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Chapter 1
Introduction to Stem Cell Therapy and Its 
Application in Vascular Diseases

Lara Lellis Navarro Minchillo Lopes, Tulio Pinho Navarro, and Alan Dardik

1.1  Introduction

1.1.1  Brief History of Stem Cells

Stem cells are undifferentiated cells capable of both self-renewal and differentiation 
into various specialized cells [1]. Stem cell therapy is the therapeutic administration 
of stem cells to repair or replace tissue function [2]. The term “stem cell” was pro-
posed by Alexander Maksimov in 1908 when developing “the unitarian theory of 
hematopoiesis,” which proposed a common stem cell progenitor for all blood ele-
ments (Fig. 1.1) [3]. However, it was only in 1961 that the existence of murine cells 
capable of self-renewal was proven by Till et al. while assessing radiation sensitivity 
of bone marrow tissue [4].

In 1962, John Gurdon performed a classic experiment in frogs, in which he 
replaced the immature cell nucleus in an egg cell with the nucleus from a mature 
intestinal cell, resulting in a normal tadpole; this experiment showed that the DNA 
of the mature cell had all the information needed to develop all cells in the organ-
ism, challenging the dogma that the specialized cell is irreversibly committed to its 
fate [5].

In 1968, Friedenstein et al. reported the discovery of a human bone marrow cell 
population with high proliferative potential and osteogenic activity in vivo [6]. In 
the same year, Thomas et  al. performed the first hematopoietic stem cell 
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transplantation for the treatment of leukemia [7]. Since then, theoretical implica-
tions of human stem cells and their potential clinical applications have been exten-
sively studied.

In 1981, Evans and Kaufman reported the isolation of murine pluripotent 
embryonic stem cells, and this was followed by the report of Thomson et al., who 
first isolated human embryonic stem cells in 1998 [8, 9]. Shinya Yamanaka and 
Kazutoshi Takahashi identified several genes that kept cells immature while per-
forming research on murine embryonal stem cells in 2006. After that, they were 
able to reprogram fibroblasts into immature stem cells; these resulting induced 
pluripotent stem cells (iPSC) could develop into mature cell types such as fibro-
blasts, nerve cells, and gut cells, demonstrating that intact, mature cells could be 
reprogrammed into pluripotent stem cells [10]. Later, in 2007, they reported 
induction of human fibroblasts into a pluripotent state [11]. Takahashi’s experi-
ments reinforced the concept of using iPSC as a novel technological frontier in 
stem cell therapy perspectives. In 2012, the Nobel Prize was awarded to John 
B. Gurdon and Shinya Yamanaka in recognition of their findings showing that 
mature, specialized cells could be reprogrammed, creating new opportunities to 
study diseases and to develop new methods for diagnosis and treatment [12].

1.1.2  Mesenchymal Stem Cells vs Mesenchymal Stromal Cells 
and Cell Markers

In 1991, the term “mesenchymal stem cell” (MSC) was proposed by Caplan et al. to 
designate adult stem cells capable of differentiating into cells of mesodermal origin 
[13]. However, as these cells showed limited capacity for self-renewal, thus they 
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• The term “stem cell” is proposed by Maksimov.

• Murine bone marrow stem cells are first isolated by Till et al.

• Gurdon et al. demonstrates that mature cells’ nucleus keep information to develop all cell types.

• Human bone marrow-derived stem cells are reported by Friedenstein et al.

• Murine pluripotent stem cells are isolated by Evans and Kaufman.

• Human embryonic stem cells are first isolated Thomson et al.

• Murine somatic cells are induced to a pluripotent stem cell-like state by Takahashi et al.

• Human somatic cells are induced to a stem cell-like state by Takahashi et al.

• Gurdon and Yamanaka won the Nobel prize for their discoveries regarding cell reprogramming.

Fig. 1.1 Timeline with the main events related to stem cell therapy history
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failed to meet the criteria to be called stem cells. As such, the term “mesenchymal 
stromal cell,” also abbreviated MSC, was then suggested as a more appropriate 
designation to these regenerative cells [14].

In 2005, the International Society for Cell and Gene Therapy (ISCT) declared 
that the terms “stem cell” and “stromal cell” were not equivalent [15]. Furthermore, 
the term “stem cell” should be limited to a population of cells with demonstrable 
self-renewal and differentiation capacities, while the term “stromal cell” referred to 
cells with notable secretory, immunomodulatory, and homing features [16]. In addi-
tion, the ISCT provided the following minimal criteria to identify mesenchymal 
stromal cells: being adherent to plastic; capable of differentiation into adipocyte, 
chondrocyte, and osteoblast lineages; expression of CD73, CD90, and CD105; and 
lack of expression of CD11b, CD14, CD19, CD34, CD45, CD79a, and HLA-DR 
(Fig. 1.2).

Since then, stromal cell surface markers were shown to be plastic and influ-
enced by microenvironmental conditions and stem cell origin among other vari-
ables [16–18]. Therefore, there are no specific and unambiguous cell surface 
markers to distinguish stem cells from stromal cells [16]. Ironically, since the 
aforementioned ISCT statement, the interchangeable use of the terms “stromal” 
and “stem” cells by the scientific community has spread. A search in the US 
National Library of Medicine database (clinicaltrials.gov), performed in November 
21, 2019, reported 1009 clinical trials related to the term “mesenchymal stem cell,” 
while only 211 results were related to the term “mesenchymal stromal cell” [19]. 
Few authors have reported complete mesenchymal stromal cell characterization in 
both preclinical and clinical publications, and the use of the term “mesenchymal 
stem cell” remains controversial [16]. Hence, for the purpose of this chapter, the 
abbreviation “MSC” will be employed to designate populations of regenerative 
adult mesenchymal cells.

Most of the available data on clinical stem cell therapy relies on adult stem cells 
and most frequently MSC. Moreover, the use of embryonal stem cells and induced 
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Fig. 1.2 MSC criteria according to the International Society for Cell and Gene Therapy
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pluripotent stem cells raises important ethical and safety concerns that impair the 
use of these two cell types in clinical situations. Therefore, MSC are the main focus 
of this chapter.

