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Preface

Despite major medical and scientific advances in the last 50 years, vascular disease 
continues to challenge us. Aneurysms, atherosclerosis, heart failure, stroke, malfor-
mations, fistulae, and vasculitis all continue to provide diagnostic and therapeutic 
challenges that keep vascular disease the leading the cause of death and a major 
source of morbidity and suffering in modern society. Physicians and surgeons con-
tinue to treat vascular disease with the technology at hand. Early advances with 
cautery and suture have been supplemented by stents, wires, and coils to give mod-
ern practitioners a range of therapeutic options. But there is still room to improve. 
What is next? It is likely to be exciting.

Understanding the biology of stem cells has been a tremendous advance in mod-
ern medicine and has captured the imagination of many people. The initial require-
ment to derive stem cells from embryonic cells prompted ethical concerns that 
limited utility and clinical translation of therapy. However, advances in understand-
ing the biology of stem cells continue to open new possibilities. In 2012, the Nobel 
Prize was awarded to Drs. Yamanaka and Gurdon for the discovery that somatic 
cells could be reprogrammed into induced pluripotent stem cells. This groundbreak-
ing discovery has completely changed our view of development and cellular spe-
cialization, opening new frontiers in biology; stem cell therapy is not far behind. 
Although some roadside clinics claim to offer stem cell therapy, a safe and effective 
therapy must be based on solid science and understanding of biology and developed 
into consistent products that are tested rigorously through adequately powered clini-
cal trials with reasonable endpoints that are then published in peer-reviewed litera-
ture. You and I want this, and our patients deserve this.

The goal of this book is to describe the current status of stem cell biology and 
therapy as related to the cardiovascular system and vascular diseases. The editors 
have been involved with stem cell research for over 30 years and are involved with 
human clinical trials using stem cells; this endeavor capitalizes on their long-term 
friendship and collaboration that has stood the test of time and distance. The authors 
are recognized experts in their fields with relevant and real world experience. We 
hope you will enjoy this book as much as we have enjoyed putting it together.
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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 

1908
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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

L. L. N. M. Lopes et al.
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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 

MSC MSC

Positive Negative

Adipocyte Osteoblast Chondrocyte

MSC

CD73 CD11b
CD14
CD19
CD34
CD45

CD79a
HLA-DR

CD105
CD90

Adherence to plastic Marker expresssion Differentiation potential

Fig. 1.2 MSC criteria according to the International Society for Cell and Gene Therapy

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

L. L. N. M. Lopes et al.
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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]
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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 
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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 
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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 
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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.

L. L. N. M. Lopes et al.
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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].
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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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Chapter 2
Types and Origin of Stem Cells

Lucíola da Silva Barcelos, Pollyana Ribeiro Castro, 
Elisabeth Tamara Straessler, and Nicolle Kränkel

2.1  Introduction

Stem cells are undifferentiated cells with both self-renewal capacity and the potential 
to differentiate into specialized cell types according to the microenvironment. They 
may be referred to as embryonic or adult stem cells according to their presence either 
in the inner cell mass of the embryo or in specific tissues throughout the fetal and 
postnatal life, respectively. They may also be distinguished according to their devel-
opmental potency, which refers to the range of their potential fates, i.e., their varying 
ability to give rise to different cell types. In this case, they can be classified as totipo-
tent (a term restricted to the zygote and the two-cell stage blastomeres with the capac-
ity to generate both embryonic and extraembryonic tissues), pluripotent (the stem 
cells that are capable of forming all specialized tissues that originate from the embryo 
germ layers), and multipotent or unipotent cells (that are tissue-restricted stem cells 
and give rise to specific cell types). Besides, they may be obtained from their natural 
niche (the specific microenvironment in which they reside) or may be engineered in 
a laboratory by reprogramming somatic cells, as will be discussed later in this chapter.

At all stages of potency, stem cells play essential roles in development as well as 
in homeostasis and disease pathogenesis. Based on the concept that stem cells are 
the organizing principle for tissue formation and homeostasis, their use in clinical 
applications in the field of regenerative medicine, including cell transplantation 
therapy and tissue engineering, was a matter of time and great hope and expectation 
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has been placed in it. In fact, much effort has been made to identify and test different 
sources of cells to treat and cure a wide range of diseases, including cardiovascular 
diseases. In that way, among promising therapies for vascular diseases, the stem 
cell-based ones are in progress and demand for stem cell specialists.

Virtually, all stem cell types could be used for regenerative purposes. Nevertheless, 
it is important to keep in mind that, although stem cells have the capability of dif-
ferentiating into specialized cell types, they may themselves, without the need of 
differentiating, act as biofactories for producing a wide range of molecules that 
modulate cells around them by paracrine signaling and likewise are significant for 
inducing processes central to tissue healing and regeneration.

2.2  Autologous, Syngeneic, Allogeneic, 
and Xenotransplantation

The procedure in which stem cells are introduced into patients with regenerative 
and medical purposes is generally referred to as stem cell transplantation. The pri-
mary goal of stem cell transplantation is to repopulate injured areas with specific 
cells so that tissues become functional again. The transplantation procedure may 
occur by different strategies, including autologous, syngeneic, allogeneic, or xeno-
graft transplants. The type of transplant chosen will depend on the recipient’s medi-
cal conditions and the availability of a matching donor. The assurance of a sufficient 
number of donor stem cells must also be offered [36].

2.2.1  Autologous Transplantation

In autologous transplantation, also called autotransplant or autograft, stem cells are 
extracted from the patient themselves, for example, from the peripheral blood, bone 
marrow, or adipose tissue, and transplanted back to the patient. This modality of 
transplantation is readily available, and there is no need for human leukocyte anti-
gen (HLA, i.e., markers used for the immune cells to recognize what is self and 
nonself) typing and matching. Autologous transplants have a lower risk of rejection, 
and there is no need for immunosuppressive therapy to prevent graft rejection.

2.2.2  Syngeneic Transplantation

Also known as syngeneic graft or isograft. In this modality of transplantation, cells 
come from a different but genetically identical donor, such as the identical twin. In 
this case, individuals must be sufficiently identical and immunologically 
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compatible. Similarly to autologous transplantation, the syngeneic graft has a lower 
risk of being rejected.

2.2.3  Allogeneic Transplantation

In the allogeneic transplantation, also called allotransplant, allograft, or homo-
graft, stem cells are extracted, for example, from peripheral blood, bone marrow, 
umbilical cord, or adipose tissue, from a compatible donor and transplanted to the 
recipient. Therefore, the primary condition for donor selection is HLA compatibil-
ity. A close match between HLA markers between patients and donors is essential 
for a successful transplant; however, less than 30% of patients can find an HLA-
matched sibling. To circumvent this, alternative sources, such as HLA-matched 
adult unrelated donors, umbilical cord blood stem cells, and partially HLA-
mismatched (also known as HLA-haploidentical) related donors, are in continu-
ous advance, especially in the hematopoietic stem cells (HSC) transplantation 
segment [94]. Besides, regenerative medicine researchers have put much effort 
into studying stem cells either with intrinsic immunomodulatory effects, such as 
the mesenchymal stromal cells (MSC) [103], or by HLA engineering of donor 
cells [63, 88, 105, 125]. Nevertheless, although this modality strengthens the pos-
sibility of finding a donor, allotransplant shows a higher risk of potentially fatal 
complications associated with organ toxicity, graft failure, and graft-versus-host 
disease (GVHD).

2.2.4  Xenotransplantation

In this type of transplant, the donor belongs to a different species than the recipient. 
This modality has emerged as an alternative to human transplants due to the scarcity 
of donor cells, tissues, and organs in contrast to rising numbers of potential recipi-
ents. Sheep, pigs, and nonhuman primates have been studied as potential sources of 
human stem cells and organs. Mesenchymal stem cells (MSC) obtained from differ-
ent animals are of significant potential due to their immunosuppressive effects 
[108]. Xenograft practices such as blood transfusion from nonhuman species to 
patients were customary between the seventeenth and twentieth centuries. The first 
chimpanzee to human organ transplantation was attempted in the early 1960s [44, 
69, 144, 153]. However, the high mortality due to vigorous immunogenicity and 
donor organ failure, combined with concern over viral transmission, has halted 
xenotransplantation for a time. To circumvent these issues, scientists have recently 
introduced gene editing (CRISPR/Cas9) and human pluripotent stem cells to create 
genetically “humanized” animals owning human organs [68, 112]. The idea is to 
create animals that possess organs, like the heart, lungs, kidney, liver, or even ves-
sels, made up entirely of human cells. Attempts to genetically engineer cells to 

2 Types and Origin of Stem Cells



36

modify the immune-related genes making xenotransplantable organs compatible 
with the human immune system have also been studied.

2.3  Embryonic and Induced Pluripotent Stem Cells

When talking about stem cells, very often one either refers to embryonic stem cells 
(ESC) or induced pluripotent stem cells (iPSC). Both cell types share many simi-
larities: they possess the ability to self-renew indefinitely and can produce cells 
from all three primal germ layers (endo-, ecto-, and mesoderm). Furthermore, the 
cells express “stemness” proteins that support distinct stem cell properties (e.g., fast 
cell division, telomere elongation). Thus, in many aspects, these cells are compa-
rable and may be used interchangeably for many applications. However, their his-
tory and the respective isolation procedures vary considerably as described later in 
the chapter.

In 1981, the first embryonic stem cells were isolated from a mouse embryo [59]. 
Followed in 1998 by the first established human embryonic stem cell line [175]. 
Since then, ESC technology was faced with many ethical concerns leading to strict 
legal regulation in numerous countries.

In 2006, Yamanaka et al. made the breakthrough discovery that through overex-
pression of four transcription factors (Oct-4, Sox2, Klf4, and c-Myc) in mouse 
somatic cells the cells could be reprogrammed to an embryonic-like state [172]. 
These cells were aptly called induced pluripotent stem cells (iPSC). In 2007, the 
same group successfully applied the reprogramming procedure also to human 
somatic cells [171].

2.4  Adult Stem Cells: Bone Marrow, Peripheral Blood, 
Umbilical Cord, and Adipose Tissue

Adult stem cells, the so-called somatic stem cells or tissue-specific stem cells, are 
undifferentiated cell populations present during both fetal development and postna-
tal life. They are multipotent, i.e., they can differentiate into a limited number of 
different cell types of their tissue of origin and according to the microenvironment 
they are located in. In physiological conditions, these cells are maintained in a qui-
escent state (a way to avoid the accumulation of genetic damage) and, in response 
to specific stimuli, they may be activated and proliferate. They may keep up tissue 
homeostasis and contribute to cell self-renewal, but also support tissue repair. Which 
way the cell chooses in any situation depends on the information about the state of 
the tissue the cell receives, i.e., the microenvironmental cues. Although virtually 
every organ harbors stem cell niches, we will focus on the most ideal and commonly 
used sources for the therapeutic application of adult stem cells in vascular diseases, 
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that is, the bone marrow, peripheral blood, umbilical cord, and adipose tissue. They 
have in common the facility of cell harvesting and the higher number of stem cells 
when compared to other sources.

2.4.1  Bone Marrow

The bone marrow (BM) is a spongy tissue found inside some bones in the body, 
including the hip and thigh bones. The primary function of the BM is providing 
signals to support hematopoiesis (i.e., the production of the blood cells) and the 
quiescence and self-renewability of the resident stem cells. Stem cells contained in 
the bone marrow mostly belong to two types: hemopoietic (giving rise to blood 
cells) and stromal (supporting the hematopoietic development and differentiating 
into other cell types) [114].

The bone marrow stromal cells consist of several populations, including osteo-
lineage cells, endothelial cells, perivascular CXCL12-expressing cells, and mesen-
chymal stem cells (MSC) [7]. The MSC are of particular interest in vascular 
regenerative medicine and have been widely explored in clinical trials. The term 
was first coined by Arnold Caplan in 1991 to describe a perivascular BM stromal 
cell population able to differentiate into cartilage, bone, and fat [30]. After that, 
there was a plethora of reports not only alleging the presence of those cells in other 
tissues but also indicating they would be capable of differentiation in several lin-
eages such as adipocytes, chondrocytes, and osteoblasts, cardiomyocytes, skeletal 
myocytes, fibroblasts, myofibroblasts, endothelial cells, neural cells, hepatic and 
tubular renal cells, particularly in vitro [74]. However, the term “stem cells” should 
be restricted to the populations of cells that demonstrate multipotency and self- 
renewal in vivo. Thus, it has been appealed that the term “Mesenchymal Stem Cells” 
should be abandoned as MSC can be induced to differentiate in many cell types 
in vitro, but they do not seem to do it in vivo. In fact, the therapeutic functionality 
presented by MSC is suggested to be achieved due to paracrine effects [24, 31, 160]. 
Therefore, despite still lacking a consensus of which term should be used and based 
on the recommendation of the International Society for Cellular Therapy (ISCT) for 
its re-designation as “stromal,” instead of “stem,” [52], the MSC initials will be used 
throughout this chapter.

The hematopoietic stem cells (HSC) microenvironment of the BM is responsible 
for controlling the self-renewal, proliferation, differentiation, and migration of HSC 
and progenitor cells under determined stimuli. HSC give rise to blood cells, includ-
ing white and red blood cells, as well as platelets. Based on mouse studies (and 
pieces of evidence that adult human BM is highly similar), the BM is composed of, 
at least, three hematopoietic niches: endosteal, periarteriolar, and perisinusoidal 
[34]. Although the prevailing hypothesis used to be that long-time repopulating 
HSC are maintained in a hypoxic niche in the BM, it has now become more evident 
that the majority of HSC are located in the perivascular well-oxygenated regions. 
More precisely, an imaging-based study shows that BM nondividing stem cells are 
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mainly perisinusoidal [3]. The endosteal microenvironment seems to harbor only a 
subset of early lymphoid progenitors, while the bona fide HSC are found in the 
perivascular niches [51]. Worth mentioning, it has been shown that differences 
among the endothelium of the perivascular regions regulate the metabolism and 
reactive oxygen species (ROS) production in HSC in order to keep them quiescent 
(periarteriolar) or cycling (perisinusoidal) [170]. This characteristic is relevant to 
regenerative medicine seeing as it is known that the BM-HSC pool expands during 
aging, but its regenerative potential is reduced, maybe because of an altered capac-
ity of the BM endothelium in regulating HSC metabolism and ROS production.

Of note, the transplantation of BM-derived mononuclear cells (BM-MNC) 
expressing CD34+ and/or CD133+, usually used in hematological diseases, has also 
been considered for treating ischemic diseases in humans [5, 84, 121, 155, 166, 189, 
192]. The initial rationale was that those cell fractions would be enriched for the 
envisioned stem cells believed to be the best option for vascular regenerative pur-
poses, the endothelial stem/progenitor cells (EPC) [11]. This premise was based on 
the close developmental association between hematopoietic and endothelial cell lin-
eages during embryogenesis. However, the origin and identity of truly adult EPC is 
still a matter of intense debate in the scientific community, and many studies indi-
cate that the BM is not the source of these stem/progenitors in adults. Instead, the 
BM-MNC fraction is known to be enriched for proangiogenic hematopoietic cells 
[37, 66, 197, 198].

2.4.2  Peripheral Blood

Peripheral blood stem cells (PBSC) are present in a very limited number under 
physiological conditions but may be mobilized from BM under certain conditions 
and with distinct stimuli, such as ischemia. Furthermore, circulating stem cells may 
also be derived from the vessel wall, especially during endothelial damage. The 
identification of such a minimally invasive stem cell source has made PBSC inter-
esting for regenerative medicine and clinical applications. Indeed, peripheral blood 
(PB) has largely replaced BM in autologous stem cell transplants.

Usually, the stem cells used for transplantation in several hematological and neo-
plastic diseases are isolated from the bloodstream by their expression of the CD34 
surface marker. The average percentage of CD34+ cells among total circulating cells 
is 0.06% in the bloodstream, while in BM, this percentage reaches 1.1% in healthy 
donors [102]. Strategies such as cytokine treatment are used to mobilize stem cells 
from BM to the bloodstream, including recombinant human granulocyte colony- 
stimulating factor (rhG-CSF) administration, which increases CD34+ cell concen-
tration in the peripheral blood by 50–100-fold over baseline, and CXCR4 antagonists, 
which, in combination with G-CSF, contribute a further two- to threefold 
increase [90].

The cell composition of unmanipulated PBSC differs significantly from bone 
marrow stem cells (BMSC). It has been demonstrated, for example, that T cells, 
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monocytes, and natural killer cells contaminants in a PBSC allograft were more 
than ten times higher than in a BM one [102]. In practice, cells isolated from the 
bloodstream intended to be used in cellular therapy correspond to the fraction of the 
mononuclear cells. The so-called peripheral blood mononuclear cells (PBMC) are a 
mixture of leukocytes and stem/progenitor cells that, when cytokine-mobilized, are 
enriched for CD34+ cells that also express the VEGF receptor 2 (VEGFR2/KDR) 
and the leukocyte marker CD45, although only a few of them express CD133 [90, 
198]. Besides, some researchers have tried to isolate MSC from PBMC, but their 
existence in the bloodstream remains controversial [56, 110, 118].

Regarding EPC, the presence of a hierarchy of resident endothelial progenitor 
cells in the endothelium of blood vessels has been recognized that could account for 
the presence of EPC in the bloodstream replacing the earlier theory that these cells 
would come from BM [86, 186]. In the 2010s, there was further progress in under-
standing the origin and identity of the true EPC in adults and the paradigm shift 
began to strengthen. It was initially demonstrated that CD117/c-Kit+ cells present in 
the endothelium, the so-called vascular endothelium-resident stem cells (VESC), 
display high-clonogenic capacity and can differentiate into endothelial cells [60]. 
More recently, it was shown that these quiescent endothelial stem/progenitor cells 
are activated in response to injury [126, 188]. Overall, these studies, along with 
other recent findings, provide strong support not only for the existence of vascular 
endothelial stem/progenitor cells but also for the hierarchy of endothelial cell types 
within the endothelium [80], suggesting they can be used for therapeutic purposes. 
Further studies, however, are still necessary to better understand the identity of 
these vessel-derived endothelial stem/progenitor cells and their projected applica-
tion in vascular regeneration.

2.4.3  Umbilical Cord

The ISBT 128 standard terminology for medical products of human origin [87] 
classifies the umbilical cord-derived cells into two categories: cord blood (CB)- and 
umbilical cord tissue (UCT)-derived cells.

The CB is a rich source of HSC and can be used as an alternative to BM- or 
PB-derived HSC in allogeneic transplants, especially when HLA-matched sibling 
and unrelated donors are unavailable. Although the CB yields lower numbers of 
HSC when compared to BM or cytokine-induced PB, it holds the advantage of 
being less immunogenic, thus requiring less stringent HLA-matching criteria. When 
compared to BM and PB, the CB-HSC presents a lower risk of graft-versus-host 
disease, a fatal complication of HSC transplantation. Besides, the CB-CD34+ cells 
exhibit higher hematopoietic repopulating ability than those from BM and 
PB. However, with the advent of the transplantation of haploidentical HSC, in addi-
tion to the high cost of allogenic CB transplantation, there was a decline in the use 
of CB for HSC transplantation purposes. On the other hand, the existence of cord 
blood banks allows its correct frozen maintenance for future use, making CB-derived 
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cells available for, at least, 20 years without loss of their viability and engraftment 
potential. Noteworthy, beyond its primary use in hematological disorders, recent 
evidence points toward the potential use of CB cells in nonhematopoietic conditions 
as a source for regenerative cell therapy and immune modulation, amplifying the 
perspective for the use of CB-derived cells [48, 152].

UCT is a rich source of MSC and can be used as an alternative to BM- or adipose 
tissue (AT)-derived MSC. UCT-MSC may be isolated from the placenta, the peri-
vascular space, and the Wharton’s jelly present in the umbilical cord stroma and 
yields higher numbers of MSC when compared to BM or AT. Besides, UCT-MSC 
have higher proliferative potential than BM- and AT-MSC and express higher 
amounts of cytokines and hematopoietic growth factors, such as G-CSF, GM-CSF, 
LIF, IL-1α, IL-6, and IL-8. Of note, its proangiogenic capacity is independent of 
VEGF-A. As a source of perinatal cells, UCT-MSC express markers of pluripotency 
higher than postnatal tissue, but lesser than ESC, and are not known to induce 
tumorigenesis. Its therapeutic effects in preclinical and clinical studies, including 
vascular diseases, encourage further studies to pursue the clinical use of UCT- 
MSC [10].

2.4.4  Adipose Tissue

The white adipose tissue is one of the most important adult sources for therapies 
based on MSC, the so-called adipose-derived MSC (ASC). They are more readily 
available and yield a higher amount of stem/stromal cells when compared to bone 
marrow-derived MSC. Therefore, ASC are of great interest for cell therapy and 
tissue engineering [38]. These cells are obtained from the Stromal Vascular 
Fraction (SVF) that, besides ASC, typically contains various cell types, such as 
endothelial cells, smooth muscle cells, pericytes, leukocytes, fibroblasts, and pre-
adipocytes. Of note, similar to ASC the freshly isolated SVF can induce new blood 
vessel formation and may be used directly for therapeutic neovascularization with-
out the need for cell isolation [99, 206]. Compared to BM-MSC, ASC are less 
osteogenic and more effective in producing collagen. Besides, ASC are more sta-
ble in long-term culture with reduced senescence and higher proliferation capac-
ity [165].

The CD34+ ASC subpopulation has been associated with the formation of non-
hematopoietic colonies in vitro. They may show endothelial characteristics, such as 
the expression of the surface markers CD146 and CD31, depending on culture con-
ditions. Pericyte-like subpopulations expressing CD146 but that are CD31− and 
may be CD34+ or CD34−, may also be present among ASC.  Moreover, the 
CD146−CD31−CD34+ subpopulation shows a higher potential to form adipo-
cytes [209].

The use of ASC for cellular therapy has advantages regarding its easy access by 
subcutaneous lipoaspiration, which is a less painful procedure when compared to 
BMSC collection [70, 130]. In fact, ASC have been employed in many clinical trials 
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for treating conditions that require tissue regeneration, diabetes mellitus, liver dis-
ease, corneal lesions, articular, and cutaneous lesions [19, 50, 101, 194, 196, 
210, 211].

2.5  Isolation and Cell Culture

2.5.1  Isolation of Embryonic Stem Cells

Embryonic stem cells are obtained by isolation of cells from the inner cell mass 
(ICM) of a mammalian embryo in the blastocyst stage (Fig. 2.1). This is usually 
done by the destruction of the trophoblast or by the isolation of ICM cells from the 
embryo. The cells are then cultured either on a layer of murine or human feeder 
cells or on culture plates treated with extracellular matrix proteins. After cell culture 
has been established, adequate quality control is tantamount. First, cells are con-
tinuously cultured for at least 6 months to ascertain indefinite proliferation capacity. 
Furthermore, cells need to be able to form cells from all three primal germ layers: 
endoderm, ectoderm, and mesoderm. Cells are then tested for NANOG expression, 
an essential protein for upholding pluripotency.

2.5.2  Isolation of Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSC) are obtained through cellular reprogram-
ming of somatic cells. Most commonly, skin fibroblasts, peripheral blood mono-
cytes, or urine-derived cells are used. However, iPSC lines have been established 
from numerous other cell types. Following the isolation of somatic cells, the 
overexpression of Yamanaka factors is induced by the use of various vectors 
(Fig. 2.2).

Early approaches used retroviral vectors [171, 172], while subsequent approaches 
used adeno-, RNA-virus, or plasmid vectors [137, 158, 207, 208]. In recent years, 
reprogramming through mRNA vectors has gained traction [33]. This method has 
the advantage that it lacks the potential for mutagenic DNA insertions and mRNA 
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Fig. 2.1 Schematic of embryonic stem cell derivation, ICM = inner cell mass
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is quickly degraded; however, not all somatic cell types are susceptible to mRNA 
vectors and in animal experiments mRNA induced iPSC-derived somatic cells dem-
onstrated increased immunogenicity.

About two weeks after induction of overexpression of Yamanaka factors, small 
colonies appear in the culture dish. These colonies each represent a distinct clone of 
emerging iPSC. Several of these clones are then picked and propagated separately. 
Afterward, cells need to undergo quality control and are tested for their pluripo-
tency, ability for indefinite self-renewal as well as expression of at least two of the 
species-specific stem cell proteins. For human iPSC, these are Oct-4, SSEA-4, 
NANOG, Sox-2, TRA-1-60, and TRA-1-81 [168]. The gold standard for assess-
ment of pluripotency is the implantation into immunodeficient mice where pluripo-
tent stem cells will form teratomata (tumors consisting of tissues from all three 
germ layers).

2.5.3  Culture of ESC and iPSC

As previously stated, ESC and iPSC are very similar in many regards and there are 
few differences in their respective culture methods; thus, they are described 
together in the following. In the beginning, ESC and iPSC were commonly cul-
tured on a layer of mitomycin-treated or irradiated (to stop any further prolifera-
tion) mouse embryonal fibroblasts. This feeder layer not only helps the stem cells 
attach to the culture dish but also produces essential growth factors. However, in 
recent years the trend has been going toward GMP (good manufacturing practice) 
and GTP (good tissue practice) conform culture methods. This includes the use of 
chemically defined, xeno- and serum-free culture media sans the use of either 
mouse or human feeder cells. Culture media are widely available from numerous 
companies, but all contain either bFGF (basic fibroblast growth factor) for human 
or LIF (leukocyte inhibitory factor) for mouse stem cells to keep the cells in their 
pluripotent state. Nevertheless, significant variations exist in the composition and 
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Fig. 2.2 Schematic-induced pluripotent stem cell derivation from somatic cells of different tis-
sue origin
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concentration of the respective growth factor mixtures between different culture 
media. This represents a significant hurdle for the broad application of standard-
ized culture conditions and hampers the reproducibility of differentiation protocols 
between labs.

2.5.4  Isolation and Culture of Adult Stem Cells

2.5.4.1  Bone Marrow Stem Cells (BMSC)

Hematopoietic stem/progenitor cells (HSPC) and BM-MSC are the two main cell 
populations that can be isolated from the BM.  Human BM can be obtained by 
aspiration from the iliac crest [132], the femoral head [45], and the vertebral 
body [146].

Regarding the MSC, they are present at a shallow frequency in the BM. Although 
they can grow in culture and their number is expanded [12], there is still some chal-
lenge to use them in cell-based therapies due to the high variability in the culture 
conditions used for their isolation and expansion. As a result, a range of protocols 
has been published. Besides, xenogeneic substances for cell expansion may affect 
the cells properties compromising clinical application. Except for their tissue 
source, there are no standardized culture methods yet available for culturing and 
expanding MSC for transplantation purposes. Therefore, although very promising, 
its approval for clinical use as a feasible treatment modality is still a matter of 
intense study to define optimal conditions and enable standardization.

BM-MSC show important characteristics that permit their isolation and purifica-
tion process, such as their physical adherence to plastic cell culture plates [178]. The 
main techniques used for isolation and BM-MSC enrichment include an antibody- 
based cell sorting, low- and high-density culture techniques, positive and negative 
selection methods, frequent medium changes, and enzymatic digestion procedures 
[13, 57, 58, 159, 162, 185]. Following the ISCT proposed minimal criteria for human 
MSC identification [52], these cells exhibit (a) plastic adherence, (b) the ability to 
differentiate in vitro into adipocyte, chondrocyte, and osteoblasts, and (c) can be 
immunophenotypically characterized by the expression of CD73, CD90, CD105, 
and the lack of expression of CD14, CD34, CD45, and human leukocyte antigen-DR 
(HLA-DR). Moreover, the expression of the cell markers CD29 and CD71, as well 
as the absence of endothelial cell markers, such as CD31, VEGFR2, CD62E, and 
vWF, is also very often used to characterize these cells better [14].

For MSC isolation, the procedure involves the isolation of the mononuclear 
(MNC) fraction by density centrifugation [15, 77–79]. The resultant buffy coat is 
then seeded in culture flasks containing the medium of choice supplemented with 
10% of fetal bovine serum (FBS) and maintained at 37 °C in a humidified atmo-
sphere. The MSC-like cells form a single layer and the adherent cells are maintained 
in culture for 8–12 days. The resultant cells show heterogeneous fibroblastic appear-
ance, distinct colony formation, and high proliferation [14].
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In order to perform the functional characterization, known as the ability of the 
cultured cells to differentiate in osteoblastic- and adipocytic-like cells, alizarin 
staining is used to show the formation of calcium oxalates for characterizing osteo-
blastic activity and, for adipocytic activity, the oil red staining is commonly 
employed [14, 141].

BM-MNC positive for CD34 are selected for HSPC isolation and transplanta-
tion. However, it is worth mentioning that this fraction contains cells that vary 
either in their metabolic or mitotic activities and the CD34+ expression alone does 
not provide an accurate measure of HSPC in BM. Therefore, it is advised to use 
cocktails of antibodies to deplete or exclude hematopoietic lineage positive cells to 
better characterize the BM-HSPC [107, 193]. The isolation methods used to sepa-
rate these cells include immunomagnetic and fluorescence-activated cell sort-
ing (FACS).

Similar to BM-MSC, BM-HSPC can be stimulated to proliferate in culture for 
expansion. Different methods have been used, and the composition and biological 
characteristics depend on the procedure adopted. CD34+ cells may be cultured for 
several weeks in a medium supplemented with some cytokines such as IL-3, IL-6, 
SCF, Flt3 ligand, TPO, GM-CSF, and G-CSF [22, 41, 131]. Moreover, HSC may also 
be co-cultured with MSC that are shown to support their survival and self-renewal [62].

Among human hematopoietic stem/progenitor cells, the CD34 surface marker is 
known for its unique expression, although recent findings suggest the existence of a 
population of cells that do not express CD34 (CD34−) but become CD34+ before 
cell division [2, 53]. Differently, the HSPC expression profile of naïve mice includes 
Lin−Sca-1+cKit+ (LSK) [8, 167]. Besides, other markers may also be used to iden-
tify HSC isolated from BM, such as the absence of expression of CD41 and CD48 
and the expression of CD150 [96].

2.5.4.2  Peripheral Blood Stem Cells (PBSC)

Peripheral blood is an alternative and highly envisioned source of stem cells since it 
can be easily acquired with minimal invasiveness. PBSC includes HSPC and, pos-
sibly, endothelial progenitor cells (EPC) and MSC. All of them are present in the 
mononuclear cell (MNC) fraction [49, 75, 140]. The culture protocols and expan-
sion conditions of PB-MSC, however, are not well defined, and even their presence 
in the bloodstream has been challenged. Additionally, for PB-EPC, due to the new 
body of evidence about vessel-derived stem/progenitor endothelial cells, thus far 
there are no protocols available that ensure their cultivation and expansion in vitro. 
Nevertheless, what exists are well-defined cultivation protocols of the PB-MNC 
fraction to enrich for proangiogenic cells, as will be described at the end of this 
subtopic. Therefore, the use of PBSC cells for transplantation is currently only 
approved for hematopoietic stem cell transplantation.

Two primary techniques are used to isolate PBMC from the bloodstream: density 
gradient centrifugation or leukapheresis. In the first one, the PBMC fraction corre-
sponds to the thin white layer at the interface between the plasma and the density 
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medium. The leukapheresis method uses an automated machine to separate the 
whole blood from the target PBMC fraction through high-speed centrifugation.

The isolated PBMC comprise a heterogeneous mixture of cells. The so-called 
peripheral blood mononuclear cells (PBMC) fraction contains circulating cells that 
include lymphocytes – CD3+ T cells (45–70%) and CD19+ B cells (5–15%) – mono-
cytes (10–30%), natural killer cells (5–10%), dendritic cells (1–2%), and HSC 
(0.1–0.2%). Nevertheless, as mentioned earlier in this chapter, it is possible to increase 
the percentage of circulating HSPC by the administration of G-CSF to the donor.

After that, readily transplantable cells, mainly used for treating hematological 
and neoplastic diseases, are isolated based on their positivity for the CD34 surface 
marker. The cell profile of the PBMC subset may be analyzed by flow cytometry 
which allows differentiating cell populations based on complexity  – side scatter 
(SSC) and forward scatter proprieties (FSC) – and biomarkers expression [16, 136].

As mentioned above, the PBMC fraction may also be used for the culture-based 
isolation of proangiogenic cells. The reported assays rely on the adhesion of MNC 
to specific substrates, such as fibronectin and collagen I, in endothelial-specific cul-
ture media. At least two types of circulating angiogenic cells, formerly known as 
“putative EPC”, may be isolated in culture dishes: (1) the so-called early outgrowth 
endothelial progenitor cells (eEPC or EOC) and (2) the late outgrowth endothelial 
progenitor cells possessing clonal endothelial colony-forming cells (ECFC) ability 
[127, 145, 199].

The first one (EOC) appears after 4–7 days in culture, can be spherical or spindle- 
shaped, and has low proliferative potential (if any). The second one (ECFC) appears 
after 2–4  weeks in culture, forms a cobblestone-shaped cell monolayer, and has 
high proliferative potential. Both cell types bind to isolectin, endocyte acetylated 
LDL, and express CD31. However, only ECFC express the endothelial cell marker 
von Willebrand Factor (vWF), besides to express more VEGFR2, CD105, and 
CD146 than EOC. The progenitor cell markers CD34 and CD117/c-Kit are more 
expressed in ECFC than EOC.  In contrast, hematopoietic markers are present in 
EOC, but not in ECFC, suggesting ECFC are more committed to the endothelial 
lineage. Finally, in functional assays, ECFC, but not EOC, are much more prone to 
integrate into endothelial cells network in vitro and in vivo. Overall, although both 
cell types are interesting candidates for inducing therapeutic angiogenesis, while 
EOC are undoubtedly hematopoietic cells with paracrine angiogenic capacity, 
ECFC appear to be programmed to differentiate into endothelium [18].

2.5.4.3  Umbilical Cord Stem Cells (UCSC)

 Cord Blood (CB) Collection and Processing for Cell Isolation

The procedure of CB collection is noninvasive, not painful, and relies on a venipunc-
ture and blood drainage to a sterile container, usually with a citrate-based anticoagu-
lant. The most critical steps at the moment of the collection are to avoid contamination 
during the venipuncture procedure and to clamp and extract the cord blood within a 
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precise timing before umbilical vessels collapse and blood entrapping. Usually, the 
red blood cells (RBC)-depleted fraction is used for cryopreservation, as it allows vol-
ume reduction and lesser RBC-related thawing cytotoxicity. Several methods may be 
used to isolate CB cells, including density gradient separation of mononuclear (MNC) 
cells, sedimentation by gelatin, rouleaux formation induced by hydroxyethyl starch 
and centrifugation, and differential centrifugation with separation of RBC and plasma.

The optimization of recovery procedures for cells from CB is a vital step for its 
clinical use and, according to FDA recommendations, must achieve a recovery of, at 
least, 85% of viable nucleated cells after volume reduction and before cryopreserva-
tion. Each banked cord blood unit must contain, at least, 5 × 108 total nucleated cells 
(TNC). The minimum dose acceptable for consistent engraftment of CB is 2.5 × 107 
TNC per kilogram of body weight of the prospective recipient. This dose is considered 
to reflect the MNC content that meets the required CD34+ count of, at least, 0.25% of 
viable TNC before cryopreservation (approximately 2 × 106 CD34+ cells). A subopti-
mal dose may result in delayed hematological recovery, graft failure, and a higher risk 
of infection. Of note, this minimum dose limits the CB transplantation to children and 
adults of low body weight. For weightier individuals, the double-unit of CB transplan-
tation augments the graft doses, but its clinical benefits are still controversial [61, 152, 
190]. Although controversial, the TNC count is mostly used in hematopoietic cell 
transplantation. However, its advantages (especially when considering the reduction 
in time of isolation and costs) have been challenged. It has been demonstrated that 
storing UCB units as MNC fractions instead of TNC fractions would provide more 
accurate and reliable results concerning the quality and potency of the UCB unit [139].

Although the CB-HSPC isolation for transplantation purposes is primarily based 
on the CD34 expression in the MNC fraction, further characterization of CB cells is 
a challenge since it involves the maturation degree of these cells in the UCB. It is 
known that the phenotype CD34+CD38− is more primitive than the CD34+CD38+ 
[176]. Besides, other surface markers can be used to determine the maturity degree 
of CB cells, among them CD90, CD117 (c-Kit), CD135, CD75 [82, 154].

In an attempt to increase the number of cells, the expansion of CB-HSC in cul-
ture is possible as long as supplemental factors are present in the medium. The main 
factors used for the CB-HSC enrichment and culture are thrombopoietin, Flt3 
ligand, IL-6, fibroblast growth factor (FGF), angiopoietin, insulin-like growth factor 
binding protein 2 (IGFBP2), Notch ligands, Wnts, and insulin-like growth factor 2 
(IGF-2) [142, 201, 203, 204]. Besides, co-culture with MSC enhances the process 
of HSC expansion, as adhesion, proliferation, and differentiation of HSC depend on 
the production of soluble factors produced by MSC and matrix molecules [147].

 Umbilical Cord Tissue (UCT) Isolation and Culture

Two main techniques are used to isolate cells from the umbilical cord tissue: enzy-
matic digestion and explants [29, 85]. Different lab-made protocols for isolation and 
expansion have been used. In the method of enzymatic digestion, collagenase and 
hyaluronidase are used to digest UCT and release cells from the extracellular matrix. 
The disadvantage of this method is the long duration of tissue incubation with 
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enzymes, which may compromise the biology and the process of cell adhesion. The 
explant method is cheaper and more straightforward and does not require enzymatic 
incubation. However, this method depends on the ability of cells to migrate and 
adhere to the culture vessel [73, 76, 200].

Although there is no standardized protocol for isolation, expansion, or cryo-
preservation, UCT-MSC have mainly been isolated by enzymatic digestion of 
Wharton’s jelly and cultured in medium supplemented with human or fetal calf 
serum. The culture medium may also contain specific growth factors such as bFGF, 
EGF, PDGF, and VEGF. Besides, the UCT-MSC may be isolated by a nonenzymatic 
explant culture method. However, some studies show the isolated cells obtained by 
each method display different characteristics as the cells isolated by the explant 
culture present a higher proliferative potential (although cells reach arrest earlier) 
and higher variation of phenotypes, being, therefore, a more heterogeneous popula-
tion. Overall, independent of enzymatic or nonenzymatic isolation, the UCT-MSC 
phenotyping follows the minimum criteria of ISCT. Besides, they display higher 
proliferative potential in culture than MSC from other postnatal or neonatal sources 
and, under specific conditions, may display pluripotent specific markers that are not 
present in other postnatal sources. Of note, culture conditions influence the immu-
nomodulatory properties of UCT-MSC as xeno-free or serum-free media and allow 
a more effective suppression of T-cell proliferation [10].

2.5.4.4  Adipose Tissue Stem Cells (ASC)

Subcutaneous fat deposits are present in high quantities in the human body, and 
liposuction surgeries are an excellent choice for harvesting adipose tissue. Adipose 
tissue stem cells (ASC) are isolated from the stromal vascular fraction (SVF). SVF 
is heterogeneous and contains ASC, endothelial cells, fibroblasts, leukocytes, peri-
cytes, and pre-adipocytes, among others [156, 202].

Despite the high volume of publications in recent years, the procedure for col-
lecting and isolating ASC requires better standardization of the forms of manipula-
tion of the collected tissue in order to optimize and unify the processes [40, 182]. 
For isolating cells from liposuction, enzymatic and nonenzymatic methods may be 
used. After centrifugation, the SVF corresponds to the pellet present in the aqueous 
fraction of the enzymatically digested lipoaspirate or to the nontumescent non-oily 
fat fraction of the nonenzymatic mechanical disrupted lipoaspirate [47]. The choice 
of the method may interfere with the phenotype and biology of the isolated cells.

The enzymatic digestion is the method adopted by most research groups and 
represents a modification of the methods initially described by Rodbell and col-
leagues [150]. In brief, adipose tissue is minced, digested with collagenase and 
fractionated by differential centrifugation, and the pelleted SVF cells placed in cul-
ture [133, 148–150]. This method is particularly indicated for extracellular matrix 
(ECM) disruption and separation from binding adipocytes and other cells. Although 
effective, this method is complex, expensive, time-consuming, and yet more 
restricted to experimental approaches since the high manipulation of these cells 
makes their clinical use difficult [156].
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As an alternative procedure, nonenzymatic methods that use mechanical (manual 
or in automated commercially available closed systems) forces appear to be promis-
ing for the therapeutic use of cells. The resulting product is a suspension composed 
of adipose tissue micro fragments, suspended cells, growth factors, and ECM com-
ponents of the original adipose tissue. The nonenzymatic methods are faster and 
easier for handling than enzymatic digestion and can be performed inside the oper-
ating room, besides guaranteeing the maintenance of structural integrity of the cells 
[9, 23, 47, 169, 181].

Similar to BM-MSC, ASC are characterized by the expression of a range of sur-
face markers, such as CD29, CD90, CD105, CD73, and CD44, and the absence of 
the expression of CD45 and CD31 [65]. Besides, according to the joint statement of 
the International Federation for Adipose Therapeutics and Science (IFATS) and the 
International Society for Cellular Therapy (ISCT) to establish minimal definitions 
of stromal cells and avoid confusion in the use of the terms ASC, the culture adher-
ent stromal/stem cells population, and the heterogeneous uncultured SVF (that can-
not be called stem cells), ASC can be distinguished from BM-MSC by their 
positivity for CD36 and negativity for CD106. Moreover, the IFATS/ISCT joint 
statement recommends the immunophenotype characterization of SVF and ASC as 
follows: CD13, CD29, CD44, CD73, CD90 (>40%), and CD34 (>20%) as primary 
positive markers for SVF and CD13, CD29, CD44, CD73, CD90, and CD105 
(>80%) for ASC. CD34 is also considered a primary, although unstable, positive 
marker for ASC, as its expression can be found in freshly isolated cells but disap-
pears when they are expanded in culture. As negative markers CD31 (<20%), and 
CD45 (<50%) are considered for SVF and, CD31, CD45, and CD235a (<2%) for 
ASC. Other secondary positive, such as CD36, or negative, such as CD3, CD11b, 
and CD106, markers may also be considered for ASC [28].

Regarding the cell culture protocols, the employment of commercial media (e.g., 
DMEM and aMEM), routinely used for ASC expansion, and two supplements, fetal 
bovine serum (FBS) and human platelet lysate, results in satisfactory conditions. Of 
note, platelet lysate provides the highest isolation and proliferation rates and com-
mitment for osteogenic lineage. The hematopoietic support is performed through a 
constant secretion of G-CSF and SCF [134].

Nevertheless, it is important to highlight that most of the described culture set-
tings are not actually  xeno-free and are instead research-grade conditions. Therefore, 
they need to be adapted to attend good manufacturing practice (GMP) or good tis-
sue practice (GTP) conditions following regulations and standards for quality and 
safety clinical applications.

2.6  Advantages and Disadvantages

The biggest hurdles for stem cell research before the discovery of iPSC have been 
ethical concerns and legal restrictions for working with stem cells of embryonic 
origin. Worldwide, the work with ESC is heavily regulated and sometimes excluded 
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from national funding programs. In most cases, it is not allowed to generate embryos 
solely for research purposes and ESCs have to be obtained from surplus embryos 
from in vitro fertilization procedures with the consent of the donors. Nonetheless, 
many ethical concerns remain. The discovery of iPSC has relieved many of these 
aforementioned problems. Seeing as donors for iPSC can give their informed con-
sent for the generation of iPSC, and there is no longer any need for the destruction 
of human embryos for the generation of stem cells.

Furthermore, using donor-specific somatic tissue for stem cell manufacturing 
allows for the application of autologous stem cell-derived tissues and therapies, 
minimizing the need for post-intervention immunosuppression. One of the major 
advantages of ESC and iPSC is simultaneously a chief disadvantage of stem cell 
technology: the inherent self-renewal capacity. By culturing cell lines over long 
periods, sometimes for multiple decades, not only may cell characteristics change, 
but there is also the risk of acquired genetic abnormalities and the resulting potential 
for tumorigenesis in the recipient. Moreover, certain induction vectors carry the risk 
of genome integration further increasing the risk for genetic aberrations in resulting 
cells. This is best addressed by building a cell bank with a low passage number as 
well as regular quality checks of cultured stem cells (e.g., karyotyping, genotyping).

The main advantages of adult stem cells are their ready availability for therapeu-
tic applications and the possibility of autologous transplantation, in addition to 
lower ethical concerns and risk of oncogenesis. Also, they exert significant para-
crine effects that allow their widespread use in several different medical conditions, 
besides the possibility to be used as biofactories. Most of them are also easily 
expanded in  vitro, besides to be possible to improve their functionality ex  vivo 
before transplantation. This, however, adds a drawback to the cost and increases the 
possibility of contamination with other products. One significant disadvantage, 
when compared to ESC or iPSC, is the restricted differentiation potential of adult 
stem cells. Furthermore, the possibility of impaired cell function, especially con-
cerning donor morbidity, and even disease transmission, represents a hurdle to be 
overcome as new methods and technologies for cell improvement are being 
generated.

Finally, despite the considerable advances in our understanding of stem cell biol-
ogy and the harnessing of their potential as cell therapy, much progress still has to 
be made in order to standardize protocols for isolation, manipulation, and identifica-
tion of cells suitable for therapeutical purposes.

2.7  Clinical Applications and Future Perspectives

While ESC- and iPSC-based therapies hold great promise, only a minimal number 
of clinical trials have been undertaken. Most were targeted toward the treatment of 
retinal degenerative diseases due to the easy accessibility of the retina and its immu-
nologically privileged status [120, 163]. Some progress has also been made toward 
cardiovascular stem cell treatments. One animal study in mini pigs tested the 
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survival of human iPSC-derived cardiomyocytes in combination with an omentum 
flap and could show improved survival of the transplant as well as increased vascu-
lar density [93]. After iPSC-CM/omentum transplantation, mini pigs received a tri-
ple immunosuppressive therapy consisting of tacrolimus, mycophenolate mofetil, 
and corticosteroid, due to the procedure constituting xenotransplantation. In another 
study, mice received a stem cell treatment 48 h after myocardial infarction and were 
intramyocardially injected either with iPSC or iPSC-derived extracellular vesicles 
(iPSC-EV) [4]. While both groups demonstrated improved left ventricular function, 
iPSC-EV was more effective than iPSC alone. This highlights the importance of 
contributing paracrine effects in stem cell treatments, especially for regenerative 
therapies. Another study showed similar results using an ESC-based approach [95]. 
However, ESC-derived cells and ESC-derived extracellular vesicles displayed com-
parable improvements in left ventricular function. Moreover, in 2018, the first 
human trial for cardiovascular disease took place. Patients with severe ischemic 
heart disease undergoing bypass surgery received an epicardial ESC-cardiomyocyte 
patch with the primary endpoints being feasibility and safety, which were both suc-
cessfully reached [128].

Even as there have been many fears about the safety profile of ESC- and iPSC- 
based therapies, no serious adverse reactions have been observed in clinical trials so 
far. Still, safety concerns need to be taken seriously as showed by the discontinua-
tion of a Japanese iPSC-based clinical trial conducted at the RIKEN institute due to 
irregularities in the iPSC-derived retinal cells intended for transplantation. This 
reinforces the need for rigorous and standardized quality control.

While the number of performed trials is still small, they have proven the feasibil-
ity of both ESC- and iPSC-derived therapies in multiple fields of medicine. Recently 
a novel iPSC line has been established which lacks major histocompatibility com-
plex I and II and is thus hypoimmunogenic. Although this is a promising approach, 
the potential for tumorigenesis is increased and this issue needs to be addressed, 
e.g., by adding a “suicide switch” to the cells.

Regarding adult stem cells, most studies in which those cells are used as strate-
gies for therapies focused on vascular diseases use the fraction of MNC in autolo-
gous transplants from BM and PB after stimulation of G-CSF mobilization [143]. 
Currently, new sources of SCs have been proposed, in addition to cell populations 
with different immunophenotypic characteristics, including CD34+ cells, tissue 
repair-associated monocytes (CD14+CD45+), high aldehyde dehydrogenase 
(ALDH)-activity progenitors, and expanded MSC [143]. However, the challenges 
in this area hinder advances related to vascular therapy focused on vascular dis-
eases, among them lack of standardization of isolation and culture protocols that 
prevent comparisons between research groups, and the necessity of an effective 
immunophenotypic characterization of cells used in therapies.

In this section, we will discuss the advances associated with the use of stem cells 
for the clinical treatment of vascular diseases, as well as the challenges and perspec-
tives for this field. We hope that the information will foster discussions aimed at 
improving processes that allow advances in the field of vascular regenerative medi-
cine associated with better understanding and use of stem cells.
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2.7.1  Peripheral Arterial Disease (PAD)

Peripheral arterial disease (PAD) is a term often used to refer to the lower extremity 
arterial disease secondary to atherosclerotic narrowing or occlusion of the arteries, 
which results in a decline in blood supply to the limbs. This disease is the third lead-
ing cause of cardiovascular morbidity related to atherosclerotic disease after coro-
nary diseases and stroke and is associated with life and limb-threatening 
complications. Patients with PAD may be asymptomatic or may have symptoms 
such as intermittent claudication (pain in the lower limbs during walking) or pain at 
rest with or without ulcers or gangrene.

In the worst scenario, when available therapies (whether pharmacological, endo-
vascular or surgical) are not effective or are not indicated, amputations of digits and 
limbs are common. Angiogenic therapies haves been considered as novel attempts 
to direct stimulate the revascularization of the affected limb. Among the possible 
approaches, cell therapy has been evaluated experimentally [25].

MNC derived either from BM or PB have been used in models of hindlimb isch-
emia and in patients with PAD. Although the injection of autologous BM-MNC in 
the gastrocnemius of patients with ischemic limbs have reduced rest pain and 
increased transcutaneous oxygen pressure, there was no significant effect of the cell 
therapy on amputation rate [173]. The selection of MNC subsets with angiogenic or 
cytoprotective properties could be an interesting approach for further development 
of cell therapy strategies in PAD patients [64].

In a double-blind study, autologous BM-derived aldehyde dehydrogenase bright 
(ALDHbr) cells were injected in the leg of patients with symptom-limiting intermit-
tent claudication. ALDHbr administration did not improve peak walking time (PWT) 
or capillary perfusion measured by magnetic resonance imaging (MRI) outcomes. 
The benefits of cell therapy were more apparent in patients with completely occluded 
femoral arteries, which showed an increased number of collateral arteries [138]. 
The selection of higher doses or treatment of patients with different clinical charac-
teristics remains to be investigated.

Despite some benefits of cell therapy in PAD treatment, the efficacy of these cells 
on all endpoints was no longer significant in placebo- controlled studies, and the 
current knowledge does not support the effectiveness of cell therapy in patients with 
PAD. However, treatments that bring improvement in symptoms and that benefit, 
even temporarily, patients with PAD should be encouraged. For this, refinement of 
isolation techniques, administration routes, parameters to be evaluated, testing dif-
ferent doses, and selection of the source and phenotypic profile of the cells to be 
used may help in the improvement and response of the treatment.

Chronic limb-threatening ischemia (CLTI) is the end stage of PAD and shows 
higher rates of limb amputation, mortality, and impaired quality of life. CLTI is a 
clinical syndrome characterized by rest pain, gangrene, and/or lower limb ulcer-
ations longer than 2 weeks. Venous, traumatic, embolic, and nonatherosclerotic eti-
ologies are excluded. Since 2013, by the time of the launch of the Global Vascular 
Guidelines initiative, CLTI is considered the first priority disease area of focus for 
vascular specialists [42].
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Treatment options for patients with CLTI are limited to surgical procedures that 
include arterial reconstruction, endovascular therapy, and limb amputation. 
Moreover, patients with severe comorbidities and limb gangrene/sepsis are often 
not eligible for surgical revascularization procedures. Stem cell-based therapies for 
limb amputation prevention in these patients have been encouraged [6, 46]. Indeed, 
in the above mentioned guidelines [42], stem cell therapy was identified as one of 
the key research priorities to advances the management of CLTI.

Although promising clinical results based on cell therapy still show more dis-
creet results when compared to preclinical studies, a meta-analysis indicates that 
cell therapy in CLTI is associated with a reduction of the risk of a major amputation, 
identifying it as a promising strategy in the management of the disease [39, 43, 
109]. Strategies such as the search for new sources of stem cells and the possibility 
of allogeneic transplants and cell enrichment may lead to the increase and success 
of cell therapy aimed at treating patients with CLTI. Besides, the ability of pluripo-
tent stem cells in differentiating into endothelial cells should be assessed in the 
clinic since neovascularization processes are essential to the CLTI prognostic [115].

The intramuscular transplantation of autologous BM-MNC or G-CSF-mobilized 
PB-MNC in CLTI patients has shown promising results associated with the improve-
ment of the ankle-brachial index (ABI) and tissue oxygenation compared to cells 
administrated in the contralateral leg [83, 173]. Besides, pain and ulcer reduction in 
the follow-up of intramuscular BM-MNC transplantation has been reported [124]. 
Adverse effects related to intramuscular injection include the only transient pres-
ence of the graft after intramuscular injection, with poor survival and retention of the 
cells in the ischemic tissue and poor integration into the host vasculature [32, 183].

Intra-arterial administration of BM-MNC arose on the premise that stem cell 
delivery with hematopoietic potential would bring benefits to ischemic tissue since 
cell delivery would occur more effectively through well-vascularized areas potenti-
ating their angiogenic effects [143]. Studies using this approache have shown 
improvement in clinical parameters related to resting pain and ulcer pattern com-
pared to the placebo group [184, 189]. However, cell therapy did not reduce the 
incidence of limb amputation when compared to control groups in two indepen-
dently performed studies [184]. Strategies that could optimize the efficacy of cell 
delivery are required to improve the efficiency of cell therapy in vascular disease. 
Alternatives combining intramuscular and intra-arterial modes of delivery could 
improve cell graft survival along with more refined techniques with more specific 
and guided microinjections.

The transplantation of a more homogenous cell population has been suggested to 
improve cell survival. Additionally, a better definition and characterization of trans-
planted cells should be encouraged for comparisons and replicability in other stud-
ies. Furthermore, the development of strategies seeking to minimize and treating 
comorbidities to CLTI should be emphasized and is central to improving the success 
of cell therapy [143].

Another question to be considered concerns the so-called stem cell exhaustion in 
case of autologous transplantation. Meaning that in end-stage CLTI patients, the 
functions of stem cells and their progenitors could be compromised or in some 
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cases, these cells could be barely present. Thus, the continuous search for new 
methods of cell enrichment and enhancement of functionality, for alternative stem 
cells sources and for improvements in allogeneic and xenotransplantation are cru-
cial [89, 174].

One example of a promising alternative to cell therapy is the use of extracellular 
vesicles (EV) containing potent proangiogenic agents, exosomes, and microvesicles 
in the management of CLTI. These strategies aim to promote a microenvironment 
where cell-to-cell communication is most effective in promoting the development, 
growth, and maturation of new blood vessels [177]. The injection of CD34+ cell- 
derived exosomes into the ischemic hindlimb in a preclinical model showed 
enhanced limb perfusion via the upregulation of important proangiogenic molecules 
such as VEGF, ANGF1, ANG2 and MMP9 [123]. Also, MSC-derived EV increased 
blood reperfusion and stimulated the formation of new blood vessels in a preclinical 
murine model of hindlimb ischemia via overexpression of VEGFR1 and VEGFR2 in 
endothelial cells [67].

Other shortcomings to be addressed concern the delivery systems and stem cell 
survival after administration. Both intramuscular and intra-arterial injections may 
be inefficient because they do not deliver cells to the target site due to inefficient 
host vasculature [39]. Moreover, studies on the microenvironment at the injection 
site, as well as dosage and frequency of cell therapy, should be conducted. 
Complementary approaches using biocompatible scaffolds may also represent 
interesting experimental strategies.

2.7.2  Diabetic Foot Ulcers (DFU)

Diabetic foot ulcers develop as a result of the progressive and cumulative effects of 
longstanding diabetes that significantly disturbs the wound healing process [26]. 
The pathophysiology of DFU is complex and multifactorial and requires interven-
tions able to accelerate and improve healing. In this sense, cell therapy emerges as 
a promising strategy to ameliorate the severity of foot ulcers in diabetic patients.

Many authors have demonstrated the benefits of stem cell therapy to ischemic 
and wounded tissues by secretion of growth factors and chemokines that promoting 
neovascularization and tissue remodeling [91, 195]. In a study comparing the effects 
of BM-MNC and PB-derived progenitor cell therapies in patients with diabetic foot 
disease and CLTI unresponsive to revascularization, for example, a lower rate of 
amputation and improved oxygenation and blood flow at the ulcer site have been 
observed [54]. These results are comparable to percutaneous transluminal angio-
plasty (PTA) and prove that cell therapy is safe and may constitute a new therapeutic 
approach for the treatment of diabetic ulcers [55]. In another study, autologous 
CD90+ BM-derived cells were used in the treatment of diabetic ulcers. Parameters 
such as ABI, TcPO2, reactive hyperemia, and angiographic imaging before and after 
therapy were taken. Improved microvascularization and complete wound closure in 
most of the patients who received cell therapy were observed [98].
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A meta-analysis conducted by Zhang et al. [205], including randomized con-
trolled clinical trials, suggested that cellular therapy could accelerate the healing of 
DFU, associated with a higher ankle-branchial index, higher transcutaneous oxygen 
pressure, higher ulcer healing rate, the lower reported pain levels and higher 
amputation- free survival. However, the authors draw attention to the limitations of 
the study that includes only a small number of papers and a lack of standardization 
in the execution and evaluation in the underlying trials, possibly limiting the conclu-
sions drawn by the meta-analysis.

Therefore, although preclinical and clinical studies indicate the benefits of cell 
therapy on DFU treatment, the meta-analysis highlights the lack of a consensus 
regarding the optimal type of stem cell to be used, therapy regimen, and protocols 
to deliver cells properly. More effective delivery methods would improve the rates 
of success [113].

2.7.3  Venous Leg Ulcer (VLU)

Venous leg ulcers (VLU) arise from chronic venous insufficiency in the lower limbs 
and are widespread and debilitating, with high morbidity and associated costs, 
straining healthcare budgets and negatively impacting quality of life. The treatment 
of VLU can be conservative or surgical, but they are quite resistant to healing with 
standard care compression therapy and have high recurrence rates often leading to 
chronicity [92, 164].

The use of stem cells in VLU has been based on their capacity to stimulate wound 
healing through two mechanisms: attenuating the general inflammatory response 
and differentiating into cells involved in tissue repair, such as fibroblasts, myofibro-
blasts, and antigen-presenting cells [157].

In recent years, the use of adipose tissue as a source for cell therapy has been 
explored. The variety of cell types found in SVF represents a potential advantage for 
wound healing compared to cultured stem cells. Although the current clinical trials 
are significantly different in terms of study design and included subjects, most of 
them demonstrate the safety of ASC and SVF, as well as the improvement of chronic 
ulcers and reduction of pain [81]. A study involving 31 patients who had undergone 
surgery for an underlying venous pathology where venous ulcers had not healed 
post-surgery were treated with adipose-derived autologous stem cell injection at the 
ulcer site. Cell injection induced ulcer contraction and epithelization, even though 
no full closure was observed. In the follow-up, only three patients exhibited a recur-
rent ulcer. No adverse events were reported [92].

The ability of autologous SVF in treating chronic ulcers of venous (VLU) and arte-
rial-venous (AVLU) origin were studied by Konstantinow et al. [100]. The patients 
received a single topical treatment with noncultured 9–15 × 106 cells isolated from 
abdominal lipoaspirates by enzymatic digestion. All VLU and four of nine AVLU 
patients who received the cells showed complete epithelization of the ulcers within 
71–174 days. A considerable reduction in the intensity of pain and no severe side effects 
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were observed. The authors emphasize, however, that one-time application may not be 
sufficient in patients with larger predominantly ischemic AVLU and comorbidities.

2.7.4  Lymphedema

Lymphedema represents a debilitating condition manifesting as an excess of lym-
phatic fluid and swelling of subcutaneous tissue due to obstruction, destruction, or 
hypoplasia of lymphatic vessels [179]. Besides, lymphedema is a common compli-
cation with breast cancer treatment and does not have a definitive cure despite sev-
eral microsurgical techniques and conservative management used in clinical 
practice [117].

Lymphedema treatment requires restoration lymphatic vessels from the capillary 
to the collector level and stem cell therapy could be an effective strategy to induce a 
complex regenerative response in patients affected by disorders of the lymphatic 
system. The transplantation of BM-derived cells in a murine skin flap wound model, 
for example, promoted the growth of blood vessels and lymphatic capillaries at the 
injury site and restored lymphatic drainage. The xenotransplantation of human cells 
into mice was also able to improve survival and functional reconnection of lymph 
nodes transplanted to the host lymphatic network, enhancing lymphatic vascular 
supply [20]. Given this evidence, cell therapy may be promising for improving lym-
phatic circulation and treating lymphedema in the clinical setting.

In another example, autologous G-CSF-mobilized CD34+ cells were used for the 
treatment of lymphedema secondary to mastectomy and axillary lymphadenectomy. 
The cells were administered via microinjections in the affected arm, followed by a 
12-week follow-up. Volume reduction of lymphedema compared to standard therapy 
(compression sleeves) was observed as well as pain reduction and improved sensitiv-
ity [117]. In contrast, a more recent study using autologous adipose-derived regen-
erative cells for treating breast cancer-related lymphedema reported no improvement 
in lymphoscintigraphy, despite patients requiring less conservative management 
after transplantation. No serious adverse effects were observed [180]. The authors 
conclude that more refined, randomized studies should be conducted to confirm find-
ings and propose improvements in cell therapy applicable to lymphedema.

2.7.5  Thromboangiitis Obliterans (TAO): Buerger Disease

Thromboangiitis obliterans (TAO) or Buerger’s disease is a nonatherosclerotic, seg-
mental inflammatory disease affecting small- and medium-sized arteries and veins 
in the upper and lower extremities [187]. The pharmacological treatment of TAO 
focuses on anticoagulation, vasodilators, systemic anti-inflammatory drugs, and 
analgesics. Besides, surgical options are limited in efficacy and the absence of distal 
vascular targets makes surgical revascularization complicated. Cellular therapy 
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represents a potential alternative treatment for TAO patients since benefits associ-
ated with this modality include more rapid angiogenesis, reduced inflammation, 
increased temperature and perfusion of ischemic limbs and healing rates of wounds 
size [122].

The use of adult human BM-derived, cultured, pooled, allogeneic MSC is safe 
when injected via intramuscular (i.m.) route in TAO patients [71]. In a phase II, 
prospective, nonrandomized, open-label, multicentric, dose-ranging study, the same 
authors also tested the efficacy and safety of i.m. injection of adult human 
BM-derived MSC as a treatment of TAO disease. Reduction in rest pain and 
improved ulcer healing were demonstrated in the group receiving cell therapy com-
pared to the control group. Few adverse effects were reported, indicating the possi-
ble use of cell therapy in TAO treatment [72].

When G-CSF-mobilized PB cells were subcutaneously injected close to the tibia 
bone, 26 out of 34 treated TAO patients showed a moderately improved outcome. 
Among them, 13 out of 17 limb ulcers healed. The development of new collaterals 
was also observed, indicating that autologous cells could be used safely and effec-
tively for therapeutic angiogenesis in patients with TAO [97]. Corroborating these 
findings, a study involving 67 patients with symptomatic TAO that received autolo-
gous whole BM cells into the limb by intramuscular injections, showed clinical and 
angiographic improvements in almost half of the patients evaluated. Reduction in 
the amputation rate in symptomatic TAO patients was also a critical prognostic fac-
tor considered in this study [106].

Intravenous allogeneic MSC administration has also been explored since it could 
exert a systemic anti-inflammatory effect in the vasculature and modulate the 
immune response in TAO. In the case of a single male patient at risk of amputation, 
four sequential intravenous infusions of BM-MSC from a healthy donor induced 
significant regression of foot ulcers and improvements in rest pain, walking impair-
ment, and quality of life. 16 months after infusion, the patient had no requirement 
for further amputation, indicating a potential for sequential infusions as an effective 
schedule treatment for TAO [122].

2.7.6  Myocardial Infarction (MI)

Cardiovascular events as a consequence of ischemic heart disease represent the 
leading cause of morbidity and mortality worldwide. Although medical and surgical 
treatments can improve patient outcomes, no treatment currently available can gen-
erate new contractile tissue or reverse ischemia in the myocardium [116]. In this 
context, the use of stem cells has emerged as a promising and potential therapeutic 
strategy to regenerate damaged heart tissue as an option for myocardial infarction 
(MI) treatment.

The use of BM-derived cells, adipose tissue-derived stem cells, skeletal myo-
blasts, as well as embryonic stem cell-derived cardiomyocytes had been proposed 
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as cardiac cell therapy substrates [104]. An ideal cell therapy applicable to MI 
should regenerate the vascular network and stimulate the formation of new contrac-
tile tissue that can align and synchronize with the existing heart tissue. Also, stem 
cells should be able to differentiate into other cardiac cell types such as myocytes 
and vascular endothelial cells or, at least, act via paracrine effects to promote the 
regenerative process [116].

Pericardial adipose-derived stem cells, for example, were shown to be superior 
in inducing reparative activities, including myogenesis, vasculogenesis, and expres-
sion of cardiogenic transcription factors compared to subcutaneous stem cells, indi-
cating that cell origin is also essential to the outcome in cell therapy applicable to 
MI [191].

On the other hand, early clinical trials using BM-derived cells only show mod-
est or marginal benefits when cellular therapy was used in acute or chronic MI 
patients [1, 111]. However, more recent studies have shown promising results with 
patients experiencing beneficial cardiac effects such as enhanced perfusion, 
improved left ventricular ejection fraction, and reduced left ventricular end-sys-
tolic volume [135]. The differences in outcomes from studies using BM-MNC 
could be explained by the inter-individual heterogeneity of this cell population. Of 
note, a clinical trial using an intramyocardial injection of cardiopoietic BM-MSC 
in post-MI ischemic heart failure patients showed a favorable effect on left ven-
tricular ejection fraction (LVEF), remodeling and overall patient wellness com-
pared to unstimulated BM-MSC or standard clinical care. The cardiopoietic 
BM-MSC were generated by priming BM-MSC using a combination of cardio-
genic factors to transform these cells into cardiac progenitors able to differentiate 
in functional cardiomyocytes [17, 21].

Cardiac stem cells (CSC) might be more appropriate to promote heart tissue 
repair since these cells are residing in the heart itself. They are considered a 
heterogeneous cell population isolated from atrial appendages, pericardial adi-
pose tissue, or epi-/endomyocardial biopsies that represent a purer source of 
cells with the capacity to differentiate into cardiomyocytes [27]. CSC have been 
shown to more efficiently express cardiac markers and more effectively differ-
entiate into cardiomyocytes in vitro and in MI murine in vivo models, emerging 
as the most effective cell source for cell therapy in MI [151]. The challenges of 
using these cells, however, concern their low availability, the invasive isolation, 
and the need for costly ex vivo expansion to obtain adequate cell numbers for 
injection.

Likewise, cardiosphere-derived cells (CDC) constitute a cardiac progenitor cell 
population isolated from atrial or ventricular biopsy specimens of patients under-
going heart surgery. After tissue processing and culturing, a fibroblast-like cell 
layer forms and can be further purified and cultured to form cardiospheres. Most 
of the expanded cells are CD105+, and also express CD117/c-Kit, CD90, CD34, 
and CD31. These cells were also negative for the MDR1, CD133, and CD45 [129, 
161]. Autologous and allogeneic intracoronary CDC transplantation induces myo-
cardial regeneration with a decrease in scar size and an increase in viable and 
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functional tissue in patients with MI, and ischemic left ventricular dysfunction 
[35, 119]. Despite promising findings, the challenge of obtaining cardiac stem 
cells should be considered and standardization of isolation, and culturing proto-
cols should be addressed.

2.8  Final Remarks

Although no ideal stem cell source is yet established for treating vascular diseases, 
there is an expected interest in clinical research using the transplantation of endo-
thelial progenitor cells (EPC) as a potential approach to regenerate endothelial 
cells and blood vessels and to induce therapeutic angiogenesis. Even though very 
promising, the clinical trials have shown moderate to low improvements in humans 
when compared to animal preclinical studies. The clinical effectiveness may vary 
among patients, in part, due to different genetic and physiologic status and medical 
conditions. It is also important to highlight that what has been termed as “putative 
EPC” and used in clinical trials are, actually, a heterogeneous population of hema-
topoietic cells that may take part in neovascularization processes by paracrine sup-
portive mechanisms. Nonetheless, the scientific community is getting closer to 
reaching a consensus on the bonafide endothelial stem/progenitor cells’ identity. 
Additionaly, many efforts are being made using the differentiation of induced plu-
ripotent cells into vascular progenitors for therapeutic purposes.

Beyond the efforts to identify actual EPC, the majority of clinical trials on cell-
based transplantation for vascular diseases concentrates on using MSC with para-
crine activity derived mainly from BM and AT. As discussed earlier in this chapter, 
MSC is a generic term for a variety of cell types derived from bone marrow and 
connective tissue that meet the minimum criteria formulated by the ISCT. The high 
interest in using these cells for therapeutic purposes relies on their angiogenic and 
immunosuppressive properties and tissue repair capabilities, besides the easy 
accessibility from BM, AT, or even UC. This makes them not only an attractive 
therapeutical option in autologous but also in allogeneic transplants. Furthermore, 
the already completed trials have shown that MSC are safe and seem to cause no 
significant side effects to the patients.

Finally, it is also important to keep in mind that even if the best cells are transplanted 
into a patient, arriving in a hostile environment, they are susceptible to fail. Therefore, 
the parallel modulation of the host environments also appears to be important in order to 
achieve long-term effects. Taken together, the fast-growing field of regenerative medi-
cine is progressively paving the road for the future use of cell-based bioproducts for 
vascular diseases. These bioproducts may originate not only from cells and known 
modalities of transplantation as discussed in this chapter but also from bioengineering of 
cells and tissues and their use as an “off-the-shelf” medical product. Given the signifi-
cant advances made in adult stem cell research in conjunction with the, as of now, tenta-
tive entry of both ESC- and iPSC-based therapies into clinical practice, the future seems 
very promising. The ground is fertile, and much remains to come.
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Chapter 3
Stem Cell Delivery Techniques for Stroke 
and Peripheral Artery Disease

Shin-Rong Lee, Arash Fereydooni, and Alan Dardik

3.1  Introduction

Vascular diseases are fundamentally characterized by end-organ hypoperfusion 
leading to a vicious cycle of tissue ischemia, cell death, maladaptive remodeling, 
and organ dysfunction. The promise of stem cells as therapy for vascular diseases 
arises from their potential to interrupt this cycle by (a) reducing hypoxia through 
increased angiogenesis [1, 2]; (b) improving native cell survival and regeneration, 
as well as guiding beneficial remodeling through secretion of growth factors [3, 4]; 
and ultimately (c) replacing lost tissue to recover organ function [5]. While the 
dream of regenerative organ replacement remains elusive for most applications of 
cell therapy—except for the notable success of bone marrow transplantation [6]—
the more modest goals of improving end-organ function via locoregional modula-
tion have been suggested in some clinical studies of several vascular diseases. 
These investigations include ischemic heart disease, critical limb ischemia, and 
ischemic stroke, where modest improvements in the left ventricular ejection frac-
tion, amputation- free survival, or neurologic outcomes have, respectively, been 
demonstrated following cell therapy [7–11]. Unfortunately, there have also been a 
number of clinical trials that have failed to show benefit after stem cell implantation 
[12], highlighting the multiple challenges still facing this burgeoning and innova-
tive field.

S.-R. Lee · A. Fereydooni 
Yale School of Medicine, New Haven, CT, USA
e-mail: shinrong.lee@yale.edu; arash.fereydooni@yale.edu 

A. Dardik (*) 
Vascular Biology and Therapeutics Program and the Departments of Surgery and Cellular and 
Molecular Physiology, Yale University School of Medicine, New Haven, CT, USA
e-mail: alan.dardik@yale.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-56954-9_3&domain=pdf
https://doi.org/10.1007/978-3-030-56954-9_3#DOI
mailto:shinrong.lee@yale.edu
mailto:arash.fereydooni@yale.edu
mailto:alan.dardik@yale.edu


70

An important challenge in stem cell therapy, and the focus of this chapter, lies 
in the determination of the optimal method of delivering stem cells to the injured 
organ. The best delivery method should be the least invasive procedure that 
achieves the highest fraction of engrafted, viable, stem cells within the targeted 
area. This critically depends on patient-specific, disease-specific, and stem cell-
specific factors, which themselves are also important determinants of success in 
cell therapy. For example, careful examination of patients and consideration of 
their comorbidities and functional status are necessary not only to determine which 
patients can benefit from stem cell therapy—many trials exclude, for instance, 
patients with advanced infections, cancers, or life-threatening illnesses—but also 
what type of invasive procedure they might be able to tolerate to receive cell ther-
apy. Similarly, the disease for which stem cell therapy is indicated is also impor-
tant, as this influences the type of stem cell used, the timing, and dose of cell 
therapy. Anatomical considerations also dictate the available delivery routes. 
Finally, stem cell factors such as providing sufficient numbers and quality of the 
right type of stem cell to a receptive environment are crucial in any successful cell 
therapy, with the route of administration playing an important modulatory role in 
each of these variables.

Stem cells can be delivered locally, regionally, or systemically (Fig. 3.1). This 
chapter considers the different techniques for stem cell delivery from these view-
points for two vascular diseases—stroke and peripheral artery disease. Relevant 
preclinical and clinical studies for each area are reviewed and general concepts 
fundamental to each delivery technique analyzed and summarized.

3.2  Stroke

A stroke occurs when there is an interruption of cerebral blood flow due to cerebro-
vascular thrombosis, embolism, or hemorrhage, leading to a neurological deficit 
due to ischemic neuronal cell death. According to the 2016 Global Burden of 
Disease Stroke Collaborators, stroke is a leading cause of death and disability-
adjusted life years worldwide [13]. Early preclinical studies investigating stem cell 
therapy in rodent models of ischemic stroke garnered much enthusiasm when it was 
shown that implanted stem cells differentiated into neurons, formed connections, 
and engendered functional recovery [14–18]. To provide therapeutic benefit, stem 
cells must first be delivered into the appropriate region of injury. However, the brain 
is an anatomically difficult organ to access—encapsulated by the skull exteriorly 
and the blood-brain barrier internally, delivering therapeutics to the central nervous 
system is a difficult task that has frustrated many pharmaceuticals. This section 
summarizes approaches for stem cell delivery implemented in recent clinical trials, 
highlighting the unique challenges and opportunities in delivering cell therapy to 
the brain.
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3.2.1  Local

3.2.1.1  Intraparenchymal

One of the earliest cell therapy trials for stroke in human patients was performed by 
intraparenchymal injection of cultured human neuronal cells into the brain. This is 
the most invasive approach of cell delivery but is the only approach that guarantees 
that the desired dose of cells is delivered to the region of interest. Pioneering and 
influential studies within the field of intracerebral delivery were studies sponsored 

Intraparenchymal

Intraarterial

Intramuscular

Intralesional

Intravenous

Intrathecal

Intralesional

Fig. 3.1 Stem cell delivery 
approaches in stroke and 
peripheral artery disease
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by Layton Biosciences [19, 20], with many of their study methods replicated by 
subsequent investigators.

In the Layton studies [19, 20], patients with stable, chronic (1–5 years) ischemic, 
or hemorrhagic strokes were recruited, and these patients had cultured human neu-
ronal cells (LBS-Neurons; Layton BioScience, Inc.) stereotactically implanted into 
the peri-infact region. Twelve patients received 2–6 million cells each in the phase 
1 study, and 14 patients received 5–10 million cells in the phase 2 study. Their meth-
odology was as follows: patients were fitted with a stereotactic frame, and a Burr 
hole was created through the skull. A needle with an outer diameter (OD) of 0.9 mm 
and inner diameter (ID) of 0.25 mm was then advanced under image guidance to a 
target inferior to the stroke region. In phase 1, either 1 or 3 needle tracts were used 
to deliver 2 or 6 million cells via 3 boluses of 20 μl per tract, while in phase 2, the 
cell dosage of 5 or 10 million cells was divided into a total of 25 implants through 
5 needle tracts with 5 boluses of 10 μl per tract at a rate of 5 μl per min. These stud-
ies demonstrated acceptable safety of the procedures, with few procedure-related 
serious complications. Out of 26 surgeries, 1 patient had an asymptomatic chronic 
subdural hematoma 1  month after surgery that was drained without sequelae. 
However, although there were improvements in some indices of neurologic func-
tions, these studies failed to show improvement in the primary outcome measure 
(European Stroke Scale motor score). There was a suggestion that patients with 
hemorrhagic strokes may not have responded as well to cell therapy compared to 
patients with ischemic strokes, but this finding did not reach statistical 
significance.

Although the primary outcome measure was not achieved, these studies were 
nevertheless important in establishing the safety and feasibility of intraparenchymal 
cell injections, and their experience identified several important considerations. For 
example, the requirement of delivering a small volume (10s of microliters) of cells 
in a stereotactic fashion necessitated the development of an injection cannula—this 
led to the Pittsburgh Cell Implantation Cannula, which is a stainless steel- constructed 
rigid cannula that is 19 cm in length with a 0.9 mm outer diameter and an internal 
volume of 20 ul, and a special hub designed to eliminate dead space between the 
cannula and an attached syringe [21]. The authors demonstrated that injecting cells 
through the cannula at 5 μl per min did not affect cell viability. They also noted that 
the slow rate of injection could result in cell sedimentation, and so the syringe was 
frequently rotated to maintain a uniform cell suspension. Bolus volumes were kept 
low to minimize the possibility of axonal disruption, and needle tracts, which are 
needed to distribute the cells around the infarct but can result in hyperintensities on 
T2 MRI of undetermined clinical significance [22], were kept to a minimum.

Subsequent studies (Table 3.1) utilizing intraparenchymal cell delivery focused 
on patients with chronic ischemic strokes, perhaps in response to the trend of 
decreased efficacy with hemorrhagic strokes observed in the Layton studies. 
Methodologically, these studies were similar, utilizing stereotactic surgery to 
implant different types and doses of stem cells in the (peri)-infarct region. There 
were variations in the cell type and dosage used, needle type, number of needle 
tracts, number and size of boluses, and infusion rate, which are summarized in 
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Table  3.1. Consistent with the experience of the Layton reports, these studies 
showed acceptable safety profiles with no cell-related adverse effects and only a few 
procedural-related complications such as surgical site bleeding and chronic subdu-
ral hematomas. However, while most studies demonstrated modest improvements in 
function, many of these were small single-arm studies. Thus, efficacy of this method 
of cell therapy still needs to be established with larger phase 2/3 studies, some of 
which are currently in progress [23].

3.2.1.2  Intralesional

The intralesional approach is another local method of stem cell delivery to the brain, 
whereby cells are delivered into the lesion by infusion through a catheter. Li et al. 
[24] utilized this approach in patients with acute hemorrhagic stroke. Their study 
included 100 patients (60 treatment, 40 control) who had cerebral hemorrhage that 
required surgical evacuation either by craniotomy or Burr hole. During the hema-
toma evacuation, patients had a tube placed into the hematoma cavity for drainage. 
Approximately 5 days after surgery, patients underwent bone marrow aspiration and 
extraction of mononuclear cells, 3.5 ml of which were subsequently infused via the 
drainage tube into the peripheral area of the hematoma cavity (average of 13.3 mil-
lion cells). Patients in the control group received 3.5 ml of saline. Relevant adverse 
events included low-grade fever in five patients (5.3%) within 24  hours of cell 
implantation (compared to one patient, 2.5% in control), and one patient in the cell 
therapy group was diagnosed with lung cancer 4 months postimplantation. Patients 
treated with stem cells had significantly improved neurological function (NIHSS, 
BI) compared to control at 6 months post-op.

Chang et al. [25] utilized a similar approach also in patients with cerebral hemor-
rhages. Their study included patients (16 treatment, 8 control) with acute cerebral 
hemorrhages that required surgical hematoma evacuation, but they tested autolo-
gous BMMNC (180 million, n = 7) and allogeneic umbilical cord MSCs (unknown 
dose, n = 9). During the hematoma evacuation, patients in the treatment groups also 
had a tube placed into the hematoma cavity, but this tube was sutured subcutane-
ously and the overlying skin closed. Two weeks after hemorrhage, the tube was 
accessed surgically, and stem cells were infused into the hematoma cavity. Patients 
received a second dose in a similar fashion 1 week after. No adverse events were 
noted, and patients receiving both types of cell therapy had improved NIHSS com-
pared to control from 3 months–5 years poststroke, with the UCMSC group faring 
slightly better than the BMMNC group.

These studies (Table  3.1) illustrate the feasibility and long-term safety of the 
intralesional approach for hemorrhagic stroke. This approach is attractive as admin-
istering cell therapy coincidentally with existing lifesaving therapies which allow 
delivery of stem cells locally with minimal additional procedural risk. However, 
further studies are needed not only to establish efficacy but to also determine the 
time after hemorrhage, stem cell type, and cell dose that can confer the most benefit.

