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    Preface   

  Emerging Trends in Cell and Gene Therapy  is meant for those who seek the golden 
thread that runs through the  fi elds of cell therapy, gene therapy, and tissue engineer-
ing, yet have found other books too specialized to do so. This book aims to arm 
basic scientists and clinicians with this golden thread so they are better positioned 
to address the debilitating diseases presently plaguing mankind. 

 Cell and gene therapies are promising approaches for treating genetic and 
acquired diseases. To date, numerous biological barriers and ethical issues have 
limited their clinical translation. Nonetheless, active research in cell and gene ther-
apy in both academia and industry is continually providing fresh insight that prom-
ises to bring these potentially potent therapies to our doorstep. While there are 
several books already available covering cell and gene therapy, most of these deal 
with both subject areas separately.    Furthermore, many of these books only address 
various aspects such as fundamental principles and delivery or application of cell or 
gene therapy. This current situation has the tendency of leaving the interested read-
ers with a fragmented understanding regarding these two areas and the  fl exible and 
powerful therapeutic platforms which can be developed when various aspects of 
cell and gene therapy are combined. Hence, there is a great demand from the 
scienti fi c community for a book providing a holistic perspective on novel and 
important areas at the interface of cell and gene therapy, as well as potential syner-
gistic therapeutic bene fi t obtained when both therapeutic approaches are combined 
with delivery strategies. Here is what this book offers you. 

 First, it is broadly organized to provide critical and in-depth review in the follow-
ing three key areas: (1) basic biological aspects of stem cell sources, differentiation, 
and engineering, (2) application of stem cells and gene therapy to speci fi c human 
disease, and (3) utilization of biomaterials and stem cells in regenerative medicine. 
This arrangement allows the readers to observe the common theme involved in the 
integration of cell, gene therapy, and tissue engineering and how it can be used to 
guide future research. 

 Second, this book covers a range of topics including recent advances in embry-
onic stem cell engineering towards tailored lineage differentiation, the human amni-
otic membrane as a potential tissue and cell source for cell therapy and regenerative 
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medicine, emerging strategies for the selection of vectors, delivery techniques and 
therapeutic targets for gene transfer to the heart, application of micro fl uidics to 
study stem cell dynamics, biomimetic multiscale topography for cell alignment, and 
spinal cord repair by means of tissue engineered scaffolds. The contents of  Emerging 
Trends in Cell and Gene Therapy  are contributed by leading international research 
and clinical experts and therefore represent current understanding, practice, and 
state of the  fi elds of cell therapy, gene therapy, and tissue engineering. Hence, this 
book offers, in a single volume, the required comprehensive understanding regard-
ing the connecting thread running through cell therapy, gene therapy, and tissue 
engineering for veterans and newcomers to the  fi eld.   
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  Abstract   Stem cells represent one of the most promising areas in biological and 
medical research for the treatment of vascular disease; by taking advantage of their 
unique ability to undergo unlimited self-renewal and to differentiate into speci fi c 
cell lineages, they potentially provide an unlimited cell source for vascular tissue 
repair and for the construction of engineered vessels. Emerging evidence indicates 
that the mobilisation and recruitment of circulating or tissue-resident stem/progeni-
tor cells give rise to smooth muscle cells (SMCs) which participate in numerous 
cardiovascular diseases such as atherosclerosis. Understanding the regulatory 
mechanisms that control smooth muscle differentiation and their recruitment from 
vascular progenitors is essential for stem cell therapy for vascular diseases and 
regenerative medicine. In this chapter, we examine the differentiation process of 
SMCs from pluripotent stem cells, highlighting the environmental cues and signal-
ling pathways that control phenotypic modulation within the vasculature. We high-
light the potential targets for promoting/inhibiting SMC differentiation and discuss 
their application for vessel-tissue engineering and treatment of cardiovascular 
pathologies.  

  Keywords   Stem cell  •  Stem cell differentiation  •  Atherosclerosis  •  Epigenetic 
modi fi cation  •  MicroRNA      
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    Chapter 1   
 The Mechanism of Stem Cell Differentiation 
into Smooth Muscle Cells       

      Russell   Simpson    and    Qingbo   Xu         



2 R. Simpson and Q. Xu

    1.1   Introduction 

 Blood vessels are composed mainly of two types of cells, endothelial cells that line 
the lumen and vascular smooth muscle cells (SMCs) that form the structure of the 
media  [  1  ] . Vascular SMCs refers to the particular type of smooth muscle found 
within and composing the majority of the wall of blood vessels. In addition to pro-
viding structural integrity within the vasculature, the main role of SMC is to regu-
late blood  fl ow and pressure in blood vessels, a mechanism that is responsible for 
the redistribution of the blood within the body to areas where it is needed. Vascular 
smooth muscle can contract or relax through highly regulated contractile machin-
ery which in the differentiated cell is composed of speci fi c contractile proteins. A 
host of human diseases including cancer, atherosclerosis, hypertension and resteno-
sis  [  2,   3  ]  can be directly attributed in part to dysfunctionality of SMCs. Deciphering 
the cellular and molecular mechanisms which control the differentiation and phe-
notypic plasticity of SMCs is vital to develop new strategies to prevent and amelio-
rate these diseases particularly those effecting vasculogenesis. The limited lifespan 
of adult vascular SMCs and the dif fi culty in obtaining adult and mature arteries 
from patients present limitations for constructing autologous human vessels in vitro 
to regenerate a diseased adult cardiovascular system. Finding alternative cell 
sources to obtain large amounts of functional SMCs for development of vascular 
tissue engineering has generated much interest and research in the clinical use of 
stem cells. 

 Stem cells are characterised by the unique capacity for unlimited growth and 
self-renewal whilst maintaining the potential to differentiate into specialised cells. 
Generally stem cells can be divided into embryonic stem cells and tissue-resident or 
adult stem cells  [  4,   5  ] . Aside from their origin, the major distinction between differ-
ent forms of stem cells is their “pluripotency”, that is to say their ability to develop 
into any cell type from the three germ layers endoderm (interior stomach lining, 
gastrointestinal tract, lungs), mesoderm (muscle, bone, blood, urogenital) or ecto-
derm (epidermal tissues and nervous system)  [  6–  9  ] . Embryonic stem cells (ESCs) 
are the pluripotent derivatives of the inner cell mass of blastocytes, hollow sphere-
shaped embryos of 200–250 cells  [  5,   10  ] . They are the most promising pluripotent 
stem cell sources and give rise to all types of mature tissue cells in the human body 
 [  8,   9  ] . The isolation of the  fi rst ESCs from mouse embryos  [  11  ]  led to the revolu-
tionary knockout mouse technology which is still widely used today  [  12  ] . 
Alternatively, adult stem cells are derived from blood, bone marrow, vessel wall and 
other tissues, but unlike ESCs, they display variable capacities for differentiation 
and are not pluripotent in the true sense of the word  [  13  ] . Other stem cells of non-
human sources are embryonic germ cells derived from the gonad ridge of primor-
dial germ cells and recently discovered post-implantation epiblast-derived stem 
cells in mouse  [  14,   15  ] . Mesoangioblasts have also been characterised recently as 
stem cells that can differentiate into SMC  [  16,   17  ] . 

 Elucidating the underlying mechanisms for stem cell differentiation has been a 
considerable challenge for researchers. Yamamoto et al. demonstrated that mechan-
ical force produced by  fl uid  fl ow can induce ESC differentiation into endothelial 
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cells  [  18  ] , whilst Wang et al.  [  19  ]  revealed that shear stress induced and suppressed 
angiogenic growth factors and SMC-associated growth factors, respectively. In 
addition to shear stress, growth factors and cytokines have been shown to directly 
regulate ESC differentiation  [  13  ] , and the expression levels of cytokines and growth 
factors are likewise altered during differentiation of mesenchymal stem cells, for 
example  [  20  ] . Coculture of mouse neural stem cells with human endothelial-like 
cells gives rise to neural stem cells that have the potential to form capillary networks 
 [  21  ] , highlighting the role of cytokines in stem cell differentiation. 

 In the last several years, a major achievement has been the ability to differentiate 
ESCs into vascular endothelial cells, SMCs and cardiomyocytes in vitro, providing 
not only an understanding of the development process but also a potential source for 
cardiovascular tissue repair  [  22  ] . The limited lifespan of adult vascular smooth mus-
cle cells and dif fi culty in sourcing them present challenges for constructing human 
vessels in vitro to replace diseased or injured vasculature. The progress of SMC dif-
ferentiation from stem cells has led to increased interest in their clinical potential to 
create tissue-engineered vascular grafts to treat terminal cardiovascular diseases. 
Furthermore, accumulating evidence indicates that the mobilisation and recruitment 
of circulating or tissue-resident progenitor cells that give rise to SMCs can partici-
pate in many vascular diseases including atherosclerosis, angioplasty restenosis and 
neointima hyperplasia after arterial injury and transplant arteriosclerosis  [  5,   23,   24  ] . 
Hence, in recent years, much effort has been made to understand the regulatory 
mechanisms which promote stem cell and progenitor cell differentiation towards 
SMC lineage for improving current therapeutic avenues for cardiovascular disease 
and vascular tissue engineering.  

    1.2   Smooth Muscle Cell Phenotypic Switching 
in Atherosclerosis 

 Arterial SMCs normally reside in the arterial wall in a differentiated contractile 
state where they provide structural support to the vasculature and control blood 
pressure and blood  fl ow through highly regulated contractile mechanisms. 
Differentiated SMCs in adult blood vessels proliferate at an extremely low rate, 
exhibit low synthetic activity and express a unique repertoire of ion channels, sig-
nalling molecules and contractile proteins required for the cell’s contractile function 
 [  25,   26  ] . Differentiated SMCs express a variety of SMC-speci fi c contractile and 
contractile-associated proteins that contribute to these functions including 
SM-myosin heavy chain  [  27,   28  ] , SM22 a   [  29  ] , calponin  [  29,   30  ]  and SM  a -actin 
 [  3,   31,   32  ] . Although this repertoire is speci fi cally expressed in the fully differenti-
ated SMC, most of these markers are expressed at least transiently in other cells 
during repair or pathological conditions  [  33  ] , making identi fi cation of mature SMCs 
problematic. 

 Differentiation of SMCs is necessary for maturation and remodelling of the vas-
culature  [  34–  36  ] , and in addition, they secrete important components of the 
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 extracellular matrix (ECM) such as elastin and collagen, which assist in regulating 
mechanical properties of blood vessels  [  37,   38  ] . Unlike the cardiac and skeletal 
muscle cells, adult SMCs demonstrate remarkable plasticity, and in response to vas-
cular injury, during remodelling to changes in blood  fl ow or in different disease 
states, SMCs in the arterial wall can undergo profound and reversible phenotypic 
alterations, a process called “phenotypic switching”  [  39  ]  (reviewed by Owens  [  25  ] ). 
These dedifferentiated or “synthetic” SMCs are characterised by decreased SMC 
differentiation marker gene expression and increased SMC proliferation, migration, 
ECM synthesis  [  40,   41  ] , contractile SMCs and can synthesise up to 25–46 times 
more collagen  [  42,   43  ]  probably as a result of increased responsiveness to growth 
factors. Differentiation and phenotypic modulation of SMCs are controlled by a 
dynamic array of extrinsic cues. The fact that vascular SMCs are not terminally dif-
ferentiated and retain the ability to modulate their phenotype to changing environ-
mental cues likely evolved in higher organisms as it conferred a survival mechanism 
for vascular repair. Paradoxically, an unfortunate consequence of this plasticity is 
that it allows rapid adaptation to  fl uctuating environmental cues during develop-
ment and progression of vascular diseases; asthma, hypertension, cancer and devel-
opment of irreversible atherosclerotic lesions have all been shown to be attributed in 
part to phenotypic switching  [  39,   40,   44  ] . Hence, because it is believed that transi-
tion to the “synthetic” state facilitates many of the pathogenic roles of SMCs, an 
understanding of the factors regulating SMC differentiation is paramount for treat-
ment strategies  [  45  ] . Whilst much is known regarding factors and mechanisms that 
control SMC differentiation in cultured cells, we still have an incomplete knowl-
edge of the transcription regulatory mechanisms that ultimately regulate SMC phe-
notypic switching in vivo, and this is by no means made easier by the plasticity of 
this cell type or the fact that SMCs derive from multiple precursors throughout the 
embryo  [  46  ] . Unlike cardiac and skeletal muscle cells, during embryonic develop-
ment, SMCs are derived from numerous distinct populations of precursor cells. 
Coronary artery SMCs in the vasculature, for example, are derived from proepicar-
dial cells, whereas the aortic arch and thoracic aorta contain SMCs which have 
originated from the neural crest  [  46  ] . It is this origin-associated diversity which may 
account for the distinct structural and functional properties analogous with SMCs 
 [  46  ]  such as the variant expression of contractile proteins with SMCs from various 
tissues  [  47,   48  ] . 

 A major challenge has been to elucidate not only the environmental cues that 
regulate phenotypic switching in SMCs but how these processes become disrupted 
in disease states. A further complexity is that the precise nature of phenotypic 
switching is highly variable in these different diseases, with changes in atheroscle-
rosis involving profound changes in SMC morphology, function and gene expres-
sion patterns, compared with the much more subtle changes in contractility 
associated with asthma and hypertension  [  40  ] , for example. Moreover, the precise 
role of the SMC varies greatly depending on the stage of these diseases, and this is 
best illustrated in atherosclerosis which is probably the best-known example of a 
disease in which SMC phenotype switching plays a critical role. 
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 Arteriosclerosis is an overlying term covering all pathologies in which arteries 
become harder and less elastic. Arteriosclerosis is characterised by SMC hyperpla-
sia or hypertrophy and matrix protein accumulation in the intima or media or both, 
with or without lipid deposition, resulting in thickening and stiffness of the arterial 
wall  [  49  ] . Arteriosclerosis includes spontaneous atherosclerosis, accelerated (trans-
plant) arteriosclerosis, vein graft atherosclerosis and restenosis after percutaneous 
transluminal coronary angioplasty  [  50  ] . Atherosclerosis, the most common form of 
arteriosclerosis, is a disease responsible for over 55 % of all deaths in Western 
civilisation  [  51  ] . In    atherosclerosis lesions, the three major cell components are the 
SMCs, which are the most abundant cell type around the necrotic core, and the 
lymphocytes (intracellular and extracellular lipid)  [  52  ] . It has been estimated that up 
to 70 % of lesion development mass is made up of SMCs or SMC products such as 
ECM  [  25,   53  ] . Atherosclerosis is a progressive disease characterised by the forma-
tion of atheromatous plaques within the walls of large- and medium-sized arteries. 
Early lesions, otherwise known as fatty streaks, may occur in the intima as early as 
childhood and develop into plaques with a lipid-rich core within the central portion 
of the thickened intima in adults. The characteristic feature of the advanced athero-
sclerotic plaque is irregular thickening of the arterial intima by in fl ammatory cells, 
extracellular lipid (atheroma) and  fi brous tissue (sclerosis)  [  54  ] . A large part of the 
lesions comprise seemingly inert and acellular  fi brous tissue, but there is often a 
distinct and highly cellular  fi brous cap which arises from the migration and prolif-
eration of vascular smooth muscle cells and from matrix deposition  [  53  ] . The  fi brous 
cap undoubtedly contributes something to luminal encroachment, but its impor-
tance has recently been emphasised as a strong determinant of the likelihood of 
plaque rupture at later stages. Rupture leads to the release of lipids which results in 
a signal cascade that leads to thrombus formation  [  53,   55–  57  ] , thereby contributing 
to arterial occlusions, coronary disease, myocardial infarction and stroke. It is now 
known that within the  fi brous cap of advanced atherosclerotic plaques, SMCs may 
play either a bene fi cial role or detrimental role in determining plaque stability, 
depending on the cells’ phenotypic state  [  58,   59  ] . In their synthetic state, SMCs are 
the primary cells responsible for stabilising  fi brous caps by virtue of their prolifera-
tion and production of extracellular proteins. However, in response to environmen-
tal signals that are poorly characterised, these cells can become apoptotic and 
activate expression of matrix metalloproteinases and in fl ammatory mediators that 
can act together in promoting end-stage disease events such as plaque rupture and 
thrombosis  [  58,   59  ] . It had been argued that the accumulation of smooth muscle 
cells in the tunica intima was a negative feature of plaque progression  [  51,   60  ] . 
Recently, however, pathologists and cardiologists have come to see the formation 
and survival of a  fi brous cap consisting of smooth muscle cells and connective tis-
sue as a good thing, as part of an attempt by the vessel wall to encapsulate the toxic 
products accumulating in the necrotic core  [  61  ] . It is known that medial SMCs and 
those within arteriosclerotic lesions differ dramatically and there has been extensive 
work made in an attempt to study this phenotypic switching between normal and 
diseased states  [  62,   63  ] . During formation of arteriosclerosis, it is believed that 
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before SMCs can migrate from the media into intima, a transition in their phenotype 
is required  [  64  ] . Medial non-proliferating SMCs have a contractile phenotype which 
they need to maintain vascular tone. When SMCs proliferate, they take on a syn-
thetic phenotype which is associated with modulated gene expression and genera-
tion of proteins. The prevailing theory for the pathogenesis of arteriosclerosis 
suggests that during atherosclerotic plaque or neointima formation or both, SMCs 
from the media migrate to the intima and assume the synthetic phenotype, prolifer-
ate, produce extracellular matrix and participate in  fi brous cap formation  [  51,   53  ] . 
According to this view, intimal SMCs in transplant arteriosclerotic lesions should 
originate from the donor vessels; however, there is now growing evidence to support 
the recipient origin of SMCs in neointimal lesions in animal models  [  65–  68  ] , whilst 
it has been argued that SMCs in human transplant arteriosclerosis are derived from 
both donors and recipients  [  5  ] . 

 There is now growing evidence that stem cells and smooth muscle progenitor 
cells also contribute to arteriosclerosis by differentiating into SMCs in the intima 
 [  65,   67–  72  ] . Derivation from these different sources may be the main reason as to 
why SMCs in arteriosclerotic lesions display a diversity of phenotypes, characteris-
tics and behaviours. Since this is an important issue for understanding the pathogen-
esis of arteriosclerosis, the sections that follow concentrate on smooth muscle 
origins and the mechanism of SMC differentiation from stem cells.  