1.2  Differentiation Potential

Stem cells can be classified according to their differentiation potential into totipo-
tent, pluripotent, multipotent, and oligopotent cells. Totipotent stem cells are found 
in the zygote and can differentiate in both embryonic and extraembryonic cells. 
Pluripotent cells are also capable of giving rise to any type of embryonic cell, but 
not to extraembryonic tissue. Multipotent cells give rise to multiple cells of the 
same lineage whereas oligopotent stem cells have a narrower differentiation spec-
trum within a same lineage [1].

1.3  Stem Cell Types

Stem cells can be classified into embryonic stem cells (ESC), adult stromal cells, 
and iPSC according to their origin (Fig. 1.3). The diverse characteristics, advan-
tages, and limitations of these groups (Fig.  1.4) lead to different clinical 
applications.

1.3.1  Embryonic Stem Cells (ESC)

ESC are stem cells derived from the embryonic inner cell mass and possess unlimited 
self-renewal capability as well as the ability to differentiate into any type of somatic 
cell. Even though these cells have potential clinical application, clinical use of these 
cells is scarce due to ethical conflicts involving the harvest and manipulation of 
human embryos to obtain these cells. Additionally, embryonic stem cells’ unlimited 

Stem cells

Embryonic

Bone marrow Adipose tissue Peripheral blood Umbilical cord

Adult Induced
pluripotent

Fig. 1.3 Stem cell types
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differentiation potential lead to a higher risk of malignancy and requires immuno-
modulation as the use of allogeneic cells is mandatory for clinical therapy [20, 21].

1.3.2  Adult Stem Cells (ASC)

ASC are partially undifferentiated cells that can be found within nearly any organ or 
tissue. Peripheral blood, umbilical cord, bone marrow, and adipose tissue are the 
most common sources of such cells. Endometrium, amniotic fluid and membrane, 
placenta, dental tissues, thymus, and spleen are unconventional sources of ASC. ASC 
may be isolated from the same patient in whom the cell therapy will be applied 
(donor-specific therapy) with no risk of immune rejection. There is no ethical con-
flict regarding the origin of these adult-derived cells or their isolation; however, 
isolation protocols for ASC can be laborious, and a significant quantity of tissue is 
frequently needed to obtain high stem cell counts [20].

ASC are lineage-committed multipotent cells, being able to differentiate 
only into cells of the same germ layer [20]. This feature accounts for the lower 
malignancy potential of ASC, and therefore these cells may be desirable to be 
used in therapies that target specific cell differentiation, such as host tissue 
replacement.

1.3.3  Induced Pluripotent Stem Cells (iPSC)

iPSC are stem cells generated through somatic cell reprogramming into an embry-
onic stem cell-like state, first reported in 2006 [10]. In theory, iPSC can be generated 
from any somatic cell, and thus the use of these cells is emerging as an abundant and 
accessible source of donor-specific stem cells free of ethical conflicts. These totipo-
tent cells demonstrate a broad differentiation potential, being capable of generating 
any somatic or trophoblastic cell, but they also have a high malignant potential [22].

Because iPSC show advantages of both ASC, e.g., donor-specific therapy and 
absence of ethical conflicts, and ESC, e.g., differentiation potential, this novel 
source of stem cells is considered very promising. Nonetheless, strategies to 
enhance the yield of cell induction into the stem cell-like state and simultaneously 
control cell differentiation with absence of malignancy are still hurdles to be 
overcome.

1.4  Stem Cell Origin

Stem cell therapy can be classified according to the cell origin as either autologous, 
allogeneic, or xenogeneic transplantation (Fig. 1.5).

L. L. N. M. Lopes et al.
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1.4.1  Autologous Transplantation

Autologous transplantation involves the administration of the recipient’s own cells, 
typically using either ASC or iPSC. Autologous cells have the advantages of being 
immunocompatible, having no risk of infectious disease transmission and involving 
no ethical or legal issues. On the other hand, donor characteristics such as advanced 
age, diabetes, obesity, and atherosclerosis exert negative impact on stem cell func-
tion, potentially decreasing the effectiveness of cell therapy [23–27]. Therefore, 
past medical history and advanced patient age may be some of the limitations to the 
use of autologous ASC for cell therapy.

1.4.2  Allogeneic Transplantation

Allogeneic cell transplantation is the exchange of cells between a donor and a recip-
ient of the same species. The use of cells isolated from a healthier or younger donor 
could enhance the efficacy of stem cell therapy. However, allogeneic transplantation 
has the drawbacks of lower immunocompatibility, risk of disease transmission, and 
potential legal issues regarding exchange of biomaterials.

It has been hypothesized that allogeneic MSC are immunoprivileged. Nonetheless, 
further research has shown that allogeneic MSC are not privileged, but demonstrate 
diminished immunogenicity compared with other allogeneic cell types [28]. The 
therapeutic implications of allogeneic MSC immunogenicity are controversial as 
cell apoptosis is crucial for immunomodulatory effects but reduces therapeutic cell 
longevity and engraftment [29].

Strict donor screening is needed to avoid disease transmission by allogeneic cell 
therapy [2]. The use of cadaveric cells may be an alternative to enhance donor 
availability and to avoid the risks associated to tissue harvesting therapeutic 
cells [30].

Stem cell origin

Autologous Allogeneic Xenotransplantation

Advantages

Disadvantages

• lmmunoincompatibility
• No ethical conflict
• No infection transmission risk

• Lower stem cell concentration 
and limited healing potential
• Cell harvestmg procedural
risk

• Healthy stem cell source
• No cell harvesting risk for the
host patient
• Donor banking creation

• Relative
immunoincompatibility
• Need of disease screening
• Ethical conflict

• No ethical conflict
• Heathy stem cell source
• No cell harvesting risk for the
host patient
• Donor baking creation

• High immunoincompatibility
• Need of disease screening

Fig. 1.5 Stem cell origins, advantages, and disadvantages [36]

1 Introduction to Stem Cell Therapy and Its Application in Vascular Diseases
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1.4.3  Xenotransplantation

Xenotransplantation involves the administration of either nonhuman live cells or 
human biological material that has had ex vivo contact with live nonhuman animal 
cells [31]. The use of animal stem cells has the potential to increase availability of 
donors and to reduce the financial burden related to stem cell transplantation. 
However, this source raises concerns regarding immunologic rejection and disease 
transmission.

