porting the therapeutic force of VW-MSCs regarded the immunomodulatory capa-
bility. The vessel wall is prone to inflammatory infiltration following the endothelial
dysfunction; thus, it is reasonable to hypothesize that vascular resident progenitors
are able to contain this phenomenon. hVW-MSCs exerted a significant suppressive
effect on PHA-PBMCs proliferation, partially mediated by the expression of HLA-

G. These data support the existence of MSC cells within the vascular wall and their
participation in the normal tissue homeostasis as well as in the arterial repair. During
the early phase of the atherogenic process, monocytes cross the endothelial barrier
and differentiate into macrophages within the media where the release of matrix
metalloproteinases (MMPs), cytokines and chemokines recruits other monocytes
and lymphocytes. This vascular inflammation is the licencing factor that activates
vascular MSCs into the immunosuppressive phenotype; any intimate disturbance to
this mechanism may skew MSCs into the opposite trend, failing in vascular healing.

3.1 Functional deregulation of MSCs within the injured artery
Asreported in some disease models, like osteo-chondrogenic disorders or hema-
tological affections, MSCs can undergo a deregulation of their reparative properties

that can be enhanced or defected with undeniable pathological implications. Our
team investigated the contradictory face of MSCs, extending the analysis to the field
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of cardiovascular diseases like abdominal aortic aneurysm (AAA), atherosclerotic
carotid plaque and arteriovenous fistula. AAA is a chronic dilatation of the aortic wall,
due to the exaggerated degradation of extracellular matrix proteins by MMPs result-
ing in the loss of elastin and collagen; in addition, the inflammatory infiltrate occurs
and contributes to the degeneration of the media tunica, together with further release
of MMPs and the destabilization of the wall. Published data have shown for the first
time that, in spite of the complete disorganization of the tissue, MSCs isolated from
the AAA wall (named AAA-MSCs) were comparable to the healthy counterpart in
morphology, growth rate and immunophenotype [36]. Even more, these pathological
MSCs displayed altered functions in vitro; consistent with the chronic inflammatory
setting of the AAA disease, AAA-MSCs displayed low HLA-G expression and resulted
ineffective in modulating the PBMC proliferation. This low efficacy may reflect the
switch of vascular MSCs into the pro-inflammatory phenotype and the worsening
of the aortic wall conditions. Angiogenesis represents another distinctive hallmark
of AAA pathology, significantly affecting the wall stability. AAA-MSCs were able to
differentiate into endothelial-like cells, as demonstrated by the formation of a vas-
cular network onto Matrigel and by the positivity to CD31 marker. Nevertheless, we
observed a reduced expression of CD146, a pericyte marker, suggesting the instability
and immaturity of the AAA-MSC-derived neo-vessels [37]. A representative image of
AAA-MSC functional characteristics is reported in Figure 2.

Other few works have issued the pathological role of MSCs residing within
the vasculogenic zone. At this regard, the first hypothesis on MSC contribution
to vascular diseases was proposed in 2012 by Tang et al., who showed that rodent
MSCs undergo increased proliferation and migration upon vascular injury [38]. In
2016, a study of Kramann et al. performed on ApoE—/— mice with chronic kidney
disease demonstrated the involvement of a population of MSC-like cells to the onset
of athero- and arteriosclerosis as well as to the differentiation into osteoblast-like
cells [39]. An aberrant differentiation program of MSCs can be crucial in trigger-
ing the complications of the atherosclerotic plaque, like ectopic bone formation,

a. Histology of AAA wall b. Differentiation panel

Adipogenic * PPAR-y+
Osteogenic . BAIP2s
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« CDS0+
« CD44+ Chondrogenic « Cll-
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+ CD45- = CD31+
+ CD34- Endothelial + a-SMA+
+ HLA-G- + CD146-
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Figure 2.

Immunophenotype and differentiation assays of AAA-MSCs: (a) AAA-MSCs positive to CD9o, CD44, CD73, CD105
and MMP-9 and negative to CD45 and CD34 were isolated from the aorta affected by aneurysm, inflammation
and atherosclerotic plaque. (b) AAA-MSCs were chavacterized for adipogenic, osteogenic, chondrogenic and
endothelial differentiation abilities. Abbreviations: HLA, human leukocyte antigen; MMP, matrix
metalloproteinase; PPAR, peroxisome proliferator-activated receptor; BMEB bone morphogenetic protein; OPN,
osteopontin; CII, collagen type 2; SMA, smooth muscle actin.
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Properties Source
Healthy arteries Pathological aorta
Morphology Fibroblast-like Fibroblast-like
Immunophenotype CD90+, CDI105+, CD73+, CD90+, CDI105+, CD73+,
CD44+, CD34- CDdd+, CD34-
Multilineage
differentiation
Adipogenic ++ ++
Osteogenic + ek
Chondrogenic ++ -
Angiogenic potency + ++
CD3l+, a-SMA+, CD146+  CD31+, a-SMA+, CD146-
Immunomodulation