    1.3   Smooth Muscle Progenitors 

 It is now appreciated that adult stem cells are present in a host of tissues and organs 
(Fig.  1.1 )  [  73,   74  ] . SMC accumulation in the intima is a key event in the develop-
ment of arteriosclerosis  [  75  ] , and as described above, the most accepted theory had 
been that the majority of intimal SMC are derived from the media of the vessel 
 [  76  ] . This long-standing dogma is being revisited following the discovery that dif-
ferent sources of cells may be responsible for smooth muscle accumulation in ath-
erosclerosis. Emerging evidence has demonstrated the existence of a population of 
vascular stem/progenitor cells in a variety of tissues including circulating bone 
marrow-derived stem cells  [  67,   77  ]  and/or resident Sca1 +  adventitial cells  [  74,   78  ] . 
There is also evidence demonstrating that SMC or SMC-like cells may be derived 
from a variety of sources, including transdifferentiation of endothelial cells  [  79  ]  
and adventitial  fi broblasts  [  80–  82  ]  as well as medial SMC  [  83  ] . Speci fi cally, bone 
marrow- and vessel wall-derived progenitors have been shown to have the ability 
to differentiate into SMCs which can participate in angiogenesis and vascular 
remodelling  [  84–  88  ] . Furthermore, these cells may be directly or indirectly involved 
in cardiovascular disease development  [  89,   90  ]  and participate in atherosclerotic 
plaque development and neointima formation  [  74,   91–  95  ] . The lack of de fi nitive 
SMC lineage-tracing studies in the context of atherosclerosis and problems in pin-
pointing phenotypically modulated SMC within lesions that have attenuated SMC 
marker genes and/or induced expression of markers of alternative cell types, that is, 
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macrophages, raise major questions regarding the contributions of SMC at all 
stages of atherogenesis. The precise frequency and roles of progenitor cell-derived 
SMCs in arteriosclerosis remain uncertain, but it is however widely agreed that 
progenitors can contribute to SMC accumulation in lesions, depending on the dif-
ferential degrees of vessel damage  [  1  ] . Yet, there is still uncertainty about the ori-
gin and residency sites of smooth muscle progenitors in vivo, and given the innate 
heterogeneity of SMCs, it is not surprising that there is con fl icting data. It was 
demonstrated that hematopoietic stem cells could give rise to arterial SMCs after 
injection into the border zone of experimental myocardial infarcts in mice  [  69  ] . In 
native atherosclerosis, Sata et al. demonstrated that SMCs in atherosclerotic plaques 
were shown to originate from bone marrow progenitors, implying that SMCs were 
derived from hematopoietic stem cells  [  67  ] . One group showed the majority of 
neointimal SMCs within plaques of experimental atherosclerosis in sex-matched 
chimeric scenarios and transgenic bone marrow transplant settings are derived 
from the bone marrow  [  66  ] . Other investigators failed to identify bone marrow-
derived SMCs in atherosclerosis  [  68,   83,   96  ] . Early on, Benditt and Benditt  [  97  ]  
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  Fig. 1.1    Stem/progenitor cell origins. Stem/progenitor cells could be released from arterial wall, 
adipose tissue, bone marrow ( BM ), spleen, liver and intestine into blood, where they form circulat-
ing stem cell pool in blood. Smooth muscle progenitors ( SMPs ) and endothelial progenitor cells 
( EPC ) accumulate within the intima, where they differentiate into SMCs contributing to the lesion 
formation of arteriosclerosis       
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described their monoclonal theory of SMCs in atherosclerotic lesions in which 
smooth muscles displayed a monoclonal origin or in other words were derived 
from a single cell. According to this theory, SMCs in arteriosclerosis could origi-
nate from one stem/progenitor cell that may be present in the arterial wall. It was 
eventually discovered that the arterial wall contains stem cells that can differentiate 
into SMCs  [  13  ] . Recently, the adventitia has been the focus as a potential source of 
SMC progenitors  [  74  ] . The vascular adventitia is de fi ned as the outermost connec-
tive tissue of vessels. Recently, the adventitia was increasingly considered a highly 
active segment of vascular tissue that contributes to a variety of disease patholo-
gies, including atherosclerosis and restenosis  [  82,   98–  101  ] . In 2004, Hu et al. 
reported for the  fi rst time on the existence of vascular progenitor cells in the adven-
titia that can differentiate into SMCs that participate in lesion formation in vein 
grafts. They showed in adult ApoE-de fi cient mice that the adventitia in aortic roots 
harboured large numbers of cells having stem cell markers, for example, Sca-1 +  
(21 %), c-kit +  (9 %), CD34 +  (15 %) and Flk1 +  cells (4 %), but not SSEA-1 +  embry-
onic stem cells. Cells expressing each of the progenitor markers were identi fi ed in 
the adventitia, particularly in the region of the aortic root. Isolated Sca-1 +  cells 
were able to differentiate into SMCs in response to PDGF-BB stimulation in vitro. 
When Sca-1 +  cells carrying the LacZ gene were transferred to the adventitial side 
of vein grafts in ApoE-de fi cient mice,  b -gal +  cells were found in atherosclerotic 
lesions of the intima, and these cells enhanced the development of the lesions. 
Thus, in this model, a large population of vascular progenitor cells existing in the 
adventitia could differentiate into SMCs that contribute to atherosclerosis  [  74  ] . 
These  fi ndings indicated that ex vivo expansion of these progenitor cells may have 
implications for cellular, genetic and tissue engineering approaches to vascular 
disease.  

 Progenitor cells can participate in the pathogenesis of arteriosclerosis by SMC 
accumulation and inducing narrowing of the lumen, but this is not the whole 
picture. Reports have demonstrated that injection of smooth muscle progenitor 
cells was shown to reduce the progression of atherosclerotic plaques in the early 
stages, providing evidence that the recruitment of these smooth muscle progeni-
tor cells can promote plaque stabilisation  [  102  ] . Healthy patients were shown to 
demonstrate increased numbers of peripheral blood-derived progenitor cells that 
express smooth muscle markers compared with those patients with acute coro-
nary syndrome, illustrating the potential bene fi t of SMC progenitors. Interestingly 
Simper et al.  [  103  ]  reports that smooth muscle progenitor cells in circulating 
blood are characterised by ECM and matricellular proteins that were unique to 
the pro fi le of vascular smooth muscle progenitor cells and aortic SMCs; however, 
they exhibited reduced proteases and in fl ammatory cytokines  [  103  ] . This sug-
gests that circulating smooth muscle progenitor cells may also prove instrumen-
tal in alleviating atherosclerosis and/or plaque stabilisation. Resident vascular 
stem/progenitor cells may play an important role in the pathogenesis of athero-
sclerosis; however, regardless of the SMC source, the principle of local environ-
mental cues impacting the pattern of gene expression and behaviour of these cells 
applies.  
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    1.4   Smooth Muscle Cell Differentiation Mechanism 

 SMC differentiation from stem cells is a multifaceted process and still remains a 
poorly de fi ned process. The differentiation of ESCs and vascular progenitors into 
vascular-speci fi c cell lineages, that is, SMCs, is dependent on several factors, includ-
ing the microenvironment, mechanic forces, cytokines or growth factors, ECM and 
communication with adjacent cells. The search for the transcription mechanisms 
that regulate SMC gene expression and differentiation has been hindered by proper-
ties intrinsic to these cells, namely, their plasticity and different embryological ori-
gins. During embryonic development, vascular SMCs can originate from at least 
 fi ve different sources of progenitors, including serosal mesothelium, neural crest, 
proepicardium, secondary heart  fi eld and somites. Not only do these distinct popu-
lations differ in vessel locality, they exhibit additional distinctions in SMC function 
 [  46,   104  ] . How vascular SMCs respond to environmental cues including growth 
factors is also lineage speci fi c and is shown to vary depending on their developmen-
tal origin  [  46  ] . As mentioned above, this is further complicated by the fact that 
SMCs display phenotypic modulation in vitro and in vivo, and even in adult organ-
isms, SMCs are not terminally differentiated  [  105  ]  and are capable of switching 
between a secretory and contractile phenotype  [  106  ] . Cultured SMCs could rarely 
be stably maintained and are limited in the capacity for regulatory mechanism and 
pathway studies  [  104  ] ; hence, extensive work has been focused on exploring the 
molecular mechanisms of SMC differentiation through inducible in vitro SMC dif-
ferentiation systems. Despite    the aforementioned challenges, in recent years, sev-
eral well-established in vitro models which study SMC differentiation from stem 
cells have become available (for review, see  [  10  ] ). Major advances have been made 
in the last decade to differentiate SMCs from mouse embryonic stem cells and other 
types of adult stem cells  [  107–  110  ] . Accumulating evidence from these different 
systems  [  10  ]  has revealed that stem cell-SMC differentiation is orchestrated by a 
precise coordinated molecular network that can be regulated by changes in environ-
mental cues, activation of signal transduction pathways and altered gene expression 
regulated by transcriptional (co)factors, microRNSa and chromosome structural 
modi fi ers  [  111,   112  ] . The next section does not cover all recognised aspects of the 
mechanisms regulating SMC differentiation but rather highlights the novel mecha-
nisms recently identi fi ed as underlying stem cell differentiation in SMCs.  

    1.5   Microenvironment and Integrins in SMC Differentiation 

 Progenitor cells that reside in the vascular tissue, in particular, are likely to play a 
direct or indirect role in the pathology of atherosclerosis. Intriguingly, recent evi-
dence demonstrates an important link between smooth muscle, endothelial and 
hematopoietic cells through their origins from common progenitors in embryonic 
and adult tissue  [  113  ] . Furthermore, these vascular progenitor cells have the poten-
tial to differentiate either into endothelial cells to repair damaged endothelium or 
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into SMCs to participate in neointimal lesions. Smooth muscle progenitors have a 
more heterogeneous and inde fi nite embryonic origin, which provides different 
sources for distinct SMC populations in the vessel wall  [  46  ] . It is therefore sug-
gested that the microenvironment in which the progenitor cells reside is a vital com-
ponent of their differentiation into SMCs. 

 Materials that lie between cells, the matrix components, have major instructive 
roles for cellular activities. One emerging theme is that stem cell fate and differen-
tiation decisions are largely dependent on the dynamic interplay between stem cells 
and the stem cell niche, the microenvironment where the cell is localised  [  114  ] . The 
stem cell niche is a speci fi c anatomic location that regulates how stem cells partici-
pate in tissue generation, maintenance and repair. The niche saves stem cells from 
depletion, while protecting the host from overexuberant stem cell proliferation 
 [  115  ] . An important component of the niche is the ECM. This ECM is the de fi ning 
component of connective tissue that surrounds and supports cells, but its functions 
extend from its role as a scaffold to mediating responses of physiological and 
pathophysiological signals  [  116  ] . The components of the ECM, although appearing 
amorphous by light microscopy, form a highly organised interlocking mesh of gly-
cosaminoglycans, proteoglycans, glycoproteins, peptide growth factors and struc-
tural proteins such as collagen and to a lesser extent elastin  [  117  ] . ECM has been 
shown to play an important role in homeostasis, embryonic development, tissue 
morphogenesis and various signalling pathways among almost all vertebrates  [  116  ] . 
It is implicated in cell migration, growth, differentiation and cell adherence  [  118  ]  
via external signals  [  114,   119  ] . Furthermore, studies have demonstrated that ECM 
can modify bioactivities of cytokines and growth factors, namely, TGF- b  and PDGF 
 [  119  ] . Likewise the ECM itself can respond to a variety of differentiation signals 
provided by their local environments. Proteins and growth factors that reside in the 
ECM can secrete various matrix-altering agents, including proteases, that alter 
ECM-encoded differentiation signals  [  120  ] . Furthermore, stem cells are able to alter 
the very matrix signals acting upon them in a feedback system  [  121  ] . Such cell-
ECM interactions have been reported to functionally affect the differentiation of 
mesenchymal stem cells into vascular cells  [  122  ] . When seeded on endothelial cell 
matrix, mesenchymal stem cells were found to induce matrix alterations which 
depleted the factors responsible for endothelial cell differentiation, yet activated 
factors that predispose differentiation towards SMCs  [  112  ] . 

 Collagens are the most abundant proteins found in the animal kingdom and rep-
resent one of the primary components of the ECM. There are at least 12 types of 
collagen; types I, II and III are the most abundant and form  fi brils of similar struc-
ture. Type IV collagen forms a two-dimensional reticulum and is a major compo-
nent of the basal lamina. As one of the most important components of the ECM in 
the vascular wall, there is substantial evidence to indicate a role for collagen in stem 
cell differentiation. Yamashita et al.  [  123  ]  and Sone et al.  [  124  ]  demonstrated that 
VEGFR2 +  progenitor cells isolated from mouse stem cells could differentiate into 
SMCs using collagen IV as coated medium. They also demonstrated that human 
embryonic stem cells could be differentiated into functional SMCs using collagen 
IV  [  123,   124  ] , and other studies have proposed that collagen type IV plays a role in 
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the early stage of F9 stem cell differentiation and embryogenesis  [  125  ] . The 
 functional role of collagen type IV in SMC differentiation in ESCs is still unclear. 
Recently Xiao et al. found collagen IV can promote ESCs to differentiate into stem 
cell antigen-1-positive (Sca-1 + ) progenitor cells which could then give rise to SMCs 
 [  7  ] . It is recognised that a highly puri fi ed cell population is a key issue for successful 
tissue engineering. In this study the authors demonstrated that continued culture of 
differentiated ESC-derived SMCs for >30 days could achieve large numbers of 
functional SMCs with high purity (<95 %). Importantly these SMCs only expressed 
high levels of SMC markers and not others such as endothelial cell-speci fi c marker 
(CD144), leukocyte common antigen (CD45) and Mac-1. Furthermore, it was 
reported that collagen IV was a crucial component of stem cell-SMC differentiation 
in non-collagen-IV-coated plates due to autocrine production of collagen IV. 
Pretreatment of ESCs with antibodies against collagen IV signi fi cantly inhibited 
SMC marker expression  [  7  ] . SMC differentiation is associated with changes in 
basement membrane composition from  fi bronectin, which supports SMC prolifera-
tion, to collagen IV and laminin, which promote SMC differentiation  [  126–  128  ] . 
Vessel injury can lead to the degradation and induction of matrix components such 
as  fi bronectin and collagen I, events which are likely to contribute to SMC differen-
tiation  [  129  ] . 

 ECM is mediated largely by the integrin family of cell surface adhesion recep-
tors. Integrins belong to a family of non-covalently associated heterodimeric cell 
surface receptors composed of  a - and  b -subunits  [  130  ] . To date 18  a - and 8  b -inte-
grin subunits have been described, and they can combine to form up to 24 different 
heterodimers  [  131  ] , and the mechanisms by which integrins regulate cell growth are 
well documented  [  132  ] . The interplay between ECM components and integrins 
offers an important function in various biological processes, including progenitor 
cell homing  [  133,   134  ] , cell attachment, spreading, proliferation, survival, morpho-
genesis and gene expression  [  135–  138  ]  by in fl uencing the balance between stem 
cell renewal and differentiation  [  139  ] . Integrins have been shown to perform impor-
tant roles in differentiation of mesoderm-derived lineages including myo fi broblasts 
 [  140  ]  and myocytes  [  141  ] . High surface expression of  b 1 integrin and moderate 
levels of  a 1 and low levels of  a v and  b 3 were reported in circulating smooth muscle 
progenitor cells in human peripheral blood  [  134  ] . Kogata et al. demonstrated that 
integrin-linked kinase, a very weak serine/threonine kinase, was found to bind to the 
cytoplasmic tail of integrin  b  receptor and negatively regulate RhoA activity in 
SMCs. Deletion of integrin-linked kinase in PDGF receptor- b  expressing cells 
in vivo led to attenuated SMC investment and hypercontractility  [  142  ] . Conversely, 
Wu et al. showed integrin-linked kinase negatively regulates SMC differentiation 
markers in airway tissue. They demonstrated that overexpression and suppression of 
integrin-linked kinase decreased and increased SMC differentiation, respectively, 
but interestingly following artery injury, integrin-linked kinase expression was 
attenuated, and conversely this resulted in phenotypic switching from differentia-
tion to proliferation and neointimal hyperplasia  [  143  ] . These data collectively dem-
onstrate that integrin-linked kinase and integrins interact with ECM to control SMC 
differentiation and proliferation, but additional studies are required. Studies have 
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demonstrated that ECM-integrins play an important role in differentiation of SMCs 
from stem cells since ECM-integrin interaction negatively regulates ESC self-re-
newal  [  144  ] . The activation of integrin receptors by tyrosine phosphorylation of 
 b -subunits is essential for their function, whereby signal transmission through these 
complexes can effect various aspects of cell physiology, including SMC differentia-
tion  [  131  ] . Many studies on SMC differentiation have highlighted the dependence 
of this process on the interactions of  a 1 b 1 and  a v integrins with collagen IV. 
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SMCs  [  7  ] . The authors demonstrated that inhibition of the integrin pathway by 
blockade with R&G peptides and blocking antibodies against the speci fi c integrins 
signi fi cantly inhibited SMC differentiation. These  fi ndings clearly indicate the 
importance of the collagen IV-integrin signalling pathway for SMC differentiation 
from stem cells  [  145  ] . 

 After tethering to collagen IV, stem/progenitor cells may need additional envi-
ronmental stimuli to initiate differentiation of SMCs. Many reports in the literature 
demonstrate that soluble mitogenic growth factors TGF- b   [  146,   147  ]  and PDGF-BB 
 [  77,   148  ]  are necessary for SMC differentiation in vivo and in vitro. The initial sig-
nal is sensed by progenitor cells via their cell surface receptors, namely, TGF- b  and 
PDGF receptors  [  40,   112  ] . Signal transmission through tyrosine phosphorylation 
events is then responsible for cellular activities such as SMC differentiation  [  131  ] .  

    1.6   Regulation of SMC Differentiation by TGF- b  

 Transforming growth factor (TGF)- b  
1
  is a potent multifunctional cytokine that has 

been shown to play a role in modulating vascular development and maintenance by 
controlling the growth, differentiation and matrix deposition of SMCs. The classic 
signalling pathway for TGF- b  involves the Smad family of transcriptional activators 
 [  149,   150  ] . The receptor-associated R-Smad, Smad2 and Smad3 are phosphorylated 
directly by the TGF- b  type 1 receptor kinase, after which they hetero-oligomerise 
with Smad4, translocate to the nucleus and bind to speci fi c DNA sequences where 
they initiate target gene transactivation, either alone or in association with other 
transcriptional partners  [  151  ] . TGF- b  null mice report loss of early SMC coating 
around the nascent dorsal aorta  [  152,   153  ] , suggesting that TGF- b  signalling path-
way may be required for SMC differentiation. Consistent with these results, studies 
in mice with gene knockout of the type 1 TGF- b  receptor, TGF- b  receptor II, TGF-
 b  

1
  or SMADs resulted in early embryonic lethality due to the defects in vasculogen-

esis, angiogenesis, hematopoiesis and mesenchymal apoptosis  [  153–  156  ] . These 
data demonstrated that homeostatically regulated TGF- b  signalling is crucial and 
required for normal vasculature development and formation. TGF- b  

1
  was shown to 

induce a variety of SMC differentiation marker genes including SM  a -actin, 
SM-myosin heavy chain and calponin and led to immature bloods vessel-derived 
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SMCs  [  157,   158  ] . Sinha et al.  [  147  ]  further demonstrated that SMC-speci fi c gene 
expression was downregulated by a soluble truncated TGF- b  type II receptor, an 
anti-TGF- b  

1
  antibody or small interfering (si)RNAs directed against Smad2 or 

Smad3, providing direct evidence that that TGF- b  
1
  signalling through Smad2 and 

Smad3 plays an important role in the development of SMCs from totipotential 
ESCs. 

 Additional studies have reported that TGF- b  strongly stimulates SMC differen-
tiation marker gene expression in a number of cell types, including mesenchymal 
and ESCs, aortic SMCs lung  fi broblasts, 10T1/2 and Monc-1  [  147,   158–  161  ] . Qui 
et al.  [  162  ]  speci fi cally proved that Smad3 can physically interact with serum 
response factor (SRF) to facilitate differentiation to SMC lineage.  