1.5  Stem Cell Isolation and Induction Protocols

The tissue source of stem cells is the main determinant of the required isolation 
protocol and influences MSC phenotypes and function [14]. Here we discuss basic 
aspects of stem cell isolation and induction protocols and their clinical implications.

1.5.1  Adult Stem Cells

1.5.1.1  Bone Marrow-Derived MSC (BM-MSC)

BM-MSC are isolated from the bone marrow by density gradient centrifugation, 
washing, and seeding on culture dishes. BM-MSC can be selected by survival in 
minimum essential media with fetal bovine serum and by their adherence to plastic 
[14, 32]. However, these isolation protocols usually result in a heterogeneous cell 
population, contaminated by other cells [33].

Bone marrow tissue is not a disposable tissue and is necessarily obtained by bone 
marrow aspiration. The aspiration is an invasive procedure, which leads to higher 
risks to the donor when compared to other MSC isolation protocols.

1.5.1.2  Adipose-Derived Stem Cells (ADSC)

Adipose tissue is a relatively disposable cell source and can be easily accessed by 
lipoaspiration, which is considered a minimally invasive procedure. Adipose tissue 
processing leads to a heterogenic population termed the “stromal vascular fraction” 
(SVF). The SVF is composed of adipose-derived stem cells (ADSC), pericytes, 
endothelial cells, pre-adipocytes and immune cells as well as other cell types [34].

Isolation of the SVF may be performed either by enzymatic or mechanical pro-
tocols that generally comprise washes, agitation, centrifugation, and collagenase 
digestion (in enzymatic protocols) [35]. Currently, semi-automated SVF isolation 
devices are commercially available [34]. ADSC and SVF have been used in clinical 

L. L. N. M. Lopes et al.
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trials, but ADSC isolation protocols frequently fail to exclude the other components 
of the SVF, leading to questions of reproducibility and translatability [14, 34].

1.5.1.3  Peripheral Blood-Derived MSC (PB-MSC)

Peripheral blood is a relatively disposable stem cell source and can be obtained by 
venipuncture, a minimally invasive procedure. Peripheral blood-derived MSC 
(PB-MSC) are isolated by centrifugation and dilution protocols. PB-MSC usually 
circulate in low concentrations; therefore, bone marrow stimulation by granulocyte 
colony-stimulating factor (G-CSF) is an important adjunct to mobilize PB-MSC 
into the circulation before collecting blood [36].

G-CSF administration itself is effective in the treatment of diabetic foot ulcers 
[36]. Thus, the administration of G-CSF may be a confounding variable in study 
interpretation as well as its associated financial cost.

1.5.1.4  Other Adult Stem Cell Sources

Umbilical cord blood, placenta, Wharton’s jelly, amniotic fluid, dental pulp, syno-
vial fluid, and skin are also MSC sources, although less commonly used.

1.5.2  Embryonic Stem Cells (ESC)

The isolation of human embryonic stem cells (hESC) implies the destruction of the 
embryo. Due to associated ethical and political concerns, research involving the use 
of these cells has been deferred if not banned. Nevertheless, isolation, culture, and 
characterization protocols for hESC have been developed [37].

hESC are found in the inner cell mass of both fresh and frozen embryos. Several 
isolation techniques are described in the literature including mechanical dissection, 
laser dissection, and immunosurgery [9, 38, 39]. There is no consensus regarding 
the best method as each of these techniques have specific advantages and disadvan-
tages regarding success rate and financial and time constraints [37].

1.5.3  Induced Pluripotent Stem Cells (iPSC)

iPSC are stem cells induced from somatic cells; as such they are not isolated per se. 
The use of iPSC has obviated ethical conflicts regarding the use of hESC and has 
provided insights into early embryo development. The first method to successfully 
induce human iPSC was the use of four transcription factors Oct3/4, Sox2, Klf4, 
and c-Myc, under ES cell culture conditions [11]. Currently, several induction 

1 Introduction to Stem Cell Therapy and Its Application in Vascular Diseases
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methods have been used to generate iPSC including integrating vectors, non- 
integrating vectors, non-DNA reprogramming, and small molecules [40]. 
Pluripotency induction and maintenance are based on the interaction of both extrin-
sic and intrinsic factors [41]. The extrinsic factors involve cytokines, growth factors, 
and extracellular matrix; extrinsic elements influence intrinsic pathways that reverse 
epigenetic programming of differentiated somatic cells, such as octamer-binding 
transcription factor 4 (Oct4) and sex-determining region Y-box 2 (Sox2) [42].

The low cell reprogramming yield (0.01–0.02% when first described), expression 
of transgenic viral genes, and tumorigenesis by overexpression of oncogenes (c-Myc, 
kfl4) are major concerns of iPSC induction protocols [11, 43]. Further advances on 
cell reprogramming techniques are required to enable iPSC use in clinical scenarios.

1.6  Stem Cell Culture and Priming

Culture conditions such as media composition, oxygen tension, and extracellular 
structure affect stem cell survival, differentiation, and function [14, 43]. Furthermore, 
several cell priming techniques have been proposed as strategies to enhance stem cell 
therapeutic effects. Understanding and electing the best cell culture and priming pro-
tocol is important not only to enhance their regenerative potential but also for repro-
ducible cell expansion after low yield isolation protocols and target differentiation.

1.6.1  Culture Media

Medium containing either fetal bovine serum (FBS), human AB serum (HABS), 
human platelet lysate (HPL), or chemically defined media (CMD) is commonly used 
in MSC culture [14]. FBS is the most common supplement, although it carries the 
risk of xenogeneic immune reaction and has a variable composition [44]. HABS and 
HPL are derived from peripheral blood that have been proposed as human- derived 
immunocompatible alternatives to FBS. However, their composition is also highly 
variable, and there is a risk of infection transmission [45]. In addition, HPL has pro-
inflammatory factors and may alter MSC cell markers, affecting its functionality [14, 
46]. Serum-free, xenobiotic-free CMD can improve cell expansion and differentia-
tion and is considered a desirable alternative for MSC culture for clinical use [47].