T cell proliferation 4 =
HLA-G expression

Table 1.
Phenotypic and functional characteristics of healthy versus pathological vascular MSCs.

and represents the early stage during calcification process [40]. AAA-MSCs also
exhibited a marked osteogenic ability, correlating with the vascular calcium levels
as measured by angio-CT in the enrolled patients [37]. Thus, it can be postulated
that MSCs are key players during the renewal as well as the pathological conditions
affecting the vascular wall. The MSC behaviour can be seen as fine balance between
two opposite forces, which is strongly influenced by the external microenvironment
and the interaction with the neighboring cells. At this regard, the immune cells
and the cytokines released during inflammation are key factors in exacerbating the
osteogenic differentiation of healthy VW-MSCs [37].

The most remarkable characteristics of AAA-MSCs and their comparison to the
hVW-MSCs are summarized in Table 1.

4. miRNA regulation of MSC immunomodulatory capacity

Micro-RNAs (miRNAs) constitute a class of single-stranded non-coding RNAs
of approximately 18-22 nucleotides that function as endogenous regulators of
gene expression through the degradation of the target mRNA or the inhibition of
the transcription process. Over the last decade, the growing interest for miRNA
applications elucidated their involvement into many biological mechanisms, like cell
growth and proliferation. Based on the observation that miRNAs are differentially
regulated in the presence of pathological conditions like cancer or immune diseases,
many researchers have proposed their use as diagnostic markers or therapeutic
targets. Several studies revealed the miRNA involvement into the hematopoietic
stem cell (HSC) system, driving aspects like cell survival, self-renewal and differ-
entiation. Moreover, these ‘immuno-miRs’ orchestrate crucial steps of both innate
and adaptive immune cell development and function [41]. miR-21, miR-146a and
miR-155 are included in this category and are induced upon T-cell receptor (TCR)
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activation through the NF-kB cascade. miRNAs have also been shown to regulate
the stem cell behaviour, self-renewal and differentiation; therefore, investigating
immuno-miRs in human MSCs could be suggestive of their reparative proper-

ties like differentiation and immunomodulatory potency. Some of the described
immuno-miRs target the TLR pathway in MSCs or immune cells suppressing or
enhancing TLR activation by targeting adapter molecules, cytokines and transcrip-
tion factors. At this regard, a work by Matysiak et al. demonstrated the upregulation
of several miRNAs in differentiated BMSCs that had lost immunomodulation,
including miR-146a, together with a low expression of PGE2 [42]. The role of miR-
155 in interfering with MSC immunomodulation has been also reported; indeed,
miR-155 decreases the iNOS production in cytokine-activated MSCs, partially
targeting TGF-beta-activated kinase 2 (TAB2), an adapter protein involved in

TLR pathways [43]. As recently demonstrated, many of the therapeutic effects of
MSCs are mediated by the extracellular vesicles (EVs), which are membrane-bound
vesicles that serve as vehicle of mRNAs and proteins. Moreover, EVs are enriched of
miRNAs that are released in the circulatory system. The EV-released miRNAs, such
as Let-7b, miR-1180 and miR-183, induce macrophage polarization into M2 pheno-
type and mitigate inflammation by reducing TLR4 [44]. The mechanisms regulating
the miRNA-MSCs interplay are complex and require further investigations; the use
of miRNA-enriched EVs derived from human MSCs could be the promising thera-
peutic cell-free alternative for the cure of GvHD and inflammatory diseases.

5. Conclusions

The regenerative and reparative properties of MSCs are certainly undisguised
even though many efforts are necessary to ensure their use for clinical therapy. The
contradictory inflammatory activity of MSCs is a result of their plastic nature and
represents a critical issue that needs to be addressed. Tissue-resident MSCs can rep-
resent the optimal target of stem cell-reprogramming therapies aimed at restoring
their native reparative properties. The emerging role of miRNAs in regulating the
MSC functions is promising and requires further investigations for miRNA manipu-
lation in order to address MSC towards a more efficient and safe reparative activity.
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