    1.7   PDGFs and SMC Differentiation 

 PDGF-BB can induce phenotypic switching in vitro in cultured SMCs  [  163,   164  ] . 
The fact that PDGF-BB is released following vessel injury  [  165  ]  coupled with the 
observation that PDGF-BB signalling inhibition suppresses neointimal growth 
 [  166  ]  suggested that it is involved in SMC phenotype in vivo. It is highly expressed 
by endothelial cells and was demonstrated in one study to be paramount for recruit-
ment and proliferation of SMCs within the maturing vasculature  [  167  ] . The mecha-
nism by which PDGF-BB regulates SMC differentiation involves multiple, 
overlapping signalling pathways. Activation of tyrosine kinase receptors such as 
PDGF receptor- b  triggers the ras/Raf/MEK/ERK kinase cascade, resulting in phos-
phorylation of Elk-1 and induction of multiple early response genes which are SRF 
dependent. However, there is opposing data as to the effects of PDGF in SMC dif-
ferentiation. PDGF-BB has been described as a factor that can induce rather pro-
found suppression of SMC markers genes  [  168,   169  ] . The work from the Owens 
laboratory proposes that PDGF-BB acts as a suppressor of SMC differentiation. 
They propose a mechanism whereby PDGF-BB induces levels of Krüppel-like fac-
tor 4 which in turn suppresses myocardin expression, interfering with SRF/myocar-
din factor binding to the SMC-speci fi c promoters with subsequent silencing of SMC 
marker genes  [  170,   171  ] . In addition to downregulation of SMC differentiation, 
PDGF-BB was also shown to stimulate SMC phenotypic modulation by enhancing 
SMC migration and proliferation in arterial injury models  [  166,   172  ] . In    contrast, 
there is amassing evidence to suggest that PDGF-BB can  promote  stem cells or 
progenitor cells to differentiate into SMC phenotype  [  7,   74,   173  ] . Hu et al.  [  74  ]  
con fi rmed that in vascular SMC progenitor cells isolated from the adventitia, exog-
enously applied PDGF-BB drove SMC differentiation. Xiao et al.  [  7  ]  further exam-
ined the role of PDGF receptor-mediated SMC differentiation in mouse stem 
cell-derived Sca-1 +  progenitors. Following exogenously applied PDGF-BB in the 
presence of 10 % FBS, the authors failed to observe a signi fi cant upregulation of 
SMC marker genes; they did however demonstrate marked inhibition of SMC dif-
ferentiation when a siRNA speci fi c for PDGF receptor- b  was utilised. In another 
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study, PDGF-BB 2 was shown to directly promote mouse ESC differentiation into 
SMCs in the absence of FBS  [  174  ] . Collectively these data support a role for PDGF 
receptor pathway-mediated stem cell-SMC phenotypic transformation.  

    1.8   Epigenetic Modi fi cations and HDAC Signalling 

 There has been extensive progress in recent years in clarifying the complex mecha-
nisms that control SMC differentiation and phenotypic plasticity, and now it is rea-
lised that numerous layers of epigenetic modi fi cation play a crucial role. Chromatin 
is a dynamic polymer mass of genetic material composed of DNA and proteins that 
condense to form chromosomes during eukaryotic cell division. Its    structure is reg-
ulated by both epigenetic (e.g. DNA methylation, histone modi fi cations or histone-
binding proteins) and trans-acting DNA-binding proteins (e.g. transcription factors/
repressors or polymerase machinery) modi fi cations  [  175  ] . The importance of these 
epigenetic modi fi cations has been demonstrated in the development of cardiovascu-
lar disease  [  176,   177  ] . Here we discuss how epigenetic mechanisms play a key role 
in SMC differentiation, as well as in phenotypic switching in response to vascular 
injury or atherosclerotic disease. 

 Alterations in chromatin conformation are critical for controlling how accessible 
genomic DNA is to sequence-speci fi c transcriptional activators/repressors. The 
mechanism underlying these mechanisms is not clear, but stem cells have a unique 
chromatin structure, often re fl ecting a globally more active chromatin state than 
“normal” cells. As differentiation advances, chromatin changes to a repressed and 
inactive state  [  178  ] . The current opinion held by most researchers in the chromatin 
 fi eld is that histone modi fi cations are crucial. Studies have described a “histone 
bivalent” model which regulates ESC status by controlling gene expression for 
lineage-speci fi c genes, which are silent in pluripotent ESCs, but expressed on dif-
ferentiation  [  179–  182  ] . The epigenetic status must be abolished in pluripotent stem 
cells to trigger development and subsequent cell differentiation. Speci fi c residues in 
the  N -terminal tails of histones are prone to reversible modi fi cations including 
methylation, acetylation, phosphorylation  [  183  ]  and proteolysis  [  184  ] . The homeo-
stasis of histone acetylation and deacetylation is known to control the expression of 
genes through alterations in chromosome assembly or disassembly and through 
interactions with transcription factors  [  185,   186  ] . 

 Histone methylation is regulated by two families of proteins called histone meth-
yltransferases and demethylases  [  187  ]  and has been shown to play an essential role 
in SMC differentiation (for review see  [  44,   188  ] ). Acetylation of histones are car-
ried out by histone acetylases (HATs), whilst deacetylation is carried out by histone 
deacetylases (HDACs)  [  189  ] . HATs and HDACs modify the acetylation state of 
histones in opposing ways. During SMC differentiation, the tails of histone proteins 
associated with the promoters of SMC-selective genes such as those encoding SM 
 a -actin and SM-myosin heavy chain are posttranslationally modi fi ed through alter-
ations such as acetylation of histones 3 and 4 and dimethylation of lysine 4 and 79 



151 The Mechanism of Stem Cell Differentiation into Smooth Muscle Cells

on histone 3  [  108,   190  ] . These modi fi cations are believed to open up the chromatin 
within these promoters to allow binding of SRF-myocardin complexes to CArG box 
elements and to drive expression of SMC-selective genes  [  188  ] . Regulation of SMC 
gene expression is reliant on the binding af fi nity of SRF to CArG box DNA 
sequences and myocardin within intact chromatin  [  106  ] . Deacetylation carried out 
by HDACs removes the acetyl groups from lysine residues in histones, and this 
results in a particular region of chromatin to be condensed, leading to suppression 
of gene expression. Recently, the role of HDACs as key mediators in differentiation 
of stem cells towards speci fi c lineages has been highlighted  [  191–  193  ] . 

 To date, 18 mammalian HDACs have been discovered and characterised into 
four different classes according to sequence homology. The most relevant HDACs 
in SMC differentiation are classes 1 and 11. Class II HDACs have been shown to 
upregulate and downregulate SMC-speci fi c genes via interaction with myocardin 
 [  193  ] . The discovery of myocardin in the Olson laboratory has been hailed as one 
of the most exciting advances in the  fi eld of SMC differentiation in the past decade 
 [  194  ] . Myocardin is a speci fi c coactivator of SRF shown to bind to the CArG ele-
ment located within promoters or the intron sequence of SMC differentiation 
genes  [  112  ]  that is exclusively expressed in cardiac and differentiated SMCs 
 [  195  ] . It had been shown to be vital for early SMC formation during embryogen-
esis. A mutation leading to myocardin loss of function is lethal in mouse embryos 
and is characterised by de fi cient SMC components in perivascular cells of the 
dorsal aorta  [  196  ] . Studies in knockout mice showing attenuated SMC-positive 
cells and staining in vessel wall and dorsal aorta of embryos suggested there was 
a direct link between SMC differentiation and HDAC7  [  197  ] . Further studies by 
Margariti et al.  [  198  ]  revealed that upregulation of HDAC7 splicing mediates 
PDGF-BB-induced SMC differentiation from ESCs by modulating the SRF-
myocardin complex. Normally, HDAC7 is presented as a partially spliced isoform 
lacking the  fi rst 22 amino acids because it contains a 57-bp intron  [  199  ] . This 
short isoform of HDAC7 when bound to MEF2C leads to downregulation of SMC 
gene markers and furthermore inhibits activation of cytoplasmic spliced HDAC7, 
resulting in differentiation of non-SMC lineages. Stimulus with PDGF-BB acts to 
remove this intron, allowing the full-length HDAC7 to be activated in the cyto-
plasm. This sliced HDAC7 translocates to the nucleus where it interacts with SRF, 
driving its binding af fi nity to gene promoter and coactivation of myocardin. The 
resulting SRF-myocardin complex is recruited to the SM22- a  promoter and pro-
motes SMC gene expression  [  198  ] . Additionally activated HDAC7 prevents 
recruitment of HDAC2 and HDAC5 to the promoter where they can inhibit SMC 
differentiation  [  200  ] . The net result is ESC differentiation towards a SMC lineage. 
The involvement of HDAC in the signal pathways of stem cell differentiation into 
SMCs has been illustrated in a schematic  fi gure (Fig.  1.2 ). Further studies by 
Zhang et al.  [  201  ]  have demonstrated that Sp1 plays an important role in the regu-
lation of HDAC7. They report that mutation of the Sp1 site within the PDGF-BB 
responsive element or direct knockdown of Sp1 abrogated PDGF-BB-induced 
HDAC7 upregulation and SMC differentiation gene expression in differentiating 
ES cells.   
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    1.9   Nox4 and Nrf3 in SMC Differentiation 

 Reactive oxygen species (ROS) are highly reactive molecules that are generated fol-
lowing interaction of integrins, extracellular matrix and cytokines. They act as sec-
ond messengers and mediate a host of cellular processes including vascular physiology 
and pathogenesis including hypertension, restenosis and atherosclerosis  [  202  ] . 
Previous reports have shown that ROS is involved in proliferation, migration and 
 differentiation of vascular SMCs  [  203,   204  ] , and even more recently, the role of ROS 
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has emerged as an important mediator of SMC differentiation from ESCs  [  205,   206  ] . 
The main source of ROS in the cardiovascular system is nicotinamide adenine dinu-
cleotide phosphate oxidases (NADPH oxidases, Noxs). The classical Nox complex is 
made up a membrane-bound cytochrome b558 (composed of one gp91phox and one 
p22phox subunit) which makes up the catalytic core of the enzyme and four cytosolic 
regulatory subunits (p47phox, p67phox, p40phox and Rac). When these translate to 
the cytochrome b558, the enzyme is activated  [  112  ] . They are classi fi ed by their dif-
fering isoforms of the catalytic Nox subunit  [  207  ] . These isoforms include Nox1–5 
and Duoxn1 and 2  [  208,   209  ] . Two major Nox isoforms (Nox1 and Nox4) are located 
in human and rodent aortic SMCs  [  203  ] . Nox1 has been shown to mediate signal 
transduction and is important in SMC hypertrophy and cell proliferation, whilst Nox4 
expression is unregulated at the end of neointima formation during differentiation 
phase in carotid injury-induced restenosis and atherosclerosis  [  210,   211  ] . Nox4 is 
found in all vascular cells but mainly resides in the media of vessel walls  [  212  ] . 
Unlike other isoforms, Nox4 is not found in the plasma membrane. Following its 
activation through interaction with p22 phox  4 on internal membranes, the Nox4 com-
plex generates ROS  [  213–  215  ] . This is comprised of H 

2
 O 

2
  and production of O 

2
 −. 

Recently Xiao et al.  [  205  ]  demonstrated that Nox4-derived H 
2
 O 

2
  is integral to the 

differentiation of ESCs into SMCs. Silencing of Nox4 suppressed differentiation, 
whilst sustained Nox4 signalling enhanced differentiation of SMC gene markers. 
The authors demonstrated that autocrine TGF-1 b  indirectly generated ROS via Nox4 
activation. Nox4 translocation from the cytoplasm to the nucleus resulted in upregu-
lation of H 

2
 O 

2
  which in turn led to induction and phosphorylation of SRF and its 

translocation into the nucleus. Phosphorylated SRF binds to the CArG element on the 
promoter-enhancer regions of SMC-speci fi c genes, recruiting myocardin to the pro-
moter to form a SRF-myocardin complex. This complex was shown to be essential 
for regulating early-stage Nox4-mediated stem cell differentiation. Furthermore, in 
late-stage differentiation, nuclear Nox4 associates with SMC  fi laments, which facili-
tate maintenance of SMC phenotype  [  189  ] . Meanwhile, Nox4-derived O 

2
  has been 

shown to increase SRF-mediated gene transcription activation through a p38 MAPK-
dependent pathway  [  204  ] . Ultimately these events promote SMC differentiation. 

 Nuclear factor erythroid 2-related factor (Nrf)3 is a member of the cap‘n’collar 
family of transcription factors  [  216  ] . Nrf3 is now considered to be a key transcription 
factor in regulating SMC differentiation by modulating the balance of ROS genera-
tion. Pepe et al.  [  217  ]  recently demonstrated that Nrf3 is crucial for stem cell dif-
ferentiation towards SMCs. Usually Nrf3 resides in the endoplasmic reticulum (ER); 
then during the early stages of SMC differentiation having translocated to the nucleus 
following ER stress, Nrf3 can directly bind to the promoter region of SMC-speci fi c 
genes (i.e. SM  a -actin and SM22 a ) that promote the formation of the SRF-myocardin 
complex. Cytoplasmic Nrf3 on the other hand is able to promote Nox4-mediated 
ROS production which drives SMC differentiation. Nrf3 is able to repress antioxi-
dant responsive element-mediated gene expression of antioxidant enzymes, such as 
the NAD(P)H:quinone oxidoreductase 1 (NQO1)  [  218  ]  and  peroxiredoxin 6  [  219  ] . 
During embryonic development, Nrf3 also plays a role in mesodermal layer determi-
nation  [  220  ] . The involvement of Nox4/Nrf3 in the signal pathways of stem cell 
differentiation into SMCs has been illustrated in a schematic  fi gure (Fig.  1.3 ).   
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    1.10   MicroRNA and SMC Differentiation 

 MicroRNAs (miRNAs) are a class of endogenous, highly conserved, single-
stranded non-coding small (~22 nucleotide) RNAs which play important roles in 
widespread cellular function such as development, differentiation, proliferation, 
migration and apoptosis  [  221,   222  ] . Several studies have reported that miRNAs 
can regulate  cardiogenesis and angiogenesis during embryonic development, 
which makes them potential therapeutic targets in cardiovascular disease  [  223,   224  ] . 
miRNAs are negative or positive post-transcriptional regulators that bind to 
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from cytoplasm. 
Phosphorylated SRF binds to 
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coactivator myocardin and 
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and then regulates SMC 
differentiation. Meanwhile, 
Nox4-derived O 

2
 . −  activates 

indirectly HDAC7, increases 
SRF-mediated gene 
transcription activation and 
further drives SMC 
differentiation. Furthermore, 
Nrf3 is involved in both 
Nox4 expression and direct 
interaction with transcription 
factors for SMC gene 
expression       
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 complementary sequences on target messenger RNA transcripts (mRNAs), usually 
resulting in translational repression or target degradation and gene silencing  [  225, 
  226  ] . The human genome may encode over 1,000 miRNAs, which may target 
about 60 % of mammalian genes and are abundant in many human cell types  [  227–
  229  ] . miRNAs are  fi rst transcribed into primary miRNAs (pri-miRNAs), after 
which nuclear cleavage of the pri-miRNA by drosha Rnase III and cofactor 
DGCR8/Pasha generates an intermediate state (pre-miRNA) which is transported 
from the nucleus to the cytoplasm via an exportin-5 and RanGTP-dependent 
mechanism  [  225  ] . Here pre-miRNA is further processed by another RNase III 
enzyme Dicer to form mature miRNAs. One strand of mature miRNA base pair 
imperfectly binds to target mRNA speci fi cally at the 3 ¢  untranslated region and 
forms a nuclease complex known as the RNA-induced silencing complex which 
silences mRNA primarily via mRNA translational repression  [  221,   230  ]  and 
through their degradation by argonaute-catalysed mRNA cleavage  [  231,   232  ] . It is 
now known that during the differentiation process from ESCs to SMCs, miRNAs 
are highly regulated  [  233  ] . MicroRNAs play a central role in regulating the self-
renewal and differentiation programme of stem cells  [  234,   235  ] . Many microR-
NAs display the ability to initiate the switch from pluripotent to a lineage-speci fi c 
state by selectively suppressing pluripotent factors. Most    recently, work has dem-
onstrated that as well as facilitating SMC differentiation that miR-145 also 
represses pluripotency in human ESCs  [  236,   237  ] . Xu et al. showed that it could 
repress OCT4, SOX2 and Kruppel-like factor 4, the core pluripotency factors 
 [  237  ] . Recently it was demonstrated that miR-145 facilitated SMC differentiation 
from neural crest stem cells  [  236  ]  and was downregulated in atherosclerotic ves-
sels. It has also been shown to play a role in phenotypic switching of SMC differ-
entiation and regulation of blood pressure in mouse models  [  238  ] . miR-145 is 
reported to highly integrate into a transcriptional network and acts as a critical 
switch in SMC differentiation  [  236  ] , and its overexpression in human ES-pre-
SMCs is a promising method to obtain functional mature SMCs from human ESCs, 
which can be utilised for reliable experimental research in the  fi elds of atheroscle-
rosis, hypertension and other vascular diseases  [  239  ] . miR-143/145 cluster is 
believed to regulate SMC differentiation from stem/progenitor cells and in addi-
tion show involvement in SMC phenotypic switch  [  240  ] . miR-143 and miR-145 
interact with SRF which not only regulates cytoskeletal remodelling but can regu-
late phenotypic switching of SMCs during cardiovascular disease  [  238  ] . In miR-
143/145 double knockout mice, the aorta and femoral artery were characterised by 
reduced contractile vascular SMCs and increased synthetic vascular SMCs and 
inhibition in SMC-speci fi c differentiation markers  [  241,   242  ] . 

 Other miRNAs that have been shown to regulate SMC differentiation include 
miR-1 and miR-10a via KLF4 and HDAC4, respectively  [  233,   243  ] . miR-221 has 
also been reported to be involved in SMC phenotypic switching by mediating the 
effect of PDGF. Speci fi cally following PDGF treatment, miR-221 attenuates expres-
sion of c-Kit and p27Kip1 which leads to decreased levels of myocardin which 
promotes switching of SMCs from a contractile to a synthetic and less contractile 
phenotype  [  244  ] . 
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 MicroRNAs are now considered to be the missing linkers in SMC differentiation 
mechanism. They are central to the differentiation and dedifferentiation of SMCs, 
and therefore, miRNAs represent as master regulators for controlling phenotypic 
switching. Since failure of SMCs to acquire and maintain the contractile phenotype 
is thought to contribute to many cardiovascular diseases such as arteriosclerosis, the 
ability to direct the activities of miRNAs offers an alternative strategy for regulating 
SMC differentiation and phenotypic modulation from stem/progenitor cells for 
treatment of cardiovascular pathologies.  