3 Stem Cell Delivery Techniques for Stroke and Peripheral Artery Disease
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3.2.2  Regional

3.2.2.1  Intra-arterial

One of the earliest examples of intra-arterial stem cell therapy for stroke was a case 
report from Brazil by Mendonca et  al. in 2006 [26]. A 54-year-old woman had 
acute-onset right hemiparesis and global aphasia and presented to the emergency 
department 6 hours after symptom onset, beyond the therapeutic window for IV 
thrombolytics. Subsequent workup showed an ischemic stroke in the left MCA ter-
ritory, but her intracranial and extracranial vessels as assessed by transcranial dop-
pler (TCD) and carotid/vertebral ultrasounds were patent. She was enrolled into a 
phase I trial assessing the safety and feasibility of autologous transplantation of 
bone marrow mononuclear cells in stroke. Four days after her stroke, bone marrow 
mononuclear cells (BMMNCs) were aspirated and isolated from her iliac crest. She 
was taken into the interventional lab where endovascular access was obtained and 
cerebral arteriography demonstrated patency of the left MCA and its tributaries. A 
catheter was then advanced into the left MCA, and 3 ml containing 100 million 
BMMNCs were infused over 10 minutes. Monitoring was performed throughout 
with EEG and TCD, which showed no significant changes during the procedure. 
The patient was followed for 2  months post-procedure, where she continued to 
exhibit functional neurologic recovery.

The above case illustrates the essential features of intra-arterial delivery of stem 
cells, a regional approach whereby cells are transplanted into the area of injury via 
an endovascular catheter placed into the artery supplying that area. This method has 
intuitive appeal as it can achieve a more targeted delivery of cells than intravenous 
approaches without the invasiveness of stereotactic injections. Furthermore, with 
the rise of endovascular thrombectomy for ischemic stroke [27], the ability to coin-
cidently deliver cell therapy with other intra-arterial interventions has further 
increased the attractiveness of this method. However, caution is necessary as some 
preclinical studies implementing intra-arterial infusion of stem cells in stroke have 
demonstrated that this method can cause harm by worsening cerebral ischemia [28–
34]. This is thought to be due to catheter-induced reductions in cerebral blood flow 
and/or microembolic strokes from stem cell plugging of capillaries. From these 
experiences, factors important for preserving safety of intra-arterial delivery were 
identified, which include stem cell type, dose, location and rate of infusion, and acu-
ity of cell therapy after stroke [35]. These considerations are discussed further 
below in relation to existing stem cell trials performed in human patients (Table 3.2).

Cell Type

Cells used for transplantation can vary widely in size, from an average diameter of 
7 μm for bone marrow mononuclear cells (BMMNC) to over 25 μm for mesenchy-
mal stem cells (MSC) [35]. Since cerebral capillaries are 5–10 μm in diameter, one 
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might expect that a large influx of large cells, which have a slower rate of extravasa-
tion than smaller cells, would carry a higher risk of vessel occlusion. Indeed, it has 
been observed that cell size correlates with observed complications in a number of 
preclinical studies. For example, Guzman et al. [35] noted that while 0 of 19 (0%) 
studies using small cells (bone marrow or cord blood mononuclear cells) reported 
any complications, 2 of 7 (29%) studies using neural stem cells (13–15 μm) and 11 
of 29 (38%) studies using MSCs reported adverse events such as reduced cerebral 
blood flow, increased mortality, or neurological impairment. Reflecting these con-
cerns, most of the clinical trials performed in humans to date implementing intra- 
arterial stem cell therapy have used BMMNCs (Table 3.3). Nevertheless, one study 
that utilized umbilical cord MSCs [36], infusing them into the M1 branch of MCA 
in four patients, reported no safety events during a follow-up period of 6 months.

Table 3.3 Intravenous delivery of stem cells for stroke

Study
Treated/
control Stroke

Timing 
(days) Location

Stem cell 
type

Dose 
(x106)

Follow-up 
duration

Serious 
adverse 
events

Bang 
(2005) 
(2)

5/25 Ischemic 30 MCA Autologous 
MSC

100 1 year None

Savitz 
(2011) 
(21)

10 Ischemic 1–3 MCA Autologous 
BMMNC

7–10 /
kg

6 months None

Prasad 
2014 
(22)

60/60 Ischemic 18.5 MCA/
ACA

Autologous 
BMMNC

280.75 1 year None

Hess 
2017 
(23)

65/61 Ischemic 1–2 MCA/
ACA

Allogeneic 
MAPC

1200 1 year None
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Cell Dose

The number of cells infused is also an important risk factor for cerebral ischemia 
[30]. When too many cells are infused at once, capillary lumens can be clogged 
when the rate of cell clearance or extravasation is overwhelmed by their influx. 
Thus, a critical objective of clinical studies is to determine the therapeutic window 
whereby sufficient cell engraftment to provide clinical benefit is achieved without 
compromising perfusion. A wide range of cell doses (5000–15,000,000 cells/g) 
have been tested in the mouse, rat, and dog, with cell doses normalized based on 
average brain mass (0.4 g, 2 g, 72 g, and 1350 g for mouse, rat, dog, and human, 
respectively) to facilitate comparison across species [35]. These studies find evi-
dence of ischemia when cell doses exceed 40,000–100,000 cells/g for MSCs and 
750,000 cells/g for NSCs [35]. Interestingly, no adverse events were reported using 
BMMNCs even at very high doses (10–15 million cells/g). Studies in humans have 
chosen cell doses ranging from 1 to 600 million cells (740–450,000 cells/g), with all 
but 1 study utilizing BMMNCs (Table 3.3). The 1 study that utilized umbilical cord 
MSCs used a relatively small dose of 20 million cells, or ~15,000 cells/g, without 
any adverse events.

Infusion Rate

Preclinical studies have also identified high infusion rates as risk factors for stroke 
[28, 30]. In the rat, while infusion of phosphate-buffered saline through the common 
carotid artery at rates of 3 mL/min resulted in a drop in cerebral blood flow and 
lacunar strokes, reducing the infusion rate to 0.2 mL/min eliminated these adverse 
findings [28]. However, these concerns may not readily apply to human patients, 
where there is extensive experience delivering contrast during cerebral angiography 
with low complication rates [37]. Nevertheless, to prevent excessive hemodynamic 
alterations and pressure-induced endothelial injury, stem cell studies in human 
patients to date have implemented slow infusion rates of 0.3–1 ml/min, without any 
reports of adverse events.

Infusion Location

Susceptibility to microemboli differs across anatomic regions within the brain, with 
white matter being more sensitive to ischemia than gray matter [38]. In addition, 
microinfarcts in less dense regions of the brain (i.e., cortex) are more likely to be 
clinically silent compared to denser regions (brainstem). As a result, given the 
increased likelihood of iatrogenic microembolism with the intra-arterial method 
when compared to intravenous, intraparenchymal, or intraventricular approaches, 
intra-arterial cell therapy for brainstem lesions might have higher rates of complica-
tions. To date, existing stroke trials in humans using intra-arterial delivery methods 
have largely targeted cortical MCA strokes.
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In summary, preclinical studies of intra-arterial cell therapy for stroke have 
raised important safety concerns that have led to identification of a number of tech-
nical factors that can modulate the risk of complications. Fortunately, existing 
human stem cell trials for stroke implementing the intra-arterial method have all 
demonstrated excellent safety profiles, though randomized trials to demonstrate 
efficacy remain elusive. Because increasing stem cell engraftment might come at 
the expense of higher rates of microemboli, maintaining a delicate balance between 
safety and efficacy will doubtless be a critical element of subsequent trials. Finally, 
while concurrent cell therapy with thrombectomy remains an important theoretical 
appeal of the intra-arterial route, it is worth noting that no human trial to date exam-
ines intra-arterial stem cell therapy in the hyperacute phase (<24  hours), when 
thrombectomy is more likely to be indicated.

3.2.2.2  Intrathecal

The intrathecal approach is a regional mode of delivery that is occasionally employed 
in stroke. Sharma et al. [39] recruited 24 patients with chronic ischemic and hemor-
rhagic stroke for implantation of autologous BMMNC intrathecally. After harvest 
of bone marrow cells, the intrathecal space was accessed via standard lumbar punc-
ture using a spinal needle at the L4–L5 lumbar level. Stem cells were then infused 
intrathecally, and patients were followed for 6 months to 4.5 years. Some patients 
exhibited neurological function improvement (ambulation, 12 in 24; hand function, 
10 in 24; standing balance, 6 in 24; walking balance, 9 in 24). Authors noted that 
younger patients, ischemic stroke, and stem cell delivery within 2 years of stroke 
were associated with improved outcomes. Pan et al. [40] also used the intrathecal 
approach, transplanting autologous BMMNC in a number of neurological diseases, 
including 12 patients with ischemic stroke. This study did not report functional 
outcomes, but found no major safety events, with pain at the puncture site being the 
most common adverse event. These studies showed the feasibility and safety of 
intrathecal delivery, but efficacy of this approach is difficult to ascertain in this het-
erogenous population without suitable controls.

3.2.3  Systemic Therapy

The least invasive method of cell therapy for stroke is by intravenous delivery, 
whereby one or several doses of stem cells are infused through a peripheral venous 
catheter, relying on signals exuded from the ischemic brain for targeting. This mode 
of cell therapy for stroke is the best studied to date, with two phase 2 randomized 
controlled trials completed and one in process.

One of the earliest reports of intravenous delivery of stem cells for stroke came 
from South Korea, where Bang et al. [41] presented results of a randomized trial 
whereby patients with MCA infarcts were allocated to intravenous infusions of 
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autologous MSCs (n = 5) or control (n = 25). Patients with severe and sustained 
symptoms from acute MCA territory infarcts randomized to the MSC group under-
went bone marrow aspiration at 1-week post-infarct. MSCs were then isolated and 
expanded to 100 million cells over the course of approximately 1 month. 50 million 
cells were then infused over 15–20 minutes via a peripheral intravenous catheter, 
once at 4–5 weeks post-infarct, and a second dose 7–9 weeks post-infarct. Patients 
received close follow-up until 1 year after their initial stroke. No adverse reactions 
to stem cell therapy were noted, and some functional improvement was seen in the 
MSC group compared to control with statistically significantly improved Barthel 
Index scores from 3 months and trend toward decreased modified Rankin scores 
from 3 months onward. Moreover, MRI at 1 year showed less prominent atrophy in 
peri-infarct regions in the MSC group. This pioneering work was important in dem-
onstrating that IV transplantation of autologous stem cells for stroke was both safe 
and feasible and even suggested possible efficacy. Subsequent trials have expanded 
upon this initial trial, examining different types and doses of stem cells used and the 
timing of therapy. Unfortunately, the two larger phase 2 trials of intravenous stem 
cells for acute ischemic stroke failed to show any benefit in their primary outcome 
measure [42, 43], though subgroup analysis of Hess et al. [43] suggested benefit 
when stem cells were delivered less than 36 hours poststroke.

A limitation of IV modes of delivery relates to the large numbers of cells needed 
to provide therapeutic effect, due to a significant first pass effect where cells are 
sequestered within the pulmonary capillaries [44]. The large number of cells needed 
presents some financial and logistical challenges and restricts the types of cells 
available for therapy, especially when therapy during the hyperacute/acute phases is 
desired. For instance, in the study by Bang et al. [41] where autologous MSCs were 
used, culture expansion for 2–3 weeks was required in order to obtain their desired 
stem cell dose of 100 million cells. Thus, trials that offered cell therapy in the 
1–3  day window either used autologously harvested BMMNC without culture 
expansion [45] or took advantage of previously prepared allogeneic stem cells [42, 
43]. In fact, the MASTERS trial [43], which used allogeneic multipotent arterial 
progenitor cells, had to expand their treatment window from the initially designed 
18–36 hour window to include patients 36–48 hours after symptom onset due to 
logistical issues surrounding the provision of adequate quantity and quality of clini-
cal grade allogeneic stem cells within the initial time window. This is an important 
concern, as subgroup analysis of the MASTERS trial had suggested that cell ther-
apy 18–36 hours after stroke was more efficacious than the 36–48 hour window.

There is also concern that intravenously delivered stem cells would not achieve 
sufficient engraftment within the brain to provide benefit [46], especially when used 
to treat chronic ischemic stroke. During the acute phase of stroke, there is disruption 
of the blood-brain barrier that increases its permeability [47], potentially allowing 
for increased stem cell penetration and engraftment, compared to more delayed 
therapy. However, it is increasingly recognized that intravenously delivered stem 
cell therapy might confer clinical benefit through its systemic effects on modulating 
inflammation, rather than by providing local trophic support, thus obviating the 
need to engraft within the brain. Indeed, immunomodulation by stem cells is thought 
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to have marked effects on brain repair processes in animal models, by decreasing 
neuronal cell death, enhancing brain plasticity, and increasing angiogenesis [48].

Thus, these studies (Table 3.3) show that while intravenous delivery of stem cells 
is safe, it is yet unclear whether they result in clinical benefit. Fortunately, the logis-
tical issues causing delays in cell therapy in the MASTERS trial were identified and 
resolved, enabling the currently accruing phase 3 MASTERS-2 trial [49] to test the 
hypothesis that earlier therapy (18–36 hours after symptom onset) is better.

3.2.4  Combinatorial Therapy

One study explored the use of combinatorial cell therapy by delivering multiple cell 
types through different approaches. Chen et al. [50] recruited 10 adults with chronic 
stroke (6 ischemic, 4 hemorrhagic) for whom the following allogeneic cells were 
implanted—olfactory ensheathing cells (OEC, 1–2 million), neural progenitor cells 
(NPC, 2–5 million), Schwann cells (SC, 2 million), and umbilical cord mesenchy-
mal stromal cells (UCMSC, 10–23 million). All patients received intracerebral 
transplant of OEC (±NPC) into the perilesion area via stereotactic surgery. In addi-
tion, some patients also received intrathecal transplant (via cerebellar cistern punc-
ture) of NPC (±SC), and two patients received intracerebral and intrathecal cell 
transplants, as well as UCMSC intravenously. During a follow-up period of 
6 months to 2 years, no adverse events were reported. All patients had improvement 
in neurological function, as measured by a decrease in Clinical Neurologic 
Impairment Scale and an increase in the Barthel Index score. This ambitious study 
demonstrated that delivery of cell therapy via simultaneous routes is possible and 
associated with adequate safety. However, the investigation of multiple cell trans-
plantations through different routes for stroke is likely still premature at this time 
given that efficacy of a single cell type and dose through one route of administration 
has yet to be demonstrated.

3.2.5  Summary

Much progress has been made in the last three decades in translating stem cell 
therapy from the bench to the bedside. A number of clinical trials, mostly demon-
strating feasibility and safety, have been completed using an innovative variety of 
approaches ranging from local to systemic delivery methods. While further phase 2 
and 3 studies are needed to show efficacy of each approach, these studies were also 
important in illustrating the advantages and disadvantages of each method and the 
patients for whom each method might be best suited for. For example, while patients 
with acute ischemic stroke might benefit more from intravenous or intra-arterial 
delivery, chronic stroke patients might gain better recovery from intraparenchymal 
injections. Taking advantage of coincident therapy, patients who are candidates for 
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endovascular thrombectomy, or who require surgery for cerebral hemorrhage, might 
be best suited for intra-arterial or intralesional cell therapy, respectively. Looking 
ahead, one can envision a rationally designed cell therapy program incorporating 
these various modes of delivery for the different phases of stroke. For ischemic 
stroke, for instance, one approach might be to provide intravenous MSC hyper-
acutely to modulate the systemic immune response, then intra-arterial infusion of 
bone marrow mononuclear cells acutely for local trophic support of injured neu-
rons, and finally with intraparenchymal injections of neural stem cells chronically 
to stimulate repair and regeneration.

In conclusion, a number of approaches for delivering stem cells to the brain have 
been trialed for the treatment of stroke in a diverse patient population, many of 
which show promise. It is with excitement that we await further studies on efficacy 
to determine whether cell therapy will provide a new armamentarium for the battle 
against stroke.

3.3  Peripheral Artery Disease

Peripheral artery disease (PAD) results from the atherosclerotic narrowing and 
occlusion of medium and large arteries that supply the body outside of the heart and 
brain. PAD afflicts over 200 million people worldwide and typically manifests as 
lower extremity symptoms such as pain with walking [51]. A subset of patients with 
PAD develop critical limb ischemia (CLI) due to severe compromise of blood flow 
in that limb, resulting in pain at rest, tissue loss, and a markedly increased risk of 
amputation [52]. The standard of care for patients with CLI, in addition to best 
medical therapy, is to restore blood flow to the afflicted limb by revascularization, 
either with endovascular therapy with angioplasty and stenting or surgical bypass 
with vascular conduits. For a variety of reasons, some patients with CLI are not 
candidates for revascularization—pessimistically referred to as no-option CLI—
and would typically require amputation [53]. These unfortunate patients have poor 
quality of life due to chronic pain, highlighting the need for novel therapies [54]. It 
is in this space that the therapeutic potential of stem cell therapy for PAD has been 
explored. Stem cells in PAD are thought to provide benefit by stimulating angiogen-
esis, vasculogenesis, and ideally arteriogenesis, thus improving collateral flow to 
ischemic muscles [9]. Many clinical trials for stem cells in human patients with CLI 
have now been completed, with many witnessing modest symptomatic improve-
ments [55, 56]. In contrast to the brain, the lower extremities are more readily acces-
sible, and the chosen methods for stem cell delivery used in clinical trials for PAD 
reflect this, being largely local and regional. This section reviews current approaches 
to delivering stem cells for PAD and discusses the merits and challenges of 
each method.
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3.3.1  Local

3.3.1.1  Intramuscular

To date, the most common route of cell therapy administration has been intramus-
cular (Table 3.4). This is illustrated by the first landmark trial in cell therapy for 
PAD performed in 2002 [57]. Patients suffering from advanced critical limb isch-
emia (CLI) with failed or impossible endovascular or surgical revascularization 
were randomized to treatment with a mixed population of bone marrow-derived 
CD34+ and CD34- cells or placebo [57]. Without any in vitro expansion, these cells 
were sorted and concentrated before delivery. The cells were implanted about 3 h 
after marrow aspiration by intramuscular injection into the gastrocnemius of isch-
emic legs (2.7 × 109 to 0.7 × 109 cells in group A and 2.8 × 109 to 0.88 × 109 cells in 
group B) [57]. Total injection volume was about 30 mL, with 0.75 mL of bone mar-
row mononuclear cells implanted into each injection site, spread over 40 sites (3 cm 
apart, 1.5  cm deep) with a 26-gauge needle. This treatment resulted in a small 
increase in ABI values (+0.1) and a larger increase in TcPO2 (+12.00 mm) in tar-
geted limbs compared with saline-treated limbs [57]. In the treatment group, 16 out 
of 20 patients had complete resolution of rest pain, whereas in the control group 
only 3 out of 20 did [57]. Magnetic resonance angiography (MRA) demonstrated an 
increase in collateral vessels in the treatment group compared with the control 
group, suggesting that stem cells are stimulating small vessel neo-angiogenesis 
without affecting large vessel patency [58].

Those findings were reproduced in a study of patients with CLI and diabetes in 
2005, except with peripheral blood mononuclear cells (PBMNCs) [59]. The treat-
ment group received subcutaneous injections of recombinant human granulocyte 
colony-stimulating factor (G-CSF) (600 μg/day) for 5 days to mobilize stem/pro-
genitor cells, and their PBMNCs were collected and transplanted by multiple intra-
muscular injections into ischemic limbs (40 sites, ∼3 × 3 cm distance, 1–1.5 cm 
deep) into thigh and leg [59]. The control patients received an intravenous injection 
of 90–200 μg/day prostaglandin E1. Meanwhile, a perfusion of 10,000 units/day 
heparin for 5 days by intravenous drip was used to avoid the possible risks of throm-
boembolism due to concern for G-CSF-induced increase of circulating blood cells 
[60, 61]. At 3 months follow-up, there were significantly different increases in laser 
Doppler blood perfusion, angiographic scores, and mean ABI of the treatment 
group. A total of 14 of 18 limb ulcers in the treatment group were completely healed 
after cell transplantation; however, only 7 of 18 limb ulcers were healed in the con-
trol group [59]. No major amputations were observed in the treatment group, 
whereas five control patients had a major amputation of treated legs [59].

As illustrated by the two cases above, the intramuscular delivery approach relies 
on multiple intramuscular injections to spread the stem cells over a broad ischemic 
area. Injection locations are based on the major muscle compartments of the leg, 
with most clinical trials using 30–40 points of injection into the calf muscles in the 
vicinity of the native anterior and posterior tibial and peroneal arteries (Table 3.1) 
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[62]. Usually a symmetric grid is used to deliver a fixed number of injections along 
the crural arteries [63–65]. The injection target is approximately in the center of the 
muscle bundle at 1–1.5 cm depth. Injections are placed as near as possible (±1 cm) 
to the original albeit occluded arteries because the density of preformed collateral 
arteries is highest in the vicinity of the original arteries [63], maximizing the chances 
of graft survival. In contrast to other protocols, one study did not inject into the 
proximal gastrocnemius muscle, to have an optimal concentration at the site where 
it was needed [66]. Instead, the pattern of injection was linear, overlying the areas 
of critical limitation to arterial flow (tibial or pedal arteries) and as distal as possible 
[66]. Injection sites may also be determined based on findings from magnetic reso-
nance imaging, magnetic resonance angiography, angiograms, or Doppler ultra-
sound to identify sites of occluded arteries (Table 3.1) [67].

Injections are usually well-tolerated and adverse effects are few. Intramuscular 
implantations are commonly performed under conscious sedation with midazolam 
and fentanyl, but spinal/epidural anesthesia and general anesthesia are also utilized 
[68]. Some studies have also reported local injection of 100 mg tramadol hydrochlo-
ride intramuscularly to relieve pain prior to stem cell delivery [69]. Patients are typi-
cally observed for injection-related reactions for 2 hours postinjections and followed 
up with a phone call at day 3 and clinic visits on day 7 and at months 3, 6, 9, and 12 
for safety and efficacy assessments [70]. In CD34+-based therapies, fundus oculi 
examination is performed at week 52 as well as baseline, week 4 and 12  in all 
patients to assess pathogenic retinal angiogenesis post CD34+ cell therapy [71]. To 
evaluate the incidence of malignant tumor post cell therapy, fecal human hemoglo-
bin test, urine cytology, and chest and abdominal computed tomography are per-
formed at week 52 [72].

3.3.1.2  Intralesional

The intralesional approach is another local method for stem cell delivery in patients 
with poorly healing wounds from PAD.  The general approach is illustrated by 
Ismail et al. [73], whereby 20 patients with no-option CLI and ischemic wounds 
received implantation of autologous BMMNCs into the ulcer. These patients under-
went bone marrow stimulation with G-CSF for 3–5 days prior to bone marrow aspi-
ration, where CD34+ BMMNCs were extracted, isolated, and purified. Patients were 
then brought to the OR where their ulcers were surgically debrided down to a clean 
and viable wound bed, whereby stem cells were then injected into the ulcer bed and 
ulcer edges using a 19Ga needle. The wound was protected with a wet-to-dry dress-
ing comprising Betadine (povidone-iodine) for 24 hours, after which the wound was 
washed with saline and a new dressing applied. Adverse events after procedure were 
few and included injection site pain (25%), mild edema (15%), fever (10%), and 
small hematoma (5%). While four patients (20%) developed worsening necrosis 
and gangrene and required amputation, the majority witnessed symptomatic 
improvements after stem cell therapy, with 80% citing improvements in rest pain 
and increased pain-free walking distances at 3 years postimplantation.
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This approach is also used by other groups, sometimes in combination with 
intramuscular delivery (Table 3.4). One theoretical concern with the intralesional 
approach is whether stem cells can survive and engraft when implanted into the 
inhospitable hypoxic environment that characterizes an ischemic ulcer. Nevertheless, 
it is possible that even a transient presence of stem cells accelerates wound healing 
sufficiently to provide clinical benefit. Clearly, more randomized and controlled 
studies are necessary to validate the efficacy of this approach.

3.3.2  Regional

3.3.2.1  Intra-arterial

The intra-arterial approach is a regional approach to stem cell delivery that has also 
been trialed for PAD. This method is illustrated by the double-blinded randomized 
controlled trial JUVENTAS (Rejuvenating Endothelial Progenitor Cells via 
Transcutaneous Intra-arterial Supplementation), which allocated 160 patients with 
severe no-option CLI to repetitive intra-arterial infusions of BMMNC or placebo 
[74]. Bone marrow aspirates (100 mL) were obtained from the right iliac crest of all 
patients, from which BMMNCs were isolated. These cells (657 million total, on 
average) were then infused into the common femoral artery of the affected limb by 
hand injection three times with 3-week intervals. Safety outcomes (all-cause mor-
tality, malignancy, or hospitalization due to infection) were not significantly differ-
ent between groups. However, the primary outcome of this trial, major amputation, 
was also not significantly different between stem cell and placebo. Secondary out-
comes such as quality of life, rest pain, ABI, and TcPO2 were all improved during 
follow-up, but were again not significantly different between groups.

To date, a number of trials have investigated the intra-arterial approach for cell 
therapy in PAD patients (Table 3.5). Their general approach is similar to that taken 
by the JUVENTAS trial briefly outlined above. Routine angiography is performed 
before or during the procedure to identify the specific location of stenosis or occlu-
sion [75]. Most commonly, the contralateral common femoral artery is punctured 
and accessed, through which a delivery catheter is placed proximal to the targeted 
artery. Typically, artery selection is determined by occlusion location; the popliteal 
artery is used for tibial occlusions, and the common femoral artery is used for super-
ficial femoral artery occlusions [75]. The infusion is usually then performed over 
3 minutes or at 800 or 900 ml/h [76, 77]. In order to enhance cell delivery, some 
have used a balloon catheter, whereby a balloon proximal to the catheter tip is 
inflated during infusion to prevent retrograde flow of cells [78].

Conceptually, intra-arterial stem cell delivery is appealing because stem cells can 
be broadly delivered to a target vessel’s tributaries without the discomfort of mul-
tiple intramuscular injections. Furthermore, since cells will be deposited in tissues 
where vessels are still patent (and thus have higher oxygen content), they have a 
greater chance for survival and regeneration [79]. This rationale is also a cause for 
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criticism however, as poorly perfused regions—areas that might benefit most from 
cell therapy—are also least likely to receive the stem cells.

3.3.2.2  Intramuscular vs Intra-arterial

Only a few small studies have compared intra-arterial to intramuscular routes of 
stem cell delivery for PAD. Klepanec et al. randomly assigned 41 patients with CLI 
to intramuscular or intra-arterial delivery of BMMNCs and found that intramuscu-
lar and intra-arterial methods of delivery are equally effective in limb salvage and 
wound healing, with no significant differences in various functional surrogate end 
points between the techniques [77]. These observations are consistent with a study 
by Van Tongeren et al. which showed no differences in amputation rate or the extent 
of perfusion improvement after intramuscular administration or combined intra-
muscular and intra-arterial administration in 21 randomized patients with CLI [80].

However, in a recent meta-analysis comparing intramuscular and intra-arterial 
delivery, while rest pain score was significantly improved with either route, only 
intramuscular administration was associated with a significant improvement in 
amputation rate, amputation-free survival, complete wound healing, ABI, and TcO2 
[81]. This analysis suggests that intramuscular implantation may be preferable to 
intra-arterial infusion.

3.3.2.3  Combined Intra-Arterial and Intramuscular

Some authors have obviated the need to decide between intramuscular and intra- 
arterial routes by using both approaches in each patient (Table 3.6). For instance, 
Bartsch et al. performed stem cell transplantation of autologous BMMNCs using 
both intra-arterial and intramuscular routes in 13 patients with chronic ischemic 
limbs [82]. They even utilized a unique four-stage protocol whereby transient isch-
emia is generated within the muscle groups to enhance honing of stem cells to 
ischemic regions [83]. In the first stage, they first had patients exercise on a bicycle 
until ischemic pain was induced. Then, a second ischemic stimulus was introduced 
by inflating a thigh blood pressure cuff to suprasystolic pressure for a few minutes. 
The cuff pressure was then released, the femoral artery punctured, and 10 ml of 
stem cell suspension was infused intra-arterially. The third stage immediately fol-
lowed the infusion, whereby the blood pressure cuff was reinflated to suprasystolic 
pressures for a few minutes to stop flow. After releasing the pressure, stem cell 
suspension was injected intramuscularly in fractions of 1 mL at five different sites 
of the quadriceps and gastrocnemius muscles. This was finally followed by exercise 
on a bicycle. No side effects or complications were noted, and patients who received 
cells had significant improvements in walking distance 2 and 13 months following 
therapy [82]. Although this was a small non-randomized study, it offers an example 
of a rationally designed approach to enhance cell therapy by taking advantage of 
each of the benefits of the intramuscular and intra-arterial methods, optimizing 
delivery both to the afflicted muscles and ischemic border zones.

3 Stem Cell Delivery Techniques for Stroke and Peripheral Artery Disease
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3.3.3  Summary

Stem cell trials for PAD have demonstrated that stem cell therapy is a viable option 
for “no-option” critical limb ischemia. In fact, in their meta-analysis of autologous 
stem cells for PAD in 2017, Rigato et al. concluded that “autologous cell therapy 
may be considered as a new standard of care” and opined that since “there is no 
alternative to amputation in patients with intractable CLI, but cell therapy has the 
potential to modify the natural history of this life threatening condition…one can 
argue that further RCTs [comparing cell therapy to placebo] may not be ethical, and 
these patients should receive cell therapy, where available” [84]. Nonetheless, impor-
tant details on how to increase the efficacy of stem cell therapy with optimal patient 
selection, cell type, dose, and delivery approach(es) still remain to be worked out.

3.4  Conclusions

This chapter summarizes stem cell delivery approaches for stroke and severe 
PAD. Commensurate with the elevated risk of a novel therapeutic, stem cells have 
been trialed in severe diseases where few other therapeutic options exist. Even so, 
the Hippocratic “do no harm” imperative appropriately mandates high standards of 
safety for any therapy, and these trials have importantly demonstrated both feasibil-
ity and adequate safety using a variety of local, regional, and systemic delivery 
approaches. Local methods are more invasive and harbor greater procedural risk, 
especially in stroke, but carry the advantage of guaranteed deposition of cells within 
the desired area and a smaller cell dose requirement. On the other hand, a systemic 
delivery of cells intravenously is procedurally safe and may have systemically ben-
eficial effects with immunomodulatory effects and potential effects on other organs 
(e.g., concurrent therapy for ischemic cardiomyopathy) but requires large numbers 
of cells and may have low rates of engraftment within target organs. Regional deliv-
ery methods have intermediate procedural risk associated with vascular/spinal 
access and, in addition for stroke, risk of microembolism. However, regional deliv-
ery requires an intermediate dose of cells, can dovetail with other endovascular 
interventions, and can provide both local and systemic effects. For stroke patients, 
the best method for stem cell delivery can vary depending on patient factors such as 
the type and phase of stroke and other planned therapies. On the other hand, it is yet 
unclear whether patient factors should influence the best cell delivery approach for 
patients with CLI. Clearly, a lot of work remains to be done before stem cell therapy 
can be used routinely in the clinical setting, with the first priority now in establish-
ing the efficacy and confirming the long-term safety of existing stem cell therapies 
with larger phase 2 and 3 trials. In addition, further research and innovation in 
improving cell therapy, such as the development of the next generation of engi-
neered stem cells [85–87], and improved cell retention devices employing scaffolds, 
stents, or bioreactors [88–90] are underway and whose results are eagerly antici-
pated by providers and patients alike.
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Chapter 4
The Ethical Challenges of Stem Cell 
Therapy in Vascular Disorders

Ramesh K. Batra

4.1  Introduction

Stem cell-based therapeutics were initially used for bone marrow transplantation 
but further advancements, reprogramming and thus transformation has paved the 
way for a modern era of therapeutic applications targeting differing principles and 
modes of treatment. Stem cell therapy in vascular disorders, including cardiovascu-
lar disease, largely provides an angiogenic and vascular regenerative microenviron-
ment for tissue remodeling and repair.

The advancements in stem cell therapy, although promising, are scientifically 
complex and ethically challenging both at the bench and bedside. The landscape of 
ethical challenges with stem cells ranges from the disputes regarding the onset of 
life and reproduction, to allowable practices for donation of embryos and creation 
of embryos from donated oocytes. Needless to say, each stem cell therapy poses a 
unique scientific and technical challenge including ethical and political issues that 
require thoughtful deliberation as the field progresses.

4.2  Embryonic Stem Cell (ESC)

ESCs are derived from the inner cell mass of the blastocyst, and their pluripotent 
potential to differentiate into any cell type is of particular use in therapeutics. 
Pluripotent ESCs have been directed to differentiate into vascular endothelial cells, 
smooth muscle cells, and cardiac myocytes [1, 2]. This is the foundation for thera-
peutic applications of ESCs in vascular regeneration and angiogenesis for vascular 
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compromised ischemic limb or ischemic myocardial injury. However, besides the 
immunological barrier with the use of ESCs, there is a significant ethical challenge 
to its pluripotential and highly proliferative capability. The ethical challenge and 
hence the debate on ESCs revolve around the moral state of an embryo and the 
arbitrary nature of the initiation of “personhood” for the embryo.

4.2.1  The Moral State of the Embryo

The embryonal development starts with fertilization between a sperm and an oocyte, 
resulting in a blastocyst, which then implants itself onto the uterine wall for further 
differentiation and development, to form a fetus. Within these multiple stages of the 
pre-fetal developmental period, to pinpoint the exact time when life begins is arbi-
trary and thus debatable. Some hold a strong opinion that life begins at conception 
and therefore an embryo holds the same moral status as another human being, albeit 
with a developing and intermediate moral worth, carries full potential to grow into 
one and hence deserves full rights of “personhood.” Besides the moral equality, they 
further claim that the biological existence of an embryo is similar to a human being, 
because it envelops within it the genetic code to human species. Similar views are 
also upheld by the President’s Council on Bioethics who also support the claim to 
recognize an embryo as a member of the human family [3]. People with similar pro- 
life views also state that terminating an embryo’s programmed course is not differ-
ent than committing murder of a human being, wherein the future existence and 
relationships of an embryo or human are abruptly terminated.

Others, who are reluctant to grant the human being status to an embryo, do so 
due to various beliefs. Some agree that although the embryos belong to the human 
species, i.e., contains the human genetic code, the species membership alone is 
insufficient to grant the moral status of personhood [4]. But to define personhood is 
equally controversial, and the different capabilities defining personhood, i.e., sen-
tience, consciousness, and mental capacity for intentional behavior, have all had 
their advocates [4, 5]. Yet the question remains, as to which behavioral or mental 
capacities will be eligible for the honorific term “person”; and whether the defini-
tion of personhood is maximalist or minimalist in nature [5]. With the indecision to 
define eligibility criterion for “personhood,” the embryo finds itself simply nonexis-
tent for the lack of all those qualities. While denying the moral status claim of an 
embryo as a human being, an interesting opinion states that the claim is based on 
potentiality rather than grounded in actual, whereby once the embryo becomes a 
person, its claim to personhood will be of relevance, but not until it stays an 
embryo [4, 6].

The third variation of thought is somewhere in the middle, i.e., the intermediate 
moral status of an embryo. This group does not regard human embryo to be a full 
human with its honorific “personhood,” yet not a mere human tissue to be discarded 
at will either and deserves serious moral respect [3]. In a survey of 2,212 Americans 
by the Johns Hopkins University, majority of respondents (42%) accorded embryos 
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an intermediate moral status [7]. Given the indecision and debate halting embryonic 
stem cell research from exploring its true potential, in 2001, President Bush, despite 
his pro-life views, approved the allowance of federal funding for stem cell research 
using ESC lines already in existence at the time, but prohibited creating additional 
ESC lines for that purpose. Also, the allowed funding was restricted to some existing 
cell lines only. In response, in 2009, President Obama lifted the controversial restraints 
for federal funding for ESC research to expand beyond the 60 extant cell lines, 
restricted by President Bush [8].

4.2.2  Donation of a Frozen Embryo for New ESC Lines

Ethical issues surrounding donation of frozen embryos for research present an addi-
tional set of hurdles. Infertility patients often freeze their remaining embryos after 
they have completed infertility treatment. The fate, i.e., the disposition of these 
remaining embryos has three paths to follow: be discarded, be donated to another 
couple for reproductive purposes, and lastly, be donated for research. Interestingly, 
since these embryos were created primarily for reproduction purposes and not 
research, it falls outside the restrictions imposed on stem cell research on new ESC 
lines by both the Obama and Bush administrations, hence minimizing the political 
controversies. In a survey of 2,210 infertility patients in the United States, majority 
of them expressed their willingness to donate their cryopreserved embryos for 
research [9], but the survey also revealed that the unwillingness to donate was due 
to the lack of trust on infertility clinics and clinicians, for the concern that their 
cryopreserved embryos could be used without consent [10]. This is because, in the 
United States, federal research regulations permit waiver of informed consent if the 
de-identified biological material cannot be linked back to the donor [11]. Such a 
waiver is perceived as breach of trust, as people often choose to place personal emo-
tional and moral significance on their reproductive biological materials, and de- 
identifying ESC lines may not always be desirable. Because to use these cell lines 
for human transplantation in future, FDA may require linkage to donors to ascertain 
and minimize infectious and genetic disease transmission [12].

So, an informed consent ethically upholds the autonomy of the donors, and the 
consent also serves as the token of donor’s participation in the research process 
which in turn ethically supports their willingness to donate. But to uphold auton-
omy, the integral component of informed consent, is not always feasible, especially 
in cases where frozen embryos were created from donated sperms or oocytes, i.e., 
gamete donors. Some may argue that consents from gamete donors are not needed, 
since they ceded their right to direct further usage of their gametes to the patients 
undergoing artificial reproductive treatment (ART) [13]. However, the rescinding of 
consent and usage rights of the gamete donors directly violates their autonomy, 
especially when in a study, 25% women who donated oocytes for ART patients did 
not want the resulting embryos to be used for research [14]. As for the sperm donors, 
little information exists about their wishes concerning research, because ART 
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clinics often obtain donor sperm from sperm banks, therefore unable to have direct 
contact with the sperm donors, unlike oocyte donors. Moreover, sperms donated to 
sperm banks are done so with strict anonymity and confidentiality provisions, fur-
ther limiting linkage of their opinions about research on the resulting embryo. 
Thereby, in the United States, National Academy of Sciences recommends specific 
guidelines to consent for stem cell research from embryo and also gamete 
donors [15].

4.3  Somatic Cell Nuclear Transfer (SCNT)

SCNT, as the name implies, is a technique to transfer nuclear material from a 
somatic cell to an enucleated cell. After the transference of nucleus, the somatic 
nucleus is then reprogrammed to eventually become a zygote, which is further 
allowed to develop into an embryo, a technique successfully used in creating 
“Dolly” the cloned sheep. Alternative to this is, allowing the zygote to reach blasto-
cyst stage, after which embryonic stem cells are created from the inner cell mass of 
a blastocyst. The stem cells created through this technique have a similar potential 
to differentiate into vascular endothelial cells or cardiac myocytes, like ESCs, and 
be used in vascular regeneration models described earlier.

4.3.1  Human Oocytes for SCNT

Hwang et al. infamously claimed to successfully clone a human embryo through 
SCNT from donated oocytes and derive 11 ESC lines [16]. The research was 
groundbreaking but not only was it fraudulent with fabricated results but also 
included unethical procurement of donor oocytes. Investigations by the South 
Korean National Bioethics Committee in this case [17] revealed four different types 
of oocyte donations, three of which raised red flags due to payments to donors 
(approximately $1,400); benefit in kind, i.e., discount on IVF treatments ($2,134 
approximately); and lastly, coerced unethical donation from his own laboratory’s 
researchers, one of whom was the co-author on the paper [18].

Oocyte donation in general, be it research or ART purposes, is not a risk-free 
undertaking by the donor, and historically donated during and by patients undergo-
ing IVF treatment, and lately also includes healthy volunteer donation. It requires 
ovarian stimulation by daily injections, and is associated with a plethora of side 
effects such as mood swings, nausea, pelvic bloating, and ovarian hyperstimulation 
syndrome (OHSS), the risk of which is 5–10% [19, 20]. In severe cases it may even 
cause renal failure, stroke, pulmonary embolism, and although rare but can be life- 
threatening [21, 22]. Therefore, it is unethical to knowingly subject voluntary egg 
donors through the risks of ovarian stimulation including the life-threatening risks, 
especially wherein other donation options exist, i.e., infertile women undergoing 
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IVF treatment. But, is it ethical and safe to unjustly lay the entire burden of donor 
oocytes on infertile women? The unethical Nazi experiments on prisoners or the 
Willowbrook study in the 1960s [23, 24] established the tenet of research ethics in 
the Declaration of Helsinki and the Belmont report to eliminate unjust participant 
selection, whereby participants of a research need to stand to benefit from the pro-
posed research [25]. Therefore on the principle of just participant selection, it is 
unethical to exclusively recruit infertile women to donate eggs for stem cell research 
when that research would answer generic questions, fertility related stem cell 
research would, however, be an exception to this [26]. Furthermore, the evaluation 
and thence comparison of the safety threshold for women donating “spare” eggs for 
research while undergoing ART versus the healthy volunteer donor is based on the 
assumption that the risks and discomfort of egg donation is subsumed in the process 
of infertility treatment. However, the assumption is false, and the term “spare” egg 
is a misnomer. Since patients undergoing ART could very well fertilize all the eggs 
and have the extra embryos frozen for any future ART if the initial embryos were to 
fail, instead of undergoing additional cycles for egg retrieval [26] . Additionally, not 
only do we lack data about long-term risks of drugs for ovulation stimulation, we 
also lack the relative risks of repeated rounds of ovulation stimulatory drugs [27] 
and the risk of OHSS from recurrent stimulation. Therefore, as the focus of oocyte 
donation expands to healthy volunteer donation, it is only reasonable to have a fairer 
compensation model for the discomfort and other risks of oocyte donation that they 
would be consenting to accept.

4.3.2  Direct and Indirect Compensation for Human 
Oocyte Donation

Direct compensation is openly allowed in most countries including United States to 
oocyte donors for ART purposes and oocyte sharing for ART. But direct compensa-
tion to oocyte donors for stem cell research is an area of hot debate in several coun-
tries including the United States, Canada, Australia, and the United Kingdom. 
Oocyte donors for stem cell research are only allowed compensation for incurred 
expenses [28]. In the United States, the National Academy of Sciences has stated 
that gamete donors for stem cell research should not receive compensation beyond 
reimbursement for time and travel, i.e., indirect costs [29–31]. This has been adopted 
by some states like Massachusetts and California [32], whereas others leave the 
final decision onto the local Embryonic Stem Cell Research Oversight (ESCRO) 
Committees. In the United Kingdom, Human Fertilization and Embryology 
Authority (HEFA) permits egg sharing of extra donated eggs for research by women 
undergoing IVF treatment and receive the treatment for free or reduced rates, but 
still prohibits payment to any other egg donors, like healthy volunteer research 
donors [28]. This may not seem fair, but it is necessary to put some restrictions on 
compensation models for protection of vulnerable groups. Otherwise, 
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commoditization of donated oocytes for stem cell research will expose the vulner-
able at-risk population and open doors to foul practices of black market, e.g., human 
trafficking for oocytes in Romania for stem cell research [33] and removal of eggs 
from babies postmortem in Ukraine without parental consent [34].

4.3.3  Nonhuman Oocytes for SCNT: Solution or Problem?

Given the shortage of human oocytes and the several safety and ethical concerns it 
raises from both voluntary oocyte donors and also donors who are undergoing ART, 
some scientists propose to use nonhuman oocytes to derive stem cell lines by using 
human nuclear DNA through SCNT. The interspecies somatic cell nuclear transfer 
(iSCNT) has the potential to be a powerful research tool to promote advances in 
human biology, in  vivo disease modeling and drug discoveries. But besides the 
highest technical, immunological advancement iSCNT required, there is a rather 
imaginatively disturbing ethical hiccup that needs attention. The ethical debate on 
iSCNT is in the creation of cytoplasmic hybrid embryos, also called “cybrids.” The 
concern, however, is more of an instinctive moral repugnance of the idea rather than 
a rational argument [35], because such an embryo will not grow into a fully or par-
tially grown entity on uterine transfer [36]. As it is, iSCNT has seen limited success 
and that too only in the closely related species that would crossbreed [37], therefore 
its current application in humans seems a farfetched idea.

4.4  Induced Pluripotent Stem Cell (iPSC)

Even though the ESC and SCNT carries a strong research potential, the heated 
political, religious, and ethical debate has slowed the wheels of stem cell research 
and wide landscape of patients and diseases it could benefit. The unlocked potential, 
and hence the unmet need has pushed scientists to think of alternate options, iPSC 
lines being one. In this, somatic cells are reprogrammed to form pluripotent stem 
cells, and since they are derived from the somatic cells of the donor, it is better 
accepted immunologically for allogenic use when compared to ESCs. Furthermore, 
since they can be derived in plentiful amounts from less invasive and easily acces-
sible sites like skin, hair, fat, etc., they minimize the safety concerns [38] and do not 
compromise the non-maleficence principle in cases of oocyte stimulation and dona-
tion from both infertile women and healthy volunteer donors.

In cardiovascular medicine, iPSCs have been able to differentiate into functional 
cardiac myocytes [2] and also vascular endothelial cells [39]; and as there is previ-
ous successful work with ESCs in incorporating endothelial cells for both angiogen-
esis and vascular regeneration in ischemic heart disease and also in limb ischemia 
[40, 41], iPSC carries a great future potential. iPSCs have also proven to facilitate 
vascular and neural regenerative environment in a mouse model with diabetic 
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polyneuropathy by differentiation into Schwann cell-like cells and vascular smooth 
muscle cells [42].

iPSCs although quite similar to ESCs in functionality, thus application, is labeled 
“ethically unproblematic” by the President’s council on bioethics [43], making for 
a promising time for iPSC research. Although iPSC is beginning to show its true 
capability and potential, there are few ethical concerns with the future of iPSC: (A) 
iPSC in experimental models have raised concerns about the tumorigenicity, by 
alteration of the nature of some latent and undetectable tumor cells into a more 
aggressive form, hence clinical applications need to be cautioned for its use [44]. 
(B) Pluripotency of iPSC has been used to successfully create animal clones [45], 
and similar cloning principles have the potential to be applied in creating geneti-
cally identical human offspring, which raises the ethical and religious debate about 
human cloning. The possibility of cloning humans, challenges the deeply held 
beliefs about creation and mankind’s relationship with God [46]. The Catholic 
Church, therefore strongly condemns human cloning of any kind, and some strongly 
believe that no one should have the power to predetermine another person’s com-
plete genetic composition [47]. Few consider human cloning to be fundamentally 
wrong by allowing the ability and choice to create children of a kind, i.e., treating 
children as projects of our will than a Gift. However, one shouldn’t concern them-
selves of the aforementioned “slippery slope” examples as long as cloning is per-
formed for biomedical research only, with highest medical, moral standards and the 
strictest of the regulations and licensing requirements.

4.5  Conclusion

Stem cell research has an immense potential of groundbreaking research in under-
standing human development/differentiation, disease modeling, newer drug discov-
eries and innovative therapeutic options for complex and chronic medical problems. 
It provides a cellular approach for therapeutic options by altering the microenviron-
ment and diverting the course of disease from ground up, potentially providing a 
more definitive treatment option. However, the progress in stem cell therapy has 
been slower than it could be, therefore yet to unlock its true potential and applica-
tion, because it violates the deep seated religious beliefs and cultural values that are 
considered unique and thus important to one’s identity and thus ignite political and 
ethical debate. It also challenges human morality and whether personhood is a max-
imalist or minimalist paradigm. It seems disappointing for stem cell researchers that 
the expansive landscape of stem cell therapy which includes the capacity to form 
human clones is perceived as the “slippery slope” extension; and the instinctive 
moral abhorrence associated with the words chimera, cybrids, clones, and hybrids 
does not allow science to be able to put a convincing argument in its support. 
However, these emotional visceral reactions need a rational balance, so as not to 
become moral prejudices and give science, religion, and ethics an opportunity to 
work with each other, than be in conflict.
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Chapter 5
Bone Marrow-Derived Cells: 
From the Laboratory to the Clinic

Justin R. King, Jie Xie, and Michael P. Murphy

5.1  Isolation and Characterization of Bone Marrow 
Mononuclear Cells

5.1.1  Definition and Composition of BMMNC

The bone marrow mononuclear cell (BMMNC) component of bone marrow (BM) 
is defined as all cells with unilobed or round nuclei and without granules. This cell 
population includes hematopoietic stem and progenitor cells (HSC/HPC), lympho-
cytes, monocytes, and mesenchymal stromal cells (MSC). Myeloid derivatives, 
including erythrocytes and granulocytes, are excluded by the process of separating 
BMMNC from the BM.

Within the BMMNC fraction, further characterization of specific subsets of 
angiogenic populations can be made. Asahara et  al. have shown that circulating 
mononuclear cells expressing CD34 or Flk-1 could differentiate into endothelial 
cells in vitro and contribute to vasculogenesis in vivo in adult animals and thus were 
identified as putative endothelial progenitor cells (EPC) [1]. Kamihata et al. demon-
strated that BMMNC contain EPC in the CD34+ hematopoietic stem and progenitor 
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cell fraction, as well as pro-angiogenic factor-producing cells in the CD34− cell 
fraction. The CD34+ BMMNC actively form cord-like structures by co-culture with 
CD34- BMMNC, suggesting a synergy between these two fractions to enhance the 
angiogenesis process [2]. These CD34+ cells can then be mobilized to peripheral 
blood by systemic injection of granulocyte colony-stimulating factor (G-CSF), 
allowing for harvesting of these CD34+ peripheral blood mononuclear cells 
(PBMNC) for therapeutic angiogenesis.

As we have expanded our ability to harvest EPC, our categorization of them has 
expanded well. Different groups have used different terms to describe “EPC”-like 
cells by different identification and isolation methods, thus raising some controversy 
on naming convention. These terms include but are not limited to colony- forming 
unit of endothelial cells (CFU-EC) [3, 4], circulating angiogenic cells (CAC) [5], 
culture-expanded endothelial progenitor cells (CE-EPC) [6], culture- modified mono-
nuclear cells (CMMC) [7], endothelial outgrowth cells (EOC) [8], endothelial pro-
genitor-derived cells (EPDC) [9], circulating endothelial cells (CEC) [10], circulating 
endothelial progenitors (CEP) [11], and endothelial colony- forming cells (ECFC) 
[12]. Additionally, markers previously attributed to EPC alone, including CD34, CD 
117, and CD 133, are shared by myeloid cells of various stages of differentiation, this 
further blurring the boundary between EPC and myeloid derivatives [13–15].

Aldehyde dehydrogenase (ALDH) is an enzyme responsible for oxidizing a vari-
ety of aldehydes within the cytosol [16]. ALDH exists at high levels in hematopoietic 
stem and progenitor cells (HSC/HPC) and is responsible for the resistance of HSC/
HPC to the inhibitory effects of alkylating agents such as cyclophosphamide and 
4-hydroxyperoxycyclophosphamide on cell proliferation [17–19]. Using the ALDH 
fluorescent substrate BODIPY aminoacetaldehyde (BAAA), HSC/HPC can be fluo-
rescently labelled and enriched through flow cytometry [20]. Capoccia et al. purified 
primitive HSC/HPC from human BM by selection of cells with high aldehyde dehy-
drogenase (ALDH) activity. An immune-deficient murine hindlimb ischemia model 
that demonstrated that intravenous injection of these cells resulted in increased 
recovery of blood perfusion and capillary density in the ischemic limb. This is in part 
due to the high concentration of CD34 + CD133 + CD14 + CD117 (c-Kit) + cells in 
ALDH activity-high cells compared to those with low ALDH activity [21].

MSC are another critical subset of BMMNC. MSC are characterized by their 
ability to adhere to plastic surfaces, to self-renew, and, in permissive cultures, to 
differentiate into osteocytes, chondrocytes, and adipocytes [22]. These cells are rare 
in the BM, representing 1 in every 100,000 total BM cells, though it can be expanded 
ex vivo to larger quantities to achieve desirable dosage for therapeutic use [23]. A 
dedicated chapter with more thorough introduction of BMMSC in the context of 
peripheral arterial disease is also included in this book.

5.1.2  Isolation of BMMNC

Multiple clinical trials utilize BMMNC sample for patients with peripheral artery 
disease (PAD). In order to obtain these samples, aspiration occurs from the ileum 
under local anesthetic. The sample is then purified and concentrated to a final 
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volume of 40–50  mL, before being delivered back to patients intra-arterially or 
intramuscularly at the site of interest, most commonly the gastrocnemius [24, 25].

To purify the BMMNC sample, traditionally a Ficoll™ density-gradient centrif-
ugation system is used, though different laboratories use unique variations [26, 27]. 
In order to use these samples in clinical trials, both a good clinical practice (GCP)-
certified facility and sterile cell biology laboratory are required for BM processing 
and cell culture expansion.

The ability to completely purify the BMMNC does seem to play a role in their 
efficacy. In a study using BMMNC for the treatment of ST-elevation myocardial 
infarction, the amount of contaminated RBC in the BMMNC exceeding 0.4 × 
109/200 million BMMNC was inversely correlated with the recovery of left ven-
tricular ejection fraction (LVEF) [28]. Despite the use of standard density-gradient 
centrifugation method with Lymphocyte Separation Medium (Lonza), nearly 0.2 × 
109 residual RBC were still present in the 200 million BMMNC, and 36% of the 
BMMNC were neutrophils. No significant association was detected for the number 
of contaminating neutrophils.

In preclinical studies, primarily in rodents, BMMNC harvest requires sacrificing 
the donor and flushing long bones (i.e., femur and tibia) to obtain total BM cells. 
Further purification of BMMNC is achieved by lysis of red blood cells and density- 
gradient centrifugation with Ficoll™ solution.

For use in clinical practice, multiple point-of-care systems have been developed 
to expedite the process from BM aspiration to final cell product generation. 
Examples of these devices include MarrowStim™ system from Biomet Inc. and 
SmartPrep system from Harvest Technologies. These new isolation techniques were 
able to achieve similar yield of progenitor cells compared to conventional density- 
gradient- based method while decreasing both time and cost of laboratory resources 
previously required for cell processing [29, 30]. These bedside tools have demon-
strated equivalent angiogenic potency in murine models [31].

5.2  Preclinical Evidence for BMMNC Benefits in PAD

Multiple animal models of hindlimb ischemia (HLI) have been described, including 
rodent, rabbit, porcine, canine, and primate [32–35]. Rodent models are most com-
monly used due to their inherent advantages of larger sample size, lower cost, and 
modifiable genetic background. If use of larger animals is feasible, they do offer the 
benefits of closer resemblance of human vascular wall structure and hemodynamics 
and easier access to individual blood vessels [36]. In vivo studies using BMMNC in 
these animal models have demonstrated promotion of blood perfusion, increased 
capillary density and homing of EPC, upregulation of local vascular endothelial 
growth factor (VEGF) and basic fibroblast growth factor (bFGF) levels, and 
decreased auto-amputation rate and muscle atrophy [37].

Laser Doppler perfusion imaging (LDPI) is one common method of measuring 
improvements in blood flow in the distal limb. In order to ascertain if improvements 
in LDPI measurements are the result of enhanced angiogenesis, immunohistochem-
ical (IHC) staining for endothelial cell markers such as CD31 can be used to 
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quantify capillary density within the gastrocnemius or soleus muscles. Finally, 
imaging modalities, including arterial flow probes, microspheres, contrast-enhanced 
direct injection X-ray, MRI angiography, micro-CT, and contrast-enhanced ultra-
sound sonography (CEUS), can be used to assess limb perfusion but is beyond the 
scope of this review and summarized in great details by Lotfi et al. [38]

Clinical outcomes are other endpoints in the animal models of CLI to evaluate 
the efficacy of progenitor cells. These include exercise tolerance, tissue necrosis, 
and functional recovery from claudication [39, 40]. Tissue necrosis is the most 
reproducible measure of therapeutic intervention in CLI.  In the immunocompro-
mised BALB/c mice, for instance, the degree of distal limb necrosis after femoral 
artery ligation could be scored from 1 to 5 to allow quantitative comparisons 
between individual animals. Responses may vary greatly between different strains 
of mice or even within the same strain, believed to be due to the inter- and intra- 
strain differences in collateralization; thus larger size of treatment groups is often 
necessary in the experimental design to assure sufficient statistical power [41].

Although the use of HLI models as an in vivo angiogenesis assay is common 
practice, its value as a preclinical model to represent the pathogenesis of PAD is still 
controversial. The practice of murine femoral arterial ligation with or without exci-
sion is acute, as compared to the chronic atherosclerotic changes seen in human 
PAD. Additionally, mice used for HLI models are often young and healthy, differing 
from the comorbidities most commonly seen in PAD patients. Possibly due to these 
differences, there have been some different outcomes in murine and human studies. 
VEGF, FGF, and hepatocyte growth factor (HGF) have each consistently demon-
strated promising effects in rodent models of HLI, though yield mixed results in 
human clinical trials. HGF has shown the most promising effects on improving rest 
pain and quality-of-life scores in a randomized, double-blind, placebo-controlled 
clinical trial, while VEGF and FGF have failed to improve the primary endpoints of 
amputation rate or time to amputation and death [42–45].

5.3  Potential Mechanisms of BMMNC in PAD

5.3.1  Reconstruction of Vascular Endothelial Architecture

The primary theory behind BMMNC use is neovascularization at the site of isch-
emia following cell replacement and regeneration by the various adult stem and 
progenitor cells found in BMMNC. Using multiple physiological and pathological 
neovascularization models, Asahara et al. demonstrated that progenitor cells can be 
mobilized from BM to incorporate into newly formed capillaries [46, 47]. CD34+ 
mononuclear cells have been characterized as putative endothelial progenitor cells 
given their ability to differentiate into endothelial cells producing nitric oxide in 
response to the EC-dependent agonist acetylcholine and the EC-specific mitogen 
VEGF [1]. This is consistent with the well-described ability of BM-derived cells to 
incorporate into the vascular architecture of tumor vessels [48].
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The extent to which BM-derived HSC incorporate into the neovasculature 
remains controversial, however. This is because some studies have demonstrated a 
lack of the endothelial cell marker von Willebrand factor. Additionally, other studies 
using GFP-labeled BM-derived cells were unable to detect this label in newly 
formed blood vessels.

5.3.2  Stabilization of Neovasculature via 
Pericyte Differentiation

Pericytes are polymorphic, multibranched cells located within the basement mem-
brane of capillary and postcapillary venules that surround endothelial cells to sup-
port blood vessel structure. They are responsible for multiple functions but most 
critically help to stabilize the vascular wall, control endothelial cell proliferation, 
and regulate microvascular blood flow [49]. During neovascularization, pericytes 
provide both pro-survival signaling and mechanical support to maintain the newly 
formed endothelium [50]. Pericytes can be identified in studies by their expression 
of nerve/glial antigen-2 (NG2) and platelet-derived growth factor receptor β 
(PDGF-β).

Studies by Rajantie et al. utilizing BM GFP+ chimeric mice demonstrated that 
BM-derived pericytes were persistently detected at sites of tumor- or VEGF-induced 
angiogenesis, as opposed to BM-derived endothelial cells which were not consis-
tently found [51]. Similarly, Ziegelhoeffer et al. also used GFP+ chimeric mice to 
investigate the involvement of BM-derived GFP+ cells in the postischemic angio-
genesis process in a mouse CLI model. They were not able to colocalize GFP sig-
nals with endothelial or smooth muscle cell markers but instead found ample GFP+ 
cells in the perivascular space resembling fibroblasts and pericytes based on their 
shape and distribution [52]. This phenomenon of recruitment of BM-derived peri-
cyte precursors has also been described in the process of corneal vasculogenesis 
[53]. Notably, over 90% of BM-derived pericytes also express CD45 and CD11b, 
suggesting a hematopoietic origin.

5.3.3  Secretion of Proangiogenic Factors

BMMNC also exhibit potent paracrine signaling activity, specifically via secretion 
of proangiogenic factors [54]. The ability to be proangiogenic is shared by almost all 
subsets of BMMNC, including HSC and EPC, although the specific cytokines being 
secreted may vary between cell types [5, 55]. This mutual complementation may 
explain the synergy between different subsets of BMMNC. For example, Kamihata 
et al. demonstrated that CD34-positive cells from peripheral or cord blood may be 
induced to form cord-like structures after coculturing with the CD34- negative frac-
tion of BMMNC that secretes bFGF, VEGF, and angiopoietin 1 (Ang1) [2].
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It is worth noting that more mature cellular components are also critical parts of 
the BMMNC, including T lymphocytes, megakaryocytes, platelets, and monocytes 
[56–59]. Murine models with CD4-deficient mice have seen reduced collateral flow 
induction, diminished VEGF levels, increased muscle atrophy and fibrosis, and 
delayed recovery of hindlimb function compared to wild-type mice; however, these 
effects are diminished following infusion of purified CD4+ T cells [56].

MSC may represent the most interesting component of BMMNC. This unique 
population of cells is capable of secreting a broad spectrum of chemokines, cyto-
kines, and proangiogenic factors [60]. Their paracrine functions are highly adaptive 
to the microenvironment signals, as demonstrated by their ability to change the level 
and composition of trophic factors secreted [61, 62]. In vitro studies have demon-
strated a conditioned medium generated from MSC has the ability to promote pro-
liferation and migration of endothelial cells and vascular smooth muscle cells [39, 
60, 63, 64]. As evidence for the use of these cells improves, more stringent quality 
control procedures and larger-scale manufacturing may allow for use of “off-the- 
shelf” cellular products for multiple indications.

5.4  Clinical Trials Using BMMNC for CLI Patients

5.4.1  Overview of BMMNC in CLI

In 2002, Tateishi-Yuyama et al. published the results of the Therapeutic Angiogenesis 
using Cell Transplantation (TACT) study, the first large clinical trial using autolo-
gous BMMNC for patients with CLI [24]. In part one of this study, 25 patients with 
unilateral limb ischemia, as defined by ankle-brachial index (ABI) < 0.6, received 
an intramuscular injection of autologous BMMNC (1.6 ± 0.6 × 109 cells) into the 
gastrocnemius of the ischemic limb. The contralateral less ischemic limb (ABI > 0.6) 
received intramuscular saline injection as a control. No adverse events related to 
treatment were reported. BMMNC administration improved subjects’ ABI, transcu-
taneous oxygen pressure (TcPO2), rest pain, and pain-free walking distance at 4 and 
24 weeks [24]. In part two of this study, an additional 22 patients with bilateral limb 
ischemia were recruited. Each subject randomly received intramuscular BMMNC 
injection into one limb as active treatment and PBMNC into the other limb as a 
control. Compared to PBMNC, BMMNC significantly improved ABI, TcPO2, rest 
pain, and pain-free walking time at 4 and 24 weeks [24].

The results of the TACT study provided the first piece of clinical evidence for the 
use of BMMNC in patients with CLI and thus inspired more clinical trials interna-
tionally. The first phase I/II clinical trial approved by FDA was conducted by our 
group in the United States [65]. In this open-label trial, 29 patients with CLI defined 
as symptoms of rest pain and/or ulceration with an ABI ≤ 0.55 and/or toe-brachial 
index (TBI) ≤ 0.40 were enrolled. Among these patients, 30 limbs were treated. As 
determined by appropriate imaging, patients had no patent artery below the knee that 
was continuous to the foot and thus no options for bypass or endovascular therapies 

J. R. King et al.



121

to improve perfusion. Patients underwent single intramuscular injection in the gas-
trocnemius. Ficoll density centrifugation (FC) was used to isolate BMMNC for the 
first 14 patients, and MarrowStim™ (MS) closed centrifugation system was used for 
the other 15 patients. The average number of cells injected was 1.3 ± 0.7 × 109 using 
FC method and 2.0 ± 1.6 × 109 using MS method. Amputation- free survival (AFS) 
at 1 year was 86.3%, higher than the reported 1-year AFS of 59–66.7% in similar 
studies [30, 66]. There was a significant increase from baseline in first toe pressure 
(FTP) by 10.2 ± 6.2 mmHg (P = 0.02) and in TBI by 0.10 + 0.05 (P = 0.02) at week 
12. Rest pain decreased significantly at 12 weeks from baseline. The VascuQol total 
score increased in all categories, especially in the domains of emotion (2.5 ± 0.3 to 
4.3 ± 0.5) and pain (2.5 ± 0.4 to 4.0 ± 0.7). Three of nine ulcers (33%) healed com-
pletely by week 12. There were two procedure-related serious adverse events (SAEs): 
anemia-related myocardial ischemia and entrapment of a guidewire during contrast 
arteriography, which was initially used to assess efficacy of cell therapy. Similar CLI 
studies have also reported anemia in patients after large volume BM aspiration; how-
ever, it was transient and well tolerated without any need for interventions [67].

Since the TACT study in 2002, clinical studies on BMMNC therapy in PAD 
patients have advanced from early small-scale, uncontrolled phase I trials to ran-
domized, controlled, phase III clinical trials. A meta-analysis published in 2013 
selected studies that are randomized and controlled, involve BM-derived cells, have 
a comparator group, and have endpoints such as major amputation, survival, ABI, 
PTcO2, pain score, and pain-free walking distance. The exclusion criteria include 
animal studies, studies performed in children or neonates, reviews or case series 
(n < 10), no CLI or diabetic foot, not published in English, Dutch, or German, gene 
therapy, and diagnostic, prognostic, or etiologic studies. The meta-analysis identi-
fied 12 RCT using BM-derived cells, including BMMNC, BMMSC, PBMNC, and 
Ixmyelocel-T cells [68]. Six out of these 12 RCT used only BMMNC and were 
summarized in Table 5.1.

5.4.2  Safety of BMMNC in CLI

Use of BMMNC requires both BM aspiration and either intramuscular or intra- 
arterial injection. Both procedures have generally demonstrated safety in patients 
with CLI. Acute anemia can occur with BM aspiration, with a mean decrease in 
hematocrit of 2.6% compared to controls [67]. Though generally well-tolerated, this 
may cause problems for patients with underlying anemia or coronary artery disease. 
In our experience, we have addressed this issue by adjusting the volume of BM 
aspirated for patients with preexisting cardiovascular conditions to minimize risk of 
ischemic events [65].

Intramuscular injection of BMMNC has not demonstrated muscular damage, 
vascular malformation, or acute renal injury. In cases of intra-arterial injection, 
three procedure-related adverse events have been reported, including stent thrombo-
sis, groin hematoma, and arterial pseudoaneurysm, each of which resolved [25].
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To assess the long-term safety of BMMNC therapy, Matoba et  al. followed 
patients from the TACT study for 3 years. Patients with atherosclerotic PAD dem-
onstrated 3-year overall survival rates of 80%, while a smaller group with thrombo-
angiitis obliterans demonstrated 100% survival [69]. Another study followed 51 
patients for 3.2 years and reported limb salvage rate of 59% at 6 months and 53% at 
last follow-up. No unexpected long-term adverse events were reported [30].

5.4.3  Primary Endpoints for BMMNC in CLI

The most widely accepted primary outcomes to evaluate the efficacy of therapeutic 
agents for CLI patients are major amputation rates and AFS, a composite of major 
amputation, and all-cause mortality [70]. Benoit et al. conducted a double-blinded 
RCT evaluating the efficacy of concentrated bone marrow cells (BMAC) in 48 no- 
option CLI patients. At 6 months, patients treated with BMAC demonstrated a lower 
amputation rate than placebo (39.1% vs. 71.4%, p = 0.1337). The Kaplan-Meier 
time to amputation was longer in the BMAC group than in the placebo group 
(p = 0.067). Based on a bootstrap simulation model, in order to detect significant 
difference in AFS between BMAC and placebo with a power of 95%, a sample size 
of 210 patients would be required, which would be difficult to achieve in a single- 
site clinical trial [67].

One meta-analysis analyzed the results from 9 RCTs to achieve an aggregate 
therapeutic group with 259 limbs and control group with 232 limbs [68]. The results 

Table 5.1 Randomized controlled trials of BMMNC for CLI

Reference
Sample 
size

Cell 
number 
(109) Route

Follow-up 
(months) Outcome

Arai et al. 
(2006) [82]

13/12 1–3 IM 4 Improved ABI, TcPO2, rest 
pain, pain-free walking 
distance, ulcer healing

Benoit et al. 
[67]

34/14 240 ml IM 24 No change in ABI or AFS

Lu et al. [76] 21/41 
limbs

0.93 IM 24 Improved ABI, TcPO2, pain-free 
walking time, ulcer healing

Prochazka et al. 
(2010)

42/54 240 ml IM 16 Decreased amputation rate

Tateishi- 
Yuyama et al. 
[24]

22/22 
limbs

0.88-2.8 IM 24 Improved ABI, TcPO2, rest 
pain, pain-free walking time

Walter et al. 
[25]

19/21 0.15 IA 72 Improved pain score, ulcer 
healing

Sample size, treatment group/control group; ABI ankle brachial index; TcPO2, transcutaneous O2 
pressure; AFS amputation-free survival; IM intramuscular; IA, intra-arterial
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showed that BM-derived cell therapy significantly reduced major amputation rates 
compared with the placebo control, with a RR of 0.58 (95%CI, 0.40–0.84; P = 0.004).

Conventional surgical revascularization options, such as prosthetic femorotibial 
bypass, achieve limb salvage rates of 72.5% at 1 year and 61.9% at 5 years [71]. 
Although the reduction in limb salvage seen with cell therapy is inferior to out-
comes of surgical revascularization, it still remains a promising treatments modality 
for CLI patients. It has proven to be safe and minimally invasive. It is assuredly a 
possibility for patients without surgical or endovascular revascularization options or 
with poor options including prosthetic or composite grafts. The higher morbidity, 
longer hospital stay, and increased utilization of intensive care resources associated 
with surgery all must be considered.

5.4.4  Secondary Endpoints for BMMNC in CLI

Common secondary endpoints include functional outcomes such as pain-free walk-
ing distance and time, pain score, ulcer healing, and quality of life. These have 
demonstrated consistency and significantly improved after BMMNC therapy across 
numerous studies. A meta-analysis of 8 RCTs with 237 limbs showed an overall 
odds ratio (OR) of complete ulcer healing of 1.87 (95% CI, 1.49–2.36; p < 0.00001) 
in the BM cell treatment group, as well as a decrease in pain score of 1.10 (95% CI, 
−1.37 to −0.83) based on 8 RCT [72]. Additionally, pain-free walking distance was 
substantially longer in the therapeutic arm based on three RCTs. Although these 
functional endpoints may represent clinically significant outcomes, the subjective 
nature of the patient and investigator must be considered.

Physiological measurements, such as ABI, TBI, FTP, and TcPO2, make up the 
remainder of secondary outcomes. Meta-analysis of 7 RCTs showed that ABI was 
significantly improved by 0.12 (95% CI, 0.09–0.15, P < 0.00001) and TcPO2 was 
significantly increased by 14.28 mmHg (95%CI, 8.54–20.02; P < 0.00001) follow-
ing BM-derived cell treatment [72]. These improvements may not completely 
reflect the mechanistic changes seen with BMMNC therapy, specifically consider-
ing the expected microvascular formation rather than improvements in large vessel 
blood flow.

5.5  Clinical Trials Using Subsets of BMMNC 
for CLI Patients

Rather than using the entire BMMNC, recent clinical trials have explored using 
bone marrow-derived subsets. In particular, PBMNC is a commonly used substitute 
to avoid BM aspiration. This can be mobilized by a 6-day treatment with 
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granulocyte colony-stimulating factor (G-CSF), after which the PBMNC can be 
harvested by apheresis. Patients treated with PBMNC have demonstrated consis-
tently improved primary and secondary endpoints. Huang et al. reported significant 
improvement in limb pain, ulcer healing, and ABI, in patients receiving PBMNC at 
3-month follow-up compared to those receiving the placebo control [73]. Ozturk 
et al. reported improved ABI and pain score [74]. Mohammadzadeh et al. reported 
improved ABI and decreased amputation rates [75].

Bone marrow mesenchymal stromal cells (BMMSC) are another promising sub-
population of BM cells. This cell population offers multiple advantages. Primarily, 
their ability to be expanded ex vivo to larger quantities allows for smaller volume 
BM aspiration. Second, BMMSC demonstrate immunomodulatory properties, 
which may allow for allogeneic transplantation of cells from young healthy donors, 
as well as industrial manufacturing of “off-the-shelf” cellular products. Finally, 
they are a more defined cell population than BMMNC and thus can be tested in 
preclinical models for potency before applying to patients. Lu et al. conducted a 
RCT to compare BMMSC with BMMNC in CLI patients with bilateral limb isch-
emia [76]. Within the BMMSC group, only 30 mL of BM was aspirated before 
isolating and expanding the BMMSC population in vitro to reach the target dose. 
Conversely, the BMMNC group required aspiration of 300 mL of BM. By 24 weeks, 
BMMSC and BMMNC both significantly improved ABI, TcPO2, and pain-free 
walking time, compared to placebo control. MRA-based collateral blood vessel 
scores were significantly higher, and the ulcer healing was faster in the BMMSC 
group. Gupta et  al. tested safety and efficacy of allogeneic BMMSC in 20 CLI 
patients. At 6-month follow-up, ABI was improved significantly in the BMMSC by 
an average of 0.22 (p = 0.0018). No adverse events were associated with BMMSC 
treatment [77].

In addition to PBMNC and BMMSC, a variety of other cell types have been or 
are still under active investigation for treatment of CLI.  These include 
CD34  +  PBMNC, ALDH+ BMMNC, and Ixmyelocel-T [78–81]. Most of these 
studies are still in phase I/II stage, and as such, their efficacy for CLI patients 
remains untested in larger phase III clinical trials.

5.6  Conclusions and Future Directions

BMMNC are comprised of a mixture of angiogenic stem and progenitor cells and 
mature hematopoietic cells that function synergistically to promote neovasculariza-
tion. The use of BMMNC cell therapy in preclinical animal models has demon-
strated significant revascularization of ischemic tissue. Numerous clinical trials in 
PAD patients have helped to establish the safety of BMMNC and have shown prom-
ising results in improving ischemic pain, ulceration, pain-free walking distance, and 
physiological parameters such as ABI and TcPO2. These studies are largely limited 
to phase I and II clinical trials, thus limiting out ability to determine the efficacy of 
BMMNC on major amputation rates, AFS, and all-cause mortality. Other limiting 
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factors toward meaningful results include disparity in cell doses used, method of 
delivery, and a heterogenous CLI patient population. The ideal patient population 
has yet to be determined.

Large, placebo-controlled RCT are clearly required before BMMNC therapy can 
be considered standard care. Our institution continues with our own phase III trial 
to help further determine efficacy of BMMNC therapy.

In addition, this work will provide a demographic and genomic signature of 
patients who best respond to BMMNC treatment. Of equally critical importance are 
clinical studies designed to optimize the BMMNC therapy through multi-dosing 
comparisons, enhancing BMMNC survival with adjunctive biomatrices, and pre-
conditioning cells with treatment such as hypoxia to maximize the performance of 
cells in vivo.
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Chapter 6
Angiogenesis: Perspectives 
from Therapeutic Angiogenesis

Monique Bethel, Vishal Arora, and Brian H. Annex

6.1  Introduction

Systemic atherosclerosis remains the number one cause of morbidity and mortality 
worldwide. Peripheral arterial disease (PAD) is one form of systemic atherosclerosis, 
and PAD alone is estimated to affect over 200 million people worldwide [1]. PAD is 
defined as reduced ankle-brachial blood pressure index (ABI). Smoking and diabetes 
are the major risk factors for PAD, and the prevalence of PAD rises sharply with 
advancing age [2]. PAD is a systemic disease, and its presence raises the risk of dis-
ease in other vascular beds including the coronary arteries and renovascular and cere-
brovascular system [2]. Thus, PAD affects both legs and life. In patients with PAD, 
symptoms may manifest as intermittent claudication, which is defined as exertional 
pain in the lower extremity, typically in the calf, that is relieved with rest. However, 
many patients with significant vascular obstruction do not have classic symptoms or 
even any symptoms at all. In such patients with PAD, the initial clinical manifestation 
of the disease may be critical limb ischemia (CLI) where patients are at a very high 
risk for amputation and stroke. Mainstays of medical therapy for PAD include anti-
platelet therapy and optimal control of other risk factors for PAD including hyperten-
sion, diabetes, and hyperlipidemia [3]. Tobacco use is a stronger risk factor for PAD 
than for coronary artery disease [4]. Patients that are smokers should be aggressively 
encouraged to quit. Currently, there are few proven medical therapies that treat symp-
toms of PAD and improve exercise capacity. Cilostazol is a phosphodiesterase-3 
inhibitor that has weak antiplatelet and arterial dilating properties and is one of the 
few medications shown to improve symptoms and functional capacity in patients with 
PAD [3]. Unfortunately, the side effect profile of the medication leads to discontinua-
tion in a substantial number of patients, and studies of cilastazol were conducted when 
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baseline medical therapies for patients with PAD were limited [3]. A structured exer-
cise program, involving repeated exercise to submaximal claudication, has also been 
shown to improve exercise capacity [3]. For patients who are symptomatic despite 
optimal medical therapy, or those that have progression to symptoms at rest, non-
healing ulcers, or gangrene, the treatment options are endovascular therapies or bypass 
surgery [5]. The development of critical limb ischemia is a poor prognostic indicator, 
both for the affected limb and overall mortality. Dormandy et al. found yearly all-
cause mortality rates of 10–20% in this population [6], and Fridh et al. showed 3-year 
combined incidence of death or amputation in patients with critical limb ischemia was 
48.8% [7]. The large public health burden and limited treatment options for PAD have 
spurred research into alternative therapies, one of which is stem cell therapy.

The hope of stem cell therapy was enormous: what if stem cells could be taken 
from a patient and put into an ischemic limb to promote revascularization? This 
would be an attractive option, as there would be no problems with rejection and the 
cells could potentially integrate and function for long periods. Despite promising 
findings in numerous small studies, the results of large studies have been largely 
disappointing. This chapter will review the background of stem cell therapy in PAD, 
important research studies, and the current status of this therapy as a treatment 
option for PAD.

6.2  Embryologic Origins

As the human embryo grows, one of the first organ systems to develop is a circulatory 
system to support necessary biological functions [8]. This occurs via two processes: 
vasculogenesis, which is the development of new blood vessels de novo, and the other is 
angiogenesis, which is the formation of new blood vessels from those already in exis-
tence [9]. In vasculogenesis, hemangioblasts, which are precursors to hematopoietic 
stem cells and endothelial cells, form conglomerations of cells called blood islands 
under the influence of fibroblastic growth factor. The hemangioblasts in the center of 
these islands differentiate into hematopoietic cells, and the cells on the periphery dif-
ferentiate into angioblasts [9]. The angioblasts on the periphery form vacuoles that 
coalesce, undergo liquefaction, and ultimately form the lumen of the blood vessel. 
Eventually, these peripheral angioblasts terminally differentiate into endothelial cells [9].

Subsequent development of the circulatory system proceeds as angioblasts 
migrate and then fuse to form new vessels or merge with small capillaries to form 
branches or a capillary network [8]. The primitive capillary network then forms into 
larger arteries and veins, a complex process that is due to hemodynamic and local 
influences [10]. The big picture of embryonic circulatory development is that an 
initial vascular plexus is formed and remodeled many times over [8]. A more fixed 
adult pattern emerges, and endothelial cell proliferation, which is active in the fetus 
and infant, becomes quiescent in the adult [8]. However, the adult still maintains a 
population of cells with the ability to form new blood vessels, which might be 
required during wound healing or may be pathologically involved in the develop-
ment of tumors or malignancies. Importantly, the skeletal muscle has satellite cells 
which have the capacity to form myocytes and endothelial cells [11].
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6.3  Bone Marrow Mesenchymal Cells

As a topic, stem cell therapy is inclusive of a host of distinct cells. For example, the 
bone marrow contains two main categories of stem cells: hematopoietic stem cells 
and mesenchymal stem cells (also known as stromal cells, MSCs) [12]. 
Hematopoietic stem cells give rise to the cellular components of blood, i.e., eryth-
rocytes, lymphocytes, platelets, etc. MSCs are a multipotent cell line that can dif-
ferentiate into the bone, fat, muscle, and also blood vessels. In adults, these cells can 
be extracted from the bone marrow or peripheral blood. Whole blood or bone mar-
row is placed into a solution, and after several minutes of centrifugation at high 
speeds, red blood cells and platelets fall to the bottom, and a mononuclear cell layer 
rises to the top [13]. Bone marrow MSCs (BM-MSCs) or peripheral blood MSCs 
(PB-MSCs) can be found in the monocyte fraction of cells separated by a density 
gradient. This layer can easily be extracted and put into culture or injected into a 
patient as a means of therapy. In cell culture, the cells may be driven down a certain 
differentiation pathway based on exposure to cytokines or growth factors, or poten-
tially modified. Oswald et al. were able to grow endothelial-like cells in culture after 
exposing BM-MSCs to vascular endothelial growth factor (VEGF) [14]. Beyond the 
potential of BM-MSCs to differentiate into endothelial cells, there is evidence that 
these cells also secrete vascular growth factors such as VEGF [15], fibroblast growth 
factor, and hepatocyte growth factor [16]. These characteristics made BM-MSCs an 
appealing option for study in the treatment of PAD.

While attractive for study, there are limitations to this approach. First, there is 
patient-to-patient and preparation-to-preparation variation in the cells and their 
characteristics. The manner in which the cell is delivered is another variable. The 
major limitation of this approach is that the fate of the cells after delivery is 
unknown [17].