1.6.2  Hypoxia

Hypoxic culture conditions (1–10% O2 partial pressure) mimic hypoxic areas within 
the bone marrow where BM-MSC can be found physiologically (4–7% O2 tension) 
[14]. However, hypoxia affects stem cells from other sources by influencing cell 

L. L. N. M. Lopes et al.
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metabolism, proliferation, differentiation, and the secretome [48]. Since hypoxia 
intensity is variable among stem cell studies that use hypoxic conditioning, conclu-
sions regarding the effects of hypoxia need to be cautiously interpreted.

Low oxygen availability lowers metabolism and production of reactive oxygen 
species (ROS), a mechanism that is thought to be responsible for reduced stem cell 
injury [48]. In addition, the decrease in ROS added to hypoxia-mediated upregula-
tion of c-jun leads to delayed stem cell senescence and increases immunosuppres-
sion [49].

Upregulation of hypoxia-inducible factors 1α and 2α (HIF-1α and HIF-2α), vas-
cular endothelial growth factor (VEGF), and angiopoietin-1 (Ang-1) lead to increase 
angiogenic potential [50, 51]. This feature is especially desirable when treating 
ischemic and inflammatory pathologies. Moreover, HIF-2α inhibits p53, increasing 
the regenerative potential of stem cells [51].

Hypoxic-cultured MSC (2% O2 tension) were reported to be more proliferative 
when compared to MSC cultured in normoxic conditions (20%) [52]. The increased 
cell proliferation compensates for the initial hypoxia-mediated MSC apoptosis in 
subsequent cell passages. Furthermore, hypoxia favors maintenance of stem cells’ 
undifferentiated state and increases cell motility [50, 53].

1.6.3  Culture Matrices and Devices

Stem cells are often cultured in plastic containers such as T-flasks and well plates. 
However, these two-dimensional devices are associated with alteration of cell mark-
ers as well as reduced capacity for differentiation and proliferation [54, 55]. As a 
result, a variety of three-dimensional culture systems and matrices composed of 
collagen, hyaluronic acid, glycosaminoglycan, polyethylene glycol, and alginate 
have been investigated as alternative matrices for stem cell culture [14, 56].

In an attempt to reproduce the three-dimensional native environment of MSC, 
spinner flasks, wavy-walled cultures, and bioreactors were proposed and developed 
as three-dimensional culture systems. Bioreactors demonstrate important advan-
tages besides cost: faster cell expansion, reduced risk of contamination, higher rate 
of cytokine production, rigorous monitoring, and control of culture parameters 
[57–59].

Besides three-dimensional structure, the inherent material properties of the 
cell culture system, such as rigidity and composition, directly influence expres-
sion of MSC markers, the cell secretome, and cell viability and are considered as 
part of the strategy to target stem cell differentiation into specific cell populations 
[60]. MSC marker expression shifts from neurogenic toward myogenic or osteo-
genic markers as rigidity increases from low to intermediate and high stiffness, 
respectively [61]. In addition, the use of extracellular matrix as a surface for cell 
growth enhances VEGF and glial-derived neurotropic factor production while 
decreasing synthesis of interleukin-6 when compared to the use of tissue-culture 
plastic [62].
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Besides the aforementioned inherent properties of the culture systems, the mech-
anism of cell release from the matrix and the route of cell administration need to be 
considered when choosing an optimal culture matrix, as they affect cell yield and 
viability. Stem cells cultured in biocompatible microcarriers, such as poly-ε- 
caprolactone, can be directly administrated without the need of enzymatic release 
[63]. The administration of cells associated with these types of carriers preserves 
yield and functionality while providing a microarchitecture design for tissue regen-
eration [63, 64].

Another trypsin-free alternative is the use of thermoresponsive polymers, such as 
poly-N-isopropylacrilamide, which are able to reversibly expand and adhere accord-
ing to the temperature. Hydrogels composed of these polymers are able to transit in 
aqueous solutions upon temperature increase [65]. Thermoresponsive polymers 
have been investigated as an alternative to increase stem cell yield, homing, and 
engraftment.

1.6.4  Stem Cell Priming

Cell priming refers to techniques used to trigger stem cell “memory,” inducing cell 
activity toward a specific therapeutic purpose. Stem cells may be primed for differ-
ent therapeutic purposes such as to promote immunomodulation, cell homing, target 
differentiation, and decrease apoptosis [14]. Priming techniques include the use of 
various stimuli such as pharmaceutical (valproic acid, progesterone), interleukins 
(IL-1, IFN-γ), genetic (dsRNA), and environmental (three-dimensional structure, 
hypoxia), among others [14].

Priming is an important strategy to enhance the overall effectiveness of stem cell 
therapy. Nonetheless, it is especially important when guiding and limiting ESC and 
iPSC proliferation and differentiation as these pluripotent stem cells demonstrate 
increased oncogenicity.

1.7  Routes of Stem Cell Administration

Cell delivery is a crucial step in stem cell therapy since administration routes can 
enhance cell survival and functionality, increasing stem cell therapy effectiveness in 
hostile microenvironmental conditions [66]. Intravascular administration is consid-
ered systemic therapy, whereas injections into a particular site and topical adminis-
tration are local delivery methods (Fig. 1.6). Both systemic (intravascular) and local 
delivery methods have demonstrated effectiveness in the treatment of vascular 
pathologies [67]. Various diseases and clinical scenarios require different cell mech-
anisms of action, and there are a lack of studies comparing cell delivery methods 
[68]. Accordingly, no consensus regarding the optimal administration route has 
been achieved.
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Since treating different diseases requires several cell-induced regenerative path-
ways and proper cell homing, understanding the advantages and disadvantages of 
different cell delivery methods is critical to better address the disease and tissue of 
interest (Fig. 1.7).