    1.11   Perspective in Therapeutic Potential 

 Cell differentiation from stem cells is intricate and still a poorly de fi ned activity. 
Stem cell research provides a unique opportunity for understanding the molecular 
mechanisms of cell differentiation towards SMCs in vitro and in vivo. The SMC is 
a fascinating cell type that can exhibit a wide range of different phenotypes in 
development and disease. Unlike other cell lineage differentiation, SMCs are not 
terminally differentiated, and this plasticity makes elucidating the underlying 
mechanism especially complex. Although extensive research has revealed that 
many signal pathways and molecules, such as SRF-myocardin complex, collagen 
IV-integrins, TGF- b 1, PDGFs, HDAC7, Nox4-H 

2
 O 

2
  and micro-145/143, orches-

trate SMC differentiation, the mechanistic networks that govern stem/progenitor 
transition to SMC lineage remain unclear. Stem cells have a role in vascular repair. 
Following vascular injury/disease, stem cells derived from different sources may 
participate in SMC accumulation, and hence the fate of stem cell differentiation 
into SMCs is a key issue for the progression of arteriosclerosis (Fig.  1.4 ). The need 
for deciphering these regulatory mechanisms is now ever more prevalent since 
stem cell research could be vital not only to further our understanding of the patho-
genesis of disease but also for the development of cell-based therapies and tissue 
engineering. When translated to the  fi eld of vascular disease, the potential thera-
peutic uses of donor-derived or patient-derived stem cells offer broad potential in 
treatment of cardiovascular disease. Stem cell-based therapeutic vascular (re)gen-
eration show great promise for treatment of cardiovascular ischemic diseases which 
are currently clinically challenging. Inducing angiogenesis in ischemic tissues 
safely and locally via pharmacological interventions is dif fi cult, so new gene- or 
cell-based therapies are being explored. Stem cells have been shown to initiate 
vasculogenesis and angiogenesis processes in clinical ischemic conditions. Several 
authors have demonstrated that stem cells can give rise to vascularised “biotissues” 
which can be utilised for transplantation and in vitro tissue-based toxicology stud-
ies  [  111  ] . Phase 1 and phase 2 clinical trials in patients with myocardial or limb 
ischemia have recently investigated the bene fi ts of several putative vascular pro-
genitor cells  [  245  ] . Myocardial infarction has been clinically tested with bone mar-
row cell transfer therapy, but the trial results are inconsistent  [  246  ] . miR-based 
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  Fig. 1.4    Schematic representation for stem cells contributing to arteriosclerosis. Endothelial cells 
( EC ) covering the early neointimal lesions are derived from stem/progenitor cells of the recipient 
( R ). Functions and differentiating abilities of progenitor cells may also be in fl uenced by risk fac-
tors and local environment, resulting in endothelial dysfunction. Smooth muscle progenitor cells 
in blood may migrate into the lesions. Meanwhile, stem cells presented in the media and adventitia 
can migrate into the lesions via vasa vasorum. These cells differentiate into neo-SMCs (SMC) 
within arteriosclerotic lesions, which are different from medial SMCs. This process repeats several 
times, leading to the formation of arteriosclerosis       

therapy has been proved effectively in animal models of several cardiovascular 
diseases, including cardiac hypertrophy, myocardial infarction, heart failure and 
artery injury  [  240  ] .  

 One groundbreaking new technology which has emerged in recent years has 
been the generation of induced pluripotent stem cells (iPSCs). First produced from 
mouse  fi broblasts in 2006 by Yamanaka’s group  [  247  ] , they hold great potential as 
an alternative source for vascular cells for vascular regeneration, because they pro-
vide unlimited source of pluripotent stem cells that can be used in replacement 
therapy without the therapeutic limitations of ESCs and adult progenitor cells such 
as ethical concerns (for ESCs) and immunogenicity/allograft rejection (for progeni-
tor cells). Gene delivery systems carrying reprogramming transcription factors (e.g. 
Oct4, Sox2, Klf4, cMYC, Lin28 and Nanog) are introduced into an adult somatic 
cell. Upon overexpression of the reprogramming factors, somatic cells undergo 
reprogramming to induce pluripotency and can be expanded exponentially and 
maintained in a pluripotent phenotype inde fi nitely or differentiated to all cell types 
including SMCs  [  248,   249  ] . In combination with other technologies such as tissue 
engineering, it is feasible that whole tissues such as arteries could be grown from 
iPSCs. As of yet, iPSC-derived vascular cells have not been tested in vivo. Before 
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this technology can be applied in a clinical setting, more basic studies and  translation 
research will need to be performed. Better characterisation of identity and thorough 
evaluation of the safety of iPSCs are needed before they can show potential thera-
peutic use, but there is great promise, and it is predicted that vascular derivatives of 
pluripotent stem cells particularly through iPSC exploitation will be used for tissue 
replacement strategies  [  111  ] . 

 Stem cells represent a promising therapeutic approach for regenerative medicine 
and for the treatment of cardiovascular diseases  [  24  ] . Although extensive progress 
has been made in recent years to fully delineate the regulatory machinery of SMC 
differentiation from stem cells and the signalling pathways that direct progenitor 
commitment into SMCs (or endothelial cells), there still remain many unanswered 
questions and challenges which need to be addressed to identify effective therapeu-
tic interventions for cardiovascular disease. What are the epigenetic programming 
mechanisms that direct ESC transition to SMC lineage and which changes are stable 
during SMC phenotypic switching during vascular injury, disease and repair? What 
is the molecular switch that directs stem/progenitor differentiation to SMCs? What 
other potential molecular targets mediate SMC differentiation, such as the newly 
identi fi ed microRNAs? What are the epigenetic mechanisms that allow transcrip-
tion factor access to the SMC-speci fi c genes? In answering these and other impor-
tant questions, investigators ultimately aim to design drugs which target vascular 
progenitor cells and manipulate traf fi cking to the intima to impede atherosclerotic 
plaque formation or better yet direct progenitors to the cell type that is bene fi cial for 
the vessel wall. For now, further research into the biology of stem cells and their 
differentiation into SMCs is needed to take advantage of their regenerative proper-
ties to provide therapeutic strategies in cardiovascular disease.      
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  Abstract   Embryonic stem cell-based drug screening and therapeutics provide 
unique opportunities for drug discovery, tissue engineering, and regenerative medi-
cine. Despite the great promise, a major limitation in translation of embryonic stem 
cells (ESCs) technology to clinical applications is how to direct their differentia-
tion into tailored lineage commitment. This lineage commitment is precisely con-
trolled by the ESC microenvironment in vivo. Engineering strategies to reconstruct 
a biomimetic microenvironment offer useful tools for guiding ESC differentiation 
in vitro. The purpose of this chapter is to summarize and examine the latest litera-
tures describing application of engineering approaches to control ESC differentia-
tion. We review recent studies and techniques that focus on physical strategies 
(e.g., geometrical constraint, mechanical force, extracellular matrix stiffness, and 
topography) and biochemical approaches (e.g., genetic engineering, immobilized 
growth factors, coculture) and highlight the signi fi cance of creating three- 
dimensional (3D) microenvironment for directed ESC differentiation. The per-
spectives in engineering ESC microenvironments are also discussed for future 
advancement of this emerging  fi eld.  
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       2.1   Introduction 

 Since the successful derivation of embryonic stem cells (ESCs) from the inner cell 
mass of mouse embryos in 1981  [  1,   2  ] , ESCs have been anticipated to play an 
increasingly important role in stem cell biology, drug discovery, and regenerative 
medicine  [  3  ] . Unlike adult stem cells, which have limited self-renewal capability 
and are committed to differentiate into particular downstream lineages of their orig-
inated tissues, ESCs possess the ability of nearly unlimited self-renewal and differ-
entiation into all downstream cellular lineages  [  4,   5  ] . 

 To translate ESC research into successful applications in biomedicine, two major 
challenges must be overcome: (1) reproducible and large-scale expansion of stem 
cells in vitro without the loss of their stemness and (2) direct differentiation into 
desired cellular lineages with high ef fi ciency and ef fi cacy  [  6  ] . It is desirable to 
expand ESCs in their pluripotent state to acquire adequate quantity and direct ESC 
differentiation into speci fi c cell lineages tailored for cell-based applications. 
Incomplete or uncontrolled ESC differentiation will lead to heterogeneous cell pop-
ulations which will be tumorigenic rather than therapeutic in cell therapy and under-
mine the reliability of stem cell-based in vitro models  [  7  ] . 

 During embryonic development, ESCs reside within a complex three-dimen-
sional (3D) microenvironment providing both biophysical and biochemical support. 
Increasing evidences demonstrate that ESC microenvironment or ESC niche is 
responsible for regulating ESC behaviors. Soluble factors, extracellular matrix 
(ECM), and surrounding cells are major components to constitute ESC niche which 
de fi ne the biomechanical characteristics, geometric con fi guration, and activation of 
signaling pathways of ESCs. These cues work synergistically on regulating the 
ESCs’ fate both spatially and temporally in a highly precise manner  [  8  ] . Control 
over ESC differentiation is under extensive investigation via optimizing of the 
parameters of the ESC’s microenvironment. The increasing integration of material 
science, chemistry, mechanics, electronic as well as nano-/microscale technologies 
into stem cell biology offers comprehensive and powerful tools to engineer biomi-
metic microenvironment to overcome the challenges in stem cell engineering. 

 Due to the unique features of ESCs and the vast amount of work done in the stem 
cell engineering, we only reviewed the advancement in ESC engineering for tai-
lored lineage differentiation in this chapter. Speci fi cally, we focus on studies pub-
lished within the recent 5 years (2006–2011), which may provide clues for the 
state-of-the-art development in this emerging  fi eld. Both physical and biochemical 
cues as well as the 3D features within the engineered stem cell niche are empha-
sized to establish amenable microenvironment for inducing ESC differentiation into 
desired cellular lineages (Fig.  2.1 ). Among physical cues, the in fl uence of mechani-
cal force, geometrical cues, and substrate stiffness/topology are illustrated, while 
four biochemical cues, genetic engineering, immobilized growth factors, synthetic 
small molecules, and coculture with supporting cells are introduced as representa-
tive tools to regulate ESC differentiation. In addition, the use of 3D culture systems 
is acquiring increasing attention, which presents closer mimicry to the natural stem 
cell niche than the conventional two-dimensional (2D) culture con fi gurations  [  9  ] . 
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Hydrogel, synthetic and decellularized scaffolds, are highlighted as 3D culture 
strategies for inducing optimized ESC differentiation. The perspectives in stem cell 
engineering are also discussed to highlight its huge potential in stem cell biology 
and regenerative medicine.   

    2.2   Engineering ESC Niche for Tailored Cellular 
Differentiation 

    2.2.1   Physical Strategies to Optimize ESC Niche 

 Accumulating evidences in the literature reveal the vital role played by physical 
stimulus in controlling ESC differentiation  [  10,   11  ] . Here we focus on three aspects 
of physical stimuli for controlling ESC differentiation, namely, (1) geometrical constraint 
(i.e., the shape and size of ESCs colony), (2) external mechanical stimulation, and 
(3) the physical cues present in ECM (i.e., matrix stiffness and topography). 
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  Fig. 2.1    Schematic illustration of engineering stem cell niches for tailored cellular differentiation 
in 2D ( top ) and 3D ( bottom ) microenvironment. ESC differentiation can be modulated on 2D sub-
strates by various physical cues, such as micropatterning, shear stress, substrate stiffness and 
topography, as well as biochemical cues, such as genetic engineering, immobilized growth factors, 
coculture, and synthetic small molecules. Reconstruction of the complexity and multicomponent 
of ESC niche can be obtained in 3D hydrogel, synthetic scaffolds, and decellularized scaffolds       
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    2.2.1.1   Geometrical Constraint 

 Cellular niche in vivo involves well-regulated geometrical features related to the 
specialized functions played by tissues such as the  fi brous muscular tissue and hexa-
gon liver lobule. Micropatterning techniques offer powerful tools to enable spatial 
control of ESC microenvironment with  fi nely tuned geometrical features  [  12  ] . 

 Due to its simplicity, 2D micropatterned substrates fabricated by microcontact 
printing have been extensively explored for ESC differentiation. Microcontact print-
ing is used to generate predetermined patterns of biomolecules on the substrate 
surface with high accuracy. In microcontact printing, a template (usually made from 
PDMS) with desired patterns is prepared by soft lithography which is used to 
“stamp” molecules of interest as “ink” to transfer the patterning to a substrate  [  13  ]  
(Fig.  2.2a , top). Size-controlled ESC colonies prepared by this technique enable 
independent investigation of geometrical effects on ESC differentiation.  

 Zandstra’s group investigated the size-dependent behaviors of micropatterned 
hESCs with diameter range from 200 to 800  m m. In serum- and growth factor-free 
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constraint to regulate ESC differentiation: schematic overview of microcontact printing ( top ). 
Micropatterned hESC colonies and increased endoderm marker expression as colony size decreased 
( bottom )  [  13,   14  ] . ( b ) Cyclic strain as mechanical stimulation: schema of cyclic strain generation 
( top ) and mESC differentiation into vascular lineage ( bottom )  [  15,   16  ] . ( c ) Matrix stiffness of the 
polymeric substrate: schematic drawing of cell morphology in response to varied matrix stiffness 
( top ) and osteogenic preference of mESCs on stiffer substrate  [  17,   18  ] . ( d ) Nano-topographical 
stimulus exerted by electrospun nano- fi bers: schematic of apparatus used to generate nano- fi bers 
( left ) and hESC neuronal differentiation in response to nano- fi bers ( right )  [  19,   20  ]  (Images are 
reproduced with the permission)       
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medium, hESC colonies on larger micropatterns were demonstrated with increased 
self-renewal capacity, while hESCs with smaller colony sizes were inclined to dif-
ferentiate toward extraembryonic endoderm. The difference between small and 
large hESC colonies was related to the suppression of bone morphogenetic protein 
(BMP) signaling. In large colonies, the expression of two BMP inhibitors, growth 
and differentiation factor, and Lefty-B were both upregulated, resulting in suppres-
sion of Smad1-mediated BMP signaling, which has been known to maintain hESCs 
in undifferentiated state. Furthermore, inhibition of growth and differentiation fac-
tors by siRNA resulted in phosphorylated Smad1 activation and enhanced hESC 
differentiation toward extraembryonic endoderm  [  21  ] . The same research team fur-
ther revealed that this size-dependent control of cell fate occurs even in the presence 
of inductive factors (activin A and BMP2). They prepared hESC colonies with size 
ranging from 200 to 1,200  m m by microcontact printing and found that expression 
of endoderm-associated genes Sox 17, GSC, and Cer1 increased with decreasing 
colony size, while the expression of mesoderm markers Brachyury and KDR was 
greatest in larger colony. Their results demonstrated that large hESC colonies are 
inclined to differentiate into mesoderm, while small colonies prefer to result in 
de fi nitive endoderm destiny. In this study, only the TGF- b  pathway activators were 
used to induce endoderm and mesoderm differentiation. It was discussed that 
besides the TGF- b  pathway, there may exist other signaling pathways such as PI3K 
signaling and Wnt signaling responsible for this colony-size-mediated effects  [  14  ]  
(Fig.  2.2a , bottom). As for mouse ESCs (mESCs), Sasaki et al. developed a novel 
approach to form size-controlled embryonic bodies (EBs, 3D aggregates) derived 
from micropatterned mESC colonies. They investigated the optimal diameter of 
ESC colonies (arranging from 100 to 400  m m) for cardiac differentiation. 
Cardiogenesis of mESCs was found to be maximal for embryonic bodies derived 
from ESC colonies with diameter of 200  m m  [  22  ] .  

    2.2.1.2   External Mechanical Stimulation 

 Mechanical force applied externally (e.g., cyclic strain or shear stress) is proved 
as one of the powerful engineering approaches in regulating the proliferation, 
differentiation, regeneration, and homeostasis of stem cells. The effect of 
mechanical stimulation is especially phenomenal for adult stem cells (e.g., adi-
pose-derived stem cells or mesenchyme stem cells (MSC))  [  23  ] . In contrast, 
fewer studies so far have focused on the role of mechanical force in regulating 
ESC differentiation. It is known that ESCs derived from inner cell mass of the 
embryo are residing in an aqueous environment and likely to be exposed to vari-
ous forms of  fl uid shears and strains during embryonic development  [  24  ] . Both 
cyclic strain and shear stress have been well recognized as important regulators 
in controlling cardiovascular functions, great efforts have been made to eluci-
date these mechanical stimulations in regulating ESCs toward differentiation in 
cardiovascular lineages. 
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 Saha et al. applied cyclic strain generated by a uniaxial mechanical strain-load-
ing device on ESC-cultured elastic polymer substrate (PDMS). A programmable 
microcomputer was applied to tune the amplitude and frequency of stretching. As 
evidenced by upregulation of Oct4 and SSEA-4 expression, applying cyclic biaxial 
stretch to the elastic substrate at 10 % strain (as de fi ned by 10 % deformation) and 
at rates of 6–30 cycles/min could inhibit hESC differentiation  [  25  ] . However, cyclic 
strain was reported to promote mESC differentiation into vascular smooth muscle 
cell (VSMC). Four to 12 % of cyclic strain was shown to promote mESC differen-
tiation toward VSMC lineage as indicated by the expression of  a -actin and 
SM-MHC. The underlying mechanism of the mechanical stimulation was related to 
PDGF receptor- b -mediated signaling pathways since blocking the growth factor 
receptor- b  on ESCs could damage the effect of the cyclic strain-induced differentia-
tion toward VSMC lineage  [  16  ]  (Fig.  2.2b , bottom). Using a similar stretching 
method, Heo et al. demonstrated that exposure of mouse ES cells to cyclic strain 
direct mESCs into cardiomyogenesis. Cyclic strain could activate PI3K pathway 
and then upregulate the expression of Cx43 and Nkx2.5 which are key factors 
required for cardiomyocyte differentiation  [  26  ] . Magnetic twisting cytometry, a 
well-established method for applying controlled and precise local mechanical 
stresses of physiologic magnitudes to single live cell, has been applied to generate 
cyclic strain in an attempt to drive mESC differentiation in a single cell resolution. 
By attaching a 4  m m-RGD-coated magnetic bead on the apical surface of the mESCs 
and applying a weak, oscillatory stress (17.5 Pa at 0.3 Hz) for 60 min, OCT3/4 
expression was downregulated by about 35 % within 24 h and by about 50 % within 
72 h. The reduced expression of Oct3/4, a hallmark of mESC differentiation, indi-
cated a local mechanical stimulation through a focal adhesion might be suf fi cient to 
drive an individual mESC to differentiate. The high spatial resolution of this local 
stimulation approach enabled local differentiation of an individual cell while keep-
ing nearby cells undifferentiated  [  27  ] . 

 While cyclic strains are usually applied to live cells mediated by solid materials, 
shear stress is mainly applied through  fl uidic shear which mimic the blood  fl ow in 
the vascular system. There is no surprise that shear stress is of particular interest in 
directing ESCs toward vascular cell lineage. mESCs were subjected to shear stress 
in a  fl uidic device formed by two parallel plates upregulated the expression of vas-
cular endothelial cell(EC)-speci fi c markers such as PECAM-1 and VE-cadherin, 
while the expression of mural cell marker (SMA), blood cell marker (CD3), or epi-
thelial cell marker (keratin) remained at constant level. The results revealed that 
shear stress promotes tailored differentiation of mESCs into the vascular endothe-
lial lineage  [  28  ] . While speci fi c mechanoreceptors for shear sensing of ESCs are 
still unknown, some mechanistic insights were unveiled by Voldman et al.  [  29  ] . 
They cultured mESCs in a multiplex micro fl uidic device, where shear stresses could 
be varied by >1,000 times (0.016–16 dyn/cm 2 ). mESCs responded to the  fl uidic 
shear of the entire range with signi fi cant upregulation of the epiblast marker Fgf5 
compared to the static culture. HSPGs were identi fi ed to be one of the molecular 
components involved in stem cell mechanosensing. As a major proteoglycan on the 
cell surface, HSPGs are known as shear-sensing element in ESs. Investigation of 
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 downstream mediator of HSPGs to transduce shear stress will lead to further eluci-
dation on shear mechanotransduction mechanisms in stem cells.  