6.4  Vascular Endothelial Growth Factor

The direct delivery of cytokines as protein or gene has been studied in PAD. Vascular 
endothelial growth factor (VEGF), perhaps the most extensively studied angiogenic 
agent, is a cytokine first described by Senger in 1983 [18]. It was found to markedly 
increase vascular permeability, promoting ascites formation in rodent species with 
cancer. Over time, several unique VEGF proteins have been discovered, including 
VEGF-A through E and placental growth factor. Each of these genes are encoded 
from different chromosomes, and within each gene, splice variations are also found 
[19]. The different VEGF proteins preferentially activate receptors VEGFR-1 and 
VEGFR-2 which promote angiogenesis or VEGFR-3 which promotes lymphangio-
genesis [19]. VEGFR-2 is considered the dominant VEGFR in post-natal angiogen-
esis, and activation of VEGFR-2 increases signaling through the PLCγ-PKC-MAPK 
pathway to cause endothelial cell proliferation [19]. VEGFR activation has been 
exploited to promote angiogenesis in animal models of PAD. Most studies of gene 
therapy for PAD have involved different isoforms of VEGF [20], and many were 
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small Phase I trials studying safety and Phase II trials looking at efficacy. As will be 
shown with stem cell therapy, progress in gene therapy has been limited by many 
small studies that show benefit in some outcomes, but large, randomized, placebo- 
controlled studies with positive findings are rare. In the RAVE trial, patients were 
randomized in a double-blind, placebo-controlled study of VEGF gene therapy in 
patients with severe, life-limiting intermittent claudication in a single limb, and it 
represented one of the first larger trials of this experimental therapy [21]. Patients 
were randomized to receive a low-dose intramuscular (IM)) injection of adenoviral 
VEGF121 (n  =  32), a high dose of adenoviral VEGF121 (n  =  40), or placebo 
(n = 33). The primary endpoint of this trial – change in pain-free walking time – was 
not met. Similarly, secondary outcomes, including change in ABI and claudication 
onset time, were not different between the three groups at 12 and 26  weeks. 
Amputations occurred rarely during the period of observation, with one occurring 
in the placebo group at day 114 and in the low-dose group at day 293. Over the 
ensuing years, different vector constructs for delivery, different isoforms of VEGF, 
or different routes of administration would be tested (Table 6.1).

Table 6.1 Comparison of two of the major clinical classifications of PAD

Fontaine Classification Rutherford Classification
Grade Symptoms Grade Category Clinical Symptoms Objective Criteria

Stage 
I

Asymptomatic 0 0 No symptoms Normal treadmill or 
hyperemia test

Stage 
II

Mild 
claudication

1 Mild claudication Can complete standard 
treadmill exercise test. 
Ankle pressure after 
exercise >50 mmHg but at 
least 20 mmHg lower than 
resting value

Stage 
IIA

Claudication at a 
distance >200 m

I 2 Moderate claudication Between categories 1 
and 3

Stage 
IIB

Claudication at a 
distance <200 m

3 Severe claudication Cannot complete standard 
treadmill testing. Ankle 
pressure <50 mmHg

Stage 
III

Rest pain II 4 Rest pain Resting ankle pressure 
<40 mmHg, toe pressure 
<30 mmHg, flat ankle or 
metatarsal pulse volume 
recording

Stage 
IV

Necrosis and/or 
gangrene

III 5 Minor tissue loss-focal 
gangrene, non-healing 
wound

Resting ankle pressure 
<60 mmHg, toe pressure 
<40 mmHg, flat ankle or 
metatarsal pulse volume 
recording

6 Major tissue loss 
extending above the 
transmetatarsal level; 
foot not salvageable

Same as category 5
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6.5  Fibroblastic Growth Factor

When compared to the VEGF systems, the FGF system is far more complicated 
with more than 20 different ligands and receptors [22]. Moreover, the FGF systems 
acts in concert with VEGF and platelet-derived growth factor (PDGF). Specifically, 
FGF has been shown to activate VEFG pathways, and murine endothelial cells lack-
ing FGF signaling have been shown to become unresponsive to VEGF [23]. FGF 
also increases expression of the PDGF receptor on vascular smooth muscle cells, 
which plays a role in physiologic angiogenesis as well as pathophysiologic athero-
sclerosis [24]. Due to these complex interactions, the precise role of FGF in angio-
genesis has yet to be elucidated. Several trials evaluated the safety and efficacy of 
FGF gene therapy in the treatment of PAD. There was some evidence of benefit, 
such as in the TRAFFIC trial, a randomized, placebo-controlled trial of recombi-
nant FGF-2 administered intra-arterially (IA) in a single dose or two divided doses 
[25]. The administered dose was 30 μg/kg, which was the highest dose injected into 
the coronary arteries before causing hypotension in other studies. At 90 days, there 
were significant increases in pain-free walking time (PWT) in both treatment groups 
with no significant increase in PWT in the placebo group. ABI also significantly 
increased in the treatment groups compared to placebo. However, at 180 days, PWT 
increased in the placebo group to levels similar to the treatment groups. Other FGF 
studies (using gene based delivery) have shown a significant decrease in rest pain 
[26], but inconsistent findings on reduction of amputations [27, 28], and there was 
no mortality benefit shown [27, 28].

6.6  Hypoxia-Inducible Factor 1-Alpha (HIF-1α)

HIF-1α is a “master” transcription factor that is highly conserved across species 
[29] and is expressed on numerous cell types. HIF-1α is responsive to states of 
cell injury and exerts this effect by regulating cell metabolism and survival of 
cells in conditions of hypoxia [30] by transcriptional regulation of many proteins, 
including erythropoeitin [31] and other genes involved in glucose metabolism 
[29]. It has been called a master regulator because its expression leads to upregu-
lation of a host of other cytokines including VEGF, PDGF, angiopoietin, and 
SDF-1 [32]. It is expressed in BM-MSCs, and in addition to the roles described 
above, HIF-1α appears to regulate the migration of BM-MSCs to areas of isch-
emia or tissue damage through expression of SDF-1 [33]. This led to trials of 
HIF-1α as a therapy in patients with PAD, especially after the lackluster results in 
prior trials focusing on VEGF gene therapy. Creager et  al. studied adenovirus 
supplemented with the herpes virus transactivator to locally overexpress HIF-1α 
in ischemic muscle tissue of patients with intermittent claudication [32]. There 
was no increase in pain-free walking time (PWT), which was the primary out-
come in this study.
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6.7  Hepatocyte Growth Factor (HGF)

Despite its name, this cytokine was chosen for study in PAD due to its potent angio-
genic properties. In the early 1990s, it was shown to induce endothelial cells in 
culture to form tube-like structures [34], to stimulate endothelial cell proliferation 
and migration [34], and to release pro-angiogenic factors [35]. This cytokine is 
expressed by adult BM-MSCs [36] and also has anti-thrombotic and anti-fibrotic 
properties [37]. There were several clinical trials with HGF delivered intramuscu-
larly via plasmid. All were Phase II trials, and most were small; the largest trial 
included 79 participants. Depending on the outcome studied, each trial had some 
positive outcome and often in the primary endpoint, but no outcome was consistent 
across all the trials. Only one study showed significant improvement in the ABI 
[38]; others showed improvement in rest pain [38, 39], ulcer size [38, 39], and QoL 
[39]. For the more concrete outcomes such as amputations, the data were more dis-
couraging, with one study showing no difference between the groups [39, 40]. In 
other studies, rates of amputations were not reported [38].

6.8  Early Studies of Stem Cell Therapy

In a landmark study in 1997, Asahara et al. isolated human angioblasts from periph-
eral blood [41]. Using the cell surface marker CD34 to isolate the progenitor cells, 
the isolates were grown in culture for several weeks. CD34 is a cell surface marker 
that identifies a progenitor cell that may differentiate into several different cell 
types, including hematopoietic cells and endothelial cells [42]. With time, the cells 
were observed to form networks and tube-like structures in culture. The investiga-
tors took these findings one step further and injected these human cells into athymic 
mice with hind-limb ischemia induced by femoral artery ligation. Histological 
examination of the tissue several weeks later showed the human cells had been 
incorporated into the capillary walls of the affected limb. The human cells did not 
appear in the normal limb. In an additional experiment using rabbits [41], CD34+ 
cells were isolated from the peripheral blood of the animals, grown in culture, 
labeled, and then given back to the animals after hind-limb ischemia induction. 
Again, the labeled cells were found in areas of active revascularization.

Further work has shown that in addition to CD34 expression, expression of 
AC133 [43] and the VEGF-2 receptor more specifically identifies an endothelial 
cell precursor [43, 44]. As the progenitor cell terminally differentiates, expression 
of AC133 diminishes, and the cells begin to express adhesion molecules and to 
produce nitric oxide [45].

Other investigators isolated endothelial progenitor cells from bone marrow in 
animals [46]. Shi et al. used a bone marrow transplantation model in dogs, where 
bone marrow cells from a donor animal were injected into a recipient animal [47]. 
The endothelial progenitors were identified by possessing cell surface markers for 
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CD34, von Willebrand factor, and low-density lipoprotein. The bone marrow cells 
were then injected into another dog treated with immunosuppressant therapy to pre-
vent graft-versus-host disease. Further, an impervious Dacron graft was placed in 
the descending thoracic aorta. As the graft was impervious, there could be no 
ingrowth of native capillaries from the surrounding tissue. After 12 weeks, the graft 
was stained for endothelial cells, and it was observed that only donor cells were 
identified in the graft material, signifying that these endothelial progenitors were 
able to migrate from the bone marrow to the peripheral circulation and incorporate 
into sites of vascular tissue.

Preclinical cell therapy studies such as these paved the way for clinical trials in 
humans with the goal that if an isolation and production process could be replicated, 
then stem cells derived in this fashion could represent a novel therapeutic approach 
to the treatment of PAD. As the cells would be derived from the patient (i.e., autolo-
gous), there would be no immunological phenomena which would result in rejec-
tion and destruction of the cells. Theoretically, the advantage to this strategy over 
gene therapy would be the potential of the cells to maintain local levels of angio-
genic factors and to be incorporated into new vessels. Still, to this day, direct evi-
dence for this effect is lacking.

6.9  Trials of Stem Cell Therapy in Humans

6.9.1  Bone Marrow Mesenchymal Stem Cells (BM-MSCs)

One of the first human studies of stem cell implantation for treatment of PAD was 
the TACT trial conducted by Tateishi-Yuyama et al. in 2002 [48]. The TACT trial 
included two groups of patients: Group A had unilateral limb ischemia, and Group 
B had bilateral limb ischemia. Both groups required an ABI less than 0.6  in the 
affected limb, rest pain, and/or, a non-healing ulcer and were deemed not amenable 
to surgical treatment. Group A received an injection of BM-MNCs in the affected 
limb, and the contralateral limb was injected with normal saline. In the second 
group with bilateral ischemia, half of the limbs were randomized to receive 
BM-MNCs, and the other half received an injection of peripheral blood mononu-
clear cells (PB-MNCs), which had been noted to contain only 1/500th the concen-
tration of endothelial cell precursors [48]. Outcomes were measured at 4 and 
24 weeks following the injections. There were three primary clinical outcomes of 
this trial including change in ABI, transcutaneous oxygen saturation (TcO2), and 
resolution of rest pain. All of the primary outcomes in this trial were met with sig-
nificant increases in ABI and TcO2 and reduction in rest pain. The secondary out-
comes assessed included new collateral vessel formation which was measured with 
digital subtraction angiography (DSA) and pain-free walking time (PWT). Collateral 
vessel formation was described on a scale from 0 to 3, with 0 being no collateral 
vessel formation and 3+ being “rich” collateral vessel formation. On average, new 
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collateral vessel formation in group A was graded 1 and 1.1 in group B. For those in 
group B who received PB-MNCs in one limb, there was less robust formation of 
collateral vessels in that limb compared to the limb injected with BM-MSCs.

Safety was a critical focus of study. There were two deaths in Group A with uni-
lateral ischemia. The cause of death was determined to be myocardial infarction in 
both patients and was considered unrelated to the treatment. There were no reports 
of edema or pain at the injection sites for up to 72 hours following the procedure. 
The safety outcomes of these trials will be discussed later in the chapter.

The TACT trial provided evidence of the safety and efficacy of this strategy for 
treatment of critical limb ischemia in patients who were not candidates for surgical 
revascularization and opened the door for a multitude of studies further examining 
this method. This line of investigation started with several studies that examined 
intra-arterial (IA) and/or intra-muscular (IM) administration of BM-MSCs.

In another small pilot trial, seven patients with CLI were treated with BM-MSC 
using the same technique described by Tateisi-Yuyama [49]. The primary outcomes 
of this trial included change in the ABI, PWT, TCO2, and leg blood flow (LBF), 
measured at 4 and 24 weeks after the injection. LBF was measured by plethysmog-
raphy, a noninvasive technique that measures changes in volume in a segment of the 
body [50]. There were significant increases in TcO2, pain-free walking time, and 
LBF at 4 weeks. ABI increased as well, but this change did not quite meet statistical 
significance. At 24 weeks, there was no significant difference in the measured vari-
ables compared to baseline with the exception of PWT, which was still significantly 
increased at 24  weeks compared to baseline measures at 24  weeks. Endothelial 
dependent vasodilatory response to acetylcholine was enhanced in the group that 
received the bone marrow cells, compared to a control group of patients with leg 
ischemia that did not. This indicated that BM-MSCs may also improve endothelial 
function in this patient population.

Cobellis et al. studied 19 individuals with critical limb ischemia as defined by the 
Fontaine classification system [51]. Fontaine stage III or IV PAD includes the pres-
ence of rest pain or ulceration and/or gangrene (Table 6.1) [52]. The control group 
consisted of nine patients who were clinically similar to the treatment group but did 
not undergo the experimental treatment for “personal reasons.” The treatment group 
received two infusions of BM cells that were filtered for large particles but were 
otherwise non-selective. A second infusion was given 45 days later. Outcomes were 
measured at 6 and 12 months and included perfusion as measured by laser Doppler 
flowmetry assessed under several conditions as well as capillary density and neoan-
giogenesis (new capillary formation). Perfusion was significantly increased at 
6 months with the exception of perfusion measured with the leg in a lowered posi-
tion. These changes largely persisted at 12  months. There were no significant 
changes in capillary density or enlargement, but there were significant increases in 
neoangiogenesis at 6 months in the tibia, foot, and toe. Only neoangiogenesis at the 
toe remained significant at 12 months. The majority of patients, 80%, also had clini-
cal improvement with increases in the pain-free walking distance.

Several years later, a study of diabetic patients with severe limb ischemia with 
BM-MSCs administered once intra-arterially was undertaken [53]. These patients 
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showed improvement in ABI, wound healing, and symptoms. This study also 
included an angiographic evaluation at 3 months with novel findings of two patterns 
of neovascularization: one pattern consisted of increased branching of the existing 
vessels, and the other pattern showed an increase in the diameter of the existing ves-
sels. Though unrelated to the experimental therapy, mortality remained high in this 
small cohort, with 4 of the 20 patients dying in 1 year. The overall amputation rate 
was high, with seven patients having minor amputations, though most occurred 
before the BM injection.

So far, the studies described to this point have demonstrated efficacy on multiple 
fronts as well as an acceptable safety profile. However, the sample sizes remained 
small and the target patient population highly selected. Additionally, outcome mea-
sures were inconsistent.

Franz et al. conducted a study of patients with severe PAD in whom the only 
viable treatment option remaining was amputation [54]. Patients received BM-MSCs 
intramuscularly and intra-arterially and were followed for 3 months. Though the 
study was small, the patient sample was interesting in that the sample was high risk, 
not only in terms of the ischemic limb but also in the presence of comorbidities: 
eight of the nine patients were smokers, seven were diabetics, four had previously 
suffered strokes, four had concomitant coronary artery disease, and all had hyper-
tension. The primary outcomes were ABI measurements, major or minor amputa-
tions, symptoms (rest pain), wound healing, and amputations.

There were no significant differences in ABI at 3 months compared to baseline. 
Minor amputations occurred in two patients, and three patients ultimately needed 
major amputations; however, the authors cite three examples in which the patients 
required a less extensive amputation after treatment than would have been done 
without treatment. Of the six patients who did not require major amputation, five 
did not have rest pain at follow-up. There was complete ulcer healing in three 
patients. Overall, eight of the nine patients derived some benefit from the experi-
mental therapy. This was one of the first trials of this particular therapy in the United 
States. These investigators continued recruiting additional patients and published 
additional data on a total of 20 patients (21 limbs) [55]. In this larger cohort, there 
were four major and two minor amputations, and of the 18 limbs with a 3-month 
follow-up, only 1 limb did not demonstrate any of the criteria defining success.

Many of the early trials of stem cell therapy for PAD involved IM injections of 
stem cells, but there were questions about the best route for delivery, and the poten-
tial benefits of IA versus IM administration need to be considered. Bartsch et al. 
were the first to report results on the administration of BM-MSCs both IM and IA 
[56]. This study involved patients with moderate PAD, Fontaine class 2b disease 
[52]. Patients were deemed not to be surgical candidates. A control group (n = 12) 
was comprised of patients with similar clinical characteristics that could not or were 
unwilling to undergo the stem cell therapy. Following the treatment, patients were 
assessed at 2 and 13  months. Primary outcomes included walking distance and 
parameters of perfusion, including venous occlusion plethysmography and capillary 
venous oxygen saturation via transcutaneous oximetry. Importantly, before the 
administration of the BM-MSCs, the patients in the treatment group (n = 13) had 
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ischemic pre-conditioning which was achieved by having the patients exercise to 
claudication, followed by compression of the thigh above systolic pressure. After 
this, IA injection was given and was followed by a second compression of the thigh. 
In the final step, BM-MSCs were administered via IM administration. This maneu-
ver was designed with the intention to increase the contact time of the stem cells 
with the target ischemic tissue. At both 2 and 13 months following the injections, 
there was a significant increase in total walking distance, while there was no change 
in the control group. Additionally, the ABI and measures of oxygen saturations and 
flow significantly increased in the treatment group. These changes were sustained at 
the 13-month mark. In contrast, the control group showed significant decreases in 
ABI and flow when assessed at an average of 4 months. There were no other signifi-
cant changes in the other outcomes measured other than what was expected, but this 
does give some idea of the natural history of moderate PAD in this patient population.

In the OPTIPEC trial, Smadja et al. quantified the levels of “endothelial precur-
sor cells” circulating in the peripheral blood of patients with CLIPAD who had 
received BM-MNC as therapy [57]. Additionally, BM-MSCs were grown in culture, 
and cell marker expression was measured. Importantly, this study also quantified the 
levels of neo-angiogenesis that had occurred histologically by comparing ampu-
tated limbs of individuals who received treatment compared to age- and gender- 
matched controls with CLI that did not receive therapy and also had amputations. In 
this study, 11 patients received BM-MNCs injected multiple times in the ischemic 
gastrocnemius muscle. These patients had significantly fewer circulating early and 
late endothelial cell precursors compared to controls free of cardiovascular disease 
and cancer. Most of the patients (8 of 11, 73%) went on to have amputations. 
Histological studies of the amputated limbs were conducted to quantify the levels of 
neoangiogenesis that had occurred. These were then compared to amputated limbs 
of age- and gender-matched individuals who did not receive BM-MSC.  In the 
patients who demonstrated new vessel formation in the anatomic specimen, there 
were higher levels of colony-forming units endothelial cells (CFU-EC) grown in 
cultures. CFU-EC are groups of cells in culture that have differentiated down the 
pathway to the endothelial cell lineage but are not terminally differentiated and typi-
cally grow in close association with T-lymphocytes [58]. New vessel formation was 
defined as vessels observed in unusual locations; vessels identified in this manner 
were subjected to immunohistochemical staining to confirm the endothelial origin 
of the cell. This study also showed that patients with PAD had fewer circulating 
early and late endothelial cell precursors compared to control patients free of car-
diovascular disease and cancer.

Hur et al. had shown that “early” EPCs isolated from peripheral blood, i.e., cells 
with peak growth in culture at approximately 3 weeks followed by death at 4 weeks, 
secreted larger amounts of angiogenic cytokines [58]. This is compared to late EPC, 
whose first appearance in culture was at 2–3 weeks, with peak growth at 4–8 weeks, 
and persisted for up to 12 weeks. These late EPC cells better incorporated into a cell 
culture of human umbilical vein endothelial cells, produced more nitric oxide, and 
formed capillary tubes better than early EPC [58].
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Van Tongeren et al. also attempted to address the question of optimal method of 
delivery for BM-MSCs in a small (n = 27), randomized but un-blinded trial [59]. 
The study subjects had CLI, or persistent claudication (at least 12 months) with 
maximal walking distance of <100 m. The subjects had no options for surgical or 
percutaneous revascularization and had a life expectancy of at least 1 year. Subjects 
were randomized to IM (n = 12) or IA + IM (n = 15) administration of BM-MSCs 
isolated by the typical protocol. Primary endpoints were pain-free walking distance, 
complete healing of any ulcers, and avoidance of amputation at 1, 6, and 12 months. 
Secondary outcomes included changes in ABI and a pain levels. New vessel forma-
tion was measured via digital subtraction angiography (DSA) at 6 months following 
the procedure and compared to baseline anatomy established by DSA 1–2 weeks 
prior to the procedure. Subjects were followed for a mean of 24 months. Of the 
original 24 patients, one died from pneumonia prior to the 6-month time point, and 
the other became extremely ill so as not to be able to participate in the final outcome 
measures; these two patients were excluded from the final analysis. Therefore, 25 
patients were included in the final analysis. Of these, nine had major amputations 
within 3 months of the BM-MSC infusion and were also excluded from the final 
analysis.

Overall, in the remaining cohort that did not undergo amputation, there was sig-
nificant improvement in pain-free walking distance at 6 and 12 months (81 ± 56 m 
vs 257 ± 126 m vs 282 ± 139, at baseline, 6 months, and 12 months, respectively). 
Similarly, there were significant increases in the ABI compared to baseline at both 
6 months and 12 months. There was no difference in these outcomes based on the 
method of administration. Most interesting were the results of the DSA, which 
showed increase in collateral vessel formation in seven patients, no difference com-
pared to baseline in four patients, and deterioration of vessels in four patients. For 
one patient, DSA values were not able to be compared. Based on the findings of the 
DSA, “responders” were compared to “non-responders” in terms of the overall 
number of BMCs received, the number of CD34+ cells, and the number of CFU 
grown in culture, and there was no significant difference in any of these measures. 
This led to a quandary to explain the positive clinical benefit with no definite ana-
tomical explanation. The authors proffered an explanation that there may have been 
undersized collateral vessels unable to be visualized by DSA. The smallest vessel 
that can be imaged via DSA is approximately 200 microns in diameter [60], a 
parameter that has not changed significantly over the years [61].

The RESTORE-CLI trial was a novel Phase II, randomized, double-blind, 
placebo- controlled trial. The novelty of this trial was that in the treatment arm, 
BM-MSCs were expanded to include a higher concentration of CD90+ cells (mes-
enchymal stem cells) and CD14+ cells of the monocyte/macrophage lineage [62]. 
Outcomes in this study included time to first treatment failure, defined as major 
amputation in the treated limb, all-cause death, and/or new tissue necrosis. This 
endpoint occurred significantly later in the treatment group compared to the control 
group. A Cox proportional hazard ratio analysis was included and illustrated that the 
time-to-event curves separated early and maintained distance throughout the obser-
vation period. A post hoc analysis of patients with existing wounds found an even 
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greater treatment effect in this subset of patients. There was a trend toward longer 
amputation-free survival in the treatment group, but this did not meet statistical 
significance. Another highlight of this study was a much smaller volume injected 
due to the proprietary processing of the BM-MSCs that resulted in higher concen-
tration of the target cells, a process that took approximately 2 weeks. However, this 
and future studies that thought to use this approach also introduced an important 
limitation to the study, as several patients did not have enough aspirate to create the 
final injection product.

In 2010, Iafrati et  al. published another randomized, double-blind, placebo- 
controlled pilot trial of BM-MSCs used for therapy of CLI in patients deemed not to 
be candidates for surgical revascularization [63]. In this trial, a rapid, point-of- care 
system was used to process the BM-MSCs and have them ready for reinjection in 
less than 15 minutes. Control patients received an injection of diluted peripheral 
blood. Both the treatment and control groups underwent iliac crest puncture, but the 
treatment group (n = 34) had 240 mL of bone marrow removed, while the control 
group (n = 14) had only 2 mL removed. A total volume of 40 mL of the BM-MSCs 
was injected under ultrasound guidance in small aliquots into the affected limb. 
Patients had follow-up at 1, 4, 8, and 12 weeks after the procedure for amputation, 
ABI, TCO2, Rutherford class, pain, walking distance, and quality of life (QoL). The 
study was not sufficiently powered to determine statistical significance, but there 
was a trend for lower amputation rates in the treatment group (17.6% vs 28.6%), a 
finding that did not meet statistical significance. There was also a trend for greater 
improvement in pain. A composite endpoint that the patient was (1) alive, (2) did not 
have a major amputation in the treated limb, (3) had an improvement in the Rutherford 
class, and (4) did not have worsening of pain was also measured. More patients in 
the treatment group met these criteria for success compared to the placebo group, 
17/34 (50%) vs 3/14 (21.4%), though this too did not meet statistical significance. In 
the QoL assessment, again, there were trends favoring the treatment arm, though 
none met significance. With the exception of mental health, the treatment group 
showed greater improvement or less decline in all factors related to QoL. Similar 
findings were observed with the ABI and TCO2, with trends in improvement in both 
in the treatment groups. Beyond the small size of the study that hampered statistical 
analysis of the findings, this study also had difficulties with collecting some of the 
follow-up data, particularly walking distance, ABI, and TCO2 measurements.

This was also one of the few studies to quantify the level of blinding. The patients 
and investigators were questioned on the treatment day about which group they 
thought the patients were assigned. The blinding index is the percentage of incorrect 
guesses added to the percentage of undecided answers; if this is greater than 50%, 
the study is appropriately blinded [64].

As time progressed, larger trials testing the efficacy of BM-MSCs were con-
ducted. The PROVASA trial was performed in Germany and randomized patients to 
receive IA BM-MSCs or placebo as a first treatment [65]. This next part of the trial 
was also double-blinded. However, all patients ultimately received IA BM-MSCs 
after 3  months in the trial in an open-label fashion. The primary outcome was 
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improvement in ABI, and this outcome was not met in this trial. The investigators 
did observe positive outcomes including improved wound healing and reduced rest 
pain. However, for other outcomes, such as amputation-free survival and limb sal-
vage, there was no difference between the treatment and placebo groups. Median 
follow-up time was 28  months. Notably, patients with the most advanced CLI, 
Rutherford 5 or 6 [52], had the worse outcomes. All patients with category 6 went 
on to have an amputation. Wound healing was a strong positive outcome in this 
study, as ulcer area significantly declined at 3 months in the group randomized to 
receive BM-MSC treatment initially (p = 0.014). A dose-response effect was shown 
in this study with regard to ulcer healing, and additional doses of BM-MSCs showed 
greater decrease in wound area. A similar dose response was noted for pain relief. 
TCO2 levels generally increased in the BM-MSC treatment group. The TCO2 trend 
in the placebo group was an initial decrease followed by an increase seen after the 
placebo group crossed over.

The largest randomized stem cell trial to date, JUVENTAS, was published in 
2015 [66]. Conducted in the Netherlands, this study included the typical patient 
population of patients with CLI that was not amenable to revascularization. An 
additional strength of this study was the randomized, double-blind, placebo- 
controlled design. Study recruits were randomized to receive multiple IA injections 
of BM-MSCs via the femoral artery or matching peripheral blood, processed to 
have the same appearance as the bone marrow aspirate. All subjects underwent bone 
marrow aspiration. The original sample was divided into three aliquots, with 2/3 
cryopreserved for future administration. The cryopreservation consisted of addition 
of 10% dimethyl sulfoxide followed by freezing in liquid nitrogen. Subjects received 
additional doses at 3-week intervals.

The primary outcome was major amputation, defined as any amputation occur-
ring above the ankle joint up to 6 months after receiving therapy. Other outcomes 
included the following: combined major amputation or death, minor amputations, 
ulcer size, rest pain, pain-free walking distance, ABI, transcutaneous O2 pressure, 
clinic status, and quality of life. This trial included a large number of outcomes 
which were measured at 2 months and 6 months. The cell counts injected were the 
highest for the initial injection and were smaller on subsequent injections. The same 
was true for the number of CD34+ cell and CFU, suggesting a loss of cells with time 
and cryopreservation. There was no significant difference in the isolates obtained 
from the treatment and placebo groups.

There was little positive data in this trial. There was no difference in amputations 
at either time point or overall. There was no difference in the composite end point 
of death or major amputation. The study also included composite endpoints fash-
ioned after previously published studies [62, 63], and no significant difference was 
observed. There was also no difference in any of the secondary endpoints, including 
ABI, TcO2, QoL, or ulcer area. The investigators also conducted a meta-analysis of 
the previous trials (including their own) and found a very small benefit to the cell- 
based therapies that disappeared when only properly blinded and placebo-controlled 
studies were included.
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6.9.2  Peripheral Blood Mononuclear Cells (PB-MNCs)

As another method of stem cell therapy, peripheral blood MNCs (PB-MNCs) were 
also studied. The obvious advantage of this approach is the ease of material acquisi-
tion. Lenk et al. administered an average of 39×106 PB-MNCs to seven patients with 
CLI not amenable to surgical revascularization [67]. The patients were given granu-
locyte colony-stimulating factor (G-CSF) as a stimulus for production/mobilization 
of PB-MNCs for 4 days prior to harvesting the cells. Isolation of PB-MNCs from 
the blood involved a gradient separation system similar to the protocols using 
BM-MNCs: the cells were grown in culture for 4 days and then administered IA to 
the patients. A small sample of the cells from culture was tested by flow cytometry 
to determine the expression of CD34. Outcomes assessed included ABI, TCO2, 
PWT, and endothelial function. There were significant improvements in all of these 
outcomes at 12 weeks after the procedure. Flow cytometry analysis showed that 
approximately 50% of the cells were positive for CD34, as well as markers of endo-
thelial cells lineage [67].

Larger trials of IM injections of PB-MNCs were conducted by Lara-Hernandez 
et al. [68]. The patient population (n = 28) included severe CLI with no options for 
surgery. The cells were obtained by apheresis after stimulation with G-CSF for 
5  days. The investigators reported “high” levels of EPCs as determined by the 
expression of CD34 and CD133. There was no control arm. There were significant 
improvements in ABI and pain. The limb salvage rate was 74.4% after 1 year.

Another promising study was conducted in diabetics with CLI [69]. In this ran-
domized controlled trial, patients received two IM injections 40  days apart of 
unselected PB-MNCs after granulocyte colony-stimulating factor (G-CSF) stimula-
tion. Control group received IM prostaglandin E1. Compared to the control group, 
the treatment group showed significant improvements in rest pain, wound healing 
(Huang et al.), and amputations. PWT was also higher in the treatment group, but 
this narrowly missed statistical significance.

Losordo et al. studied low and high doses of enriched CD34+ PB-MNCs admin-
istered IM in a double-blind, placebo-controlled pilot trial [70]. Amputations 
occurred more frequently in the control arm (66.7%) compared to the low-dose 
(42.9%) and in the high-dose (22.2%) group though the difference did not meet 
statistical significance (p = 0.137). Other outcomes studied, including wound heal-
ing, PWT, rest pain, and QoL, also did not show differences between the treatment 
and control groups. The study was small and not powered to detect statistical 
differences.

Next, trials were conducted comparing PB-MNCs to BM-MNCs. There were 
mixed results. The TACT trial described above favored BM-MSCs, as did an exten-
sion of the TACT trial examining long-term outcomes [71]. One trial favored 
PB-MNCs [69] but also found improvements in the patients treated with BM-MSCs.

Table 6.2 summarizes the trials discussed. The trials were small Phase I or II tri-
als with few participants. Most of the trials included individuals with advanced 
PAD; however, two trials included individuals with less severe disease, and both 
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were positive trials. The mode of delivery for therapy was mostly IM injection, with 
only two studies exclusively administering cells intra-arterially. There were several 
studies that compared IM and IA injections, and there was little evidence that one 
method was superior to the other. An IA injection would call for cannulation of an 
artery, which requires special equipment and carries risks of bleeding and arterial 
injury, though there were few reports of these events occurring. In many of the tri-
als, unselected BM-MSCs were administered as treatment, with cell counts on the 
order of 109; however, several of the trials administered substantially fewer cells, on 
the order of 106. The RESTORE-CLI trial used a proprietary process to isolate 
higher concentrations of MSCs and HSCs and was a positive trial. Some, but not all 
of the studies, quantified the types of cells being injected. There was also some 
heterogeneity among the primary outcomes, which makes direct comparison of the 
trials difficult.

6.10  Safety Outcomes

All medical therapies must be assessed as a balance of benefit vs. risk. In the von 
Tongeren trial [59], two patients developed heart failure following the BM-MSC 
extraction and injection. The procedure took place under general anesthesia, and 
this was implicated as the cause of the complication versus the volume of BM-MSCs 
received or any other aspect of the bone marrow extraction. In the PROVASA trial, 
three adverse events were associated with the treatment procedure: thrombus forma-
tion in a previously placed stent after inflation of a low-pressure balloon, one hema-
toma, and one pseudoaneurysm associated with the IA administration of the 
BM-MSCs [65]. The JUVENTAS trial reported a large number of adverse events at 
213, but only one, a femoral hematoma, was directly attributed to the procedure 
[66]. The RESTORE-CLI trial also reported a high number of adverse events, 
though there was no significant difference in the number of adverse events in the 
treatment and control arms; many of the adverse events reported were also sequelae 
of the disease process, including pain, wound infection, and necrosis. In this trial, 
an event of wound infection in the hallux of the infected limb was thought to be 
possibly due to the treatment [62]. Other safety outcomes that were anticipated but 
not observed included rhabdomyolysis, kidney injury, or proliferative retinopathy 
[63]. A small drop in hematocrit was noted but did not require any therapy [63].

The studies involving PB-MNCs were also generally safe. Losordo reported 60 
serious adverse events, with no differences in incidence of events between the treat-
ment and control arms [70]. While the vast majority was felt not to be related to the 
procedure, one patient developed hypotension with G-CSF treatment, and another 
had worsening of rest pain after the injection that required hospitalization. Huang 
et al. documented one patient with bone pain and malaise during treatment with 
G-CSF [69]. No deaths that occurred in these trials were attributed to the procedure 
or the treatments received.

M. Bethel et al.
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6.11  Perspectives on Stem Cell Therapy

Despite the grave nature of CLI, owing to the lack of positive data, stem cell therapy 
has not emerged as a proven strategy for the treatment of PAD. In the most recent 
AHA/ACC [72] and ESC [73] clinical guidelines on the treatment of PAD, there are 
no recommendations supporting the use of stem cell therapy. There are several 
potential reasons for the overall lack of success. Several studies have called into 
question the quality of stem cells from a population of patients with PAD, unfortu-
nately the patients most in need of treatment. Imanishi et al. found that endothelial 
progenitor cells (EPCs) from patients with hypertension reached senescence and 
had decreased telomerase activity compared to age-matched control patients with-
out hypertension [74]. Similarly, EPCs isolated from the peripheral blood of healthy 
smokers were found to have impaired migratory and proliferative response and 
decreased ability to form precapillary structures in cell culture [75]. Patients with 
type I diabetes have also been noted to have fewer EPCs with reduced function in 
culture, even when the cells were grown in culture with normal glucose levels [76]. 
Hypercholesterolemia has also been associated with lower EPC numbers and dys-
function [77]. Taken together, it is likely that stem cells from patients with PAD are 
dysfunctional at baseline when compared to similar cells from a non-PAD 
population.

It has also been shown that the established cell markers used to identify EPCs in 
bone marrow cells may lead to contamination of the product with cells of the hema-
topoietic lineage [78]. This raises questions about the actual mechanisms involved 
in the effects of BM-MSCs in the treatment of PAD: it may be that other mecha-
nisms besides EPC-mediated angiogenesis are involved. Along the same lines, one 
study in mice with induced hind-limb ischemia found that BM-MSCs did not incor-
porate into developing blood vessels and that there has been false-positive identifi-
cation of EPCs from surrounding cells [79]. There is also the question of whether 
EPCs, also called endothelial colony-forming cells (ECFCs) [80], exist in the gen-
eral population of BM-MSCs; true EPCs may actually be found in the peripheral 
blood [81]. The majority of studies highlighted in this chapter used BM-MSCs as 
compared to PB-MSCs. Evidence is emerging that ECFCs and BM-MSCs may act 
in concert to support angiogenesis [82](Lin et  al); therefore, a strategy using 
BM-MSCs alone may be inadequate to produce a clinical effect.

Other considerations include the severity of disease in the patient population. 
These trials included patients with the most severe PAD who were not candidates 
for surgery. Some have argued that the time to try such therapies may be at an earlier 
stage of disease.

6.12  Future Directions

Has stem cell therapy for PAD reached a dead end? In a meta-analysis of the trials 
published in 2019, Gao et al. demonstrated that the cumulative evidence shows a 
clear benefit for stem cell therapy in terms of improving rest pain and pain-free 
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walking distance [83]. The evidence for ulcer healing and ABI were less certain, but 
the preponderance of the studies included in the analysis favored stem cell therapy. 
Conversely, the data for amputations favored placebo, and this analysis also high-
lighted the high potential for bias in a large proportion of the studies, particularly 
related to blinding.

It can, however, be argued that further studies may reveal the true benefit of stem 
cells. As nearly every study examined patients with the most severe PAD, stem cell 
therapy considered at an earlier time point in the natural history may prove benefi-
cial. Furthermore, there may be a specific cell population that would provide a 
benefit.

There may also be benefit from stem cells derived from adipose tissue. Bura 
et al. conducted a Phase I trial of MSCs obtained from adipose tissue as stem cell 
therapy in patients with CLI [84]. This small trial of seven patients demonstrated the 
safety of this technique, as no adverse events were reported. In terms of efficacy, 
there were overall decreases in wound area and increases in TCO2 (p < 0.05).

Unfortunately, the proportion of studies examining treatment for PAD is low: 
according to a study published in 2014, 1.7% of all active trials registered in 
ClinicalTrials.gov from October of 2007 to September 2010 were devoted to exam-
ining interventions for PAD [85]. More recently, Biscetti et al., in their review of 
stem cell therapy in PAD, noted a lack of well-designed Phase III trials [86]. Taken 
together, this suggests that there are few studies on the horizon.

6.13  Conclusions

PAD remains at epidemic proportions. Current medical therapy is limited, and the 
jury is still out on the true benefit of novel therapies such as stem cell therapy. 
Before abandoning the option of stem cell therapy, future studies should focus on 
well-designed trials that limit bias and explore the optimal population of patients 
with PAD who may benefit from such therapy.
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Chapter 7
Stem Cell Therapy for Diabetic Foot Ulcers

Hallie J. Quiroz, Zhao-Jun Liu, and Omaida C. Velazquez

7.1  Introduction

Diabetes mellitus (DM) and its many complications involving the lower extremities 
are well characterized. Diabetic foot ulcers (DFU) are the most commonly recog-
nized lower extremity complication of DM with a global prevalence of 6.4% (13% 
in North America) [1] and an estimated lifetime incidence up to 25%. [2] They 
develop due to a complex, multifactorial process consisting of peripheral neuropa-
thy, external trauma or abnormal weight distribution, and concomitant peripheral 
vascular disease, which results in a chronic, nonhealing wound susceptible to infec-
tion. The peripheral neuropathy develops due to chronically elevated systemic blood 
glucose levels, which damages nerve conduction and progressively alters sensation 
in the foot. Patients with severe peripheral neuropathy are at higher risk of foot 
injury as they have diminished sensation to pain, which then results in wounds that 
develop over time with chronic trauma and poor blood flow. Preventative strategies 
involve primarily achieving glycemic control, periodic foot inspection, patient edu-
cation, and other risk reduction strategies such as avoidance of smoking. If a DFU 
does develop, current treatment modalities involve early detection, continued glyce-
mic control, off-loading pressure from the wound, debridement of necrotic tissue, 
infection control, revascularization procedures (if peripheral vascular disease is 
present), and aggressive wound care. These treatments often fail due to the aberrant 
wound healing found in the diabetic phenotype. Often these combined measures for 
wound closure fail, and patients require amputation, which occurs as high as 30 
times more often in diabetic patients than in those of the general population. [3]. Due 
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to the high morbidity in this population and frequent failure rate of current medical 
and surgical options, novel therapies are warranted to assist in DFU wound healing.

7.1.1  Why Stem Cells?

The term “stem cell” is inherently a broad term, which describes the cell’s ability to dif-
ferentiate into other cellular phenotypes with the combined self-renewal capability. The 
two main types of stem cells are embryonic and somatic (adult) stem cells, which differ 
in their ability to differentiate into certain cell types. Embryonic stem cells have the abil-
ity to differentiate into any cell type (endodermal, mesodermal, ectodermal) and are 
considered totipotent as they can differentiate into all cell types, including embryonic 
structures. Somatic, or adult, stem cells are more limited in their abilities to differentiate 
and often are hindered by their lineage type. Currently, stem cells used therapeuti-
cally are exclusively adult stem cells, while ethical and scientific issues surround both 
embryonic and fetal stem cells and hinder their widespread implementation. In contrast, 
stem cells recovered postnatally from the umbilical cord, including the umbilical cord 
blood cells, amnion/placenta, umbilical cord vein, or umbilical cord matrix cells, are a 
readily available and inexpensive source of stem cells. Bone marrow-derived stem cells 
and adipose-derived stem cells are also popular sources of stem cells [4]. Moreover, 
with the discovery of induced pluripotent stem (iPS) cells, it is now possible to convert 
differentiated somatic cells into multipotent stem cells that have the capacity to generate 
all cell types of adult tissues. Thus, iPS cells have potential for regenerative medicine [5].

Stem cells utilized for DFU wound healing are a promising treatment modality as 
their therapeutic properties address many facets of the underlying pathophysiology 
of the impaired wound healing inherent in DFU. It has been shown that stem cells are 
able to mobilize and home to ischemic and wounded tissues, where they then embark 
on a cascade of pro-wound healing strategies. They are able to synthesize and secrete 
cytokines, which recruit other types of cells needed for the reconstruction of the 
wound bed, secrete growth factors, modulate the tissue immune response, assist in 
remodeling of the extracellular matrix, and promote angiogenesis and neuroregen-
eration. Taken together, stem cells utilize a vast array of tactics to promote wound 
healing. [6] In addition to their extrinsic pro-healing capabilities, stem cells are able 
to undergo differentiation into cells that may also assist and participate in wound 
healing such as myofibroblasts, keratinocytes, and endothelial cells. [7, 8] This chap-
ter will discuss the aberrant wound healing inherent to those with long-standing DM, 
the types of stem cells utilized for DFU treatments, the delivery methods for stem 
cell therapy in DFU, and the future of stem cell therapies for DFU patients.

7.2  Wound Healing and Its Aberration in Diabetics

The cascade of physiologic wound healing is divided into these four overlapping 
phases: hemostasis, inflammatory, proliferative, and maturation/remodeling. 
Physiologic wound healing is a complex interplay between the immune system, 
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signaling molecules, growth factors, and the vascular system that delivers cells and 
soluble factors to the newly injured tissue. After injury, the tissue releases cyto-
kines, and the complement system activates which results in an increase of endothe-
lial surface molecules that act as receptors for the capture of neutrophils, endothelial 
progenitor cells (EPC), and other cells necessary for tissue repair. The neutrophils 
then enter the injured tissue via diapedesis, which is enhanced due to the edema 
caused by the inflammatory cytokines, and begin killing tissue microbes with 
superoxide and reactive oxygen particles; however, this also results in increased 
tissue damage. Macrophages then arrive to begin clearing the wound of debris, 
which will allow for the remodeling phase of wound healing to begin. The wound 
remodeling and maturation phase consist of angiogenesis, fibroblasts, and 
T-lymphocytes. Angiogenesis, the development of new blood vessels, develops 
simultaneously to ensure proper blood flow to the tissue and that newly developed 
tissues will have the required nutrients for survival. The fibroblasts are essential for 
tissue repair and the development of granulation tissue by the placement of collage 
fibers. Once the wound has closed, the T-lymphocytes are heavily involved in the 
post-closure wound remodeling by assisting in collagenous fiber maturation and 
other tissue remodeling functions [9].

Chronic wounds are defined as wounds that fail to proceed through the normal 
phases of wound healing in an orderly and timely manner [10]. Often, chronic 
wounds stall in the inflammatory phase with an excessive neutrophilic response 
and non-progression to the macrophage/fibroblastic phase, which results in 
wounds that are prone to infection and difficult to heal. Poor wound healing in the 
diabetic phenotype occurs due to extrinsic as well as intrinsic wound characteris-
tics. The extrinsic factors include peripheral neuropathy, which leads to continued 
wound trauma and mechanical stress and poor blood flow due to peripheral micro/
macrovascular ischemic disease. Intrinsically, the wounds of diabetics also have 
impaired inflammation [11, 12], cellular proliferation and differentiation, and 
decreased ability to form collagen [13]. The diabetic phenotype is associated with 
an increased propensity for inflammatory cytokines over the wound healing cyto-
kines and, due to chronic hypoxic conditions inherent in diabetic tissues, has 
decreased eNOS production, which is associated with bone marrow mobilization 
of cells necessary for wound healing and angiogenesis [14]. Diabetic neutrophils 
are less likely to arrive to the site of injury due to poor adherence and chemotaxis, 
and those that do arrive have an impairment in phagocytosis and bacterial killing. 
They also tend to linger in the wound tissue and create an excessive inflammatory 
response. Like the neutrophils, the macrophages also have impaired tissue recruit-
ment and also maintain a pro-inflammatory response as opposed to a pro-wound 
healing phenotype. Overall this results in a tissue microenvironment with aber-
rant inflammatory responses that hinder both the development of granulation tis-
sue by fibroblasts and eventual remodeling [9]. Stem cells may provide the 
diabetic wound environment with the necessary cells required for wound healing 
and ability to restore the microenvironment from inflammatory to healing and 
may also differentiate themselves into required cells for successful wound healing 
(Fig. 7.1).
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7.3  Stem Cells and Their Utilization in DFU Treatment

Stem cells are unspecialized and thus are able to differentiate into most cell types of 
the host organism and are also able to self-renew. They are found from embryonic 
to adult developmental stages; however with organismal growth and differentiation, 
the stem cells tend to lose their developmental potency. Due to this, stem cells range 
from totipotency to unipotency, with varying levels of differentiation potential 
depending upon the growth of the organism and other factors. Totipotent stem cells 
have the ability to self-renew and differentiate to form the entirety of the organism, 
including extraembryonic structures. The zygote, a sperm fertilized egg, is a bundle 
of totipotent stem cells that form the placental and all three germ layers. After fur-
ther divisions, the zygote forms the blastocyst, which has an inner cell full of plu-
ripotent stem cells. Pluripotent stem cells form all three germ layers, but not 
extraembryonic structures, an example of which would be embryonic stem cells 
(ESCs), which are harvested from the inner cell mass of embryos. Pluripotency 
describes a spectrum of development potency ranging from complete pluripotency 
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to multipotent, oligopotent, and ending in unipotent cell lines. Multipotent stem cell 
lines have the ability to differentiate into specific cell lineages (within same germ 
layer), such as the hematopoietic stem cell (HSC), which can form many types of 
blood cells. HSC may then further differentiate into a myeloid cell, which is an 
oligopotent stem cell, which, depending upon host factors, will develop into differ-
ent cell types within its own cell lineage, but cannot develop into, say, a red blood 
cell [5]. The stem cell classification with the least amount of differentiation capacity 
is the unipotent cell, which can only differentiate into one cell type, however, and 
has the ability to self-renew. This innate self-renewal capacity makes them impor-
tant cell types for regenerative medicine. Utilizing stem cells for clinical applica-
tions ranges from neurodegenerative disorders to wound healing applications. The 
purpose of this text is to describe the applications of stem cell therapy for the treat-
ment of DFUs. For this purpose, the stem cells utilized will be grossly categorized 
into two main categories, allogeneic and autologous stem cells, and are then subcat-
egorized based upon whether they are embryonic or somatic and their tissues 
of origin.

7.3.1  Allogeneic Stem Cells

Allogeneic stem cells are donor cells from tissues foreign to the recipient but within 
the same species. Typically, allogeneic stem cells are totipotent or pluripotent such 
as ESCs or stem cells from extraembryonic structures such as the placenta or umbil-
ical cord (UC). Because they are extracted from donors, the advantages are the abil-
ity to use younger/healthier donors, increased developmental potency, and ability to 
form donation banks or use cadaveric cells. However, their utilization may result in 
immunological incompatibility and contains some inherent ethical and legal issues 
with the utilization of donor tissues. The three main types of allogeneic stem cells 
that have been utilized for investigations into enhanced wound healing are placen-
tal, umbilical cord (UC), and embryonic stem cells. Human placental and UC are 
both sources of pluripotent mesenchymal stem cells (MSC) that have multi-lineage 
differentiation capabilities and are associated with noninvasive procurement 
procedures.

Human placental MSC is harvested from the expulsed placenta after the birth 
process has been completed and has the advantage of being a high-yield source of 
stem cells and comes from typically young and healthy donors. Placentas function 
as the immunoregulatory organ throughout pregnancy and regulate the fetal- 
maternal interphase. Likely due to this innate immunomodulatory function, the 
stem cells from placentas tend to express low immunogenicity when xenotrans-
planted in both in vitro and in vivo [15, 16]. For the purpose of this chapter, we will 
include MSCs from all placental tissue (amnion, chorion, chorionic villi, and 
decidua) and describe them as human placental MSC. These cells exhibit the typical 
MSC characteristics which include plastic adherence and expression of specific cell 
surface markers (+CD105, +CD73, +CD90, -CD34, -CD45, -CD14, -CD19, 
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-HLA-DR) and can differentiate into different mesodermal lineages [17]. These 
cells, while MSC, have advantages in their utilization over adult MSC due to their 
ease of extraction; a more homogenous, primitive population; and a higher prolif-
erative rate when compared with bone marrow-derived MSC (BM-MSC). A higher 
proliferative rate allows for ex vivo expansion with a decreased risk for passage 
senescence, which leads to an older phenotype and less therapeutic potential [18]. 
Preclinical studies of human placental MSC have been utilized to increase angio-
genesis in ischemia models [19, 20] and have also demonstrated accelerated wound 
healing and closure when compared to controls (human adipose-derived stem cells 
(ADSC) and human fibroblasts) [21, 22]. Despite promising results, there have yet 
to be any clinical studies of human placental MSC for the treatment of DFU, while 
currently a phase III trial for critical limb ischemia is underway [23].

Another type of MSC derived from extraembryonic structures are from the umbil-
ical cord (UC), which includes both MSC extracted from Wharton’s jelly, the con-
nective tissue enveloping cord blood vessels, and the umbilical cord blood itself. 
These UC-MSCs also meet the minimum criteria for MSC designation and have 
similar advantages of utilization as the placental MSC, which include ease of pro-
curement, homogenous/primitive population, and higher proliferation [24]. 
Preclinical studies of UC-MSC have demonstrated accelerated wound healing in a 
murine diabetic wound model [25] and in immunodeficient mice [26]. The only 
finalized randomized clinical trial utilizing UC-MSC was also designed to test the 
utilization of angioplasty with or without intra-arterial UC-MSC in diabetic patients 
with Fontaine II-IV diabetic feet and lower extremity peripheral arterial disease 
(PAD). The 3-month follow-up of these patients demonstrated that treatment with 
angioplasty plus intra-arterial and intramuscular UC-MSC resulted in better ulcer 
healing, skin temperature, and transcutaneous oxygen pressure(TcPO2) and 
decreased claudication [27]. Despite the success of the clinical trial utilizing 
UC-MSC, there remains a lack of an FDA-approved therapy. This is likely due to 
risks of immunocompatibility and future malignancy; however more robust studies 
and longer follow-up are required to answer these questions.

Embryonic stem cells (ESC), as opposed to the MSC of the placenta and umbili-
cal cords, are an example of a totipotent stem cell. The advantage of ESC for regen-
erative medicine relies on their ability to form any type of cell, the donor source is 
primitive, and the cell source is typically banked for future use. However, due to 
their allogeneic nature, immune compatibility is a barrier to their usage. Furthermore, 
due to their procurement method (via the inner cell mass of in  vitro fertilized 
embryos), their utilization remains ethically controversial and thus limits its capac-
ity for human clinical trials. They have been used in preclinical studies of diabetic 
wound healing and have shown enhanced wound healing [28] along with increased 
levels of associated growth factors such as epidermal growth factor (EGF), vascular 
endothelial growth factor (VEGF), and fibronectin when compared to controls [28]. 
Despite the current ethical limitations of its use in human subjects, this cell type has 
an immense potential for regenerative medicine for DFUs and other diseases. Future 
investigations in the clinical realm need to be seriously considered to afford the best 
chance of a curative therapeutic for difficult disease processes such as DFU.
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7.3.2  Autologous Stem Cells

Autologous stem cells are harvested from the same person for which they are 
intended to treat. These cells tend to have developmental potency ranging from 
pluripotent to unipotent, due to their procurement from fully developed tissues. The 
method of cell harvest is highly dependent upon the location of the stem cell niche, 
and thus procurement procedures vary from minimally invasive (peripheral blood) 
to invasive (bone marrow aspiration). Autologous cells have the advantage of being 
fully immunocompatible, have no risk of disease transmission, and have very few 
ethical limitations with their use. However, especially in the diabetic patient, the 
donors are typically older and have diminished stem cell niches as compared to 
younger (or embryonic) donors. It has been demonstrated that diabetic patients have 
stem cells with decreased developmental potency, decreased therapeutic efficacy, 
and increased risk of overall complications [29, 30]. Despite these concerns, autolo-
gous cells are the most commonly utilized cell type in both preclinical and clinical 
trials, underlining their importance and efficacy for the investigational treatment of 
DFU [4].

7.3.2.1  Bone Marrow-Derived Stem Cells (BMDSC)

The bone marrow houses a heterogenous population of adult stem cells and acts as 
a reservoir to repair damaged tissues and replace senescent cells. Normal skin is 
known to contain BM-derived cells, and the BM-derived stem cells have the ability 
to home to injured skin tissues and participate in the repair and regeneration [8]. The 
two main subpopulations of bone marrow-derived stem cells (BMDSC) are mesen-
chymal stromal/stem cells (MSC) and hematopoietic stem cells (HSC); however 
these also give rise to another important stem cell niche, the endothelial progenitor 
cells (EPC). These three types of stem cells, which primarily reside in the bone mar-
row, have all been shown to have regenerative effects, and thus this section will 
detail each BMDSC and discuss their utilization in the treatment of DFU.

7.3.2.2  Mesenchymal Stem Cells (MSC)

The term “mesenchyme” relates to the development of loose, connective tissues 
during embryogenesis and is a derivative of the mesoderm. Most mesenchymal tis-
sues are comprised of terminally differentiated cells, which are derived from com-
mitted, lineage-directed mesenchymal precursor cells. However, mesenchymal 
stem cells, which are pluripotent, have the capability of multi-lineage differentia-
tion, immunomodulation, and the ability to home to tissues where repair and regen-
eration are required, which make them ideal cell types for a multitude of chronic 
diseases. They are typically harvested from the bone marrow (BM-MSC) and 
peripheral blood (PB-MSC) but also have been found in the scalp, skeletal muscles, 
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teeth, and adipose tissues [8]. To determine whether cells are in fact MSC, they must 
adhere to the International Society for Cellular Therapy standard criteria, which 
were mentioned earlier in this chapter. In brief, these include adherence to plastic, 
specific cell surface markers, and ability to differentiate into different mesodermal 
lineages [17].

MSC protocols for extraction and isolation are dependent upon the location of 
the stem cell niche. Whether from bone marrow aspiration (BM-MSC) or from a 
peripheral venous blood draw (PB-MSC), the cells are typically isolated using 
Ficoll density gradient methods and then seeding onto cell culture plates. MSCs 
have been shown to have high proliferative assays; however as mentioned earlier, 
not all MSCs are created equally. MSCs derived from placental and UC have been 
shown to have higher proliferation than those derived from adult tissues such as 
BM-MSCs. Due to the relative low concentration of MSC in both bone marrow and 
peripheral blood, most investigations require culture expansion in order to achieve 
the necessary cell count for adequate engraftment and therapeutic potential. Thus, 
cell passage is an important consideration for MSC due to the correlation of high 
passage number with decreased homing capabilities and therapeutic potential [30].

BM-MSCs have been shown efficacious in the treatment of chronic wounds [31], 
promotion of neovascularization in limb ischemia [32], and DFU wound healing 
[4]. Currently MSCs are the most commonly utilized stem cell in both preclinical 
and clinical trials of DFU wound healing. Falanga et al. demonstrated a direct cor-
relation between the numbers of cells applied to the chronic wound with the per-
centage of wound size decreased. Therefore, it is likely that wound surface area 
directly correlates with the amount of MSC required to attain maximal therapeutic 
effect [31]. The BM-MSCs have been tested in multiple randomized controlled tri-
als (RCT) and has repeatedly shown improved wound healing among other symp-
tomatologies [4]. Unfortunately, there exists a heterogenic component to these trials 
and thus makes drawing discrete conclusions on MSC therapy for DFU difficult; 
however evidence highly suggests that MSCs are a safe and efficacious alternative 
therapy. Continued investigations into MSC therapy are required, as there is still a 
lack of any FDA-approved cell-based therapy for DFU.

7.3.2.3  Endothelial Progenitor Cells (EPC)

EPCs are housed in the bone marrow but can also be isolated from peripheral blood, 
umbilical cord blood, and adipose tissues [33]. Their progenitor population has 
been reported to be from multiple cell types such as hematopoietic stem cells, 
myeloid cells, or other EPCs. Unlike the MSCs, which have a clear specification for 
their characterizations, EPCs lack a consensus on the cell surface markers used for 
isolation; however this is thought to be due to their dynamic display of surface 
markers due to epigenetic cues from their microenvironment. However, despite this, 
the most commonly used criteria for EPC isolation from UC blood, peripheral 
blood, and bone marrow is a combination of CD34+/VEGFR-2+/CD133+/CD45-/
CD14- followed by Fluorescent Activated Cell Sorting (FACS) analysis with EC 
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surface markers such as platelet endothelial cell adhesion molecule-1 (PECAM-1) 
and von Willebrand factor (vWF), to name a few [33].

EPCs are released into the peripheral bloodstream in response to tissue damage 
and ischemia and, once engrafted, promote healing and angiogenesis in the affected 
tissues. They home to damaged tissues via stromal cell-derived factor-1-α (SDF-1α)-
induced dual pairs of E-selectin cell adhesion molecule/ligand which increase cap-
ture of EPCs to the areas of critical ischemia [34]. Unfortunately, EPC mobilization 
in diabetics is impaired (due to low activated eNOS levels in the bone marrow and 
low SDF-1α levels in the wound tissue) which results in a sub-therapeutic level of 
circulating EPCs and decreased EPC capture in ischemic tissues [14]. EPCs of dia-
betic patients have also been shown to have diminished proliferative potential and 
are more likely to undergo apoptosis [35], all of which negatively affects wound 
healing. Due to derangement of normal EPC levels and functionality, cell-based 
approaches utilizing autologous EPCs require assistance via ex vivo enhancement of 
the extracted EPCs or additional therapies to enhance wound susceptibility to 
the EPCs.

Studies have shown that ex vivo expanded EPCs applied topically to a murine 
diabetic wound model promoted wound healing via increased local cytokine pro-
duction and enhanced neovascularization [36] and have also increased wound heal-
ing with improved EPC functionality after systemic treatment of H2S (depleted in 
DM patients/mice), when compared to controls [37]. Another study by Castilla et al. 
primed BMDSC with SDF-1α and reported that application of these cells to the 
diabetic murine wounds resulted in faster healing rates and enhanced neovascular-
ization when compared with control cell therapy [38], indicating that cell-based 
therapies can be improved with ex vivo activation via cytokines, such as SDF-1α.

7.3.2.4  Hematopoietic Stem Cells (HSC)

Hematopoietic stem cells (HSC) are pluripotent stem cells contained in the myeloid 
tissue and peripheral blood and give rise to all blood cell lineages while maintaining 
a very high self-renewal capacity. These cells are able to regenerate all blood cell 
lines after transplantation (either autogenous or allogeneic) to the recipient. These 
cells are the most abundant cell type in the bone marrow but can also be extracted 
from the peripheral blood and have also been extracted from umbilical cord blood 
[39]. These cells are identified via the cell surface antigen CD34+ and CD45+ 
(which differentiates them from the stromal cells found in the bone marrow) and are 
isolated via density gradients. Typically, they are isolated after intravenous pre- 
treatment with cytokines such as granulocyte colony-stimulating factor (G-CSF), 
which is utilized to mobilize the HSC from the myeloid tissue into the peripheral 
circulation, which are then extracted via venous blood draw.

It has been shown in physiologic wound healing models that HSCs have increased 
abundance after tissue injury, and methods to increase circulating HSCs (CXCR4 
antagonists) result in improved wound angiogenesis, cellular proliferation, and 
wound closure [8, 40]. Preclinical studies of HSCs in DFU models have 
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demonstrated enhanced DFU healing at both the inflammatory and proliferative 
phases of wound healing [41]. HSCs isolated from UC have also been utilized as 
topical treatment with a fibrin gel and accelerated wound closure in diabetic mice 
when compared to control treatments [39]. However, a study by Lu et al. demon-
strated superior DFU healing with MSC [42], which may explain their relative low 
number of clinical trials. A clinical trial by Wettstein et al. utilized autologous HSC 
in a pressure sore model and reported decreased ulcer size in the treatment group; 
although the study was underpowered to adequately assess statistical significance, 
there were no safety concerns and no malignancy in the 2-year follow-up [43]. 
Although no current clinical trials are utilizing HSCs for wound healing, there is a 
trial utilizing a CXCR4 antagonist (Plerixafor™), known to increase circulating 
HSCs, currently underway at the writing of this text.

7.3.2.5  Adipose Stromal Cells (ASCs)

Stromal cells found in the adipose tissue are similar to mesenchymal stem cells and 
as such are named adipose stromal cells (ASCs). Adipose tissue is a more abundant 
tissue source in the body than bone marrow, with a more simplified extraction 
method (liposuction), which makes ASCs a promising resource for cell-based DFU 
treatments. ASCs have demonstrated differentiation into multiple cell lines includ-
ing cardiomyocytes, endothelial cells, adipocytes, and myocytes, among others 
[44], and have similar in vitro characteristics to MSC such as plastic adherence, 
self-renewal, rapid proliferation, and lack of MHC-II.  Interestingly, it has been 
demonstrated that ASCs have more immune privilege than BM-MSC and have dem-
onstrated superior proliferative rates and genetic stability [45, 46].

Extraction of these cells is accomplished via liposuction, and the cells are then 
extracted via either mechanical or chemical means, which yields a heterogeneous 
population of cells called the stromal vascular fraction (SVF). The SVF contains 
preadipocytes, fibroblasts, vascular smooth muscle cells, endothelial cells, mono-
cytes/macrophages, lymphocytes, and ASC [44, 47]. Characterization of these cells, 
like most stem cells, requires analysis of cell surface markers, albeit there are no 
international guidelines for their characterization. The ASC cell surface markers 
which have been uniformly reported as having a positive expression are CD13, 
CD29, CD34, CD44, CD73, CD90, and CD105, while CD14, CD31, CD45, and 
CD133 have all been reported as having little to no expression [48]. The therapeutic 
potential for ASC is inherent in the cells but also in the clinical applicability of their 
extraction and isolation process, which yields a much higher stem cell count than 
other methods (BM, PB), which often diminishes the need for in vitro expansion. 
The ideal isolation of ASC would include mechanical isolation methods (as enzy-
matic isolation in the USA is considered a drug [49]), with relative low risk for 
contamination and high cell yield count, and would be rapid enough for utilization 
in the same clinical setting. Raposio et al. have described a simplified, mechanical 
method for ASC isolation after liposuction that was complete within 15 minutes of 
the liposuction, with high cell count and viability [50]. The continued perfection of 
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extraction and isolation protocols will make ASCs highly sought after for a wide 
range of clinical applications.

ASCs have been shown to aid in diabetic wound healing in mouse and rat models 
via increased granulation formation and epithelialization and have been shown to 
incorporate into the dermal/subdermal tissues and contribute to blood vessel forma-
tion [51–53]. They have also demonstrated capability of engrafting into the wound 
tissue and releasing growth factors to promote angiogenesis in a hind limb ischemia 
model [54]. Other studies have utilized platelet-rich plasma or 3D scaffolds (fibrin 
glue, collagen, etc.) in combination with ASC therapy as they are believed to work 
synergistically to repair tissues [55]. Although currently the utilization of ASCs for 
clinical studies is less frequent than BM-MSC, their usage is increasing in popular-
ity. Currently there are multiple ongoing phase I-II trials in the utilization of ASCs 
for DFU.

7.3.3  Xenotransplantation

Xenotransplantation refers to the utilization of cell types transplanted from one spe-
cies to another. The advantages of utilizing another species for stem cell therapy are 
the lack of ethical conflict and healthy stem cell source, lack of harvest risk for DFU 
patient, and the ability to create donor banking; however these advantages are 
dampened by the high risk of immunoincompatibility and the need to screen donors 
for disease that could pose a threat to the recipients. Xenotransplantation has been 
attempted in preclinical studies by utilizing human adult stem cells in diabetic 
wound models and had promising results without any adverse immunological reac-
tions. However, there is currently still a lack of utilization of other species’ cells 
utilized in human tissues for clinical trials. Methods to decrease species-specific 
cell markers involved in immunological graft rejections are still needed before these 
types of therapies will be able to be utilized in human tissues.

7.4  Delivery Systems

When determining cell-based therapeutic options for DFU, the determination of deliv-
ery method for the stem cells is also an important decision. Currently, no evidence 
suggests a superior delivery method for cell delivery to the wound bed, although both 
systemic and local injections have been proven effective. It is known that the therapeu-
tic effect of stem cell therapies for tissue repair and regenerative purposes is highly 
dependent upon the number of viable cells that can reach the tissues. Thus, the ideal 
delivery method would provide an adequate number of intact and healthy cells avail-
able for tissue engraftment directly to the injured tissue with minimal procedural risk to 
the patient. Each delivery method has its advantages and disadvantages, and this sec-
tion will discuss each delivery method and future endeavors to increase their efficiency.
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7.4.1  Systemic Intra-Arterial/Intravenous Injections

Systemic injections involve either direct injection of cells into the arterial or venous 
system, which mimics the circulatory route of endogenous stem cells that eventu-
ally home to sites of ischemia or injury. Intra-arterial injections have the advantage 
of delivering cells directly to ischemic tissues, which is likely why this methodol-
ogy is utilized for post-infarction regenerative purposes. However, for cutaneous 
wound healing, this approach is limited by the concomitant peripheral arterial dis-
ease inherent in DFU and the added risk of intra-arterial (IA) injections. IA has been 
associated with potential embolic formation and development of an arterial pseu-
doaneurysm at the injection site [56]. While the intravenous route decreases proce-
dural and embolic formation risk, this methodology is widely criticized for its lack 
of targeted cell delivery and increased risk of cell filtration into the liver, lungs, and 
spleen, which results in a sub-therapeutic number of cells in the injured tissue. 
Recently, a targeted cell delivery system has been developed. A nanocarrier for tar-
geted delivery of stem cells consisting of a dendrimer as the vehicle and adhesion 
molecules (E-selectin or E-selectin/VEGF) as the “GPS” to direct the “nanovehi-
cle” carrying the “passenger cells” allows for the cells to park at the desired loca-
tion. These adhesion molecules conjugated on nanocarriers can recognize their 
counterpart adhesion molecules, which are highly expressed on endothelial cells 
lining wound vasculature due to the stimulation of inflammatory cytokines/chemo-
kines within wound tissues. They then attach to the surface of wound endothelial 
cells, deliver the stem cells to the desired tissues, and achieve therapeutic effects [57]. 

7.4.2  Local Injection/Topical Delivery

Direct injection or topical delivery of stem cells for cutaneous healing requires a 
highly concentrated population of cells that need to be placed either on top of the 
wound or injected adjacent to the wound tissue. Local injections involve the uti-
lization of a small caliber needle with stem cells and delivery vehicle (usually 
saline) to inject aliquots either into the dermal/subcutaneous tissues around the 
wound or intramuscularly around the wound. This methodology increases the 
likelihood of the cells being available for tissue engraftment, however, is also met 
with both technical and environmental issues that can decrease stem cell survival. 
First, the mechanical shear forces exerted on the stem cells are increased in local-
ized injections due to the smaller needle-gauge, which can significantly damage 
the cells and decrease their tissue viability. Secondly, the chronic wound tissue in 
DFU is a hostile environment that may also lead to decreased cell viability. For 
this reason, some investigators have attempted to prime the tissue environment or 
stem cells to increase cell engraftment and thus aid in wound healing [38]. Others 
have also speculated that a protective delivery vehicle may also aid cell engraft-
ment and therapeutic effects. Topical delivery of stem cells is dependent upon the 
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constant contact with the wound tissue and cell viability, which is often dimin-
ished in the hostile wound microenvironment. For this reason, topically delivered 
cells are prepared with either fibrin sealants, hydrogels, collagen gels, or extracel-
lular membrane (ECM)-like materials and macromolecules which have all been 
shown to increase wound closure rates. Many of these are currently still under 
investigation but have shown promising results in accelerated wound closure rates.

7.5  Combination of Therapeutic Modalities to Enhance Stem 
Cell Effectiveness

As discussed previously, diabetic patients do not only have deficient wound healing 
abilities but also have a diminished bone marrow mobilization response and 
decreased lower extremity blood flow due to concomitant peripheral vascular dis-
ease. Thus, combined therapies that assist in both increased cell availability via 
increased bone marrow mobilization and increased peripheral blood flow are impor-
tant adjuncts in the treatment of DFU. Many diabetic patients suffer concomitantly 
with peripheral arterial disease (PAD) and may require surgical interventions such 
as angioplasty to assist in the restoration of adequate blood flow to the lower extrem-
ities. Clinical studies investigated patients with critical limb ischemia (the most 
severe form of PAD) that contributed to their DFU to determine whether a combina-
tion approach is a superior option. Although the heterogeneity of clinical trials for 
this question makes it difficult to draw discrete conclusions, the overall results sug-
gest that DFU patients with critical limb ischemia have improved wound healing 
and ankle-brachial index and decreased claudication distances [4]. Another study of 
patients deemed “high risk” for surgical revascularization received bone marrow 
cell therapy and demonstrated high rates of improved wound healing, improved rest 
pain, and decreased amputation rates [58]. Another adjunct to stem cell therapy in 
DFU is the utilization of G-CSF therapy, which stimulates the bone marrow to 
release stem and progenitor cells into the peripheral circulation. Clinical trials have 
found that the addition of G-CSF to stem cell therapy is safe and promotes wound 
healing and as such should be considered [4]. Other attempts at augmenting the 
regenerative potential of stem cells have utilized systemic hyperoxia with localized 
cytokine injections to increase the mobilization and homing of diabetic bone mar-
row cells [14].

7.6  Future of Stem Cell Therapy in DFUs

Currently the trend in stem cell therapy for DFU is autologous MSC injected 
locally to increase wound healing. However, there remain technologies and stem 
cell therapy adjacent treatments that are underutilized due to a fundamental lack of 
knowledge of stem cell biology and its interactions with the wound 
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microenvironment. One avenue worth further investigation for utilization in dia-
betic patients is induced pluripotent stem cell (iPSC) therapies. In 2006, scientists 
discovered that adult stem cells were able to reverse pluripotency. They accom-
plished this by transducing mouse fibroblasts with four transcription factors 
(Oct3/4, Sox2, KLF4, and c-MYC) [5]. These transcription factors are mainly 
found in embryonic tissues and thus act to reprogram the cells into an embryonic-
like pluripotent state. Since this discovery, human adult cell lines have been trans-
formed to iPSC including the reprograming of DFU-derived fibroblast cell lines, 
which were able to then further differentiate into fibroblasts [59]. Utilization of 
these cell types in clinical trials requires the utilization of differentiation protocols 
using recombinant factors to allow these cells to differentiate into the desired cell 
types. Unfortunately, these recombinant factors are costly and thus diminish the 
feasibility of their use in large-scale clinical applications. Another risk is their 
higher malignancy risk and teratoma formation risk. Taken together, iPSCs are a 
promising cell technology for regenerative medicine, and no doubt their use in 
clinical medicine will increase with more knowledge and expertise in their use. 
Another promising therapeutic option in stem cell therapy is the utilization of stem 
cell extracellular vesicles (EVs). EVs carry cytokines and growth factors, signaling 
lipids, mRNAs, and regulatory miRNAs and are thought to be responsible for cell-
cell communications and mediate stem cell’s paracrine effects, via the formation of 
epigenetic modifications to recipient cells [5]. Studies utilizing EVs have been 
used to enhance cutaneous wounds and have also been shown to promote angio-
genesis and ulcer healing in a murine DFU model [60]. The obvious advantage of 
this stem cell therapy approach is the decreased immunocompatibility and malig-
nancy risk; however consistent procurement methodologies need to be developed 
before their utilization in clinical studies.

Genetic modifications of stem cells in preclinical studies of limb ischemia have 
also shown enhanced limb revascularization and improved leg functionality. 
Specifically, E-selectin supercharged MSC (overexpression of E-selectin on sur-
face of MSC) has been developed via ex vivo transduction with an adeno-associ-
ated virus (data presented at the American College of Surgeons Clinical 
Congress 2019).

Overall the field of stem cell therapies for the treatment of DFU is promising and 
growing in popularity as the application of these therapies has been shown to be safe 
and efficacious. Continued investigations into the optimal stem cell type (whether 
modified or not), delivery method, and protocols need to occur before the wide-
spread utilization of stem cell therapies for DFU treatment will occur.
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Chapter 8
Venous Foot and Leg Ulcers

Edith Tzeng and Kathy Gonzalez

8.1  Introduction

Normal wound healing is a complex process comprised of well-orchestrated inter-
actions between a variety of cell types, cytokines, and growth factors [1]. Chronic, 
nonhealing wounds result from conditions such as diabetes, pressure, arterial insuf-
ficiency, and venous disease that lead to the disruption of the cellular and molecular 
events found in normal wound healing [2]. These wounds represent a major eco-
nomic burden to the health-care system, affecting 1–2% of the general population 
and costing Medicare more than $20 billion annually [3].

Venous leg ulcerations (VLUs) are estimated to affect 500,000 to 600,000 people 
annually in the United States alone, contributing to health-care costs approaching 
$1.5 billion to $3 billion each year. The mean total cost of treating a venous ulcer 
over a 6-month follow-up period is $15,732 [4]. These estimates only take into 
account the direct treatment costs and fail to consider the additional financial burden 
incurred by the patient’s loss of work and disability. Additionally, chronic wounds 
have a significant impact on quality of life, causing patients substantial pain, limit-
ing their mobility and thus restricting their ability to work and perform activities of 
daily living, resulting in feelings of depression and social isolation [5].

Despite a wide array of therapies available for the management of chronic 
wounds, up to 50% of wounds that have been present for over a year remain resis-
tant to treatment [6]. Thus, efforts have been concentrated on developing more inno-
vative therapies to improve wound healing. In particular, the rapidly advancing field 
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of regenerative medicine has emerged as a promising alternative to improve wound 
repair. Regenerative therapy focuses on utilizing stem cells to restore the conditions 
for physiologic tissue renewal. A number of preclinical and clinical trials have dem-
onstrated positive outcomes and safety profiles for stem cell therapy in this applica-
tion. However, questions remain regarding the ideal stem cell population to utilize 
and how to optimally deliver the cells to the site of injury [7, 8].

8.2  Epidemiology of Venous Ulceration

Venous leg ulcers represent a substantial clinical challenge and health care burden. 
The overall prevalence of this condition in westernized countries is estimated to be 
1%, increasing to greater than 3% in those over 65 years of age [9]. VLUs are esti-
mated to affect 500,000 to 600,000 people annually in the United States. They 
account for 80–90% of all lower extremity ulcers and are estimated to cost the US 
health-care system between $1.5 billion and $3 billion annually [4]. These costs do 
not take into account the financial loss incurred by the patient’s inability to work 
and disability. Additionally, these wounds negatively impact quality of life because 
of pain and restricted mobility that present daily challenges to patients, leading to 
feelings of depression and social isolation [10].

Contributing significantly to the socioeconomic cost of these wounds is the fact 
that VLUs are prone to chronicity and recurrence. Approximately 30% of venous 
ulcers remain unhealed after a 6-month period, and recurrence rates are as high as 
60 to 70% [11]. Ma et al. concluded that the mean total cost of treating VLU during 
a 6-month follow-up period in a cohort of 84 patients was $15,732. Those that 
healed without recurrence cost $10,563, but those who failed to heal had a total cost 
that was three times higher at $33,907 [4]. While the costs of treating these wounds 
are already high, the global prevalence of VLUs is predicted to increase exponen-
tially as people are living longer with multiple comorbidities [12]. The projected 
costs of these wounds are staggering and support the need for wound care strategies 
that accelerate venous wound healing and prevent recurrence.

8.3  Normal Wound Healing

The normal wound healing process is traditionally divided into three overlapping 
but distinct phases – inflammation, proliferation, and maturation.

8.3.1  Inflammation

The inflammatory phase is characterized by a cellular and vascular response to 
injury that functions to eliminate devitalized tissue in the wound, prevent infec-
tion, and set the stage for tissue regeneration [1]. The initial vascular response to 
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injury is vasoconstriction to prevent hemorrhage. Platelets adhere to the exposed 
collagen in the subendothelial layers of the blood vessel wall and form the initial 
hemostatic plug. This is followed by activation of the coagulation and comple-
ment cascades. Prothrombin is converted to thrombin, which then converts fibrin-
ogen to fibrin. The thrombus formed from cross-linked fibrin, platelets, and plasma 
fibronectin is the first line of defense against microbial invasion and serves as a 
scaffold for infiltrating cells [13]. Platelets in the clot release chemotactic factors 
that are essential to the recruitment of inflammatory cells to the wound. They also 
release many growth factors, including transforming growth factor (TGF)-α, 
TGF-β, and platelet-derived growth factor (PDGF) [14]. Fibrin binds to integrin 
CD11b/CD18 on infiltrating monocytes and neutrophils. It also binds to αvβ3 inte-
grin on endothelial and fibroblast cells, as well as fibroblast growth factor-2 
(FGF-2) and vascular endothelial growth factor (VEGF), thus aiding in angiogen-
esis [7, 13].

Polymorphonuclear cells (PMNs) are the first inflammatory cells to arrive at the 
wound and do so between 24 and 48 hours post-wounding. They protect the wound 
from infection by killing bacteria and phagocytizing devitalized tissue and cellular 
debris [1]. In addition, they serve as a major source of pro-inflammatory cytokines, 
including IL-1α, IL-1β, IL-6, and tumor necrosis factor-α (TNF-α) [7]. After 
2–3 days, monocytes are recruited into the wound bed where they differentiate into 
macrophages, which play a pivotal role in the transition from inflammation toward 
repair. Macrophages also phagocytize and kill bacteria, scavenge tissue debris, and 
remove apoptotic neutrophils. They secrete cytokines and growth factors that are 
essential for the later stages of wound repair. These include chemotactic factors that 
attract fibroblasts to the wound area and growth factors such as PDGF, FGF, VEGF, 
TGF-β, and TGF-α, all of which play a role in cell migration, proliferation, and 
matrix production [14, 15].

8.3.2  Proliferation

The proliferative phase of wound repair occurs 2–10  days after injury and is 
characterized by cellular proliferation and migration of different cell types, 
resulting in extracellular matrix (ECM) deposition, angiogenesis, and reepitheli-
alization [16]. Fibroblasts attracted to the wound become the predominant cell 
type in the wound by 3–5 days post-injury. The fibroblasts proliferate and pro-
duce fibronectin, hyaluronic acid, collagen, and proteoglycans, leading to the 
construction of new ECM and a platform for keratinocyte migration [13]. About 
4 days after injury, the provisional fibrin matrix begins to be replaced by granula-
tion tissue, which is composed of fibroblasts, collagen, blood vessels, and mac-
rophages [7].

Angiogenesis accompanies granulation tissue formation to provide the oxygen 
and nutrients necessary to support cell metabolism. In the form of developing capil-
lary sprouts, endothelial cells (ECs) digest and penetrate the underlying vascular 
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basement membrane, invade the ECM, and form tube-like structures that extend, 
branch, and create capillary networks. EC migration is stimulated by FGF, VEGF, 
and other angiogenesis factors. To facilitate migration through the basement mem-
brane into the fibrin clot, endothelial capillary sprouts express αvβ3 integrin, which 
is able to recognize all provisional matrix proteins [17].

Stimulated by PDGF, TGF-β, epidermal growth factor (EGF), and a number of 
other growth factors, fibroblasts secrete collagen and enhance collagen cross- 
linking, resulting in increased mechanical strength in the healing wound. The provi-
sional fibrin matrix is gradually replaced by type III collagen followed by type I 
collagen during the remodeling phase. Fibroblasts also differentiate into myofibro-
blasts, which exert contractile forces via focal adhesion contacts that link the intra-
cellular cytoskeleton to the ECM, leading to wound contraction and reduction in 
wound area [7, 13].