1.7.1  Local Administration Routes

Injections into the diseased site and topical administration are the main local stem 
cell delivery techniques. Local delivery methods enhance cell homing, a key feature 
in the treatment of patients with peripheral vascular diseases, which by definition 
prevents robust intravascular cell delivery [69].

Topical delivery typically consists of administration of a cell suspension directly 
to the target lesion using a spray or drops. This is a local, simple, and painless deliv-
ery method that has been used as tissue replacement strategy for chronic wound and 
burn treatment [68]. Topical cell delivery is a lower-risk alternative to local injec-
tions and systemic routes and enhances engraftment at the site of interest [68]. 
However, preliminary procedures to optimize cell homing, such as debridement, 
may be unavoidable [66]. Moreover, inaccurate cell density and spacing and the 
lack of extracellular protective environment lead to premature cell differentiation 
and increased cell mortality [66].

Intramuscular, intradermal, and translesional injections are safe and simple 
local administration routes [36]. Intramuscular administration is associated with a 
higher cell dwell time and provides a highly vascular support for the therapeutic 

Administration routes

Local Systemic

Intra-arterial Intra-venous

InjectionTopic

Spray Drops
Scaffold
Hydrogel

Nanocarrier

Intranasal
Intrathecal
Intravitreal

Transepicardial
Transendocardial

Intradermal
Subcuteneous

Intramuscular
Direct to

organ

Fig. 1.6 Routes of stem cell administration
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cells, enhancing local and systemic flow of cytokines [70]. Direct injections into 
the target tissue have the potential to overcome delivery obstacles such as the 
blood-brain barrier. Nonetheless, ectopic stem cell transformation and increased 
surgical risk can be associated with direct injections. Additionally, intraparenchy-
mal cell injection leads to decreased systemic response and can result in tissue 
trauma [68].

Bioscaffolds, fibrin, nanofibers, and other exogenous support systems have 
been extensively investigated as local stem cell therapy adjuvants [71, 72]. The use 
of these components is a strategy to modulate stem cell behavior and provide 
mechanical anchorage, ultimately enhancing the efficiency of local administration 
[69, 73].

1.7.2  Systemic Administration Routes

Intra-arterial and intravenous infusion are the main routes of systemic stem cell 
administration. Systemic cell delivery leads to enhanced interaction with the host 
immune system and regeneration signaling pathways and is appropriate to treat sys-
temic conditions or large areas of pathology not amenable to local treatment [68].

Intra-arterial infusion enables cell delivery to the site of interest with lower cell 
loss when compared to intravenous delivery [74]. Thrombi and emboli formation 
raise concerns regarding the intra-arterial route, especially in intra-coronary and 
intra-carotid infusion [68]. These complications can be avoided by controlling infu-
sion speed, cell dosage, and size [75].

Intravenous infusion may be a more accessible and safer route compared with 
intra-arterial infusion, as microthrombi can be captured by the lungs with fewer 
significant clinical consequences [68]. However, intravenous infused cells are 
retained in lung vasculature, at up to 90% in animal models, and therefore may be 
removed by the host immune system [76]. After being entrapped in the lung, stem 
cells are phagocytosed by monocytes, which switch toward immunoregulatory phe-
notype and are redistributed systemically [77]. As a result, a reduced number of 
therapeutic cells may reach the organ of interest by this administration route, even 
though there is the potential to have systemic immunomodulation.

1.7.3  Other Administration Routes

Intranasal and intrathecal stem cell administration have been investigated in the 
treatment of neurologic pathologies such as subarachnoid hemorrhage and neuro-
pathic pain [78, 79]. Intravitreal stem cell infusion was described as therapeutic 
alternative to diabetic retinopathy and retinal vein occlusion [80]. Transepicardial 
and transendocardial routes are important local administration routes used in stem 
cell therapy for ischemic cardiomyopathy [81, 82].

1 Introduction to Stem Cell Therapy and Its Application in Vascular Diseases
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1.8  Stem Cell-Mediated Mechanisms of Regeneration

The therapeutic potential of stem cells was originally accredited to the cells’ broad 
differentiation capability and potential for host tissue replacement by cell engraft-
ment. However, substantial evidence regarding direct cell interaction and trophic 
paracrine effects has challenged the importance of stem cell differentiation in tissue 
regeneration [83, 84]. This evidence was further supported by studies demonstrating 
low MSC engraftment in both clinical settings and in vivo models [85–87]. As such, 
the focus of stem cell therapeutic potential has shifted from direct differentiation 
toward secondary signaling effector cells. Cytokines, growth factors, and chemokines 
released by stem cells induce angiogenesis, immunomodulation, neuroregeneration, 
and extracellular matrix production while reducing cell apoptosis and fibrosis [83, 88].

In recent years, investigations demonstrated that inactivated, apoptotic, and frag-
mented mesenchymal stem cells retain some immunomodulatory capacity and are 
potentially regenerative [89–91]. Nonetheless, direct stem cell differentiation con-
tinues to play an important role in specific therapeutic scenarios such as tissue engi-
neering and tissue replacing therapies [92, 93].

1.8.1  Immunomodulation

Stromal cells are associated with a spectrum of different immunomodulatory mech-
anisms, attained via both soluble factors and direct cell-cell interaction [77]. Host 
microenvironmental characteristics, stromal cell source, culture, and administration 
conditions influence the expression of surface markers and the profile of secreted 
cytokines [94–96]. Although a clear picture of stem cell-induced immunomodula-
tion is not well understood, some pathways are consistent.

1.8.1.1  Monocytes and Macrophages Interaction

Mesenchymal stem cells inhibit monocyte and macrophage differentiation into the 
type 1 phenotype and dendritic cells, inducing type 2 anti-inflammatory and immu-
noregulatory differentiation by secreting interleukin-1 receptor antagonist (IL-1 
RA) [97]. These induced anti-inflammatory monocytes play an important role in 
MSC-mediated beneficial effects in the treatment of sepsis and induction of toler-
ance against alloimmunity and autoimmunity by secreting high levels of IL-10 and 
suppressing T-cell activity, respectively [98, 99].