    2.2.1.3   Physical Properties of Matrix 

 Stem cells are not only sensitive to externally applied mechanical stimulation but 
also susceptible to the inherited physical properties of the ECM such as stiffness, 
topology, and hydrophobicity. Studies of 2D cultures revealed that substrate stiffness 
acts as an important factor in the process of tissue formation. In addition, it has been 
demonstrated that the stiffness of 2D substrate has an effect on stem cell spreading 
and cytoskeleton assembly  [  30  ] . The effect of substrate stiffness on stem cell behav-
iors has received extensive attention, especially for adult stem cells. Several research 
groups have reported that MSC can sense the stiffness of substrate and differentiate 
into various downstream lineages, and the underlying mechanisms have been exten-
sively explored  [  31,   32  ] . Only recently, the effects of substrate stiffness as physical 
cues to control ESCs’ fate especially hESC differentiation have started gaining more 
attention, and the underlying mechanism still remained elusive. 

 When mESCs are cultured on  fl exible PDMS substrate with varying stiffness from 
0.041 to 2.7 MPa, early mesendoderm differentiation markers such as Brachyury, 
Mixl1, and Eomes were upregulated on stiffer in comparison to softer substrates. 
Moreover, osteogenic differentiation of mESCs was also enhanced on stiffer substrate. 
These  fi ndings highlight the important role played by substrate stiffness in regulating 
both early and terminal differentiation of mESCs. The    author’s proposed explanation 
was that stiffer substrates more closely mimic the natural ECM around migrating 
mesendoderm cells residing in the early embryo and therefore are more effective in 
directing mESCs toward speci fi c differentiation  [  18  ]  (Fig.  2.2c , bottom). 

 Similarly, hESCs could also be able to sense and respond to the stiffness of 
underlying substrate. Park et al. revealed that PET with optimal stiffness could 
inhibit hESC differentiation and promote maintenance of hESC self-renewal. No 
expression of ectoderm, mesoderm, or endoderm markers was observed in the 
hESCs cultured on the PET substrate with stiffness of 0.345 GPa. In addition, Rho/
ROCK signaling pathway, one of the ECM stiffness-based signaling pathways, was 
downregulated when cells were cultured on PET membranes with stiffness of 
0.345 GPa. However, it remains unclear whether downregulation of ROCK expres-
sion is the cause or consequence of inhibition of hESC differentiation  [  33  ] . 

 In addition to substrate stiffness, ESCs could also respond to the topographical 
features of the substrate, which provide noninvasive, non-biochemical means for 
controlling ESC differentiation. The tissue surface is usually not smooth or  fl attened 
but covered with grooves, ridges, pits, pores, and the  fi brillar meshwork of the ECM, 
composed predominantly of intertwined collagen and elastin  fi bers with diameters 
ranging from 10 to 300 nm  [  34  ] . ESC differentiation is strongly affected by the 
physical interactions between cells and local topographical features and has been 
documented in terms of both controlled differentiation and retention of self-renewal/
proliferative capabilities. 
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 Electrospinning is a facile and effective technique to generate nanoscale topo-
graphical structures of biomaterials. Electrospun nano- fi brous materials have been 
applied as an attractive substrate to regulate ESC differentiation due to the nano-
scaled morphology of the nano- fi bers which are analogous to the structure of protein 
 fi brils and  fi bers in natural ECM  [  19  ]  (Fig.  2.2d , left). Massumi et al. prepared elec-
trospun PLGA nano- fi brous scaffolds with different roughness, height distribution, 
and alignments which were proved as effective topological cues to promote mESC 
differentiation into mesodermal-derived cells and germ cells. In contrast, it inhibited 
the derivation of endodermal cell lineages. The  fi ndings demonstrated that topologi-
cal cues such as roughness and alignments can promote mESC differentiation toward 
a speci fi c cellular lineage  [  35  ] . hESCs were also able to sense the topographical cues 
within biomimetic nanostructures and then exhibit tailored lineage differentiation. 
hESCs displayed favorable interactions with the electrospun nano- fi bers, establish-
ing spreading outgrowths and connections to adjacent cells and attaching to indi-
vidual nano- fi bers. A great amount of cells cultured on nano- fi bers were stained 
positive for the early neuronal marker  b -tubulin III, the mature neuronal marker 
MAP2ab, and the dopaminergic marker tyrosine hydroxylase, but with little or no 
staining of the astrocyte marker GFAP. In contrast, when cultured on  fl at substrate 
without electrospun nano- fi bers, the number of hESCs stained with GFAP greatly 
increased under the same differentiation conditions. The results revealed that the 
physical cues induced by the nano-topographical substrates could direct hESCs 
toward neuronal lineage, while conventional  fl at substrate led to astrocyte differen-
tiation with the aid of neuronal differentiation medium  [  20  ]  (Fig.  2.2d , right). 

 Besides electrospinning, nano-topological features can be also generated by 
other techniques such as phase separation and nano-patterning, which are proven as 
powerful tools to regulate ESC differentiation. Smith et al. prepared the nano- fi brous 
PLLA matrix by phase separation and investigated mESC differentiation on nano-
 fi brous matrix vs.  fl at matrix. Even without osteogenic supplements, NF matrix was 
able to induce the expression of osteogenic markers, such as osteocalcin and bone 
sialoprotein. However, when mESCs were cultured on  fl at PLLA surface, both 
osteogenic supplements and BMP2 were required as addition to the culture media 
for reaching the same level of osteogenic differentiation as cultured on the NF 
matrix  [  36  ] . The same research group further showed enhanced osteogenic differen-
tiation of hESC-derived osteogenic progenitor cells on nano- fi brous matrix which 
expressed higher levels of osteogenic markers (Rux2 and osteocalcin) and reduced 
level of neuronal marker (TUJ1) under osteogenic differentiation conditions  [  37  ] . 

 The emergence of surface micro- and nano-patterning techniques has enabled 
researchers to investigate ESC behaviors on micro- and nanostructures. Lee et al. fab-
ricated nanoscale patterned ridge/groove arrays with spacing of 350 nm and height of 
500 nm by UV-assisted capillary force lithography. In the absence of any differentia-
tion-inducing agent, the nano-patterned ridge/groove arrays could promote differen-
tiation of hESCs to neuronal lineage (neurons) after 5 days with highly upregulated 
expression of neuronal differentiation marker NeuroD1 compared to the hESCs cul-
tured on  fl at matrix. Furthermore, expression levels of the endoderm marker GATA6 
and the mesoderm marker DCN were lower in the hESCs on the nano-pattern surface 
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than in the hESCs on the  fl at surface. This study provides evidence that the topological 
cues such as nano-patterned ridge/groove arrays alone can effectively induce hESC 
differentiation into neural lineage with high speci fi city  [  38  ] .   

    2.2.2   Engineering Biochemical Cues to Induce ESC 
Differentiation 

 In parallel with the physical approaches as externally applied manipulator for stem 
cell fates, latest advances in biochemical engineering have diversi fi ed the portfolios 
of methods in inducing ESC differentiation via biochemical cues in addition to the 
traditional inductive approach which mainly resorts to soluble factors supplemented 
in the culture medium. Herein we summarized the representative progresses of 
engineered biochemical cues in four aspects to provide new insight into directed 
ESC differentiation through (1) genetic engineering, (2) immobilized growth fac-
tors, (3) coculture, and (4) synthetic small molecules. 

    2.2.2.1   Genetic Engineering 

 Due to its readiness for gene manipulation, genetic engineering is increasingly uti-
lized for directly editing and modifying the genome or epigenetic inheritance of 
ESCs, in order to enhance expression of speci fi c proteins for promoting stem cell 
differentiation. The success of this powerful tool has been demonstrated in coaxing 
ESC differentiation to neuron, vascular, and hepatic lineages. 

 Lmx1a, an important transcription factor in neuron development, was transfected 
into ESCs in an attempt to promote its expression level and ESC differentiation into 
mesencephalic dopamine (mesDA) neurons  [  39  ] . Parkinson’s disease is character-
ized by progressive degeneration of mesDA neurons. Therefore, ESC-derived 
mesDA neurons are promised as a potential cell source for therapeutic treatment. 
mesDA neurons are usually obtained by induction with signaling growth factors 
during central nervous system development (e.g., FGF8, Wnt) but with only limited 
differentiation ef fi ciency. The forced expression of Lmx1a in both mESCs and 
hESCs transfected using lentiviral vectors could effectively promote the generation 
of mesDA neurons. Upon Lmx1a transfection, 75–95 % of mESC-derived neurons 
expressed molecular and physiological properties of primary mesDA neurons 
in vitro. When transplanted into 6-hydroxy dopamine lesioned neonatal rats, these 
ESC-derived cells (ESDCs) integrated and innervated the striatum similarly to pri-
mary mesDA neurons. Thus, the enriched generation of functional mesDA neurons 
by forced expression of Lmx1a may be of future importance in cell replacement 
therapy of Parkinson’s disease. 

 In another example, VEGF, a critical growth factor for ECs, was transiently 
transfected to stem cells for promoting angiogenesis  [  40  ] . Using PBAE, a family of 
hydrolytically biodegradable polymers that can condense DNA to form nanoparticles, 
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nonviral nanoparticles were developed to deliver human VEGF gene to hESDCs. 
Genetically-engineered stem cells demonstrated markedly enhanced human VEGF 
production, cell viability, and engraftment into target tissues. Results of 2 weeks 
implantation showed that the scaffolds seeded with VEGF-expressing cells led to 
two- to fourfold higher vessel densities compared with non-engineered control cells. 
These results indicate that transfection of VEGF to hESCs through biodegradable 
polymer nanoparticles may be therapeutic tools for vascularizing tissue constructs 
and treating ischemic disease. 

 The ef fi cacy to directly engineer ESC at the gene level has been also demon-
strated for hepatic differentiation. Takayama et al. adopted sequential transduction 
technology to transfect HNF4 a  gene into hESDCs through adenovirus vector to 
promote hepatic maturation for application in drug toxicity prediction  [  41  ] . They 
 fi rst obtained hepatoblasts derived from ESC by SOX17 and HEX transduction. 
Afterward, they overexpressed stage-speci fi c HNF4 a , a master regulator of liver-
speci fi c gene expression in hepatoblasts, and found that the introduction of this 
single gene can ef fi ciently promote stem cell hepatic differentiation and maturation 
(Fig.  2.3a ). The differentiation ef fi cacy was ~80 % characterized by CYP, ASGPR1, 
or ALB expression. Since ectopic expression of HNF4 a , a leading regulator of the 
epithelial phenotype, in  fi broblast is known to induce mesenchymal-to-epithelial 
transition (MET), the mechanism behind this highly ef fi cient hepatic maturation of 
ESCs may be related to MET activation in culture. Recently, this technology has 
been commercialized by ReproCELL Inc. in Japan to generate hepatocyte-like cells 
as substitute of primary hepatocytes for drug testing.   

    2.2.2.2   Immobilized Growth Factors 

 Growth factors are cell-secreted molecules recruited in stimulating cellular growth, 
expansion, and differentiation. Soluble growth factors are commonly used as sup-
plements in basal culture medium for controlling stem cell fate. Considering the 
high cost and short half-life of growth factors, surface engineering approaches have 
been adopted to immobilize growth factors on the solid substrate for providing con-
tinuous stimuli for stem cell differentiation without repeated supplement in the 
soluble form. 

 Minato et al. reported a strategy for cardiac differentiation of ESCs using sub-
strate immobilization of fusion proteins comprised of IGFBP4 and elastin-like poly-
peptides  [  42  ] . Damaged cardiac tissues do not normally regenerate because 
cardiomyocytes cannot proliferate in adults. Hence, the ESC-derived cardiomyo-
cytes have high potential as substitute cell source for transplantation. Soluble 
IGFBP4 was reported to be a promoter of ESC differentiation toward cardiac lin-
eage through Wnt/ b -catenin signaling inhibition. In the fusion protein, IGBP4 acted 
as functional domain for cardiac differentiation, while elastin-like polypeptides 
were used for substrate binding. These elastin-like polypeptides could stably adsorb 
to substrates such as polystyrene dishes through hydrophobic interactions at 37 °C. 
While at lower temperatures, they would detach from the substrates due to increased 
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  Fig. 2.3    Biochemical cues induced ESC differentiation on 2D substrate. ( a ) The procedures ( top ) 
and sequential morphological changes ( bottom ) of ESC during hepatic differentiation  [  41  ] . The 
ESCs were transfected with three factors of SOX17, HEX, and HNF4 a . ( b )  Left : Schema of the 
inhibitory effect on Wnt/ b -catenin signaling after addition of IGFBP4 and substrate immobiliza-
tion of IGFBP4  [  42  ] .  Right : Improved cardiac differentiation of ESC indicated by quanti fi cation of 
MF20 (anti- a  myosin heavy chain) immunostaining positive area in the DAPI staining area. ( c ) 
 Left : Schema of patterned coculture system of mESC and stellate cells for hepatic differentiation 
 [  43  ] .  Right : Immunostaining for intracellular AFP (hepatic progenitor marker) of mESC cocul-
tures was stronger than monoculture, indicating higher differentiation ef fi ciency (Images are 
reproduced with the permission)       
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hydrophilicity which can be potentially utilized for cell harvesting without addition 
of proteolytic enzymes. IGFBP4-immobilized polystyrene dishes have been shown 
to effectively induce cardiomyocyte differentiation of ESCs by strong and continu-
ous inhibition of Wnt/ b -catenin signaling (Fig.  2.3b ). These  fi ndings suggest that 
soluble factor-immobilized substrate can be a useful platform to effectively and 
economically induce ESC differentiation in regenerative medicine and tissue engi-
neering toward various tissue lineages (e.g., heart, liver, and neuron). 

 Since directly binding of growth factors to target substrate may lead to growth 
factor deactivation, intermediate binders are often used to protect the active sites 
and improve the binding density. Employing heparin as adapter molecule, Lam 
et al.  [  44  ]  demonstrated that immobilized bFGF and EGF had different effects on 
hESC differentiation into neural cells compared to both growth factors in their sol-
uble forms. To combine the biochemical and biophysical cues, bFGF and EGF were 
either physically adsorbed or bound via heparin on PLLA nano- fi brous scaffold-
coated plates. The adsorbed EGF and bFGF did not effectively enhance axon growth. 
In contrast, immobilization of bFGF or EGF onto nano- fi bers via heparin as the 
adapter molecule signi fi cantly promoted axon growth. This study elucidated the 
effect of immobilized bFGF and EGF in neural differentiation and axon growth and 
demonstrated an effective surface engineering approach to immobilize active bFGF 
and EGF onto aligned nano- fi bers, which provide potential cell source for neural 
tissue regeneration.  

    2.2.2.3   Coculture 

 Due to the short half-life and rapid consumption by cellular uptake, inductive fac-
tors are unable to stimulate stem cell behaviors consistently. Coculturing ESCs with 
supporting cells recapitulates key features of the natural stem cell niche which usu-
ally contains multiple cell types. Coculture systems can promote the differentiation 
of ESCs via a paracrine signaling pathway, where the inductive factors are continu-
ously secreted by supporting cells  [  45  ] . 

 Based on the  fi ndings that hepatic stellate cells (HSCs) could secrete factors to 
stimulate hepatocyte proliferation  [  46  ] , Revzin et al. investigated the effect of cocul-
ture of ESC with HSCs on hepatic differentiation of ESCs  [  43  ] . For in vitro culture, 
mESCs were encapsulated in patterned hydrogel spots (diameter = 500  m m) com-
bined with collagen I and  fi bronectin, while HSCs were seeded around and func-
tioned with the ESCs through paracrine signaling (Fig.  2.3c ). The comparison 
showed that coculturing method could support a better performance of hepatic dif-
ferentiation. Heterotypic cocultures will be broadly applicable for identifying the 
composition of the microenvironment niche for ESC differentiation into various 
tissue types. 

 Lee et al. demonstrated that the coculture of hepatic cells could enhance chon-
drogenesis of ESCs  [  47  ] . mESC-derived EBs were cocultured with hepatic cells in 
3D bilayered hydrogels. EBs were aggregates of ESCs and were formed in liquid 
suspension culture. After 3-week coculture with hepatic cells, ESDCs revealed a 
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fourfold increase of GAG level compared with ESDCs cultured alone. This result 
was supported by real-time PCR analysis, which demonstrated an 80-fold increase 
in aggrecan expression in cocultured ESDCs. Additionally, type IIB collagen 
expression was observed only with cocultured ESDCs, and immunohistochemical 
analysis resulted in signi fi cantly more positive type II collagen staining with cocul-
tured ESDCs. Moreover, at day 21, gene expression of other lineages in HEPA-
cocultured ESDCs was either comparable to or lower than those of ESDCs cultured 
alone. These results indicated that coculture of ESDCs with hepatic cells signi fi cantly 
enhanced speci fi c chondrogenic differentiation of ESDCs. 

 ECs represent one major component of the embryonic pancreatic niche and play 
a key role in facilitating the differentiation of ESCs toward insulin-producing  b -cells 
in vivo through the activation of Wnt signaling pathway. Talavera-Adame et al. 
developed a coculture system of mouse EBs and human microvascular ECs (HMECs) 
to investigate whether interaction of ECs with EBs in coculture promotes differentia-
tion of pancreatic progenitors and insulin-producing cells  [  48  ] . EBs were obtained 
from hanging drop culture method. An increase in the expression of the pancreatic 
markers PDX-1, Ngn3, Nkx6.1, proinsulin, GLUT-2, and Ptf1a was observed at the 
interface between EBs and ECs. No expression of these markers was found at the 
periphery of EBs cultured without ECs or those cocultured with mouse embryonic 
 fi broblasts (MEFs). These results indicate that the differentiation of EBs to pancre-
atic progenitors and insulin-producing cells can be enhanced by ECs in vitro.  

    2.2.2.4   Synthetic Small Molecules 

 Although most intrinsic signaling molecules in natural stem cell microenvironment 
have been proven to be effective in regulating pluripotent cell fate, these natural 
inductive factors still lack speci fi city to induce ESC differentiation to a de fi ned 
lineage. Synthetic small molecules can potentially meet this challenge to precisely 
regulate ESC behaviors. The synthetic small molecules of interests can be screened 
out from compound libraries with tens of thousands of candidates which can be 
derived from modi fi cations of the chemical backbones of de fi ned natural molecules 
with various functional residues. The small molecule libraries exhibited diverse and 
tunable biochemical properties, which enabled high-throughput screening of func-
tional candidates for more speci fi c induction of ESC differentiation. The identi fi cation 
of small molecules would be useful in understanding the underlying molecular 
mechanisms of these processes and providing a more controllable method for 
induced stem cell differentiation  [  49  ] . Moreover, batch production of synthetic 
small molecules presents advantage in cost reduction and facilitates the large-scale 
manufacture of ESCs and their derivatives. 