Reepithelialization is the process of restoring an intact epidermis after cutaneous 
injury. It involves the migration of adjacent epithelial cells into the wound, prolif-
eration of keratinocytes behind the advancing epithelial tongue, restoration of the 
basement membrane, and differentiation of keratinocytes into a stratified epidermis 
[14]. Keratinocyte migration and proliferation are modulated by multiple factors, 
including the ECM, integrin receptors, matrix metalloproteinases (MMPs), and 
growth factors, including EGF, TGF-α, and keratinocyte growth factor (KGF) [14, 
18]. The ECM provides a scaffold for keratinocytes to migrate across. The direction 
of keratinocyte migration is coordinated by their surface integrin interaction with 
newly formed collagen in the wound bed. MMPs release keratinocytes from their 
substratum and facilitate migration through the matrix by degrading type IV colla-
gen and laminin in the basement membrane and disrupting attachment to fibrillar 
collagen. Once migration is completed, likely secondary to contact inhibition, kera-
tinocytes and fibroblasts secrete type IV collagen to restore the basement mem-
brane, and keratinocytes terminally differentiate to form a stratified epidermis 
[13, 14].

8.3.3  Maturation

The maturation phase begins 2–3  weeks after injury and lasts for a year or 
more. It involves ECM turnover and a significant decrease in cellularity, as 
most of the cells in the healing wound exit the wound or undergo apoptosis. The 
ECM is transformed from mainly type III collagen to type I collagen through 
the actions of MMPs secreted by local fibroblasts, macrophages, and endothe-
lial cells. MMPs are inhibited by tissue inhibitors of metalloproteinases 
(TIMPs), and the balance between MMP and TIMP activity is essential for 
appropriate wound repair and remodeling. During the maturation phase, the 
healing wound continues strengthen but never achieves the properties of unin-
jured skin [14, 16].
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8.4  Pathophysiology of Venous Ulceration

Acute cutaneous wounds undergo the linear and overlapping events of the three 
wound healing phases and result in benign scar formation [14]. Chronic wounds fail 
to progress through the orderly series of these events. While the pathogenesis of 
venous ulceration is multifactorial, the underlying causative factor is ambulatory 
venous hypertension which results in microcirculatory dysfunction, chronic inflam-
mation, fibroblast senescence, and altered protease activity (Fig. 8.1) [19].

Both venous reflux and obstruction can contribute to the development of venous 
hypertension [20]. Suprainguinal venous obstructive lesions from thrombotic and 
nonthrombotic lesions (e.g., May-Thurner syndrome) can occur alone or in combi-
nation with infrainguinal venous incompetence [21]. Approximately 50% of patients 
with venous ulcers have superficial and perforating vein valvular incompetence 
[19]. Varicose vein formation may occur as a result of venous valvular incompe-
tence and further contribute to ambulatory venous hypertension [22]. The vein wall 
in varicose veins is characterized by the loss of smooth muscle cell contractile shape 
and an increased collagen-elastin ratio; these changes result in vein wall fibrosis and 
abnormal venous contractility [21].

Changes in the vein wall and valve are considered primary events leading to 
venous disease, although it is unclear which one precedes the other [20]. Increased 
venous pressure transmitted from the macrocirculation to the microcirculation alters 
the shear and mechanical stress experienced by the ECs, causing them to express 
selectins and release vasoactive agents, inflammatory molecules, chemokines, and 
prothrombotic precursors [23]. Patients with venous disease have increased expres-
sion of intercellular adhesion molecule-1 (ICAM-1), and likely vascular cell adhe-
sion molecule-1 (VCAM-1) and endothelial leukocyte adhesion molecule-1 
(E-selectin), which sense the altered mechanical forces and shear stress and 

Venous obstruction 
and reflux

Microcirculatory 
venous hypertension

Interstitial RBC, iron, 
macromolecule 

deposition

Chronic inflammatory 
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Fig. 8.1 Pathophysiology of venous ulceration. Abbreviations: MMP, matrix metalloproteinase; 
RBC, red blood cell
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subsequently activate the recruitment and diapedesis of leukocytes. This results in 
leukocyte transmigration into the vein wall and valve, stimulating an inflammatory 
cascade, production of multiple pro-inflammatory cytokines (TGF-β1, TNF-α, 
IL-1), and increased expression of MMPs. These lead to pathologic changes in the 
vein wall, valve, endothelium, and surrounding tissues, ultimately causing dermal 
destruction with skin changes and ulcer formation [20, 23].

Microcirculatory venous hypertension also leads to the extravasation of macro-
molecules and red blood cells (RBCs) into the dermal interstitium [24, 25]. The 
extravasated RBCs cause excessive interstitial iron deposition. RBC degradation 
products, iron, and extravasated interstitial proteins create a continuous inflamma-
tory signal leading to a chronic cycle of leukocyte recruitment and activation, secre-
tion of inflammatory mediators, and tissue destruction [26–28].

The predominant leukocytes present in the dermis of chronic venous insuffi-
ciency patients are macrophages and mast cells [27]. Two phenotypes of macro-
phages have been described: a pro-inflammatory M1 phenotype associated with 
microbicidal capacity and the secretion of high levels of pro-inflammatory cyto-
kines (TNF-α, IL-1, IL-6, and IL-23), and an anti-inflammatory M2 phenotype, 
which decreases pro-inflammatory cytokine levels, secretes components of the 
ECM, and is essential for the later phases of tissue repair [29]. It has been demon-
strated that dermal iron deposition results in persistence of the pro-inflammatory 
M1 phenotype with continued tissue destruction and impaired wound healing, likely 
secondary to excessive TNF-α production.

Cytokines play an important role in the pathophysiology of venous ulcers, coor-
dinating inflammation, leukocyte activation, expression of cytokines in the intersti-
tial space, and MMP activation [20]. Healing venous ulcers are associated with 
increased levels of TGF-β1, likely reflecting the important role TGF-β1 plays in 
fibrogenesis, matrix deposition, and proliferation [30]. Chronic, nonhealing venous 
ulcers are characterized by elevated levels of inflammatory cytokines including 
IL-1β, IL-6, IFN-γ, and TNF-α. Four weeks of compression therapy, an important 
component of treatment for chronic venous wounds, reduces these cytokines while 
increasing TGF-β1 levels [31].

MMP overexpression in varicose veins and venous ulcers contributes signifi-
cantly to the pathogenesis of venous insufficiency and ulceration. Increased venous 
pressure leads to altered mechanical stretch, induction of hypoxia inducible factor 
(HIF) and other MMP inducers, leukocyte infiltration, and expression of pro- 
inflammatory cytokines, all of which contribute to increased MMP expression [32]. 
In the vein wall, MMPs degrade ECM proteins such as collagen and elastin and 
inhibit vascular smooth muscle contraction, resulting in impaired venous contractil-
ity, venous dilation, and varicose vein formation. In venous wounds, MMP overex-
pression leads to excessive matrix degradation, preventing normal matrix formation 
and remodeling. Fluid from chronic venous wounds contains markedly elevated 
levels of several metalloproteinases, including MMP-1, MMP-2, MMP-8, and 
MMP-9, compared to fluid from healthy acute wounds [33–37]. Four weeks of com-
pression therapy have also been demonstrated to reduce MMP levels in venous 
wounds [38].
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Venous wounds are also associated with aberrant fibroblast activity. Fibroblasts 
isolated from these wounds produce less collagen than normal fibroblasts [39]. 
They also proliferate at a slower rate and are morphologically distinct with charac-
teristics of senescent cells [40, 41]. This senescent state is induced by venous hyper-
tension [42]. It has been demonstrated that fibroblasts from venous ulcers fail to 
proliferate or produce collagen in response to TGF-β1 due to decreased expression 
of TGF-β Type II receptors [43, 44]. Venous ulcer fibroblasts also have diminished 
proliferation to growth factors such as PDGF, bFGF, and EGF [45]. Venous hyper-
tension induces fibroblast differentiation into myofibroblasts that increase the ten-
sion in the dermis and make the skin vulnerable to injury. When injury occurs, the 
increased tension in the dermis increases wound separation and venous ulcer forma-
tion [21].

8.5  Current Therapies for Venous Ulceration

The management of chronic wounds requires a systematic approach to properly 
identify and target the underlying precipitating and perpetuating factors [7]. The 
basic tenets of wound care involve appropriate medical management of comorbid 
conditions (diabetes, renal insufficiency, and poor nutrition), the use of antibiotics 
in the setting of acute infection, revascularization of ischemic limbs, and sharp 
debridement of nonviable tissue [46].

In venous ulcers, where venous hypertension acts as the main etiological and 
exacerbating factor, external compression therapy is the cornerstone of manage-
ment. Compression applied to the calf increases local interstitial pressure, decreases 
superficial and deep venous hydrostatic pressure, and improves venous return, 
decreasing venous hypertension and reducing the leakage of solutes and fluid into 
the interstitial space (Fig. 8.2) [47]. Four weeks of compression therapy have been 
shown to decrease many of the inflammatory cytokines and MMPs present in venous 
ulcers [31, 38]. Multiple forms of external compression exist, including the Unna’s 
boot, three- or four-layer compression bandages, and short stretch compression ban-
dages [46]. A Cochrane review concluded that multilayer compression bandages 
containing an elastic component are more effective at increasing ulcer healing rates 
compared to single-layer systems or those composed of only inelastic components 
[48]. Regular use of high-grade compression hosiery after completion of ulcer heal-
ing is essential for preventing ulcer recurrence [49]. In one study examining the 
15-year results of compression therapy for venous ulcers, patients who were com-
pliant with compression had ulcer healing rates of greater than 90% with a recur-
rence rate of less than 20% [50]. Those who were noncompliant showed lower ulcer 
healing rates of 55% and 100% recurrence by 36 months.

In addition to compression therapy, local wound care is essential for the manage-
ment of venous wounds. As with other wound types, regular debridement must be 
performed to remove necrotic tissue, wound exudates, and bacteria in order to 
expose healthy granulation tissue [20]. Multiple types of wound dressings are 
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available and classified into nonocclusive (simple nonadhering), semiocclusive/
occlusive, and advanced (either growth factor or human dermal equivalent) [51]. A 
moist wound environment is preferable to provide the optimal conditions for cells 
involved in the healing process and to allow for autolytic debridement, ultimately 
resulting in accelerated revascularization and development of granulation tissue 
[52]. However, excess moisture can lead to maceration of the surrounding skin and 
may predispose wounds to infection. Therefore, the type of wound dressing applied 
should depend on the characteristics of the wound. Currently, hydrocolloid is rec-
ommended for wounds with granulating bases while alginate-based dressings are 
preferred in highly exudative wounds [51]. However, there is insufficient evidence 
to support the use of any particular type of dressing to improve healing in venous 
ulcers [52].

Venous ulcers that persist or fail to reduce in size after 4 weeks of standard treat-
ment may be considered for advanced adjunctive therapies. These include bioengi-
neered skin replacement therapies, such as Apligraf®, Dermagraft®, and OASIS® 
[20]. These agents provide a biological scaffold for cell attachment, migration, and 
secretion of multiple growth factors that induce wound healing. In small random-
ized clinical trials, these biologic therapies combined with compression therapy 
have been found to be more effective at achieving complete venous wound healing 
compared to compression therapy alone [53–55].

Other biological therapies that have been investigated for use in chronic 
wounds include autologous platelet-rich plasma (PRP) and recombinant human 
(rh) growth factors [46]. The initial interest in growth factor therapies evolved 
from early studies on autologous PRP, and the cascade of growth factors released 
from activated platelets when whole blood is centrifuged [46, 56]. Becaplermin 
(rhPDGF-BB) is the only FDA-approved growth factor therapy and has been 
demonstrated to be effective, in combination with standard wound care, for the 

Mechanism of Action Therapy

Decrease venous hypertension • Compression therapy
• Endovenous ablation of incompetent 

superficial and perforator veins
• Endovascular or open surgery for deep 

venous obstruction

Maintain moist, granulating wound • Regular debridement
• Dressings (e.g., hydrocolloid, alginate)

Reduce microbial burden and infection • Regular debridement
• Antibiotics for active infection

Provide scaffold for cell migration and 
secrete growth factors

• Bioengineered skin substitutes (e.g., 
Apligraf ®, Dermagraft®, OASIS®)

Fig. 8.2 Mechanism of action of the current therapies for venous ulcers
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treatment of neuropathic diabetic foot wounds but not those of venous or pressure 
etiology [57]. This growth factor therapy has also been associated with the con-
cern about the development of distant malignancies, limiting the application of 
this treatment widely [58]. Other growth factors that have been studied in other 
countries but are not available in the United States include rhEGF and FGF 
[46, 59].

In addition to compression therapy and local wound management with the 
modalities described above, the Society for Vascular Surgery and the American 
Venous Forum clinical practice guidelines recommend venous surgery for the 
treatment of superficial venous incompetence or deep venous reflux or obstruction 
to aid in venous wound healing and to prevent recurrence through the reduction of 
venous pressures and tissue congestion. Endovenous ablation is the therapy of 
choice for superficial venous reflux and pathologic perforating veins near a wound, 
while endovascular angioplasty and stenting or open surgical bypasses are utilized 
for deep venous obstruction [60]. The ESCHAR trial compared surgical correc-
tion of superficial venous reflux and compression therapy to compression therapy 
alone and found that the addition of surgery significantly reduced ulcer recur-
rence, although it did not affect ulcer healing time [61, 62]. Harlander-Locke et al. 
demonstrated that endovenous ablation of incompetent superficial and perforator 
veins accelerated wound healing in patients who had failed compression therapy 
[63]. Moreover, patients with healed wounds following endovenous ablation of 
incompetent superficial and perforator veins had reduced ulcer recurrence 
rates [64].

Biophysical modalities such as ultrasound, negative pressure therapy, and hyper-
baric oxygen therapy have been studied but are not currently recommended for 
adjunctive use in the management or prevention of venous ulcers by the SVS-AVF 
guidelines [20, 60].

8.6  Exogenous Stem Cell Therapy for Venous Ulceration

Despite the wide array of therapeutic modalities available for the treatment of 
venous wounds, none have really improved healing better than good compression. 
While approximately 70% of venous wounds heal in a 6-month period, recurrence 
rates are as high as 60–70% [11]. Stem cell-based therapies have generated signifi-
cant interest as a promising approach to enhance healing of all types of wounds. 
Stem cells are defined by their capacity to both self-renew and differentiate into 
multiple cell lines [65]. They can also secrete growth factors and cytokines involved 
in tissue regeneration, which may modulate the chronic wound environment to 
improve wound healing. Stem cells from numerous sources are being studied for 
their capacity to accelerate wound repair with both preclinical and clinical trials 
supporting potential efficacy (Fig. 8.3) [66].
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8.6.1  Embryonic Stem Cells

Embryonic stem cells (ESCs) are pluripotent cells isolated from the inner cell mass 
of blastocyst-stage embryos. They are able to differentiate into any of the three pri-
mary germ layers – endoderm, mesoderm, and ectoderm [67]. ESCs have been suc-
cessfully differentiated into functional keratinocytes that are able to form a stratified 
epidermis in  vitro, offering the possibility of bioengineering skin substitutes for 
patients needing skin grafts or other wound coverage [68]. However, ethical and 
legal concerns have limited the use of ESCs for research and clinical purposes [69]. 
Additionally, the potential for immune rejection and teratoma formation further hin-
der the clinical application of these cells [70].

8.6.2  Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSCs) are adult somatic cells reprogrammed into 
pluripotent cells [71]. Because iPSCs are derived from differentiated adult tissues, 
the ethical concerns associated with human ESCs are eliminated [69]. Unlike ESCs, 
autologous iPSCs are nonimmunogenic [72, 73]. They are also easily harvested 
from cutaneous sources such as skin fibroblasts [74]. iPSCs have been successfully 
differentiated into dermal stem cells, fibroblasts, melanocytes, keratinocytes, and 
mesenchymal cells capable of forming dermal papilla [75–79]. iPSC-derived kera-
tinocytes have been utilized to generate 3D skin equivalents in vitro that exhibit a 
multilayered epidermis and cornified layer at the surface of the epidermis [80].

Stem Cell Type Advantages Disadvantages

Embryonic stem cells (ESCs) • Pluripotent
• Unlimited proliferation

• Ethical and legal restrictions
• Immunogenicity
• Teratogenicity
• No clinical evidence

Induced pluripotent stem cells (iPSCs) • Pluripotent
• Unlimited proliferation
• No ethical or legal restrictions
• Non-immunogenic

• Teratogenicity
• No clinical evidence

Bone marrow-derived stem cells (BM-MSCs) • No ethical or legalrestrictions
• Non-immunogenic
• Non-teratogenic

• Invasive harvest procedure
• Low yield
• Limited proliferative capacity in vitro
• Decline innumber and proliferative and 

differentiation potential with age and disease
• Limited clinical evidence

Adipose- derived stem cells (ADSCs) • Abundance of tissue
• Minimally invasive harvest procedure
• High yield
• No ethical or legal restrictions
• Non-immunogenic
• Non-teratogenic

• Limited proliferativecapacity in vitro
• Limited clinical evidence

Umbilical cord blood and Extra- fetal tissue -
derived stem cells

• Abundance of tissue
• Non-invasive harvest procedure
• No ethical or legal restrictions
• Non-immunogenic
• Non-teratogenic

• Limited clinical evidence

Fig. 8.3 Advantages and disadvantages of the different stem cell types being investigated for 
venous wound healing
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In a murine excisional wound healing model, topical application of human- 
induced pluripotent stem cell-derived ECs (hiPSC-EC) accelerated wound healing 
with increased wound perfusion and capillary density as well as increased collagen 
deposition and macrophage infiltration. Angiogenic gene expression, including 
platelet endothelial cell adhesion molecule (PECAM) and VEGF, was also signifi-
cantly upregulated [81]. Similarly, in another murine model, co-application of 
hiPSC-ECs and hiPSC-smooth muscle cells (SMCs) accelerated wound closure 
with enhanced SMC migration and neovascularization. In vitro, hiPSC-ECs secreted 
high levels of VEGF, EGF, and FGF-4 compared to primary cells [82]. However, 
despite their great potential for accelerating wound repair, the use of iPSCs is also 
limited by their potential for teratoma formation [83].

8.6.3  Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are multipotent cells that can be isolated from 
various tissue sources, including bone marrow, adipose tissue, umbilical cord blood, 
nerve tissue, and dermis [66]. Similar to iPSCs, the use of MSCs avoids the ethical 
controversies of ESC use, and allogeneic transplantation is associated with minimal 
immunoreactivity [7]. Bone marrow-derived MSCs (BM-MSCs) have been exten-
sively studied with regard to their potential for wound healing and tissue regenera-
tion [66].

While it was originally hypothesized that stem cell regenerative therapies were 
effective due to the stem cells’ ability to differentiate into repair cells, it is now rec-
ognized that they function predominantly as a source of biomolecules that recruit 
native cells to the wound. Stem cells secrete cytokines, growth factors, and extracel-
lular matrix (ECM) that act in an autocrine or paracrine manner to influence the 
local wound environment. Growth factors produced by stem cells induce cell prolif-
eration, cytoprotection, and migration. Stem cells are able to protect other cells 
from oxygen-free radicals by producing antioxidants and anti-apoptotic molecules. 
They also secrete angiogenic factors, antifibrotic factors, anti-inflammatory or 
immunomodulatory factors, and factors essential for ECM maintenance, including 
collagen, MMPs, and TIMPs [84]. Therefore, stem cells offer not only the ability to 
replenish deficient progenitor cells via differentiation, but they can also correct the 
dysregulated chronic wound environment by restoring autocrine and paracrine 
signaling.

MSCs have been reported to play an important role in all three phases of wound 
healing (Fig. 8.4). Current evidence suggests that the contribution of MSC differen-
tiation to wound healing is limited due to poor engraftment and survival of these 
cells in the wound bed. Their therapeutic benefit is more likely attributable to para-
crine signaling with the release of trophic factors that reduce inflammation, promote 
angiogenesis, and induce cell migration and proliferation [85, 86].

Exogenous BM-MSCs have been shown to home to sites of tissue injury. In 
vitro, BM-MSCs migrate in response to multiple chemotactic factors, including 
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insulin-like growth factor (IGF-1), PDGF, IL-1β, IFN-γ, and TNF-α. They express 
multiple chemokine receptors whose expression can be upregulated by inflamma-
tory cytokines such as TNF-α [87]. In vivo, fluorescently labeled BM-MSCs have 
been found to preferentially migrate to sites of cutaneous injury in a murine 
model [88].

At sites of injury, MSCs exert anti-inflammatory actions that make them particu-
larly attractive for the treatment of venous wounds, which are characterized by a 
protracted inflammatory state. When co-cultured with immune cells in vitro, MSCs 
decreased the secretion of pro-inflammatory cytokines TNF-α and IFN-γ and 
increased anti-inflammatory cytokines IL-10 and IL-4 [89] by the immune cells. 
MSCs have other immunomodulatory effects including suppression of T-cell prolif-
eration and NK cell activation, inhibition or promotion of B cell proliferation, and 
modulation of the cytokine secretory profile of dendritic cells and macrophages 
[90]. MSCs are able to induce the anti-inflammatory M2 phenotype of macrophages 
in vitro. In vivo, systemically infused MSCs are able to home to the wound site and 
promote macrophage M2 polarization to modulate the local inflammatory response 
via decreased infiltration of inflammatory cells, decreased production of TNF-α and 
IL-6, and increased production of IL-10 [91]. MSCs also exhibit antimicrobial 
activity by secreting antimicrobial factors such as LL-37 and upregulating bacterial 
killing and phagocytosis by immune cells [92, 93].

MSCs secrete many known mediators of tissue repair, including EGF, KGF, IGF-1, 
and VEGF, that support cell migration, proliferation, and angiogenesis. BM-MSC-
conditioned medium significantly enhances migration of macrophages, keratinocytes, 
and ECs, as well as proliferation of keratinocytes and ECs in vitro. In vivo, murine 
wounds treated with BM-MSC-conditioned medium demonstrate increased recruit-
ment of macrophages and endothelial progenitor cells [94]. When co-cultured with 
MSCs, dermal fibroblasts undergo increased proliferation and migration, as well as 
altered expression of genes involved in ECM homeostasis and cell adhesion [95]. 
MSC-treated wounds also express higher levels of VEGF with increased angiogene-
sis and capillary density. Additionally, though MSCs exhibit relatively low levels of 
engraftment, they have been shown to contribute to cells in the epidermis and skin 
appendages via differentiation, thus contributing to dermal regeneration [96]. Multiple 
studies have reported that application of MSCs to acute or diabetic rodent wounds 

Inflammation

• Home to site of injury
• Decrease TNF-α and IFN-γ
• Increase IL-10 and IL-4
• Macrophage M2 

polarization
• Secrete antimicrobial factors

Proliferation

• Produce EGF, KGF, IGF-1, 
VEGF

• Induce migration and 
proliferation of endothelial 
cells, keratinocytes, and 
fibroblasts

• Increase angiogenesis

Maturation

• Regulate fibroblast gene 
expression and collagen
deposition
 

Fig. 8.4 Role of mesenchymal stem cells in each phase of wound healing. Abbreviations: EGF, 
epidermal growth factor; IFN, interferon; IGF, insulin-like growth factor; IL, interleukin; KGF, 
keratinocyte growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor
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accelerates wound closure with histology demonstrating improved epithelialization, 
increased granulation tissue formation, and increased angiogenesis [86].

Clinical trials utilizing BM-MSCs to accelerate wound healing have also yielded 
positive results. Badiavas and Falanga demonstrated that topically applied and locally 
injected autologous bone marrow aspirate stimulated healing of chronic wounds with 
evidence of dermal rebuilding [97]. In a series of 20 patients, Yoshikawa et al. treated 
a variety of nonhealing wounds with topical autologous BM-MSCs using an artificial 
dermis made of collagen sponge. Eighteen of the 20 wounds completely healed, and 
histology revealed regeneration of fibrous, fat, and vascular tissues [98]. Falanga 
et  al. developed a unique fibrin polymer spray delivery system to topically apply 
cultured autologous bone marrow-derived MSCs to treat both acute and chronic 
wounds. The acute wounds consisted of surgical defects created during Mohs sur-
gery. These wounds healed within 8 weeks postop, faster than acute wounds treated 
with a control fibrin spray, suggesting that the spray application of MSCs accelerated 
resurfacing. The chronic wounds consisted of lower extremity diabetic or venous 
ulcerations present for greater than 1 year. These wounds significantly decreased in 
size or healed completely within 20 weeks, with a correlation noted between the 
number of MSCs applied to the wounds and the percent reduction in ulcer area [99]. 
No adverse events were reported suggesting a good safety profile for BM-MSC use.

The clinical use of BM-MSCs still faces several challenges. The invasiveness of 
the bone marrow harvest is painful and can be complicated by infection and hemor-
rhage [100]. The procedure itself yields a limited number of MSCs because only a 
fraction (0.001–0.01%) of the harvested bone marrow cells are MSCs [101]. As a 
result, time and resources are required to expand the cells in culture to achieve thera-
peutic concentrations [66]. Diabetic and elderly patients also have fewer bone mar-
row-derived MSCs, and these cells may be dysfunctional, raising concerns about the 
function of MSCs harvested from these disadvantaged populations [59, 102].

8.6.4  Adipose-Derived Mesenchymal Stem Cells

Unlike BM-MSCs, adipose-derived MSCs (ADSCs) can be harvested from excess 
adipose tissue using minimally invasive techniques (i.e., liposuction) [103]. 
Additionally, these lipoaspirates contain much higher stem cell numbers (3.5 × 105 
to 1 × 106 ADSCs per gram of lipoaspirate) as compared to bone marrow aspirate 
(500 to 5 × 104 MSCs per gram of bone marrow aspirate) [104]. Therefore, ADSCs 
can be isolated in high numbers immediately after harvest, avoiding the need for 
culture and ex vivo expansion [105]. ADSCs are non-immunogenic and more genet-
ically stable in long-term culture with higher proliferation rates than BM-MSCs 
[106]. For all of these reasons, adipose tissue has surpassed bone marrow as the 
preferred source of MSCs for wound repair and other applications [106, 107].

ADSCs have also demonstrated efficacy in cutaneous wound healing in both 
preclinical and clinical trials. In a murine excisional wound healing model, applica-
tion of ADSC-seeded hydrogels accelerated wound closure and increased 
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vascularity [108]. Locally applied autologous ADSCs improved skin graft survival, 
enhanced angiogenesis, and increased epithelialization in a diabetic rat model [109].

In a non-randomized, prospective, single-center pilot study, Konstantinow et al. 
investigated the efficacy of autologous adipose tissue-derived stromal vascular frac-
tion (SVF), the cellular extract from adipose tissue that contains the regenerative 
mesenchymal progenitor and stem cell populations, for the treatment of chronic 
lower extremity ulcers. Sixteen patients with chronic leg ulcers of at least 6-month 
duration (45% venous, 55% mixed arterial-venous), who had refused skin grafting 
and vascular surgery and had failed conservative management with compression 
and negative pressure therapy, received a single topical application of SVF cells. 
Four microliters of autologous SVF-suspension was injected into the ulcer and bor-
dering area, and an additional 2.5 mL of cell suspension was topically applied via a 
wound-sized collagen sponge. All the venous patients and 4 of the 9 arterial-venous 
patients experienced complete wound healing within 9–26 weeks. The 5 arterial- 
venous patients who did not heal had larger ulcers and ABI scores below 0.8. All of 
the patients experienced a significant reduction in wound pain [110].

Kavala and Turkyilmaz applied autologous ADSCs to venous leg ulcerations in 
conjunction with treatment of underlying venous hypertension. Thirty-one patients 
with primary venous insufficiency, normal deep venous systems, and first-time ulcer-
ation were included in the study. All patients underwent greater saphenous vein radio-
frequency ablation, and those with perforator incompetence underwent perforator 
ligation. Despite surgical management of the venous hypertension, all the wounds per-
sisted after 6 months. These wounds were subsequently treated with a single local 
injection of autologous ADSCs. Eighteen of these wounds completely healed by 
12 months, and 13 ulcers exhibited significant contraction and epithelialization with 
ulcer size reduced by 96%. Patients were followed for a year after healing, and only 3 
of the 31 patients developed recurrent ulceration. No adverse events were observed [111].

A systematic review conducted by Holm et al. summarizing the clinical trials 
studying the use of ADSCs for chronic lower extremity ulcers concluded that 
ADSCs consistently proved to be safe, improved healing of chronic ulcers, and 
reduced pain despite differences in study design, ADSC isolation and application 
methods, and overall poor study quality. While these studies are promising, 
improved clinical evidence is necessary to define the long-term safety and efficacy 
of ADSCs for venous wound repair [107].

8.6.5  Umbilical Cord Blood and Extra-Fetal Tissue

Multipotent MSCs have been isolated from human umbilical cord blood and extra- 
fetal tissues, including amniotic fluid, Wharton’s jelly, and placental tissue. In most 
cases, these tissues are discarded at birth; thus, cells can be harvested without risk 
to the baby or the mother. Therefore, perinatal tissues potentially represent an 
unlimited source of MSCs with easy access and minimal ethical or legal consider-
ations [102]. In addition to serving as a reservoir for MSCs, placental tissues also 
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express multiple growth factors critical for wound healing, including EGF, KGF, 
bFGF, and the family of TGFs [112].

The use of placental tissue for wound healing dates back more than a century. 
The first reported clinical use of amniotic membrane was in 1910 when it was used 
in skin transplantation [113]. It was also utilized as a skin substitute for the treat-
ment of burned and ulcerated skin [114, 115]. In 1957, Denkewalter treated 22 
lower extremity venous wounds with fresh placental dressings and compression 
therapy. Sixteen of the wounds healed completely over a 7-week period [116]. In 
this application, placental membrane serves as a biological scaffold containing mul-
tiple growth factors as well as viable cells, including MSCs, neonatal fibroblasts, 
and epithelial cells, all of which promote wound healing [117].

More recently, there have been multiple studies on the efficacy of placental tissue 
on the healing of venous wounds. Mermet et al. conducted a prospective pilot study 
to evaluate the safety and efficacy of amniotic membrane grafting for wound heal-
ing in 15 patients with chronic venous wounds refractory to standard therapy for at 
least 3 months. During the 3-month follow-up period, 12 patients exhibited at least 
a 50% reduction in ulcer size with three patients who completely healed. All patients 
reported a significant reduction in pain [118]. Similarly, Francis et al. applied amni-
otic membrane to 40 chronic venous ulcers resistant to conventional therapies for at 
least 3  months. By day 90, 80% of the patients demonstrated greater than 50% 
reduction in ulcer area with increased granulation tissue formation and epitheliali-
zation with decreased bacterial colonization of the wound [119].

Commercially available placental tissue allografts include Grafix®, EpiFix®, 
and AmnioExcel®. A prospective, single-arm cohort study found that application of 
Grafix®, which consists of cryopreserved placental membrane, to 30 venous 
wounds that failed to heal using standard local wound care and multilayered com-
pression bandaging resulted in complete wound healing in 53% of the patients. 
Eighty percent experienced a reduction in wound size by half as compared with 
only 25% of the patients treated with standard therapy [120]. A randomized con-
trolled trial was conducted with 109 subjects to evaluate the efficacy of Epifix®, a 
dehydrated human amnion/chorion membrane allograft, as an adjunct to multilayer 
compression therapy for the treatment of venous wounds [121]. The study found 
that patients treated with EpiFix® and compression were more likely to experience 
complete wound healing as compared to those who received standard wound care 
and compression alone. At 16 weeks, 71% of the intervention group experienced 
complete ulcer healing compared to only 44% in the control group [121].

8.7  Optimizing Stem Cell Therapy for Wound Healing

While stem cell therapy offers a promising therapeutic modality for venous wound 
healing, further study is required to maximize its potential efficacy. Specific consid-
erations that must be addressed before this therapy can be clinically applied include 
optimal donor selection, tissue source, cell isolation method, and mechanism of cell 
delivery [59].
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8.7.1  Donor and Tissue Selection

There is evidence that aging and disease negatively impact stem cell function and 
therapeutic potential, which will limit the effectiveness of autologous stem cell 
therapy in elderly and diabetic patients. Aged MSCs have decreased proliferative 
and differentiation capacity as well as alterations in the profile of therapeutic gene 
expression and cytokine production [122–125]. Recent studies suggest that these 
age-related changes are secondary to a shift in MSC subpopulation composition 
with the loss of certain functional cell populations. Duscher et al. showed that aged 
MSCs have reduced angiogenic potential and do not improve wound healing in aged 
mice. Using single-cell transcriptional analysis, aged MSCs were found to be 
depleted of a subpopulation that exhibits a provascular transcriptional profile [125]. 
Khong et al. demonstrated that murine wounds treated with BM-MSCs harvested 
from elderly patients healed more slowly than those treated with young BM-MSCs. 
The young BM-MSCs contained a higher proportion of cells expressing genes 
involved in angiogenesis, immunomodulation, and migration [126].

Stem cells derived from diabetic patients are similarly impaired with decreased 
angiogenic potential, increased pro-inflammatory cytokine secretion, and decreased 
proliferation and differentiation [127]. In a rat model of hindlimb ischemia, admin-
istration of normal BM-MSCs significantly increased limb perfusion and capillary 
density, while administration of diabetic BM-MSCs had no therapeutic effect. This 
correlated with transcriptional analysis of the BM-MSCs derived from the diabetic 
rats, which showed decreased expression of angiogenic genes, including VEGF-A, 
VEGF-C, angiopoietin-1, and angiopoietin-2, as compared with BM-MSCs from 
healthy rats [128]. Rennert et al. reported that ADSCs harvested from diabetic mice 
had decreased angiogenic gene expression and angiogenic potential in vivo com-
pared to those derived from control mice. Single-cell transcriptional analysis 
revealed that a subpopulation of ADSCs characterized by high expression of angio-
genic genes was depleted in diabetic mice as compared to the normal mice [129]. 
Madhira et  al. found that BM-MSCs isolated from obese, type 2 diabetic mice 
express higher levels of IL-6 and TNF-α compared to BM-MSCs from control mice, 
suggesting that diabetic MSCs may contribute to the chronic inflammation present 
in diabetic wounds [130]. Multiple studies have suggested that diabetes impairs the 
proliferative and differentiation capacity of both BM-MSCs and ADSCs, increasing 
their tendency to differentiate into adipocytes [128, 129].

The therapeutic efficacy of stem cells can vary according to tissue of origin. 
BM-MSCs, ADSCs, and UCB-MSCs have differences in gene expression and pro-
tein production [131, 132]. UCB-MSCs exhibit increased expression of genes 
related to matrix remodeling via metalloproteinases and angiogenesis compared to 
BM-MSCs [132]. In vitro, more ECs migrate toward Wharton’s jelly-derived MSCs 
(WJ-MSCs) than toward BM-MSCs. Additionally, these cells form longer vessels 
when incubated with WJ-MSC conditioned medium than with BM-MSC condi-
tioned medium [133]. In one study, amniotic mesenchymal stem cells (AMSCs) 
accelerated murine diabetic wound closure compared to ADSCs and dermal 
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fibroblasts. When compared to ADSCs, AMSCs showed higher expression of angio-
genic genes and proteins as well as higher engraftment and keratinocyte differentia-
tion in the wounds [134]. On the other hand, a different study comparing the effect 
of ADSCs, AMSCs, and BM-MSCs on murine wound healing concluded that 
ADSCs produced the most pronounced effect on wound closure. Wound bed histol-
ogy showed enhanced reepithelialization and healthier granulation tissue in the 
ADSC- treated wounds compared to the AMSC- and BM-MSC-treated wounds. In 
vitro, ADSCs were better than AMSCs and BM-MSCs at promoting dermal fibro-
blast migration and type I collagen production. Additionally, fibroblasts cultured 
with AMSCs expressed higher levels of VEGF, bFGF, KGF, and TGF-β [135]. These 
findings indicate that further studies are necessary to better understand the impact of 
aging, disease, and tissue source on stem cell applications in wound healing.

8.7.2  Delivery Methods

MSCs have been delivered to wound beds by several different methods. Local injec-
tion of the cells is the most common and preferred approach but is limited by poor 
cell retention, survival, and engraftment. Potential contributors to these conse-
quences include mechanical shear resulting in membrane disruption during the 
injection process and the harsh microenvironment of the wound bed [136]. MSCs 
have also been delivered topically through the use of phosphate-buffered saline, 
matrigel, fibrin polymer, or hydrogel seeding [100]. Novel cell delivery systems are 
currently being developed that will optimize MSC survival. Rustad et  al. seeded 
BM-MSCs into hydrogels and demonstrated enhanced viability, engraftment, secre-
tion of angiogenic cytokines, and expression of transcription factors associated with 
stemness. Wounds treated with MSC-seeded hydrogels exhibited accelerated heal-
ing and enhanced angiogenesis as compared to wounds treated with MSC injection 
alone [137]. Lee et al. developed a porous biodegradable polymeric microsphere 
scaffold for MSC delivery which increased in vivo engraftment and maintenance of 
stemness when administered to myocardium [138]. Guo et  al. encapsulated 
BM-MSCs in cytoprotective alginate beads before embedding them in an injectable 
hydrophobic scaffold. Injecting BM-MSCs embedded in this scaffold into exci-
sional murine wounds increased BM-MSC survival and improved new tissue forma-
tion [139].

Genetic engineering is also being harnessed to enhance stem cell survival, migra-
tion, and therapeutic potential. Herberg et al. genetically engineered BM-MSCs to 
overexpress stromal cell-derived factor-1 (SDF-1) under tight doxycycline control. 
SDF-1β overexpression improved BM-MSC survival under oxidative stress by 
increasing autophagy and decreasing caspase-3-dependent apoptosis [140]. Ho 
Wang Yin et  al. silenced PHD2, a regulator of hydroxia-inducible transcription 
factor-1α (HIF-1α), in BM-MSCs, which activated HIF-1α and increased the 
expression of its target gene VEGF-A. This increased MSC survival and therapeutic 
angiogenesis in a murine model of critical limb ischemia [141].
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The interaction between SDF-1/CXCL12 and its receptor CXCR4 mediates 
MSC migration to sites of injury [142]. Hu et  al. demonstrated that BM-MSC 
migration to murine burn wounds was associated with significantly increased levels 
of CXCL12 and CXCR4 at the wound margins. Pre-treating the BM-MSCs with a 
CXCR4 antagonist inhibited their mobilization in vitro and in vivo and impaired 
wound healing [143]. Human MSC CXCR4 surface expression decreases signifi-
cantly during ex vivo expansion, so researchers are working to improve CXCR4 
expression with genetic engineering techniques. Overexpression of CXCR4  in 
UCB-MSCs improved cell migration toward an SDF-1 gradient [142].

MSCs can also be genetically modified to function as a source of paracrine fac-
tors. Transfection of v-myc into ADSCs increased VEGF secretion and augmented 
angiogenesis in vitro. Further modification of the v-myc ADSCs with Akt1 led to 
even greater VEGF secretion and vasculogenesis. Application of these cells to 
murine wounds accelerated wound closure, decreased inflammation, and improved 
collagen regeneration [144]. Kosaric et  al. engineered BM-MSCs to overexpress 
and secrete PDGF-B. Local injection of these genetically modified BM-MSCs into 
diabetic murine wounds led to accelerated wound healing compared to treatment 
with normal BM-MSCs [145].

8.8  Conclusion

Chronic venous leg wounds continue to pose a significant clinical challenge despite 
the availability of numerous modalities for their treatment. These wounds represent 
a significant economic and social burden, costing the health-care system billions 
annually and negatively impacting patients’ quality of life. Stem cell therapy has 
emerged as a promising adjunctive therapy for the management of these wounds, 
offering the potential to restore the conditions of physiologic wound healing by 
modulating inflammation, enhancing angiogenesis, and stimulating cell migration 
and proliferation. Mesenchymal stem cells, which can be derived from multiple tis-
sue sources, including bone marrow, fat, and extra-fetal tissues, have been preferen-
tially studied compared to embryonic stem cells and induced pluripotent stem cells 
due to the lack of ethical or legal considerations, immunogenicity, and teratogenic-
ity associated with their use. Multiple preclinical and small clinical trials have dem-
onstrated the efficacy of mesenchymal stem cells for the treatment of venous ulcers, 
but more studies are necessary to elucidate the ideal source of stem cells and method 
of cell delivery. Furthermore, larger, more standardized clinical trials are needed to 
confirm that stem cell therapy is efficacious and safe for this class of chronic wounds.
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Chapter 9
Induced Pluripotent Stem Cell-Derived 
Vascular Smooth Muscle Cells for Vascular 
Regeneration

Biraja C. Dash

9.1  Introduction

Cardiovascular disease (CVD) such as atherosclerosis and critical limb ischemia 
remains the leading cause of mortality and morbidity across the world [1]. This led 
to the emergence of vascular tissue engineering research thrust with an interest in 
developing tissue-engineered vascular grafts (TEVGs) and microvasculature [2]. 
Synthetic grafts are often the first choice, as vascular conduits, to reconstruct or 
bypass vascular occlusion in the absence of autologous and allogenic grafts [3, 4]. 
However, these synthetic grafts exhibit several shortcomings such as low patency 
rates, higher infection, and lack of growth potential [5, 6]. Thus, there has always 
been a need for biological TEVGs. Since its conception in 1986, the vascular regen-
eration strategy is evolving from finding a choice of biomaterials and cell source to 
building a vascular bed [6–8]. Engineering of this microvasculature is critical for 
tissue regeneration, wound healing, and organ transplantation. Numerous strategies 
to engineer vascular bed have been accomplished and are an emerging area in the 
field of vascular tissue engineering [2, 9, 10].

Vascular regeneration strategies often comprise of cells and scaffolds for them to 
grow [11]. Recent advances in vascular regeneration have considered blood vessel 
components for rational scaffold design and selecting appropriate cell sources [2]. 
The extracellular matrix (ECM) components in large blood vessels such as arteries 
and veins are mainly collagen, elastin, and proteoglycans. The predominant cells 
found in larger blood vessels are endothelial (ECs) lining the inner layer and vascu-
lar smooth muscle cells (VSMCs) on the periphery. Microvasculatures such as small 
capillaries are composed of ECs and pericytes as support cells [12–14]. The vascu-
lar tissue engineering field has made many achievements including the development 
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of novel scaffold and bioreactor systems [10, 15] and autologous adult and induced 
pluripotent stem cells (iPSCs) as a renewable cell source for ECs and VSMCs [16].

The VSMCs are a major component of blood vessels and support the vasculature 
and maintain the barrier function in the blood vessels. VSMCs have widely been 
used in vascular regeneration with limitations such as lack of a renewable source 
and an abundant number of cells [16, 17]. Current pluripotent stem cell (PSC) tech-
nology such as embryonic stem cell (ESC) and induced PSCs (iPSCs) alleviates this 
concern with their ability to produce any cell type of the body especially functional 
VSMCs in abundance [18, 19]. Furthermore, these iPSC-derived VSMCs mimic the 
disease phenotype by carrying disease-causing mutations. Eventually, human iPSC- 
derived VSMCs can be used for developing TEVGs, vascular bed, and disease mod-
els to develop personalized therapy [20–22]. This book chapter will cover briefly the 
technical advances in vascular regeneration and iPSC reprogramming and differen-
tiation strategies. We will then discuss how these advances have opened the door for 
the application of hiPSC-VSMCs in regenerative therapy, disease modeling, and 
drug screening.

9.2  Vascular Regeneration Strategies

Functional blood vessels categorized as arteries, arterioles, capillaries, venules, and 
veins perform the essential job of delivering oxygen and nutrients to various parts 
of the body. A typical blood vessel consists of an inner lining of ECs supported by 
pericytes and VSMCs. These cells in the blood vessels play an important role not 
only in maintaining a barrier for pathogens but also in many other physiological 
processes [23]. Numerous studies on vascular development and vascular disease 
pathophysiology form a blueprint for vessel engineering [11]. Vascular regeneration 
is critical for the success of organ and tissue transplantation efforts and first consoli-
dated as a field around the goal of developing vascular graft replacements for indi-
vidual vessels [2]. With the discovery of first TEVG by Weinberg and Bell in 1986, 
the field is evolving (Fig. 9.1) toward the creation of complex vascular networks 
[15, 24].

9.2.1  Tissue-Engineered Vascular Grafts

Since the discovery of the first TEVG [24], substantial effort has been made to 
improve mechanical and biological properties comparable to artery and vein. The 
desirable characteristics of a TEVG are i) higher mechanical strength to support the 
hemodynamics of arterial flow and withstand long-term implantation, ii) improved 
potency without inflammatory and/or immunogenic response, and iii) ability to 
remodel, repair, and integrate into the host. Most importantly, the holy grail is to 
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develop technology that can generate a readily available, large scale of patient- 
specific TEVGs [15, 25–29].

TEVGs, based on their fabrication method, can be divided into two categories i) 
scaffold-based and ii) scaffold-free [15]. The scaffold-based method involves the 
use of a biodegradable biomaterial in a tubular form to support cell growth. These 
scaffolds are generally produced either using synthetic polymers such as polygly-
colic acid (PGA) or natural biopolymers fibrin and collagen. Niklason and Langer 
used tubular PGA and bovine VSMCs in a bioreactor for 8  weeks to develop a 
robust TEVG. PGA being biodegradable degrades by the end of 8 weeks and leaves 
the cellular TEVGs with dense collagen matrix [25]. Similarly, collagen and fibrin 
are widely utilized for the fabrication of TEVGs [26, 28–30]. On the other hand, the 
cell-free method has been used to develop TEBVs without the use of a biomaterial. 
L’Heureux et al. first reported a cell sheet-based TEVG [27]. In this method, VSMCs 
and fibroblasts were cultured for a month to form the cell sheets. The cell sheets 
were then peeled off and wrapped around a mandrel, followed by their culture in a 
bioreactor for 8  weeks to produce the TEVGs. The TEVGs were mechanically 
robust with ECM content such as collagen. In addition to this strategy, a vascular 
ring method was used to form TEVGs [31]. VSMCs-based rings were fabricated 
using an agarose mold. The VSMCs self-assemble around the agarose pillar to form 
a ring structure and secrete collagen to form the ECM of the rings in static culture. 
Several rings were joined together to form a TEVG but with poor mechanical 
strength [31].

In addition to finding the right biomaterial, the choice of a renewable cell source 
is crucial for the fabrication of TEVGs [16]. VSMCs, fibroblast, and ECs are major 
cell types that have been explored for the last few decades [25, 26, 32]. These cells 
remain in culture for 8–24 weeks and undergo 45–60 population doublings to form 
the TEBV [33]. The cells generated from elderly patients will either dedifferentiate 
or undergo apoptosis within 10–15 PDs resulting in poor ECM secretion and even-
tually resulting in weak TEVGs [33]. It is difficult to generate robust TEVGs with 
adequate mechanical strength using older cells. Thus, success is dependent on the 
source and age of the donors [34–36]. Mesenchymal stem cells (MSCs) are the 
other cell type that is explored. Andreadis and colleagues successfully derived 
VSMCs using MSCs and used in fibrin hydrogel to form TEVGs [37]. In another 
study, Niklason and colleagues used human bone marrow-derived MSCs to form the 
TEVGs [38]. Adipose-derived stem cells (ASCs) have also been pursued as an 
attractive cell source for vascular regeneration. Wang et al. successfully engineered 
small-diameter vessels utilizing human ASCs-derived VSMCs [39]. In another 
instance, Andreadis and colleagues generated VSMCs from hair follicle stem cells 
to develop TEVGs [40–42]. Although MSCs, ASCs, and hair follicle stem cells 
show their potential to generate VSMCs and TEVGs, none of these studies resulted 
in robust TEVGs comparable to human arteries or veins. ESCs and iPSCs are 
emerging as an alternative source of VSMCs and discussed in detail in this book 
chapter.
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9.2.2  Engineered Microvasculature

Fabrication strategy for engineering a network of vessels is different than that of 
fabricating a single vessel. The technique is heavily dependent on a biomaterial with 
cell-specific regenerative cues. In addition to promoting microvasculature, these 
cues often provide support and maintain the network both in vitro and in vivo [9, 
10]. Natural polymers such as fibrin, a proangiogenic biomaterial, have been widely 
used to engineer vasculature [43]. Other naturally derived materials such as colla-
gen, hyaluronic acid, dextran, agarose, gelatin, and silk protein [44–47] were seen 
to support a vascular bed formation. Synthetic materials are not the best choice of 
material as they need additional ligands to support vessel formation. In one of the 
reports, Cuchiara et  al. engineered a modified polyethylene glycol (PEG)-based 
hydrogel system to support prevascularization [48].

The approaches to generate this microvasculature can be divided into two cate-
gories, (i) top-down and (ii) bottom-up [2]. In the top-down approach, the geometry 
and architecture of the vascular bed are predesigned and pre-fabricated before the 
vascular cells are seeded. However, in the bottom-up setting, the vascular cells are 
encouraged to mimic physiological mechanisms for the new vessel formation via 
angiogenesis or vasculogenesis. The top-down approach use 3D printing [49], laser 
degradation [50], and layer-by-layer fabrication [51] methods to incorporate the 
desired architecture. The bottom-up approach works through providing a chemical 
gradient such as proangiogenic factors chemoattractant protein-1 (MCP-1), vascu-
lar endothelial cell growth factor (VEGF), basic fibroblast growth factor (bFGF), 
stromal cell-derived growth factor (SDF)-1α, phorbol 12-myristate 13-acetate 
(PMA), and sphingosine-1-phosphate (S1P) and fluid shear stress [52–55]. In addi-
tion to chemical and mechanical stimuli, low oxygen tension also aids to the vascu-
larization through the regulation of hypoxia-inducible factor (HIF) in vascular cells 
[55–57].

Engineering a realistic microvasculature requires cellular components such as 
ECs, pericytes, and VSMCs. EC is the major cell type that is used for forming a 
microvasculature, while fibroblasts, pericytes, or MSCs are co-cultured as support 
cells to accelerate vascularization and to prolong the stability of this resulting 
microvasculature [52, 58–61]. Perivascular cells like VSMCs or pericytes when co- 
cultured with ECs regulate vascular barrier function, integrity, and stability through 
paracrine and adhesive interactions [62]. An array of stem cell technologies such as 
ESC, iPSC, MSC, ASC, umbilical cord-derived stem cells, and hemangioblasts 
have evolved as potential sources for these ECs and perivascular cells [2, 11]. 
Although these new stem cell sources for perivascular cells have made it possible to 
move beyond primary cell culture, their success is dependent upon further 
investigation.
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9.3  Induced Pluripotent Stem Cells: A Renewable Source 
of VSMCs

9.3.1  Methods for Reprogramming

Takahashi and Yamanaka reprogrammed fibroblast cells with the induction of 
pluripotency- related genes Oct4, Klf4, Sox2, and c-Myc [63]. This study published 
in 2006 formed a firm ground for today’s iPSC technology. The iPSCs have the 
potential to differentiate into any cell type of interest similar to ESCs without any 
ethical concern. Since its initial discovery, there is a lot of progress made in repro-
gramming and differentiation methods, and regenerative therapy [64], disease mod-
eling, and drug screening [65, 66].

The iPSCs were initially reprogrammed using retroviruses as a method of induc-
ing the pluripotent genes [63, 67, 68]. This use of retroviruses comes with the risk of 
tumor formation and transgene activation [69]. Since its initial discovery, the tech-
nology has advanced toward achieving a better reprogramming efficiency and safety 
[65, 68]. Many of these reprogramming methods involve the use of episomal plas-
mids, minicircle vectors, and transient adenoviral expression to achieve integration- 
free iPSCs [70–74]. These iPSCs are safer than the earlier retroviral ones but with 
low reprogramming efficiency. Several other reprogramming methods use safer and 
more efficient Cre/LoxP system [75] or PiggyBac transposons [76], Sendai viruses, 
direct delivery of RNA [77], miRNA [78], small molecules [79], and cell-permeable 
proteins to achieve integration-free iPSCs [18, 80]. As of now, protein- and RNA-
based methods are considered safer and efficient means for reprogramming [79].

9.3.2  VSMC Differentiation Method

Differentiation protocols to generate VSMCs have been designed using both ESCs and 
iPSCs. The differentiation protocol can be broadly classified into the embryoid body 
(EB) and monolayer methods irrespective of the stem cell source (ESC or iPSC) [18]. 
The protocols are further altered using a combination of growth factors and small mol-
ecules to achieve VSMCs of specific lineages such as mesoderm and neural crest and 
have huge implications on their differentiation efficiency and application [20]. Once 
differentiated the VSMCs are characterized for purity and functionality by evaluating 
their morphology, cellular markers, contractility, and calcium transients (Fig. 9.2).

9.3.3  Embryoid Body Method

The EB method mimics early embryonic development and generates VSMCs from 
all three different lineages including mesoderm [19]. Initial EB differentiation pro-
tocol generated cells from cardiovascular progenitor fate followed by enrichment of 
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hiPSC-derived VSMCs using FACS sorting [19, 21]. In one of the reports, iPSCs 
were generated using human aortic vascular smooth muscle cells (HASMCs). The 
iPSCs were then differentiated back to VSMCs using an EB method. The differenti-
ated cell population expressed VSMC genes and exhibited contractility similar to 
HASMCs [81]. However, the method resulted in VSMCs with a residual expression 
of lentiviral transgenes and low differentiation efficiency suggesting an incomplete 
commitment to the VSMC phenotype [21, 81].

In another protocol, Ge et al. cultured EBs in suspension followed by culturing 
them on gelatin-coated plates in an EB differentiation medium (10% FBS, 1% non-
essential amino acids, 0.1  mmol/L β-mercaptoethanol, and 1% L-glutamine). 
Finally, the cells were cultured in a smooth muscle-specific SmGM-2 medium on 
Matrigel-coated plates. The cells were found positive for smooth muscle α-actin 
(SMA) and calponin [82]. A modification to this method was reported to scale up 
the production. In this method, Dash et al. used iPSC from feeder-free culture. EBs 
were initially cultured in mTeSR medium and various ratios of mTeSR and EB dif-
ferentiation medium. The protocol followed similar steps afterward and generated 
as many as 40 million cells in 15 days [83]. The VSMCs were of synthetic pheno-
type and were positive for early VSMC markers including SMA, calponin, and 
SM-22α. The cells under low serum and high TGF-β1 culture conditions developed 
into mature phenotype as shown by their staining with mature markers smooth mus-
cle myosin heavy chain (SM-MHC) and elastin. The resulting VSMCs were con-
tractile in response to agonists carbachol and KCl. This most important output of 
this method was its scalability without the need for any enrichment step. Furthermore, 
the cells mimic the properties of VSMCs from the lateral plate mesoderm lineage 
[83]. To produce clinically relevant VSMCs, a serum-free, the chemically defined 
medium (CDM) was used to grow the EBs and differentiated VSMCs. The method 
yielded VSMCs within 28 days of EB formation and maintenance of the VSMC 
phenotype needed VEGF and bFGF [84]. While this method could be used to gener-
ate GMP-grade VSMCs, the scalability of this method should further be investigated.

Human Patient Human iPSCsReprogramming
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9.3.4  Monolayer Method

The monolayer method of differentiation circumvents major limitations of the 
EB-based methods such as (i) heterogeneous cell population, (ii) serum-dependent 
differentiation, and (iii) lengthy differentiation time [18]. The monolayer method 
uses feeder-free hiPSC and generates VSMCs from mesoderm or neural crest lin-
eage [18, 21]. Briefly, the hiPSCs are grown under the feeder-free condition as sin-
gle cells. This step is followed by the use of growth factors and small molecules or 
combinations to differentiate the naïve hiPSCs toward mesodermal or neural crest 
fate. These intermediate cells are then cultured under pro-VSMC growth factors 
PDGF-BB and TGF-β1 to achieve final differentiation into VSMCs [20].

In one such study, Cao et  al. used CDM with bone morphogenetic protein 4 
(BMP4), glycogen synthase kinase 3 (GSK3) inhibitor CHIR99021, and ascorbic 
acid to generate mesodermal cardiovascular progenitor cells (CVPCs) from hESCs 
and hiPSCs [85]. The CVPCs were then cultured under PDGF-BB and TGF-β1 to 
differentiate into VSMCs with phenotype and functionality similar to HASMCs 
[85]. CD34+ progenitor cells were another source of progenitor cells that were used 
to produce VSMCs. In this study, hiPSCs were differentiated into CD34+ progenitor 
cells by combined modulation of two signaling pathways mitogen-activated protein 
kinase (MAPK) extracellular signal-regulated protein kinase (MEK)/extracellular 
signal-regulated kinase (ERK) signaling and bone morphogenetic protein 4 (BMP4) 
signaling [86]. These progenitor cells were then cultured under PDGF-BB and 
bFGF until their final differentiation to functional VSMCs [86]. Gerecht and col-
leagues seeded hiPSCs on collagen IV-coated plates and supplemented with 
PDGF-BB and TGF-β1 for final VSMC differentiation. 98% of the cells were posi-
tive for SMA, calponin, and SM22 and 50% positive for SM-MHC. The method 
could generate both synthetic and contractile VSMCs [87].

The method by Sinha and colleagues took the leap from the existing methods and 
differentiated hiPSCs into developmental origin-specific VSMC subtypes. Briefly, 
they grew hiPSCs on a feeder-free condition in CDM and differentiated them toward 
intermediate cell populations with combinations of small molecules and growth fac-
tors such as neuroectoderm (SB431542/FGF2), lateral plate mesoderm (FGF2/
BMP4), and paraxial mesoderm (FGF2/LY294002) lineages. These intermediate 
cell populations were then spiked with PDGF-BB and TGF-β1 to produce a pure 
population of functional VSMCs. This method generates a range of VSMC subtypes 
that have potentials in disease modeling and vascular tissue engineering [88]. Patsch 
et al. developed a two-step protocol to efficiently differentiate VSMCs from hiPSC 
within a short duration of time. In the first step, vascular progenitor cells were pro-
duced from hiPSC using a cocktail of key growth factors BMP4/FGF2/VEGF fol-
lowed by culturing these cells on collagen IV-coated dishes on the second step [89]. 
This was a rapid and efficient protocol with an ability to generate 99% of pure 
VSMCs within 6 days.

Transient cell populations like neural crest cells and MSCs have been explored 
in differentiating VSMCs from hiPSCs. Menendez et  al. manipulated the Wnt 
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signaling and SMAD pathway using small molecules to get multipotent NCSCs. 
The method generated a pure population of NCSCs and was used to derive VSMCs 
[90]. Similarly, MSCs generated from hiPSCs were used to derive VSMCs. This 
multi- step method generates synthetic VSMCs with a high proliferation rate. The 
first stage of the differentiation protocol yields multipotent MSCs, and these MSCs 
were then treated with a combination of TGF-β1 and heparin to differentiate into 
VSMCs expressing SMA, SM-MHC, calponin, and caldesmon [91].

Alternative methods of generating VSMCs include direct differentiation of 
somatic cells to VSMCs. Karamariti et al. used human embryonic lung fibroblast 
cells and performed direct differentiation using Yamanaka factors to generate par-
tially induced pluripotent stem cells (PiPS). These PiPS were cultured on a collagen 
IV plate and VSMC differentiation medium, generated functional PiPS-SMCs with 
42.5% calponin+ and 38% SM22α+ [92]. This method has the potential to reduce the 
risks of the tumorigenic effects of iPSCs.

9.3.5  3D Scaffold Method

Recently a 3D method has been reported to generate a large scale of hiPSC-VSMCs. 
The method used alginate hydrogel microtubes to provide the cells with a suitable 
environment for differentiation. The VSMCs were generated in 10 days and exhibited 
contractility and the ability to form vasculature along with ECs. The method used 
differentiation protocol developed by Patsch et al. and an alginate hydrogel tubes to 
generate VSMCs with high purity and abundance. Furthermore, transcriptome analy-
sis of these VSMCs showed an enhancement in proangiogenic gene expression [93].

9.4  iPSC-VSMC and Vascular Regeneration

iPSC technology brings a renewable cell source, scalability, and efficiency to regen-
erative therapies [18, 20, 83, 94]. iPSC-derived TEVGs and microvasculature thus 
are promising strategies for CVD [15]. However, the success of these iPSC-derived 
vessels is dependent upon their ability to maintain robust mechanical properties 
with reduced thrombogenic and immunogenic risks and anastomosis with the host 
vessel in addition to maintaining their survival and phenotype [15, 16].

9.4.1  Tissue-Engineered Vascular Grafts

Toward this goal, several attempts were made to engineer TEVGs using iPSC- 
VSMCs. Hibino et al. were the first one to report the use of iPSC-VSMCs in gener-
ating an implantable TEVGs [95]. They made a cell sheet using mouse iPSC-derived 
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ECs and VSMCs. The sheet was then placed on the top of a biodegradable scaffold 
composed of polyglycolic acid (PGA)-poly-l-lactide and poly(L-lactide-co-ε-
caprolactone). This TEVG with an internal diameter of 0.8 mm was then implanted 
as an interposition graft in the inferior vena cava in an immunodeficient mice model. 
The TEVGs remained patent, and all the animals survived 10  weeks post- 
implantation with no thrombosis, aneurysm formation, graft rupture, or calcifica-
tion. Histological evaluation of the graft suggested neotissue formation with ECs 
and VSMCs migration. However, the survival of implanted iPSC-vascular cells was 
negatively affected [95]. In another study, Xie et  al. seeded iPSC-VSMCs on a 
nanofibrous, poly(L-lactide) scaffolds and implanted the grafts subcutaneously in 
nude mice [96]. The implanted cells maintained VSMC phenotypes and were posi-
tive for myocardin and SM22α but were negative for smoothelin and SM-MHC 
showing incomplete iPSC differentiation [96]. Similarly, Wang et al. used iPSC- 
derived VSMCs and poly(L-lactide) nanofibrous scaffolds to fabricate the 
TEVG. The TEVGs were then implanted into nude mice for 2 weeks. The implanted 
TEVGs maintained the phenotype and deposited collagen on the matrix [97]. A 
significant improvement was made when Karamiriti et al. [92] used PiPS to derive 
ECs and VSMCs. These cells were seeded on decellularized vascular grafts. This 
method resulted in a functional TEVG similar to the mouse artery. The TEVGs, 
when transplanted into nude mice, showed effective grafting and successful anasto-
mosis in the host [92].

Few reports suggested the use of intermediate cells CVPCs and MSCs in gener-
ating vascular grafts. Hu et al. generated integration-free iPSC-VSMCs from human 
peripheral blood mononuclear cells and differentiated them into CVPCs via a meso-
dermal intermediate [98]. The CVPCs were then seeded onto fibronectin-coated 
nanofibrous poly(L-lactide) scaffolds and subcutaneously implanted into nude 
mice. Histological analysis after 14 days post-implantation revealed uniform cell 
growth in the scaffold, collagen deposition, and no tumor formation [98]. Similarly, 
Sundaram et  al. derived MSCs from hiPSC using CDM.  The MSCs were then 
seeded onto tubular PGA scaffolds and grown under pulsatile culture conditions in 
a bioreactor for 8 weeks [99]. The grafts showed calponin-positive cells and matrix 
with an abundant amount of type I collagen and burst pressure of 700 mmHg. The 
suture retention was found to be 30 g and dry collagen % was 14%, which is approx-
imately half that of native veins. The key finding was how karyotype plays a key 
role in the development of these vascular grafts. They reported normal karyotype is 
essential to form functional TEVGs as chromosomal abnormalities may result in 
calcified vessel constructs. However, the hiPSC-MSC-derived TEVGs were not 
mechanically robust and could not be tested in animals [99].

Gui et  al. used a similar bioreactor method [25, 100] and fully differentiated 
hiPSC-VSMCs to develop a mechanically stronger and functional TEVG [100]. In 
this study, the hiPSC-VSMCs were generated from an integration-free hiPSCs and 
using the EB-based differentiation method [83]. The terminally differentiated syn-
thetic VSMCs with high proliferation rates were seeded on gelatin-coated PGA 
scaffold for 8 weeks under a static condition and medium containing TGF-β1 and 
PDGF-BB [100]. The hiPSC-based TEVGs contained abundant collagenous matrix 
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and cells maintained the phenotype. The TEVGs with collagen as the major ECM 
composition had burst pressure and suture retention of 500 mmHg and 30–70 g, 
respectively. The TEVGs, when implanted into a rat aorta model for 14  days, 
showed no sign of rupture and calcification. The animals survived for 2  weeks. 
TEVGs were patent and displayed active vascular remodeling without teratoma for-
mation. The TEVGs maintained the phenotype and survival of hiPSC-VSMCs 
in vivo. Although the TEVGs were not robust or had mature elastin fibers as native 
vascular grafts [15, 25], this report provided initial blueprints for the use of fully 
differentiated hiPSC-VSMCs in engineering hiPSC-derived TEVGs [100].

Most recently, Luo et al. improvised the existing EB differentiation method of 
hiPSC-VSMC, bioreactor culture condition, and pulsatile stretching to engineer a 
TEVG with mechanical strength comparable to native vessels [94]. Incremental 
addition of pulsatile radial stress at 110–120 beats per minute (bpm) along with 
medium containing TGF-β1 significantly improved the collagen deposition 
(43.1%  ±  4.4%) and mechanical strength indicated by rupture pressure 
(1419.0 ± 174.4 mmHg) and suture retention strength (157.5 ± 16.5 g). The TEVG, 
when implanted into a rat aortic model, maintained patency and was able to with-
stand aortic blood pressure with no sign of rupture or aberrant deformation. 
Furthermore, ultrasonography did not reveal any radial dilation or longitudinal 
elongation. No teratoma formation was seen during this 1-month implantation. The 
explants showed robust mechanical strength and contractile function post- 
implantation in addition to increased viability and maintaining the phenotype of 
hiPSC-VSMCs. Contrary to native blood vessels, mature elastin fibers were not 
detected in these improved hiPSC-TEVGs. This study has established an improved 
method to develop mechanically robust TEVGs on large scale and provides a foun-
dation for future production of non-immunogenic, cellular hiPSC-derived TEVGs 
composed of allogeneic vascular cells [94].

In another effort to better mimic blood vessels, Nakayama et  al. developed a 
bilayer nanofibrous collagen scaffold [101]. The inner layer with longitudinally 
aligned nanofibers was seeded with hiPSC-ECs, and the outer layer was seeded with 
hiPSC-VSMCs on circumferentially aligned nanofibers. The iPSC-derived VSMCs 
and ECs oriented themselves on the aligned collagen nanofibers mimicking the 
behavior of primary VSMCs and ECs. The iPSC-derived VSMCs and ECs main-
tained their phenotype with reduced inflammation. However, the mechanical 
strength, collagen production, and in  vivo performance of these hiPSC-based 
TEVGs were not evaluated [101].

9.4.2  Engineered Microvasculature

iPSC-VSMCs have widely been used to engineer larger blood vessels, but their use 
as support cells in engineering microvasculature needs more attention. Gerecht and 
colleagues developed a self-organized vascular network using hiPSC-derived early 
vascular cells. These early vascular cells were composed of VE-cadherin+ early ECs 
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and PDGFRβ+ early pericytes with VSMC-like phenotype [102]. These prevascular 
cells, when embedded in a synthetic hyaluronic acid-based hydrogel, formed com-
plex vascular networks by day 3. The microvascular structures contained ECs in the 
lumen and the early perivascular cells encircling them. An in vivo subcutaneous 
study in a murine model showed the integration of this microvasculature into the 
host vessels [102]. In another report, Ren et al. used iPSC-ECs and VSMCs to gen-
erate functional vasculature in decellularized rat and human lung scaffolds [103]. 
This was achieved by the co-seeding of ECs and VSMCs in a two-stage culture 
protocol in the vascular compartments of rat and human lungs. They achieved 
around 75% endothelial coverage in rat lung compared to the native rat lungs with 
reduced vascular resistance and improved barrier function. The endothelium was 
found to be patent for 3 days in an orthotopic implantation model in rats [103].

Sinha and colleagues revealed the key role of lineage-specific VSMCs in main-
taining a robust vasculature [104]. In this study, hiPSC-VSMCs were generated 
using a monolayer method from lateral plate mesoderm, neuroectoderm, and par-
axial mesoderm [88]. These VSMCs were then used along with HUVECs on 
Matrigel to form vasculature. The lateral plate mesoderm compared to other VSMC 
subtypes were found to be more proangiogenic in supporting the vasculature. 
In-depth transcriptome analysis pointed toward the role of Midkine, also known as 
neurite growth-promoting factor 2, as one of the important mediators for the 
enhanced vasculogenic potential. This study highlights the essential role of para-
crine secretion in lineage-dependent therapeutic revascularization [104]. In a few 
recent studies, Gorecka et  al. and Dash et  al. (unpublished) have independently 
shown the proangiogenic and anti-inflammatory potential of hiPSC-VSMCs. The 
hiPSC-VSMCs generated using an already established EB-based method [83] were 
shown to promote wound healing in both acute and diabetic wound models via 
paracrine factor secretion. The hiPSC-VSMCs, when embedded in a biomimetic 
collagen scaffold, experienced a hypoxic environment and secreted proangiogenic 
growth factors VEGF, bFGF, and angiopoietin-1 and anti-inflammatory cytokines 
SDF-1α and IL-10. The hiPSC-VSMCs embedded in this collagen scaffolds pro-
moted healing via enhanced angiogenesis and reduced inflammation in acute and 
diabetic wound models in nude mice.

9.5  iPSC-VSMCs and Vascular Disease Modeling

iPSC-VSMCs have been used effectively in investigating disease mechanisms of 
Marfan syndrome, SVAS, WBS, and Hutchinson-Gilford progeria syndrome. 
Marfan syndrome is a connective tissue disorder and results in thoracic aortic aneu-
rysms in the patients. The disease phenotype of VSMCs includes defects in fibrillin-
 1 accumulation, ECM degradation, TGF-β1 signaling, contraction, and apoptosis 
[105]. Granata et al. generated iPSC-VSMCs from Marfan syndrome patients. They 
followed Cheung et al. [88] monolayer protocol to generate the VSMCs. The gener-
ated iPSC-VSMCs recapitulated the disease phenotype and identified several 
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important downstream targets, including KLF4 and p38. Also, they showed the use 
of the CRISPR-Cas9 system as a therapeutic tool. The gene editing of fibrillin-1 
mutation by CRISPR-Cas9 restored the abnormal fibrillin-1, TGF-β1, and abnormal 
matrix metalloproteinase levels [105].

Similarly, Ge et al. established iPSC lines from patients with supravalvular aortic 
stenosis (SVAS) and Williams-Beuren syndrome (WBS) [82]. These vascular dis-
eases are characterized by narrowing or complete blockage of the ascending aorta 
because of aberrant VSMC proliferation. The iPSC-VSMCs from these diseased 
cell lines were generated using EB-based methods of differentiation. The SVAS- 
VSMCs exhibited disease phenotype with higher proliferation and reduced contrac-
tility compared to healthy iPSC-VSMCs. The disease phenotype was found to be 
due to an abnormality in elastin gene expression accompanied by GTPase RhoA 
signaling and extracellular signal-regulated kinase (ERK)1/2 activity. Similar find-
ings were observed in the case of WBS-VSMCs [82]. Furthermore, Dash et al. cre-
ated a 3D disease model of SVAS.  They seeded SVAS hiPSC-VSMCs onto 
ring-shaped agarose gel to form a 3D rings [83]. The SVAS patient-derived rings 
exhibited higher cellular proliferation, decreased actin bundle filament formation, 
and reduced contractility [83] mimicking the SVAS disease phenotype. Kinnear 
et al. treated the WBS phenotype with an mTOR (mechanistic target of rapamycin) 
inhibitor, rapamycin [106]. The rapamycin was able to restore the contractile 
response and tubular formation of WBS hiPSC-VSMCs. This study provides a can-
didate drug for patients with WBS and SVAS [106]. Another therapeutic target in 
SVAS hiPSC-VSMC is integrin-β3. The study showed an upregulation of integrin-β3 
and enhanced integrin-β3 signaling in SVAS hiPSC-VSMCs, and thus a β3-blockade 
is a promising and much needed noninvasive therapeutic approach for SVAS [107].

iPSC-VSMCs were also used to understand the underlying mechanism of early 
aging in children with Hutchinson-Gilford progeria syndrome (HGPS). The disease 
pathophysiology shows early atherosclerosis due to aberrant VSMC loss [108]. The 
HGPS-derived iPSC-VSMCs recapitulate the disease phenotype with less prolifera-
tion and accumulation of progerin in the nucleus [109]. Truskey and colleagues 
developed a disease model of HGPS. They developed a TEVG using HGPS-derived 
hiPSC-VSMCs [110]. They seeded hiPSC-VSMCs on a collagen hydrogel to con-
struct the TEVGs. The resulting HGPS hiPSC-VSMCs-based TEVGs exhibited ath-
erosclerotic conditions such as reduced vasocontractility, thickened vessel walls, 
and increased rates of calcification and apoptosis. Furthermore, these TEVGs were 
used to study the therapeutic effect of everolimus, a rapamycin analog. The treat-
ment enhanced the vasoactivity of the VSMCs [110].

Patients with congenital cardiovascular malformation such as bicuspid aortic 
valves (BAV) suffer from aortopathy in their ascending aorta [111]. Jiao et al. cre-
ated a disease model of BAV aortopathy by generating BAV-derived hiPSC-VSMCs 
from the neural crest and paraxial mesoderm. The differentiated VSMCs from neu-
ral crest and paraxial mesoderm resemble in vivo counterparts from ascending and 
descending aorta, respectively [112]. The BAV-derived hiPSC-VSMCs from neural 
crest lineage exhibited disease phenotype with reduced contractility and aberrant 
proliferation. However, paraxial mesoderm-derived VSMCs, which populate the 
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descending aorta, generated from the same patients did not demonstrate disease 
pathophysiology. Furthermore, a mechanistic study revealed mTOR pathways as 
the therapeutic target. These findings suggest the role of altered hemodynamics in 
addition to the immature neural crest-derived VSMCs behind aortopathy in the 
ascending aorta of BAV patients [112].

Hypertension is a disease involving vascular cells especially VSMCs, and there-
fore hiPSC-VSMCs might help identify new targets and develop novel therapies for 
this condition. Beil et al. established patient-derived iPSCs from multiple patients 
with hypertension and differentiated them to functional VSMCs using an EB method 
[113]. The study shows the contractility response of these differentiated VSMCs in 
response to phorbol 12-myristate 13-acetate and endothelin-1 and inflammatory 
stimuli such as TNFα [113]. These hiPSC-VSMCs from hypertension patients have 
the potential to be used for screening of antihypertensive drugs. In future, this will 
help in finding optimal antihypertensive treatments for individual patients.

9.6  Concluding Remarks

The progress in iPSC technology is transforming vascular tissue engineering and 
disease modeling strategies. The hiPSC-VSMCs have huge potential in regenerative 
therapy, disease modeling, drug screening, and precision medicine (summarized in 
Fig. 9.3). Efficient and integration-free reprogramming approaches are increasing 
the possibility of hiPSC-derived VSMCs in translating to the clinic, while a genera-
tion of the lineage-specific and large scale of VSMCs is growing our understanding 
of various disease pathologies and their regenerative potential. As of now, hiPSC- 
VSMCs provide a reliable model system to develop patient-specific disease models 
for drug screening. However, regenerative application of hiPSC-VSMC-derived 
tissue-engineered products needs further investigation.

Safety is of primary concern as iPSCs are known for their tumorigenic potential. 
In a recent study, scientists from Japan used a hiPSC-derived retinal pigment epithe-
lium cell sheet to treat macular degeneration in a patient [64]. Although the long- 
term safety and efficacy is not yet known, caution should be taken, and efforts 
should be made toward the production of GMP-grade iPSCs. The initial strategy 
should involve developing a well-defined differentiation protocol by making sure 
the cells are 100% differentiated with no transgene. The second strategy should 
consider long-term in vivo efficacy and safety study in large animals.

Recently, hiPSC-VSMCs have been used in bioreactors to engineer robust 
hiPSC-derived TEVGs. The collagen deposition by hiPSC-VSMCs provides the 
strength to these constructs. However, none of these TEVGs show mature elastic 
fibers in them. A recent study attempted to engineer vascular constructs with elastic 
fibers [114]. In this study, Eoh et al. used contractile hiPSC-VSMCs and seeded 
them on PEGdma-PLA [poly(ethylene glycol) dimethacrylate/poly(L-lactide)] 
scaffolds followed by culturing them in a pulsatile flow bioreactor. A quiescent cul-
ture medium was containing TGF-β1 and 0.5% fetal calf serum was used. The 
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hiPSC- VSMCs in peristaltic flow in a bioreactor system resulted in the formation of 
robust elastic fibers [114]. This work is the first and the only one so far, which pre-
sented an effective approach to produce mature elastin fibers from hiPSC-VSMCs 
[114]. Further efforts should be made to use these conditions to engineer TEVG 
with elastic fibers.

hiPSC-VSMCs and their use in neovascularization strategy are still in its infancy. 
A very few studies have reported their ability to support angiogenesis via paracrine 
secretion. Although our recent studies have explored their paracrine secretion and 
ability to promote wound healing, further efforts should be carried out to investigate 
their full regenerative potential to broaden their therapeutic application.
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Chapter 10
Mesenchymal Stem Cell 
and Hematopoietic Stem Cell 
Transplantation for Vasculitis

Lianming Liao and Yongquan Gu

Vasculitis is a heterogeneous group of pathologies characterized by inflammation 
and necrosis of vessel walls. More than 30 kinds of vasculitis have been reported 
according to an international consensus [1]. It may present as a primary process or 
as a complication of some other pathologic conditions. Primary vasculitis is rela-
tively rare but is associated with significant morbidity and mortality, particularly if 
diagnosis is delayed. Pathologic conditions, such as collagen-vascular, rheumatic, 
infectious, or malignant diseases, may sometimes be accompanied by vasculitis.

The cause of vasculitis is still mostly unknown. Risk factors of vasculitis include 
geography, age, ethnicity, gender, and genetic and environmental factors. For exam-
ple, Behcet disease is more common in countries along the ancient Silk Route [2]. 
Takayasu disease is more prevalent in South Asian countries and in children less 
than 5 years of age, with a female to male ratio of 9 to 1 [3]. Giant cell arteritis 
(GCA) and granulomatosis with polyangiitis (GPA) occur predominantly in the 
White population [4]. Studies have found the association of hepatitis B with polyar-
teritis nodosa (PAN), hepatitis C with mixed cryoglobulinemia, and silica dust with 
pauci-immune vasculitis [5].

Selection of treatment regimens depends on the type and the severity of vasculi-
tis. Treatment generally includes three components: remission induction, remission 
maintenance, and monitoring. Glucocorticoids are the first-line treatment for vascu-
litis and may be used with or without immunosuppressive agents.

A variety of immunosuppressive medications, newer biologic agents, and new 
treatment regimens have been introduced in the recent years to address this unmet 
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medical need, which include methotrexate, azathioprine, mycophenolate, cyclo-
phosphamide, rituximab, intravenous immunoglobulin, and plasma exchange.

10.1  Mesenchymal Stem Cell Characteristics

Mesenchymal stem cells (MSCs), also known as mesenchymal stromal cells, are 
adult fibroblast-like cells that are adherent to the surface of culture plastic and capa-
ble of differentiation into adipocytes, chondroblasts, and osteoblasts. MSCs were 
originally isolated from bone marrow and later from a variety of tissues, such as 
adipose tissue, tooth pulps, periodontal tissue, umbilical cord, and placenta. In 
2006, the International Society for Cellular Therapy recommended a set of minimal 
criteria to uniformize MSC characteristics [6].

The immunoregulatory properties of different types of MSCs have been well 
studied. MSCs exhibit capabilities such as prompting T-cell expansion to a regula-
tory phenotype, shifting macrophages to anti-inflammatory and immunosuppressive 
M2 phenotypes, and inhibiting dendritic cells maturation. The functions of NK 
cells, B cells, and memory T cells are suppressed as well [7–10]. The immunoregu-
latory properties of MSCs have been harnessed to treat autoimmune diseases.

Importantly MSCs may migrate to the damaged tissue and secrete a number of 
cytokines and chemokines through paracrine, endocrine, and exosome mechanisms 
[11]. The secreted cytokines and chemokines include vascular endothelial growth 
factor, stromal cell-derived factor-1, fibroblast growth factor, insulin-like growth 
factor, keratinocyte growth factor, hepatocyte growth factor, and vascular endothe-
lial growth factors. In addition MSCs can transfer mitochondria, functional pro-
teins, mRNAs and microRNAs into the damaged cells via microvesicle-dependent 
cell-to-cell communication. These all help correct the course of injury and regulate 
the local immune response.

After numerous in vitro and in vivo preclinical studies, autologous and alloge-
neic MSCs have been applied in a range of immune-mediated conditions, including 
graft versus host disease, Crohn’s disease, multiple sclerosis, refractory systemic 
lupus erythematosus, and systemic sclerosis. Hypothetically MSCs transplantation 
may be beneficial for vasculitis by reducing inflammation, inducing prosurvival 
genes, and downregulating pro-apoptotic genes.

10.2  Hematopoietic Stem Cell Characteristics

Vasculitis may develop into a chronic inflammatory disorder and presents as a 
relapsing-remitting illness. Therefore, an ideal therapeutic goal is to switch off the 
inflammation and halt disease progression. Immunoablation and reconstitution of 
the immune system via hematopoietic stem cell transplantation (HSCT) is a more 
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intensive approach than immunosuppressants. This approach can switch off the 
autoreactive, inflammatory process and restoring self-tolerance.