Recent investigations in asthma and peritonitis animal models show that MSC 
phagocytosis by host monocytes induces anti-inflammatory type 2 differentiation in 
a cytokine-independent pathway [100, 101]. Furthermore, stromal cells increase 
monocyte count and phagocytic activity besides inhibiting dendritic cell maturation 
and migration [100, 102, 103].
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1.8.1.2  T-Cell, B-Cell, and Natural Killer Cell Interaction

Mesenchymal stromal cells suppress T-cell proliferation and induce a shift from 
Th1 pro-inflammatory to Th2 anti-inflammatory subtypes [104]. MSC induce con-
ventional T-cell differentiation into regulatory T-cells (T-reg), important mediators 
of graft immune tolerance and prevention of autoimmunity [105, 106]. Stromal cells 
inhibit proliferation of alloreactive CD4+ and CD8+ T-cells [107].

MSC suppress plasmablast production and induce regulatory B-cell (B-reg) for-
mation, which promotes immunological tolerance [108, 109]. These effects are 
thought to be promoted by direct cell-cell contact, whereas inhibition of B-cell pro-
liferation and differentiation by MSC is ascribed to soluble factors such as IFN-γ 
and IL-1 RA [94, 110]. Natural killer cell activity and proliferation are also inhib-
ited by MSC via secretion of prostaglandin E2, TGF-β, nitric oxide, and other fac-
tors [111–113].

1.8.1.3  Complement and Coagulation Systems

MSC exert procoagulant activity by triggering both host coagulation and the innate 
immune system, increasing C3 activation, D-dimer, and thrombin-antithrombin 
complex formation while decreasing platelet counts [68, 114, 115]. Christy et al. 
demonstrated increased tissue factor expression in MSC that varies according to the 
cell source [116]. BM-MSC express less tissue factor compared to ADSC, which 
are highly procoagulant [116]. Thus, theoretically, BM-MSC may be preferable in 
the treatment of ischemic conditions and in systemic MSC infusion, whereas ADSC 
may be preferable in the treatment of hemorrhagic conditions.

Procoagulant MSC activity increases with increased cell passages and can be 
reduced by cell dilution, heparin, or tissue factor blockers [117, 118]. Adverse 
thrombotic events reported by clinical studies will be discussed below.

1.8.2  Angiogenesis

Angiogenesis is the growth of blood vessels from pre-existing vessels. The angio-
genic potential of MSC has been the focus not only in investigations involving dis-
eases caused by limited angiogenesis, such as peripheral arterial disease, myocardial 
ischemia, and stroke, but also in pathologic angiogenesis associated with tumors 
[87]. Since MSC engraftment is typically low, the pro-angiogenic effects of MSC 
are generally attributed to paracrine activity of secreted factors. The MSC secre-
tome is composed of various soluble factors such as vascular endothelial growth 
factor (VEGF), fibroblast growth factor 2 (FGF-2), angiopoietin-1 (ang-1), interleu-
kin- 6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1), among others. 
Investigations using the chicken chorioallantoic membrane and mouse matrigel 
plug assay showed that BM-MSC induce angiogenesis in vitro [119, 120].
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VEGF and FGF-2 are critical factors for wound healing and are capable of induc-
ing endothelial cell (EC) proliferation, migration, and remodeling of the extracel-
lular matrix [121]. Hypoxic conditions, conditioned medium from tumor necrosis 
factor α (TNF-α), and lipopolysaccharide (LPS) enhance human MSC production 
of VEGF, FGF-2, and insulin-like growth factor (IGF-1) and, therefore, are poten-
tial strategies to enhance MSC-induced angiogenesis [122].

However, evidence regarding MSC differentiation in endothelial cells as a mech-
anism of angiogenesis is scarce [87]. However, the use of MSC conditioned by 
EC-differentiation medium significantly increased differentiation into a more angio-
genic cell type, leading to better therapeutic outcomes in wire injury model and 
in vivo angiogenesis assay [123, 124]. MSC differentiation toward EC phenotype is 
especially promising for vascular graft tissue engineering and intima replacing ther-
apies. The potential of MSC angiogenesis to form tumors remains controversial and 
will be discussed below.

1.8.3  Apoptotic, Inactivated, and Fragmented Stem Cells

In 2005, Thum et  al. proposed “the dying stem cell hypothesis,” suggesting that 
apoptosis of therapeutic stem cells was responsible for modulation of host immune 
reactivity [125]. Recent studies showed that immunomodulation of mesenchymal 
stem cells not only occur by soluble mediators but also rely on cell-cell interaction; 
since these interactions do not require intact cell metabolism, cell viability is not a 
prerequisite for the therapeutic effects of stem cells [126].

Sun et al. demonstrated that cytotoxic activity against mesenchymal stem cells 
was a vital step in inducing immunomodulation [29]. In addition, the need for the 
host cytotoxic response could be bypassed by using apoptotic MSC.  Moreover, 
apoptotic adipose-derived MSC were more effective in reducing oxidative stress, 
inflammation, and apoptosis compared with living MSC in a sepsis animal 
model [127].

Heat inactivated stem cells exhibited similar effects on monocyte function as liv-
ing MSC in an ischemic kidney model despite lack of proliferative and metabolic 
activities [91]. MSC membrane particles retained immunomodulatory capacity by 
inducing selective apoptosis of pro-inflammatory monocytes [90].

1.8.4  Mesenchymal Stem Cell-Derived Extracellular Vesicles 
(MSC-EV)

MSC-derived microvesicles and exosomes are extracellular vesicles secreted by 
mesenchymal stromal cells containing proteins, miRNA, and mRNA. These struc-
tures are involved in cell-cell communication acting on regenerative pathways such 
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as coagulation, inflammation, angiogenesis, and immune responses [83]. The thera-
peutic potential of MSC extracellular vesicles has been demonstrated in several 
disease models such as acute kidney injury, liver fibrosis, myocardial ischemia- 
reperfusion, and stroke [128–131]. MSC-EV have been proposed as a promising 
non-cellular therapy since their biological activity is similar to that of MSC [132].