 Li et al. identi fi ed that synergistic inhibition of GSK3, TGF- b , and Notch signal-
ing pathways by synthetic small molecules could ef fi ciently and quickly induce neu-
ronal differentiation from monolayer-cultured hESCs  [  50  ] . In a chemically de fi ned 
medium supplemented with two small synthetic molecules named CHIR99021 and 
SB431542, hESCs were converted into homogenous primitive neuroepithelium 
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referred as primitive neuron stem cells (NSC) within 1 week. CHIR99021 was 
identi fi ed by screening of combinatorial libraries of substituted dihydropyrimidines, 
a compound family that inhibited human GSK-3 at low micromole concentrations 
 [  51  ] . And SB431542 was identi fi ed by screening of compound collection for inhibi-
tors of ALK5  [  52  ] . NSCs derived from ESCs in vitro were proved potent in further 
maturation toward midbrain and hindbrain neuronal subtypes when transplanted in 
mice. This work provides a working protocol for induced differentiation of ESCs 
toward NSC with broad differentiation potential, as well as a valuable tool to study 
the early molecular events initiating human neuron induction. 

 Gonzalez et al. developed a stepwise strategy to identify a chemically de fi ned 
method to generate cardiomyocytes from monolayer-cultured hESC with high 
ef fi ciency and homogeneity  [  53  ] . Through activation of Wnt signaling pathway, 
over 90 % hESCs treated with CHIP99021 (in a concentration of 10 uM) were 
induced to primitive steak cells. They further identi fi ed that a combination of three 
known small synthetic molecules, namely, IWR-1-endo (a Wnt antagonist), pur-
morphamine (an Shh signaling agonist), and SB431542 (an inhibitor of activin-like 
kinase) would effectively induce primitive steak cells differentiation into cardiac 
cell lineage. The receptors to mediate the interactions with the small synthetic mol-
ecules and downstream signal pathways are under exploration to further understand 
the underlying mechanism for optimizing the cardiac differentiation   

    2.2.3   Controlling ESC Fate in 3D Microenvironment 

 During embryonic development, the differentiation of embryo into three germ layers 
and determined lineages is tightly regulated by cell-matrix and cell-cell interactions 
with highly spatial and temporal precision in a 3D manner. To mimic the 3D archi-
tecture and biological role of the ECM, there is an increasing interest in developing 
engineering approaches that enable modulation of the behaviors of stem cells  [  54  ] . 
This approach is based on a premise that cellular responses to environmental factors 
are predictable  [  10  ] , and the 3D culture models could permit recapitulation of embry-
onic development in vitro to a degree of complexity which is not achievable in a 2D 
culture system  [  54  ] . There are emerging trends to utilize 3D microenvironment as 
stem cell niche to support long-term self-renewal and directed differentiation of 
ESCs in a feeder-free condition. Herein, we highlight some of the latest advances on 
ESC differentiation in three widely used 3D microenvironments, namely, (1) hydro-
gel, (2) engineered tissue scaffold, and (3) decellularized scaffold. 

    2.2.3.1   Hydrogel 

 Hydrogels are water-swollen, cross-linked polymeric structures with high water 
content, whose gelation can be induced through pH or temperature changes, ion-ion 
interactions, covalent bonding, non-covalent interactions, or polymerization  [  55  ] . 
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Hydrogels can encompass biological functional entities such as cells, tissues, organs, 
or entire organisms in 3D culture and closely mimic natural tissues for its soft and 
rubbery consistence  [  56  ] . 

 Hyaluronic acid (HA) is one of the major components of natural ECM and 
proved to play critical role in maintaining ESCs in undifferentiated state during 
embryogenesis in vivo  [  57  ] . In an attempt to examine the function of HA as engi-
neered stem cell microenvironment, Sharon Gerecht et al. synthesized photopoly-
merized methacrylated HA hydrogel for cultivation of hESC in a 3D con fi guration. 
When encapsulated in HA hydrogel disks and cultured in MEF-conditioned medium, 
hESCs preserved undifferentiated state, normal karyotype, as well as pluripotency. 
ESC differentiation could be induced in situ within the same hydrogel simply by 
altering to endothelia growth medium supplemented with VEGF. Cell sprouting 
and elongation were observed after 48 h incubation. And hyaluronidase, together 
with collagenase, could be used for releasing and harvesting of the encapsulated 
cells. It is concluded that HA hydrogels, with their developmentally relevant com-
position and tunable physical properties, provide a unique microenvironment for 
the self-renewal and differentiation of hESCs. 

 As supporting matrices for ESCs development, hydrogels are usually immobi-
lized on substrates such as tissue culture plates or glass slides. Alternatively, cell-
laden hydrogels in the form of microbeads or microcapsules can suspend in aqueous 
environment with improved mobility and mass transfer of nutrients, oxygen, and 
stimuli. Chayosumrit et al. established a 3D model to culture and induce hESC dif-
ferentiation by encapsulating cells in calcium alginate microcapsules  [  58  ] . The 
encapsulated hESCs exhibited improved survival and proliferation after treatment 
of Y27632 (a ROCK inhibitor). Then hESC clusters were directly induced to 
de fi nitive endoderm cells that held higher marker expression of mesendoderm 
(Brachyury >70-fold), de fi nitive endoderm (SOX17 >300-fold, FOXA2 >800-fold, 
and CXCR4 >100-fold), and primitive gut tube (HNF1b >120-fold) as compared 
with the undifferentiated hESCs (Fig.  2.4a ). These data showed that microcapsules 
could support the differentiation of hESCs into de fi nitive endoderm in 3D and could 
have potential application for immune isolation and prevention of teratoma forma-
tion of hESCs during transplantation.   

    2.2.3.2   Engineered Tissue Scaffold 

 3D scaffolds have been widely applied in tissue engineering as cell carriers for trans-
plantation which improve initial cell retention, survival, differentiation, and host 
integration  [  60  ] . Numerous scaffolds of synthetic or natural origin are under develop-
ment for designated properties such as minimized cytotoxicity, good biocompatibil-
ity, de fi ned porosity pore sizes, and interconnectivity  [  61  ] , which are expected to 
actively participate in promoting the ef fi cacy of the ESC differentiation. 

 Liu et al. built a biodegradable polymer scaffold composed of PLLA and PGA 
using a nonwoven textile process to study hepatic differentiation of mESCs  [  62  ] . 
Cells derived from 5-day-cultured EB were resuspended in culture medium-matrigel 



48 Z. Xu et al.

mixed solution and transferred to the scaffold. The 3D differentiated hepatocyte-
like cells were able to express several liver-speci fi c markers and proteins, secrete 
ALB, store glycogen, and allow the uptake of low-density lipoproteins. The results 
provide an alternate method for promoting functional hepatic differentiation of 
ESCs as potential cell source for clinical use. However, cell death occurred during 
longer term culture, especially at the center of scaffold, due to poor nutrient 
exchange. The mass transfer issues illustrated here for bulky 3D scaffold highlight 
a trend and demand to use micro-fabrication techniques for engineering microscale 
3D scaffolds with well-de fi ned architectural and diffusion properties. 

 Using the salt-leaching technique, Zoldan et al. built porous scaffold from PLLA/
PLGA/PCA/PEGDA with varied stiffness to investigate the in fl uence of scaffold 
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stiffness on germ layer speci fi cation during embryogenesis  [  63  ] . Through a broad 
range of gene analysis and protein expression test, they found that the scaffold stiff-
ness plays a critical role in stimulating ESC spontaneous differentiation toward dif-
ferent germ layers, as summarized in the diagram below (Table  2.1 ). The underlying 
mechanism may be related so that scaffold stiffness mimic natural mechanical 
forces experienced during gastrulation-related cell movement, ultimately directing 
cell differentiation.  

 Fibrous scaffold, prepared by electrospinning, have been identi fi ed as a promis-
ing candidate for cardiac, endothelial, and neural tissue transplantation by providing 
a special guidance for cell elongation. Carlberg et al. prepared electrospun scaffolds 
composed of biocompatible aromatic polyether-based polyurethane resin to induce 
neuron differentiation of hESCs  [  20  ] . These scaffolds were fabricated in ~150  m m 
thick and with ~84 % porosity (Fig.  2.4b ). Then hESCs were seeded into scaffolds 
and allowed for neuron differentiation up to 47 days. hESCs in scaffolds displayed 
favorable interaction with the  fi bers of substrate. Cells cultured in 3D  fi brous scaf-
folds exhibited improved outgrowths, more established connections to neighboring 
cells, and better attachment to individual  fi bers when compared with cells cultured 
on 2D substrate. Consequently, electrospun polyurethane scaffolds showed great 
potential as a substrate for hESC propagation and neuronal differentiation.  

    2.2.3.3   Decellularized Scaffold 

 In clinical transplantation, xenogeneic and allogeneic cellular antigens are recog-
nized as foreign tissues or organs by the host and induce an immunological rejec-
tion, while components of the naturally derived ECMs are generally well conserved 
and tolerated  [  64  ] . More and more studies suggest that the properties of ECM, such 
as the composition, 3D ultrastructure, and surface topology, all contribute to cell 
expansion, differentiation, and constructive remodeling responses of host tissue 
 [  65  ] . ECMs in tissue and whole organs can be directly derived through decellular-
ization processes while maintaining the biochemical and physical properties of the 
original ECMs. The standard principle of obtaining a decellularized scaffold, 
recruiting physical and chemical treatments, is to ef fi ciently remove all cellular and 
nuclear material while minimizing any adverse effect on the composition, biologi-
cal activity, and mechanical integrity of the remaining ECM  [  64,   66  ] . With biocom-
patible physical and biochemical cues, decellularized scaffolds emerge as a 
promising substrate to induce ESC differentiation and a potential candidate of clini-
cal tissue or organ transplantation. 

 Scaffold stiffness (MPa)  ESC fate within scaffolds 

 >6  Keep undifferentiated state 
 1.5–6  Mesodermal differentiation 
 0.1–1  Endoderm differentiation 
 <0.1  Ectodermal differentiation 

 Table 2.1    Scaffold stiffness 
modulates ESC fate  [  63  ]   
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 Cortiella et al. made the  fi rst attempt to produce and use whole lung decellularized 
scaffold as a matrix to support development of engineered lung tissue from mESCs 
 [  67  ] . The heterogeneous cell population of the lung is supported by a unique organ-
speci fi c ECM network consisting of collagen and elastin as well as other matrix 
components critical to lung function. They found that a combination of mechanical, 
enzymatic, and physical processes provided the most ef fi cient and gentle decellular-
ization method to remove cells without signi fi cant loss of natural lung ECM and 
structural features. The comparison of ESC behavior was performed between decel-
lularized lung scaffold with Gelfoam, Matrigel, and collagen hydrogel matrix on 
mESC attachment, differentiation, and subsequent formation of complex tissue. 
Decellularized lung scaffold allowed better retention of cells with improved differen-
tiation into epithelial and endothelial cell lineages compared to all the other puri fi ed 
matrices. These  fi ndings support the utility of decellularized lung scaffold as a matrix 
for engineering lung tissue and highlight the critical role played by matrix or scaf-
fold-associated cues in guiding ESC differentiation toward lung-speci fi c lineages. 

 Ng et al. explored the differentiation potential of hESCs in decellularized hearts 
under static culture  [  59  ] . Upregulation of various cardiac-speci fi c markers such as 
cTnT, Nkx-2.5, Myl2, Myl7, Myh6, and CD31 was showed after 2 weeks of culture. 
Implantation of decellularized constructs in SCID mice revealed the persistence of 
cardiac marker-expressing cells and visually vascular network, but no beating func-
tion was observed. These results indicate that the intact ECM components and pre-
served mechanical properties of the decellularized heart had directed differentiation 
of the stem/progenitor cells into the cardiac lineage. However, further investigation 
on obtaining mature and functional myocardial cells is required for pushing it as cell 
therapy for treating cardiovascular diseases.    

    2.3   Conclusion and Perspectives 

 Despite the enormous advances in the ESC biology, several challenges still prevent 
their promised application in regenerative medicine. These challenges include how 
to precisely control the ESC self-renewal and lineage commitment, how to massively 
harvest functional ESDCs, as well as how to apply the differentiated cells in vivo for 
safe and effective therapy. Engineering approaches enable recreation of the complex-
ity of ESC natural microenvironment through controlling cell-ECM, cell-cell, and 
cell-signaling factor interactions in a highly spatial and temporal manner. Here we 
reviewed the latest advancement in engineering stem cell microenvironment to 
induce tailored cellular differentiation of ESC with high ef fi ciency and speci fi cation. 
Both physical strategies (e.g., geometrical constraint, shear stress, substrate stiffness, 
and topography) and biochemical approaches (e.g., genetic engineering, immobi-
lized growth factors, coculture, and synthetic small molecules) have been demon-
strated as powerful tools to manipulate the stem cell niche; meanwhile, 3D engineered 
microenvironment mimicking the natural dimensionality of the ESC niche shows 
great potency to improve the ef fi cacy of the ESC differentiation. 
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 To ultimately confront the above-mentioned challenges, future endeavors in ESC 
engineering toward high-ef fi cient and tailored lineage differentiation are envisioned 
to relate to the following aspects:

    1.    Integration of multiple engineering approaches, rather than counting on individ-
ual one, in order to recreate the complexity and multicomponents in natural stem 
cell niche and elicit synergistic effects on genetic and epigenetic properties of the 
ESCs for improved lineage differentiation  

    2.    Extensive application of nano-/micro-fabrication technologies to engineer  fi ne-
tuned stem cell niche with highly spatial and temporal resolution  

    3.    Identi fi cation and application of synthetic, chemically de fi ned microenvironment 
as substitute for naturally derived components to achieve reproducible and animal 
component-free induction of ESC differentiation (such as using combination of 
synthetic small molecules to replace natural growth factors or taking polymeric 
substrate modi fi ed with bioactive chemical ligands to replace natural ECM)  

    4.    Comparison of the in fl uence exerted by engineering approaches on generic ESC 
line derived from embryo and personalized pluoripotent cells generated by induced 
pluripotent stem cells (iPSCs) technology on their differentiation, potency, genetic/
epigenetic difference, and immune response/oncogenicity as implants in vivo.          
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  Abstract   The human amniotic membrane (HAM) is the innermost membrane sur-
rounding the fetus. HAM is a highly abundant and readily available tissue that is 
becoming appreciated as an alternative to adult bone marrow mesenchymal stem 
cells (BM-MSCs) useful for cell therapy and regenerative medicine. This tissue 
provides high ef fi ciency in noninvasive and safe MSC recovery with no intrusive 
procedures. HAM contains two cell types from different embryological origins: 
human amnion epithelial cells (hAECs), derived from the embryonic ectoderm, and 
human amnion mesenchymal stromal cells (hAMSCs), derived from the embryonic 
mesoderm. hAMSCs and hAECs are immune-privileged cells that can be isolated 
without the sacri fi ce of human embryos, avoiding immunological rejection prob-
lems and the ethical con fl ict of using human embryonic stem cells (hESCs). 
Regarding their immunophenotype, both cell types demonstrate the expression of 
the common well-de fi ned human mesenchymal and embryonic stem cell markers 
and the absence of hematopoietic markers. Moreover, both cell populations have 
similar multipotential for in vitro differentiation into all three germ layers: ectoderm, 
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mesoderm, and endoderm lineages. Indeed, the potential application of amnion-
derived cells in a variety of diseases, in particular those associated with degenera-
tive processes, is under clinical or preclinical investigation. The HAM has other 
biological properties important for tissue engineering, including anti- fi brosis, anti-
in fl ammatory, anti-scarring, antimicrobial, as well as adequate mechanical proper-
ties and low immunogenicity. Therefore, amnion allografts are widely applied in 
ophthalmology, plastic surgery, dermatology, and gynecology. In this chapter, the 
localization, isolation, characterization, and differentiation potential of amnion-
derived cells are discussed. Moreover, the potential clinical applications of either 
amnion-derived cells or the whole HAM are also reviewed.  

  Keywords   Human amniotic membrane  •  Adult bone marrow mesenchymal stem 
cells  •  Human amnion mesenchymal stromal cells  •  Cell therapy  •  Regenerative 
medicine      

    3.1   Mesenchymal Stem Cell Concept 

 Mesenchymal stem cells (MSCs) are multipotent non-hematopoietic progenitors 
located within the stroma of the bone marrow and other organs that are phenotypi-
cally characterized by the expression of several markers (e.g., CD73, CD90, and 
CD105) and the lack of expression of CD14 or CD11b, CD19 or CD79 a , CD34, 
CD45, and HLA-DR surface molecules  [  1,   2  ] . According to a proposal of the 
International Society for Cellular Therapy  [  3  ] , three criteria de fi ne all types of stem 
cells: self-renewal, multipotency, and the ability to reconstitute a tissue in vivo. 
Since there are no speci fi c markers for MSCs, the main criteria for their identi fi cation 
are adherence to the plastic of the tissue culture  fl ask,  fi broblast-like morphology, 
prolonged capacity for proliferation, and the capacity to differentiate into cells of 
mesodermal lineage in vitro. MSCs are classi fi ed, according to the developmental 
stage from which they are obtained, into embryonic, fetal, or adult stem cells. hESCs 
are pluripotent and could give rise to all specialized cell types of the organism. 
However, the tumorigenicity of these cells and technical and ethical considerations 
limit their availability. In contrast, adult stem cells are rare cells thought to be pres-
ent in all tissues and responsible for maintaining the homeostasis of the speci fi c 
tissue  [  4  ] . These cells, previously thought to be limited in potential, have been 
shown to differentiate into multiple mesoderm-type lineages, including chondro-
cytes, osteoblasts, adipocytes, tenocytes, myotubes, astrocytes, and hematopoietic-
supporting stroma  [  5–  7  ] , and also into cell types of ectodermal (e.g., neurons) and 
endodermal (e.g., hepatocytes) origin  [  8  ] . 

 These cells have been isolated from several tissues such as bone marrow  [  2,   9  ] , 
articular cartilage  [  10  ] , synovial membrane  [  11,   12  ] , perichondrium  [  13  ] , perios-
teum  [  14  ] , connective tissue of dermis and skeletal muscle  [  15  ] , adipose tissue  [  16, 
  17  ] , peripheral blood  [  18–  20  ] , liver  [  21  ] , lung  [  22  ] , placenta  [  5,   23–  25  ] , umbilical 
cord  [  26–  28  ] , umbilical cord blood  [  29  ] , amniotic  fl uid  [  23,   25,   30  ] , and amniotic 
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membrane  [  31–  33  ] . Moreover, the list of tissues with the potential for tissue engi-
neering is increasing because of recent progress in stem cell biology  [  34  ] . 

 Cell therapy using MSCs is a new clinical approach for the treatment of a large 
number of genetic and degenerative human diseases, including hematopoietic and 
immune system disorders, diabetes, heart failures, chronic liver injuries, and neuro-
degenerative disorders. The recent use of autologous or allogenic stem cells has 
been suggested as an alternative therapeutic approach for cartilage treatment  [  35, 
  36  ] . Human MSCs are probably responsible for normal tissue renewal as well as for 
response to injury  [  37–  39  ] . Stem cell transplantation uses cells isolated from small 
tissue samples, proliferated in culture, to obtain the appropriate number for clinical 
applications. The use of autologous MSCs avoids immunological rejection prob-
lems and the ethical con fl ict of using hESCs. For these reasons, MSCs are a promis-
ing cell resource for tissue engineering and cell-based therapies  [  38  ] . The interest in 
MSCs and their possible application in cell therapy have resulted in a better under-
standing of the basic biology of these cells. Due to the low number of MSCs that can 
be isolated from a tissue sample, culture expansion is necessary to obtain adequate 
cell numbers for clinical purposes and for the analysis of molecular mechanisms. 