Immunoablation and HSCT have been practiced as a therapy for various autoim-
mune diseases, including systemic sclerosis, systemic lupus erythematosus and 
Crohn’s disease, for several decades [12]. The purpose of HSCT in the treatment of 
autoimmune diseases is to allow delivery of intensive chemotherapy or chemoradio-
therapy in order to cause severe immunosuppression or even total immunoablation. 
Infused stem cells then repopulate the patient and give rise to new hematopoiesis 
and a complete immune system. In allogeneic HSCT, the immune system is pro-
vided by the donor cells.

10.3 HSP IgA vasculitis (Henoch–Schönlein purpura)

IgA vasculitis is the new term for Henoch-Schönlein purpura (HSP) and is the com-
monest systemic vasculitis in childhood [13]. It is defined in the latest Chapel Hill 
nomenclature (2012) as vasculitis with IgA1-dominant immune deposits affecting 
small vessels (predominantly capillaries, venules, or arterioles). HSP is associated 
with glomerulonephritis which is indistinguishable from IgA nephropathy [13]. The 
most important prognostic factor for poor outcome is renal involvement. Children 
with microscopic hematuria without renal dysfunction or proteinuria and those with 
non-persistent mild-moderate proteinuria usually do not require any specific thera-
peutic intervention other than a “watchful waiting approach” since the prognosis is 
excellent. HSP-associated arthritis responds well to non-steroidal anti- inflammatory 
drugs [14]. Severe skin lesions and gastrointestinal involvement could require a 
short course of an oral corticosteroid. However controlled studies have shown that 
corticosteroids do not prevent renal disease [15]. Immunosuppressants including 
azathioprine, MMF, or intravenous cyclophosphamide may be considered as 
second- line agents.

Mu et  al. reported a 12-year-old boy treated with cord-derived mesenchymal 
stem cells for liver cirrhosis and refractory HSP [16]. The patient presented with 
purpura in the skin of the bilateral lower limbs and thrombocytopenia. He had 
chronic itching skin rash for the past 2 years and received prednisone treatment. At 
admission, ultrasonography of the abdomen showed diffuse lesions and multiple 
solid nodules in the liver. Abdominal computed tomography showed hepatomegaly 
with small nodules under the right lobe of the liver and enlarged splenic sinuses. 
The patient received MSC transplantation for eight times in 2 months. Then meth-
ylprednisolone was tapered off after 1 month with disappearance of skin rash and 
normalization of platelet count and liver transaminase level. Abdominal ultrasound 
showed fewer round nodules in the liver and decreased spleen size. Follow-up at 
6 months revealed there was no skin rash, and no nodules in the liver and the platelet 
count remained normal. This is a rare case of HSP with thrombocytopenia and liver 
cirrhosis that responded to MSC treatment.
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10.4  ANCA-Associated Vasculitis (AAV)

Antineutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV) 
comprises granulomatosis with polyangiitis (GPA, previously referred to as 
Wegener’s granulomatosis), microscopic polyangiitis (MPA), eosinophilic granulo-
matous polyangiitis (EGPA), and renal-limited vasculitis. GPA may present sequen-
tially as a predominantly granulomatous form or as an acute small vessel vasculitic 
form. These two presentations may also co-exist.

There is a rapid expansion in the therapeutic agents for AAV, including purine, 
pyrimidine, mycophenolate mofetil, leflunomide, 15-deoxyspergualin, immuno-
globulin, TNF-alpha antagonism infliximab, IL-5 antagonism mepolizumab, ritux-
imab (for induction of B-lymphocyte depletion), alemtuzumab (for induction for 
T-lymphocyte depletion), and antithymocyte globulin (for induction for 
T-lymphocyte depletion). Due to the fact that AAV is associated with abnormal 
immune function, immunoablation, and HSCT to switch off the autoreactive, 
inflammatory process of the patients is reasonable.

In a phase I–II trial of autologous peripheral blood stem cell transplantation for 
refractory autoimmune disease, one patient with GPA was enrolled [17]. The patient 
was male and 21 years old. He has been treated with corticosteroids, cyclophospha-
mide, and cyclosporin A before. Peripheral blood stem cells were mobilized with 
granulocyte colony-stimulating factor after administration of cyclophosphamide 
(2 g/m2) for 2 days. 5 × 106 CD34+ cells/kg were collected by apheresis and infused. 
After hematopoietic reconstitution, the size of the left orbital granuloma decreased 
substantially and the exophthalmos was reduced. Monthly steroid pulse therapy was 
discontinued. At 3 months after transplantation serum proteinase 3 (PR3)-anti neu-
trophil cytoplasmic antibodies (ANCA) level decreased to 39  IU/ml, which was 
72  IU/ml before transplantation. However, it increased again to 157  IU/ml at 
12  months. Thus high dose cyclophosphamide with autologous peripheral blood 
stem cell transplantation is promising. However why GPA relapses in the long-term 
remains unclear.

Additionally, in an international meeting taking place in 2000, four patients with 
GPA receiving autologous peripheral stem cell transplantation were reported. All 
patients had an initially complete response, but two patients relapsed at 2.3 and 
3 years, respectively, which was easier to control [18]. However the detailed treat-
ment protocol was not described.

Secondary autoimmune diseases are a known complication after autologous 
stem cell transplantations [19]. Indeed, p-ANCA-associated vasculitis was induced 
in a 43-year-old man who had received autologous stem cell transplantation for 
systemic sclerosis. The patient received a conditioning regimen with cyclophospha-
mide and antithymocyte globulin before receiving cyclophosphamide and granulo-
cyte colony-stimulating factor mobilized stem cell transplantation. He responded 
well to HSCT.  One year and 4  months after transplantation mild erythrocyturia 
without acanthocytes and proteinuria were seen on routine urinalysis. During the 
following year, erythrocyturia increased to 131 erythrocytes/μl and protein 

L. Liao and Y. Gu



225

excretion to 628  mg/g creatinine. Renal biopsy revealed mild global and focal- 
segmental sclerosing and focal-segmental proliferative glomerulonephritis that sup-
ported the diagnosis of p-ANCA-positive glomerulonephritis. The patient responded 
well to Rituximab treatment.

10.5  Kawasaki Disease (KD)

Kawasaki disease (KD) is a systemic inflammatory disease that predominantly 
affects medium and small-sized arteries. The principal clinical features of KD 
include polymorphous exanthema and acute non-purulent cervical lymphadenopa-
thy, which are manifestation of abnormal immune function [20].

Early recognition and treatment of KD with aspirin and intravenous immuno-
globulin (IVIG) are crucial. However, IVIG resistance has been reported in up to 
20% of cases [21]. Other treatments include corticosteroids and corticosteroids plus 
IVIG.  In some case report, anti-TNF-α, anakinra, plasmapheresis, and immuno-
globulin plus ciclosporin were shown to be effective [22].

Most recently Uchimura et al. evaluated if adipose-derived MSCs could suppress 
KD-associated vasculitis in a Candida albicans water-soluble fraction (CAWS)-
induced severe coronary arteritis. Candida albicans-derived substances, such as 
C. albicans water-soluble fraction (CAWS), induce coronary arteritis similar to KD 
in mice [23]. Mice were treated with intravenous MSCs or phosphate-buffered 
saline. On day 29, the mice were sacrificed. MSC infusion significantly inhibited 
coronary arteritis and decreased the levels of pro-inflammatory cytokines IL-1β, 
IL-12, IL-17, RANTES, INF-γ, and TNF-α. Most importantly MSC infusion 
improved animal survival. These findings highlight that MSC transplantation is 
potentially a novel therapeutic strategy for severe KD due to their anti-inflammatory 
and immunoregulatory functions.

10.6  Polyarteritis Nodosa (PAN)

Polyarteritis nodosa (PAN) is characterized by necrotizing vasculitis in medium- or 
small-sized arteries or angiographic abnormalities. Patients may also have other 
symptoms of the skin, muscle, kidneys, gastrointestinal tract, and heart. Treatment 
of severe PAN includes corticosteroids, cyclophosphamide, and mycophenolate 
mofetil. Despite therapy, mortality remains high. Biologic agents including ritux-
imab were also described for children with systemic PAN.

Similar to other autoimmune disorders, intense immunosuppression followed by 
reconstitution of immune system with a stem cell transplant has been proposed as a 
last-ditch treatment. A 22-year-old Caucasian female with an 8-year history of 
juvenile- onset PAN was treated with autologous peripheral blood stem cell trans-
plantation [24]. Over the following 8 years, she had multiple flares of disease which 
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could not be controlled by oral and i.v. corticosteroids, cyclophosphamide (to a total 
dose of 51 g), oral colchicine, IVIG, and plasmapheresis. In the 18 months before 
autologous HSCT, she suffered increasingly frequent flares and repeat angiography 
showed new aneurysms in the hepatic arteries. She was therefore offered autologous 
HSCT. After administration of cyclophosphamide (1.5 g/m2), stem cells were har-
vested by leucopheresis after stem cell mobilization with granulocyte-colony stimu-
lating factor from the bone marrow. CD34+ cells were purified by magnetic bead 
selection. Immunosuppressive conditioning regimen was compromised of 20 mg 
CAMPATH-1H (days −9 to −5), fludarabine 30 mg/m2 (days −8 to −4), and cyclo-
phosphamide 1 g/m2 on days −3 and − 2. After HSCT she remained well and dis-
continued immunosuppressive medication other than low-dose prednisolone 
(<10 mg/day) for the next 5 months. Unfortunately she developed a new vasculitic 
rash on the lower extremities that were not present before HSCT over the ensuing 
year. Fourteen months after HSCT, she developed autoimmune hyperthyroidism. In 
addition she was positive for thyroglobulin antibodies and p-ANCA. At 18 months, 
the patient developed autoimmune thrombocytopenia. The platelet count recovered 
with IVIG and oral steroids. By sequence-specific T-cell receptor (TCR) heterodu-
plex (HD) analysis of purified T-cell subsets, the researchers showed that clonal 
T-cell expansions, present within 2 months of HSCT when the majority of the T 
cells express CD45RO+, were subsequently within the CD45RA+ T-cell subset at 
1 year after HSCT.  These data suggested that T cells underwent reversion from 
CD45RO+ to RA+. Thus in patients who may have a genetic background which pre-
disposes them to autoimmunity, immune reconstitution after HSCT can be associ-
ated with new autoimmune phenomena [19].

10.7  Takayasu Arteritis

Takayasu arteritis (TA) is the large vessel vasculitis (LVV). The clinical diagnosis 
of TA is usually challenging. Due to the non-specific symptoms and the absence of 
specific laboratory parameters, TA is often unrecognized in the acute early phase. 
There have been few evidence-based therapies for TA.  The general therapeutic 
approach is induction of remission (high dose corticosteroid combined with another 
immunosuppressant), followed by maintenance therapy (lower dose corticosteroid 
combined with a maintenance immunosuppressive agent, usually methotrexate). 
About half of patients respond to steroids and the non-responders may benefit from 
other forms of immunosuppression [25]. In addition, methotrexate, azathioprine, 
mycophenolate mofetil, leflunomide, chlorambucil, antimalarials, and cyclophos-
phamide have been used in children as first- or second-line agents. Biologic thera-
pies, including anti-TNFα mAb and tocilizumab (a monoclonal antibody against 
interleukin 6 receptor), were reported to be effective [26, 27].

Autologous HSCT for TA was reported in a Brazilian woman [28]. She was 
diagnosed in June 1990 when she was 41 years old. The arteriography showed irreg-
ularities and stenosis of the abdominal aorta. The patient was treated with various 
immunosuppressive agents, such as steroids, oral cyclophosphamide, 
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mycophenolate mofetil, methotrexate, and chlorambucil, but all of those therapies 
failed. In October 2002, a magnetic resonance angiogram showed narrowing and 
irregularities in both carotid and subclavian arteries and in the brachiocephalic 
artery. The worsening of clinical symptoms prompted the patient and her physician 
to choose experimental autologous HSCT in April 2003. Hematopoietic stem cells 
were mobilized with cyclophosphamide (2 g/m2) and granulocyte colony-stimulat-
ing factor. Conditioning regimen included cyclophosphamide (50 mg/kg/day × 4) 
plus rabbit anti-thymocyte globulin. After transplantation the clinical condition 
improved rapidly; there was complete resolution of headache, dizziness, and mal-
aise, while limb claudication was significantly reduced. Sixty days after HSCT, 
magnetic resonance angiography showed correction of the stenosis of the brachio-
cephalic artery and reduction in the irregularities of the left carotid artery and of the 
left subclavian artery. On day 320, arterial pulses of the left lower limbs and of the 
carotid arteries showed normal shape and speed by Doppler US, and the wave speed 
of abdominal aorta increased to 73 cm/s. In this case the surprisingly fast improve-
ment in artery structure and function is unexpected and deserve further studies.

10.8  DADA2

Deficiency of adenosine deaminase type 2 (DADA2) is an autosomal recessive dis-
ease resembling polyarteritis nodosa and is caused by mutations in the CECR1 gene 
[29, 30]. The principal clinical features include livedo racemosa, vasculitic periph-
eral neuropathy, digital ischemia, and cutaneous ulceration. Anti-TNF-alpha mAb is 
particularly efficacious for this form of monogenic vasculitis [31].

Allogeneic HSCT has been reported to be successful in a DADA2 patient [32]. 
Two brothers with ADA2 deficiency had a homozygous mutation in CECR1 
(p.R169Q). One brother presented in 1999, at 6 months of age. He underwent HSCT 
in 2003 from a matched unrelated donor after myeloablative conditioning. The 
patient showed rapid immune reconstitution, with resolution of cytopenias, skin 
lesions, hepatosplenomegaly and hypercoagulability, and recovery of serum ADA2 
levels to the normal range for his age. MRI revealed the brain was negative for vas-
culopathic changes. The absence of vasculopathy and the resolution of hypercoagu-
lability after HSCT suggests that the correction of ADA2 blood levels reduces 
macrophage activation and endothelial disruption, both of which probably contrib-
ute to vasculitis. This patient’s younger brother presented in 2009 at 6 years of age. 
Treatment with an anti-TNF alpha mAb (etanercept) stabilized his clinical condi-
tion, although he has persisting profound lymphopenia and low-grade inflammation.

Patients with DADA2 demonstrate skewed macrophage development toward the 
M1 pro-inflammatory phenotype as opposed to the M2 anti-inflammatory pheno-
type. M1 macrophages are known to produce TNF alpha, which could explain why 
anti-TNF alpha mAb seems particularly effective in DADA2. Due to the fact that 
MSC may skew macrophage from M1 to M2 phenotype, we hypothesize that MSC 
may be beneficial for DADA2 patients. Future clinical trials are needed to support 
our hypothesis.
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10.9  CANDLE and SAVI

CANDLE (chronic atypical neutrophilic dermatosis with lipodystrophy and ele-
vated temperature) syndrome is a recessive disease caused by gene mutations in the 
proteasome pathway and is classified as a proteasome-associated autoinflammatory 
syndrome (PRAAS). Mutations in PSMB8, PSMB4, PSMB9, PSMA3, and POMP 
are proposed to be responsible for CANDLE syndrome. Effective treatments for 
CANDLE syndrome are still elusive. Oral corticosteroids, methotrexate, cyclospo-
rine, azathioprine, or intravenous immunoglobulins have achieved some improve-
ments. CANDLE is associated with dysregulated type I interferon production; 
therefore targeting this pathway with selective JAK1/2 kinase inhibitor baricitinib 
has been proposed and a treatment protocol has been started.

Stimulator of interferon genes (STING)-associated vasculitis of infancy (SAVI) 
arises from sporadic/dominant mutation in the TMEM173 gene and presents early 
in life with a vasculitic rash affecting the cheeks, nose, and peripheries. Standard 
vasculitis therapies are ineffective. Cutaneous vasculitis and deteriorating lung 
function usually continue relentlessly throughout childhood, with development of 
pulmonary hypertension and lung fibrosis, often with fatal outcome. Reports again 
suggest that early treatment targeting the interferon pathway (e.g., with JAK inhibi-
tors) may offers some benefits to the patients.

Although no clinical trials have been reported for CANDLE and SAVI with 
either MSCs or HSCT, we consider that both strategies may be helpful in alleviating 
the patients’ symptoms and improve their quality of life.

10.10  Conclusion

Considerable therapeutic advances for the treatment of vasculitis have been made in 
the past 10 years, including application of MSCs and HSCT. As new treatments that 
facilitate corticosteroid sparing are emergently needed, robust randomized con-
trolled trials are expected to confirm the preliminary results of MSCs and 
HSCT. However it is a great challenge to enroll enough patients for randomized 
controlled trials aiming the rare diseases. Thus international cooperation is neces-
sary in the future.
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Chapter 11
Mesenchymal Stem Cell and Endothelial 
Progenitor Cell Transplantation 
for Buerger’s Disease

Lianming Liao and Yongquan Gu

Thromboangiitis obliterans (TAO), also known as Buerger’s disease, was first 
described by von Winiwarter in a person in 1879 [1]. In 1908, Leo Buerger pub-
lished a detailed description of the pathological findings on 11 amputated limbs and 
named the disease [2]. It is a nonatherosclerotic inflammatory disorder of unknown 
etiology that affects small- and medium-sized vessels of the extremities. TAO may 
also affect gastrointestinal, cerebrovascular, coronary, and renal arteries in some 
cases [3, 4].

Although smoking is the strongest risk factor in the development and progres-
sion of TAO, the specific mechanism of tobacco in the etiopathogenesis of TAO is 
not fully understood. It is not known which exact components of tobacco are 
involved in the pathogenesis of TAO. Hereditary factors (related to specific human 
leukocyte antigen haplotypes) may also contribute to the development of 
TAO. Endothelial dysfunction is associated with inflammation and thereby impaired 
endothelium-dependent vasorelaxation [4]. Most importantly a body of literature 
has addressed TAO as an autoimmune disease [5]. However, the exact etiology of 
TAO is still elusive.

A staging system for clinical symptoms was proposed by Rutherford (Table 11.1).
There is no standard treatment for TAO. The most effective intervention for TAO 

is smoking cessation as smoking is the strongest risk factor for TAO. Platelet inhibi-
tors, such as aspirin and clopidogrel, may reduce secondary events in TAO patients 
with atherosclerotic disease. Vasodilators, such as amlodipine, nifedipine, and vera-
pamil, can alleviate symptoms by dilating vessels proximal to the stenotic or occlu-
sive lesion. Other drugs that have been proven beneficial include pentoxifylline, 
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cilostazol naftidrofuryl, levocarnitine, arginine, buflomedil, ketanserin, niacin, lov-
astatin, bosentan, treprostinil, and prostacyclin derivatives. Overall, the long-term 
outcomes of the pharmacological inventions are unfavorable. Administration of 
growth factors and gene vectors for vascular endothelial growth factor (VEGF) gene 
to improve endothelial cell proliferation, migration, and blood vessel formation in 
the ischemic limb has also been reported with encouraging results. Spinal cord stim-
ulators may modulate painful stimuli and alleviate pain in severe TAO. Surgical 
revascularization is rarely possible for TAO patients due to the diffused vascular 
damage of the distal vessels. Endovascular therapy may be technically challenging 
because of the prevalent location of lesions in distal vessels. Thus other innovative 
therapies are crucial to decrease amputation rate or even avoid amputation (Fig. 11.1).

A promising treatment for critical limb ischemia is stem cell therapy, in which 
stem cells are injected into the affected area to solicit the so-called therapeutic 
angiogenesis. Stem cells are undifferentiated cells that theoretically have the ability 
to differentiate into a specialized adult cell type in a specific tissue in the human 
body. Multipotent adult stem cells are found in differentiated tissues. The first 
reported trial of therapeutic angiogenesis using stem cells was the therapeutic 
angiogenesis by cell transplantation (TACT) trial published in 2002 [6]. Since then 
many clinical trials have been performed using various types of cells that are capa-
ble of promoting ulcer healing and neovascularization in animal models.

Table 11.1 Rutherford classification

Grade Category Clinical

0 0 Asymptomatic
I 1 Mild claudication
I 2 Moderate claudication
I 3 Severe claudication
II 4 Rest pain
III 5 Ischemic ulcer not exceeding digits
IV 6 Severe ischemic ulcer or gangrene

Fig. 11.1 Photographs showing healed amputation stumps
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11.1  Endothelial Progenitor Cells

The formation of new blood vessels in response to tissue injury or ischemia is a 
complex physiological process. Postnatal angiogenesis was once thought to be 
exclusively mediated by sprouting of endothelial cells from pre-existing blood ves-
sels. Now endothelial progenitor cells (EPCs) are well recognized to participate in 
new vessel formation [7]. EPCs belong to an immature cell population that is capa-
ble of differentiating into mature endothelial cells. EPCs can be isolated as CD34+ 
or AC133+ mononuclear cells (MNCs) from bone marrow or peripheral blood. 
Tissue ischemia or systemic administration of G-CSF, GM-CSF, vascular endothe-
lial growth factor, or estrogen mobilizes EPCs from bone marrow into peripheral 
blood and the mobilized EPCs specifically home to sites of nascent neovasculariza-
tion, thereby contributing to vascular repair.

The number and function of EPCs are crucial for endothelial function, especially 
in chronic ischemic diseases, including TAO [8–10]. Katsuki et al. found that the 
numbers of circulating EPCs were similar between the healthy controls and TAO 
patients, although the number of early outgrowth EPCs was significantly decreased 
in TAO patients [8]. On the contrary, Park et al. showed the number of EPCs and 
EPC colonies in TAO patients was significantly lower compared to the healthy con-
trol [9]. Although both teams used the same isolation and culture methods for EPCs, 
there was discrepancy in terms of circulating EPCs and colony-forming units in 
TAO patients in their reports. This discrepancy may be due to the fact that they used 
different definition for EPCs. Katsuki defined EPCs as CD34+/KDR+ or CD133+/
KDR+ MNCs. Park et al. counted all of the cultured cells as EPCs, which were posi-
tive for vWF and VE cadherin (51% and 47%, respectively) and negative for CD34 
and CD133. Idel et al. used a somewhat different method for the culture of EPCs 
[10]. They cultured MNCs in wells coated with human fibronectin and gelatin and 
maintained in endothelial cell basal medium-2 (EBM-2) supplemented with EGM-2 
microvascular single aliquots and 5% fetal bovine serum. They defined ECPs as 
cells double-positive for lectin and Di-AcLDL. They showed the numbers of circu-
lating EPCs were similar in the TAO group and the control group. Nevertheless, 
migration capacity of EPCs was not impaired in TAO patients in all of the three 
studies.

Yamamoto et al. quantitated mRNA expression of EPC-specific molecules (e.g., 
Flk-1, Flt-1, CD133, VE-cadherin, etc.) in bone marrow-derived or peripheral 
blood-derived MNCs obtained from four patients with ischemic limbs (two with 
TAO). They reported mRNA expression of EPC-specific molecules decreased in the 
circulating and bone marrow EPCs (CD45lowCD34+CD133+) [11].

In respect of the involvement of endothelial cells in the pathology of TAO, it is 
reasonable to propose that EPC transplantation may benefit TAO patients. As 
CD133+ is a marker of early EPCs, Burt et al. injected CD133+ stem cells collected 
from the peripheral blood of one TAO patient and eight other patients with critical 
limb ischemia to induce therapeutic angiogenesis [12]. All patients were not candi-
dates for surgical revascularization and faced risk of amputation of the affected leg. 
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Stem cells were mobilized by administering G-CSF at 10 mcg/kg/day for 4–5 days. 
MNCs were collected by leukapheresis. CD133+ stem cells were selected and 
injected into the patient’s affected limb. Each injection delivered 2.5–5 million 
cells. At 12 months, two patients, both with lower extremity ulcers before treatment, 
underwent amputation of the treated leg. For the other seven patients, rest pain 
resolved within days of injection. Some functional parameters, such as treadmill 
pain-free walking time and treadmill exercise capacity, tended to improve but did 
not reach statistical significance. The authors did not describe the detailed response 
of the TAO patient after EPC injection.

11.2  Mononuclear Cells from Bone Marrow, Peripheral 
Blood, and Umbilical Cord Blood

Local injection of both bone marrow mononuclear cells (BMMNCs) and peripheral 
blood mononuclear cells (PBMNCs) into the ischemic limb has been proposed to 
initiate therapeutic angiogenesis. The strategy exploits the concept that MNCs con-
tain EPCs that incorporate into new capillaries and other cells that will secrete fac-
tors and cytokines that may promote vessel formation.

Many studies have shown efficiency of autologous bone marrow cell injections 
for limb ischemia. Yamamoto et al. aspirated 400–500 mL of bone marrow from the 
posterior iliac crest of two TAO patients and isolated MNCs by centrifugation. 
Concentrated MNCs were intramuscularly injected into 40 sites of the ischemic 
limb. The two TAO patients were a 38-year-old woman with a painful ulcer in her 
left foot and a 51-year-old man with an ischemic lesion in his right foot, respectively. 
Ischemic status (e.g., rest pain, transcutaneous oxygen pressure, regional blood flow 
evaluated by thermography, and ulcer size) was dramatically improved after cell 
transplantation [11]. Soon Gu’ team at Xuanwu Hospital reported a large clinical 
trial with 43 ischemic limbs in 35 patients, including 3 TAO patients. Bone marrow 
of each patient was stimulated by an injection of the recombinant human G-CSF 
(300 μg/d) for 2–3 days. In addition, heparin (12,500 units/day) was administered to 
avoid thrombosis. Then approximately 200  ml bone marrow (130–200  ml) was 
drawn from the iliac spine for MNCs. After depletion of red blood cells, concen-
trated BMMNCs were delivered by intramuscular injection and/or arterial intralumi-
nal injection. Overall pain relief was remarked [13]. It is worthy to know that they 
administered G-CSF for 2–3 days, which may reduce cardiovascular adverse events 
caused by remarked increase in PBMNCs when G-CSF was administered for 5 days.

Koshikawa et al. used BMMNCs to improve symptoms of the ischemic hands in 
patients with peripheral arterial diseases. They enrolled six patients with TAO and 
one with collagen disease. Mean digital/brachial pressure index in those patients 
was 0.15 before transplantation and significantly increased to 0.67 at 6 months after 
transplantation. All patients showed improvement of pain scale and ischemic 
ulcers [14].
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In a relatively large clinical trial, 28 homogenous TAO patients were enrolled. 
They were nonresponders to iloprost infusion and smoking cessation and were not 
candidates for nonsurgical or surgical revascularization. They all had unilateral 
critical limb ischemia. The patients received multiple injections of BMMNC [15]. 
The mean follow-up time was 16.6  months (range, 7.6–33.8  months). Only one 
patient required toe amputation during follow-up. A change in the ankle-brachial 
pressure index >0.15 was achieved in 8 patients at 3 months and in 14 patients at 
6  months compared with baseline values. Patients demonstrated a significant 
improvement in rest pain scores, peak walking time, and quality of life. Total heal-
ing of the most important lesion was achieved in 15 patients (83%) with ischemic 
ulcers. Most importantly, digital subtraction angiography studies showed vascular 
collateral networks had formed across the affected arteries in 22 patients (78.5%).

There was another clinical trial with a large sample size that evaluated autolo-
gous BMMNC transplantation in 36 nonreconstructible TAO patients [16]. All of 
the patients were deemed having limb-threatening ischemia. Bone marrow was 
aspirated from the posterior iliac crests. The marrow was depleted of red blood cells 
and injected into the calf muscles of the affected limbs. At 6 months, three patients 
(12%) underwent major amputation. Significant improvement in skin ulcers, mean 
ankle-brachial index, and mean transcutaneous oximetry was observed.

The long-term effect of BMMNCs for TAO was also excellent in a study with 
eight TAO patients [17]. Eleven limbs (3 with rest pain and 8 with an ischemic 
ulcer) of 8 TAO patients were followed up for clinical events for a mean of 
684 ± 549 days (range 103–1466 days) after BMMNC transplantation. At 4 weeks, 
improvement in pain was observed in all 11 limbs, with complete relief in 4 (36%). 
VAS pain score decreased from 5.1 ± 0.7 to 1.5 ± 1.3. An improvement in skin 
ulcers was observed in all eight limbs with an ischemic ulcer, with complete healing 
in seven (88%).

In the 3-year-follow-up study of TACT trial [6], which included 115 patients (74 
with peripheral arterial disease and 41 with TAO), 3-year mortality and leg 
amputation- free interval were accessed as primary end points [18]. The median 
follow-up time for surviving patients was 25.3 months. In the TAO subgroup, the 
3-year overall survival rate was 100% (no death), and the 3-year amputation-free 
rate was 91%. The significant improvement in the leg pain scale, ulcer size, and 
pain-free walking distance was maintained for at least 2  years after the therapy. 
They concluded that the safety and efficacy of BMMNC transplantation were not 
inferior to the conventional revascularization therapies.

Most recently, Gu’s team reported their 10-year follow-up of TAO patients after 
BMMNC transplantation [19]. This is so far the longest follow-up report of the 
similar studies, and the results confirmed the safety and efficacy of BMMNCs for 
TAO. During January 2005 and July 2006, 59 patients with TAO were treated with 
either aspirin alone (n = 19) or aspirin plus BMMNC injection (n = 40). Concentrated 
ABMMNCs were injected at 5 cm proximal to the obstructive lesion (Fig. 11.2). 
The 10-year amputation-free survival was 85.3% (29/34) in patients treated with 
BMMNCs compared to 40% (6/15) in patients treated with aspirin alone. Ulcer 
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area, toe-brachial index, transcutaneous oxygen pressure, and pain score were also 
significantly improved with BMMNC treatment (Fig. 11.3).

Another long-term follow-up study by Baran et al. also supported the benefit of 
autologous BMMNC transplantation in TAO patients, even though this study had a 
smaller sample size [20]. Twenty-eight patients (25 males and 3 females) were 
enrolled between April 2003 and August 2005. BMMNCs were injected into the 
gastrocnemius muscle, the intermetatarsal region, and the dorsum of the foot 
(n = 26) or forearm (n = 2), and saline was injected into the contralateral limbs. The 
mean follow-up time was 139.6 ± 10.5 months. The ankle-brachial pressure index 
evaluated at 6  months and 120  months was improved compared to the baseline 
scores. The angiographic improvement was 78.5% and 57.1% at 6 and 120 months, 
respectively. The 10-year amputation-free rate was 96% in BMMNC-implanted 
limbs and 93% in saline-injected limbs. The high amputation-free rate in the saline- 
injected limbs was interesting. We think this is because BMMNCs secrete many 
proangiogenic factors into the peripheral circulation and exert proangiogenic effect 
in the distal saline-injected limbs.

Kim et al. achieved autologous whole bone marrow stem cell transplantation via 
fenestration of the tibia bone [21]. Twenty-seven TAO patients (34 lower limbs) who 
were not candidates for surgical revascularization or radiologic intervention were 
enrolled. Fenestration through the tibia bone was performed under general or spinal 
anesthesia. Six tibial sites were fenestrated with a 2.5-mm-diameter screw under 
fluoroscopic guidance. This procedure allowed bone marrow stem cells to be released 
into ischemic calf muscle through fenestrated posterior tibia holes. The mean fol-
low-up time was 19.1 months. Before treatment all of the 34 limbs had symptoms 

a b

c d
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Fig. 11.2 Representative photos of BMMNC treatment. (a) Bone marrow was harvested from the 
posterior superior iliac spine. (b) Separation of red cells and BMMNCs. (c) BMMNC injection. (d) 
Injection sites. (e) Representative angiogram. Arrows indicate injection sites along the tibial 
arteries
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that were more than category 3 (severe claudication). During the follow- up period, 
23 limbs (67.6%) had symptoms of category 2 (moderate claudication). One limb 
achieved a +3 (markedly improved) outcome, 26 (76.5%) achieved a +2 (moderately 
improved) outcome, and 7 (20.6%) limbs were unchanged. Thirteen of 17 limbs with 
nonhealing ulcer healed during follow-up. Although the authors concluded this 
method was effective in inducing therapeutic angiogenesis in TAO patients, we think 
it is more invasive compared to intramuscular injection of BMMNCs.

Although MNC transplantation for ischemic limb disease was first performed 
with BMMNCs, PBMNCs are also widely used. PBMNCs can be harvested in an 
easier and less invasive approach. The mononuclear cell fraction is usually enriched 
by Ficoll density gradient system centrifugation and by use of blood centrifugation 
and plasmapheresis systems after G-CSF or GM-CSF mobilization. Moriya et al. 
retrospectively evaluated 14 TAO patients who were treated between July 2002 and 
December 2005 and analyzed the data in December 2007. Improvement of ischemic 
symptoms was remarked. Only one TAO patient underwent major amputation dur-
ing the observation period [22]. Horie et al. reported excellent long-term clinical 
outcomes for patients with lower limb ischemia implanted with G-CSF-mobilized 
autologous PBMNCs [23]. Among 11 patients with TAO, the 2-year survival rate 

a b

c d

Fig. 11.3 Representative photographs showing the gradual healing of an ulcer during the follow-
 up period. (a) Before BMMNC transplantation. (b) Three months after BMMNC transplantation. 
(c) Six months after BMMNC transplantation. (d) Ten years after BMMNC transplantation
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was 100%; the 1-year amputation-free rates were 79%. Ishida et al. enrolled five 
patients with TAO and one patient with arteriosclerosis obliterans. PBMNCs were 
harvested and injected intramuscularly (five legs and one arm) for 2  days. 
Improvement in the ankle-brachial pressure index was seen in four patients at 
4 weeks, and ischemic ulcer improved in three patients at 3 weeks. The mean maxi-
mum walking distance significantly increased from 203 m to 559 m at 4 weeks and 
was sustained for 24 weeks [24].

Furthermore, Kim AK et al. used human umbilical cord blood-derived mononu-
clear cells (UCBMNCs) for TAO [25] after they had tried BMMSCs [21]. UCBMNCs 
should be associated with less graft-versus-host disease, and the human leucocyte 
antigen (HLA) matching should be less stringent because of the immunological 
naiveté of UCBMNCs. In their study, seven TAO patients (seven lower limbs) who 
had intermittent claudication, rest pain, and foot ulcer for a minimum of 3 months 
without evidence of improvement with medical treatment were enrolled. The 
patients continued their medications during the study period. A total of 4 × 108 ABO 
type-matched HCBMNCs were injected into 20 sites of the ischemic calf muscles 
along the tibial and peroneal arteries. After the procedures, the patients were fol-
lowed up at 1, 3, 6, and 9 months. The patients did not receive any immunosuppres-
sive drugs and did not experience any graft-versus-host disease during the follow-up 
period. However, the authors did not report specifically the efficacy of HCBMNC 
transplantation in the TAO patients [25].

We notice that most of the studies using MNCs for TAO did not observe any seri-
ous adverse events. Surprisingly, one patient suffered sudden death at 20 months 
after transplantation of BMMNCs, and the authors thought it was associated with 
injection of BMMNCs [14]. The sudden death happened when the patient was 
30 years old. He had no risk factors for atherosclerosis and stopped smoking before 
BMMNC injection. Furthermore, 201thallium scintigraphy performed before injec-
tion revealed no sign of myocardial ischemia. Considering the patient’s background 
and the natural course of TAO, the authors thought that his death was related to 
BMMNC transplantation. Indeed, several studies have suggested the possible role 
of BMMNCs in atherogenesis. Silvestre et al., for example, demonstrated that trans-
plantation of BMMNCs into ischemic limbs of apolipoprotein E-knockout mice led 
to a significant increase in atherosclerotic plaque size in the aortic sinus despite the 
fact that the total cholesterol levels were within normal range and there was no sig-
nificant change in plaque stability [26]. Therefore they suggested transplantation of 
BMMNCs may contribute to “silent” progression of atherosclerosis, which could be 
harmful in the long term. More recently, George et al. have also shown that an intra-
venous injection of bone marrow cells into apolipoprotein E-knockout mice resulted 
in an increase in atherosclerotic lesion size, whereas an injection of EPCs influ-
enced plaque stability [27]. We should note that in the experiments with apolipopro-
tein E-knockout mice, BMMNCs were intravenously injected, whereas in the 
human clinical trials, BMMNCs were injected locally in the affected legs. In fact, 
three long-term follow-ups did not observe similar adverse events [18–20]. 
Nevertheless, more patients are needed to establish a definite relationship between 
BMMNC transplantation and atherosclerosis.
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11.3  Hematopoietic Stem Cell

Hematopoietic stem cells (HSCs) play important roles in angiogenesis. In a study 
by Kinoshita et  al., 15 TAO patients received intramuscular injection of G-CSF 
mobilized CD34+ cells from peripheral blood [28]. PBMNCs were harvested after 
bone marrow mobilization with G-CSF (10 mg/kg per day) for 5 days. Leukapheresis 
was performed to harvest PBMNCs, and magnetic separation was used for CD34+ 
cells. Purified CD34+ cells were intramuscularly injected into 40 sites (30 sites in 
the calf, 6 sites in the sole, and 4 sites in the intertoe muscle) of the leg. Dose of 
CD34+ cells was 105 cells/kg, 5 × 105 cells/kg, or 106 cells/kg. Favorable results 
were observed. Rutherford scale significantly improved by week 8, and the improve-
ment sustained until week 208. CLI-free ratio increased and peaked (100%) at week 
156. Due to the high cost of magnetic separation for purification of CD34+ cells, we 
think HSCs are not preferred cells for the treatment of TAO unless HSCs are proved 
to be superior to other types of cells in terms of efficacy and safety.

11.4  Mesenchymal Stem Cells

As we have mentioned in the other chapter, mesenchymal stem cells (MSCs) were 
originally isolated from bone marrow and later from a variety of tissues, such as 
adipose tissue, tooth pulps, periodontal tissue, umbilical cord, and placenta. MSCs 
from umbilical cord, adipose tissue, and bone marrow have been used for TAO. The 
invasive procedure for harvesting autologous MSCs from bone marrow or adipose 
tissue is a disadvantage.

MSCs are well studied for their ability to promote angiogenesis and arteriogen-
esis through stromal and paracrine activity. Theoretically, UCBMSCs have many 
advantages because of abundant resource and the putative stronger stemness of 
newborn cells compared with adult stem cells. Cell therapy using UCBMSCs also 
have the merit of being less invasive and less expensive because it is easy to mass- 
produce UCBMSCs as a commercial product.

Interestingly, in vitro experiment evaluating the promoting effects of MSCs on 
human umbilical vein endothelial cell proliferation, migration, and tube formation 
and in vivo experiment evaluating the effects of MSCs in animal models of hindlimb 
ischemia showed that UCMSCs were superior to BMMSCs and adipose tissue- 
derived MSCs (ATMSCs) were superior to UCMSCs [29, 30].

Dash et  al. first conducted a randomized controlled trial using BMMSCs for 
chronic nonhealing ulcers of the lower extremities. A total of 24 patients, 6 with 
diabetic foot ulcers and 18 with TAO, were enrolled and randomized into implant 
and control groups. In the implant group, the patients received autologous cultured 
BMMSCs along with standard wound dressing; the control group received only the 
standard wound dressing regimen. They assessed ulcer size at the beginning of the 
study and 12 weeks after treatment. A larger decrease in ulcer area in the BMMSC 
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group was observed: mean ulcer area decreased from 5.04 cm2 to 1.48 cm2. In the 
control group, the mean ulcer area decreases from 4.68 cm2 to 3.59 cm2. Pain-free 
walking distance increased from 38.33 meters to 284.44 meters in the BMMSC 
group. On the contrary, mean pain-free walking distance increased from 35.66 
meters to 78.22 meters in the control group [31].

A prospective, double-blind randomized placebo-controlled multicenter study was 
conducted by Gupta et al. that used allogeneic BMMSCs to patients with established 
arterial occlusive disease (Rutherford II-4, III-5, or III-6) and was not suitable for or 
had failed revascularization treatment. Twenty patients (BMMSC: placebo  =  1:1) 
were administered with at a dose of 2 million cells/kg or placebo (PlasmaLyte A) at 
the gastrocnemius muscle of the ischemic limbs. Significant increase in ankle-bra-
chial pressure index and ankle pressure was seen in the BMMSC group compared to 
the placebo group. However, the authors did not reported how many TAO were 
included in their cohort [32]. They further conducted a prospective, dose-finding 
phase II study assessing the efficacy and safety of intramuscular administration of 
allogeneic BMMSCs in TAO patients. Cells were injected intramuscularly in the gas-
trocnemius muscle and locally around the nonhealing ulcer. Significant reduction of 
rest pain and healing of ulcers in an accelerated fashion were observed [33].

Kim reported for the first time a clinical trial on TAO patients using UCBMSCs 
[34]. They first proved that transplantation of UCBMSCs augmented arteriogenesis 
in the ischemic limb of immunodeficient nude mice. Then four TAO patients were 
enrolled for UCBMSC transplantation. All patients had already received medical 
treatment, surgical interventions, and even amputations, but they had to take pain-
killers to sleep at night. The human leukocyte antigen (HLA) typings were done to 
get a proper match between the patients and preserved umbilical cord blood. 
UCBMSCs (1  ×  106) were injected into the adjacent area of the lesions with a 
23-gauge needle syringe. Strikingly, the pain of the patients was alleviated more 
rapidly than the formation of the new capillaries, which happened between 5 hours 
and 14 days in all patients. The unhealed skin lesions of the two patients showed 
skin regeneration within 120 days. Allograft rejection was not observed, and even 
no immunosuppressants were administered during the follow-up periods of up to 
25 months in the first enrolled patient.

In another phase I study with 8 patients (5 with TAO), Yang et al. injected a total 
of 1 × 107 UCBMSCs into 20 sites on each limb using 23-gauge needle. Injection 
sites were selected below the knee at 20 different sites of ischemic calf muscle along 
the tibial and peroneal arteries [35]. During the 6-month follow-up period, no death 
or serious adverse events were observed, and there were no amputations. 
Angiography revealed increasing scores compared with those at baseline in three of 
eight patients. Improvement in ulcer healing and an increase in pain-free walking 
distance were also observed.

Several groups used ATMSCs for proangiogenic therapy. In a phase I trial the 
safety and efficacy of autologous cultured ATMSCs to treat patients with non-revas-
cularizable critical limb ischemia were evaluated. There was one male TAO patient 
with Rutherford grade III-6. Adipose tissues were obtained by simple liposuction 
from the abdominal subcutaneous fats and digested with collagenase I.  Patients 
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were treated with ATMSCs by intramuscular injection into the ischemic leg. Rest 
pain and TcPO2 all improved during the 6-month follow-up [36].

In the study by Lee et al., 12 TAO patients and 3 patients with diabetic foot were 
treated with intramuscular injections of ATMSCs [37]. A total of 3 × 108 ATMSCs 
(each syringe had 5  ×  106 ATMSCs) were injected at 60 points into the lower 
extremities of 12 patients. Clinical improvement occurred in 10 patients (66.7%), 
including 7 of 12 TAO patients (58.3%). Four TAO patients required minor amputa-
tion during follow-up, and all amputation sites healed completely. Digital subtrac-
tion angiography before and 6 months after ATMSC implantation showed formation 
of numerous vascular collateral networks across affected arteries. Improvement of 
more than one grade in collateral vessel formation was observed in two of the three 
patients with diabetic foot (66.7%) and in eight of the ten patients with TAO (80%). 
A two-year long studies with ATMSCs in 17 TAO patients also showed the onetime 
ATMSC therapy can provide long-term benefit to patients as indicated by decreased 
rest pain, increased pain-free walking distance, increased toe-brachial pressure 
index, increased transcutaneous oxygen pressure, and increased arterial brachial 
pressure index and freedom from amputations during the follow-up [38].

11.5  Conclusions

TAO represents a most severe disease that profoundly influences patient quality of 
life. Prompt recognition, medication, and revascularization are the current standards 
of care. Nevertheless, this care strategy is not completely effective. Researches for 
new pharmacological and angiogenic therapies are underway to meet this unmet 
medical need. Current literature supports that intramuscular administration of 
BMMNCs, PBMNCs, and ATMSCs is a relatively safe and effective therapy for 
TAO patients not suitable to conventional revascularization. Adverse events are 
mostly mild and are related to local implantation/injection. Although encouraging 
results from multiple studies have been reported, unfortunately such studies involved 
small numbers of patients. There is a need for larger, placebo-controlled, random-
ized multicenter trials to confirm safety and efficacy of these cell therapies.

Animal studies indicate that paracrine, anti-apoptotic growth factor, or other fac-
tors produced by stem cells may mediate the response independent of direct differ-
entiation into endothelial cells. However, the precise molecular mechanisms of stem 
cell therapy are still unknown. The specific mechanisms for the improvement in the 
patients’ pain remain to be fully explained because the quick reduction of rest pain 
was noticed before vessel formation. In addition, many questions remain unan-
swered with regard to stem cell therapy, including identification of the ideal cell 
types, autologous versus allogeneic cells, optimal cell number, and route and fre-
quency of administration. Effective protocols regarding in vitro cell methods for 
augmentation of cell potency, which may include stimulation of the stem cells with 
small molecule, cytokines, and various growth factors and use of bioactive micro-
spheres, are also needed to be explored and evaluated in clinical trials.
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FIH First in human
GVHD Graft-versus-host disease
GSV Great saphenous vein
G-CSF Granulocyte colony-stimulating factor
GCP Good clinical practice
GMP Good manufacturing practice
GTP Good tissue practice
Hg Hemoglobin
HGF Hepatocyte growth factor
HIF Hypoxia inducible factor
HSPC Hematopoietic stem/progenitor cells
IA Intra-arterial
IC Intermittent claudication
ICH International Conference on Harmonization of Technical 

Requirements for Registration of Pharmaceuticals for 
Human Use

IL-10 Interleukin-10
IM Intramuscular
IV Intravenous
LEAD Lower extremity arterial disease
LOCF Last observation carried forward
MedDRA Medical Dictionary for Regulatory Activities
MI Myocardial infarction
MNC Mononuclear cells
MSC Mesenchymal stem cells
NIH National Institutes of Health
NO Nitric oxide
PAD Peripheral artery disease
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PBMC Peripheral blood mononuclear cell
PB-MNC Peripheral blood-derived mononuclear cells
PI Principal investigator
PTA Percutaneous transluminal angioplasty
PVR  Pulse volume recording
QoL Quality of life
RCT Randomized controlled trial
RNA Ribonucleic acids
SAE Severe adverse effect
SOC  System organ class
SPC Stem/progenitor cells
TASC Trans-Atlantic Inter-Society Consensus
TBI Toe-brachial index
TcPO2 Transcutaneous oxygen pressure
TGF-β Transforming growth factor beta
TP Toe pressure
TTF Treatment failure
Ulex Plant Ulex europaeus
VAS Visual Analogue Scale
VascuQol Vascular Quality of Life
VEGF Vascular endothelial growth factor
WBC White blood cells
WIfI Wound, Ischemia, and foot Infection

12.1  Introduction

Peripheral artery disease (PAD) is caused by atherosclerotic occlusion of the arter-
ies of the body. PAD can affect the brain, internal organs, and limbs. Most com-
monly this vascular disease causes partial or total occlusion of the blood supply to 
the legs and is sometimes referred to as lower extremity arterial disease (LEAD). 
LEAD affects more than 200 million people worldwide with about 12 million peo-
ple in the USA and 17 million in the EU (https://www.nhlbi.nih.gov/health/educa-
tional/pad/materials/pad_extfctsht_general.html, [45, 62]). Clinically, it is 
characterized by intermittent claudication (IC), pain in the muscles of the lower 
limb brought on physical activity and rapidly relieved by rest. When PAD worsens, 
it reaches the stage of Critical Limb Ischemia (CLI), a life-threatening disease with 
comorbidities and an extremely low quality of life (QoL). CLI, also referred to as 
chronic limb-threatening ischemia (CLTI), is the major cause of ischemic amputa-
tion [1, 21, 61]. CLI presents clinically as rest pain, ischemic ulceration, or gan-
grene of the foot or the leg (Fig. 12.1) and requires immediate treatment [48].
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12.1.1  CLI Diagnostics and Current Best Practice

The assessment of the severity of PAD is traditionally based on the Fontaine or 
Rutherford classifications [31, 37, 72]. Rutherford suggested classification for grad-
ing the severity of chronic arterial occlusive disease for the purposes of standardized 
reporting practices is outlined in Table 12.1, where symptomatic disease is stratified 
into six categories.

Pressure indexes such as the ankle-brachial index (ABI) may be better for com-
paring groups of patients, as well as for monitoring a given patient over time after 
intervention (e.g., after bypass surgery). In addition, to claim cause and effect and 
attribute the improvement to a treatment, some objective evidence of hemodynamic 
change needs to be included, and a change in the ABI of more than 0.10 was recom-
mended. This was later adopted by the Trans-Atlantic Inter-Society Consensus 
(TASC) [25].

Normalartery Narrowed atherosclerotic artery

Hemodynamic changes

Decreased ankle
blood pressure

Location of occlusion
Severity of occlusion
Blood flow velocity
Perfusion pressure

Vascular remodelling
Inflammation

Apoptosis

Activation ECs
Activation of WBCs

Activation of platelets
Increased leukocyte adhesion

Increased free radical production

Inadequate perfusion
Chronic inflammation

Increased oxidative stress
Mitochondria injury

Angiogenesis
Arteriogenesis

Compensation Rest pain
Chronic non
healing ulcer Gangrene Amputation

Endothelia dysfunction Muscle fibre damage

Severity of hypoxia

Severity of PAD

Macrovascular adaptations Microvascular adaptations Tissue remodelling

Fig. 12.1 Schematic representation of the response to ischemia in peripheral artery disease [48]
Initially the ischemic limb compensates for the hypoxia by altering the hemodynamics and pro-
moting microvascular adaptations by induction of angiogenesis and/or arteriogenesis. As the 
severity of the hypoxia increases, the microvascular adaptations are not sufficient. These changes 
lead to mitochondrial injury, free radical generation and subsequent muscle fiber damage, myofi-
ber degeneration, and fibrosis. Additional decreases in oxygen supply and increased metabolic 
demands lead to rest pain, chronic non-healing wounds and gangrene, threatening limb function, 
and viability. In this figure, the blue arrows show the direction of blood flow in the artery, and the 
white arrows show the increase in severity of disease. Abbreviations: ECs endothelial cells, HIF-1α 
hypoxia inducible factor-1α, NO Nitric oxide, PAD peripheral artery disease, VEGF vascular 
endothelial growth factor, WBCs white blood cells
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Rest pain scores on rating scales ranging from 0 for the best (completely resolved) 
to 4 points for the worst condition (severe pain unresolved with paracetamol or non- 
steroidal anti-inflammatory drugs) were suggested by Tateishi-Yuyama [83].

The 6-minute walking test is considered informative and a predictor of further 
deterioration for CLI patients. Typically, annual decline in 6-minute walk perfor-
mance (−73.0 ft (~22 meter) is observed in CLI patients with ABI <0.50. Smith 
et al. defined “mild claudication” as the ability to walk 2 to 3 blocks (900 ft) (~270 
meter) before stopping; “moderate claudication,” 1 or 2 blocks (600  ft) (~180 
meter); and “severe claudication,” less than 1 block (300 ft) (~90 meter) [77]. Perera 
defined a small meaningful change in 6-minute walk as a change of 20 meters and a 
large meaningful change of 50 meters or more [55, 64].

A more recent classification system (WIfI classification) has been proposed by 
the Society of Vascular Surgery. This classification evaluates the prognosis of the 
affected lower limb by considering the following three factors which are graded 
into four categories (0 = none, 1 = mild, 2 = moderate, 3 = severe): wound (W), 
ischemia (I), and foot infection (fI) (Table 12.2) [56]. In the last revision of the 
European Society of Cardiology guidelines, the definition of CLI was replaced by 
the new concept of CLTI. While the term CLI mainly defined the degree of severe 
ischemia as the underlying cause of the disease, the CLTI definition also takes into 
account the degree of infections and wounds, which are perceived as crucial in 
estimating the prognosis of the lower limb [1, 21]. Unlike Rutherford’s classifica-
tion, the WIfI does not include pain and walking ability that might also affect CLI 
prognosis.

Table 12.1 Rutherford classification of PAD and CLI

Category Symptoms Objective criteria

0 Asymptomatic Normal treadmill
Reactive hyperemia test

1 Mild claudication Completes treadmill exerciser
AP after exercise >50 mm Hg

2 Moderate claudication Exercise between categories 1 and 3
3 Severe claudication Cannot complete standard treadmill 

exercise
AP after exercise <50 mm Hg

4 Ischemic rest pain Resting AP < 40 mm Hg, fiat or barely 
pulsatile ankle or metatarsal PVR; 
TP < 30 mm Hg

5 Minor tissue loss
non-healing ulcer, focal gangrene with 
diffuse pedal ischemia

Resting AP < 60 mm Hg, ankle or 
metatarsal PVR fiat or
barely pulsatile; TP < 40 mm Hg

6 Major tissue loss
Extending above transmetatarsal level, 
functional foot no longer salvageable

Same as category 5

AP Ankle pressure, PVR pulse volume recording, TP toe pressure, Rutherford’s Categories 4, 5, 
and 6 are embraced by the term chronic CLI.; Normal treadmill = Five minutes at 2 mph (2 Miles 
per hour = 3.6 Km per hour 60 meter per minute) on a 12% incline
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Table 12.2 Wound, Ischemia, and foot Infection (WIfI) [37, 56]

Wound
Grade Ulcer Gangrene
0 No ulcer No gangrene
1 Small, shallow ulcer on distal leg or foot; no 

exposed bone, unless limited to distal phalanx
No gangrene

2 Deeper ulcer with exposed bone, joint, or 
tendon; generally not involving the heel; 
shallow heel ulcer, without calcaneal 
involvement

Gangrenous changes limited to digits

3 Extensive, deep ulcer involving forefoot and/
or midfoot; deep, full-thickness heel ulcer ± 
calcaneal involvement

Extensive gangrene involving the 
forefoot/ midfoot; full-thickness heel 
necrosis ± calcaneal involvement

Ischemia
Grade ABI Ankle systolic pressure TP, 

TcPO2

0 ≥0.80 >100 mm Hg ≥60 mm 
Hg

1 0.6–0.79 70–100 mm Hg 40–
59 mm 
Hg

2 0.4–0.59 50–70 mm Hg 30–
39 mm 
Hg

3 ˂0.39 <50 mm Hg <30 mm 
Hg

Infection
Grade Clinical manifestation of infection
0 No symptoms or signs of infection

Infection present, as defined by the presence of at least two of the following items:
  Local swelling or induration
  Erythema 0.5–2 cm around the ulcer
  Local tenderness or pain
  Local warmth
  Purulent discharge (thick, opaque to white, or sanguineous secretion)

1 Local infection involving only the skin and the subcutaneous tissue
Exclude other causes of an inflammatory response of the skin (trauma, gout, acute 
Charcot, fracture, thrombosis, venous stasis)

2 Local infection with erythema >2 cm, or involving structures deeper than skin and 
subcutaneous tissues, and no systemic inflammatory response signs

3 No systemic inflammatory response signs
Local infection with the signs of SIRS, as manifested by two or more of the following:
  Temperature > 38 or <36 °C
  Heart rate > 90 beats/min
  Respiratory rate > 20 breaths/min or PaCO2 < 32 mm Hg
  White blood cell count > 12,000 or <4000 cu/mm or 10% immature bands

ABI ankle brachial index, PaCO2 partial pressure of carbon dioxide, SIRS systemic inflammatory 
response syndrome, TcPO2 transcutaneous oximetry, TP toe pressure
Notes: Patient’s symptoms are graded by three categories: foot wound severity, tissue perfusion by 
ABI or transcutaneous oximetry, and the presence of infection
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CLI is associated with high risks for cardiovascular events, including myo-
cardial infarction, stroke, and death. All current CLI guidelines support the use 
of statins and medications aimed at improving blood flow (e.g., phosphodiester-
ase inhibitor cilostazol), reducing blood viscosity (aspirin and anticoagulants), 
antiplatelet therapy (Plavix), and angiotensin-converting enzyme (ACE) inhibi-
tors to reduce cardiovascular events and mortality [85]. In addition, pain is con-
trolled with several levels of analgesics and narcotic medications. Secondary 
prevention by lifestyle changes (smoking cessation, healthy diet, weight loss, 
and regular physical exercise) are also useful [1, 85]. In patients with diabetes, 
glycemic control is particularly important for improved outcome [1]. While 
there is no drug specifically approved for the treatment of CLI, promising inter-
ventional methods are constantly improving. Veith et al. showed that frequent 
follow-up of CLI patients and aggressive intervention can dramatically decrease 
major amputation rates, reporting a decrease from 41% to 5% in primary ampu-
tations between the years 1974 and 1989. This approach is now accepted as the 
standard of care, with further establishment of multidisciplinary wound healing 
centers in most middle-sized and large hospitals around the world [34, 38, 89]. 
The therapeutic approach to patients with PAD includes two aspects. The first is 
to address the risk related to a specific lesion’s symptoms, length, level of occlu-
sion, and localization, while the second is the management of the patients’ 
increased risk of any cardiovascular (CV) event [1, 21]. A flowchart summariz-
ing the proposed therapeutic strategies is presented in Fig. 12.2. Revascularization 
should be attempted as much as possible; bypass surgery or angioplasty should 
be considered depending on the anatomical region and lesion complexity [21]. 
For some CLI patients, these interventional procedures are not suitable for sev-
eral of reasons, such as the distribution of the occlusive disease in medium and 
small vessels, lesions too numerous and too small to revascularize, and comor-
bidities [48]. Yet, starting from the 1980s, it was shown that with a more aggres-
sive limb salvage approach, less than 6% of CLI patients were not candidates for 
interventional treatment [88]. According to Aboyans et al. and Conte et al., the 
majority of CLTI patients are anatomically suitable for revascularization and 
establishing direct in- line flow to the foot is the primary technical goal [1, 21]. 
Recently, Abualhin et  al. reported that distal anastomosis performed on 73 
patients with Rutherford’ categories 5–6 resulted in technical success in 98.6%, 
with 1-month bypass patency in 87.8% of the patients, bypass assisted patency 
in 91.9%, and secondary patency in 93.2%. The 1-year results of these param-
eters were 54.4%, 71.4%, and 75.1%, respectively. Limb salvage and amputa-
tion-free survival (AFS) at 1-year were 84.3% and 79.1%, respectively, with 
most of the failures occurring within the 6-month follow-up (6-month limb sal-
vage 85.8% and AFS 82.1%) [2]. Thus, it seems that despite good technical 
revascularization, clinical success is considerably less than 100%. Furthermore, 
due to the ulcers and subsequent gangrene and recurrent infections, these 
patients are frequently infected and require treatment with antibiotics, often 

12 Changing the Course of Peripheral Arterial Disease Using Adult Stem Progenit…



252

leading to the development of antibiotic resistance. When revascularization 
attempts fail and for nonrevascularizable patients, new therapies, such as gene 
or SPC therapy, are required since the current available therapy only includes 
symptomatic treatments.

12.1.2  Demographic Data

From January 2007 to December 2008, the prevalence and incidence of CLI in the 
USA was 0.23% and 0.20%, respectively. Overall, the success rates of the current 
therapies and prevention measures are limited, and once PAD progresses to CLI, the 
risks of limb loss and mortality increase. It is estimated that 220,000–240,000 

Clinical suspicion of
CLTI

Rest pain – Tissue loss

Complete physical
exam suggestive of

PAD

Measure ankle
pressure, ABI, and
Doppler waveforms

Abnormal ABI < 0.90

Measure toe pressure,
TBI, and Doppler

waveforms

Stage limb severity
(Wlfi)

Obtain vascular
imaging if patient is a

candidate for
revascularization

Search for alternate
cause of rest pain

Tissue loss or
gangrene

Normal ABI
(0.90 – 1.40)

Search for alternative
diagnosis

ABI > 1.40 or
discordant ankle

pressure, ABI, and/or
Doppler waveforms

No

No

Yes

Yes

Fig. 12.2 Flow diagram for the investigation of patients presenting with suspected chronic limb- 
threatening ischemia (CLTI) [21]. ABI Ankle-brachial index, PAD peripheral artery disease, TBI 
toe-brachial index, WIfI Wound, Ischemia, and foot Infection
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amputations are carried out in the USA and Europe annually due to failure of revas-
cularization [4]. The risk of amputations because of vascular diseases is dramati-
cally increased in diabetes, which affects more than 230 million people worldwide 
[10, 94].

It is estimated that CLI will affect more than 3 million patients in the western 
world with an annual 2% US growth rate [53]. Based on historical data, within 
6–12 months after the diagnosis of CLI, approximately 30% of patients will undergo 
amputation and 20% will die [23, 61, 76]. The 2-year and 5-year mortality rates are 
approximately 35% and 70%, respectively [66]. Despite advances in medical and 
interventional therapies, the amputation rate has increased from 19 per 100,000 
person/year to 30–50 per 100,000 person/year over the past decades, mainly driven 
by an increase in the number of diabetics and older patients [3, 62]. Successful 
rehabilitation is achieved in less than two-thirds and one-half of patients after 
below-knee and above-knee amputations, respectively. Fewer than 50% of ampu-
tees achieve full mobility [4], and in patients who survive the first major amputa-
tion, a second amputation is required in 30% of the cases. Amputations cause 
devastating psychological effects and diminished QoL and also have a negative 
impact on survival. Even with the current best practice, the 5-year mortality rate for 
CLI is >60%, exceeding that of prostate cancer (<1%), breast cancer (11%), acute 
MI (20%), colorectal cancer (36%), and stroke (41%) [9].

12.1.3  Cost of CLI

The estimated total costs of treating CLI in the USA alone are $10 to $20 billion per 
year [4, 10, 42]. The cost of follow-up, long-term care, and treatment for an ampu-
tee who remains at home is $49,000 per year versus only $600 to $800 per year after 
limb salvage. Amputations are associated with substantial costs (e.g., hospitaliza-
tion, surgery, fitting and building of prosthesis, rehabilitation process, home health 
aides, adaptations at the patients’ homes, influence on family and economic produc-
tivity, long-term healthcare costs, etc.) [5]. The CLI economic burden is very high. 
Thus a 25% reduction in amputations could save $2.9 to $3.0 billion yearly in US 
healthcare costs.

From what has been described above, CLI is a progressive devastating illness 
with significant disability, poor quality of life, and morbidity and mortality that 
exceed cancer. The economic toll is enormous, and the number of cases is increas-
ing dramatically. There is an unmet, immediate need for the development of new 
therapies to stabilize or reverse the disease course, especially in “no option” 
patients.

This chapter describes new innovative approaches to treat CLI patients who 
failed or are not eligible for revascularization procedures and/or those suffering 
from occlusive disease in medium and small vessels, too numerous and small to 
revascularize, and suffering from multiple comorbidities. It will review several 
gene and cell therapy approaches and present preliminary first-in-human (FIH) 
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results of a novel treatment that combines immune cell therapy and a stepwise acti-
vation and differentiation of stem/progenitor cells (SPC). Utilizing this innovative 
technology, peripheral blood cells from a standard blood draw (with no pretreat-
ment or mobilization) can be transformed, within a day, into a cellular therapeutic 
product code- named BGC101, composed of early endothelial progenitor cells 
(EPCs), SPCs, alternatively activated pro-tolerogenic and pro-angiogenic dendritic 
cells (DCs), and T helper cells. [67]. As will be described in detail below, this treat-
ment has shown promising therapeutic effects in patients with otherwise untreat-
able CLI after a single treatment. The first cohort results have met the expected 
safety and efficacy primary endpoints. BGC101 has been found to be safe with 
6-month amputation- free survival (AFS) in all patients. Additional beneficial 
effects were observed on increased leg blood flow, wound healing, walking ability, 
reduction of pain, decreased usage of narcotic medications, and improved quality 
of life (QoL).

12.2  Review of Gene and Cell Therapy Investigations

12.2.1  Gene Therapy

Gene therapies using naked/plasmid-encoding angiogenic factors such as vascular 
endothelial growth factor (VEGF), hepatocyte growth factor (HGF), fibroblast 
growth factor (FGF), hypoxia inducible factor (HIF), and developmentally regu-
lated endothelial locus (Del-1 and DELTA 1) aimed at promoting neovasculariza-
tion were highly promising in animal models, but were not effective in inducing 
functionally significant angiogenesis in clinical trials. Evidence accumulated from 
22 phase 1 and phase 2 studies in 2008 supports the safety of these approaches in 
humans and also provides indications of bioactivity in patients with these dreaded 
conditions. Even so, true breakthroughs have been elusive [21, 46, 86]. An impor-
tant example is the report by Powell et al. who tested the safety and bioactivity of 
HGF plasmid injection for CLI. In this randomized double-blind, placebo- controlled, 
dose-escalating, multi-center HGF-STAT trial, 104 patients with rest pain or tissue 
loss due to severe lower extremity ischemia were assigned to receive injections of 
placebo or 1 of 3 dosing regimens of HGF plasmid into the ischemic leg muscle. A 
unique, prespecified analysis plan allowed the investigators to identify an increase 
in TcPO2 in the high-dose group that was not present in other treatment groups, thus 
providing objective evidence for bioactivity. However, other end points, such as 
amputation rate, wound healing, and ankle/brachial or toe/brachial index, did not 
reveal differences between treatment groups [69]. Despite advances in the under-
standing of the diseases and the gene delivery tools, growth factor therapy results 
have been inconclusive. New modalities using gene therapy with biomaterials and 
cell-mediated delivery are very promising, but at this stage they are still in the pre-
clinical research stage [92]
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12.2.2  Stem/Progenitor Cells (SPC) Therapy for PAD and CLI

Adult bone marrow-derived cells (BM) that contains hematopoietic SPC (HSPC) 
and mesenchymal stem cells (MSC) has been widely used for numerous clinical 
applications. For more than 50 years HSPCs, the oldest form of therapeutic adult 
stem cells, have been administered in over 50,000 implantations, providing phy-
sicians with a thorough understanding of their utility, mainly for replacing blood 
and immune cells. More than 29,000 autologous transplants performed thus far 
have proven that they significantly lower the risk of infection due to the rapid 
recovery of immune function and the avoidance of rejection and graft-versus-
host disease (GVHD). These advantages have established autologous HSPC 
transplants as a standard second-line treatment for various malignant conditions, 
enabling the use of more intense chemotherapy [17, 35]. In addition, autologous 
HSPC infusion was also found to be safe and has been used to treat approxi-
mately 900 patients with autoimmune diseases, leading to sustained remissions 
in about 30% [63]. SPCs are capable of self-renewal and differentiation into 
organ-specific cell types as well as having paracrine effects via the release of 
pro-angiogenic growth factors/cytokines. A combination of cellular activities 
that contribute to the effects of SPCs transplantation include: the cells’ vasculo-
genic properties; paracrine effect resulting from secretion of multiple growth 
factors; and secretion of exosomes containing proteins, ribonucleic acids 
(RNAs), and microRNAs which stimulate both receptor-mediated and genetic 
mechanisms [32]. Cellular therapies also provide a treatment solution that 
addresses multiple aspects of CLI, including reduction of inflammation, tissue 
remodeling, and increased perfusion [9]. Since regenerative medicine treatment 
began in 1997, the feasibility and safety of BM-derived SPC has been estab-
lished in over 3000 patients with refractory angina, ischemic cardiomyopathy, 
and chronic end-stage heart failure [33, 11]. In these studies, HSPCs and MSCs 
from BM aspirates and mobilized BM, both with and without ex vivo culturing 
steps, all showed high safety profiles, regardless of the administration method 
(intramuscular injections (IM), intravenous infusion (IV), or via angiography).

Progress has also been achieved in establishing therapeutic protocols for 
treating a variety of conditions, such as critical limb ischemia, acute myocardial 
ischemia, and infarction by using SPC. A variety of allogeneic and autologous 
tissues have been suggested as SPC sources, such as BM, peripheral blood 
mobilized cells, and mesenchymal organs. Overall, studies applying cells pro-
duced in compliance to good manufacturing practice (GMP) and good tissue 
practice (GTP) show that cell implantation was well tolerated and improved 
clinical status and survival, while most of the reported adverse effects stemmed 
from pre-procedural treatments connected to acquiring cells for the treatment 
[28, 33, 35].
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12.2.3  Results of Stem/Progenitor Cell (SPC)-Based Therapy 
in PAD and CLI

Results of non-controlled as well as randomized controlled trials (RCT) applying 
SPC-based therapy in PAD and CLI are summarized in Table 12.3. One of the most 
promising and innovative treatments for PAD and CLI is the use of SPC that pro-
motes small-to-medium sized blood vessel neovascularization and supports tissue 
reperfusion in a more physiological way with potentially high effectiveness. More 
than 70 studies have demonstrated the safety and clinical benefits of autologous BM 
mononuclear cells (BM-MNC), BM-MSC, G-CSF-mobilized peripheral blood- 
derived mononuclear cells (PB-MNC), or EPCs for patients with CLI. BM aspira-
tion necessitates systemic/epidural or local anesthesia and aspiration of large 
amounts of marrow (300–500 mL) that many CLI patients cannot tolerate [52]. For 
those who undergo the procedure, the most frequent adverse reaction was local 
pain, responsive to non-steroidal anti-inflammatory drugs [28].

12.2.3.1  BM Mononuclear Cells (BM-MNC)

In the first published study, patients with chronic CLI conditions that were not 
amenable to revascularization received BM concentrate or peripheral blood mono-
nuclear cells (PBMC) implantation. Cell implantation induced no local inflamma-
tory reaction or edema of the gastrocnemius up to 72  hours after injection. 
Concentrations of serum creatine phosphokinase (CRP) increased after implanta-
tion (maximum after 1 day) and reverted to baseline within 7 days. 25 patients were 
treated with BM-MNC (1.6 ± 0.6 × 10e9 cells) and injected at 40 points into the 
gastrocnemius of the more ischemic limb (ankle-brachial index; ABI <0.6). 20 
patients were in the control treatment, 4 obtained saline solution, and 16 patients 
were treated with PBMC (1.5 ± 0.6 × 10e9 cells) injected into the contralateral leg. 
The cell injection procedure was safe. 2 patients out of 47 died from myocardial 
infarction judged as unrelated to treatment, and no other treatment-related adverse 
events (AE) were reported. These results reflect a mortality rate of 4.3% compared 
to the 20% mortality expected based on historical data with the existing best prac-
tice methods [21, 23, 76]. PBMC control group showed moderate effects on stabi-
lizing and improving blood flow and pain. A significant improvement in the 
BM-MNC group compared with the PBMC or saline was observed in ABI, trans-
cutaneous oxygen pressure (TcPO2), rest pain, and the pain-free walking distance 
at 4 and 24 weeks [83].

Miyamoto et  al. administrated autologous BM-MNC and investigated their 
safety and efficacy in recovering refractory chronic PAD of limbs and hands. No 
serious adverse events were reported, and the treatment was effective in relieving 
severe pain of PAD, especially for Buerger’s disease. The maximum pain level 
before implantation was 66.5 ± 5.0 (VAS 0–100), and it decreased to 12.1 ± 2.2 after 
implantation (p < 0.001). Rest pain in legs and fingers was resolved in 11 of 12 cases 
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(92%). Pain-free walking time on a treadmill improved significantly (140 ± 53 sec-
onds before implantation to 451 ± 74 seconds after implantation, p = 0.034). Resting 
ABI in legs implanted with BM mononuclear cells also improved (0.65  ±  0.08 
before implantation vs. 0.73 ± 0.07 after implantation, p = 0.055). Significant perfu-
sion improvement was demonstrated by 99mTc-tetrofosmin perfusion scintigra-
phy [57].

12.2.3.2  Mobilized BM (PB-MNC) Versus BM Mononuclear Cells 
(BM-MNC)

Several studies with growth factor mobilization of BM (also referred to as 
PB-MNC) were performed with safety and efficacy results similar to those of the 
BM-MNC trials. Overall, reported AE stemmed from pre-procedural treatments 
with G-CSF. AE included flu-like symptoms, myalgia, fever, and bone pain. A 
smaller number of AE included three patients who had to discontinue G-CSF due 
to chest pain, muscle pain, and anaphylaxis, respectively, one patient with ven-
tricular fibrillation who recovered after cardioversion, and one patient who had 
minor retinal bleeding [27, 28, 43, 44, 49]. The long-term mortality rate in these 
studies was 2.8%, with 21 deaths reported between 2 months and 3 years after 
therapy, as compared to the 20% expected based on historical data. Thus, based 
on data from 761 patients, the authors concluded that no safety concerns exist 
with this type of cell therapy [28]. Among these, Huang et al. studied the effect of 
G-CSF mobilized PB-MNC (3.0 × 10e9 cells) in a RCT design on 28 diabetic 
patients with CLI. The control group received conventional wound care, and both 
groups were supplemented with an intravenous injection of prostaglandin E1. The 
study patients received G-CSF for a total of 5 days before PB-MNC collection. 
Huang reported improvements in pain-free walking distance, healing of diabetic 
foot ulcers, and significant increase in ABI (from 0.50  ±  0.21 to 0.63  ±  0.25 
(p < 0.001)) and in angiographic scores [40]. Despite the limitations of the lack of 
compatibility between the studies, the outcome of BM-derived cell therapy (as 
well as that of Mobilized PB-MNC) on perfusion parameters (ABI, TcPO2) and 
the clinical course (wound healing, walking distance) remains consistent and 
positive throughout the different reports. Pooled results show that autologous cell 
therapy can induce an increase in ABI values between 0.1 and 0.2 points, which 
is considered a significant clinical outcome [72], and an increase in TcPO2 
between 10 and 20 mmHg O2. Depending on baseline values, walking distance 
can improve about 100 to 200 meters. No serious side effects were reported 
[28, 41].

Dubsky et al. conducted a comparative study of patients with diabetic foot dis-
ease, 28 in the treatment arm and 22 control patients (standard care). 17 were treated 
by BM-MNC cells and 11 by PBMNC. At 6 months, 10 major amputations occurred 
in the control group, 2 in the BM-MNC group, and 1 in the PB-MNC group. A ben-
eficial effect of cell therapy was observed with no difference between the two cell 
treatment groups [27].
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12.2.3.3  Intramuscular (IM) Versus Intra-arterial (IA) Administration 
of BM Cells

Rigato and Fadini reported 4 studies utilizing IA administration including one RCT 
on 41 advanced CLI patients (Rutherford category 5 and 6) comparing IM (21 
patients) and IA (20 patients) and one double-blind RCT on 160 CLI patients 
(Rutherford category 3–6) comparing 3 repeated treatments (once every 3 weeks) of 
IA administration of BM-MNC or placebo red blood cells. In both studies there was 
no difference in outcome between the groups. At 6-month follow-up, Klepanec 
reported 4 deaths (9.7%) and 10 major amputations (24%) without clearly detailing 
the group-associated events. Teraa reported 4 deaths (4.9%) and 10 major amputa-
tions (18.5%) in the IA BM-MNC group and 5 deaths (6.3%) and 10 major amputa-
tions (12.3%) in the IA placebo group. Indeed, in Rigato’s analysis of delivery 
route, only IM but not IA administration was associated with a significant improve-
ment in amputation rate, amputation-free survival, complete wound healing, ABI, 
and TcO2, while both IM an IA significantly improved rest pain score [47, 74, 84].

12.2.3.4  BM Mononuclear Cells (BM-MNC) Versus BM Mesenchymal 
Stem Cells (BM-MSC)

As of 2017 Rigato et al. reported 4 studies utilizing BM-MSC obtained either by 
BM aspiration or by mobilization. Lu et al. conducted a double-blind RCT study in 
41 diabetic patients comparing BM-MNC (20 patients) and BM-MSC (21 patients). 
Selected BM-MNC were injected immediately, while BM-MSC were first expanded 
ex vivo for 12–15 days. Saline was used as a control and was injected into the sec-
ond leg. Lu reported that a BM aspiration volume of 30 ml was sufficient for genera-
tion of BM-MSC, while 300–500 ml was needed for preparation of BM-MNC. Cells 
were administrated intramuscularly (20 injections, 3  cm intervals, 1–1.5  cm in 
depth, (0.5–1 mL BM-MSCs or BM-MNCs per site). There were no serious adverse 
events. BM-MSC were superior over BM-MNC in limb perfusion, wound healing, 
and pain-free walking time, but there was no significant difference between the 
groups in amputations or pain relief [52].

12.2.3.5  Dose Dependency

Losordo et al. assessed dose dependency in a RCT utilizing two doses of mobilized 
BM purified CD34 SPC. 28 CLI patients were treated with 1 × 10e5 autologous 
CD34+ cells/kg (low-dose; 7 patients), 1 × 10e6 (high-dose; 9 patients), or placebo 
(control; 12 patients). 8 IM injections were administered to the ischemic leg. No 
adverse safety signal was associated with cell administration. 60 SAEs occurred in 
22 subjects during the study. 1 occurred during mobilization before treatment (mod-
erate hypotension which required prolonged hospitalization) and 59 after treatment. 
The majority of SAEs were considered unrelated to the study with 1 judged as 
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possibly related (severe worsening of CLI in the target leg after injection which 
required prolonged hospitalization). There were 2 deaths during the study (group 
was not reported) and 11 major amputations. Major amputation incidence and AFS 
were significantly lower in the combined cell-treated groups compared with the 
control group with no significant dose related effect. Most amputations occurred 
within 6-month post injection, 4 in the control group (33%), 3 in the low-dose group 
(42%), and 2  in the high-dose group (22%) with 2 amputations between 6 and 
12 months in the control group (a total of 50%). No treatment-related differences 
were found in wound healing, rest pain and QoL, whereas 6-min walking test 
improved in the cell treated groups. Lack of dose dependency in this preliminary 
study might be due to the small size of the groups [51].

12.2.3.6  Allogeneic Ex Vivo Expanded Cells

Gupta et  al. described a double-blind RCT using allogeneic BM-MSC.  Patients 
graded as Rutherford 4 (5 patients), Rutherford 5 (10 Patients), and Rutherford 6 (5 
Patients) received a single treatment of 180–220 × 10e6 BM-MSC (10 patients) or 
placebo suspension (10 patients) via 40–60 IM injections in the gastrocnemius. 
Incidence of AEs in the BM-MSC arm was 13 vs. 45 in the placebo arm, and serious 
SAE including death, infected gangrene, and amputations were similar in both arms 
(5 in BM-MSC and 4 in the placebo group). Two deaths in the BM-MSC were not 
attributed by the study DSMB to the cell therapy. Two amputations occurred in each 
group. Nonetheless, a significant increase in ABI and ankle pressure was seen in 
BM-MSC arm compared to the placebo group. These results may reflect the inclu-
sion of unsalvageable Rutherford 6 patients as suggested by Benoit et al. in their 
2011 report [13, 52]. In a preliminary study, applying allogeneic ex vivo expanded 
placenta-derived MSC, 4 patients obtained 3 sets of IM once every 4 weeks. Safety 
results were promising with only one mild transient AE of fever. Ulcer healing, 
pain, pain-free walking test, and ABI improvement were reported, but no ABI or 
patient grading were provided. One patient had a major amputation [91].

12.2.3.7  Ex Vivo Activated/Differentiated Cell Products

In a double-blind RCT, Powell et al. tested the safety and efficacy of Ixmyelocel-T, a 
mixture of ex vivo expanded BM-MSC and alternately activated macrophages, in 86 
patients (46 Ixmyelocel-T and 24 placebo). Patients received 20 IM injections and 
were followed for 12 months. Ixmyelocel-T treatment was well tolerated. The occur-
rence of adverse events and serious adverse events was similar between the two 
groups. There were four deaths (8%) in the Ixmyelocel-T group. This represented a 
decreased death rate compared to the 20% mortality expected based on historical 
data. However, the placebo group had the same mortality rate of 8%. There were ten 
major amputations (21%) in the Ixmyelocel-T group and six (25%) in the placebo. In 
both groups, most of the amputations occurred within 6  months. These results 
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indicate that the therapy did not improve the one-year amputation or mortality rates. 
Improvement was observed in AFS and time to treatment failure (TTF based on one 
or more of: major amputation of the injected leg; mortality; doubling of total wound 
surface; and de novo gangrene) in ixmyelocel-T-treated patients compared with con-
trols. In addition, the treatment effect for both TTF and AFS was even more pro-
nounced in patients who entered the trial with baseline wounds (Powell et al. 2012).

While administration of fresh PBMC was inferior to BM-MNC [83], angiogenic 
cell precursors (ACP), a product resulted from non-mobilized peripheral blood after 
5 days of pro-angiogenic ex vivo activation, showed a high safety profile and an 
improvement in circulation, ulcer healing, and reduced amputation rate. In the imme-
diate follow-up after the intramuscular injection, patients were hemodynamically 
stable. There were no abnormalities in hematology, kidney and liver function tests, 
including serum myoglobin. One patient developed dyspnea that was caused by fluid 
overload, with immediate response to diuretic therapy. Elevated cardiac enzymes 
were detected in one patient, even though the patient had no symptoms of angina 
[60]. Similar results were obtained by Szabó et al. from applying ACP in a larger, 
controlled study of 20 patients (10 patients treated with ACP and 10 with standard 
care). The treatment was well-tolerated. At the 3-month follow-up, there were no 
major amputations and only two minor amputations in the treated group versus six 
major amputations in the controls and one death due to sepsis. Objective (ABI, 
TcO2) and subjective quality of life (QoL) improvement were seen in the treated 
group at 3 months. Post-study evaluation showed that the two-year major amputation 
free rate was 70% in the treated group versus 30% in the controls. The improvement 
in other objective and subjective parameters was sustained [81].