1.8.5  Stem Cells as a Delivery System

Stem cells are considered an innovative drug and gene delivery system due to their 
affinity to travel to injured tissue and tumors [133]. MSC can take up drugs such as 
paclitaxel, doxorubicin, and gemcitabine and release these drugs at a specific site of 
interest [134]. Studies performed using in vitro pancreatic adenocarcinoma showed 
the ability of MSC to deliver these three drugs [134, 135]. Moreover, MSC loaded 
with paclitaxel impaired tumor growth and angiogenesis in vivo, using a murine 
leukemia model [136]. In addition, MSC loaded with organic and inorganic nanopar-
ticles have been proposed as photothermal cancer drugs and as diagnostic agents for 
laser-induced thermal ablation and magnetic resonance imaging [137–139].

Stem cells have also emerged as a gene therapy alternative. MSC transduced by 
vectors or three-dimensional/reverse transfection systems express genes for cyto-
kines, drugs, and cell receptors and other proteins [133]. However, transient gene 
expression and carcinogenesis are important issues in stem cell-mediated gene ther-
apy [133]. All in all, current studies suggest that stem cell therapy may be a promis-
ing gene and target drug delivery system, capable of increasing the effectiveness of 
therapy and reducing side effects.

1.9  Stem Cell Therapy Safety and Adverse Events

Stem cell therapy potential adverse events are various and depend on multiple fac-
tors such as disease to be treated, donor medical history, stem cell characteristics, 
the cell manufacturing process, administration route, and host response to the ther-
apy. Here, we summarize main safety concerns regarding stem cell therapy safety 
(Fig. 1.8).

Manufacturing hazards Administration events After stem
cell administration• Infection, toxin, or xenogenic components graft

  contamination
• Cell senescence
• Increased procoagulant cell activity
• Loss of growth kinitics
• Lower genetic stability
• Spontaneous differentiation
• Oncogenicity
• Allergic reaction and vasospasm (if using DMSO)

• Malignant transformation
• Graft rejection
• Ectopic colony formation
• Interaction with drugs
• Excessive cell proliferation with
  compression of surroundings or necrosis

• Microembolism and capillary occlusion
• Thrombosis, embolia and organ infarction 
• Hypersensitivity

Fig. 1.8 Stem cell therapy risks
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1.9.1  Stem Cell Manufacturing Hazards

Stem cell isolation and induction and cell culture and priming can all potentially 
lead to adverse clinical events. Allogeneic transplantation with inadequate 
donor screening and suboptimal culture conditions may lead to transplantation 
of cells contaminated by xenogenic components, toxins, and infectious microor-
ganisms [14, 140]. Dimethylsulfoxide (DMSO), a cell protectant used in cryo-
preservation protocols, is associated with allergic reactions and vasospasm 
[141, 142].

Stem cell quality diminishes with age, a process termed cell senescence that is 
characterized by several genetic, phenotypic, and functional modifications that 
result in loss of the state of “stemness” [143]. Advanced donor age and in vitro stem 
cell expansion are associated with cell senescence [144]. Furthermore, prolonged 
stem cell culture is associated with increased procoagulant activity as well as loss of 
growth kinetics and immunomodulatory properties [145, 146]. After the fifth pas-
sage, MSC show significant drop of differentiation potential [145]. Moreover, late 
stem cell passages show lower genetic stability, leading to spontaneous cell differ-
entiation and oncogenicity [14].

Rigorous donor screening, control of isolation, induction, and culture conditions 
and the use of automated systems are effective alternatives to reduce the risk of 
infections. DMSO use should be avoided in cryopreservation for therapeutic pur-
poses. Limited cell passage, the cytokinesis-block micronucleus assay, and moni-
toring of miRNA and proteins are recommended in order to avoid adverse effects of 
stem cell aging in clinical therapeutic scenarios [14, 147].

1.9.2  Stem Cell Administration Adverse Events

Stem cell administration is specially challenging since, unlike therapeutic drugs, 
these cellular therapies tend to aggregate in specific sites, depending on the route of 
administration [148]. As previously discussed, MSC exert procoagulant activity, 
which is especially worrisome in systemic stem cell administration. Large cell size, 
high infusion speed, and ADSC cell type are variables related to increased proco-
agulant properties [116].

Intravenous and intra-arterial stem cell infusion may cause microembolism, 
although generally without clinical sequelae [140]. Nonetheless, several studies 
have reported thrombotic events such as pulmonary embolism, pulmonary infarc-
tion, and venous thrombosis of brachial and portal veins as major complications of 
intravenous MSC infusion [149–151]. Intra-arterial stem cell delivery can cause not 
only capillary obstruction but also occlusion at the precapillary level, raising con-
cerns especially when treating high oxygen consumption organs such as heart and 
brain [152]. Microvascular obstruction after intra-coronary BM-MSC administra-
tion has also been reported [153].
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Acosta el al. reported peripheral microthrombosis following intra-arterial admin-
istration of autologous ADSC in the treatment of critical limb ischemia [154]. 
Importantly, this report showed that MSC from diabetic patients have decreased 
fibrinolytic activity, raising concerns regarding intravascular infusion of autologous 
stromal cells in diabetic patients [154].

The risk of thrombotic complications following intra-arterial infusion can be 
reduced by controlling infusion speed, cell dosage, and size [75]. Nonetheless, 
lower MSC concentration may be ineffective in avoiding pulmonary microthrombo-
sis following intravenous stem cell administration [140]. Heparin, bivalirudin, and 
other anticoagulant drugs can prevent cell priming and limit progression of MSC- 
mediated thrombogenic events [155].

There are several reports of hypersensitivity reactions following systemic admin-
istration of allogeneic placenta-derived MSC and ADSC [115, 156–158]. It remains 
unclear, however, if the reported events were related to anti-donor immune 
responses [159].