 The bone marrow is the traditional tissue source used for obtaining adult MSCs, 
but it has a number of disadvantages. The most important limitations are the acces-
sibility and that the procedure required for obtaining this type of tissue is invasive, 
painful, and associated with morbidity. In addition, the number of cells obtained is 
low and the potential for proliferation and differentiation declines with donor age 
 [  40,   41  ] . Therefore, the identi fi cation of alternative sources of MSCs for both thera-
peutic and research purposes would be bene fi cial. 

 The HAM or amnion has recently emerged as another novel and alternative 
source of stem cell populations. The HAM is the innermost membrane surrounding 
the fetus. Because it arises from embryonic epiblast cells prior to gastrulation, it 
has been suggested that it may retain a reservoir of stem cells throughout preg-
nancy  [  42  ] .  

    3.2   Human Amniotic Membrane or Amnion 

 The placenta is a structure of fetal-maternal origin with a round shape, 15–20 cm 
in diameter, and 2–3 cm in thickness  [  43  ] . The thickness of the full-term amnion 
varies between humans and depends on the location of the sample. HAM functions 
as a  fi lter and preventive shock absorber that protects against infections, traumas, 
and toxins. This organ is involved in the maintaining fetal tolerance and allows 
nutrient uptake and gas exchange with the mother but also contains a high number 
of progenitor cells or stem cells. Moreover, the volume of term placenta makes it 
an attractive source of stem cells, since as an average human term placenta weighs 
more than 590 g  [  44  ] . HAM develops from extraembryonic tissue and consists of 
both a fetal component (the chorionic plate) and a maternal component (the decid-
uas) that are comprised of an epithelial monolayer, a thick basement membrane, 
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and an avascular stroma  [  45,   46  ]  (Fig.  3.1 ). The amnion is a thin (up to 2 mm), 
avascular, strong, elastic, translucent, and semipermeable fetal membrane attached 
to the chorionic membrane. Both the amnion and chorion form the amniotic sac 
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  Fig. 3.1    Structure of the fetal membrane at term stained with hematoxylin and eosin (HE). 
Original magni fi cation: 40× ( a ) and 200× ( b )       
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 fi lled with amniotic  fl uid, providing and protecting the fetal environment. The 
outer layer, the chorion, consists of trophoblastic chorionic and mesenchymal tis-
sues. The inner layer, the amnion, consists of a single layer of ectodermally derived 
epithelium uniformly arranged on the basement membrane, which is one of the 
thickest membranes found in any human tissue, and a collagen-rich mesenchymal 
layer  [  47  ] . This mesenchymal layer can be subdivided into the compact layer, 
forming the main  fi brous skeleton of the HAM, the  fi broblast layer, and an inter-
mediate layer, which is also called the spongy layer or  zona spongiosa   [  45  ] . 
Resistance to rupture of HAM is provided by the collagen present in the basement 
membrane of the amnion. Spontaneous premature rupture of the fetal membranes 
complicates 1–4 % of the pregnancies. This is due to multiple factors such as infec-
tion and genetic predisposition. These premature ruptures are associated with ele-
vated expression levels of relaxins, low expression levels of extracellular matrix 
(ECM) proteins synthesized by the fetal membranes, or to degradation of these 
proteins by induced matrix metalloproteinases (MMPs) and subsequent ECM 
remodeling  [  48  ] .  

 The two layers of the amniotic membrane originate at day 8–9 after fertilization, 
when implantation of the blastocyst has occurred. The inner cell mass of the blasto-
cyst differentiates into two layers, the epiblast and the hypoblast; both layers form 
the bilaminar embryonic disc. The epiblast gives rise to the three germ layers (ecto-
derm, mesoderm, and endoderm) and the amniotic epithelium  [  49  ] .  

    3.3   Localization of Human Amniotic Membrane-Derived Cells 

 The localization of HAM-derived cells was examined by our group  [  31,   32  ] . We 
assessed the co-localization of different stem cell markers in histological sections of 
amniotic membrane by means of immuno fl uorescence assays. In particular, we 
studied the co-localization of the CD44, CD90, CD105, and CD271 markers. 

 Our group did not observe any cells in which co-localization of three and/or 
four stem cell markers occurred. However, we frequently observed co-localiza-
tion of double markers, for example, we found CD105 co-located with CD90, 
CD44 co-located with CD90, and CD271 co-localized with CD44 (Fig.  3.2 ). 
Most cells labeled with the different stem cell markers were hAMSCs from the 
thick basement membrane, although in some membranes we observed hAECs, 
derived from the embryonic ectoderm, that were labeled only for the CD105 
marker. hAMSCs are derived from embryonic mesoderm  [  50  ]  and are sparsely 
distributed in the stroma underlying the amnion epithelium  [  51  ] . On the other 
hand, hAECs form a continuous monolayer of embryonic ectodermally derived 
epithelium uniformly arranged on the basement membrane in contact with the 
amniotic  fl uid.  

 The immuno fl uorescence results of our group  [  31,   32  ]  indicated that the HAM 
contains at least two different cell types having stem cell characteristics and that 
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these cells are located in the basement membrane and in the single layer of ectoder-
mally derived epithelium. These common and well-de fi ned human MSCs markers 
were previously described for bone marrow MSCs. Moreover, we showed that 
hAECs are positive for the epithelial marker cytokeratin 7, which con fi rms its epi-
thelial nature (Fig.  3.3 ).   
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  Fig. 3.2    Localization of 
HAM-derived cells, hAMSCs 
and hAECs, in healthy 
HAMs. Representative 
section of the HAM stained 
with HE ( a ), indicating the 
epithelial cells from the 
extraembryonic ectoderm 
( EC ) and the thick basement 
membrane ( BM ). 
Immuno fl uorescence analysis 
of stem cell marker 
expression of human amnion 
cells, nuclei were 
counterstained with 
4 ¢ ,6-diamidino-2-
phenylindole (DAPI) ( b – d ). 
Representative images of 
hAECs, positive for CD105, 
and hAMSCs, positive for 
CD44 ( b ). Representative 
photos of hAMSCs positive 
for CD105-CD90 ( c ) and 
CD44-90 ( d ). Original 
magni fi cations: 200× (Images 
taken from Díaz-Prado et al. 
 [  32  ] )       
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    3.4   Human Amniotic Membrane as a Source of Stem Cells 

 HAM expresses only moderate levels of major histocompatibility complex (MHC) 
class I antigens and MHC class II antigens on its surface. HAM-isolated cells have 
anti-in fl ammatory properties. Moreover, there was no evidence of tumorigenicity 
when isolated human amniotic cells were transplanted into human volunteers or 
into patients in an attempt to correct lysosomal storage diseases  [  52–  54  ] . Therefore, 
hAECs and hAMSCs seem to be immune-privileged cells and suitable for allotrans-
plantation and regenerative medicine  [  40,   55  ] . 

 Because fetal tissues are routinely discarded postpartum, HAMs have proved to 
be abundant, inexpensive, and easily obtained with a virtually limitless availability 
 [  45,   47,   56–  58  ] . Therefore, the HAM represents a very useful source of progenitor 
cells for a variety of applications. Because human embryos are not sacri fi ced for the 
isolation of progenitor cells from HAMs, the current controversies associated with 
the use of hESCs can be avoided  [  43,   55,   56,   58  ] . Given the minimal ethical and 
legal issues associated with HAM cell usage, further investigation into their func-
tional potentials in vivo is warranted. 

 HAM is becoming appreciated as an alternative to bone marrow for adult MSCs 
for regenerative medicine. This tissue provides high ef fi ciency in MSC recovery 
with no intrusive procedures  [  33  ] . Moreover, harvesting cells from the HAM is 
noninvasive and safe. A major advantage of cells isolated from the HAM is that they 
are harvested after birth and can be cryogenically stored to be available in a timely 
manner for patient therapy after being thawed and expanded for use in tissue engi-
neering, cell transplantation, and gene therapy. 

 MSCs from  fi rst-, second- and third-trimester placental compartments, including 
the amnion, chorion, decidua parietalis, and decidua basalis, were isolated and rep-
resent less than 1 % of the cells present in the human placenta  [  22,   33,   59,   60  ] . 

hAECs

a b

hAMESCs

  Fig. 3.3    hAECs ( a ) and hAMSCs ( b ) were stained with CK7 antibody by means of 
immunohistochemistry       
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HAM contains two different cell types from different embryological origin  [  33,   61  ] : 
hAECs, derived from embryonic ectoderm  [  50  ]  which form a continuous mono-
layer that contacts the amniotic  fl uid, and hAMSCs, derived from embryonic meso-
derm  [  50  ]  which are sparsely distributed in the stroma that underlies the amnion 
epithelium  [  51  ] . Both hAECs and hAMSCs secrete various antiangiogenic and anti-
in fl ammatory proteins such as interleukin (IL)-1 receptor antagonist; activin A; tis-
sue inhibitors of metalloproteinases (TIMP-1, TIMP-2, TIMP-3, and TIMP-4); and 
IL-10 which are deposited within the amniotic membrane stroma  [  62  ] . Hyaluronic 
acid may act as a ligand for CD44 and may entrap in fl ammatory cells in the 
stroma. 

 Some papers reported the isolation of HAM-derived cells, from the mesenchy-
mal and epithelial regions of the amnion, from the full-term amnion after its manual 
separation from the chorion. Bailo et al.  [  63  ]  isolated and characterized amnion and 
chorion cells from human term placenta suggesting that both kinds of cells may 
represent an advantageous source of progenitor cells with potential applications in 
a variety of cell therapy and transplantation procedures. For this purpose, different 
methods to isolate HAM-derived cells have been published  [  33,   59,   63–  67  ] . 

 All these protocols start with a mechanical separation of the amniotic membrane 
from the underlying chorion through the spongy layer  [  43  ] . This step is followed by 
a digestion with trypsin, dispase, or other digestive enzymes, in different concentra-
tions and for different periods of time, to release the hAECs from the basal mem-
brane. hAMSCs can be subsequently released through subsequent digestion with 
collagenase  [  49  ] , alone or combined with DNAase  [  23  ] . 

 Regardless of the morphological features of human amnion-derived cells, hAM-
SCs show plastic adherence and  fi broblast-like growth usually observed with MSCs 
from bone marrow (Fig.  3.4 ). After 3–4 weeks of hAMSCs culture, it is possible to 
obtain a population of adherent mesenchymal cells morphologically identical to 
MSCs isolated from bone marrow. These stromal cells are easy to expand in vitro 
for at least 9 passages without morphological changes. Furthermore, their immuno-
phenotypic characterization demonstrates the presence of common well-de fi ned 

a

hAMSCs hAECs
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  Fig. 3.4    Morphology of cultured hAMSCs ( a ) and hAECs ( b ) isolated from healthy HAM. 
Original magni fi cations: 100×       
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human MSC markers previously described for bone marrow (CD90, CD44, CD73, 
CD166, CD105, CD29) with the absence of the hematopoietic markers CD34 and 
CD45 and the concomitant lack of  fi broblast marker  [  68,   69  ] . The absence of 
hematopoietic or monocytic marker gene expression excludes the possibility that 
the observed plasticity of these cells is due to contamination with stem cells from 
fetal or cord blood or with embryonic  fi broblasts. This antigen expression pattern is 
consistent with the data previously published in cells isolated from the amnion and 
other regions of the term placenta  [  5,   51,   63  ] . hAMSCs are also positive for pluri-
potency markers such as Oct4 (octamer-binding protein 4), NANOG, SOX2 (SRY-
related HMG-box gene 2), and REX-1  [  49  ] , but positivity for embryonic stem cell 
markers, SSEA-3 or SSEA-4, remains debated  [  49  ] . hAMSCs may be considered as 
superior to adult MSCs in their differentiation and proliferation capacity due to their 
higher OCT4 mRNA levels  [  33  ] . Moreover, hAMSCs also express low levels of 
HLA-A, HLA-B, and HLA-C, but do not express HLA-DR, indicating that these 
stromal cells may be useful in clinical transplantation procedures  [  49  ] .  

 On the other hand, isolated hAECs are small-size cells that are easy to expand 
in vitro for at least three passages without morphological changes; they display 
epithelial morphologies and grow into a tightly packed, cobblestone monolayer in 
culture  [  70  ]  (Fig.  3.4 ). These cells generally have a central or eccentric nucleus, one 
or two nucleoli, and abundant cytoplasm, usually vacuolated  [  66  ] . hAECs are posi-
tive for desmin and vimentin  [  58  ] . These epithelial cells also reveal an antigen 
expression pro fi le characteristic of culture-expanded MSCs  [  51  ] , since they are 
positive for the same markers as for hAMSCs. Primary hAECs seem to contain 
class IA and class II HLAs, consistent with a low risk of tissue rejection  [  42  ] . They 
do not express HLA-A, HLA-B, and HLA-C belonging to class I of the MHC and 
HLA-DR and HLA-DQ belonging to the class II MHC  [  45,   65  ] .    When these cells 
follow pancreatic or hepatic differentiation, but not cardiogenic differentiation, 
express a signi fi cant percentage of class IA but not class II HLAs  [  71  ] . In addition, 
hAECs secrete a number of immunosuppressive factors that target the innate and 
adaptive immune systems, which may support survival following transplantation 
 [  70  ] . Evidence for long-term self-renewal is not still available for hAECs, probably 
may be due to the absence of telomerase that limits their ability to divide in 
culture. 

 Phenotypes of the two cell populations (Fig.  3.5 ), hAMSCs and hAECs, are 
maintained from passage 0 to passage 9  [  32  ] . It is important to notice that although 
both populations show similar signature regarding cell surface receptor expression 
pattern, they show many differences with regard to cell shape and cell arrangement 
 [  32,   51  ] . These same  fi ndings were previously described by Bilic et al.  [  51  ] . These 
investigators isolated these two populations and concluded that hAECs and hAM-
SCs in culture exhibited and maintained a similar marker pro fi le of mesenchymal 
progenitors. hAECs also express surface markers of undifferentiation normally 
present on embryonic stem and germ cells such as SSEA-4 and STRO-1. Both 
embryonic stem cell markers are present in more quantity in hAECs than in hAM-
SCs  [  32,   42,   51  ] , possibly indicating that hAECs could be at a more early state of 
undifferentiation. In this regard, Ilancheran et al.  [  42  ]  also showed that hAECs 
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expressed SSEA-3 (stage-speci fi c embryonic antigen 3), SSEA-4, TRA-1–60 
(tumor rejection antigen) and TRA-1–81, and other antigens such as the ABCG 2/
BCRP (a member of the ATP-binding cassette superfamily), CD9, CD24, CD90, 
CD117, E-cadherin, integrin  a 6 and  b 1, and c-met (receptor growth factor of the 
hepatocyte)  [  43,   45  ] . It has to be noted that initially isolated, hAECs are not homog-
enously positive for all these antibodies. Some surface markers such as CCR4- and 
CD117-positive cells are very rare, while others such as CD9 and integrin  a 6 and 
 b 1 are expressed on virtually 100 % of the cells, indicating that hAECs are a hetero-
geneous cell population with respect to cell surface pro fi ling  [  67  ] . These epithelial 
cells also express Oct4, NANOG, SOX2, REX-1, FGF4, Lefty-A, and TDGF-1gene 
products associated with pluripotent embryonic stem cells  [  49,   67,   72,   73  ] . When 
hAECs are cultured as an adherent monolayer for several weeks, small spheroids 
are evidenced over the cobblestone pavement of epithelial cells. These cell clusters 
express SSEA-3, SSEA-4, TRA 1–60, and TRA 1–80 stem cell-speci fi c cell surface 
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antigens. Moreover, the stem cell molecular marker genes Oct4 and NANOG are 
also expressed in the small cell clusters, suggesting that hAECs form embryonic 
body-like structures that maintain their stem cell nature in culture  [  73  ] .  

 hAECs and hAMSCs can be grown in Dulbecco’s modi fi ed Eagle’s medium 
(DMEM) supplemented with 20 % fetal bovine serum (FBS) and 1 % penicillin-
streptomycin (P/E) and seeded into culture  fl asks. Moreover, hAECs could be cul-
tured with or without the addition of growth factors such as epidermal growth 
factor (EGF) or basic  fi broblast growth factor (bFGF) and mostly in the absence of 
leukemia inhibitor factor (LIF)  [  48  ] . Both populations should be expanded in a 
humidi fi ed 5 % CO 

2
  atm at 37 °C. After the isolation of both cell types, it is advis-

able to perform immunohistochemical stainings (e.g., for cytokeratin 7, CK7) to 
demonstrate the purity of both populations. In this regard, only hAECs may be 
positive for this or other epithelial markers. In monolayer cultures, these hAECs 
are positive for low molecular weight cytokeratins, con fi rming their epithelial 
nature. Moreover, although initially they are vimentin-negative, hAECs become 
vimentin-positive during cell culture. Vimentin-positive hAECs remain positive 
for cytokeratins, indicating that in vitro culture may induce dedifferentiation of 
these epithelial cells  [  67  ] . 

 Recently, Parolini et al.  [  49  ]  published a comparison of key features of HAM-
derived cells and human BM-MSCs. These authors postulated that BM-MSCs have 
a higher cell doubling time than hAECs, while for the hAMSC this time was not 
reported yet. Regarding the maximum number of passages, it ranges from 5 to 10 
for hAMSCs, 10–20 for BM-MSCs, and 30 for hAECs. But there is a contradiction 
with the passage number at which HAM-derived cells stop proliferation. Based on 
the literature, proliferation slows down with every passage and cells settle into 
senescence until proliferation ceases. For example, Miki et al.  [  66  ]  and Parolini 
et al.  [  65  ]  state that hAECs grow normally for 2–6 passages before proliferation 
ceases. On the contrary, Bilic et al.  [  51  ]  con fi rmed that hAECs and hAMSCs prolif-
eration almost stops beyond passage 5, whereas Toda et al.  [  58  ]  postulated that 
hAECs senescence is reached at lower passages, P3 or P4. However, Alviano et al. 
 [  33  ]  and Soncini et al.  [  59  ]  indicated that hAMSCs are easily expanded in vitro for 
at least 15 passages without any visible morphological alterations, but they used 
cells not exceeding P4 for cell characterization and multilineage differentiation 
potential studies. 

 Another comparison between placental cells and BM-MSCs was the aim of the 
paper published by Barlow et al.  [  5  ] . These authors compared human placenta-de-
rived MSCs (the placental tissue included amnion, chorion, and decidua) and human 
bone marrow-derived MSC in terms of cell characteristics, optimal growth condi-
tions, mesodermal lineage differentiation, and in vivo safety speci fi cally to deter-
mine if human placenta-derived MSCs could represent a source of human MSC for 
clinical trials. They demonstrated that both populations were similar in terms of 
growth condition requirements and in terms of subsequent biological characteriza-
tion. However, both populations differed with respect to their proliferation capabili-
ties at different seeding densities. In this regard, human bone marrow-derived MSCs 
proliferated more slowly than human placenta-derived MSCs in every experiment. 
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Also the latter had greater long-term growth ability than the former. Moreover, 
MSCs from both sources exhibited similar morphology, size, and cell surface phe-
notype, and mesodermal differentiation ability with the exception that human pla-
centa-derived MSC consistently appeared less able to differentiate to the adipogenic 
lineage. In line with the results obtained, these authors suggested that human pla-
centa is an acceptable alternative source for human MSC. 