12.2.3.8  Summary of Cell-Based Therapies

Typical for early development stages of innovative therapeutic modalities, most 
studies were conducted on small patient groups ranging from 5 to 25 patients, and 
only part were RCTs or double-blind RCT trials. By 2015, more than 1000 CLI 
patients were treated with SPCs. The SPCs were directly obtained from organs, 
such as the BM or fat tissue or, alternatively, using mobilizing agents to induce mas-
sive proliferation of BM cells, followed by cell collection using an aphaeresis unit. 
Most of the studies were performed with autologous BM-derived cells, adminis-
trated locally to CLI patients in one treatment session of intramuscular injections. 
Overall, these studies showed that the cell implantation was well tolerated, not asso-
ciated with severe adverse events and that they improved the clinical status of the 
patients. Safety analysis included the evaluation of death, cancer, unregulated 
angiogenesis, and procedural adverse events (AEs). The overall AE rate was low 
(4.2%) [12]. Most of the reported AEs were related to the pre-procedural activities 
for acquiring cells. Post cell therapy AEs were mainly injection site reactions and 
musculoskeletal disorders [28, 74].

Moreover, the data are supported by systematic reviews and meta-analyses of 
open labelled and RCTs. For example, Benoit et al. summarized 45 clinical trials, 
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including 7 RCTs, with 1272 patients who received cell therapy. Efficacy analysis 
included the clinical endpoints of amputation and death as well as functional and 
surrogate endpoints. Cell therapy patients had a significantly lower amputation rate 
than controls (odds ratio 0.36, p = 0.0004). Cell therapy also improved a variety of 
functional and surrogate outcomes, such ABI, TcPO2, and quality of life (QoL) 
[12]. More recently, Rigato et  al. reported a large meta-analysis on 2332 CLI 
patients, including19 RCTs, 7 non-randomized, and 41 non-controlled studies [74]. 
The primary analysis (all randomized controlled trials) showed that cell therapy 
reduced the risk of amputation by 37% and improved amputation-free survival by 
18% and wound healing by 59%, without affecting mortality. Taken together, the 
data indicate that cell therapy significantly increased ABI, TcPO2, reduced rest 
pain, and improved QoL. Cell therapy patients did not have a higher mortality rate 
than controls and demonstrated no increase in cancer incidence. Many of these stud-
ies show decreased mortality in comparison to the natural history of 20% mortality 
and 30% amputations that are expected within 6–12 months from CLI diagnosis 
[21, 23, 76]. As discussed above, Rigato and Fadini in 2017 showed that cell therapy 
reduced the risk of amputation and improved amputation-free survival but did not 
affect mortality. This may reflect the fact that the control group is also receiving 
better care. Indeed, in a summary of placebo-controlled groups of 11 cell therapy 
studies reported between 2001 and 2015, the average mortality was 9% (range 
0–33%) at 6 months. The rate of major amputations was much closer to the expected 
value with an average of 28% (range 10–67%) at 6 months. The limitation in death 
rate comparison may stem from the fact that many studies have a 6-month follow-
 up, while mortality sometimes occurs at a later time after the end of the study. This 
is not an issue when amputation is measured, since at least 85% of the major ampu-
tations occur with the first 6 months after treatment [13, 27, 36, 51, 65, 66, 81, 84, 
50, 70, 90].

12.3  Future Application

The promising results of the studies summarized above encouraged us to develop a 
new combination of cells for effective neovascularization, reduction of inflamma-
tion, and recruitment of additional SPC from endogenous resources. CLI is cur-
rently an incurable, life-threatening, and seriously debilitating disease. We therefore 
developed a patient-friendly method, based on a standard blood draw that is safe, 
accessible to patients in every clinic, and scalable. The goal beyond limb salvage is 
to extend lifespan and improve functionality and QoL.

Since the number of EPCs and HSPCs in the blood is relatively low in healthy 
individuals and even lower in diabetic patients [14, 29], an ex vivo method for the 
enrichment and augmentation of these specific cells was developed. DCs, originally 
identified by Steinman et al. in 1973 [78], regulate both innate and adaptive immu-
nological responses by the triggering of antigen-specific T-cell responses [7, 18–20, 
26, 58, 78, 87]. However, in the presence of anti-inflammatory molecules such as 
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transforming growth factor beta (TGF- β), basic fibroblast growth factor (bFGF) and 
interleukin (IL)-10, DCs are alternatively activated in an antigen-independent man-
ner and induce secretion of potent pro-angiogenic factors like vascular endothelial 
growth factor (VEGF) and nitric oxide, resulting in pro-angiogenic effects [8, 15, 
54, 73, 79, 82]. In the presence of pro-angiogenic factors such as ischemia and the 
presence of VEGF, DCs were shown to contribute to neovascularization [16, 30, 75, 
80, 93].

Autologous-enriched endothelial progenitor cells (EnEPC) is a defined cell pop-
ulation generated from a standard blood draw using a novel one-day technology 
employing alternatively activated DCs to specifically direct potentially therapeutic 
cell activity in vitro (Fig. 12.3). Previous in vitro and animal studies in the hind limb 
ischemia model have shown promising results in reversing induced limb ischemia 
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PBMC

DC
enrichment

SPC
enrichment

DC
activation

Co-culture

EnEPC
harvesting

day1

In vitro release
first in human

CLI ‘no option’ patients
Safety, AFS, ABI, wound healing,

6 min walking test, pain, QoL

Fig. 12.3 Blood-derived SPC specifically activated by DCs
Flow chart depicting the generation of enriched EnEPC. BGC101 is a serum-free medium advanced 
therapy medicinal product (ATMP) designed to treat ischemic legs. It is produced in adherence to 
good tissue practice (GTP) and good manufacturing practice (GMP). Non-mobilized blood- 
derived plasmacytoid and myeloid DCs activated with pro-tolerogenic and pro-angiogenic cyto-
kines (such as IL-10, VEGF) are used to specifically direct the in vitro activation of SPCs which 
were enriched from the same blood sample and co-cultured for 12–18 hours. Harvested EnEPCs 
were tested for safety (Gram stain, sterility, endotoxin and mycoplasma), identity (EPCs, SPC, DC 
and T helper cells), and potency (Ac-LDL and Ulex Lectin)
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[67, 68]. BGC101 is the first EnEPC-derived advanced therapy medicinal product 
(ATMP) designed to treat ischemic legs. It is produced in adherence to GMP 
and GTP.

We report here a first-in-human (FIH), pilot clinical study assessing the safety 
and efficacy of BGC101 in the treatment of PAD with CLI.

12.3.1  Methods and Results

This FIH, non-controlled open-label pilot study assessing the safety and efficacy of 
BGC101 in the treatment of PAD with CLI was conducted in compliance with good 
clinical practice (GCP) and was closely reviewed by an independent Data and 
Safety Monitoring Board (DSMB) and sponsored by BioGenCell Ltd (NIH clinical-
trials.gov Identifier: NCT02805023).

Study Population Patients with severe disease and with no other treatment option 
(“no option”) were selected. Patients had characteristics including very low to no 
blood flow in the legs as measured by ABI (<0.5), toe brachial pressure index (TBI), 
and ultrasound duplex test and had non-healing ulcers and infections. Between 
September 2006 and January 2017, six eligible patients underwent blood collection, 
and five patients were treated with BGC101. One patient withdrew before treatment 
due to gastrointestinal bleeding unrelated to the study. The five eligible patients, one 
Rutherford 4 and four Rutherford 5, were treated with a single session of 30 IM 
injections of BGC101 into the gastrocnemius muscle of the diseased leg, under 
local anesthesia with lidocaine cream (see Table 12.4 for baseline data; Fig. 12.4a 
for cell injection, 4b for injected leg 30 minutes after injection). Patients were fol-
lowed for safety 48 hours and 1 week after cell administration. Further follow-up 
for safety and efficacy assessment was performed at 1, 3, and 6 months. 4 patients 
completed the 6-month follow-up period, and one patient withdrew from the study 
immediately prior to the 3-month follow-up visit. This patient had a computed 
tomography angiogram (CT angiogram) after therapy that showed improved run-off 
in the calf vessels. He was advised that he was now eligible again for an interven-
tional procedure and underwent transluminal angioplasty (PTA). The patient was 
amputation-free several days before the 3-months follow-up (2.9 months). For this 
patient, documented data from the 1-month follow-up visit was used based on last 
observation carried forward (LOCF).

Study Investigational Product and Dose Starting with 250–350 ml of peripheral 
blood, co-culture of activated DCs for 12–18  hours with SPCs from the same 
patient sample generated a treatment dose of 91.0  ±  23.4  ×  10e6 (range 
51.1–178.9 × 10e6) of BGC101 cells with 98.1 ± 0.4% viability. BGC101 com-
prises 58.1 ± 7.0% EPCs (expressing Ulex-lectin, acetylated low-density lipopro-
tein (AcLDL) uptake, Tie2, vascular endothelial growth factor receptor 1 and 2, 
and CD31) and 17.3 ± 4.7% SPCs (expressing CD34 and CD184 as well as plas-
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macytoid and myeloid DCs (expressing CD304 and CD141) and T helper cells 
(expressing CD3 and CD4).

Safety The primary outcome of the study was safety. AEs and SAEs were classi-
fied in accordance to International Conference on Harmonization of Technical 
Requirements for Registration of Pharmaceuticals for Human Use (ICH) Medical 
Dictionary for Regulatory Activities (MedDRA), System Organ Class Preferred 
Term (SOC) based on Common Terminology Criteria for Adverse Events 
(CTCAE) [22]. A total of 44 AEs were reported, including 4 SAEs that were all 
typical of CLI or its underlying disease (i.e., happened or could have happened 

Table 12.4 Patients data on screening

Parameter Pt01-001 Pt01-002 Pt01-004 Pt01-005 Pt01-006
Gender Male Male Female Male Male
Age (years) 71 67 67 56 68
Diabetes Diabetic Non-diabetic Diabetic Non-diabetic Diabetic
Smoking habits Non-smoker Past heavy 

smoker >35Yrs
Non-smoker Past heavy 

smoker >35Yrs
Heavy 
smoker 
>35Yrs

Rutherford 5 Minor tissue 
loss

4 Ischemic rest 
pain

5 Minor tissue 
loss

5 Minor tissue 
loss

5 Minor 
tissue loss

Intervention 
(surgery/
catheterization)

Peripheral 
arterial bypass 
surgery
Catheterization

Peripheral 
arterial bypass 
surgery
Catheterization

Amputation of 
contralateral
Catheterization

Thrombectomy Bypass 
for 
occluded 
artery

AFS CTLI CTLI CTLI CTLI CTLI
ABI / TBI ABI 0.48 ABI 0.29 ABI 0.36 ABI 0.4 ABI 0.33 

TBI 0.13
Ulcers/
gangrene

4 Ulcers NA 2 Blueness of 
toes

1 Gangrene 2 Ulcers 1 
Gangrene

Walking Could not 
perform 
treadmill
Walking test 
was not done
Can walk a 
few meters

Could not 
perform 
treadmill
Walking test 
was not done
Patient is 
dependent on a 
wheel chair

Amputated
Walking test 
was not done
Patient is 
dependent on a 
wheel chair

Could not 
perform 
treadmill
Walking test 
was not done
Can walk a few 
meters

Could not 
perform 
treadmill
Walking 
test done: 
0 minutes
Patient is 
dependent 
on a 
wheel 
chair

Pain relief 
(narcotic 
medications)

NA Percocet NA Oxycodone; 
fentanyl

Percocet

Pain (VAS) VAS 6 VAS 8 VAS 0 VAS 5 VAS 9
Quality of life 83/203 94/203 71/203 134/203 76/203

ABI Ankle-brachial index, TBI toe-brachial index, NA not applicable, AFS amputation-free sur-
vival, VAS visual analogue scale

M. Niven et al.



269

regardless of the therapy). 10 of the 44 AEs occurred during the screening period 
of 2 weeks prior to BGC101 administration (an average of 4AEs/patient/month), 
whereas 34 post-treatment AEs were reported during the 6-months follow-up (an 
average of 1.1AEs/patient/month). The 10 pretreatment AEs included one SAE of 
gastrointestinal bleeding after blood collection which was judged by the principal 
investigator (PI) and DSMB as an unrelated SAE. Of the 34 post-treatment AEs, 
25 were defined as unrelated or unlikely related including the 3 SAEs (hospital-
ization due to foot infection and hypokalemia (same patient) and retroperitoneal 
hematoma due to angiography). Nine AEs were defined as a) possibly related (6 
AEs; 4 recovered spontaneously; 1 recovered with medical treatment; 1 was ongo-
ing with medical treatment at study termination), b) probably related (1 AE, 
recovered spontaneously), and c) related (2 AEs, recovered spontaneously). Based 
on review of the AEs and SAEs, the DSMB determined that the treatment protocol 
including blood collection as well as BGC101 IM administration was well toler-
ated and the BGC101 therapy was safe. The DSMB thus recommended continu-
ing and expanding the study to a larger patient population with one 
amendment – shortening the post treatment in-patient follow-up time from 48 to 
24 hours and thereby reducing the exposure to hospital risks such as nosocomial 
infections.

Efficacy In this study, population prevention of deterioration (i.e., stabilizing the 
disease) or improvement were considered successful outcomes.

a

b

Fig.  12.4 BGC101 cell 
injection. (a) During cell 
injections. (b) About 
30 minutes after 
transplantation
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Amputation and Mortality Primary efficacy endpoints were major amputation rate 
(below or above the knee) and AFS at 6 months. All four patients completed the 
study with 6 months AFS (amputation and mortality rate = 0). The one patient who 
withdrew from the study immediately prior to the 3-month follow-up visit was 
amputation-free at that time. Secondary objectives endpoints included blood flow, 
assessed by ankle brachial pressure index (ABI), toe-brachial pressure index (TBI), 
ulcers number and severity score, walking capability, local pain, pain-control medi-
cations, and QoL.

Blood Flow Based on the Inter-Society Consensus for the Management of 
Peripheral Arterial Disease (TASC II) report, a changing ABI is possibly the best 
individual predictor, because if a patient’s ABI deteriorates, it is most likely to con-
tinue to do so in the absence of successful treatment [61]. In addition, to claim cause 
and effect and attribute the improvement to the treatment, an objective evidence of 
the ABI or TBI of more than 0.10 is recommended [72]. Three out of the four 
patients who completed 6-month follow-up had >0.1 (ABI increase ranging from 
0.13–0.54). On average ABI increased by from 0.37 ± 0.03 to 0.57 ± 0.13 (Delta of 
0.19, 53% improvement). According to [56], patients with ABI <0.4 have severe 
ischemia grade 3, with ischemic rest pain and increased amputation risk. However, 
especially in patients with diabetes and wounds complicated by infection, correc-
tion of perfusion to 0.4 < ABI <0.8 may speed healing of wounds and leg salvage 
[56]. In this study, starting from 1 month after treatment the patients’ average blood 
flow exceeded the level of 0.4, corresponding to moderate-severe arterial disease 
with possible limb salvage (Fig. 12.5). In one patient, only TBI could be measured 
and showed an increase from 0.13 to 0.32, which can support wound healing.

Wound Healing Four out of five patients had one or more wounds in the treated leg 
as detected in the screening visits. Each ulcer was defined based on its location and 
specifically traced and ranked by severity damage score (0 = no wound; 1 = limited 
to skin; 2 = penetrates the subcutaneous layer; 3 = involvement of  tendons/fascia/
muscle; 4 = bone exposure). A total and average damage score for each time point 
was calculated by summing the scores for all ulcers per patient and dividing by the 
number of tested patients. In all patients with wounds, ulcer worsening occurred 
during the screening period before treatment. In two patients, both the number of 
ulcers and the damage score increased and in one patient, who entered the study 
2 years after amputation of the contralateral leg, the damage score increased dra-
matically, and a severe infection occurred before treatment. In two patients, deterio-
ration continued after treatment, and in two others both the number and damage 
score were reduced, some of the wounds healed completely and some improved but 
were still present at 6 months.

Walking Capability Four out of five patients had two legs and were potentially 
capable of walking. At the study initiation, the test chosen to measure walking abil-
ity was a 6-minute walking test on a treadmill. However, the patients could not walk 
unaided on the treadmill or barely walked with a walker. Thus, after amending the 
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protocol, for patients who could not perform the treadmill test, a 6-minute walking 
test was performed on a flat surface. Distance and time were measured until the 
patient reported discomfort, for a maximum of 6 minutes.

One patient was not capable of walking at any stage from screening visits until 
the 1-month follow-up. Since this patient withdrew prior to the 3-month follow-up, 
this result was included in the study analysis as LOCF.  By 6  months, all other 
patients showed improvement in walking time, distance, and stability that enabled 
them to go from using a wheelchair or a walker to using a walking stick and take 
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Fig. 12.5 Pilot study ABI results
ABI improvement trend is seen at all time points. Starting from 1  month after treatment the 
patients’ average blood flow exceeded the level of 0.4 which corresponds to ischemic rest pain and 
risk of limb loss and reached the level of 0.40–0.80, corresponding to moderate-severe arte-
rial disease
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daily walks or to walk more than 6  minutes on the treadmill. Large meaningful 
improvements from 36 to 115 meters, from 120 to 240 meters, and from 280 to 
337.5 meters were observed in the walking distance at baseline and at 6 months in 
3 patients. Furthermore, based on the improvement in blood flow and decrease in 
paresthesia, the amputated patient was allowed to re-use her leg prosthesis.

Pain Assessment
Visual Analogue Scale (VAS) of 1 (no pain) to 10 (worst possible pain) was used to 
assess the pain level. VAS scores showed moderate pain during the screening period 
(even though no physical tests or invasive tests were involved in the screening pro-
cess). No increase in VAS scale was observed during blood collection (average VAS 
5.4 and 3.2 during screening and blood collection, respectively). The acute effect of 
the cell transplantation by 30 IM injections into the gastrocnemius utilizing local 
anesthesia with lidocaine cream was assessed using the pain score before and 6, 24, 
and 48 hours following the injections. The mean VAS score prior to the procedure 
was 3.9, and 2.2, 2.7, and 3.0 at 6, 24, and 48 hours, respectively, indicating that the 
blood collection and the IM injection procedures were well tolerated. VAS scale con-
tinued at a level of 3.0–3.5 until the end of the follow-up visits at 6 months. A hall-
mark of CLI is severe rest pain caused by vascular insufficiency. CLI is dominated by 
pedal pain except in diabetic patients, where superficial pain sensation may be altered 
and they may experience only deep ischemic pain, such as calf claudication and isch-
emic rest pain. In most cases, the pedal pain is intolerably severe; it may respond to 
foot dependency, but otherwise responds only to opiates. This pain not only prevents 
physical activity, but it also alters the patient’s QoL. In this study, a record of con-
comitant medications taken by patients was used in addition to other signs to assess 
the treatment effect on patients’ pain relief and QoL. Medications were scored based 
on their relative strength as P1 = analgesics (e.g., ibuprofen); P2 = narcotic-like (e.g., 
Tramadex and Zaldiar), and P3 = narcotics (e.g., percocet, oxycodone, and fentanyl). 
Medications prescribed specifically for back pain and neuropathy were marked as 
NP1 and were not included in the assessment of pain severity.

Two patients reported pain or paresthesia relief starting as early as 1 week after 
treatment. In three patients, a reduction to zero use of P1, P2, and P3 medications 
between screening and 6 months after treatment was observed.

Quality of Life Assessment
QoL is as an important outcome measure for interventions designed to improve 
health, well-being, or both. The King’s College Hospital’s Vascular Quality of Life 
(VascuQol) is a disease-specific QoL Questionnaire for use in lower limb ischemia. 
It was designed to be an evaluative measure and sensitive to within-patient change 
[59]. A Hebrew translation of the questionnaire was utilized prior to treatment and 
1, 3, and 6 months after the treatment. The questionnaire evaluated physical score, 
leg disease-related pain, pain not related to the leg, mental score, and patients’ ease-
ment of their current condition vs. the last year. A gradual increase in QoL Total 
score from a base line average of 91.6  ±  11.3 to 135.5  ±  21.2 at 6-month was 
observed (Fig.  12.6). Improvement in walking capability correlated with a pain 
relief in these patients that can be seen by their concomitant medication 
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consumption. These trends in reduction of pain should be further assessed as a pos-
sible potential early efficacy biomarker.

Summary of this Pilot Study Five severe CLI “no option” patients were treated in 
this pilot study. The main aim of the study was to evaluate the safety of the treat-
ment. The study therapy procedures (blood collection and cell transplantation) were 
well-tolerated and safe. Since all the patients were severe “no option” CLI patients, 
efficacy endpoints including primary efficacy endpoint of AFS and secondary end-
points of blood flow (assessed by ABI/TBI), ulcers severity, walking capability, 
local pain, pain-control medications, and QoL were also measured. The primary 
endpoint of AFS was achieved in all patients that completed the 6-month follow-up 
period and in one patient who completed 2.9 months before becoming eligible for 
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Fig. 12.6 Improvement trends in symptoms as assessed by QoL questionnaire during the study. 
Throughout the study VascuQol, QoL gradually rose with most of the effect obtained by 3 months 
after the treatment
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an interventional treatment option. As of Jun 2020, 3.5–3.8 years after the study, one 
post study amputation occurred due to sepsis of the foot. The number of tested 
parameters was different between patients. For example, one patient had no wound 
and another patient had only one leg, so wound healing and walking capability were 
not tested in them, respectively. For each patient, at least six of the tested parameters 
were stabilized or improved and at least three improved. Among the patients who 
completed the 6-months follow-up, there was a total of 27 improved results out of 
31 tested parameters, representing a 77% improvement. Stabilizing the disease sta-
tus and preventing the disease progression accounted for an additional 12% of the 
measured parameters. Taken together, in 89% of the tested parameters, BGC101 
treatment delayed disease progression and improved the clinical status.

12.4  Conclusions

Despite positive clinical outcomes resulting from better classification of PAD and 
CLI characteristics (Fontaine, Rutherford, Wifi), more unified treatment protocols 
and the opening of multidisciplinary centers for treatment of ischemic low extremi-
ties and wounds, amputation rate has increased from 19 per 100,000 person/year to 
30–50 per 100,000 person/year over the past decades, mainly driven by an increase 
in the number of diabetics and older patients [1, 3, 21, 34, 39, 61, 62, 89].

In addition to low survival rates, prognosis with respect to limb preservation in 
CLI patients is poor, particularly in nonrevascularizable, considered as “no-option” 
CLI patients, where 6-month major amputation rates range from 20% to 30%. 
Additionally, CLI is associated with a poor quality of life and high treatment costs, 
especially when amputation is inevitable. New treatment modalities using gene and 
SPC therapies have been slowly emerging during the last 15 years, but no gene or 
cell therapy for CLI has yet received a marketing authorization and CLI currently 
remains a major public health issue [46, 74, 85]. A few meta-analysis reports, with 
the largest by Rigato et al., in 2017 with data from 2332 patients from 19 RCTs, 7 
nonrandomized trials, and 41 non-controlled studies, showed that cell therapy is 
safe, reduced the risk of amputation by 37%, improved amputation-free survival by 
18%, and improved wound healing by 59% without affecting mortality. The latter 
fact is probably due to the relatively low mortality rate obtained in the placebo 
groups of the analyzed studies. In addition, cell therapy significantly increased ABI 
and TCPO2 and reduced rest pain. Thus, they concluded that cell therapy has the 
potential to modify the natural history of intractable CLI. Considering the severity 
of a disease burdened by high morbidity and mortality rates, they urged the scien-
tific community to advance cell therapies to market [74]. Based on the summary 
presented here, ex vivo cultured, differentiated cells are the more promising SPC 
product. However, the safety issues of source cells collection (allogenic or autolo-
gous BM-derived) as well as the complicated and long culture periods required 
during which patients can further deteriorate make most of these methods unsuit-
able for mass treatments.
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We report here a novel treatment based on a methodology that combines immune 
DCs specific activation of SPC that leads to differentiated EnEPCs, code-named 
BGC101, with a short time culture of 12–18 hours. The EnEPC based treatment 
addresses several biological features of the disease, including long-lasting effect on 
neovascularization and on chronic inflammation. This new approach is designed to 
enable mass production of patient friendly, safe personalized products that can be 
supplied within a day in every clinic and thus open the widespread availability of 
cell therapies for CLI. Furthermore, in order to address the entire CLI market and 
the full spectrum of PAD, we aim at developing a fully automated device for pro-
duction of the EnEPC line of products that can be placed at regional hospitals and 
laboratories. BGC101 cells were found safe and effective in the FIH pilot study 
reported here, and further RCT studies on a larger population are planned to evalu-
ate the potential of this new concept. If proven to be safe and effective in future 
clinical trials, this approach will disrupt current treatment strategies by developing 
accessible, safe, effective, and user-friendly cell-based treatment platform with the 
potential to reverse the disease process, save billions to payors, and offer patients 
the ability to return to their baseline quality of life. Furthermore, we believe that in 
the future, combining classical improved revascularization with cell therapies that 
stimulate regeneration and function of the microvasculature will enable a better 
long-term leg salvage and function. Such an approach may prove fruitful, improve 
the prognosis, and change the course of severe PAD worldwide.
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Chapter 13
Stem Cell Delivery for the Treatment 
of Arteriovenous Fistula Failure

Akshaar N. Brahmbhatt and Sanjay Misra

13.1  Introduction

Chronic kidney disease is associated with significant morbidity, mortality, and 
healthcare costs. The vast majority of patients with chronic kidney disease go on to 
develop end-stage renal disease (ESRD) [12]. There are several treatment options 
for patients with ESRD, including transplant and various forms of renal replace-
ment therapy. However, the vast majority of patients rely on hemodialysis to survive.

Although hemodialysis has proven to be a lifeline for many patients, it requires 
a well-functioning vascular access. The maintenance and complications arising 
from vascular access are some of the most costly and often frustrating aspects of 
hemodialysis care for both the patients and providers. Over the past few decades, 
there has been progress in providing reliable vascular access, and more patients are 
receiving dialysis through the use of arteriovenous fistulas (AVFs). AVFs have fewer 
complications, namely, infection when compared with catheters [13, 14].

In addition to the decreased complication rate of AVFs, they can help preserve 
central access. However, arteriovenous fistulas often fail due to poor remodeling of 
the venous outflow. There are multiple factors implicated in AVF failure, including 
location, venous size, surgical technique, patient comorbidities, and others [13, 15].

Multiple studies examining fistula failure have shown that a majority of fistulas 
fail due to stenosis caused by venous neointimal hyperplasia (VNH). Venous neo-
intimal hyperplasia occurs due to increased proliferation of smooth muscle cells, 
myofibroblasts, and inflammatory cells, which result in narrowing of the lumen of 
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the vein. This negative remodeling can eventually result in clinically significant 
stenosis or thrombosis, leading to fistula failure [1].

There are multiple molecular pathways implicated in the development of 
VNH. As a whole, the process can be thought of as a stress response due to the 
inflammation and hypoxia during fistula placement. This coupled with the underly-
ing uremic state of the patient with alterations in shear stress, actives multiple reac-
tive cytokines. These, in turn, act on nearby fibroblasts, endothelial cells, smooth 
muscle cells, and macrophages. This runaway stress response leads to cellular pro-
liferation, migration, and remodeling of the extracellular matrix, which ultimately 
narrows the lumen [16].

Many in vitro studies have demonstrated the capacity of stem cells, specifically 
mesenchymal stem cells (MSCs), to mitigate and counteract many of the mecha-
nisms implicated in VNH. Preclinical in vivo studies have corroborated these find-
ings demonstrating a reduction in inflammatory cytokines and VNH [11, 17, 18]. 
This chapter will explore the molecular mechanisms of VNH, the positive modula-
tory effects of stem cells), and the therapeutic potential of stem cells in the setting 
of arteriovenous fistula failure.

13.2  The Molecular Basis of Arteriovenous Fistula Failure

Pathological analysis of failed AVFs demonstrate thickening of the intima due to the 
presence of multiple cell types, including endothelial cells, fibroblasts, vascular 
smooth muscle cells, and macrophages [19, 20]. After the creation of the fistula, 
there is proliferation and migration of smooth muscle cells, derived from a combi-
nation of venous smooth muscle cells, arterial smooth muscle cells, adventitial 
fibroblasts and circulating progenitor cells. These changes are the result of multiple 
intertwined cellular signaling pathways [16, 20–22] (Fig. 13.1).

These pathways are complex and interwoven but can be grossly separated into 
several indistinct groups. One of the major drivers of fistula failure is hypoxia, 
which results from disruption of the vaso vasorum during fistula placement. Hypoxia 
increases the transcription of several key genes, including hypoxia-inducible factor-
 1 (HIF-1α) and radiation inducible immediate early gene (IEX-1). These activate 
multiple cascades resulting in upregulation of several downstream factors, includ-
ing vascular endothelial growth factor A (VEGF-A), matrix metalloproteinase-2 
(MMP-2), matrix metalloproteinase-9 (MMP-9), NADPH oxidase 2 (NOX-2), 
monocyte chemoattractant protein-1 (MCP-1), among others [23–27]. These down-
stream cytokines are responsible for a variety of functions, including angiogenesis, 
remodeling of the extracellular matrix and promoting inflammation. As a whole, 
these factors lay the groundwork for cellular proliferation and migration, discussed 
later in this section [26, 28, 29]. Several in vivo studies aimed at reducing hypoxia 
using hyperbaric oxygen and in  vitro studies targeting these genes have shown 
decreased VNH and cellular proliferation, respectively. These studies provide fur-
ther support for the multifactorial nature of VNH [30, 31].
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In addition to these factors activated secondary to hypoxia, there are many effects 
secondary to inflammation that occur during AVF placement. This inflammatory 
process drives macrophages which exacerbate cellular migration and proliferation 
[32]. These inflammatory factors share similar biochemical pathways with hypoxia 
response and both contributed to VNH [16].

One of the major drivers of this inflammatory phenomenon is MCP-1. In vitro 
and in vivo work has demonstrated that decreasing MCP-1 results in a decrease of 
proliferation and vein graft thickening [33]. Also, several clinical studies have 
linked higher levels of circulating MCP-1 with fistula failure [34]. MCP-1 has been 
shown to work through activation of transcription factors NF-κB implicated in 
immune responses and Activator Protein-1 (AP-1) implicated in the growth 
response. In addition to these, the cascade of pro-inflammatory markers includes 
plasminogen activator inhibitor-1 (PAI-1) and endothelin (ET)-1. ET-1 not only 
contributes to inflammation but also vasoconstriction [35]. Monocyte infiltration 
into the vascular wall has also been shown to increase transformative growth factor- 
beta 1 (TGF-β1), and tumor necrosis factor-alpha (TNF-α), and these are hypothe-
sized to have a proliferative effect in the setting of fistula failure mediated through 
the NF-κB pathway [16].

In addition to the acute inflammatory response during fistula creation, there 
is an underlying heightened inflammatory state in patients with chronic kidney 
disease due to increased uremia [36]. In addition to uremia, patients with CKD 
often have other comorbidities, including diabetes, which also adds to dysregu-
lation. Several clinical studies have shown that patients with an increased ure-
mic burden have lower rates of fistula patency [34]. In vitro and animal work has 
also shown that uremia increases cellular proliferation [36–38]. For example, 
uremia has been shown to induce pro-inflammatory, M1 macrophages. This has 
been linked to multiple complex interactions [39]. One crucial factor is 
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Fig. 13.1 Schematic of vascular injuries contributing to stenosis formation in hemodialysis vas-
cular access. IH intimal hyperplasia. (Reprinted with permissions from Kidney International)
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Delta-like ligand 4 (DLL-4) release. DLL-4 is a Notch activating cytokine. 
Notch activation has been shown to increase cellular proliferation and migra-
tion. In addition, Notch activation can worsen the inflammatory response by 
transforming FSP-1-positive cells into macrophages [40, 41]. In vitro work has 
shown to suppress Notch activation and inhibit DLL-4 and reduce smooth mus-
cle cell proliferation [42].

Uremia has also been linked to decreasing circulating endothelial progenitor 
cells (EPCs) and decreased proliferation of EPCs. These cells are important for 
vascular reparative functions and uremia negatively affects the number, which likely 
exacerbates vascular disease and fistula failure in CKD patients [43, 44].

In addition to hypoxia and inflammation, alterations in shear stress on the endo-
luminal endothelial cells also contribute to fistula failure [45–47] (Fig.  13.2). 
Sustained unidirectional wall shear stress (WSS) activates several transcription fac-
tors that maintain a quiescent phenotype, including NO and Kruppel-Like Factor-2 
(KLF-1). KLF-2 downregulates inflammatory cytokines, including IL-8 and MCP-1 
[48, 49]. NO acts as a vasodilator and modulates matrix metalloproteinases toward 
maintaining the vessel wall. In contrast to this, altered WSS, as in some AVFs, leads 
to a decrease in KLF-2 and NO resulting in decreased vasodilation as well as upreg-
ulation of inflammatory cytokines and several of which are involved in remodeling 
of the extracellular matrix (ECM) [50]. These include TGF-B1, MCP-1, and IL-8, 
among others [47]. Overall these alterations promote cellular proliferation and 
migration leading to VNH [16, 27, 46].

Beyond these, there are many other cytokines and molecular pathways impli-
cated in fistula failure, but overall the mix of stressors leads to an environment that 
favors cellular proliferation, migration, and adverse remodeling of the vascular 
wall. As a result of this, multiple clinical studies examining AVF failure have tried 
to reduce these cellular processes.

There have been several clinical trials examining the role of paclitaxel via drug- 
coated balloons with promising but mixed results [51–56]. Brachytherapy trials 
using endovascular radiation did demonstrate some initial benefit, but they were not 
durable at 1 year, nor was external beam radiation [57–60]. Multiple studies exam-
ining the impact of Omega-3 PUF and aspirin have demonstrated no durable benefit 
[61, 62]. Several studies have also examined the possible benefits of statins, but 
these have resulted in mixed largely inconclusive results [63]. Other studies examin-
ing antiplatelet therapy have shown similar mixed results [64]. Transdermal glyc-
eryl trinitrate does increase blood flow in the perioperative period but did not 
demonstrate any durable benefit [65, 66]. In addition to these and several other 
studies using chemical and medical therapies, there are numerous studies examin-
ing technique, patient-based factors, cannulation, etc. These are primarily outside 
the scope of this chapter, but should be considered in the greater context of vascular 
access failure and when designing studies.

Overall the majority of these prior studies have focused on one or several mecha-
nisms of AVF failure. Additionally, many targeted downstream cellular functions, 
such as paclitaxel. Stem cell therapy is different from these prior therapies in several 
ways. Stem cells can modulate the microenvironment using multiple paracrine 
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effects to alter many pathways simultaneously and at higher levels of cellular sig-
naling. These and other beneficial properties have allowed stem cells to be used in a 
variety of disease states with good results [3, 9, 10, 67–70]. Due to these properties, 
stem cells were hypothesized to serve as a potential treatment for AVF failure [2, 11, 
17, 18].
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Fig.  13.2 Section of a side-to-end arteriovenous fistula (AVF). Laminar blood flow coming from 
the proximal artery stimulates the endothelial cells (ECs) with unidirectional wall shear stress 
(WSS) until the anastomosis level where the blood flow splits in two directions. At the vein curva-
ture, the blood flow becomes unstable with disturbed and oscillating WSS and reverse flows at the 
inner curvature of the anastomosis. After the curvature, blood flow oscillations decrease and WSS 
returns to almost unidirectional. The different WSS patterns generated on the endothelium lead 
wall remodeling. At (a), the unidirectional WSS maintains vessel patency, while at (b) oscillating 
and reversing WSS impair ECs quiescence leading to intimal hyperplasia (IH). ALK-5 activin 
receptor-like kinases 1/5, Ang-II angiotensin II, ECM extracellular matrix, ET-1 endothelin 1, 
GCX glycocalyx, IL-8 interleukin 8, KLF-2 Krüppel-like factor 2, MCP-1 monocytes chemoat-
tractant protein 1, MFs myofibroblasts, MMP metalloproteinase, NO nitric oxide, SMCs smooth 
muscle cells, TGF-β transforming growth factor β, VCAM vascular cell adhesion protein, VE 
vascular endothelial, VSMC vascular smooth muscle cells. (Reprinted with permissions from 
Kidney International)
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13.3  Stem Cells

Several types of stem cells have been used in vascular applications. Earlier work 
involved adult stem cells derived from either tissue, blood, or bone marrow. These 
endothelial progenitor cells, such as blood outgrowth endothelial cells (BOECs), 
have multiple favorable vasculogenic properties and were used in several trials [7]. 
However, more recent work has incorporated the use of MSCs [9]. These cells have 
greater plasticity allowing for greater cellular differentiation. This along with sev-
eral reliable methods of harvest and proliferation has made them a more desirable 
therapeutic option [7, 9].

MSCs are pluripotent and are able to differentiate themselves into several differ-
ent cell types [71]. MSCs have several intrinsic properties, which have allowed 
them to serve as therapeutic agents in innumerable pathological diseases. The main 
therapeutic function of MSCs is through their paracrine immunomodulatory proper-
ties. There are multiple studies examining these proteins, transcription factors, and 
microRNA that induce a variety of responses. The signaling molecules and their 
effects depend on the existing environment [6, 67, 72]. However, in multiple stud-
ies, given a baseline inflammatory environment, MSCs serve an anti-inflammatory 
role. Overall, MSCs can drive differentiation of macrophages toward a M2 pheno-
type in the setting of inflammation. The M2 phenotype is associated with repair and 
anti-inflammatory cytokines, including TGF-B and IL-10. In contrast, M1 macro-
phages are associated with inflammation. These are tied linked to TNF-α, interferon-γ 
(IFN-γ), MCP-1, IL-6, among others [4].

Several studies have demonstrated decreased levels of TNF- α and IL-6 in mod-
els of acute kidney and lung injuries after administration of MSCs. This is likely 
being mediated through tumor necrosis factor receptor-1, which effectively neutral-
izes circulating TNF-α and subsequently reduces IL-6 and IFN-γ. Other studies 
have demonstrated that TNF-α induced protein 6 and high levels of prostaglandin 2 
release, which acts on the EP2 and EP4 receptors of macrophages may be respon-
sible. This concomitant decrease is also tied to the increased release of anti- 
inflammatory factors such as IL-10, which drive cells toward an M2 phenotype [68, 
73–76]. In vivo studies using MSCs to treat fistula failure have demonstrated a 
reduction in inflammatory markers such as MCP-1 and CD-68. This reduction sup-
ports the anti-inflammatory properties of MSCs in the setting of fistula failure [11].

It is important to note that in several studies examining ischemia and damaged 
organs that MSCs have been shown to increase levels of angiogenesis and cellular 
proliferation [68]. Some of these factors may negatively impact fistula remodeling 
such as VEGF-A [77]. It is likely that the MSCs aid in a reparative process that var-
ies based on the surrounding microenvironment. Thus in some cases, it may pro-
mote angiogenesis, while in others it may serve to attenuate the process [68, 78]. 
Overall, work in this area is limited with regard to MSCs in the setting of AVF 
failure. Future studies may shed light on these additional factors.

MSCs also migrate toward sites of inflammation, though several cytokines 
including parts of the complement cascade and chemokines including CXCR4 [5, 
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79, 80]. CXR4 is also implicated in multiple other downstream immunoregulatory 
pathways [81]. This migratory process has been tied to matrix metalloproteinases, 
immunoglobulins, and transcription factors several of which are implicated in fis-
tula failure [82]. MSCs delivered to the adventitia migrate to the lumen in murine 
arteriovenous fistulae [11]. This intrinsic migratory propensity toward inflammation 
adds to their therapeutic value.

13.4  Isolation and Safety of Mesenchymal Stem Cells

MSCs can be derived from a number of different sources, including umbilical cord 
blood, bone marrow, and adipose tissue [8]. However, given the minimally invasive 
nature of adipose tissue extraction and the availability of reliable MSCs using good 
manufacturing practice compliant production, supported the use of adipose-derived 
MSCs in preclinical experiments. Additionally, using these established practices 
was thought to facilitate an easier transition to clinical trials [83, 84]. There are 
some challenges in harvesting stem cells from patients with renal dysfunction. 
Uremia, along with common comorbidities such as diabetes and cardiovascular dis-
ease, negatively affects MSCs. However, there are several preconditioning tech-
niques and chemicals that can be used to increase the function of MSCs, including 
hypoxic preconditioning and statins. In the future, more robust techniques including 
epigenetic programming might be employed [70].

MSCs are also a safe therapeutic option. There have been multiple studies exam-
ining the safety of adipose-derived MSCs in multiple settings. Countless studies 
across many disciples have demonstrated the safety and therapeutic potential of 
stem cells [3, 9, 85]. Initially, given the pluripotency of MSCs, there was some con-
cern that therapy with MSCs might lead to neoplasms or that these cells may 
undergo malignant transformation. Hover, several studies have not found any mean-
ingful evidence to support this [86, 87].

13.5  Drug Delivery Technologies Applied to and Available 
for Fistula Failure

There are several drug delivery and treatment options that can be applied in the set-
ting of fistulae and grafts. These can be broadly divided into two types, endovascu-
lar and perivascular.

The most commonly used endoluminal delivery device is a balloon. The standard 
of care to treat fistula failure is plain balloon angioplasty; however, balloons have 
also been used for cryotherapy, brachytherapy, and drug delivery via drug-coated 
balloons [59, 88, 89]. There have also been several animal studies delivering gene 
therapy into the lumen via infusion of viral vector and temporary clamping of the 
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vessel to allow for transfection [90–92]. Similar techniques have been used with 
high-dose vitamin D [93]. Viral vectors and other therapies requiring endoluminal 
infusion and incubation have the potential to be used at the time of fistula placement 
or with the use of an occlusion balloon in an existing fistula. In addition to balloons, 
intraluminal delivery of drugs can be performed using micro infusion catheters. 
These devices, upon inflation, puncture the vessel with a small needle and can 
deliver a therapeutic agent into the vessel wall [94]. This latter method may be use-
ful for the delivery of stem cells or cytokine containing exosomes in the future.

Stent placement is another commonly used endovascular treatment option for 
arteriovenous fistula failure. Overall stents have been less commonly used due to 
the risk of thrombosis, fracture, and migration. Additionally, stenting can limit fur-
ther intervention in cases of in-stent restenosis [95–97]. Future developments, 
including drug eluting and bioabsorbable stents, may prove to be durable treatment 
options [96, 98]. Currently, there is limited technology to allow for the reliable 
intraluminal delivery of stem cells, which would allow them to integrate into the 
vascular lumen. Additionally, MSCs need to be kept viable in a suitable media. 
There is promising work with regard to stem cell impregnated stents [99]. However 
there are several challenges with stent-based delivery including the risk of washing 
cells away or damaging them during delivery with mechanical, immune, and chemi-
cal stressors [99–101]. Additionally, stem cell behavior can vary based on the sur-
rounding structure and potential stent material. These effects should be considered 
when designing delivery methods and devices [102–104].

Perivascular treatment delivery can be used during fistula creation or after place-
ment. This method avoids the need for endovascular instrumentation and predomi-
nantly treats the adventitial and medial vascular layers, thought to be the predominant 
source of cells leading to venous neointimal hyperplasia. One of the more well- 
studied perivascular delivery systems is the use of biodegradable gels. These can be 
altered or used with other technologies such as nanoparticles to optimize the release 
kinetics of the therapeutic agent [105]. Several in vivo studies have used gels to 
deliver paclitaxel, sirolimus, peptides, vitamin D, and stem cells, among others [30, 
106–108].These studies have had promising results. In addition to gels, perivascular 
wraps have also been utilized in a variety of in vivo models and in several clinical 
trials [109–111].

MSCs can be grown in gels, and artificial matrices, which can be optimized for 
perivascular delivery, serve as a vascular wrap [69, 112]. These delivery mecha-
nisms can be applied to the fistula under direct visualization or with the use of imag-
ing guidance. Given the ease of use and the ability to easily deliver cells either at the 
time of fistula placement or afterward allows for therapeutic flexibility. Perivascular 
delivery of MSCs for AVF failure is the most feasible. Additionally, it does not 
necessitate the use of a durable implant and allows for greater flexibility, should the 
patient require future therapy or a revision.

Beyond these, there are several other treatment delivery methods, systemic, topi-
cal, etc. [113]. While these may be useful for other therapeutic agents, they are not 
particularly efficacious for stem cells, which require proximity to exert their para-
crine effects. Although MSCs do have homing properties toward inflammation, a 
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higher number might be needed to generate the desired effect especially in patients 
with multiple comorbidities. However, systemic treatment may be more feasible in 
the future [5, 79, 80].

13.6  Preclinical Work

Early in vitro work utilized BOECs. Although BOECs exhibit less plasticity than 
embryonic and induced pluripotent stem cells, they exert similar effects [2, 7]. 
When co-cultured with fibroblasts in a hypoxic environment, BOECs reduced 
angiogenic cytokine production and resulted in decreased conversion of fibroblasts 
to smooth muscle cells. This demonstrated the potential for blood endothelial out-
growth cells to reduce angiogenesis, a major hypoxia driven response implicated in 
VNH (Fig. 13.3) [17, 23].

These findings were corroborated in a porcine model of fistula failure. In this 
model, uremia was induced by partial renal infarction and PTFE grafts were placed 
between the carotid and jugular to create a fistula. BOECs were delivered to the 
adventia with a polyglycolic acid scaffolding. Compared with controls fistulae 
which had been treated with BOEC, demonstrated reduced neointima (Fig. 13.4). 
There was also decrease in HIF-1α. Interestingly many of the BOEC cells had 
migrated to neointima of both the treated and contralateral control sides under-
scoring the homing proprieties of these cells to seek out areas of tissue damage and 
hypoxia likely through factors like HIF-1α [18]. These studies eventually paved 
the way for more streamlined work using adipose-derived stem cells in a 
murine models.

Preclinical work using a murine carotid jugular model of AVF failure and 
human adipose-derived MSCs has demonstrated the feasibility and utility of treat-
ing AVF failure with MSCs. In this study B6.Cg-Foxn1nu/J mice (Charles River 
Laboratories, Wilmington, MA, USA) were used. These mice lack a thymus and 
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Fig.  13.4 Verhoeff’s van Giesen staining was performed at the venous stenosis (section V1, see 
Figure Figure1C)1C) from the cushioning region of the BOEC-transplanted (a, c) and contralateral 
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lower panel (e) shows that there was a 50% decrease in the intima-to-media ratio in the BOEC- 
transplanted samples when compared to controls (P < 0.05). Data are mean ± SD. (Reprinted with 
permissions from Nephrology Dialysis Transplantation)
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thus cannot mount an immunogenic response to certain cells, namely, human-
derived MSCs, which made them suitable for the xenograft study. Carotid-jugular 
AVFs were created in these mice. At the time of a creation, GFP and 89Zr-labeled 
stem cells were delivered perivascularly to the adventitial of the outflow vein, in 
culture media. Approximately 250,000 cells from healthy adult donors were deliv-
ered. These cells were confirmed using several markers and used in several clinical 
trials [11].

These animals were followed to several weeks and sacrificed for genetic and 
histomorphological analysis. 89Zr labeling was used to evaluate the retention of 
cells, approximately 90% of this tracer was present at the fistula site at 4 days, and 
this slowly translocated to the bones over the course of several weeks. GFP labeling 
was used to evaluate the local response and the majority of cells were present at the 
site, including a significant amount that had migrated toward the lumen. This con-
firmed that a majority of the cells delivered to the adventitia were retained at the site 
and locally migrated to the lumen. Genetic analysis also showed a decrease in 
MCP-1 and HIF-1α expression compared to controls at 7 days. Markers of fibro-
blasts and smooth muscle cells, FSP-1 and α-SMA, were also decreased at day 
seven and day 21 [11].

These findings were consistent with morphometric analysis at 7 and 21  days 
showed a decrease in neointimal area and cell density, compared with controls. 
Overall, these findings support an anti-inflammatory effect of the MSCs, resulting 
in decreased cellular proliferation and migration. Overall, these adipose-derived 
MSCs resulted in favorable remodeling [11]. This body of promising work, com-
bined with our understanding of VNH and clinical use of these adipose-derived 
MSCs, make up the foundation for translation into clinical trials.

13.7  Conclusion

AVFs are an essential lifeline for patients with ESRD.  In the past few decades, 
there has been an increased understanding of arteriovenous fistula failure and prog-
ress in improving AVF outcomes. However, a majority of AVFs still require 
repeated intervention due to stenosis. Multiple prior studies have identified out 
several intertwined mechanisms leading to fistula failure and possible targeted 
solutions. Stem cells, specifically MSCs, have been shown in multiple studies to 
modulate and counteract the mechanisms of fistula failure. This along with reliable 
methods of harvest and their use in multiple clinical paradigms supports the use of 
MSCs in the setting of AVF failure. Several animal models have confirmed the 
efficacy of MSCs to reduce venous neointimal hyperplasia. Overall, MSCs are a 
promising therapy with the potential to significantly reduce the number of inter-
ventions needed to maintain AVF function and improve the lives of those 
with ESRD.
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Chapter 14
Stem Cell Therapy to Improve Acute 
Myocardial Infarction Remodeling
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Abbreviations

3D  Three dimensional
ADSC Adipose-derived stem cell
AMI  Acute myocardial infarction
Ang-1α Angiopoietin-1α
BM  Bone marrow
BM-MNC Bone marrow-derived mononuclear cell
BM-SC Bone marrow stem cells
CABG Coronary artery bypass grafting
CDC  Cardiosphere-derived cells
CSC  Cardiac stem cell
CVD  Cardiovascular disease
ECM  Extracellular matrix
EDV  End-diastolic volume
EF  Ejection fraction
EHT  Engineered heart tissue
EPC  Endothelial progenitor cell
ESC  Embryonic stem cell
ESV  End-systolic volume
FGF  Fibroblast growth factor
Flk1  Fetal liver kinase 1
GCP  Glycolytic cardiac progenitor
GCSF Granulocyte colony-stimulating factor
HF  Heart failure
HGF  Hepatocyte growth factor
IC  Intracoronary
IGF  Insulin-like growth factor
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ILK  Integrin-linked kinase
IM  Intramyocardial
iPSC  Induced pluripotent stem cell
Isl1  Insulin gene enhancer protein-1
IV  Intravenous injection
LV  Left ventricular
LVEDV Left ventricular end-diastolic volume
LVEF Left ventricular ejection fraction
LVESV Left ventricular end-systolic volume
MI  Myocardial infarction
MMP Matrix metalloproteinase
MSC  Mesenchymal stem cell
NSTEMI Non-ST segment elevation myocardial infarction
PCI  Percutaneous coronary intervention
PEU  Polyester urethane
PEUU Polyester urethane urea
PGS  Polyglycerol sebacate
PU  Polyurethane
SC  Stem cell
Sca1  Stem cell antigen-1
SDF1 Stromal cell-derived factor 1
SMC  Skeletal myoblast cell
SP  Side population
SSEA Stage-specific embryonic antigen 1
STEMI ST-segment elevation myocardial infarction
VEGF Vascular endothelial growth factor

14.1  Introduction

14.1.1  General Considerations for Myocardial Infarction

Ischemic heart disease remains the leading cause of death worldwide [1]. According 
to the American Heart Association, 720,000 Americans experienced a new coro-
nary artery event in 2018, with the median survival after a first myocardial infarc-
tion (MI) being 8.4, 5.6, 7, and 5.5  years, respectively, for white males, white 
females, Black males, and Black females [2]. The burden of cardiovascular disease 
(CVD) and MI affects low- and middle-income countries disproportionately, 
where 80% of CVD-related deaths occur [3]. While a large majority of the risk 
factors associated with ischemic heart disease such as high serum cholesterol, 
hypertension, diabetes, obesity, and smoking are modifiable, family history, age, 
male sex, and female sex associated with postmenopausal status cannot be 
altered [4].
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Myocardial infarction is broadly defined as myocardial death secondary to pro-
longed ischemia and can result from multiple etiologies including coronary artery 
occlusion, supply/demand imbalance, MI related to percutaneous coronary inter-
vention (PCI), stent thrombosis, MI associated with coronary artery bypass grafting 
(CABG), and others [5]. Rupture or erosion of an atherosclerotic coronary plaque, 
with resultant exposure of highly thrombogenic material, is the most common incit-
ing factor for coronary occlusion [6]. While a completely occlusive thrombus in the 
coronary circulation results in an ST-segment elevation MI (STEMI), incomplete 
thrombosis, or occlusion in the presence of well-established collaterals, results in a 
non-ST elevation MI (NSTEMI) or unstable angina [7, 8].

14.1.2  Current Myocardial Infarction Standard of Care

Patients with a suspected acute coronary syndrome should be immediately evalu-
ated with an electrocardiogram and cardiac troponin testing. These diagnostic tests, 
along with history of symptoms, group patients into those suffering from STEMI, 
NSTEMI, or nonischemic chest pain, distinctions that dictate further care [7, 8]. 
Initial medical care of patients with STEMI and NSTEMI includes oxygen, analge-
sics, nitrates, beta-blockers, antiplatelet, and anticoagulation therapy [7, 8]. Urgent 
reperfusion of ischemic myocardium is the primary therapeutic goal in both groups. 
All patients with a STEMI should undergo percutaneous coronary intervention 
within 90 minutes of presentation, while those suffering from NSTEMI undergo 
immediate, early, and elective PCI depending on time of symptom onset [7, 8]. 
Diagnostic angiography delineates the extent of disease and dictates reperfusion 
strategies including stenting, fibrinolysis, or CABG.

Despite urgent reperfusion, life-threatening post-MI complications arise depend-
ing on the amount and location of lost myocardium. These complications can be 
grouped into five subtypes including ischemic, mechanical, arrhythmic, embolic, 
and inflammatory [9]. Coronary artery disease, including MI, is the number one 
cause for development of heart failure (HF) in the United States [10]. With improved 
medical and interventional care, patients are living longer post MI, resulting in a 
projected increase of HF from six to over eight million by 2030 [11].

14.1.3  Post-Myocardial Infarction Cardiac Remodeling

Following an MI, the injured myocardium and surrounding tissue undergo a 
series of early and late remodeling changes in an attempt to compensate for the 
ischemia- induced damage [12]. The early remodeling phase occurs hours to days 
post MI and includes myonecrosis-induced inflammation, matrix metalloprotein-
ase (MMP)-driven collagen matrix breakdown, thinning and dilation of ventricu-
lar walls, as well as fibroblast-induced scar formation [13, 14]. Over the 
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subsequent weeks to months, uninjured myocardium hypertrophies eccentrically 
overcompensate for increased stress, further contributing to ventricular dilation. 
As preload increases without resultant change in ventricular contractility, the 
ejection fraction (EF) decreases, and dilated cardiomyopathy and resultant HF 
ensue, worsened by the adult myocardium’s limited ability to recover after isch-
emia [15].

Unfortunately, current therapies aimed at decreasing pathologic post-MI remod-
eling and HF are limited and include pharmacological treatments to decrease scar-
ring and tissue ischemia, devices and implants aimed at restoring heart function, as 
well as transplantation [16]. Mammalian myocardium has traditionally been viewed 
as a non-regenerative organ, and although resident cardiac stem cells (CSC) contrib-
ute to cardiac regeneration and some evidence of mammalian heart regeneration 
exists in animal models, resident stem cells lack the capacity to regenerate all of the 
myocardium lost after an MI [17, 18]. Furthermore, the contribution of CSC to car-
diac regeneration remains highly controversial. Reports of cardiomyocyte exchange 
in humans range from 50 to 100% during a normal life span, with many such reports 
having been retracted secondary to lack of reproducibility [19, 20]. Delivery of 
endogenous and exogenous cardiac progenitor cells to increase myocardial regen-
eration post MI and in ischemic cardiomyopathy has recently been explored in ani-
mal and human studies, with promising results [21].

14.2  Stem Cells in Cardiac Regeneration

14.2.1  Exogenous Cellular Sources

Although cellular transfer for treatment of ischemic heart disease is a relatively new 
field, with the first clinical trial occurring in 2000, a multitude of cellular sources 
have been trialed to date in preclinical and clinical models of MI and HF, with rela-
tively few cellular types remaining unexplored [22].

Exogenous cardiac progenitor and stem cells of clinical interest include skeletal 
myoblast cells (SMC), bone marrow-derived mononuclear cells (BM-MNC), bone 
marrow-derived populations including lin-c-kit+, CD133+, CD133-/CD34+, c-kit+, 
and Sca1+, mesenchymal stem cells (MSC), adipose-derived stem cells (ADSC), 
endothelial progenitor cells (EPC), induced pluripotent stem cells (iPSC), as well 
as embryonic stem cells (ESC) including early cardiovascular (Isl1+/SSEA1+) 
cells. Although exogenous stem cell therapy demonstrates some improvement of 
cardiac function post MI, direct cardiomyogenic differentiation from these cells is 
rare [23].

Non-satellite CD34-/CD45-/Sca1- stem cells isolated from skeletal muscle have 
demonstrated rhythmic beating similar to cardiomyocytes and when transplanted 
into adult mice differentiate into cardiac tissue, while C-kit+Sca1- cells improved 
survival, enhanced cardiac function, reduced regional strain, and attenuated remod-
eling in mice [24].
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In rodent studies, embryonic stem cell-derived cardiomyocytes attenuated pro-
gression of HF after acute myocardial infarction (AMI) by reducing ventricular 
dilation and improving global left ventricular (LV) function. Subsequent studies 
established that human embryonic cell cardiomyocytes can limit AMI size and pre-
serve LV contractility [25]. Further, xenotransplantation of cardiac-committed 
mouse embryonic cells into ovine models has shown that ESC are immune privi-
leged and cardiomyocytes from human ESC are capable of repopulating rat 
hearts [24].

MSC can be derived from adult peripheral blood, adipose tissue, bone marrow, 
and neonatal umbilical cord, amnion, cord blood, and placenta [26]. They are potent 
stimulators of angiogenesis and cardiac regeneration and have been shown to be 
superior than hematopoietic stem cells in rodent post-MI models [27, 28]. Although 
they improve tissue regeneration predominantly via paracrine mechanisms, some 
porcine studies have shown that MSC injected intramyocardially can differentiate 
into vascular smooth muscle or endothelial cells. Furthermore, human umbilical 
cord blood-derived MSC preconditioned with 5-aza transdifferentiated into cardio-
myocytes, when transplanted into mouse models of MI, preventing infarct expan-
sion and improving heart function [24].

The groundbreaking discovery of iPSC generation via in vitro reprogramming of 
adult cells into a pluripotent state, and subsequent differentiation into any lineage, 
transformed the field of regenerative medicine [29]. Although their use in humans 
remains limited, cardiomyocytes, endothelial cells, and smooth muscle cells derived 
from iPSC have been tested on porcine infarct models with resultant reduction in 
infarct size, ventricular wall stress, and apoptosis [30].

14.2.2  Endogenous Cellular Sources

The concept of resident cardiac stem cells is not very well established, with reports 
quoting vastly different cardiomyocyte renewal capacity [19, 20]. At best, CSC 
account for approximately 1/30,000 cells in the human heart, although this number 
increases post injury, likely secondary to migration from bone marrow [31]. The 
hallmark of CSC is their ability to differentiate into every cardiac lineage including 
myocytes, fibroblasts, smooth muscle, and endothelial cells. Multiple previous stud-
ies have shown their contribution to cardiac regeneration [18, 32]. Specific subtypes 
of CSC implicated in cardiac regeneration include cardiosphere-derived cells, 
c-Kit+ cells, insulin gene enhancer protein 1 (Isl1+) progenitor cells, fetal liver 
kinase 1 (Flk1+) progenitor cells, glycolytic cardiac progenitors (GCP), stage- 
specific embryonic antigen1 (SSEA1+) progenitors, side population (SP) progeni-
tors, as well as stem cell antigen-1 (Sca1+) progenitors [21]. CSC are localized 
mainly in the atria of the heart, including the right atrial appendage, and are more 
numerous in the subepicardium compared to the myocardium [33].

CSC have greater potential to differentiate into cardiomyocytes compared to 
MSC and in animal studies show potential to reduce post-MI scar size and vascular 
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overload [18, 34]. Other studies have shown their ability to engraft in the myocar-
dium, recruit endogenous stem cells, and attenuate myocyte apoptosis, via release 
of growth factors and promotion of angiogenesis [25]. Lastly, administration of 
human W8B2+ CSC into rat hearts 1 week post MI improved cardiac function and 
reduced scar tissue formation [35].

SP progenitor cells differentiate into cells expressing sarcomeric proteins includ-
ing troponin and cardiac α-actinin [36]. Flk-1+ cells can give rise to myocardial, 
endothelial, and smooth muscle lineages, and their concentration in the circulation 
increases in humans during an MI [37, 38]. Although Isl1+ cells are capable of dif-
ferentiating into mature cardiomyocytes, they can only be extracted from neonatal 
tissue [39]. C-kit+ cells migrate through infarcted myocardium, give rise to cardio-
myocytes, and reduce oxidative stress and apoptosis in cardiac and noncardiac cell 
populations [40, 41]. Sca1+ progenitors are found in myocardial stromal tissue, can 
be differentiated into myocardium, smooth muscle, and endothelial cells, and their 
absence leads to myocardial contractile dysfunction in rodents [42–44]. Rodent 
SSEA+ cells express surface markers which signal cardiomyogenic differentiation 
potential, form beating colonies when co-cultured with primary cardiomyocytes, 
and induce myocardial regeneration and functional improvement post MI in animal 
studies [45]. GCP are isolated from the epicardial/subepicardial hypoxic environ-
ment; they express all cardiac stem cells markers and differentiate into endothelial, 
smooth muscle, and cardiac lineages [46].

In the clinics, skeletal myoblasts were the first cell type to be transferred to 
human hearts. Early clinical trials focused mainly on bone marrow-derived cells 
including unselected progenitor/stromal/hematopoietic cells, with a gradual transi-
tion to more specific cellular populations including hematopoietic stem and pro-
genitor (CD34+, CD133+) cells and later MSC. More recently, the focus of trials 
has shifted to various cardiac-committed cell types, including C-kit+ and 
cardiosphere- derived cells, especially given their increased preclinical success. 
Embryonic-derived early cardiovascular cells are the most recent cellular type to be 
examined, and the first trial using iPSC-derived cardiomyocytes is in the early plan-
ning phase [22, 47]. Treatment and delivery models for post-acute MI myocardial 
salvage and ischemic cardiomyopathy regeneration overlap, mononuclear cells 
have seen a larger success in post-MI studies, while CSC and embryonic-derived 
early myocardial progenitors have been more extensively studied in ischemic car-
diomyopathy trials. This chapter will focus on the specific results of clinical trials in 
early post-MI patients.

14.2.3  Paracrine Factors, Exosomes, and Direct 
Cellular Reprogramming

Despite showing some clinical efficacy, stem cell therapy is associated with several 
important limitations including immune rejection, tumorigenicity, and arrhythmoge-
nicity. In addition, few cells survive after transplantation despite improved 
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myocardial function, suggesting that the mechanism of their action is predominantly 
paracrine in nature [48]. A recent study of ischemia/reperfusion injury in rodents 
showed that intracardiac injection of two separate adult-derived stem cells improved 
cardiac function without altering the number of new cardiomyocytes. The proposed 
mechanism for this improvement was selective induction of CCR2+ and CX3CR1+ 
macrophages, resulting in altered fibroblast activity, extracellular matrix (ECM) con-
tent, and enhanced mechanical properties [49]. In order to circumvent these obsta-
cles, researchers have begun to study stem cell-derived paracrine factors, exosomes, 
and cells directly reprogrammed into cardiac progenitors, although no such studies 
have yet entered clinical trials, despite animal studies showing promising results.

MSC-derived growth factors and cytokines derived from cell culture superna-
tants have been shown to decrease inflammation, decrease myocyte apoptosis, 
recruit endogenous stem cells, and decrease infarct size [25]. In further animal and 
in vitro studies, MSC-conditioned medium increased neovascularization and fibro-
sis while improving cardiomyocyte contractility [50].

Exosomes are 40–100-micron vesicles released from cells by fusion with cellu-
lar membranes and carry mRNA, miRNA, as well as antiapoptotic and proangio-
genic proteins. Exosomes are involved in cell signaling, mediate stem cell paracrine 
effects, and improve resident cardiac stem cell function without the downsides asso-
ciated with direct cellular use [48]. In murine models, ESC-derived exosomes 
increased cardiomyocyte proliferation, upregulated the number of cardiac progeni-
tor cells, and increased cardiac repair following ischemic injury. MSC-derived exo-
somes also reduced the size of postischemic infarcts, in animal models, via increased 
cardiac progenitor cell proliferation and decreased fibroblast proliferation [51, 52]. 
In addition, MSC-derived exosomal miRNA upregulated angiogenesis in post- 
infarct ischemia [48].

One of the major challenges associated with iPSC use in clinical trials include 
their tumorigenic potential in an undifferentiated state. Accordingly, new protocols 
have been designed to directly reprogram cells via induction of lineage-specific fac-
tors, without passage through a pluripotent and tumorigenic state [53]. For example, 
three factors including Gata4, Mef2c, and Tbx5 reprogram cardiac fibroblasts into 
induced cardiomyocytes. Further addition or modification of reprogramming fac-
tors microRNAs has been shown to promote reprogramming efficiency and matura-
tion [54]. In vivo reprogramming of cells following acute MI in animal models has 
been reported and resulted in improved cardiac function and reduced fibrosis [55]. 
Most recently, direct in vivo reprogramming has been achieved without genomic 
integration of viral DNA with the use of a Sendai virus vector, which remains out-
side of the nucleus [56].

14.2.4  Lineage-Specific Considerations

The advantages and drawbacks of specific cellular subtypes in post-MI regenerative 
therapy are summarized in Table 14.1. Skeletal muscle cells are easier to obtain 
although likely only provide structural benefits, as opposed to forming new cardiac 
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tissue, secondary to lack of transdifferentiation. In addition, 90% of injected cells 
die within a few days, and higher cellular counts are arrhythmogenic [24].

Stem cell sources can be divided into three main groups: embryonic, induced, 
and adult. Embryonic stem cells are pluripotent and can differentiate into all three 
germ layers and have genomic stability and good differentiation and proliferative 
capacity [57]. They are, however, derived from human blastocysts and require the 
destruction of embryos to attain, raising ethical dilemmas, in addition to having 
tumorigenic and immunogenic potential [58, 59]. In human and rodent studies, it 
was noted that transplanted embryonic stem cells generated small numbers of car-
diomyocytes [60]. As they are reprogrammed in vitro from adult cells, iPSC avoid 
the ethical dilemmas associated with embryonic stem cells. Differentiation of iPSC 

Table 14.1 Advantages and drawbacks of lineage-specific cell therapy in myocardial regeneration

Cellular Source Advantages Disadvantages

Skeletal muscle 
cells

1. Less invasive harvest
2. Large source pool
3. Provide structural support

1. No transdifferentiation into 
cardiomyocytes
2. Low survival
3. Arrhythmogenic in large 
quantities

MSC 1. Minimally invasive harvest
2. Multiple source pools
3. Differentiation into osteoblasts, 
chondrocytes, myocytes, and 
adipocytes
4. High self-renewal, proliferative, and 
differentiation capacity
5. Beneficial paracrine signaling
6. Immunomodulatory

1. Relatively low yield in peripheral 
blood and bone marrow
2. Source-dependent variation in 
quality and yield

Hematopoietic
stem cells

1. Minimally invasive harvest
2. Multiple source pools
3. Differentiation into cardiomyocytes 
and endothelial cells
4. Simultaneously capable of 
myogenesis and angiogenesis

1. Relatively low yield
2. Difficult in vitro maintenance
3. Unknown signaling pathways

Embryonic stem 
cells

1. Pluripotent
2. Genomic stability
3. Large differentiation and 
proliferation potential

1. Derived from human blastocysts, 
ethical dilemmas
2. Tumorigenic when 
undifferentiated
3. Immunogenic

iPSC 1. Pluripotent
2. In vitro reprogramming from adult 
cells
3. Minimally invasive harvest
4. No ethical dilemmas

1. Inefficient differentiation
2. Tumorigenic when 
undifferentiated
3. Often require viral transfection 
resulting in genomic instability

Adult-derived
stem cells

1. No ethical dilemmas
2. Low risk of immune rejection

1. Limited source
2. Invasive harvesting technique
3. Unclear regeneration potential

Summary of advantages and drawbacks of specific cells used in post-MI regenerative therapy
MSC mesenchymal stem cells, iPSC induced pluripotent stem cells

J. Gorecka and A. Dardik



307

into adult cells is at times inefficient, and they are teratogenic in their undifferenti-
ated states. Furthermore, cells that are derived via viral transfection suffer from 
genomic instability [61]. Adult-derived cardiac stem cells also avoid ethical dilem-
mas associated with embryonic stem cells, and they carry a lower risk of immune 
rejection. However, they are obtained via invasive techniques and have a limited 
regeneration potential [62].

Mesenchymal stem cells are adult fibroblast-like cells and can differentiate into 
osteoblasts, adipocytes, and cardiomyocytes, among others [63]. Mesenchymal 
stem cells can be extracted from peripheral blood, bone marrow, dental pulp, pla-
centa, umbilical cord, or adipose tissue with minimally invasive biopsy. They can 
self-renew, proliferate, and differentiate, as well as promote growth of adjacent tis-
sue via strong paracrine signaling pathways [64]. MSC have immunosuppressive 
properties; they decrease the immune response by inhibiting T-cell proliferation and 
cytotoxicity while increasing the production of regulatory T cells. Drawbacks of 
MSC include small number in bone marrow and blood, as well as source-dependent 
variation [25].

Hematopoietic stem cells are multipotent cells, with capacity to differentiate into 
multiple lineages including cardiomyocytes and endothelial cells [65]. Although 
they can be harvested from peripheral blood and bone marrow, bone marrow yields 
are higher [66]. Hematopoietic stem cells are perfect regenerative candidates as they 
can achieve myogenesis and angiogenesis concomitantly, although their low num-
bers, difficult in vitro maintenance, and unknown signaling pathways need to be 
improved [66]. Endothelial progenitor cells are also found in the bone marrow and 
peripheral blood although in very low concentrations. They can differentiate into 
endothelial cells and participate in angiogenesis [67]. The number of circulating 
EPC increases with myocardial ischemia and cytokine release, infiltrating the 
injured myocardium and possibly differentiating into myocytes [68, 69].

14.3  Stem Cell Delivery Methods

14.3.1  Delivery Methods in Humans

The ideal delivery platform for stem cell therapy in cardiac regeneration should use 
a noninvasive technique that directly delivers cells to the site of infarct, to prevent 
cellular loss via aberrant homing. The carrier vehicle for cells should promote sur-
vival in the ischemic environment, facilitate retention and promote stem cell dif-
ferentiation, augment paracrine effects, and protect native myocardium from 
scarring and arrhythmias [70]. Despite continued studies predominantly in animal 
studies, no such vehicle exists for use in clinical trials. At present, stem cell delivery 
can be accomplished via intravenous injection, intracoronary infusion, direct epi-
cardial and endocardial injection, as well as topical application at the time of sur-
gery [24]. Peripheral intravenous (IV) injection is by far the least invasive, though 
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studies examining homing of radioactively labeled bone marrow cells into infarcted 
myocardium did not reveal any signal in the heart [71]. Intracoronary and intramyo-
cardial delivery is by far the most commonly used methods reported in clinical trials 
[72]. Intracoronary (IC) infusion is less invasive than intramyocardial injection and 
can be achieved in an antegrade or retrograde fashion. IC delivery is also less 
arrhythmogenic and has been associated with a modest improvement in EF and 
infarcted area size [72]. Despite these benefits, IC delivery results in delivery of 
only 1.3–2.6% of cells into the infarcted myocardium, with the majority of cells 
circulating to the liver or spleen [71]. In addition, IC injection depends on patency 
of coronary arteries and is associated with a small risk of embolization [73, 74]. 
Intramyocardial delivery (IM) of cells facilitates their delivery to target tissues and 
can be accomplished via transepicardial, transendocardial, or transcoronary routes 
[57]. Transepicardial injection requires direct exposure of the heart, and all intra-
muscular injections are associated with ventricular arrhythmias [75].

14.3.2  Implantable and Injectable Systems

Cellular scaffolds and hydrogels enhance stem cell survival, and while hydrogels 
can retain cells at desired locations, scaffolds provide mechanical support to adja-
cent structures; unfortunately, both require invasive topical application [76, 77]. In 
rodent studies, human bone marrow CD133+ cells delivered in collagen patches 
increased local angiogenesis, though the cells themselves failed to differentiate into 
cardiomyocytes [78]. In addition to collagen, multiple other substrates mimic the 
ECM of the heart, including polyurethane (PU), poly(ester urethane) (PEU), poly-
ester urethane urea (PEUU), and poly(glycerol sebacate) (PGS) [24]. Animal stud-
ies of biodegradable PU patches promoted the contractile phenotype of smooth 
muscle cells and improved cardiac remodeling [79].

Hydrogels composed of materials such as fibrin, Matrigel, alginate, and polyeth-
ylene glycol can all be modified to resemble the physical properties of cardiac tissue 
[24]. ECM and collagen containing hydrogels allowed for differentiation of human 
ESC into functional cardiomyocytes in vitro, and cell-impregnated alginate hydro-
gels delivered to murine hearts reduced left ventricular remodeling [80, 81]. 
Engineered heart tissue (EHT) has been developed from type I collagen and neona-
tal heart tissue. When sutured onto rat hearts in vivo, this tissue becomes electrically 
integrated and perfused [82, 83]. Finally, engineered heart muscle has been devel-
oped by ESC-derived cardiomyocytes onto EHT [84].

To overcome the invasive methods required for scaffold and hydrogel delivery, 
gelling systems based on materials including fibrin glue, collagen, Matrigel, hyal-
uronic acid, and alginate have been developed that undergo a fluid-to-solid transi-
tion when in vivo, allowing catheter-based delivery [24]. Self-assembling RAD16-II 
scaffolds induced angiogenesis, retained myocytes, and promoted ESC differentia-
tion into MHC-positive cells [85]. Catheter-delivered, collagen-encapsulated bone 
marrow cells showed improved LV function, and vascularization and 
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self-assembling peptides loaded with insulin-like growth factor (IGF) allowed for 
sustained release of paracrine factors [86, 87]. Acellular alginate is undergoing clin-
ical trials to prevent ventricular remodeling [24].

14.4  Clinical Trials of Post-MI Regeneration

14.4.1  Trial Design

A query of completed clinical trials in post-acute MI stem cell therapy shows that 
approximately 28 studies have been completed thus far (Table 14.2) [88–119]. The 
number of patients randomized varied from 20 to 250 in each trial. The intracoro-
nary route of cell delivery after initial diagnostic and therapeutic PCI, used in 25 out 
of 29 trials, was the most widely used method of cell delivery. One study delivered 
cells both via the intracoronary and intramyocardial routes concomitantly, one study 
injected cells intramyocardially at the time of CABG, and two studies delivered 
cells peripherally via intravenous injection.

Autologous, rather than allogenic, cells were most commonly used, with just 
five studies employing allogenic sources (Table 14.2). Autologous bone marrow 
(BM)-derived mononuclear cells were the most commonly studied, followed by 
autologous bone marrow-derived unselected progenitor cells. Several studies fur-
ther sorted out autologous bone marrow-derived hematopoietic, endothelial, endo-
thelial/cardiac, and early progenitor cells based on differential expression of various 
combinations of cell surface markers including CD34, CD45, CD133, CXCR4, 
among others. Less common cell sources included autologous bone marrow-
derived MSC from commercially available products, allogenic Wharton’s jelly-
derived MSC, and autologous peripheral blood stem cells. Although more 
extensively studied in the context of heart failure, as compared with acute MI, 
autologous cardiosphere- derived stem cells and allogenic cardiac stem cells have 
also been examined.

The timing of cell delivery and number of cells varied widely across studies. 
Despite all being acute post-MI models, therapy was delivered anywhere from 
less than 24 hours to several months post-initial therapeutic PCI. Although the 
ideal timing of cell delivery has not yet been standardized, the majority of studies 
implemented the therapeutic intervention within 10 days of PCI. Comparison of 
early (3–6 weeks) versus late (3–4 months) delivery did not change the primary 
outcome, increased left ventricular ejection fraction (LVEF), and decreased infarct 
size [94]. Final cell count delivered differed significantly between and often 
within studies; all studies used a magnitude of cells on the order of millions, in the 
range of 1.9–1300 million cells. Although the majority of studies used a fixed 
number across participants, several studies used weight-based dosing of 0.5–five 
million cells/kg. In preparations containing mixed cell subtypes, such as nucle-
ated and mononuclear cells, the percentage of cells between subjects varied to a 
small degree.
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14.4.2  Trial Outcomes

Comparison of outcomes across studies is difficult due to the lack of standardization 
of timing, inclusion criteria, cell number, and type. Despite these limitations, a gen-
eralization can be made that stem cell treatment is associated with only a modest 
improvement in outcome, as only 64% of the studies examined showed efficacy. 
Autologous bone marrow-derived mononuclear cells, although most studied, were 
associated with the least favorable outcomes. Six out of 12 patient cohorts treated 
with mononuclear cells did not have any significant improvement in any outcome. 
Three studies showed improvement in LVEF. One study showed decreased left ven-
tricular end-diastolic volume (LVEDV), and one study showed reduced infarct size. 
Mononuclear cell treatment was also associated with decreased infarct size regard-
less of treatment timing (3–6 weeks versus 3–4 months) in one study and decreased 
systolic wall thickening in another. LVEF improved in one study only in a subset of 
patients with initial EF < 37%.

Autologous BM-derived stem cells, including hematopoietic, endothelial, car-
diac/hematopoietic, and early progenitor cells, showed by far the highest efficacy 
rates with 90% of studies showing a significant increase in various outcome param-
eters. Six studies reported increased LVEF, up to as much as 18 months after treat-
ment. Perhaps most notably, treatment with a combination of CD34+/CD45+ and 
CD34+/CD133+/CD45+ cells reduced combined death, recurrent MI, and any 
revascularization procedures at 1 year. Other outcomes associated with BM-derived 
stem cell treatment included reduced myocardial infarct size, recovery of regional 
systolic function and myocardial deformation, improved perfusion, decrease in end- 
systolic volume (ESV), improved myocardial salvage index, decreased systolic wall 
thickening and nonviable segments, as well as increased LVEF in patients with 
baseline EF < 37%.

Autologous BM-MSC improved LVEF in two studies, while allogenic 
BM-MSC were only efficacious 50% of the time, though they were only used in 
two studies. They increased LVEF and global symptom score in patients at 
6 months in one cohort, although no change in LVEF or perfusion was observed in 
another study at the same time point. Wharton’s jelly-derived MSC were associ-
ated with a higher absolute increase in myocardial viability and perfusion at 
4  months, as well as increased LVEF and decreased end-systolic and diastolic 
volumes at 18 months.

Autologous cardiosphere-derived stem cells reduced scar mass and increased 
viable heart mass, regional contractility, and regional systolic wall thickening, 
though there was no appreciable change in LVEF at 12 months. Interestingly, allo-
genic cardiac stem cells were not associated with a change in infarct size or LV 
remodeling. Peripheral blood stem cells mobilized with granulocyte colony- 
stimulating factor (GCSF) increased exercise capacity, myocardial perfusion, and 
systolic function, although the use of GCSF was associated with a higher rate of 
in-stent stenosis at 6 months. Beneficial effects based on cellular type are summa-
rized in Table 14.3 and Fig. 14.1.
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14.4.3  Stem Cell Therapy in Ischemic Cardiomyopathy

Although the primary focus of stem cell therapy remains to prevent myocardial loss 
and allow for regeneration of tissue immediately after an MI, clinical trials are also 
underway to evaluate the ability of stem cells to remuscularize and reactivate innate 

Table 14.3 Benefits after acute MI-based on cell type

Cellular subtype Improvements seen

Autologous BM-MNC Increased LVEF
Decreased LVEDV
Decreased infarct size
Decreased systolic wall thickening

Autologous CD133+ cells Increased LVEF
Decreased nonviable segments
Decreased systolic wall thickening

Autologous CD34+/CXCR4+ cells Increased LVEF in patients with EF < 37%
Autologous BM-SC Increased LVEF

Reduced myocardial infarct size
Improved recovery of regional function
Reduced combined death, recurrence of MI, and need 
for revascularization
Improved myocardial salvage index
Improved regional myocardial deformation

Autologous BM-CD34+ cells Reduced infarct size
Improved perfusion

Autologous BM-CD34+/CD45+ cells Increased LVEF
Decreased ESV

Autologous circulating peripheral 
blood stem cells

Increased LVEF
Decreased ESV
Increased exercise capacity
Improved myocardial perfusion
Improved systolic function

Autologous BM-MSC Increased LVEF
Allogenic BM-MSC Improved LVEF

Improved global symptoms score
Allogenic Wharton’s jelly MSC Increased LVEF

Improved infarct perfusion
Increased myocardial viability
Decreased ESV/EDV

Autologous CDSC Reduced scar mass
Increased viable heart mass
Increased regional contractility
Increased regional systolic wall thickening

Summary of advantageous post-acute MI outcomes based on cell source
BM-MNC bone marrow-derived mononuclear cell, LVEF left ventricular ejection fraction, LVEDV 
left ventricular end-diastolic volume, EF ejection fraction, BM-SC bone marrow-derived stem 
cells, MI myocardial infarction, ESV end-systolic volume, BM-MSC bone marrow mesenchymal 
stem cells, MSC mesenchymal stem cell, EDV end-diastolic volume, CDSC cardiosphere-derived 
stem cell
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cardiac regeneration pathways in models of heart failure secondary to chronic car-
diomyopathy [22]. Similar to studies targeting treatment of acute MI, cells evalu-
ated in ischemic cardiomyopathy include skeletal myoblasts, bone marrow-derived 
unselected and selected stem cells, MSC, embryonic stem cells, and cardiac- 
committed progenitor cells [22].