1.9.3  Adverse Events After Stem Cell Administration

Uncontrolled stem cell differentiation is a key obstacle that needs to be solved in 
order to ensure the safety of stem cell therapy. Excessive cell proliferation may 
result in compression of the surrounding structures and cell necrosis among other 
detrimental effects [140]. Depending on the route of administration, transplanted 
cells may migrate and form undesired ectopic colonies that can differentiate in ecto-
pic tissue or tumors [160]. Pluripotent cells such as ESC and iPSC are particularly 
concerning due to their unlimited proliferation capacity that can cause neoplastic 
formation in animal models [161, 162]. Interestingly, neoplasia may arise from 
malignant transformation of host cells surrounding the graft after administration of 
senescent stem cells [163].

Graft rejection and graft versus host disease are potential complications of allo-
geneic and xenogeneic cell transplantation. Major histocompatibility complex 
(MHC) matching and the use of less immunogenic stem cells have been proposed 
as alternatives to avoid these reactions [164]. This recommendation is, however, 
highly controversial since recent studies suggest the importance of host immune 
reaction in the effectiveness of MSC therapy.

Stem cell interaction with host drugs is an under-explored theme. Murine in vivo 
studies have reported that MSC infusion may abolish the effects of G-CSF [165]. 
Corticosteroid administration was reported to inhibit MSC-mediated immunomod-
ulation in a cirrhosis model and, therefore, should be avoided while performing 
stem cell therapy [166]. Further investigation regarding medication interactions 
with transplanted stem cells are needed.

Tumor formation and adverse immune reactions can be avoided by using autolo-
gous stem cells and following safety recommendations mentioned above.
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1.10  Stem Cell Therapy for Vascular Diseases

Vascular disorders are frequently chronic conditions characterized by impaired 
blood flow; the general goal of stem cell therapy for these diseases is to restore 
blood flow, improving the perfusion and function of the ischemic end organ. Stem 
cell therapy was shown to be safe and effective to treat some vascular disorders such 
as diabetic foot ulcers [36] and is considered a promising alternative for other dis-
eases such as vasculitis and lymphedema.

1.10.1  The Vascular Patient

The potential for stem cell therapy to induce regeneration relies on the interaction 
between stem cells and the host. The high prevalence of risk factors that impact 
stem cell therapy, including age, diabetes, hypertension, smoking, dyslipidemia, 
obesity, and coagulation and immunity disorders, remains a key challenge in the 
treatment of vascular patients.

Lower cell yield, hostile administration site microenviroment, and decreased and 
dysfunctional cell activity are important limitations and barriers of autologous stem 
cell therapy in vascular patients. Stem cells from diabetic patients show decreased 
fibrinolytic activity, leading to higher risk of adverse events. It is not clear whether 
other metabolic disorders are associated with higher risk of complications.

The management of chronic diseases frequent requires the use multiple medica-
tions whose interactions with stem cell therapy are yet to be discovered. The inhibi-
tion of MSC-mediated immunomodulation by corticosteroids is a special concern 
for patients diagnosed with immunological disorders. The use of allogeneic cells 
and strict clinical management of comorbidities is essential to optimize stem cell 
therapy in vascular patients. Further investigation regarding the interactions of stem 
cell therapy with medications is needed (Fig. 1.9).

1.10.2  Stem Cell Manufacturing and Administration 
for Vascular Diseases

Several strategies have been developed to enhance stem cell therapy-induced angio-
genesis in the treatment of vascular disease. Regarding cell manufacturing, hypoxic 
preconditioning and pretreatment with curcumin and angiotensin II increased VEGF 
secretion and angiogenesis to treat myocardial ischemia [87, 167–169]. Another 
strategy is the use of EC-conditioned differentiation medium to increase MSC dif-
ferentiation into a more angiogenic cell type [123, 124].

Blood flow impairment and organ ischemia caused by vascular disorders hinders 
stem cell delivery, engraftment, and function. Recently, Liu et al. showed the use of 
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BM-MSC coated with dendrimer nanocarriers modified with adhesion molecules to 
increase stem cell anchoring, transendothelial migration, extravasation, and homing 
to the targeted tissues [170].

Both local and systemic routes of administration have several advantages and 
disadvantages. Specific administration routes have been studied in the treatment of 
stroke (intranasal and intrathecal) [78, 79], ophthalmic (intravitreal), and cardiovas-
cular [81, 82] diseases (transepicardial and transendocardial). Individualized deci-
sions based on the disease and/or organ to be treated are essential to choose the 
appropriate administration route and adjuvants and to avoid suboptimal therapy.

1.11  Conclusion

Stem cell therapy has emerged as a promising therapeutic option for several clinical 
conditions. In addition to embryos, stem cells can be isolated from several adult tis-
sues, particularly bone marrow, peripheral blood, adipose tissue, and umbilical cord 
derivatives. Along with adult cells, induced pluripotent stem cells are ethical alter-
natives for stem cell therapy and enhance the availability of therapeutic cells. 
Autologous tissue is a safe therapeutic cell origin, whereas allogeneic and xenoge-
neic stem cells raise concerns regarding disease transmission and immunogenicity.

The mechanisms of regeneration induced by stem cells are yet to be fully under-
stood. As various protocols for isolation, culture, priming, and administration result 

Special
administration routes

Multiple Medications

Hostile host
microenvironment

Lower cell yield and
regenerative potential

Comorbidities and
increased surgical risk

Fig. 1.9 Particularities of stem cell therapy for vascular diseases
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in different therapeutic effects, understanding the effect of these processes remains 
particularly challenging. Stem cell therapy is generally safe, demonstrating limited 
risks which rely particularly on the stem cell type and administration route. 
Treatment of vascular diseases is especially challenging due to the presence of 
patient-associated comorbidities that frequently impair stem cell-induced 
regeneration.

Stem cell therapy comprises a spectrum of cell-based regenerative strategies 
characterized by three sets of variables: (1) stem cell intrinsic properties (origin, 
type, isolation/induction, culture, and priming features); (2) therapy protocol (dose, 
concentration, administration route, adjuvants); and (3) patient characteristics 
(medical history, immune reaction, disease of interest). Understanding and control-
ling the effects and interactions between these variables is the key for progress in 
clinical stem cell therapy.
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