Skeletal myoblasts do not appear to improve LVEF [120]. Unselected bone mar-
row stem cells are less commonly used in HF models although appear to have as 
little efficacy as when used in acute MI trials [121–125]. Bone marrow-derived 
hematopoietic stem and progenitor cells appear to improve unstable angina, but 
their efficacy in HF is less established [126–129]. Similar to post-MI studies, MSC 
appear to be among the most efficacious in HF models [130–133]. Cardiac stem 
cells including KIT+ and cardiosphere-derived cells (CDC) both appear to show 
some efficacy in clinical trials [134, 135]. Transplantation of embryonic stem cell-
derived cardiac progenitor cells appears to confer a symptomatic benefit, although a 
very small number of patients have been evaluated thus far, necessitating further 
trials [136]. Analysis of completed clinical trials in chronic HF suggests MSC and 
CSC as the most promising cell types, and although some efficacy has been estab-
lished, many more clinical trials and optimal delivery vehicles are needed before 
stem cell therapy becomes standard of care.

Autologous 

MNCUNSELECTED SC HEMATOPOIETIC SC MSC

CDSC

Endogenous

Peripheral blood Bone marrow Placenta Bone marrow 

Allogenic

Increased LVEF 
Decreased LVEDV 

Decreased infarct size 
Decreased systolic 

wall thickening

Reduced scar mass
Increased viable heart mass
Increased regional contractility
Increased regional systolic wall 
thickening

Increased LVEF
Reduced infarct size

Improved regional 
function/deformation 

Reduced 
death/MI/revascularization 

Improved salvage index
Decreased ESV

Increased exercise
Improved perfusion 

Increased LVEF
Decreased non viable segments 
Decreased systolic wall 
thickening 
Reduced infarct size
Improved perfusion 
Decreased ESV

Increased LVEF 
Improved symptoms score
Improved infarct perfusion
Increased myocardial 
viability 
Decreased ESV/EDV

Fig. 14.1 Stem cell types and benefits in treatment after MI. SC, stem cell; MNC, mononuclear 
cell; MSC, mesenchymal stem cell; LVEF, left ventricular ejection fraction; MI, myocardial infarc-
tion; ESV, end-systolic volume; LVEDV, left ventricular end-diastolic volume; EDV, end diastolic 
volume; CDSC, cardiosphere-derived stem cell
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14.5  Limitations of Stem Cells Therapy

A substantial limitation of stem cell therapy post-MI is the low homing, retention, 
and differentiation rate of cells in the ischemic microenvironment of the infarcted 
heart [137]. Human studies have shown a 39% cellular retention rate just 1 hour 
following transplantation that is attributable to high rates of apoptosis [71]. The 
high rate of cell death after transplantation can be attributed to inflammation, 
mechanical injury, hypoxia, and reperfusion injury [138]. Furthermore, loss of 
matrix attachment during cell preparation and following injection contributes to 
programmed cell death [139]. Ischemia is a major hurdle for stem cell populations 
to differentiate into cardiomyocytes, particularly ones that become electromechani-
cally integrated [24].

Although most clinical trials demonstrate safety following stem cell transfer, 
with only a few complications reported, animal studies have shown increased risk 
of ventricular arrhythmias following human cardiomyocyte transfer into guinea 
pigs and nonhuman primates [140, 141]. In addition, isolation of adequate quantity 
of stem cells, expansion, and optimal delivery methods that allow for cell retention 
and differentiation are lacking [28]. Although peripheral and bone marrow stem 
cells are easier to harvest, attaining adequate number of organ-derived cells, such as 
cardiac stem cells, is invasive and often low yield [28]. Several clinical trials have 
also shown that transplanted cells may not be capable of integration and electro-
chemical coupling, suggesting that their effects are predominantly paracrine in 
nature and may not add directly to myocyte mass [142].

Meaningful decisions and meta-analyses of clinical trial data are difficult to 
interpret and synthesize in light of heterogeneity of trial design and reporting. 
Clinical trials completed thus far have varying, though usually low, number of par-
ticipants. Primary outcomes measured vary from study to study, and some lack 
diverse clinical assessment tools. Inclusion criteria, stem cell type and number, 
delivery methods, and timing vary greatly across trials. Some studies lack placebo 
groups, making them prone to observation bias, while others evaluate safety only 
without efficacy. Variable outcomes across studies can easily be attributed to the 
heterogeneous number and quality of cells used [143].

14.5.1  Modifications to Enhance Cell Function

Multiple strategies including in vitro cellular preconditioning or reprogramming via 
environmental, pharmacological, and genetic means have been explored in order to 
increase in vivo cell survival [137]. These strategies include culturing cells under 
ischemic conditions, supplementing culture medium with growth factors, as well as 
transfecting cells with proangiogenic and anti-apoptotic factors [57]. Culturing 
MSC in low oxygen conditions prior to transplant activates survival pathways, 
upregulates pro-survival genes, increases anti-apoptotic genes including Akt and 

14 Stem Cell Therapy to Improve Acute Myocardial Infarction Remodeling



318

eNOS, and upregulates pro-angiogenic cytokines including vascular endothelial 
growth factor (VEGF) [144]. Additionally, hypoxia allows cells to preserve stem-
ness and promote differentiation and proliferation in vivo [145]. In vitro burst expo-
sure of cells to low levels of oxidative stress and thermal shock treatment also 
improves cell viability and functional outcomes [146, 147].

Preconditioning of cells with several therapeutic drugs increased secretion of 
growth factors, including vascular endothelial growth factor (VEGF), angiopoietin-1α 
(Ang-1α), stromal cell-derived factor-1 (SDF-1), hepatocyte growth factor (HGF), 
and IGF [148]. Several mitochondrial potassium channel opening drugs, including 
pinacidil and diazoxide, suppress apoptosis and increase cell survival in ischemic 
conditions [149, 150]. In one study, treatment of cardiac stem cells with hydrogen 
peroxide increased endothelial and vascular smooth muscle gene expression and 
angiogenesis [25]. In vivo treatment with statins increased cell survival and differ-
entiation, while in vitro treatment improved function of endothelial progenitor cells 
[151, 152]. Pre-treatment of several cell lines with oxytocin improves their response 
to oxidative stress and differentiation into cardiomyocytes and vascular cells [153, 
154]. Multiple other drug classes including trimetazine, β-mercaptoethanol, caspase 
inhibitors, 5-Azacytidine, and the kinase inhibitor Imatinib have been used in vitro 
to increase cell viability, confer resistance to oxidative injury, increase cellular 
engraftment, and prime cellular differentiation toward a cardiac fate, respectively 
[155–157].

Genetic manipulation of stem cells prior to transfer is another strategy used to 
improve efficacy, as transgenes can be targeted to release pro-angiogenic and che-
moattractant factors, as well as anti-apoptotic proteins. For example, insertion of the 
pro-survival gene Pim-1 kinase into cardiac stem cells decreased infarct scar mass 
in a pig model [25]. Transformation of stem cells with IGF-1, which induces expres-
sion of survival genes, enhanced survival, engraftment, and differentiation [158]. 
IGF-1-transformed MSC showed efficacy in improving ejection fraction in animal 
studies. Overexpression of Ang-1, HGF, VEGF, and MyoD in post-MI studies have 
consistently shown improved cellular retention, likely secondary to increased angio-
genic potential of pre-treated cells [159–161]. Akt-modified bone marrow-derived 
MSC survival is upregulated via secretion of numerous growth factors, including 
bFGF, HGF, IFG-1, and VEGF [162].

Because adhesion to an extracellular matrix is important for the survival of sev-
eral stem cells, notably MSC, injection of cells and lack of healthy ECM in infarcted 
hearts potentiate apoptosis. To address this, overexpression of tissue transglutamin-
ase in MSC increased survival leading to improved restoration of cardiac function 
[163]. Transfection of integrin-linked kinase (ILK), which contributed to cell adhe-
sion and ECM assembly, improves cellular survival in hypoxic conditions and 
reduces infarct size in animal studies [164].

Resident stem cells become senescent and lose their regenerative capacity with 
age, resulting in reduced proliferation, differentiation, and metabolic activity [165]. 
These changes are driven by telomere shortening and upregulation of p53 genes 
[166]. For example, MSC derived from older patients are not as efficacious in post-
 MI models as those derived from younger patients [167]. Strategies to combat 
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senescence have been examined and include modification of human cardiac pro-
genitor cells with Pim-1 and upregulation of the WNT/β-catenin signaling pathway, 
both of which result in improved cellular function [168, 169].

14.6  Future Directions

Although stem cell therapy after MI is gaining momentum with promising initial 
results, multiple limitations must be overcome to realize the full potential that cel-
lular therapy has to offer. The optimal cell source for use in clinical trials must be 
determined. Although embryonic stem cells confer immune privilege, they are asso-
ciated with ethical dilemmas and are teratogenic in undifferentiated forms. While 
embryonic stem cell-derived cardiac precursors eliminate teratogenic potential, 
their differentiation protocols currently produce low yields and must be improved. 
Resident cardiac stem cells are difficult to harvest and are low in number. Bioreactors 
and devices to standardize and improve differentiation yields are on the horizon, 
although further research needs to be accomplished [170].

iPSC are an ideal cell candidate for clinical translation since they are derived 
from adult somatic cells via noninvasive techniques and can repopulate any cardiac 
lineage. Although the first iPSC clinical trial is currently being planned, nonviral 
transfection protocols to derive iPSC cells must be optimized to prevent genomic 
instability. Furthermore, differentiation protocols and elimination of undifferenti-
ated cells via induced cell apoptosis must ensure patient safety. Paracrine effects of 
cell therapy must be defined more clearly, and the potential of exosomes must be 
studied, as use of exosomes alone without cellular transfer could realize the full 
potential of iPSC cells.

Cell survival and homing, particularly with intravenous and intracoronary routes, 
are extremely low, with cell loss being exacerbated by the ischemic post-infarct 
environment. Preconditioning of cells prior to transfer via genetic modifications and 
drug treatments, as well as improved homing mechanisms, must be developed to 
improve the number of cells participating in repair. In addition, methods of prevent-
ing resident stem cell senescence and improve mobilization must be elucidated.

Optimal delivery methods for stem cell treatment must be redesigned. Although 
intramyocardial injections deliver cells directly to infarcted areas, they are invasive 
and associated with generating pro-arrhythmogenic foci. Intracoronary and intrave-
nous injections suffer from poor cellular homing. While patches and scaffolds afford 
the added benefit of maintaining an optimal scaffold, they can only be delivered at 
the time of surgery. Gelling systems loaded with cytokines and pro-survival proteins 
must be refined to allow for noninvasive delivery. In addition, three-dimensional 
(3D) and bioprinted cellularized vascular constructs are currently being developed.

Currently, protocols for clinical trials of stem cell therapy vary greatly and lack 
standardization. In order to make meaningful comparisons and interpretations 
across trials cell type, delivery methods and timing, as well as measured outcomes, 
must be standardized.

14 Stem Cell Therapy to Improve Acute Myocardial Infarction Remodeling



320

14.7  Conclusion

Myocardial infarction and ischemic cardiomyopathy confer significant morbidity 
and mortality, yet despite best medical care, many patients who suffer from an MI 
go on to develop heart failure, secondary to myocardial necrosis and pathologic 
myocardial remodeling. The population of resident cardiac stem cells available to 
replenish lost cells is low and easily overwhelmed by ischemia. Although the 
design of clinical trials is not uniform, and comparisons cannot be easily made, 
delivery of both endogenous and exogenous stem cells to ischemic myocardium 
has shown some efficacy at reducing infarct size and improving long-term 
function.

Several issues are currently being addressed in order to optimize stem cell effi-
cacy. In addition to standardizing cellular type, delivery method, and timing, clini-
cal trials must focus on similar outcomes. The optimal cell type and differentiation 
methods are being determined, with iPSC and exosomes holding great promise. The 
most direct, least invasive delivery method and improvement of cell homing and 
survival are yet to be overcome. Despite all of these obstacles, stem cell therapy 
holds great promise in post-MI regeneration.
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Chapter 15
Stem Cell Therapy for Stroke

S. M. Robert and C. Matouk

15.1  Introduction

Stroke is a leading cause of death and disability worldwide. In recent years, the 
mortality rate of ischemic stroke has sharply decreased as a result of significant 
treatment advances. However, the incidence of this disease has not declined at the 
same pace; therefore, there exists a growing stroke burden in terms of disability and 
economic costs, as more patients are living with the physical sequelae of stroke [23].

Ischemic stroke comprises over 80% of the total number of strokes and occurs 
when blood supply to the brain is interrupted. This phenomenon is typically caused 
by thrombosis within a blood vessel, which interrupts normal blood flow supplying 
a region of brain tissue. Underlying medical conditions such as hypertension, atrial 
fibrillation, and diabetes, among others, all increase the risk of ischemic stroke. 
Acute strokes, if brought to medical attention quickly, can be treated by administra-
tion of tissue plasminogen activator (tPA) to dissolve the blood clot in the vessel 
and/or by direct removal of the clot through mechanical thrombectomy. 
Unfortunately, many patients do not receive these interventions as they do not reach 
medical attention within the required time frame, there is ambiguity of timing of 
symptom onset, or the medical center to which they present is not capable of per-
forming the more advanced, invasive therapy of clot retrieval. As expected, these 
patients tend to have significant disability post-stroke. Of the patients that are fully 
revascularized (the blood clot is fully removed from the vessel and normal flow is 
restored), many still have significant disability as a result of the damage the brain 
endures prior to restoration of blood flow [38].

Common disabilities from stroke include hemiparesis or hemiplegia (weakness 
or paralysis of one side of the body) contralateral to the side of the stroke, problems 
with attention, learning, judgment, and/or memory. Damage to the dominant side 
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of the brain (most often the left side) can cause significant difficulties with speech 
and language. For patients with the largest territory strokes, a decreased level of 
consciousness and a coma-like state may require the placement of tracheostomies 
and permanent feeding tubes and permanent placement in long-term nursing 
facilities.

Although advances in acute stroke care and post-stroke neurorehabilitation have 
proven effective in improving some neurological function, no approved therapies 
currently exist to reliably reverse residual deficits in stroke patients. Significant 
research efforts are focused on developing new approaches to restore damaged brain 
tissue and improve function in this patient population. One of the most promising 
avenues of current research is in cell-based therapies, specifically administration of 
stem cells to the post-stroke brain. This therapeutic approach is attractive due to 
stem cells multipotent, neuroprotective, and immunomodulatory potential. 
Preclinical and clinical studies are promising, with evidence of functional improve-
ment in animal models and patients. Although a fast-growing area of investigation, 
many questions regarding the safety, efficacy, and appropriate clinical application in 
humans remain. This chapter reviews the most common stem cell-based therapies 
being investigated for ischemic stroke, describes the recent preclinical and clinical 
studies being performed, and discusses the current and future applications of this 
therapy for treatment of stroke patients.

15.2  Stem Cell-Based Therapies for Ischemic Stroke

Ischemic stroke causes extensive damage to multiple types of brain cells, as well as 
neuronal and vascular networks. Current treatments are effective in restoring blood 
flow through undamaged blood vessels; however, they are not effective at reversing 
the damage incurred during the period of ischemia before revascularization. Without 
further medical intervention, many stroke patients are able to gain some degree of 
functional recovery over time, suggesting that innate compensatory plasticity or 
remodeling may occur in the post-ischemic brain. Stem cell-based approaches 
gained momentum with the objective of enhancing this assumed endogenous repair 
mechanism or, as initially hypothesized, to replace injured cells in the ischemic 
core. However, current studies are beginning to suggest that several different mech-
anisms play a role in the neuroregeneration seen with stem cell therapies, including 
acting in a neuroprotective manner and by inducing angiogenesis, neurogenesis, 
and axonal sprouting [26], among others.

Over the past decade, cell-based regenerative therapies have been developed 
using different types of stem/progenitor cells in the attempt to restore lost brain tis-
sue and function. Several types of stem cells have been investigated for use in this 
therapy, mainly mesenchymal (MSC), neural (NSC), embryonic (ESC), and induced 
pluripotent stem cells (iPSCs). Although data on these stem cell-based therapies in 
animal models and human patients are conflicting, many studies suggest an impor-
tant role for cellular-based therapy for stroke.
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15.2.1  Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are pluripotent progenitor cells that give rise to a 
variety of tissues, including muscle, bone, cartilage, and adipose. The most widely 
studied source of MSCs in stroke therapy is bone marrow-derived cells, as it was 
hypothesized early on that these MSCs could differentiate into brain cells. Studies 
have confirmed that bone marrow-derived mesenchymal stem cells (BMSCs) are 
capable of differentiating into neural cell lineages and have been shown to express 
neuronal and glial markers upon differentiation [26, 40, 53]. BMSCs promote syn-
aptogenesis, stimulate nerve regeneration, and improve motor function in animal 
models of ischemia [29, 40]. Furthermore, it is hypothesized that the more impor-
tant mechanisms underlying the functional recovery observed is due to the effect of 
transplanted cells on neuroprotection, stimulation of regeneration, expression of 
cytokines and/or growth factors, and angiogenesis, rather than direct integration of 
the transplanted cells into damaged host networks [40].

15.2.2  Neural Stem Cells

Neural stem cells (NSCs) persist in the adult brain in the subgranular zone of the 
dentate gyrus of the hippocampus and subventricular zone of the third ventricle. 
They are multipotent cells that give rise to neurons and glial cells. In rodent models 
of hypoxia, NSCs are able to establish functional connections with innate neurons, 
develop into mature neurons and glial cells, and demonstrate some functional recov-
ery in the animals observed [30, 52]. Furthermore, neuroimaging studies in rats 
have shown reduction of infarct volume which corresponds to improvements in 
behavioral testing [49]. These effects have been shown to occur through several 
mechanisms, including neuronal replacement, modulation of synaptic plasticity, 
enhanced neuroprotection, changes in inflammatory mediated processes, and stimu-
lation of angiogenesis.

Although NSCs have shown promise for stroke therapy, their use has significant 
limitations in human therapies. Human stem cells are needed for implantation into 
stroke patients, and the main source of these cells is from fetal tissue. In addition to 
a limited availability of cells, this approach raises important and difficult ethical 
issues, which has impacted the ability to translate this research to human applica-
tion. Studies have shown successful in vitro propagation of human fetal NSCs for 
an extended period of time with successful implantation and differentiation into the 
ischemic cortex of rats [18], requiring fewer human cells; regardless, much debate 
still surrounds the use of fetal tissue for medical therapies.

Interestingly, some of the functional recovery observed in post-stroke patients 
may be, in part, due to stimulation of innate adult NSCs after ischemic stroke. A few 
studies in rodents, primates, and humans suggest generation of new neurons from 
persistent host NSCs [4, 32, 54, 55] and hypothesize that they may play an 
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important role in the post-ischemic brain. The functional significance of this neuro-
genesis remains unclear; however, these findings raise new possibilities for develop-
ment of stem cell stimulation therapies and even potential transplantation of adult 
NSCs in stroke patients.

15.2.3  Embryonic Stem Cells

Embryonic stem cells are pluripotent cells derived from blastocysts 4–5 days after 
fertilization. These cells are valuable in that they are capable of unlimited and undif-
ferentiated proliferation [51]. They readily differentiate into neuronal and glial ele-
ments, including astrocytes and oligodendrocytes. In vivo studies have shown that 
implanted rodent ESCs survive, migrate into ischemic tissue and can restore synap-
tic connections with improvement in behavioral deficits [11, 50, 58].

Similar to NSCs, however, production and use of ESCs raise challenging issues. 
Isolation of human ESCs requires destruction of a blastocyst and therefore again 
raises ethical issues as discussed above; however, cells can be captured from unused 
fertilized embryos from in vitro fertilization procedures and maintained in culture 
for use, potentially lessening the controversy surrounding their origination. 
However, as a result of their robust ability to propagate and transform, this risk of 
tumor formation after implantation is high [42]. One method developed to decrease 
this risk is the pre-differentiation of ESCs into NPCs that are restricted to neural cell 
lines upon differentiation, which has some efficacy once implanted into rodent 
models [17].

15.2.4  Induced Pluripotent Stem Cells

An important and recent advancement in this field has been the development of 
human-induced pluripotent stem cells (iPSCs). This technology allows pluripotent 
cells to be created by reprogramming a host patient’s own somatic cells, which are 
easily obtained from a blood sample or connective tissue biopsy. The use of a 
patient’s own tissue sample for this therapy alleviates much of the ethical concerns 
surrounding the previously discussed stem cell-based treatments. Using specific 
transcriptional factors, cells can be reprogrammed [48] and induced to form specific 
cell types, including induced pluripotent stem cell-derived neural stem cells (iNSCs) 
[28]. As a distinct advantage, these cells exhibit the properties of ESCs and NSC 
and are less likely to undergo immune system rejection [3].

Given their capacity for proliferation and differentiation, tumorigenicity is a sig-
nificant concern with iPSCs. To address this issue, researchers have developed 
induced pluripotent stem cell-derived neural stem cells (iNSCs), which retain their 
ability to differentiate into neural cells, with significantly decreased tumorigenicity 
compared to iPSCs. These iNSCs are showing promise in neuroprotection and 
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regeneration after stroke [12]. A recent paper using an ischemic pig stroke model 
demonstrated reduced white matter, cerebral perfusion, and metabolism changes on 
magnetic resonance imaging (MRI) in animals implanted with iNSC implantation 
after induced stroke. The implanted cells differentiated into neurons, astrocytes, and 
oligodendrocytes, demonstrated long-term integration, promoted decreased microg-
lial activation, and stimulated neurogenesis [7, 36]. Other studies using rodent mod-
els demonstrate similar findings [39, 41, 56].

15.3  Stem Cell Therapy Mechanisms of Action

The mechanism by which transplanted stem cells exert therapeutic effects is an area 
of active research. Initially, the hypothesis was that the engrafted cells would replace 
the lost cells in the ischemic core of the infarcted brain tissue and restore function. 
However, as research in this area continues to shed light on the interactions of these 
stem cells and the damaged brain, it is becoming clear that the interactions are much 
more complicated than initially imagined.

Neuronal replacement remains one of the main focuses of stem cell-based thera-
pies, and many studies demonstrate synaptic connections between host and 
implanted cells, as well as functional integration of grafted neurons. The establish-
ment of axial projections and synaptic connections in unaffected animal models has 
been demonstrated in multiple studies. Steinbeck et al. recently demonstrated that 
after implantation of ESCs into the motor cortex of the normal adult rodent brain, 
axons of donor neurons extended via the external and internal capsule to the cervi-
cal spinal cord and through the corpus callosum into the contralateral cortex, where 
they made functional synaptic connections with host neurons [47]. A recent study in 
a rodent stroke model using iPSCs showed motor improvement after transplantation 
of cells into stroke-damaged cortex. The cells differentiated into mature neurons, 
sent axonal projections to unaffected brain tissue, and exhibited appropriate electro-
physiological and synaptic input signals from host neurons [39].

Interestingly, Oki et al. argue that the initial motor improvements observed in 
their animal model post-transplantation was likely due to increased vascular endo-
thelial growth factor (VEGF) levels and resulting improvement in endogenous plas-
ticity rather than neuronal replacement. Further studies corroborate VEGF as an 
important growth factor, stimulating neovascularization, enhanced integrity of the 
blood-brain barrier, axonal plasticity, and suppression of the inflammatory response, 
glial scar formation, and neuronal apoptosis [2, 5, 16, 27].

Preclinical studies of NSC implantation support the immunomodulatory effects 
of stem cells as a significant mechanism contributing to the beneficial effects seen 
with this therapy. In the ischemic brain, activation of microglia, the resident immune 
cells of the brain, causes a robust inflammatory response. Minutes after the onset of 
ischemia, many pro-inflammatory cytokines are produced. These cytokines also 
induce opening of the blood-brain barrier and infiltration of peripheral macro-
phages, further exacerbating the immune response and resulting injury [14]. NSCs 
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dampen this inflammatory response by the release of neurotrophic factors such as 
brain-derived neurotrophic factor (BDNF) and glial-derived neurotrophic factor 
[40]. Minimizing the immune response in the post-stroke brain has been shown to 
correlate with decreased infarct volume and improved functional recovery [14, 40].

Although most evidence for stem cell-mediated effects come from studies of 
direct implantation of cells into the post-infarcted brain, a few studies have found 
NSC culture-conditioned media alone may provide a neuroprotective effect and 
resulting behavioral improvements in animals [19, 57, 61]. Webb et al. demonstrated 
extracellular vesicles from NSC conditioned media were sufficient to alter the 
immune response, reduce lesion size, and improve motor outcomes in mice [57]. The 
advantage of NSC extracellular vesicle-based therapy is largely due to their limited 
tumorigenicity and enhanced biodistribution. However, further data are needed to 
determine if this type of acellular therapy will be effective in stroke patients.

15.4  Stem Cell Therapy in Experimental Stroke Models

Preclinical research on cell therapy for stroke began in the 1980s, when Mampalam 
et al. demonstrated the ability to graft cells from a fetal rat cortex to be successfully 
implanted into the ischemic cortex of an adult rat [37]. The study not only showed 
survival of the fetal cells but also demonstrated integration of these cells into the 
damaged host brain. As animal studies advanced, further evidence suggested 
implanted cells survived and integrated into ischemic brain tissue and, in some 
cases, stimulated anatomical reconstruction and behavioral recovery in the post- 
stroke brain.

Early on in this field, given their capacity to differentiate into a variety of neural 
cell types, the use of NCS and ESC quickly gained momentum. However, advance-
ment to clinical application slowed after the recognition that allogenic transplanta-
tion (i.e., implanting stem cells from the same species) is safer and likely more 
effective. Difficulties in obtaining human-derived (fetal and embryonic) cells, con-
founded by the ethical challenges surrounding their harvesting, significantly slowed 
translation of preclinical research to patient trials. The late 1990s ban placed on the 
use of federal funds for research on embryonic tissue further discouraged the trans-
lation of preclinical advancements to clinical studies using human-derived embry-
onic and neural stem cells.

Given these constraints, adult stem cells became the focus of most studies, and 
specifically bone marrow-derived MSCs emerged as the commonly used adult 
source of these cells. BMSCs promote synaptogenesis, stimulate nerve regeneration, 
and improve motor function in animal models of ischemia [29, 40]. The use of MSCs 
has been widely studied in stroke, and although these studies vary in the source 
(human, rodent), route of administration (intracerebral, intraarterial, intrathecal), 
and timing of introduction (in relationship to the stroke onset), most of the published 
data show some positive effect on infarct volume or behavioral testing, or at the 
molecular level with changes associated with positive neurological benefits [62].
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The most recent and significant advancement in the stem cell field has been the 
development of iPSC technology. Although in its infancy, there is significant focus 
on using iPSC as well as neuronal stem cells derived from iPSCs (iNSC) for stroke 
therapies. This technology appears to be a promising alternative that provides cells 
with the differentiation capability of NCS/ESC, with fewer ethical issues and mini-
mal difficulty with harvesting. Recent studies have found implantation of iPSCs/
iNSCs into infarcted tissue leads to reduction in infarct volume and improvement in 
functional recovery in animal models. Some studies attribute these effects to these 
cells’ ability to differentiate into adult stem cells after implantation [31, 56]. Human 
iPSCs implanted into ischemic cortex of rodents also show differentiation to neu-
rons of different subtypes and exhibit electrophysiological properties of mature 
neurons [39]. Studies in a pig ischemic stroke model using iPSCs and iNSC have 
demonstrated decreased immune response, enhanced neuroprotection, increased 
neurogenesis, and functional recovery in treated animals [6, 7, 36].

15.4.1  Preclinical Models

Most preclinical studies on stroke pathology and treatment have relied on small 
animal models, specifically using rodents, given the ease of use and cost- effectiveness 
of these models. Although much of the field has advanced using these small ani-
mals, there has been difficulty translating novel therapeutics to the development of 
beneficial clinical treatments. Some propose this translational gap can be better 
addressed by a greater emphasis on the use of large animal models, specifically 
pigs, and sheep, and nonhuman primates. These animals have large gyrencephalic 
brains, which are more similar to the structure of human brains compared to the 
small lissencephalic brains of rodents. The lack of gyri and sulci in the brains of 
mice and rats, and therefore more simplified cortical structure and functional orga-
nization, as well as vascular anatomy, likely confounds the response of these ani-
mals to ischemic stroke and their response to the studied therapeutics. Larger animal 
models with more human-like brain structures are now being used more readily and 
often are becoming a key step of verification prior to introduction of novel therapies 
into humans [46]. Used in combination with initial studies in rodents, a greater use 
of large animal models will likely contribute to advancing therapeutic interventions 
and better predicting which therapies will likely have a clinical impact prior to test-
ing in humans.

15.5  Clinical Studies on Stem Cell Implantation

Although hundreds of preclinical studies have been published over the past few 
decades showing positive results for stem cell-based therapies in animal models, 
many unique challenges exist in the translation of this therapy into human studies. 
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In addition to the high cost and extended timelines for such studies, the harvesting 
and/or production of stem cells remains difficult and limited. Furthermore, preclini-
cal studies have not successfully answered important questions including ideal 
route of administration and most effective source of stem cells to be used; therefore, 
these questions are being addressed by the clinical trials, in addition to safety and 
effectiveness. Importantly, although initial studies support the safety profile of this 
therapy, the potential adverse outcomes, specifically tumor formation and/or 
immune rejection, are significant and must be addressed [34].

Most clinical studies involve MSCs due to their well-studied and beneficial 
effects in in  vitro and in  vivo models. Initial trials using bone marrow MSCs 
(BMSCs) have also proven safe for human use. The first pilot study to introduce 
MSCs in stroke patients was in 2005 by Bang et al., and although a small study, they 
found improved functional recovery in the treated group [8]. The InVeST trial, 
which did not show a beneficial treatment effect, provided valuable evidence that 
intravenous infusion of BMSCs is safe and well tolerated in humans [43]. Similarly, 
the MASTERS trial, a phase 2, randomized, double-blinded, placebo-controlled 
study, showed no dose-limiting toxicity but also showed no significant improvement 
after 90 days [24]. The first clinical trial to investigate the intracranial implantation 
of neural stem cells, called PISCES, also supported the safety profile of stem cell 
transplants in patients and, furthermore, showed some neurological improvement in 
treated patients [33]. More recent studies being published continue to show safety 
and improvement in neurological function in patients [38].

A recent systematic review and meta-analysis of the literature regarding stem 
cell transplantation in patients after brain ischemia determined the therapy signifi-
cantly improved neurological deficits and quality of life without serious adverse 
events [13]. However, although initial data are encouraging, larger studies are still 
needed to further investigate the safety and effectiveness of this treatment before it 
becomes widely used in the clinical setting.

15.6  Endogenous Stem Cell Therapy

Although most studies looking at stem cells in stroke are focused on implanting 
cells into the post-stroke brain, a few groups are exploring options to take advantage 
of the capacity of the adult brain for self-repair. Neurogenesis in the adult brain is 
located mainly in the subventricular zone (SVZ) of the lateral ventricles and the 
subgranular zone (SGZ) of the dentate gyrus, as well as the olfactory bulb [20]. 
Pathological processes, such as ischemia, that cause neuronal death have been found 
to stimulate new neuronal formation in these areas. Arvidsson et al. found that these 
newly developed endogenous neurons from the SVZ are able to migrate into dam-
aged striatum in rodent models. However, they also noted that the majority of the 
new neurons died within 2 weeks after stroke, likely indicating an unfavorable envi-
ronment to support these new cells in the post-ischemic brain [4]. In two studies, 
Tonchev et al. demonstrated increased proliferation of neuronal progenitor cells in 
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the dentate gyrus, subventricular zone, and hippocampus in post-ischemic monkey 
brains [54, 55]. These results were translated to the human brain by Jin et al., when 
they demonstrated similar findings in human brain biopsies of ischemic strokes 
[32]. Immunohistochemical staining of these specimens showed new neurons with 
a migratory phenotype in the ischemic penumbra. They also demonstrated that in 
the stroke brain tissue, new neurons tended to cluster near blood vessels, suggesting 
vascular endothelial cells promote neurogenesis [32]. However, it appears from 
these studies that the number of newly generated neurons is low and does not repre-
sent a large enough population of cells to induce a significant therapeutic response. 
Factors that stimulate production as well as induce a supportive and protective brain 
environment for growth and survival of these cells are an active area of research. 
Granulocyte-colony stimulating factor (G-CSF) is one of these mechanisms and has 
been shown to reduce infarct volume in experimental models of ischemia, act as a 
neuroprotective mechanism by reducing glutamate release, inflammation, and apop-
tosis activation, among others. Administration of G-CSF immediately after middle 
cerebral artery occlusion in a rodent model immediately after and in the subacute 
period both showed increase in proliferation of endogenous stem cells in the post- 
stroke brain [1]. Studies are also investigating the effect of transplanted NSCs on 
endogenous neurogenic behavior, with some evidence suggesting enhancement of 
neurogenesis through secretion of neurotrophic and regenerative growth factors [6].

15.7  Important Considerations for Stem 
Cell-Based Therapies

Although much of the data from completed and ongoing clinical trials appear prom-
ising, most of the trials remain small, and many questions remain unanswered. 
Specifically, the most effective stem cell type, ideal route of administration, and 
timing of administration are active areas of research. Furthermore, important con-
siderations with this therapy also include consideration of potential adverse events, 
including malignant potential and immunogenicity, as well as beneficial adjuvant 
treatments that may enhance the therapeutic effect of this therapy.

15.7.1  Selection of Stem Cell Type

Of the main types of stem cells investigated for use in stroke therapy, MSCs have 
been the most widely studied, in both preclinical and clinical trials. Given the ethi-
cal and sourcing issues of ESCs and NSCs, research using these cell types has 
lagged behind MSCs, and with the introduction of iPSCs, much of this research is 
being replaced given the advantages of this new technology. iPSCs have shown 
promise and ease of use, especially with the ability to differentiate them into iNSCs 
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prior to transplantation. As the field advances and new technologies are introduced, 
a standardized type and readily available source will likely be developed for use in 
clinical therapies.

15.7.2  Route of Administration

Different routes of stem cell administration have been used, with the most common 
being intravascular (venous and arterial) and intraparenchymal routes [34]. Less 
common routes investigated include intracerebroventricular, intracisternal, intrathe-
cal, and intraperitoneal routes [59]. The intravascular route has been mostly used for 
administration of MSCs. It is the least invasive and allows the introduction of a large 
number of cells. However, the delivery is non-specific, and although cells are able 
to migrate into ischemic regions, the number that were deposited in the brain was 
significantly less than the number of injected cells, and cells have been found to 
distribute into multiple other peripheral organs [15, 35]. Newer technologies are 
addressing this issue using mechanisms such as magnets and fibrin glue to target 
cells to the ischemic brain regions [14, 45]. Song et al. (2015) demonstrated that 
intravenously delivered, magnetically targeted NSCs accumulated in the ischemic 
brain and correlated to decreased infarct size compared to non-targeted NSCs, sug-
gesting that targeting cells into the damaged tissue may be advantageous.

Intraparenchymal transplantation is more invasive and requires injecting a cell 
suspension directly into the brain tissue. However, this route allows precise control 
over cell placement and avoids the issue of cells distributing into peripheral organs. 
Some studies suggest better functional improvement with this technique [25]. 
Further consideration must also be given to the timing of cell therapy in determining 
the most effective route of administration. In subacute and chronic strokes, the 
blood-brain barrier is less permeable than in acute stroke [22], which would likely 
render intravenous therapies less effective. Although different routes have been 
investigated and compared, no optimal route of administration has yet been deter-
mined [44, 59], and there is little evidence for a specific route having a positive 
effect on patient outcome.

15.7.3  Malignant Potential

One of the most important considerations regarding the use of stem cells for any 
therapy is the potential for the cells to undergo malignant transformation and allow 
tumor formation in the host. Overall MSCs appear to be safe upon implantation into 
animal models and humans; however, several studies have shown the potential for 
tumorigenic transformation of iPSCs. Teratomas were found to develop in mice 
brains after implantation, and it is suggested that specific transcription factors con-
tribute to the tumorigenic potential of iPSCs. The presence of undifferentiated cells 
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may trigger tumor formation [21, 38, 60]. Given the ability for iPSCs to be trans-
formed further into multipotent cells, researchers have found that differentiating 
them into neural stem cells (iNSCs) decreases the tumorigenicity significantly while 
maintaining their therapeutic potential [12].

15.7.4  Adjuvant Therapies

Biomaterials are being investigated for enhancing delivery of cells and improving 
post-implantation survival. This technology provides a scaffold for transplanted 
cells, as well as growth factors and other biochemical signals that could stimulate 
tissue restoration and neuronal differentiation. Although preclinical studies suggest 
improved survival and differentiation of implanted cells, it remains unclear if there 
is any benefit in functional outcome using this technology, and further studies are 
need to understand what adverse effects may be caused by introduction of these 
biomaterials in humans [9].

15.7.5  Neurorehabilitation

Neurorehabilitation is an important component of post-stroke therapy and can sig-
nificantly improve the neurological function of patients. This is important to con-
sider when designing clinical trials. Many initial studies, especially preclinical, did 
not take into account the potential benefits of patient improvement with rehabilita-
tion. However, more attention is being drawn to this issue, and it is being encour-
aged in the literature and at the recent Stem Cell Therapeutics as an Emerging 
Paradigm for Stroke (STEP3) meeting to include rehabilitation therapy as part of 
clinical trials using stem cell therapy [10].

15.8  Conclusion

Much of the data from preclinical and clinical trials appears promising for stem cell 
therapy in stroke patients. However, it is important to acknowledge that most trials 
are, in general, small cohorts of patients, and therefore results should be interpreted 
conservatively. Larger and more conclusive studies are needed to show clear patient 
benefit before stem cell-based therapies become widely used clinically. Furthermore, 
as a recently developed technology, the transition from preclinical to clinical trials 
for iPSCs has not occurred. Many questions remain regarding their potential benefit 
for stroke treatment in a clinical setting. Stem cell therapy is a promising technology 
that continues to advance and will likely offer new treatment paradigms in the future.
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Chapter 16
Use of Stem Cells in the Treatment 
of Erectile Dysfunction

Benjamin Press and Stanton C. Honig

16.1  Incidence and Risk Factors for Erectile Dysfunction

Erectile dysfunction (ED) is the consistent or recurrent inability of a man to attain 
and/or maintain a penile erection sufficient for sexual performance. ED has a high 
prevalence in the general population, with incidence increasing with age. In a large 
cross-sectional, community-based study, among men between the ages of 40 and 
49 years, the prevalence of complete or severe erectile dysfunction was 5% and the 
prevalence of moderate erectile dysfunction was 17% [1]. Selvin et al. analyzed data 
from 2126 adult male participants in the 2001–2002 National Health and Nutrition 
Examination Survey (NHANES). From this study, ED was estimated to be 18.4%. 
Incidence increased from 5.1% to 14.8% to 43.8% to 70.2% in age groups 20–39, 
40–59, 60–69, and 70+ years old, respectively [2]. The MALES study was an inter-
national study involving 27, 839 men in eight countries (the United States, the 
United Kingdom, Germany, France, Italy, Spain, Mexico, and Brazil) aged 20–75. 
Overall prevalence of ED was 16% overall, with a high of 22% in the United States 
and a low of 10% in Spain [3].

Erectile dysfunction has been associated with cardiovascular conditions (i.e., 
hypertension, hypercholesterolemia) diabetes mellitus, and metabolic syndrome 
[4–6]. Lower urinary tract symptoms (LUTS) and depression have also been impli-
cated as risk factors for erectile dysfunction [7–9]. Lifestyle factors, including smok-
ing and obesity, are also significant predictors of erectile dysfunction [4, 10, 11]. A 
prospective randomized controlled trial demonstrated that lowering body mass index 
and increased physical activity were independently associated with changes in 
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International Index of Erectile Function (IIEF) score [12], suggesting that improve-
ments in general health status is associated with improved erectile function.

Erectile dysfunction has substantial impact on quality of life. In addition to the 
impact on the sexual experience in many men, erectile dysfunction creates psycho-
logical distress that affects their relationships with family and friends [13]. In a 
study of a general measure of health-related quality of life, men with erectile dys-
function reported significantly worse results than normal respondents on measures 
of social function, role limitations due to emotional problems, and emotional well- 
being [14]. In another study, men with erectile dysfunction reported significantly 
lower physical and emotional satisfaction and lower general happiness than men in 
the study without ED. [15]

16.2  Anatomy and Physiology of Normal Erection

The penis is composed of three cylindrical structures: the paired vascular corpora 
cavernosa and the corpus spongiosum (which houses the urethra), covered by a 
loose subcutaneous layer and skin. (Fig. 16.1) The tunica albuginea is the fibrous 
envelope that surrounds the two corpora cavernosa. Within the corpora, intercon-
nected sinusoids are enveloped by trabeculae of smooth muscle, collagen, and elas-
tin. The smooth muscle is closely associated with the cavernous nerves and helicine 
arteries. In the flaccid state, intracavernosal blood gas levels are similar to those of 
mixed venous blood due to the low rate of arterial blood flow. During erection, the 
rapid entry of arterial blood into the sinusoids causes the blood gas levels in the 
corpora cavernosa to be more similar to that of arterial blood [16].

The smooth musculature of both the cavernosa and the vasculature plays key role 
in the erectile process. In the flaccid state, smooth muscles are contracted, restrict-
ing the amount of blood flow to the corpora. Relaxation of the smooth musculature 
results from the release of the neurotransmitter, nitric oxide (NO), from the cavern-
ous nerve terminals following sexual stimulation. With the smooth muscle relaxed, 
it triggers a cascade of physiologic changes resulting in erection. Relaxation of the 
smooth muscle results in the dilatation of the arterioles and arteries by increased 
blood flow. This causes blood to collect in the sinusoids. The trapping of blood in 
the sinusoids causes a compression of the venous plexuses between the tunica albu-
ginea and the peripheral sinusoids, reducing the venous outflow. Eventually the 
tunica becomes stretched to capacity, subsequently reducing the venous outflow to 
a minimum. The increase in PO2 with increased arterial blood flow coupled with 
increased intracavernosal pressure raises the penis from flaccid to erect state [17, 18].

The penis receives neural innervation from both the autonomic and somatic path-
ways. The sympathetic pathway originates from the 11th thoracic to the 2nd lumbar 
spinal segments. The parasympathetic pathway arises from neurons in the interme-
diolateral cell columns of the second, third, and fourth sacral spinal cord segments. 
Parasympathetic and sympathetic nerve fibers meet in the pelvic plexus. The 
branches that innervate the penis from the plexus are the cavernous nerves [19, 20]. 

B. Press and S. C. Honig



349

Somatic input comes from abundant free nerve endings [21] in the glans penis, as 
well as sensory receptors in the penile skin, urethra, and within the corpus caverno-
sum. The nerve fibers from the receptors converge to form bundles of the dorsal 
nerve of the penis, which joins other nerves to become the pudendal nerve, which 
enters the spinal cord at the S2-S4 level [22].

Numerous neurotransmitters have been implicated in normal erectile function, 
principally nitric oxide (NO). General consensus is that NO is the principal neu-
rotransmitter mediating penile erection. NO stimulates cGMP production, one of 
the major second messengers in smooth muscle relaxation. Production of cGMP in 
turn relaxes cavernous smooth muscle [23, 24]. NO derived from neuronal nitric 
oxide synthase (nNOS) in the non-adrenergic, non-cholinergic (NANC) nerves is 
responsible for the initiation, whereby NO from endothelial nitric oxide synthase 
(eNOS) contributes to the maintenance of smooth muscle relaxation and erec-
tion [25].

Skin

Superficial penile vessels

Buck’s fascia

Deep dorsal vein

Dorsal artery

Dorsal nerve

Cavernous artery

Sinusoids

Corpus spongiosum
with urethra

Fig. 16.1 Cross-sectional anatomy of the penis showing the three vascular chambers with sinusoi-
dal tissue with endothelial cells. (Reprinted with permission: Carson et al. [117])
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16.3  Primary Etiologies of Erectile Dysfunction

A number of medical conditions can cause erectile dysfunction. The most common 
cause of organic erectile dysfunction is vascular in origin. Certain endocrine condi-
tions, including hypogonadism, hyperprolactinemia, hypothyroidism, hyperthy-
roidism, and diabetes [26–29], may result in ED.  Medications can also induce 
erectile dysfunction [30, 31]. Neurological conditions from disease or from nerve 
injuries also are a significant cause of ED. Erectile dysfunction can also be caused 
by psychological factors, and result from overstimulation, and increased adrenergic 
tone causing smooth muscle contraction of erectile tissue [1, 15]. The primary 
causes of organic erectile dysfunction implicated in the use of stem cell therapy for 
treatment so far are neurogenic and vascular in etiology.

16.3.1  Neurogenic Erectile Dysfunction

Loss of innervation to the corpora cavernosa is the mechanism of neurogenic erec-
tile dysfunction. Without the nerve input, the smooth muscle in the corpora caver-
nosa is unable to relax, limiting the blood flow to the penis. Long-term morphologic 
changes can occur with loss of corporal innervations, including smooth muscle 
apoptosis and fibrosis [32, 33]. The insult causing this denervation can occur either 
at the central nervous system level including the spinal cord [34] and brain [35–37] 
or the peripheral nervous system including the pelvic ganglia and cavernous nerve 
injury from radical pelvic surgery such as radical prostatectomy . Penile tactile sen-
sation has also been shown to reduce with age [38].

Rates of iatrogenic cavernosal nerve injury have decreased significantly with 
improved understanding of the neuroanatomy of pelvic nerves. Historically, out-
comes following pelvic surgery (i.e., radical prostatectomy, abdominal perianal 
resection) reported ED rates at above 80% [39–41]. More contemporary literature 
in the era of emphasis on nerve sparing pelvic surgery have caused those rates to be 
reduced by over 50% [42–48] depending on how erectile dysfunction is defined, 
nerve sparing status of procedures, pre-op erectile status, and age [49]. In diabetic 
patients, autonomic neuropathy by progressive demyelination may cause erectile 
dysfunction [50].

16.3.2  Vascular Erectile Dysfunction

Erectile and flaccid states are regulated by relaxation and contraction of vascular 
smooth muscle. Atherosclerotic or rarely traumatic arterial occlusive disease of the 
penile arteries can decrease the perfusion pressure and arterial flow and cause an 
imbalance of relaxation and contractile factors, causing erectile dysfunction. 
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Common risk factors associated with arterial insufficiency include coronary artery 
disease, hypertension, hyperlipidemia, cigarette smoking, diabetes mellitus, pelvic 
irradiation, and rarely blunt perineal trauma [4–6, 51, 52]. Age-related vascular 
changes resulting in erectile dysfunction include increased tone of cavernous 
smooth muscle [53] as well as endothelial dysfunction [54], causing a reduced abil-
ity of vascular smooth muscle to relax.

16.4  Overview of Current Therapy for Erectile Dysfunction

In many cases, erectile dysfunction is a manifestation of systemic vascular disease. 
Because of this, lifestyle modifications designed to optimize a patient’s cardiovas-
cular health have been shown to stabilize and sometimes improve erectile dysfunc-
tion [55, 56]. Modifications include dietary improvement [57], increased exercise 
[58, 59], decrease in signs of metabolic syndrome or adjusting medications if 
appropriate.

The standard of care first-line therapy for erectile dysfunction is oral phosphodi-
esterase type 5 inhibitors (PDE5i) [60–62]. PDE5 inhibitors work to block the cata-
lytic action of the PDE5, the enzyme that degrades cGMP, the downstream effector 
of the erection mediator nitric oxide [63–65]. These medications serve to augment 
the erectile response, not induce an erection. In the United States, sildenafil (Viagra, 
Pfizer) was brought to market in 1998. Two additional PDE5i, vardenafil (Levitra®, 
GSK) and tadalafil (Cialis®, Lilly), were released in the United States in 2003. A 
fourth PDE5i, avanafil (Stendra®, Auxilium), was approved in 2013. Lodenafil, 
mirodenafil, and udenafil have been approved outside of the United States. PDE5is 
have been demonstrated to be superior to placebo in the treatment of erectile dys-
function of all etiologies despite success rates with placebo of about 30% in most 
studies [61, 66]. Typically success rates with first time prescription is 60–75% [67–
70]. However, these success rates are lower in men following radical pelvic surgery 
(35–41%) [71–73] and autonomic neuropathy from diabetes (48–54%) [60, 74–76]. 
The use of nitrite medications (i.e., sublingual nitroglycerin, isosorbide mononi-
trate, or dinitrate) is the only absolute contraindication to taking PDE5is [77]. Side 
effects observed with PDE5i therapy include headache (7–16%), dyspepsia 
(4–10%), flushing (4–10%), myalgia/back pain (typically tadalafil only) (0–3%), 
nasal congestion (3–4%), and visual disturbances (0–3%) [78].

If oral pharmaceutical agents fail to treat erectile dysfunction, other excellent 
treatment options are available. Intracavernosal injections (ICI) involves directly 
injecting a vasoactive agent directly into the corpora cavernosa resulting in penile 
erection by relaxation of vascular smooth muscle and increased arterial flow into the 
penis [79]. Prostaglandin E1 (PGE1) is the only FDA-approved agent for penile 
injection monotherapy. PGE1 is a direct cyclic AMP stimulator, which in turn 
induces tissue relaxation through a second messenger system [80]. Trimix, a mix-
ture of papaverine, phentolamine, and PGE1, has been used as an alternative for 
PGE1 injection monotherapy due to lack of clinical response or for issues of cost 
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[81]. ICI has been demonstrated to be more efficacious than other second-line thera-
pies, including vacuum erection devices [82] and intraurethral suppositories of 
PGE1 [83, 84]. In a study of 296 men who received alprostadil ICI, penile pain was 
the most commonly reported side effect. While usually mild, penile pain occurred 
in 50% of the men at any point. Prolonged erections occurred in 5% of the men, 
priapism in 1%, penile fibrotic complications in 2%, and hematoma or ecchymosis 
in 8% [85].

Vacuum erection devices are a high satisfaction, low-cost treatment option for 
erectile dysfunction. It should be noted that the majority of the studies that evalu-
ated patient and partner satisfaction using vacuum devices predate the widespread 
availability of oral PDE5is [86]. Vacuum devices have been proven to be effective, 
and adverse events are largely minor, like bruising [87]. Intraurethral alprostadil is 
a treatment option for men for whom PDE5i are contraindicated (i.e., men taking 
nitrates) or for men with an aversion to the needles required for IC injections [86]. 
In a randomized, double-blind placebo controlled trial, IU alprostadil significantly 
improved sexual function compared to placebo [88]. However, efficacy in wide-
spread use is lower than intracavernosal therapy or vacuum erection devices. 
Adverse events are relatively frequent with the use of IU alprostadil but often minor. 
The most common adverse events reported in the literature were genital pain 
(6.5–34.7%), minor urethral trauma (1–5.1%), urethral pain or burning (0–29%), 
and dizziness (0–7.0%) [86].

A penile prosthesis (IPP) is a device that is surgically implanted into the corpora 
cavernosa. Penile implants are used in patients who have failed nonoperative man-
agement or who find minimally invasive options to be suboptimal. The operation is 
generally highly successful with very high satisfaction rates both from the patient 
and their partners [86, 89–91]. The most worrisome complication of IPP placement 
is infection, which will often require device removal. Improvements in surgical 
technique and devices have reduced the rates of infection of device infection to 
1–2% in large modern series [92, 93]. Device malfunction may occur in 20% of 
patients over 10–15 years requiring removal and replacement [94].

16.5  Rationale for Stem Cell Therapy

The use of stem cell therapy for various diseases has long been the subject of signifi-
cant clinical interest and research. Stem cells are defined by their ability to self- 
renew and differentiate into various types of cells and tissues [95]. They have been 
repeatedly shown to have the ability to regenerate and restore functional status to 
damaged tissues [96]. Mesenchymal stem cells (MSCs) are attractive cells due to 
their capacity for proliferation, multilineage differentiation, and immunomodula-
tory properties [97]. These cells were first identified and isolated from bone marrow 
and have played an important role in regeneration therapy by multiple cellular 
mechanisms [98]. The impact of using MSCs is not primarily due to cell differentia-
tion and direct integration within the target tissues. Rather, a paracrine effect is the 
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proposed method of immunomodulation, whereby secretion of cytokines and 
growth factors decrease inflammation and promote healing [99–101]. In the scope 
of erectile dysfunction, while oral therapy and intracavernosal injection have proven 
to be effective therapies, they treat the symptoms of erectile dysfunction, and not the 
cause. Stem cell therapy provides the potential for curative treatment.

16.6  Stem Cell Studies in Animals

Several studies have evaluated the use of stem cells for the treatment of erectile 
dysfunction in animal models, and these studies are listed in Table 16.1 [102]. The 
use of stem cells as treatment for erectile dysfunction was first described in 2004 by 
Bochinski et al. [103] Rats were divided into four groups: a sham operation; bilat-
eral cavernosal nerve crush injury (BCNCI) and injection of stem cell culture 
medium into the corpora cavernosa; injection of neural embryonic stem (NES) cells 
into the major pelvic ganglion (MPG) following BCNCI; and injection of NES cells 
into the corpora cavernosa following BCNCI.  Erectile response was assessed at 

Table 16.1 Animal studies

Author Year Country
Stem cell 
type ED model N Control Results

Bocinski, 
et al.

2004 United 
States

Neural 
embryonic

Neurogenic 26 Yes Higher ICP and improved 
neurofilament staining in 
treatment group compared 
to controls

Kendrici, 
et al.

2010 United 
States

Bone 
marrow

Neurogenic 32 Yes Higher mean ICP/MAP and 
total ICP in treatment 
compared to control

Ryu, 
et al.

2014 Korea Bone 
marrow

Neurogenic 24 Yes Significantly restored 
cavernous endothelial and 
smooth muscle content, 
and penile nNOS and 
neurofilament

Xu, et al. 2014 China Adipose 
tissue

Neurogenic 80 Yes Partial but significant 
recovery of erectile 
response, nNOS expression 
and smooth muscle cells

Lin, et al. 2016 China Adipose 
tissue

Neurogenic 64 No Improved retention of stem 
cells in erectile tissue when 
cultured with NanoShuttle

Ouyang, 
et al.

2014 China Urine Diabetic 65 Yes Significantly raised ICP, 
ICP/MAP, increased 
expression of endothelial 
and smooth muscle 
markers ratio in treatment 
compared to control
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3 months. No significant difference in return of erectile function was noted between 
the two experimental groups (injection of stem cells in MPG vs. cavernous body). 
The groups injected with NES cells into the MPG and corpora cavernosa following 
BCNCI had significantly higher intracavernosal pressures than the group without 
stem cell injection following BCNCI.  Neurofilament staining was significantly 
improved in the experimental groups injected with NES cells compared with control 
group. ICP remained significantly lower in experimental groups compared with the 
rats which underwent a sham operation, indicating only a partial return of erectile 
function.

Kendirici et  al. investigated the effects of transplanting bone marrow-derived 
multipotent stromal cells (BMSC) in a rat model of BCNCI [104]. They tested the 
effects of multipotent stromal cells as well cells activated by antibodies against p75 
nerve growth factor receptor. Thirty-two rats underwent BCNCI procedure. 
Immediately following the surgery, 8 rats each were injected intracavernously with 
either phosphate-buffered saline, fibroblasts, rat MSC, or p75-activated 
MSC.  Another eight rats underwent sham operation and were injected with 
phosphate- buffered saline. Mean intracavernosal pressure (ICP)/mean arterial pres-
sure (MAP) and total ICP were measured to assess erectile function 4 weeks after 
BCNCI and treatment. At that time cavernous nerve stimulation was done at 2.5, 
5.0, and 7.5 V. At 5 V of cavernous nerve stimulation, rats that received BMSC 
injection had significantly improved erectile function (higher intracavernosal pres-
sure) compared to rats that received PBS or fibroblasts. Rats that received p75- 
activated rat stem cells after BCNCI) had significantly higher mean ICP/MAP and 
total ICP than rats that received saline, fibroblasts, or nonactivated MSCs. The 
investigators also found that in rats who received p75-activated stem cells, a higher 
concentration of ß-fibroblast growth factor was expressed. This growth factor has 
been identified as a neurotrophic factor in the penis [105].

Ryu et al. also investigated the effectiveness of bone marrow-derived stem cells 
to restore erectile function in mice following BCNCI [106]. Mice were divided into 
four groups: a sham operation group, BCNCI group receiving a single intracaverno-
sal injection of saline or clonal mesenchymal bone marrow-derived stem cells, and 
a BCNCI receiving a single intraperitoneal injection of clonal stem cells. A single 
IC injection of clonal BMSCs induced recovery of erectile function (determined by 
the ratios max ICP and total ICP to mean systolic blood pressure) compared with 
that in saline-treated BCNCI mice, which reached 90–100% of sham control values. 
A single IP injection of clonal BMSCs significantly improved erectile function 
based on maximum intracavernosal pressures compared to saline-treated groups, 
but the response was not as robust as the IC injection. Increases in cavernosal endo-
thelial and smooth muscle content, as well as penile nNOS and neurofilament con-
tent, were seen in mice who received injections of BMSCs.

In another study investigating the restoration of erectile function following 
BCNCI, Xu and colleagues investigated the effects of both adipose-derived stem 
cells (ADSC) and adipose-derived stem cells-based microtissues (MT, formed 
after culturing ADSC for 3  days) [107]. Ten rats underwent sham surgery and 
intracavernosal injection of saline. Another 70 rats underwent BCNCI and were 
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then treated with either saline, dissociated ADSCs, or microtissues. Erectile func-
tion was measured 4 weeks after treatment. Partial but significant recovery of erec-
tile response was seen both in the ADSCs group and the MTs group. However, the 
recovery in function was significantly higher in the MT group compared to the 
ADSC group. Partially but significant recovery of the nNOS expression and 
smooth muscle cells was observed both in the ADSCs group and the MTs group, 
but more nNOS- positive nerves and smooth muscle cells were found in the MTs 
group compared to the ADSCs group. Of note, there was no significant difference 
between the sham- operated group and the MTs group with respect to smooth mus-
cle content. The results of this study indicate that IC-injected ADSC plus MTs 
resulted in a better restoration of erectile function than traditional single-cell 
strategy.

Changes in the single-cell strategy were further tested by Lin and colleagues, 
who investigated NanoShuttle™ magnetic nanoparticles as a vehicle to maintain 
stem cells in the corpus cavernosum after IC injection [108]. Four weeks following 
BCNCI, rats which have received an injection of ADSCs cultured and magnetized 
with NanoShuttle had a significantly higher ICP/MAP compared to ADSCs cul-
tured with NanoShuttle as well as ADSCs without NanoShuttle. The latter two 
groups exhibited a statistically similar response in erectile recovery. Similar find-
ings were observed with respect to endothelial cell and smooth muscle cell recov-
ery. Cell tracking showed that ADSCs cultured and magnetized with NanoShuttle 
were successfully retained in the corpus cavernosum for up to 3 days while most 
ADSCs in other groups were washed out in other by day 1.

Additionally, human urine-derived stem cells (USC) has been tested in rat mod-
els. Ouyang et al. [109] evaluated human USC or human USC genetically modified 
with a fibroblast growth factors (FGF2) to improve erectile dysfunction in the dia-
betic model. A control group of normal rats were compared with three treatment 
groups in rats with induced type II diabetes: saline USC, lentivirus-FGF2, and 
USCs-FGF2. Erectile function was evaluated at 4 weeks following treatment. After 
treatment with USCs-FGF2, a partial but significant increase in ICP and the ICP/
MAP ratios was demonstrated in diabetic rats. The ICP in USC and lentivirus- 
FGF2- treated rats was also significantly higher than saline-treated rats but signifi-
cantly lower than that in the USC-FGF2 rats. Cavernosal endothelial content was 
significantly restored after USC-FGF2 injection compared to USC or lentivirus- 
FGF2 injection alone. USC or lentivirus-FGF2-treated ED rats also showed a sig-
nificant increase of VEGF, eNOS expression, and cell/collagen ratio when compared 
to PBS-treated rats, but results were lower than in USC-FGF2 treated rats.

16.7  Stem Cell Studies in Humans

A PubMed review revealed that only four human clinical trials exist for evaluating 
stem cells as treatment for erectile dysfunction. At the time of writing, the Sexual 
Medicine Society of North America (SMSNA) has released a position statement on 
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treatment of erectile dysfunction with restorative therapies such as stem cells. It 
reads as follows:

Thus, given the current lack of regulatory agency approval for any restorative (regenerative) 
therapies for the treatment of ED and until such time as approval is granted, SMSNA 
believes that the use of shock waves or stem cells or platelet rich plasma is experimental and 
should be conducted under research protocols in compliance with Institutional Review 
Board approval. [110]

Herein, we review the published literature to date with stem cells in the treatment of 
erectile dysfunction in humans and are summarized in Table 16.2.

Table 16.2 Human studies

Author Year Country
Stem cell 
type ED model N Control Results Comments

Bahk, 
et al.

2010 Korea Umbilical 
cord

Diabetic 10 Yes Improvements 
in the libido, 
erectile 
dysfunction, 
and blood 
glucose

Yiou, 
et al

2015 France Bone 
marrow

Neurogenic 12 No Sexual 
function 
improved 
significantly at 
6 months 
compared to 
baseline (using 
IIEF-15 and 
EHS)

Findings 
confirmed 
with 
additional 6 
patients in 
phase II trial

Haahr, 
et al.

2016 Denmark Adipose 
tissue

Neurogenic 21 No Sexual 
function 
improved 
significantly at 
12 months 
compared to 
baseline (using 
IIEF-15)

Correlation of 
improvement 
in sexual 
function with 
urinary 
continence at 
inclusion

Levy, 
et al.

2015 United 
States

Placenta n/a 8 No Between 6 
weeks and 3 
months and 6 
months PSV 
significantly 
increased

Changes in 
measured end 
diastolic 
velocity, 
stretched 
penile length, 
penile width, 
and IIEF-15 
scores were 
not 
statistically 
significant
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The first trial was a single-blind study of ten men with type II diabetes with erec-
tile dysfunction. All patients had proven unresponsive to previous medical therapies 
for more than 6 months, and all were awaiting penile prostheses [111]. Seven men 
received injections of human umbilical cord blood stem cells into both corpus cav-
ernosa. Three men received injections of saline into both corpus cavernosa. Patients 
were followed for 11 months and were instructed to use a PDE5 inhibitor when they 
wished to engage in sexual activity. Among the seven men, who had no erections in 
the morning or during sexual activity prior to the study, three experienced morning 
erections by 1 month after treatment, and all but one regained morning erections by 
the second month. With the addition of sildenafil, two patients could achieve pene-
tration, maintenance, and orgasm. Two patients opted for penile prosthesis during 
the follow-up period (11 months) and one returned to non-erectile status. Three of 
the seven subjects agreed that stem cell therapy applied alone had some effect on 
erectile dysfunction, and five of the seven subjects regarded stem cell therapy as 
effective for erectile dysfunction when combined with a PDE5 inhibitor. Only one 
patient reported confidence in the effects of stem cell therapy without a PDE5 inhib-
itor on erectile dysfunction, and one other patient expressed confidence in the effects 
of stem cell therapy with a PDE5 inhibitor on erectile dysfunction. Although data 
was collected, there was no statistical analysis done using standard validated ques-
tionnaires for erectile dysfunction(IIEF).

The INSTIN Clinical Trial tested four doses of intracavernosal injection of autol-
ogous bone marrow mononuclear cells in men with post-radical prostatectomy erec-
tile dysfunction [112]. Twelve patients with localized prostate cancer and 
post-prostatectomy ED refractory to medical therapy were divided equally into four 
groups receiving escalating doses of bone marrow mononuclear cells. Erectile func-
tion was evaluated at 1, 3, 6, and 12 months post-injection using the International 
Index of Erectile Function-15 and Erection Hardness Scale questionnaires. Using 
ultrasound, systolic velocity in cavernous arteries was assessed, and endothelial 
function was determined using the penile nitric oxide release test. Overall, sexual 
function improved significantly at 6 months compared to baseline. Mean improve-
ments were +1.3 ± 1 for on-medication EHS, +0.8 ± 1.2 for off-medication EHS, 
and +10.1 ± 8.6 for the International Index of Erectile Function-15 erectile function 
subscore. Nine of the 12 patients reported successful intercourse with the assistance 
of medication. The groups with the two highest doses of stem cell therapy demon-
strated greater increase for off-medication EHS at 6 months when compared to the 
groups with the lowest two doses of stem cell therapy. Sexual function scores at 
12 months were not significantly different from those at 6 months. Basal and 20-min 
peak systolic velocity increased significantly after BM-MNC injection. 20-min PSV 
was normal in 7 of the 11 patients with baseline arterial insufficiency at 6 months. 
Investigators also found that there was a significant increase in the proportion of 
patients with normal endothelial function at 6  months after treatment compared 
with baseline (8/11 vs 2/11, p = 0.032). A second underpowered stage II study of six 
patients showed similar findings [113].

Haahr et al. tested the efficacy of intracavernosal injection ADSCs to treat post- 
radical prostatectomy erectile dysfunction. Twenty-one men with medication 
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refractory erectile dysfunction following radical prostatectomy were given a single 
intracavernosal injection of autologous ADSC. Sexual function was evaluated at 1, 
3, 6, and 12 months. Baseline median IIEF-5 scores (6.0; IQR 3) were unchanged 
1 month after the treatment but increased after 6 months to 7 (IQR 17, P = .002). 
After 1 year, the improvements in erectile function was found to be maintained at 
IIEF-5 scores (median 8; IQR 14, P = .004). Eight out of 21 participants could attain 
an erection sufficient for intercourse in the 12 month follow-up. After treatment, 
three men could complete intercourse with additional medications, and the other 
five men could complete with additional medications at 12 months after treatment. 
When comparing men having nerve-sparing prostatectomy to men with non-nerve- 
sparing prostatectomy, no difference in IIEF-5 score was observed. Interestingly, an 
apparent association with refractory ED and urine continence was found during post 
hoc stratification according to urine continence at inclusion. Among men who were 
continent of urine, IIEF-5 scores were unchanged 1  month after the treatment 
(median 6; IQR 4) but significantly increased after 6  months to a median of 11 
(IQR17; P = .002) and at 12 months to a median of 9 (IQR 13, P = .012). IIEF-5 
scores were similar after 1, 3, 6, and 12 months and not different from the score at 
the time of inclusion (median 5; IQR 4; P > .99) among men who were incontinent 
of urine.

Levy et al. evaluated the efficacy of placental matrix-derived mesenchymal stem 
cells as treatment of erectile dysfunction in eight men in an IRB-approved prospec-
tive, observational cohort study [114]. Each patient received an injection of placen-
tal matrix-derived mesenchymal stem cells. Erectile function was assessed by assess 
peak systolic velocity (PSV), end diastolic velocity, stretched penile length, penile 
width, and erectile function status based on the International Index of Erectile 
Function (IIEF) questionnaire at 6 weeks, 3 months, and 6 months. Between 6 weeks 
and 3 months, PSV significantly increased from a range of 25.5 cm/s–56.5 cm/s to 
32.5 cm/s–66.7 cm/s. PSV ranged from 50.7 cm/s to 73.9 cm/s at 6 months which 
was a statistically significant increase from the 3 month values. Changes in mea-
sured end diastolic velocity, stretched penile length, penile width, and International 
Index of Erectile Function scores were not statistically significant. At the 6-week 
follow-up, two patients for whom previous oral therapies failed had the ability to 
sustain erections on their own. At the 3-month follow-up, one additional patient was 
able to achieve erections on his own.

16.8  Conclusions and Future Implications

Stem cell therapy is an exciting new possible treatment alternative for men with 
erectile dysfunction. While studies and humans and animals have demonstrated 
promising results in safety and efficacy, long-term data is lacking. While stem cell 
therapy holds promise for other disease states, data on erectile dysfunction is scant. 
However, stem cell treatment centers are offering this treatment throughout the 
United States and the world without significant evidence-based data.
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Standardization of this treatment modality is also necessary [115]. Because of 
this, the FDA has warned that “unapproved stem cell therapies can be harmful and 
may be illegal and unproven” and has started to regular therapies [116]. The Sexual 
Medicine Society of North America has developed a position statement on regen-
erative therapies that includes stem cell therapy [110]. Enclosed here are some 
important paraphrases:

The SMSNA strongly supports the development of novel erectogenic therapies, given that 
many men with ED either fail currently available treatments or find them unpalatable. The 
society, however, recognizes the need for adequately powered, multicenter, randomized, 
sham/placebo-controlled trials in well-characterized patient populations to ensure that effi-
cacy and safety are demonstrated for any novel ED therapy [110].

The SMSNA both advocates for and supports the application of high quality research, 
both pre-clinical and clinical, aimed at better understanding the mechanisms involved, the 
magnitude and durability of benefit and the long-term safety of restorative therapies. Thus, 
given the current lack of regulatory agency approval for any restorative (regenerative) thera-
pies for the treatment of ED and until such time as approval is granted, SMSNA believes 
that the use of shock waves or stem cells or platelet rich plasma is experimental and should 
be conducted under research protocols in compliance with Institutional Review Board 
approval. Patients considering such therapies should be fully informed and consented 
regarding the potential benefits and risks. Finally, the SMSNA advocates that patients 
involved in these clinical trials should not incur more than basic research costs for their 
participation. [110]

No optimal concentration of stem cell solution has been identified for intracaver-
nosal injection nor has there been any optimal dosing or treatment protocol devel-
oped. Clinical efforts will need to be standardized. Prior to implementation of 
large-scale clinical trials, agreed-upon validated measures must be selected. The 
debate between allogenic and autologous stem cells is still ongoing. While autolo-
gous stem cells would reduce the rate of immunogenic complications of stem cell 
treatment, obtaining them requires more invasive procedures. Ethical concerns 
about the use of stem cell therapy have jeopardized therapeutic use of stem cells in 
all possible medical conditions. Further scientific investigation is required in order 
to advance the promising early results of stem cell therapy in the treatment of erec-
tile dysfunction.
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Chapter 17
Stem Cell Therapy for Ophthalmic 
Vascular Disease

Caio Vinicius Regatieri, Augusto Vieira, and Marcio Bittar Nehemy

17.1  Introduction

Scientists have desired for many years to cure blindness. Achieving this endeavor 
has been challenging, as many of the diseases associated with irreversible loss of 
vision involve retinal neurons, and most mammalian neurons do not regenerate [1]. 
Since many retinal and neurodegenerative diseases progress slowly, it may be pos-
sible to use stem cell-derived cells to prevent visual loss if such therapy is per-
formed at an early stage of the disease. Advances in stem cell technology and tissue 
engineering in the last several years have opened the possibility of replacing lost 
retinal neurons and restoring vision. As a result of these advances, as well as a chal-
lenge involving multiple stakeholders, the National Eye Institute (NEI) launched its 
Audacious Goals Initiative (AGI) in 2013 with the aim “to restore vision through 
the regeneration of neurons and neural connections in the eye and visual system” 
[1]. Additional information are available at www.nei.nih.gov/audacious. The major-
ity of diseases that lead to vision loss, such as age-related macular degeneration, 
diabetic retinopathy, and inherited retinal degenerations, do so at least in part as a 
result of abnormalities in the retinal or choroidal vasculature.

The eye has unique advantages as a target organ for cell transplantation [2]. The 
intraocular environment is relatively protected against systemic immune responses 
that threaten allograft survival. The compartmentalized structure of the globe 
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restricts potential dissemination locally and systemically. The retina is an extension 
of the brain that is readily accessible to surgical intervention under direct observa-
tion. Retinal microstructure can be observed in detail in the living eye noninvasively 
owing to the optical transparency of ocular media, which allows its evaluation by 
high-resolution fundus photography, fundus angiography, and optic coherence 
tomography. In addition, retinal function can be mapped topographically, by micro-
perimetry, or multifocal eletroretinography [3]. The impact of intervention within a 
defined target region of the retina can be determined with confidence by comparison 
with untreated regions within the same eye and in the contralateral eye, which offer 
invaluable intraocular and intraindividual controls for the natural history of the con-
dition and variability in performance [2].

17.1.1  Retina Development

The development of both the sensory retina and the RPE begins with the invagina-
tion of the optic vesicle [4, 5]. This invagination of neural-epithelial cells forms a 
bilayered cup; the inner layer of the optic cup will become the sensory retina; and 
the outer layer will give rise to the RPE. At this stage, the primordial retina is com-
posed of these two layers separated by a lumen. As the retina continues to develop, 
these two layers begin to come closer together, closing the lumen that will become 
the subretinal space. This shrinking lumen is filled with a new material called the 
interphotoreceptor matrix (IPM) that will become the interface of communication 
between the mature photoreceptors and the mature RPE. The presence of the IPM 
triggers the outer layer of the optic cup to begin its differentiation into the RPE. It is 
thought that the maturation of the RPE includes the production of a variety of fac-
tors that trigger the differentiation of the inner layer of the optic cup [6, 7].

Maturation of the putative sensory retina is a series of carefully orchestrated 
events, in which all seven cell types of the mature retina are derived from a set of 
common retinal progenitor cells (RPC). The RPCs of the inner layer of the optic cup 
proliferate to form the inner marginal and outer nuclear zones. Next, the nuclear 
zone invades the marginal zone forming the inner and outer neuroblastic zones [8, 
9]. Of the seven cell types in the mature sensory retina, there are six types of neu-
rons and one glial cell type. Despite there being some overlap, the differentiation of 
these cell types occurs according to the following temporal sequence: retinal gan-
glion cell, cone photoreceptors, amacrine cells, horizontal cells, rod photoreceptors, 
bipolar cells, and finally Müller glial cells [5, 10]. Once these cells have matured, 
they organize into the iconic retinal layers. As an aside, Müller cells are not the only 
glial cells in the retina: there are also astrocytes at the inner retinal surface and oli-
godendrocytes that envelop the optic nerve. These cells, however, form in the brain 
and migrate to the retina later in development [4, 6, 8].

This well-organized neuronal layering, in addition to the close anatomical prox-
imity of the PR and RPE, must be maintained in order for the light we perceive as 
vision to reach the brain. In its simplest circuit, light that enters the eye passes 
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through the cornea and lens which focuses it on the retina. This focused light passes 
through the inner retinal layers and reaches the photoreceptors. In the photoreceptor 
outer segments, photonic energy activates visual pigments, generating electrical 
impulses. In turn, the photoreceptors release neurotransmitters to the bipolar cells 
that transmit signals to the ganglion cells. The ganglion cells axons come together 
and form the innermost layer of the retina, the nerve fiber layer. As the signal is 
passed along the nerve fiber layer, the axons of the retinal ganglion cells cluster and 
form the optic nerve. The optic nerve then transmits neuronal signals to the lateral 
geniculate body. Next, the optic radiations carry the impulses to occipital cortex 
where they are processed for vision [10, 11].

Before the sensory retina attains its fully functional state, each of the retinal 
neurons must differentiate. An important step in the maturation of the sensory retina 
occurs when the primordial photoreceptor extends its outer segment into the subreti-
nal space. When this happens, the PR outer segment comes in contact with the api-
cal surface of the nearly mature RPE. Subsequently, a myriad of biochemical 
communication ensues, which has been reported to coincide with development and 
differentiation of both these cell types [7, 12].

17.1.2  Target Diseases

In diseases such as age-related macular degeneration (AMD) and retinitis pigmen-
tosa (RP), it is clear that areas of RPE atrophy are associated with degeneration of 
the adjacent photoreceptors. Two major strategies have emerged that aim to regener-
ate the degenerating retina. The first aims to restore the photoreceptors themselves, 
while the second attempts to replace the RPE. A number of cellular sources have 
been studied with the hope of finding an ideal donor cell. This list includes embry-
onic stem cells (ESCs), fetal tissue, progenitor cells, induced pluripotent stem (iPS) 
cells, and adult tissue-specific stem cells [12, 13].

There are multiple retinal diseases that are targets for regenerative therapies. Two 
of the most relevant to cell-replacement therapy are AMD and inherited retinal 
degenerations, such as RP. AMD and RP are common degenerative retinal diseases 
that are characterized by the progressive loss of retinal photoreceptor cells (PR). 
Current estimates suggest that, in the United States, more than 1.75 million people 
are living with AMD [14], and there are 80,000 people who are affected with RP. As 
recently as 30 years ago, there were no therapeutic options for people who suffered 
from photoreceptor-specific degenerative retinal diseases. Today, there are a wide 
variety of treatment options for neovascular degenerative processes, including anti-
angiogenic drugs, conventional laser therapies, and photodynamic therapies. 
Despite these advances, treatment options for atrophic macular disease are currently 
limited to dietary supplements. Although AMD does not result in complete blind-
ness, it is the most important cause of legal blindness in developed countries. The 
involvement of the central retina reduces significantly the quality of life of patients 
with this disease. In addition, there are patients who lose vision as result of either 
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fibrovascular scarring from neovascular macular degeneration, or from advanced 
non-neovascular AMD, or geographic atrophy. These patients would be candidates 
for restoration of vision targeted to the macula [1].

A second group of retinal diseases are the inherited retinal degenerations, such as 
Stargardt disease and RP. Stargardt disease (STGD1) is the most common cause of 
macular degeneration in children and young adults. Retinal degeneration in STGD1 
typically advances progressively by expansion from the macula [2]. The visual loss 
in patients with RP typically progress over years, beginning in the periphery and 
eventually involving central vision. Ultimately, complete blindness can occur. A 
third group are diseases where trophic factor-mediated cell rescue may be particu-
larly effective in the early stages, e.g., diabetic retinopathy or acute retinal detach-
ment [1]. Fortunately, both of these diseases can present good outcomes with 
conventional treatments, and, therefore, at present, they are not preferred targets for 
stem cell therapy.

On the other hand, for AMD and retinal degenerations, the currently available 
therapies merely attenuate vision loss. Therefore, the ideal treatment regime for 
individuals that suffer from photoreceptor-specific degenerations would simultane-
ously mitigate disease progression and restore visual potential. Retinal regenera-
tion, using stem cells, has emerged as a promising therapeutic option because it 
offers the possibility of restoring sight. Currently, photoreceptors (PR) and retinal 
pigment epithelium (RPE) cells are targets to be replaced in order to regenerate the 
retina. Because stem cells can generate the types of cells lost in disease, it is possi-
ble that they might someday restore vision by replacing dead photoreceptors and 
retinal pigment epithelium (RPE) cells in atrophic age-related macular degeneration 
(AMD), inherited retinal degenerations, and dying retinal ganglion cells (RGCs) in 
glaucoma and other optic nerve atrophies. Thus, because stem cells can produce 
nearly unlimited quantities of retinal cells, stem cell regenerative therapies—in 
theory—represent a plausible approach to address the significant unmet needs asso-
ciated with these disorders [15–17].

17.2  Background and Cell Types

In a recent paper, Rao et al. [15] summarized the key concepts and the main sources 
of stem cells currently used for chorioretinal diseases. Stem cells are precursor cell 
types that remain undifferentiated and have the capacity to self-renew by prolifera-
tion while in the precursor state. When in contact with specific cytokines, stem cells 
can differentiate into specialized cell types such as retinal cells. Because stem cells 
can proliferate in an immature state, clinically relevant amounts of differentiated 
retinal tissue (e.g., RPE) can be produced for transplantation. Progenitor cells are 
similar to stem cells but are considered to have a more limited ability to proliferate 
and/or a narrower spectrum of mature cell types into which they can differentiate 
[15]. Progenitor cells are isolated from developing tissue and exist in more advanced 
ontogenetic stages than those of ESCs. This means that progenitor cells are 
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committed to the eye field, and, therefore, progenitor cell differentiation potential is 
intrinsically more robust. Despite tremendous promise, both ESC and progenitor 
cell research have been hindered by both ethical and immunologic concerns [13].

For retinal diseases most studies use three sources of cells: pluripotent, fetal, and 
postnatal (“adult stem cells”) [15]. Pluripotent stem cells (PSCs) can differentiate 
into any tissue in the body. Two types of PSCs are currently employed for the treat-
ment of retinal diseases: human embryonic stem cells (hESCs) [15, 18, 19] and 
induced pluripotent stem cells (iPSCs) [15, 20, 21]. Embryonic stem cells are plu-
ripotent cells cultivated from the inner cell mass of a 5-day-old blastocyst. These 
cells are characterized by their properties of unlimited self-renewal and the ability 
to give rise to the body’s three germ layers (endoderm, mesoderm, ectoderm), and 
therefore, when given the appropriate cues, ESCs can potentially differentiate into 
any of the body’s over 200 cell types. Driving ESCs toward a fully differentiated 
postmitotic RPE or photoreceptor cell fate in vitro has been studied by a number of 
groups. However, posttransplantation complications have given rise to investiga-
tions using more mature progenitor cell retinal transplants [13, 22].

iPSCs are pluripotent cells derived from differentiated but reprogrammed 
somatic cells, such as adult skin fibroblasts or white blood cells. Induced pluripotent 
stem cells are adult somatic cells that have had pluripotent factors introduced into 
the adult genome, a process referred to as reprogramming. Therefore, iPSC cells 
represent an autologous pluripotent cell population that is widely available and miti-
gates the ethical concerns that have plagued embryonic stem cell research. However, 
altering donor cell DNA (which often includes the introduction of well-known 
oncogenes) carries a number of translational concerns, specifically tumorigenicity. 
Whereas an in-depth review of these cell types is beyond the scope of this paper, it 
is important to point out that these cells types have been the focus of retinal regen-
eration investigations because of their in  vitro proliferative capacity, multipotent 
properties, and differentiation potential [23–25].

hESCs and iPSCs can then be converted to neural retinal or RPE cells [15]. Other 
classes of stem/progenitor cells being used in trials for retinal diseases are those 
derived from the fetal central nervous system, such as cells derived from the devel-
oping brain, spinal cord, and retina [26]. Fetal retinal stem/progenitor cells build the 
retina during embryonic development, through limited self-renewal and tissue- 
specific differentiation [27]. Adult stem/progenitor cells are nonpluripotent postna-
tal cells that can generate some, or all, of the cell types comprising the organs from 
which they originate. Bone marrow-derived cells, umbilical tissue-derived cells, 
mesenchymal stem cells, and adipose (fat) cells have been proposed for use or are 
being used in various interventions for a variety of retinal disorders [15]. A novel 
cell-based potential therapy – palucorcel (CNTO-2476) – has been evaluated for the 
treatment of AMD.  Palucorcel comprises human umbilical tissue-derived cells 
(hUTCs) in a proprietary cryopreserved formulation. hUTCs are derived from 
extraembryonic mesoderm. These hUTCs do not meet the US National Institutes of 
Health definition of a stem cell for two major reasons. First, these cells cannot grow 
for indefinite generations in culture; they senesce at approximately 40–60 popula-
tion doublings. Second, these cells are not rare and do not spontaneously 
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differentiate in vitro, or when transplanted in vivo, into other cell types of the umbil-
ical cord (endothelial cells or epithelial cells) [28].

For delivery of stem/progenitor cells to the retina, various methods have been 
used, cells including intravitreous injection, vitrectomy with subretinal transplanta-
tion, (internal), and “external” subretinal delivery across the sclera and choroid [15]. 
Polymeric constructs and the cell delivery systems based on them are being geared 
toward retinal tissue engineering. They have substantial capability to promote and 
ameliorate the current strategies applied for cell-based treatments in the eye.

Perhaps the most promising of these potential therapeutic options involves the 
injection of progenitor cells into the eye. This strategy came to fruition because of 
the failure of ectopic retinal transplantation studies and the simultaneous success of 
studies that have demonstrated the integration of neural stem cells and retinal pro-
genitor cells [8]. One of the first of these studies involved injection of adult rat 
hippocampal-derived stem cells into the vitreous of rats with degenerative retinal 
disease. These progenitor cells demonstrated robust integration and the expression 
of neuronal markers; however, they did not produce photoreceptor-specific 
markers [6].

Subsequently, it was hypothesized that isolated multipotent neuroretinal stem 
cells, already committed to a retinal cell fate, would be more likely to differentiate 
into photoreceptors. More recent transplant studies have confirmed this hypothesis 
using mouse models. McLaren et al. demonstrated that retinal progenitor cells (a 
cell at a more advanced ontogenetic stage than a retinal stem cell) that were injected 
to the eye were able to integrate into host retinas and differentiate and express 
photoreceptor- specific proteins. This study suggested that the injected RPCs created 
functional synaptic connections within the host retina because mice that were 
exposed to light after RPC transplantation demonstrated moderate improvements in 
pupillary responses. Because only a small fraction of donor cells was able to pene-
trate the outer retinal barrier, functional improvements were limited. This study, as 
well as others, has shown the potential of retinal progenitor cell transplantation, and 
this field of research has demonstrated two things: (1) cell-based therapies are capa-
ble of regenerating degenerating retinas; and (2) in order for RPC transplantation to 
be an effective therapeutic option, new techniques must be explored that promote 
RPC survival after transplantation, integration into host retinas, and photoreceptor- 
specific differentiation [23, 24].

Adult mouse fibroblasts were first converted into pluripotent stem cells in 2006 
by Takahashi and Yamanaka (Fig. 17.1). The resulting cells were named induced 
pluripotent stem cells (iPSC). Four transcription factors were used first: sex- 
determining region Y-box 2 (Sox2), Myc proto-oncogene protein (c-Myc), POU 
domain, class 5 transcription factor 1, also kwon as Oct ¾, and Kruppel-like factor 
4 (Klf4) [29–31]. In 2007, the same team performed the conversion of human fibro-
blasts into iPSCs using the aforementioned method [32, 33]. Thompson’s group 
achieved similar results using different reprogramming factors, OCT4, SOX2, 
Nanog homeobox (NANOG), and Lin-28 homolog A (LIN28) [21, 34–36]. By suc-
cessfully reprogramming these patient-extracted cells, the scientists were able to 
create a pivotal in vitro model for analyzing and creating protocols geared toward 
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new approaches for the treatment of several genetic diseases. iPSCs are able to dif-
ferentiate themselves into all three lineages, mesodermal, endodermal, and ectoder-
mal. Human-induced pluripotent cells are fully functional, self-renewable, and 
expandable cells that preserve the exclusive genomic information of each individual 
and can be acquired in a practically infinite fashion from its donor (Fig. 17.1). This 
method also provides the studies a bypass to an ethically disputed subject, because 
it does not involve embryos and are an autologous cell source, thereby most likely 
negating immunological problems intrinsically related to human embryonic stem 
cell treatments [36–39].

Successful cell therapy requires well-characterized cell lineages at very specific 
differentiation stages. The cellular original in vivo configuration has to be gradually 
recapitulated until anterior neuroblast composition is achieved. Then, this cell line 
has to be transformed into eye field cells, then specifically into retinal pigment epi-
thelium (RPE), or, for instance, into retinal ganglion cells (RGC) [32, 40, 41] 
(Fig. 17.2). Safety and efficiency are paramount when it comes to new therapies. 
Improving these cornerstones is an ongoing challenge, and some groups proposed 
using different pluripotency induction factors from those previously described by 
Takahashi and Yamanaka. MicroRNA, valproic acid, and SV40 large T antigen are 
some of the newly proposed factors. Myc transcription factor is an active oncogene 
and was a major concern until 2008, when it was demonstrated that iPSC could be 
generated without its use. Adenoviruses, Sendai virus, plasmids, microRNAs, 
mRNA transfections, and episomal vectors are some examples of methods that do 
not require the use of retroviral vectors, thereby diminishing the risk of creating a 
tumorigenic state [34, 35, 37, 38, 42–44]. Generation of RPE and its replacement in 
degenerated retinas have been the primary focus of the most recent and robust sci-
entific endeavors that gave rise to current human clinical trials. RPE and RGC trans-
plantation has already occurred successfully [20, 45, 46].

Corneal epithelial cells RPE cells Photoreceptors RGCs

iPSCs

Somatic cells

Reprogramming factors

Oct3/4, Sox2
c-Myc, Klf4

Fig. 17.1 Schematic illustration of iPSC induction and reprogramming into ocular cells. iPS cells 
are generated by reprogramming adult somatic cells. In the ophthalmic field, iPSCs have been suc-
cessfully differentiated into a variety of the ocular cells, including corneal epithelial cells, RPE, 
photoreceptors, and RGCs. (Figure and legend adapted from Retinal stem cell transplantation: 
Balancing safety and potential. Singh MS, et al. Prog Retin Eye Res. 2019)
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Fig. 17.2 Stem cell-based differentiation of light-sensitive photoreceptor cells in three- 
dimensional culture. (a, b) Human-induced pluripotent stem cells differentiating in adherent con-
ditions formed neural retinal (NR) domains expressing VSX2 that were surrounded by a retinal 
pigment epithelium (RPE) domain expressing MITF. (c) These NR domains were isolated and 
cultured in suspension to yield three-dimensional (3D) retinal cups containing NR and retinal pig-
ment epithelium (RPE) cells. (d) Higher magnification of a retinal cup showing the NR and RPE 
cells that typically formed adjacent to each other. (e) Over time, 3D retinal cups acquired the 
characteristic retinal lamination containing the precursors of most of the major neuronal cell types, 
including ganglion, amacrine and horizontal cells (PAX6), and photoreceptors (OTX2). (f–i) 
Relatively advanced differentiation of photoreceptors occurred in culture, with morphological and 
molecular differentiation of rods and cones, including expression of rod opsin (f–g), S-opsin (h), 
and L/M-opsin (i) in individual cells. (j) As further evidence of relatively advanced differentiation, 
transmission electron microscopy showed presence of inner segments containing centriole (C), 
basal bodies (BB), and connecting cilia (CC); an outer limiting membrane (*) was also observed. 
(k) Laminated outer segments discs (arrowheads) also grew in culture, indicating specific and rela-
tively advanced photoreceptor ultrastructural differentiation. (i) Perforated-patch electrophysio-
logical recordings showed a flash-triggered response from light-sensitive photoreceptors. Scale 
bars: 100μm (a–c and e), 50 μm (d), 10 μm (f), 0.05 μm (j, k). (Figure and legend adapted from 
Retinal stem cell transplantation: Balancing safety and potential. (From: Singh MS, et al. Prog 
Retin Eye Res. 2019)
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Currently, lymphocytes, peripheral blood mononuclear cells, and keratinocytes 
are also used and even more readily available than fibroblasts for iPSC and can be 
equally differentiated into RPE using distinctive methods. Four distinguished meth-
ods are currently adopted to differentiate iPSCs into RPE cells: serum-free embry-
oid body (SFEB), stromal cell-derived-inducing activity (SDIA), spontaneous 
continuously adherent culture (SCAC), and the directed differentiation 
method (DDM).

SCAC method: if iPSC is applied into media specific for expansion such as E8, 
RPE cell lines will be found after 1–2 months. Unfortunately, this simpler method 
is not efficient because its differentiation rate is 1% and it is very time-consuming.

SDIA operates with a stromal cell medium to induce RPE cells. PA6, a bone 
marrow stromal cell line, is responsible for presenting unknown factors to the iPSCs 
colonies co-cultured with them. Pax6, paired box 6, is a transcription factor encoun-
tered in the RPE that is found in approximately 9% of the iPSCs colonies after 
21 days of culture. Using Sertoli cells, Yue and Okamoto were able to obtain RPE 
cells in just 14  days; when Okamoto used the PA6 cell line, it took 30  days to 
acquire RPE cells [47].

In the SFEB method, embryonic bodies are prepared with various types of media. 
For retinogenesis to be complete, several growth factors are essential. For example, 
nodal signaling, Wnt signaling, and bmp signaling antagonists are used to assist 
iPSCs to develop into RPE. Embryonic growth naturally presents the three funda-
mental lineages, endo-, meso-, and ectoderm. Primeval endoderm is then found in 
the external part of these embryonic bodies and can be stimulated to grow into eye 
lineages.

The SFEB method and the directed differentiation method (DDM) are very simi-
lar. DDM is generally more appropriate when the aim is to proliferate RPE cells. 
Molecules and growth factors are used and added to the media. Factors such as nico-
tinamide, ROCK inhibitors, and dorsomorphin can optimize the cell line production 
and are very effective, reaching results of up to 97% of differentiation [47–53].

Cell regeneration is a daunting challenge. Retinal ganglion cells (RGCs) are neu-
rons that have their function tightly connected to their inherent ability to form syn-
apses, integrate to other cell types and other RGCs, to develop axons able to connect 
to the optic nerve and brain, and to link to the retinal ganglion cell layer in the retina. 
These cells are the first lineage of neurons to be developed in the vertebrate retina. 
RGCs have been transplanted to the vitreous chamber and retina of rodents. 
Parameswaran et al. found that the transplanted cell could link and form functional 
connections to the host RGC layer. By contrast, Chen et al. was not able to show the 
same results, as in their case, an irrelevant number of cells were able to successfully 
migrate and integrate to the host retina. In vitro studies demonstrated the ability of 
transplanted RGCs to form synapses when compared to host RGCs. Guidance mol-
ecules were also found in these transplanted cells and were able to direct the newly 
formed axons in the right path through the retina and optic chiasm [54–57].

Transcription factors such as Math5, Six6, Sox4, Notch, Ath5, Sox11, and Brn3 
are critical for correct development of RGCs. In the absence or mutation of one or 
more of these factors, RGCs fail to successfully integrate with bipolar and amacrine 
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cells, and or they form hypoplastic optic nerves; they fail to differentiate from reti-
nal progenitors; and they suffer rapid and massive apoptosis and ultimately fail to 
link its original and pertinent destinations that are at the lateral geniculate nucleus, 
pretectal nuclei, suprachiasmatic nuclei, and superior colliculi. RGCs are larger 
than average retinal neurons. They act as integrating bridges communicating the 
input they receive from other retinal neurons, usually centimeters away from the 
output main source in the eye and the optic nerve. They are able of doing so by 
presenting a complex array of sophisticated dendritic axonal structures, ultimately 
directing information to the brain.

Deteriorated surroundings in the host retina may be highly toxic to transplanted 
cells. These incoming RGCs have to survive, proliferate, integrate, and eventually 
regenerate axonal paths toward the optic nerve and brain; all of these arduous pro-
cesses have to function in a damaged environment. Venugopalan et al. found in a 
preclinical model of RGC transplantation that these cells were able to grow a sig-
nificant number of axons that were functional and formed synapses, promoting 
local integration and having positive and proper responsiveness to light. In that 
study, cones were also found to thrive in further sites inside the degenerated retina. 
RGCs rely on their capability of being guided by proper molecules and transcription 
factors so as to form proper connections with the optic chiasm and brain (58)
(58)58(58). Teotia et al. found that hIPSC-derived RGCs were able to be accurately 
guided, forming dendritic axonal nets with the RGC layer; accordingly, 
Parameswaran et al. found that transplanted RGCs are connected to host cells and 
did not form any tumors [58–65].

The RPE is a monolayer structure of hexagonal individual non-regenerative 
cells. It is seated between the choroid and the photoreceptors (cones and rods). The 
RPE is crucially important to survival and precise activity of photoreceptors. Its 
main functions are as follows: formation and maintenance of the blood-retinal bar-
rier (tight junctions); transportation of both nutrients (water, ions, glucose, fatty 
acids) and waste products required and produced by the photoreceptors; phagocyto-
sis of outer rod segments; secretion of vascular endothelial growth factor and ulti-
mately its use by choroidal circulation; vitamin a-rhodopsin conversion cycle; and 
promote free-radical scavenging, mainly by the use of melanin [66].

The California Project to Cure Blindness-Retinal Pigment Epithelium 1 is a clin-
ical trial based on a platform designed by Kashani et al. The product is a synthetic 
parylene scaffold manufactured to imitate the Bruch membrane. The safety and 
efficacy of this device and its human embryonic stem cell-derived RPE were ana-
lyzed in four patients. Optical coherence tomography demonstrated hESC-RPE host 
integration and implantation. In one eye, an improvement of 17 letters was observed. 
No eye suffered negative alterations regarding its visual acuity [45, 46, 67].

Ocata/Advanced Cell Technology is now known as the Astellas Institute for 
Regenerative Medicine; its phase I/IIa clinical trial focuses on the treatment of 
Stargardt disease using transplanted hESCs RPE. The initial aforementioned study 
was carried out at the Jules Stein Eye Institute (UCLA) and included 13 patients. 
Profound deficit in visual acuity was defined as best-corrected vision worse than 
20/400. Ten patients with this criterion received a subretinal injection of 
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hESCs-RPE cells, 50,000 RPE cells (3 patients), 100,000 RPE cells (3 patients), 
150,000 RPE cells (3 patients), and 200,000 RPE cells in 1 patient. Three patients 
with best-corrected visual acuity of ≤20/100 received 100,000 hESCs-RPE cells. 
Best-corrected visual acuity improved in ten eyes, worsened in one eye, and 
improved or sustained the same in seven eyes. In 72% of subjects (13/18), RPE 
patches were observed in areas where there was no pigment prior to the injection. In 
the course of the first 4  months, no aberrant growth, signs of oncogenesis, or 
immune-related reactions were identified [18].

Large numbers (approximately 60,000) of hIPSC-RPE cells are required for 
proper migration and assimilation to form accurate synapses. This is considered a 
challenge because transplanted cell proliferation in the host may be prone to tumori-
genicity; oncogenic mutations have been found during expansion and proliferation. 
A study conducted by the Riken Institute in Japan found chromosomal abnormalities 
in iPSC cells injected into patients, and they had to pause the study. Uncontrolled cell 
proliferation is therefore a major concern. Preclinical studies must analyze this risk. 
Kokkinaki proposed that only the first lineages of acquired cells should be used. 
Molecular markers can now show us the differentiation status of the hIPSC- derived 
RPE cells, and that simpler differentiation protocols should be prioritized. Whenever 
IPSC cells are put through multiple proliferation cycles, telomere shortening and 
accelerated senescence are found, and these phenomena may lead to tumor growth. 
Even after transplantation, these cells continue to mature and differentiate depending 
on the environment of the host retinal niche in which it was injected. These cells pose 
a noteworthy affinity to cancer cells, regarding their inclination to suffer from chro-
mosomal abnormalities and their innate ability to proliferate in a potentially anarchic 
fashion. Immunodeficient mice and rats with dystrophic RPE layer received injec-
tions with iPSC-derived RPE cells in sheets in their subcutaneous tissue and in their 
subretinal space; no tumor growth was observed after more than 15 months [68–70].

Although remote, the possibility of tumorigenesis is real, and its consequences 
are life-threatening. Organoid differentiation by-products, genomic changes, and 
chromosomal abnormalities have to be checked in the stem cell bank; furthermore, 
only low-passage hIPSC cell lines should be used; and these lineages have to be 
previous and rigorously tested in the subretinal space of mammals. The chances of 
tumorigenicity are augmented when the niche contains immature cells and/or the 
iPSC line is not test-proven for aberrant genome [67].

In 1988, the National Science Foundation defined tissue engineering term as “the 
application of principles and methods of engineering and life sciences toward the 
fundamental understanding of structure-function relationships in normal and patho-
logical mammalian tissues and the development of biological substitutes to restore, 
maintain or improve tissue function.” Dendrimers, natural, synthetic, and or semi-
synthetic polymers are now key biological surrogates for delivering cells and ulti-
mately rebuilding injured tissues into novel and functional ones. Cells use scaffolds 
as structural and functional frameworks in which their development, proliferation, 
and differentiation thrive. Studies showed success in using these cell-seeded or cell-
populated structures for tissue repair in a variety of unrelated tissues, including 
cartilage, skin, bones, muscles, and nerves [71].
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Age-related macular disease, Stargardt’s disease, and glaucoma are all potential 
targets for the use of 3D-printed scaffold-based therapies. Most scaffolds serve as 
bioactive biomaterials responsible for underpinning structures that are fundamen-
tally safe microenvironments for novel and fragile cell formations. These cells are 
expected to populate the scaffold template. Ultimately, this cell-scaffold structure 
ought to simulate the microenvironment in which they are going to be seeded and 
are supposed to flourish, including the ones found in the Bruch membrane and RPE 
layer. Poly lactic-co-glycolic acid seed hiPSC RGCs have been minimally inva-
sively transplanted to the retinal external layers of rhesus monkeys and rabbits. New 
operative neurite web arrangements, axons, and dendritic arbors were shown to 
have functional electric and anatomical features.

17.2.1  Adjuvant Strategies

Safe and steady scaffolds hold their mechanical and biochemical properties before, 
during, and after its surgical implantation. Most scaffolds are made of biomaterials 
such as gelatin, alginate, chitosan, collagen, poly e-caprolactone, poly-lactic acid, 
poly-glycerol-sebacate, and poly lactic-co-glycolic acid [72–75] (Fig. 17.3).

The most straightforward method for transposing cells into the eye, especially to 
the retina layers, is to implant a highly populated cell suspension directly to the 
desired site, e.g., the vitreous humor, choroid, or retina. This is a classic example of 
a scaffold-free strategy. Sadly, this procedure produces unsuitable and haphazard 
cell suspensions and incompetent grafts, mostly with inaccurate localization into 
the tissue, or massive apoptosis of the transplanted cell populations. Natural outer 
and inner retinal barriers are taunting challenges for the transplanted cells to over-
come, allowing only a small portion of the transplanted cells to be in the originally 
aimed host site. Subretinal injections are both more logical and more conceivable. 
Homologous and autologous RPEs have been injected in this fashion. Autologous 
cells transplantation showed more encouraging and consistent results regarding cell 
survival and increasing visual acuity [76–83].

Consonant and steady secretion of extracellular matrix by cells seeded in cell 
sheets leads to an alternative approach in which their own matrix is used to promote 
better cell adhesion and a safer microenvironment for them before, during, and after 
host integration. This conclusively rendered superior survival rates and greater 
functionality in the host tissue [84–86].

Intricate 3D bioprinted scaffolds and cell sheets foreshadowed the next genera-
tion of the bioengineered devices aimed at restoring vision and its complex relation-
ship between biomaterials, cell-based therapies, and surgical techniques. 
Patient-specific hiPSCs and their autologous transplantation using the aforemen-
tioned devices or the use of progenitor cells/donor cells attached to biodegradable 
platforms are the keystones to circumvent immune-related issues and tumorigenic 
aspects of these cell lineages. Tailor-made stem cell therapies, although still expen-
sive and sophisticated, are now a reality, and its proof of concept has been positively 
demonstrated and replicated [6, 87–90].
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Polymeric constructs and the cell delivery systems based on them are being 
geared toward retinal tissue engineering. They have substantial capability to pro-
mote and ameliorate the current strategies applied for cell-based treatments in the 
eye. This has generated a tangible clinical application capable of conveying cell 
differentiation, survival, and assimilation to host tissue. Multispecialty teams are 
key to develop such devices and, consequently accomplish the desired, but as yet 
unmet, challenge of promoting safe, cost-effective, and long-lasting vision 
restoration.

17.3  Current and Future Applications

Currently there are no FDA-approved stem cell therapies for retinal disease.
Most stem cell-based interventions for the retina seek to indirectly promote sur-

vival of the host’s retinal cells through “trophic” effects. These interventions do not 

a b

c d

Fig. 17.3 PCL with incorporated nanowire. Scanning electron micrographs show the PCL poly-
mers with short (a) and long (b) incorporated nanowires [47]. This PCL polymer is the thinnest 
polymer to be used in retinal tissue engineering to date. In both the histologic images (c, d), the 
detachment of the neural retina from the RPE is an artifactual by-product of the fixation process. 
The arrow on the left panel indicates the position on the polymer in the subretinal space. The 
inverted arrow on the right panel is demonstrating an example of a healthy retinal pigment epithe-
lium, further suggesting the innocuous nature of the PCL polymer. (From Trese et al. [91])
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seek to replace dying cells. To date, there is only one class of stem cell trials in which 
transplanted cells are intended to replace dying cells. This involves the use of PSCs 
(embryonic or induced) that are differentiated to RPE and then transplanted subreti-
nally in eyes with AMD and Stargardt disease [15]. Schwartz et al. in 2012 provided 
the first description of hESC-derived cells transplanted into human patients. The 
hESC-derived RPE cells showed no signs of hyperproliferation, tumorigenicity, ecto-
pic tissue formation, or apparent rejection after 4 months. Best- corrected visual acu-
ity improved from hand motions to 20/800  in the study eye of the patient with 
Stargardt’s macular dystrophy, and vision also seemed to improve in the patient with 
dry age-related macular degeneration [18]. In 2015 Schwartz et  al. reported the 
medium-term to long-term safety of cells derived from human embryonic stem cells 
(hESC) transplanted in nine patients with Stargardt’s macular dystrophy and nine 
patients with atrophic age-related macular degeneration. Best- corrected visual acu-
ity, monitored as part of the safety protocol, improved in ten eyes, improved or 
remained the same in seven eyes, and decreased by more than ten letters in one eye, 
whereas the untreated fellow eyes did not show similar improvements in visual acuity 
[19]. Mandai et al. assessed the feasibility of transplanting a sheet of retinal pigment 
epithelial (RPE) cells differentiated from induced pluripotent stem cells (iPSCs) in a 
patient with neovascular age-related macular degeneration. At 1 year after surgery, 
the transplanted sheet remained intact, but there was no change in visual acuity [20].

Ho et al. injected hUTCs via an ab externo approach to treat patients with geo-
graphic atrophy secondary to age-related macular degeneration and observed that at 
month 12, the median (range) change in BCVA from baseline was 4.5 (41 to 32) 
letters in the intervention eye and −0.5 (30 to 15) letters in the fellow eye. In this 
study, however, they observed significant procedure-related complications includ-
ing retinal perforation (37.1%), retinal detachment (17.1%), and retinal hemorrhage 
(14.3%) [28].

In conclusion stem/progenitor cell-based therapy shows great promise to address 
blinding retinal diseases that currently have no curative treatment, including age- 
related macular degeneration, inherited retinal degenerations, and glaucoma. 
Although significant progresses have been made, additional studies in basic science, 
as well as well-controlled clinical trials, are needed, before the stem cell therapy can 
be widely applied in humans.
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Chapter 18
Stem Cell Therapy Delivery in Liver 
Disease

John Langford and Gregory T. Tietjen

18.1  Introduction

18.1.1  Normal Liver Function and the Unique Capacity 
for Regeneration

The liver performs a wide array of physiologic functions including detoxification, 
synthesis of serum proteins, production of bile to facilitate digestion of fats, and 
nutrient absorption from the small intestine. Performing these myriad functions 
requires an equally diverse array of cell types. Hepatocytes, the main functional cell 
of the liver, constitute ~60% of total liver mass [1]. These specialized epithelial cells 
are the primary functional cells responsible for hepatic metabolism, protein synthe-
sis, detoxification, and bile production. The hepatocytes are complemented by sev-
eral additional specialized cell types that support and facilitate the various hepatic 
functions. Cholangiocytes are another specialized epithelial cell type that line the 
bile duct and facilitate collection and transport of bile from the hepatocytes to the 
small intestine [2]. Sinusoidal endothelial cells form a permeable barrier between 
the circulation and hepatocytes [3]. Fenestrations within the sinusoidal endothelial 
cells, combined with the absence of a basement membrane, allow hepatocytes direct 
access to the circulation. In addition to barrier function, sinusoidal endothelial cells 
also regulate several homeostatic processes including vascular tone, angiogenesis, 
and maintenance of stellate cell quiescence.
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The functional role of quiescent stellate cells is not fully understood, outside of 
the observation that they store depots of vitamin A [4]. However, extensive research 
has now demonstrated that these cells play a critical role in response to liver injury 
and fibrotic liver disease [4]. Stellate cells are positioned in the space of Disse, i.e., 
the space between the sinusoidal endothelial cells and the hepatocytes [3]. Here 
they seem to act as sentinel cells that can sense and respond to liver injury by 
becoming “activated,” whereupon they differentiate into myofibroblasts and gain 
new function [5]. One of these new functions is the production of extracellular 
matrix proteins. Under chronic injury conditions, this process can become dysregu-
lated and can eventually lead to the fibrillar scarring that ultimately culminates in 
cirrhosis. Similar to stellate cells, Kupffer cells become activated upon liver injury 
and gain new functions that guide the response to liver injury. Moreover, there is 
evidence to suggest that cross-talk between Kupffer and stellate cells is integral to 
repair following liver injury [6].

In light of this rich diversity of hepatic cell types and physiologic functions, the 
regenerative capacity of mammalian livers after injury seems particularly extraordi-
nary. However, the actual functional unit of the liver (i.e., the lobule) is a relatively 
simple, repeating anatomic structure [7]. Regeneration is then the process of replac-
ing these functional units, not the regrowing of an exact liver replica. Depending on 
the nature and extent of the damage, this can be accomplished simply through 
hypertrophy and/or proliferation of existing hepatocytes. Even in instances of more 
extensive injury—as in partial hepatectomy—regeneration is generally believed to 
occur through proliferation of the various mature, differentiated cell types of the 
liver [8]. At the cellular level, periportal hepatocytes are the first cells to proliferate, 
followed by expansion of more centrally located hepatocytes. These proliferating 
hepatocytes then initiate signals to other liver cell types to trigger their subsequent 
proliferation. The initial clusters of hepatocytes organize with the other proliferat-
ing cells into normal lobular architecture [8]. In otherwise healthy livers, this pro-
cess can enable as little as 25% of the initial liver mass to regenerate to near original 
size within 7–10 days [9, 10]. In instances of more severe liver disease, however, the 
proliferative capacity of terminally differentiated hepatocytes can become exhausted. 
Here, both endogenous and bone marrow-derived stem cells are believed to provide 
an alternative source of regenerative potential.

Stem cells are cells with the capacity to differentiate into other cell types. Perhaps 
the most canonical example is the fertilized egg or zygote. Beginning as a single 
totipotent cell, the zygote will eventually differentiate into all of the diverse cell 
types of the body. Stem cells are not, however, restricted to early development. 
Adults also have stem cells, but these have a more limited capacity for differentia-
tion and are thought to be largely tissue specific [11, 12]. Endogenous liver stem 
cells, often called oval cells or hepatic progenitor cells, were first described in 1944 
and were initially thought to be precursors of malignancy [13]. In 1995, oval cells 
were shown to be capable of differentiation into hepatocytes after native hepato-
cytes were rendered unable to proliferate due to treatment with acetylaminofluorene 
[14]. It is now known that these cells are located in the canals of herring and are 
capable of differentiating into either hepatocytes or cholangiocytes [15–22].
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In addition to these endogenous liver stem cells, bone marrow-derived stem cells 
have also been shown to be involved in hepatocyte regeneration from mismatched- 
sex bone marrow transplants and liver transplants [23, 24]. Post-transplant biopsy of 
liver donated from a female donor to a male recipient revealed hepatocytes with a Y 
chromosome. A similar observation was made in a female patient who had received 
a bone marrow transplant from a male donor. These findings suggest that stem cells 
produced in the bone marrow of the males had trafficked to the female liver and dif-
ferentiated into hepatocytes. This further suggests that stem cell therapies may be a 
viable treatment option in instances of liver disease.

18.1.2  Liver Disease, Cirrhosis, and Current Treatments

Cirrhosis is a late stage of liver disease characterized by progressive loss of liver func-
tion driven by fibrotic scarring throughout the liver parenchyma. There are many 
diverse etiologies that can result in cirrhosis. Worldwide almost 80% of cirrhosis is 
caused by hepatitis B (HBV), hepatitis C (HCV), and alcohol, while the remaining 
20% are from other etiologies such as NAFLD and autoimmune diseases [25]. 
Regardless of the underlying mechanistic cause, cirrhosis typically progresses to end-
stage liver disease (ESLD) following ‘decompensation’ or the point at which the 
remaining functioning liver parenchyma can no longer support the body’s physiologic 
needs (i.e., liver failure). The only curative treatment for cirrhosis and ESLD at pres-
ent is orthotropic liver transplant. Unfortunately, due to the severe shortage of donor 
organs, one million people each year will die due to complications of cirrhosis [26].

The only alternative therapy for the 90% of patients that do not receive liver 
transplants is supportive care [26]. This entails treating the numerous complications 
and symptoms that occur due to venous congestion and limited hepatocyte function 
[27]. Portal hypertension leads to a buildup of ascites which is managed with fluid 
restriction, sodium restriction, and diuretics. If this is unsuccessful, a paracentesis 
can be performed to drain ascites from the abdomen. Unfortunately, patients with 
excessive ascites are susceptible to spontaneous bacterial peritonitis, which must be 
urgently treated with antibiotics. Portal venous congestion can also lead to gastro-
esophageal varices, a condition with a high propensity to result in life-threating 
internal bleeding. To prevent bleeding, patients are treated with beta-blockers or if 
they do bleed can be treated with endoscopic ligation. In severe cases of portal 
hypertension, patients will undergo a transjugular intrahepatic portosystemic shunt 
(TIPS) procedure to decrease the portal venous pressure by connecting the inflow 
(portal vein) to the outflow (hepatic vein) [28]. Unfortunately, this can lead to wors-
ening hepatic encephalopathy because the blood passes by the hepatocytes which 
would remove toxins such as ammonia.

This myriad of complications from liver disease can be debilitating and can further 
progress to disease states that will prevent otherwise eligible patients from being 
healthy enough to undergo organ transplantation. Contraindications that can develop 
in untreated patients include extrahepatic malignancy, sepsis, and severe 
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hepatopulmonary or hepatorenal syndrome [29]. There is also the tragic reality that 
thousands of patients die on the liver waitlist each year. These complications are a 
daily reality for the 90% of patients that are unable to receive the liver transplant they 
need [26]. For this population of patients, stem cells have the potential to treat the 
associated symptoms or possibly even reverse cirrhosis by decreasing inflammation, 
replacing damaged cells, and degrading the fibrosis present in the injured liver [30–32].

18.2  Does Stem Cell Type Matter for Treating Liver Disease?

18.2.1  Origins of Stem Cell Therapy for Liver Disease

Informed by the regenerative capacity of the liver, cell-based therapies try to capi-
talize on the liver’s natural regenerative properties [33]. Initially, research into cell- 
based therapies to treat liver disease focused on simply replacing hepatocytes via 
direct hepatocyte transplantation [34]. This method—first developed in the 1980s—
is still in use today, but several limitations have been identified. First, the hepato-
cytes used for this approach derive from liver tissue collected from donor organs 
that have not been used for transplantation [35]. This represents an even more lim-
ited pool of organs than is available for orthotopic transplant, thereby severely 
restricting access to this treatment. Even if hepatocytes are available, there are addi-
tional difficulties associated with culturing these cells in vitro. Hepatocytes must be 
co-cultured with other liver cells and often require complex extracellular matrices 
for effective growth [36]. Furthermore, hepatocytes do not appear to function long 
term when grown in cell culture, thereby creating further logistical challenges [36]. 
Finally, after hepatocyte transplantation, patients typically need to be placed on 
lifelong immunosuppression [35, 37]. By contrast stem cell therapy can circumvent 
these challenges. Stem cells can be easily isolated from a number of sources includ-
ing a patient’s own bone marrow. Once harvested they are easily cultured and in 
some cases can be maintained indefinitely. Finally, when using autologous stem 
cells, patients do not require systemic immunosuppression [38–47].

Though these positive attributes make stem cells much more attractive as cellular 
therapy, many challenges to successful implementation remain. One of the key chal-
lenges is to identify the optimal stem cell type to use (Fig.  18.1). Stem cells of 
potential therapeutic relevance can generally be classified into one of three broad 
groups: embryonic, fetal, or adult stem cells. Embryonic stem cells derive from the 
inner cell mass of blastocyst and are totipotent (i.e., able to differentiate into all cell 
types of the body), but because of the source of these cells, their use in research is 
limited [48]. Fetal stem cells are derived from different fetal tissue such as liver and 
are referred to as fetal hepatic progenitor cells (FHPC). There is the belief that fetal 
stem cells may be better at homing and engraftment to the targeted tissue than their 
“adult” stem cell counterparts [49]. “Adult” stem cells do not refer to the age of the 
individual they are harvested from but their differentiation potential. They are tissue 
specific and have a more limited capacity for differentiation than embryonic and 
fetal stem cells [49]. The adult stem cells of relevance to treating liver disease 
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include endothelial progenitor cells (EPC), bone marrow mononuclear cells 
(BMMC), hematopoietic stem cells (HSC), and mesenchymal stem cells (MSC) 
[50, 51]. It is with the group of “adult” stem cells that the vast majority of preclini-
cal and clinical research is being performed.

18.2.2  Embryonic Stem Cells

Embryonic stem cells (ESC) are derived from the inner cell mass of a blastocyst and 
are phenotypically characterized by the presence of markers such as SSEA-3, SSEA-4, 
TRA-1-60, and TRA-1-81 [48]. There are several benefits of ESC, which include the 
ability to give rise to any cell and a capacity for essentially indefinite self-renew [48]. 
However, the use of ESC in either a clinical or preclinical setting remains a controver-
sial topic. Indeed, the ethical dilemmas associated with the use of ESC have prevented 
the study of these cells in clinical trials to date. However, ESC have been evaluated in 
preclinical animal research [52–55]. In one such study, Moriya et al. demonstrated that 
ESC could be found in mouse livers after injury by CCL4; these ESC were able to dif-
ferentiate into hepatocyte-like cells, and less fibrosis was seen 30 days after transplan-
tation [54]. However,  the profound proliferative capacity of ESC carries a potential 
risk of tumorigenicity that may be related to the time which embryonic stem cells are 
allowed to differentiate in culture prior to transplantation [56].

18.2.3  Fetal Hepatic Progenitor Cells

Fetal hepatic progenitor cells (FHPC) are highly proliferative cells capable of dif-
ferentiating into either hepatocytes or cholangiocytes [57]. FHPC are distinguished 
by the expression of markers such as epithelial cell adhesion molecule (EpCAM), 

Inner Cell Mass of
Blastocyst

ESC FHPC

Fetal Liver Bone Marrow Adipose Tissue Umbilical Vein

HSC BMMC MSC

Fig. 18.1 Types of stem cells used in liver disease and where they originate from. ESC embryonic 
stem cells, FHPC fetal hepatic progenitor cells, HSC hematopoietic stem cells, BMMC bone mar-
row mononuclear cells, MSC mesenchymal stem cells
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neural cell adhesion molecule (N-CAM), CK-19, and Dlk-1 [57–59]. These cells 
can be collected from fetuses in a rat model at 14 days and in humans at 16–20 weeks 
and can then be used to repopulate injured adult livers to restore normal function 
[57, 60]. Initially, these cells were believed to only be of benefit in liver regeneration 
after hepatectomy. However, they have also been shown to have the capacity to 
reduce fibrosis in cirrhotic livers. This benefit occurred through reduced activation 
of alpha-SMA-positive stellate cells and a decreased expression of fibrogenesis 
genes [61]. One clinical trial of 25 patients with cirrhosis demonstrated a significant 
decrease in MELD at 6 months after treatment with FHPC [59].

18.2.4  Hematopoietic Stem Cells

Hematopoietic stem cells (HSC) arise from the bone marrow and were first demon-
strated to be able to differentiate into hepatocytes in 2000 [62]. HSC can be identi-
fied by CD34+/CD38- and CD133+/c-kit+/bcrp-1+. G-CSF is a mobilizing agent 
used to induce HSC to migrate out from the bone marrow and into circulation. This 
mobilization is dependent on the dose of G-CSF, and Lorenzini et al. found that a 
dose of 15ug/kg/day was optimal for patients with cirrhosis [63]. While G-CSF 
does appear to induce more circulating HSC, it was found that only a small number 
of these cells actually implant into the liver and subsequently differentiate into 
hepatocytes. Despite the low percent of HSC that implant in the liver, a decrease in 
fibrosis was still observed, perhaps arising from paracrine cell-signaling effects that 
modulate local inflammation [30]. When HSC are maintained in the liver via S-1-P 
agonist, there is further decrease in fibrosis [64]. This evidence to date suggests that 
these paracrine effects, even from a small number of HSC, are the main regenerative 
force as opposed to HSC repopulating the liver as hepatocytes.

18.2.5  Mesenchymal Stem Cells

Mesenchymal stem cells (MSC) are classically known to differentiate into bone, carti-
lage, and fat but have also been shown to differentiate into hepatocytes [65]. MSC 
surface markers include CD44, CD90, CD105, CD106, CD166, and Stro-1, and they 
lack hematopoietic markers such as CD11b, CD14, CD31, and CD45 [66, 67]. They 
can be found in and isolated from bone marrow, adipose tissue, placenta, amniotic 
fluid, and other fetal tissues [67]. The tissue of origin  apperas to play role in the func-
tional capabilities of MSC, and the surface markers have different levels of expression 
depending on the original location [66]. MSC are easy to harvest and remain pheno-
typically stable in culture which makes them a very attractive source for research; this 
is likely also one of the reasons MSC are the most frequently used cell in clinical stud-
ies [68]. MSC also have a strong immunomodulatory effect and can suppress the 
immune system. This property has led to extensive use of MSC in immune-mediated 
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disease such as graft-versus-host disease and autoimmune disorders [69]. MSC are 
believed to be capable of evading the innate immune system due to low levels of 
HLA-I expression and no expression of HLA-II. This may contribute to the ability of 
MSC to implant into injured liver even in allogenic donors and would further enable 
the use of universal donor cells [67, 68]. Animal models have demonstrated the ability 
of MSC to improve biochemical markers of liver injury (albumin, AST) and decrease 
fibrosis [70, 71]. In human trials, MSC have demonstrated improvement in Child-Pugh 
score, MELD score, and histological evidence of fibrosis [41, 43, 46, 72–76].

18.2.6  Endothelial Progenitor Cells

Endothelial progenitor cells (EPC) arise from the bone marrow and are in involved 
in neovascularization of damaged tissue [77]. EPC express CD45, Thy-1, CD31, and 
fetal liver kinase-1 (FLK-1) [31]. They have only been used in animal studies so far 
but have shown promise in mice and rat models. EPC are able to enhance vascular-
ization of livers after acute liver injury. In chronic injury to the liver, they can reduce 
fibrosis by modulating expression of matrix metalloproteinase (MMP) while inacti-
vating hepatic stellate cells and inducing hepatocyte proliferation [31, 78].

18.2.7  Summary

From current research, it appears that the origin of the stem cells used for treatment 
is likely an important variable in treatment efficacy. Given the multitude of different 
ways stem cells are able to act on the injured liver, be it through paracrine effects or 
differentiating into hepatocytes, it seems fair to assume each type could be opti-
mally selected for different applications. This is likely also true for the different 
etiologies of liver injury. Each etiology will have a different mechanism of liver 
injury, and certain stem cell types may prove superior to others in tailoring therapies 
to these underlying mechanisms.

18.3  Does the Etiology of Liver Disease Matter?

18.3.1  Current View of Liver Disease Etiology and Stem 
Cell Therapy

As previously described, cirrhosis is the progression of fibrosis from an underlying 
disease process that drives chronic liver injury. While the endpoint may be the same, 
how an underlying injury causes fibrosis can vary significantly between different 
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disease etiologies. Thus, a key question to address is whether a standardized stem 
cell regimen can be used to treat cirrhosis regardless of the underlying cause or if the 
regimen should be tailored to the underlying disease etiology. Rodent animal models 
used for preclinical study of stem cell therapies typically focus on treatment of cir-
rhosis as an endpoint because it is difficult (or impossible) to faithfully replicate the 
various human etiologies. Thus, these models are more relevant to treatment of 
patients that have progressed to cirrhosis regardless of etiology. However, in the 
clinical research setting, the importance of etiology as a modulator of response to a 
given stem cell therapy has begun to be addressed. Multiple studies have attempted 
to isolate therapeutic response in specific disease processes such as HBV-, HCV-, or 
alcohol-induced cirrhosis. In this section, we describe the generally positive results 
in preclinical animal models and the more mixed results observed in clinical trials.

18.3.2  Animal Model

As mentioned above, commonly used animal models lack the ability to evaluate 
different mechanism of liver injury. But these can be used for evaluation of liver 
injury at different stages of fibrotic progression (Fig. 18.2). Liver fibrosis is typi-
cally induced through chemical injury via treatment with either carbon tetrachloride 
(CCL4) or thioacetamide (TAA). CCL4, the most frequently used method, causes 
fulminant fibrosis within 6 weeks [79]. TAA induces a slower progressing model of 
injury with mild cirrhosis at 6 weeks and severe cirrhosis by 3 months [61]. This 
variable kinetics of disease progression has been used to assess the impact of 

Histology Gross

Healthy liver

Fibrosis

Cirrhosis

Stem cells

Fig. 18.2 Stem cell therapy delivered at different times in the progression of liver disease. Stem 
cells can be delivered prior to fibrosis forming, after fibrosis has developed, prior to progression to 
cirrhosis, or after cirrhosis has developed
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treating animals with stem cells either at the onset of injury or after fibrosis has 
developed. Additional work has also evaluated the efficacy of stem cells in the con-
text of ongoing liver injury or after the insult has been removed.

Treating with stem cells at the onset of liver injury tests for the capacity to slow 
or prevent fibrosis. In two separate mouse studies, G-CSF or plerixafor (a combina-
tion G-CSF and CXCR4 receptor agonist) was given at the same time as chemical 
injury. Both treatments lead to an increase of HSC in circulation and in the liver 
concomitant with a reduction in fibrosis [30, 80]. Another mouse study where ESC 
were given at the same time as CCL4 administration also found a reduction in sub-
sequent fibrosis [54]. These studies suggest that stem cells can have a protective 
effect in acute injury and can limit the resulting amount of fibrosis when delivered 
in close proximity to the initiating injury.

Several different studies first established fibrosis with chemical injury and then 
removed the insulting agent prior to stem cell transfusion. This allows evaluation of 
stem cells effects on established fibrosis. One such study evaluated the benefits of 
MSC in this setting and found a reduction in fibrosis and improvement in liver func-
tion at 4 weeks [70]. In another study of previously established fibrosis, Tang et al. 
evaluated the additional effects of splenectomy prior to MSC infusion, as splenec-
tomy has been previously shown to enhance liver regeneration in patients with cir-
rhosis [81]. They demonstrated that both groups of animals (i.e., with and without 
splenectomy) had improvement in fibrosis and the splenectomy group had more sub-
stantial improvement [71]. Collectively, these studies demonstrate that stem cell ther-
apy dose have potential to reverse established fibrosis in the absence of ongoing injury.

Finally, animals with established fibrosis and continued injury after stem cell 
infusion have also been evaluated. This model allows for evaluation of stem cells 
ability to not only correct underlying cirrhosis but also prevent further deterioration 
from continued insult. Yovchev et al. compared FHPC to mature hepatocyte injec-
tions in a continuous TAA injury model. Both populations of cells repopulated 
injured livers and reduced fibrogenesis, but FPHC did so to a greater extent [61]. In 
another study using CCL4 as the mediator of injury, Sakaida et al. found that mice 
treated with BMMC had significantly less fibrosis as assessed by hydroxyproline 
content [32]. Finally, King et al. evaluated the benefit of enhancing the retention of 
stem cells in a chronic liver injury model using an S-1-P agonist which prevented 
HSC egress. This approach significantly reduced the amount of fibrosis in spite of 
the consistent presence of insult [64]. These findings support the fact that stem cells 
may be able to slow or reverse progression of liver injury even while the underlying 
cause of injury is still present.

18.3.3  Treating Cirrhosis and ESLD with Stem Cells

Most clinical studies have evaluated cohorts of patients with cirrhosis and end-stage 
liver disease (ESLD) irrespective of the underlying etiologies. Further complicating 
matters, the types of etiologies included in the patient cohorts are often 
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heterogeneous between different studies [38, 39, 47, 59, 63, 72, 82, 83]. These 
patients are either treated with G-CSF to mobilize their own stem cells from the 
bone marrow, or they receive injections of stem cells. Multiple early pilot/phase I 
trials have evaluated the safety of these therapeutic techniques in patients with end-
stage liver disease [47, 59, 63, 72, 82, 84]. In two example pilot studies of 10–18 
patients with ESLD from various etiologies, no adverse events were recorded [63, 
84]. However, one recent larger study of 81 patents performed by Newsome et al. in 
2018 did report more serious adverse events. This cohort included patients with 
compensated cirrhosis from NAFLD, PBC, cryptogenic, or mixed causes who were 
treated with either G-CSF alone, G-CSF followed by leukapheresis to isolate and 
enrich autologous CD133+ HSC for readministration in the same patient, or stan-
dard of care. One-year follow-up revealed increased incidence of adverse events in 
the G-CSF followed by HSC enrichment and readministration group. These included 
diarrhea, sepsis, ascites, encephalopathy, acute kidney injury, and edema. Thus, 
while the safety of these stem cell therapies in cirrhotic patients from multiple eti-
ologies is supported by pilot studies, more work needs to be done in larger patient 
populations to  definitively establish safety across all etiologies and treatment 
modalities.

With respect to efficacy, several studies that evaluated the effect of stem cell 
therapies in cirrhotic patients at early time points have observed positive benefits. 
In one such study, improvements in bilirubin levels were seen as early as 1 week 
and in albumin levels at 1  month [82]. Three additional studies that followed 
patients to 6 months found a significant improvement in the Child-Pugh or the 
MELD scores [72, 85, 86]. However, two other studies that evaluated effects at 
12 months found no difference in Child-Pugh or MELD scores [82, 83]. Overall 
these studies are heterogeneous in design with between 8 and 48 patients and 
using different types of stem cells injected through different routes. Thus, it is dif-
ficult to draw a specific conclusion, and there is a clear need for a more systematic 
approach.

18.3.4  Treating a Specific Cause of Cirrhosis

In an attempt to reduce potential confounding variables, some studies have evalu-
ated if the etiology of cirrhosis can play a role in the effectiveness of a given stem 
cell therapy [42, 43, 45, 46, 73–76, 86]. These studies have evaluated the variable 
effects of HCV, HBV, and alcohol as mediators of liver injury as each of these dis-
ease processes damages the liver in different ways. In addition to the differences in 
injury, these etiologies each have different established treatment modalities. In the 
case of HBV, therapies are used to slow damage but the insulting virus remains. For 
both HCV and alcohol cirrhosis, the insulting agent can be removed; HCV can now 
be eradicated with antivirals, and patients can stop consuming alcohol. The follow-
ing sections provide more details of each etiology and describe the clinical findings 
to date.
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Hepatitis B Virus HBV is a DNA virus which infects hepatocytes where it repli-
cates and then propagates. Hepatocytes infected with HBV undergo oxidative stress 
from the production of the viral proteins leading to inflammation and eventual cell 
death [87]. There is currently a vaccination for HBV, but worldwide there are still 
~350 million people infected with HBV [46]. Two studies that specifically evaluated 
cirrhosis from HBV-infected patients demonstrated improvements after stem cell 
therapy. Peng et al. infused autologous bone marrow cells through the hepatic artery 
and found improved liver function at 2–3 weeks and an improved MELD score at 
36 weeks [46]. Similarly, Zhang et al. demonstrated significantly improved ascites 
and Na-MELD scores at 50 weeks for patients that received MSC [75].

Hepatitis C Virus HCV is a RNA virus and is one of the world’s most common 
causes of cirrhosis. The destruction of infected cells leads to chronic inflammation and 
eventually cirrhosis [88]. There are currently medications which can cure HCV infec-
tion, but there is still no treatment for the underlying cirrhosis that the infection causes. 
It is in this population of patients with HCV cirrhosis that stem cell therapy has been 
evaluated. Two studies that delivered stem cells to patients with HCV cirrhosis found 
significant reductions in Child-Pugh score and MELD score 6 months after receiving 
stem cell therapy [43, 76]. In a similar study, Salama et al. found improvements in liver 
enzymes and synthetic function in patients after stem cell therapy [86].

Alcohol Alcohol consumption is ubiquitous around the world with extensive use 
leading to cirrhosis. Multiple studies evaluated patients with cirrhosis from alcohol 
use with differing results. Two studies showed a benefit in liver function for patients 
that received stem cell therapy. Saito et al. injected autologous bone marrow cells 
through peripheral IV and found at 6  months that the five patients classified as 
Child-Pugh B had a decrease in their Child-Pugh score, while those that were clas-
sified as Child-Pugh A remained stable [45]. Suk et  al. evaluated patients with 
biopsy-proven alcoholic cirrhosis. They received MSC trough the hepatic artery, 
and at 1 year the Child-Pugh score was significantly improved in the patients which 
received MSC therapy. They also found a reduction in fibrosis at a 6-month biopsy 
[74]. Spahr et al. evaluated a cohort of cirrhotic patients that also had alcoholic ste-
atohepatitis at baseline; these patients were treated with BMMC. Contrary to the 
two previously mentioned studies, the authors did not find any improvement in liver 
function labs. Spahr also performed a liver biopsy at 4 weeks and evaluated for 
steatosis and the number of proliferating HPC. Neither analysis showed any differ-
ence between the stem cell-treated group and the standard medical therapy [42].

18.3.5  Summary

Stem cell therapy appears to have potential for benefit in all causes of cirrhosis, but 
grouping all etiologies together likely adds confounding variables that may mask the 
benefit of one treatment regimen over another for a given etiology. Relatedly, the 
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design of an appropriate treatment regimen (e.g., stem cell type, timing related to 
disease progression, and frequency of treatment) should likely be informed by 
whether the stimulus of injury remains. For example, in diseases such as HBV where 
the underlying cause of injury is still present, it could be beneficial for multiple treat-
ments compared to HCV or alcohol where the source of injury can be removed.

18.4  Stem Cell Delivery Methods

18.4.1  Number of Injections

It is unclear whether a single injection of stem cells or multiple injections of stem 
cells is superior, though this may depend on etiology as described in the preceding 
section. Suk et  al. compared one-time and two-time injections of MSC via the 
hepatic artery in patients with alcoholic cirrhosis. These injections were done either 
1 month  (single injection) after bone marrow aspiration or 1 and 2 months (two 
injections) after bone marrow aspiration [74]. When evaluating reduction in fibro-
sis, patients that received one injection  had a 25% reduction in fibrosis, while 
patients that received two injections had a 37% reduction. These were both signifi-
cantly better than the untreated control group but were not significantly different 
compared to one another. Both groups had a decrease in Child-Pugh score [7.6 to 
6.3 and 7.8 to 6.8, respectively], but only the group which received one injection 
was statistically significant from the control [8.1 to 7.4]. Clearly, further studies are 
needed to understand the impact of treatment frequency on efficacy.

18.4.2  Consideration of Injection Route

The liver receives both venous and arterial blood via the portal vein and hepatic 
artery. 80% of the volume of blood to the liver comes through the portal vein, which 
carries nutrients from the gastrointestinal tract. The hepatic artery accounts for only 
20% of the total blood volume, but it provides half of the required oxygen [89]. Both 
of these blood supplies come together in liver lobules where it then flows through 
sinusoids before entering the central vein and dumping into the IVC. This unique 
blood flow can allow for direct delivery through the portal vein or hepatic artery to 
ensure direct liver access, but these are more invasive procedures. Alternatively, 
peripheral injections are simply done by injecting cells through a peripheral vein 
(e.g., in the arm). Though less invasive, this less direct route can allow stem cells to 
be inadvertently lost to other sites in the body. Thus, optimization of delivery method 
represents another critical axis for treatment optimization. Below we discuss the 
results of several studies that have specifically evaluated the effects of delivery route 
(Fig. 18.3).
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18.4.3  Peripheral Injection

Peripheral venous injection is the simplest delivery method, and no special equip-
ment or personal is required. However, the drawback of peripheral injection is that 
stem cells are then subject to the first pass effect. That is, stem cells may implant 
into tissues other than the liver due to the fact that they have to traverse the entire 
circulatory system prior to reaching the liver [76, 90]. Stem cells have been deliv-
ered in this fashion in both the preclinical models and clinical trials.

Preclinical studies have consistently shown beneficial effects via peripheral 
injections, but mixed results have been observed in the clinical realm. In preclinical 
animal models, peripheral injections are typically done via retro orbital or tail vein 
injection. Both methods have shown improvement in liver function and fibrosis [31, 
32, 71, 91, 92]. Clinically, several studies using peripheral injection of stem cells 
have demonstrated improvements in Child-Pugh scores after administration of a 
number of different stem cell types [43, 45, 73, 75, 93, 94]. However, two additional 
studies that used peripheral injections found no benefit in liver function compared 
to placebo or standard of care [39, 95]. Notably, one of the studies that found no 
improvement in liver function also observed increased adverse effects [39].

18.4.4  Portal Vein Injection

Portal vein injection is performed using ultrasound guidance to percutaneously can-
nulate the portal vein in the same way a portal vein embolization is performed. This 
is done by sterile preparation of the abdomen followed by needle puncture through 

Intravenous injection Hepatic artery injection Portal vein injection

Fig. 18.3 Different injection routes used for delivery of stem cells. Intravenous injection is done 
through a peripheral vein. Hepatic artery injection is done by cannulation of the femoral artery. 
Portal vein injection is done percutaneously with ultrasound guidance
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the skin and liver parenchyma until the portal vein is reached. Using the Seldinger 
technique, a catheter is inserted and stem cells are subsequently infused. Though 
relatively routine, this procedure has been associated with incidence of severe 
bleeding complications such as hemoperitoneum [96].

Similar to peripheral injections, animal models using the portal vein for injection 
of stem cells have consistently demonstrated positive effects on fibrosis and liver 
function [61, 91, 97, 98]. Clinically, improvements in liver function and liver growth 
have also been demonstrated. One case report and several small studies of 5–8 
patients demonstrated improvements in liver function at 1 to 6 months after injection 
of stem cells [47, 72, 99, 100]. Two larger studies of 48 and 90 patients also demon-
strated significant improvement in liver function at 4 and 6 months, respectively [86, 
96]. Am Esch et al. evaluated liver growth in response to CD133+ cells during portal 
vein embolism for HCC. They found significantly more growth in liver segments II/
III in patients that received CD133+ cells [44]. Though portal vein injection is an 
invasive procedure, it appears to have promising effects in both the preclinical and 
clinical settings and may be more effective than peripheral administration.

18.4.5  Hepatic Artery Injection

Hepatic artery infusion is performed the same as a transarterial chemoembolization 
(TACE) procedure. It involves cannulating the femoral artery using the Seldinger 
technique [84]. The catheter is then advanced to the hepatic artery and confirmed by 
fluoroscopy. One of the earliest studies from this technique was done in 2007 spe-
cifically to evaluate the safety of this approach in patients with cirrhosis. They found 
no adverse events in the 4 months following the procedure [84]. Adverse events via 
this method are extremely rare as similar to the TACE procedure. Only one study 
reported a case of hepatic artery dissection [82].

There are mixed results from patients that received stem cells through the hepatic 
artery, but a majority of studies demonstrated early benefit after injection. Lyra et al. 
performed an injection of CD34+ enriched bone marrow cells in patients with 
chronic liver disease and demonstrated a significantly improved Child-Pugh score 
and increased albumin score at 90 days. They did not see any major adverse events 
at 1 year out [83]. Peng et al. delivered autologous mesenchymal stem cells via the 
hepatic artery and found a significant improvement in ALB, total bilirubin, and 
MELD score in the first several weeks. These patients were followed out to 
192 weeks and no adverse outcomes were observed [46]. Histologically, improve-
ment in fibrosis after hepatic artery infusion of MSC has been observed at 3 and 
6 months after transfusion [41, 74].

Most studies report early benefits from hepatic artery injection, but several stud-
ies demonstrated no superiority or adverse long-term outcomes. Spahr et al. demon-
strated no significant improvement at 3 months with patients that received stem cell 
therapy via hepatic artery infusion when compared to patients that received normal 
medical treatment [42]. The only negative long-term outcomes that were observed 
from hepatic artery injection was at 10 years in which there was a higher risk of 
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HCC [38]. Similar to the other injection methods, hepatic artery injections appear to 
demonstrate an improvement in liver function and fibrosis early on, but this does not 
appear to be sustained long term.

18.4.6  Direct Comparison of Injection Routes

While a majority of studies only deliver stem cells through one route, there are sev-
eral studies, in both animals and humans, in which multiple injection routes are 
used. Animal studies have compared portal vein and peripheral vein injection meth-
ods [90, 97, 98]. Liang et al. found that MSC infused via the portal vein had higher 
rates of engraftment in both injured and non-injured liver compared to peripheral 
vein injections [90]. Two studies evaluated liver function after injection of 
MSC.  Injection via the portal vein and peripheral veins both had improved liver 
function, and there was no significant difference between the two injection routes. 
This may suggest the injection site is not important when injecting MSC, but it 
remains unclear how this may extrapolate to other stem cell populations [97, 98].

Clinically, several studies have used multiple injection routes as a result of clini-
cal circumstances, but not for direct comparison. Kharaziha et al. performed a study 
of eight patients in which six received portal vein injection and the remaining two 
received peripheral injections due to portal vein thrombosis. Overall these patients 
had improvement in LFTs, but a direct comparison between the two injection meth-
ods was not possible with the low patient numbers [72]. Levicar et al. injected five 
patients with CD34+ cells; three of these patients were injected through the portal 
vein and the other two through the hepatic artery [101]. There is no clear reason 
discussed for why they chose separate delivery routes, but four of these patients had 
an initial improvement in bilirubin at 1 month. Gordon et al. also looked at five 
patients with three receiving injection via the portal vein and two receiving injection 
via the hepatic artery [100]. Again these groups were not differentiated, but overall 
three patients had improvement in bilirubin, while four had improvement in albu-
min. Positive results from these multiple injection routes demonstrate the promise 
of all of these different delivery methods. However, it remains to be seen if there is 
an optimal delivery route.

18.5  Future Directions

18.5.1  Ex Vivo Perfusion

Ensuring adequate delivery of stem cells to the liver is one of the underlying reasons 
why studies are looking at multiple delivery routes. One way in which we can 
ensure stem cells are reaching the liver and not being pulled out of circulation at 
other sites is through ex vivo perfusion. Ex vivo perfusion is an exciting new tech-
nology that is now  making its way from the bench to the bedside. Using this 
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technology, decellularized collagen scaffoldings can be created for cell engraftment 
in tissue engineering applications [102]. This scaffolding contains normal architec-
ture, vascular integrity, and GAG proteins which may signal to stem cells for proper 
location and differentiation [103]. Clinically, ex  vivo perfusion devices are 
already being used for organ rehabilitation prior to transplant. This is occurring in 
hearts, lungs, kidneys, and livers. The approach allows organs which would have 
not been transplantable to be assessed and potentially revitalized, thereby allowing 
them to be used safely for transplant [104]. Using this same technology, it may be 
possible to remove a patient’s own liver and perfuse cells at high concentration and 
then reimplant it back into the same patient. Surgical techniques such as this are 
currently being applied for previously unrespectable tumors [105]. When tumors 
are deemed unresectable due to location or vascular involvement, some cases can be 
completed ex vivo during cold perfusion prior to auto-reimplantation. Ex vivo per-
fusion is quickly becoming available clinically, and this technology could be used 
to effectively deliver stem cells to the liver in future.

18.5.2  Tumorigenic Potential of Stem Cells

Stems cells have shown promise as a potential therapeutic option in liver disease, but 
their potential to give rise to tumors cannot be ignored [56, 106]. Some studies have 
attempted to address this concern, but due to the small number of studies and patients, 
it is difficult to draw a definitive conclusion. One study looked at 58 patients 3 months 
after receiving BMMC transplant and found no cases of hepatocellular carcinoma 
[42]. However, long-term outcomes have conflicting results among several studies. 
Peng et  al. found patients that received MSC transplant had lower rates of HCC 
(1.9%) at 3  years compared to patients that only received standard medical care 
(8.6%) [46]. Contrary to this study, Wang et al. found a higher incidence of HCC at 
10 years in patients that received MSC or HSC (47.8%) compared to standard treat-
ment (21.7%) [38]. Based on the current data, it will be important to continue evalu-
ating patients for increased incidences of tumor formation after stem cell therapy.

18.6  Summary

The current body of literature for stem cell therapy in liver disease has demonstrated 
promising results throughout a large diversity of studies. To optimize this treatment 
modality, the mechanism in which different stem cells are repairing or reversing 
liver damage will be imperative. This information will then best inform which etiol-
ogy of liver disease each stem cell is best suited for. Once that is determined, the 
optimal delivery method to ensure stem cells are reaching the appropriate portion of 
the liver at the appropriate time can be determined. The prior work presented in the 
chapter has laid the groundwork to inspire these more nuanced studies which will 
hopefully allow stem cell therapy to be a new therapeutic option in liver disease.
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Chapter 19
Stem Cell Therapy for Lymphedema

Dylan McLaughlin, Angela Cheng, and Luke Brewster

19.1  Introduction

The lymphatic system is critical to volume hemostasis and is primarily responsible 
for the return of interstitial fluid and lymph products such as proteins and immune 
cells from tissues back into circulation via drainage into the central venous system. 
Originating distally, lymphatic drainage is segmental moving distal to proximal, 
and superficial to deep, through well-defined paths parallel to the venous system 
and typically terminates into venous system in the left neck via the thoracic duct. 
Like veins, lymphatics are typically low pressure systems that must overcome grav-
ity and do not have the pumping assistance that arteries do from the left ventricle. 
Unlike veins, which are composed of three layers (intima, media, and adventitia), 
lymphatic vessels are relatively porous (enabling proteins to passively return with 
interstitial fluid) and lined with lymphatic endothelial (and sometimes smooth mus-
cle) cells (LEC) that can contract in coordination with lymphatic valves to help 
move lymph forward. Such contractions are informed by both pressure and wall 
shear stress [1, 2].
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Lymphedema is classified as primary or secondary. Primary lymphedema is pre-
dominantly found in females and typically classified by timing of onset: congenital 
(less than 2 years of age), praecox (between 2 years and 35 years of age) (Fig. 19.1), 
or tarda (after 35 years of age) (Fig. 19.2). In primary lymphedema, there have been 
a number of genetic targets identified. Mutations in GATA2, a transcription factor, 
and BRG1 (SMARCA4), a transcription activator, and defects in both VEGF and 
FAT4 genes lead to lymphedema in mouse models [3]. In Hennekam syndrome, 
FAT4 mutations contribute to the intestinal lymphectasia and the peripheral lymph-
edema secondary to defects in lymphatic valve formation [4]. The genes FAT4 and 
Dachsous1 both contribute to lymphatic valve formation, and mutations in these 
genes promote lymphedema [5].

The identification of these pathways may be important to reparative strategies for 
patients, but also to inform the complex mechanisms disrupted during the onset and 
progression of lymphedema. Such discoveries not only aid in identifying other 
causes of primary lymphedema, but also inform the mechanism of lymphedema 
development. By immortalizing cells from affected patients, one can test novel ther-
apeutics in vitro but in a translational manner. For example, patient-derived induc-
ible pluripotent stem cells (iPSC) have been explored as they relate to 

Fig. 19.1 Preoperative 
picture of a patient with 
primary lymphedema who 
had become wheelchair 
bound by the condition
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GATA2-deficient lymphedema. Such modeling systems hold promise for transla-
tional testing of rare genetic diseases [6].

Secondary lymphedema is the most common type of lymphedema, and it occurs 
after traumatic injury (surgical operations, radiation, etc.) or infection (filiariasis). 
In secondary lymphedema, lymphatic vessel obstruction occurs from injury to the 
lymph vessel architecture. Worldwide infection is the most common cause of sec-
ondary lymphedema, but in more developed countries, secondary lymphedema is 
commonly seen after surgery (e.g., lymphadenectomy for breast cancer) or other 
tissue trauma (radiation). Secondary lymphedema occurs in 20% of women who 
survive breast cancer [7].

Clinical staging of lymphedema has been established by the International 
Congress of Lymphology [8] to assist in the classification of patients and to inform 
a better understanding of the published literature (Table 19.1).

Lymphedema has a significant impact on quality of life [9], and quality of life in 
lower extremity lymphedema has been reported to be lower than for upper extremity 
disease [10]. For the purposes of this chapter, we will attempt to incorporate the data 

a

b

c

Fig. 19.2 Representative picture of a patient with primary lymphedema and wounds that were 
precipitated by weeping of fluid during a cellulitis episode. (a) Picture of leg. (b) Picture of foot 
and wound on dorsal surface. C) Lateral foot wound and pathognomonic swelling of toes
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that exists and segregate our analysis according to primary and secondary as well as 
upper or lower extremity lymphedema.

19.2  Diagnosis and Current Treatments

Lower extremity swelling is a common presenting symptom for patients in a vascu-
lar clinic. Diagnosis of lymphedema relies heavily on history and physical examina-
tion to distinguish it from other causes of limb swelling such as venous insufficiency, 
right heart failure, myxedema, and obesity [11]. Pathognomonic swelling of the 
affected extremity (10% swelling difference) into the digits is the key findings of 
lymphedema [12]. However, early diagnosis of lymphedema is more difficult, and 
in order to prevent future morbidity, some recommend lowering the swelling thresh-
old in patients preparing for breast cancer treatment [13].

In addition to physical exam and clinical acumen, multiple imaging modalities 
exist to assist in diagnosing lymphedema. MRI localizes the level of edema allowing 
differentiation of limb swelling. Cutaneous edema is typical of lymphedema. More 
invasive diagnostic testing includes lymphoscintigraphy and lymphangiography; 
here a positive test is identified by pooling of lymph or increased transit time. Both 
modalities allow evaluation of lymph vessels for patency but come with certain risks.

19.2.1  Medical Management

The mainstays of patient management include: skin hygiene (keeping clean and 
moisturized (low pH lotions), basic exercise/rehabilitation (walking, yoga, bicy-
cling), and complete decongestive therapy (CDT) [8].

Secondary recommendations include pneumatic compression devices, but these 
are not recommended in the absence of compression therapy [8, 14]. In addition to 
these standard therapies, it is important to manage associated medical comorbidities 
(e.g., obesity) as they may affect the clinical course of the patient’s lymphedema 
and also may affect the type and consistency of treatment received by providers 
[15]. Additional medical therapies including medications are well summarized by 
the Lymphology Society in 2016 guidelines [8].

Table 19.1 Clinical grading system for lymphedema

Stage Criteria

Latent 
phase

Fluid accumulation and lymphatic fibrosis; no edema seen clinically

Grade I Pitting edema (protein-rich fluid accumulation) that improves with elevation; no 
clinical evidence of fibrosis

Grade II Non-pitting edema that does not improve with elevation; moderate to severe fibrosis 
on clinical exam

Grade III Persistent edema with lymphostatic elephantiasis
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19.2.2  Surgical Management

Surgical options for managing lymphedema are divided broadly into ablative or 
physiologic procedures. Ablative operations include tissue reduction procedures as 
described originally by Dr. Charles and Dr. Homans. Here, subcutaneous tissue is 
removed and the skin is laid upon the fascia [16, 17]. This operation is typically 
reserved for patients with refractory and severe disease (Fig.  19.3). Given the 
amount of tissue removed and requirement for skin grafting, a number of complica-
tions are related to this operation [18, 19].

Today, lymphatic reconstruction with either lympho-lymphatic, lympho-venous, or 
lymphaticovenular bypasses is more common [20–22]. These operations can be 
expected to yield modest volume reductions (less than 50%) but are associated with 
symptomatic improvement [21, 23, 24]. Lymph node transfer, whereby a healthy 

a b

Fig. 19.3 Postoperative picture of patient with primary lymphedema who underwent a Charles 
procedure and skin grafting from excised tissue. (a) Excised tissue from which donor skin was 
taken. (b) Wound vac dressing over the skin graft on the affected leg
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donor lymphatic segment is used as a bypass of dysfunctional lymphatic drainage, is 
another operative technique that yields similar volume reduction in selected patients 
[25–27], but it is more morbid than lymph-venous bypass and may cause donor site 
lymphedema [28, 29–31]. Donor site lymphedema may be predicted (and avoided) by 
preoperative lymphatic mapping [32]. Finally in patients with non- pitting lymph-
edema, liposuction itself may also be of some benefit, but patients still require CDT [8].

Systematic reviews of the world literature suggest that lympho-venous anasto-
mosis is the most appropriate operation for middle staged lymphedema [33]. Such 
techniques typically require advanced training in supermicrosurgical techniques [34].

19.3  Regenerative Technologies 
and Novel Pharmacotherapies

19.3.1  Pathologic Overview and Lineage Specific Techniques

In order to help design intelligent regenerative strategies, certain molecular path-
ways that are important to lymphangiogenesis have been identified. VEGF-C is of 
particular importance in stimulating LEC migration, proliferation, and function 
[35]. In addition, granulocyte colony-stimulating factor (G-CSF) is a potent angio-
gen expressed by many stem cells that may be useful in lymphedema therapies [36], 
and AKT signaling pathways may be manipulated to steer adipose-derived stem cell 
differentiation to LEC via IL-7 [37].

Lymphangiogenesis can also be promoted by hypoxia via MFN1 and MFN2 
signaling [38], and cell-cell signaling via VE-cadherin and alpha-catenin interaction 
can specifically promote differentiation of hematopoietic progenitors to the lym-
phatic lineage [39]. Here, lymphatic-specific genetic markers are critical to meth-
odologic understanding of lymphangiogenesis. Such markers include Prox1, 
Podoplanin, LYVE1, and VEGFR3. Prox1 is found to be the primary driver earlier 
in the differentiation pathway into stable LEC and lymph vessel architecture [40]. 
Prox1 expression is upstream to these other lymphatic markers.

In the same manner that lymphedema is relatively less well studied than arteries 
and veins [41], there are relatively few cellular studies related to lymphedema. A 
recent review of cellular therapy for lymphedema found only 19 (11 animal; 7 
human) published studies from 2008 to 2018 [42].

19.3.2  Current Status of Preclinical Research 
for Lymphedema

In 2017, Tian et al. identified that leukotriene B4 (LTB4) antagonism was a potential 
therapy for lymphedema. This work pulled together many of leading scientists in 
lymphology. After identifying higher LTB4 in their animal model and in patients 
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with lymphedema, they identified bimodal behavior of LTB4 with pro- 
lymphangiogenic effects in  vitro at lower concentrations (1–10  nM) and anti- 
lymphangiogenic effects at higher concentrations (200–400  nM). These effects 
were regulated by VEGFR3 and notch signaling. The use of bestatin to block this 
pathway is currently in clinical trial [43].

Adipose-derived MSCs promote lymphatic differentiation and maturation via 
VEGF-C induction of lymphatic gene expression [44]. VEGF-C preferentially 
drives lymphangiogenesis over angiogenesis in ex vivo mosue models, such as the 
dual aortic ring and thoracic duct assay [45]. These studies demonstrate that 
VEGF-C is the primary driver of lymphatic differentiation. VEGF-C stimulates 
adipose-derived stem cells to promote lymphangiogenesis in a paracrine manner. 
VEGF-C signaling also increases the overall number of adipose-derived MSCs 
[46]. Similarly, MSCs also promote lymphatic drainage and can be directed to sites 
of damage by VEGF-C [47].

However, the ability of MSCs to promote lymphangiogenesis and stimulate LECs is 
more complex than VEGF-C pathways [48, 49]. Physiologically, MSC administration 
in mice decreases edema in tail and hindlimb lymphedema models [47, 50–54]. Another 
group found that the combined injection of MSCs and VEGF-C reduced edema in a 
rabbit hindlimb lymphedema model by 60 days after treatment [55]. Importantly the 
potential reversibility of lymphedema and complex inflammatory mechanisms was 
demonstrated in an adoptive transfer experiment of T regulatory cells [56].

Platelet-rich plasma combined with stem cell injection improved lymphedema 
by restoring disrupted lymphatic channels and promoting lymphatic vessel regen-
eration in a mouse model [50]. This early study suggests treatment of lymphedema 
with stem cell therapy in conjunction with growth factors is feasible. We have found 
similar results in preclinical work using human platelet lysate to promote MSC 
regenerative activity in vitro and in vivo using preclinical murine models of hindlimb 
ischemia (Fig. 19.4) [57].

19.3.3  Current Status of Translational Research

Transplantation of stem cells stimulates angiogenesis and lymphangiogenesis in 
both in vitro and in vivo lymphedema models. These cells promoted survival and 
function of transplanted lymph nodes and improved lymphatic flow through regen-
eration of capillary and pre-collector vessel growth, restoring collector vessels and 
increasing vascular supply to lymphatic structures. This provides a functional 
mechanism for stem cell transplantation in conjunction with standard lymphedema 
therapies [58]. Still translation to clinical benefit will need to consider some key 
differences in lymphedema patients that are not easily replicated in preclini-
cal models.

Chronic lymphedema causes skin changes by inducing chronic inflammatory 
response secondary to volume overload. This response promotes fibrosis and impairs 
regenerative and immunogenic capacity of surrounding tissue [59]. Management of 
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Fig. 19.4 Combinatorial benefits of biomaterials and platelet lysate on MSC behavior. (a) 
Representative images of MSC pellets under different conditions. Here a hydrogel made of human 
PL was superior to fibrin as a standalone hydrogel during culture in a basal culture medium 
(DMEM). The addition of exogenous PL to fibrin led to the most robust MSC invasion of the gels. 
(b) Fluorescent imaging of MSC pellets under select conditions demonstrates the same gains in 
MSC invasion. (c) Quantification of this effect at different time points demonstrating significantly 
greater MSC invasion over time in hydrogel + PL media supplement. DMEM Dulbecco’s Modified 
Eagle Medium, FBS fetal bovine serum, PL human platelet lysate. PL is a liquid that can be used 
as a replacement for xenogenic serum like FBS. We have demonstrated that it can also be manipu-
lated into gel form. *P < .05. **P < .01
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lymphedema before it progresses to chronic stages may prevent these inflammatory 
changes and subsequent skin changes and decreased wound healing. However, 
regenerative strategies may be hampered by these same chronic insults.

Additionally, adipocytes inhibit angiogenesis [60]. This is important for two rea-
sons. First, adipose-derived MSCs in patients with lymphedema have altered differ-
entiation capacity with a shift in adipogenic lineage at the cost of vasculogenic 
lineage [61]. Second, the increasing adiposity with age may limit the lymphatic repair 
in adipose tissue. Further, MSCs from patients with systemic disease (e.g., diabetes) 
have been reported to have diminished proliferative capacity, even when harvested 
from well perfused tissue [62]. However, our group has identified ways of improving 
proliferative capacity of these MSCs, and we have identified pathway- specific defects 
in these cells that can be therapeutically corrected with human platelet lysate admin-
istration [63, 64]. In addition, we have found that the secretomes from MSCs cultured 
from bone marrow and adipose tissue from the same patients were very similar [63].

In research specific to lymphedema, adipose-derived MSCs promote lymphan-
giogenesis in conjunction with lymph node transfer by restoring lymphatic flow and 
drainage [51]. These stem cells increase the number of lymphatic vessels, thus 
improving flow with the potential to decrease limb size and edema volume. They 
also have been reported to preferentially increase the collecting vessels [52].

19.3.4  Current Status of Clinical Research

Ketoprofen has been proposed as a pharmacologic treatment with benefit in decreas-
ing by half skin thickness. However, there was no benefit identified to limb volume 
or other study endpoints [65]. One particularly promising drug therapy has been 
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testing leukotriene inhibition, which decreased skin thickness and histopathologic 
staging in a select group of lymphedema patients [65]. Surprisingly, the role of cell 
therapies in abrogating prolonged inflammation in lymphedema has not yet been 
studied, but it is thought to be important in other vascular diseases [66].

Meta-analysis of publications that add regenerative therapies to surgical treat-
ment of lymphedema could only identify studies where lymph node transplantation 
operations were used (in conjunction with adipose-derived stem cells or growth 
factor delivery) [42, 67]. Such publications identified a paucity of data regarding 
outcomes. In fact, there was only one randomized controlled study using bone 
marrow- derived mononuclear cells for lower limb lymphedema. This trial non- 
selectively included only primary lymphedema patients (inclusion of clinical stages 
up to stage III), and none of the recruited patients had venous reflux. If the initial 
biopsy showed lymphatic hyperplasia, patients were also excluded. The treatment 
group was not blinded and received GCSF injection prior to the BM harvest. The 
cells were isolated and delivered subcutaneously fresh along the superficial veins of 
the leg and the ankle/foot interspaces. All treatment patients also received compres-
sion therapy. The comparison group only received compression therapy. The treat-
ment group had complications of biopsy site hematoma (10%) and superficial 
infection (15%), but they also had decreased ankle circumference measurements, an 
increase in lymphatic capillaries, and a subjective improvement in pain and walk-
ing [68].

For secondary lymphedema, women with history of lymphadenectomy and radi-
ation therapy for breast cancer were recruited for liposuction and cell-assisted lipo-
transfer into the axilla with fat grafting. At 4 months, patients were found to no 
longer require compression therapy daily and had decreases in wrist, lower arm, and 
upper arm circumference [69]. At 1 year follow-up, patients reported improved out-
comes with half of patients requiring less symptomatic treatment. However, there 
was no objective clinical change in lymphedema [70]. Similarly, a prospective study 
demonstrated that a one-time injection of stem cells decreased limb volume in 
lymphedema versus compression therapy for women with lymphedema secondary 
to mastectomy [71]. This study is limited by its small sample size of 10 women in 
each study arm. However, it too demonstrated favorable results.

19.4  Conclusions

Stem cells are unique in their ability to promote tissue repair and regeneration. The 
data to date suggests that adult MSCs have a potential role in the treatment of 
lymphedema. MSCs provide stromal and paracrine signaling of existing and 
recruited cells in/to the site of injury. Such testing requires better preclinical models 
and more refined clinical trialing that segregate type of lymphedema and clinical 
staging. Perhaps more importantly, there needs to be a call to action for this disease 
in a broad manner because there is both a lack of knowledge into the treatment of 
this disease and a lack of interest and funding to pay for the proven therapies for 
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persons with lymphedema. In fact, for a common disease, medical students get on 
average <30  min on this topic, and funding for compression therapy is literally 
requiring an act of Congress (Lymphedema Treatment Act) [41].

Regardless of opinion, the spread of regenerative therapies will be dependent on 
the boldness of investigators and willingness of patients to participate in next- 
generation studies. Given the morbidity patients experience with lymphedema, 
combined with the relatively superficial location of disease, it is reasonable to sus-
pect a much needed growth in the investigation of stem cell therapies for the treat-
ment of lymphedema in the near future.
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