 All published protocols to obtain HAM-derived cells yield hAMSCs, but no 
studies have compared their ef fi cacy in the isolation. Our group  [  31  ]  compared two 
protocols, described in the literature by Alviano et al.  [  33  ]  and Soncini et al.  [  59  ] , 
for the isolation of hAMSCs from the HAM. Alviano’s protocol involved three 
digestions (one mechanical and two enzymatic), whereas Soncini’s protocol used 
only two enzymatic digestions. This study included the comparison of hAMSCs, 
isolated using both methodologies, in terms of their phenotypic characterization and 
their in vitro potential for differentiation toward osteogenic, adipogenic, and chon-
drogenic mesodermal lineages. Both protocols allowed the successful isolation and 
culture of cells attached to the culture  fl ask with  fi broblast-like cell morphology 
from full-term placenta. These cells showed similar immunophenotype but with 
differences in cell yield and in the in vitro differentiation potential into the main 
mesodermal lineages. In particular, quantitative studies showed that Soncini’s pro-
tocol typically showed an increase in the hAMSCs isolation yield of almost tenfold 
with regard to Alviano’s protocol. Also, the former protocol allowed the isolation 
and expansion of a larger number of cells in a very short time period. This ready and 
rapid availability of cells is one criterion required of a source of MSCs for it to be 
considered for cell transplantation. Therefore, the differences found using both pro-
tocols should be taken into account when using these cells for cell therapy.  

    3.5   Differentiation Potential of Human Amniotic 
Membrane-Derived Cells 

 Placental MSCs have been shown to differentiate into chondrogenic, osteogenic, 
endothelial, hepatocytic, myogenic, and neurogenic lineages, with some differences 
among cell types depending on the placental tissue sources  [  8,   33,   40,   43,   50,   56,   68, 
  69,   74,   75  ]  (Figs.  3.6  and  3.7 ).   

 hAMSCs differentiation to neuronal lineage has been demonstrated by the fact 
that these cells express neuronal markers (nestin, Musashi 1, neuron-speci fi c eno-
lase, neuro fi lament medium, microtubule-associated protein [MAP]-2 and Neu-N) 
and glial (GFAP) markers, after their culture in speci fi c neural-induction media  [  50, 
  60,   75,   76  ] . 

 Tamagawa et al.  [  74  ]  showed that hAMSCs were able to differentiate into cells 
with characteristics of hepatocytes. In this regard, native cells expressed typical 
hepatocytic mRNA such as albumin, CK (cytokeratin) 18,  a -fetoprotein,  a 1-antit-
rypsin, and HNF-4 a , but only glucose-6-phosphatase and ornithine transcarbamy-
lase expression and glycogen storage were observed after in vitro hepatic induction. 
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 Regarding hAMSC differentiation toward mesodermal lineage, In’t Anker et al. 
 [  22  ]  demonstrated the potential of hAMSCs to differentiate into osteogenic and 
adipogenic cells. After osteogenic differentiation, hAMSCs suffered morphologic 
changes and showed calcium deposits when they were stained with von Kossa’s 
dye. On the other hand, and after adipogenic differentiation, hAMSCs become 
multi-vacuolated cells that were stained with Oil Red O stain. Later, Portmann-Lanz 
et al.  [  60  ]  showed the capacity of these stromal cells for differentiation to chondro-
genic and myogenic lineages. Chondrogenic differentiation of these cells was dem-
onstrated by the presence of abundant collagen in the ECM by means of Alcino’s 
blue dye. Myogenic differentiation of hAMSCs has been determined by RT-PCR 
since Portmann-Lanz et al.  [  60  ]  demonstrated the mRNA expression of myogenic 
transcription factors such as MyoD and myogenin and the protein expression of 
desmin in hAMSCs cultured in differentiation media. Alviano et al.  [  33  ]  con fi rmed 
these results and also were the  fi rst to demonstrate the angiogenic differentiation 
potential of these cells. This latter study revealed that hAMSCs, after culture in 
induction media with VEGF, expressed endothelial-speci fi c markers such as the 
receptors of the vascular endothelial growth factor 1 and 2 (FLT-1, KDR), ICAM-1, 
as well as the appearance of CD34 and von Willebrand Factor (vWF)-positive 
cells. 

 Regarding cardiomyogenic potential, it has been demonstrated that hAMSCs 
expressed cardiac-speci fi c genes such as GATA4, MLC-2a (myosin light chain), 
MLC-2v, cTnI, and cTnT  [  77,   78  ]  after cardiomyogenic induction. Zhao et al.  [  77  ]  
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  Fig. 3.6    Adipogenic ( DIF Adipo ) and osteogenic ( DIF Osteo ) differentiation of human amnion 
mesenchymal stromal cells ( hAMSCs ) and human amnion epithelial cells ( hAECs ) with their 
respective controls ( C hAMSC  and  C hAEC ) grown for 21 days in Dulbecco’s Modi fi ed Eagle 
Medium ( DMEM 21 ). The presence of adipocytes was assessed by detection of lipid drops using 
Oil Red O ( OR - O ) stain ( a ). The presence of the calcium deposits characteristic of osteoblasts was 
detected using Alizarin Red ( AR ) stain ( b ). Original magni fi cations: 200× ( a ) and 100× ( b ) (Images 
taken from Díaz-Prado et al.  [  32  ] )       
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  Fig. 3.7    Chondrogenic differentiation ( DIF Chondro ) of human amnion mesenchymal stromal 
cells ( hAMSCs ) and human amnion epithelial cells ( hAECs ) and their respective controls ( C hAMSC  
and  hAEC ) grown for 21 days in Dulbecco’s Modi fi ed Eagle Medium ( DMEM ). Micropellets were 
stained with HE, Masson’s trichrome ( MM ), and toluidine blue ( AT ) for proteoglycans. 
Immunodetection of Agg ( Ag-C20 ) and collagen type II ( Col II ) was performed to detect mole-
cules characteristic of hyaline cartilage. Immunodetection for collagen type I ( Col I ) was also 
assessed. Original magni fi cations: 100× and 200× (Images taken from Díaz-Prado et al.  [  32  ] )       
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showed that after hAMSCs transplantation into the myocardial infarcts in rat hearts, 
these cells survived in the scar tissue for at least 2 months and differentiated into 
cardiomyocyte-like cells. On the other hand, spontaneous differentiation of hAM-
SCs toward myo fi broblasts has also been observed after their culture in standard 
medium (DMEM/FBS) within 2 passages  [  79  ] . 

 The ability of hAECs to differentiate into cardiomyocytic, myocytic, osteocytic, 
adipocytic (mesodermal), pancreatic, hepatic (endodermal), neural, and astrocytic 
(neuroectodermal) cells in vitro has been established  [  42,   43,   73,   80  ] . However, in 
contrast with embryonic stem cells, hAECs did not form tumors up to 7 months 
posttransplantation in SCID/Beige mice  [  42,   73  ] . The capacity of hAECs to differ-
entiate into cell types from all three germ layers may be associated with the fact that 
the hAECs are directly derived from the epiblast and thus may retain the plasticity 
of pregastrulation embryonic stem cells. 

 The pluripotency of hAECs was supported by the study of Tamagawa et al.  [  81  ] . 
The ultimate approach to determine the pluripotency of amniotic epithelium-derived 
stem cells is to generate chimeric animals by injecting the single stem cell into a 
blastocyst. If the stem cell contributes all germ layer cells in the chimeric animal, 
pluripotency will be con fi rmed  [  67  ] . Tamagawa et al.  [  81  ]  created a xenogeneic 
chimera with hAECs and mouse embryonic stem cells in vitro. This chimera gives 
rise to cells of all germ layers, con fi rming the in vitro pluripotency of hAECs. Later 
studies have corroborated the ability of hAECs to in vitro differentiate into cells 
from the three germ layers  [  42,   43,   73,   80  ] . 

 hAECs have characteristics of neural progenitor cells since freshly epithelial 
cells constitutively express a number of neural genes, including neuron-speci fi c 
enolase (NSE), NF-M, and myelin basic protein (MBP), perhaps suggesting a pre-
dilection for neural differentiation  [  70  ] . Exposure of hAECs to all-trans-retinoic 
acid and FGF4 resulted in adoption of an elongated, neural morphology and 
enhanced expression of some differentiation markers for neural stem such as nestin 
and GAD (glutamate decarboxylase). Differentiation to astrocyte-like and oligo-
dendrocyte-like cells was also evidenced by expression of glial  fi brillary acidic 
protein (GFAP) and cyclic nucleotide phosphodiesterase (CNP), respectively  [  73  ] . 
Kakishita et al.  [  82  ]  and Elwan and Sakuragawa  [  83  ]  demonstrated the differentia-
tion of the epithelial cells to neural cells (ectodermal lineage) with capacity to 
synthesize and release acetylcholine, catecholamines, neurotrophic factors, activin, 
noggin, and dopamine, suggesting their possible utility in the treatment of neural 
degenerative diseases. In this regard, several studies have already been published 
showing promising results in animal models with Parkinson’s disease and muco-
polysaccaridosis type VII. Studies of intracerebral grafting of hAECs for the treat-
ment of a mouse model of Parkinson’s disease showed that these epithelial cells 
can synthesize and release catecholamine and neurotrophic factors such as nerve 
growth factor, neurotrophin-3, and brain-derived neurotrophic factor  [  82,   84,   85  ] . 
Kosuga et al.  [  86  ]  suggested that transplantation of hAECs transduced with adeno-
viral vectors can be employed for the treatment of congenital lysosomal storage 
disorders. 
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 Hepatic differentiation (endodermal lineage) of hAECs was reported by 
Sakuragawa et al.  [  87  ] . They demonstrated albumin and  a -fetoprotein production 
from cultured hAECs, and when LacZ-labeled human hAECs were transplanted 
into the liver of an immunode fi cient mouse, the transplanted cells were found to 
integrate into the hepatic plate. Some reports demonstrated that these epithelial cells 
also displayed other functional properties associated with hepatocytes, such as gly-
cogen storage and expression liver-enriched transcription factors, such as hepato-
cyte nuclear factor (HNF)-3 g  and HNF4 a , CCAAT/enhancer-binding protein (C/
EBP- a  and C/EBP- b ), and several of the drug-metabolizing genes (cytochrome 
P450)  [  73,   88,   89  ] . Some papers showed albumin production and induction of early 
markers of hepatic differentiation of hAECs after the addition of speci fi c growth 
factors to the culture media such as FGF-2, hepatocyte growth factor, oncostatin M, 
and heparin sodium salt  [  88  ] . These  fi ndings suggest the potential utility of hAECs 
to restore hepatic tissues that have been diseased or injured. 

 Differentiation of hAECs to another endodermal lineage, pancreatic, was reported. 
Wei et al.  [  90  ]  cultured these epithelial cells in the presence of nicotinamide to induce 
pancreatic differentiation, and they observed that the treated cells initiated the expres-
sion of multiple pancreatic genes, including the transcription factor Pax-6 and the 
hormones glucagon and insulin. Subsequent transplantation of these insulin-express-
ing cells in the spleen of diabetic SCID mice normalized the levels of serum glucose 
for several months after the transplant, indicating the therapeutic potential of hAECs 
to treat diabetes mellitus type I. Later, Miki et al.  [  73  ]  showed by RT-PCR analysis 
that, after pancreatic differentiation, hAECs express pancreatic  a - and  b -cell mark-
ers such as the transcription factors PDX-1 (pancreatic duodenum homeobox 1), 
PAX-6 (paired box homeotic gene 6), and NKX2.2 (NK2 transcription factor-related 
locus 2) and the mature hormones insulin and glucagon. 

 The differentiation of hAECs to cardiac cells (mesodermal lineage) was  fi rst 
evaluated by Miki et al.  [  73  ] . They demonstrated by RT-PCR that cardiac-speci fi c 
genes atrial and ventricular myosin light chain 2 (MLC-2A and MLC-2V, respec-
tively) and the transcription factors GATA-4 and Nkx 2.5 are expressed or induced 
in hAECs cultured in media supplemented with ascorbic acid 2-phosphate for 
14 days. The immunohistochemical analysis of alpha-actinin expression showed a 
staining pattern very similar to the one reported for hESC-derived cardiomyocytes. 

 Differentiation of hAECs to another mesodermal lineages was reported by 
Ilancheran et al.  [  42  ] , who showed that native hAECs can differentiate into cells 
with a phenotype and marker characteristic of mesodermal-derived myocytes, 
osteocytes, and adipocytes.  

    3.6   Preclinical Studies of Amnion-Derived Cells Applications 

 There are a limited number of studies showing results of preclinical investigations 
using amnion-derived cells  [  91  ] . New research focusing on alternative therapeutic 
applications is currently in progress. 
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 Some reports suggested the bene fi cial effects of primary hECs in lung  fi brosis 
when they were transplanted into a mouse model. After the transplantation, these 
cells expressed surfactant proteins and displayed lamellar bodies indicating their 
differentiation into type II pneumocytes in vivo. hECS transplantation reduced col-
lagen deposition, induced its degradation, and overall reduced  fi brosis in the injured 
lungs  [  92  ] . Regarding liver  fi brosis, hECs transplantation also showed a signi fi cant 
reduction in the number of hepatic cells producing collagen  [  93  ] . 

 Cell therapy using hAECs was assessed for the treatment of pancreatic diseases. 
In rat models of insulin-dependent diabetes mellitus, transplanted hAECs were able 
to normalize blood glucose level, since they were able to differentiate into pancreatic 
 b -cells in vivo  [  90  ] . On the other hand, and for the treatment of muscle diseases, 
when hAMSCs were transplanted into a mouse model of Duchenne muscular dystro-
phy, they underwent myogenic differentiation or fusion with host muscle cells  [  94  ] . 

 Moreover, the differentiation potential of hAECs into neurons and glial cells was 
investigated by several groups for the treatment of neurological disorders which 
affect both the spinal cord and the brain. For example, for the treatment of Parkinson’s 
disease, hAECs transplanted into an immunosuppressed rat model of Parkinson’s 
disease produced dopaminergic and other diffusible molecules with trophic and 
bene fi cial activities on dopaminergic neurons  [  82,   84  ] . In case of ischemic stroke, 
hAECs transplanted into ischemic rats resulted in an improvement of behavioral 
dysfunction and reduction of infarct volume. These bene fi cial effects probably 
could be due to the hECs differentiation toward neurogenic lineage in vivo and to 
the paracrine actions of the neurotrophic factors secreted by these amnion epithelial 
cells  [  95  ] . Moreover, hAECs have been investigated to treat spinal cord injury. 
When these cells were transplanted into a monkey or rat models, hAECs prevented 
degeneration of axotomized neurons and exerted neurotrophic effects, in part due to 
the release of neurotrophic factors by hAECs  [  96  ] .  

    3.7   Clinical Application of Human Amniotic 
Membrane as Scaffold 

 HAM has been reported for the  fi rst time as a biological dressing to heal skin wounds 
a century ago  [  97  ] . Davis was the  fi rst to report the use of fetal membranes as surgical 
materials in skin transplantations. Later, other surgery applications for HAM have 
been reported, such as its use as a biological dressing for skin wound treatment, 
chronic leg ulcers, and burn injuries. Since the 1940s, the use of de-epithelialized 
HAM has been well documented in ophthalmology for the treatment of Stevens-
Johnson syndrome, cicatricial pemphigoid, acute thermal and alkali burns, pterygium 
surgery, and limbal stem cell transplantation among others  [  98–  102  ] . HAMs have 
also been used as biologic dressings for plastic surgery, dermatology, and gynecology 
procedures  [  103–  107  ] . In management of open wounds, HAM provides a clean and 
closed wound in the shortest time possible; it avoids  fl uid, nutrient, and heat loss; 
prevents wound infection and pain; and reduces mobility. The amnion adheres  fi rmly 
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to an exposed surface. Moreover, HAM can provide a healthy new substrate suitable 
for reepithelization and epithelial healing  [  47  ] . These properties enable surgeons to 
apply the graft on various tissue surfaces without need for suturing or application of 
secondary dressings. Immediately after grafting, the process of biodegradation begins 
and the membrane self-dissolves over a period of time from days to 3–4 weeks 
depending on the characteristics of the wound, the presence or absence of coexisting 
pathogens, the polarization of the applied graft, and the type of graft applied. 

 Importantly, full-term placentas are evaluated after the birth of the baby and are 
discarded at the hospital as medical waste. Therefore, HAMs are inexpensive and 
easily obtained with an availability that is virtually limitless, negating the need for 
mass tissue banking  [  45,   47,   57,   58  ] . The HAM possesses clinical considerable 
advantages to make it potentially attractive as a biomaterial. It is antimicrobial, anti-
 fi brosis, antiangiogenic, and antitumorigenic and has acceptable mechanical prop-
erties. It also reduces pain and in fl ammation, inhibits scarring, enhances wound 
healing and epithelialization, has analgesic properties, acts as an anatomical and 
vapor barrier, and modulates angiogenesis, all important requirements for tissue 
engineering  [  45  ] . Several growth factors, such as TGF- b ,  b FGF, EGF, TGF- a , kera-
tinocyte growth factor, and hepatocyte growth factor, produced from amniotic mem-
brane, are involved in some of these processes  [  4  ] . All these characteristics are not 
shared by other natural or synthetic polymers, highlighting the clinical advantages 
of HAM as a scaffold compared to other biocompatible products. Also, amnion 
shows little or no immunogenicity, and the immune response against the graft, if 
there is, is slight and ineffective, so it does not represent transplantation risks. On 
the contrary, chorion shows high immunogenicity, and for this reason, it is not used 
as biomaterial for transplantation purposes. It is important to note that HAM has 
been approved as a medical material by the Food and Drug Administration  [  67  ] . 

 Nowadays, HAMs are used as allograft in general surgery for reconstructions, as 
an autograft in neonatal reconstruction surgery and as a scaffold in tissue engineer-
ing research  [  48  ] . The low cost of amnion graft preparation and the very good clini-
cal results in multipurpose applications have made it a viable alternative to other 
natural (i.e., preserved human skin) and synthetic wound dressings  [  108  ] . Moreover, 
for all the clinical applications, HAM is usually preserved and stored using different 
methods such as cryopreservation, irradiation, air drying, lyophilization, or glycerol 
preservation.  

    3.8   Summary 

 The HAM, an abundant, inexpensive, and readily obtained tissue that is discarded 
postpartum, represents a valuable cell and tissue source of great interest in the  fi eld 
of cell therapy and regenerative medicine. Both cell populations isolated from 
HAM, hAMSCs and hAECs, show an antigen expression pro fi le characteristic of 
culture-expanded MSCs and differentiation potential into ectodermal, mesodermal, 
and endodermal lineages. hAMSCs, hAECs, and HAM fragments were used in 
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 preclinical studies to treat pancreatic, muscle, vascular, lung, and liver diseases. 
However, more studies are needed to demonstrate the potential effects of either 
amnion-derived cells or amnion allografts in animal models of different diseases in 
the hope of increasing their future clinical applications.      
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  Abstract   Advanced innovative approaches were implemented in the  fi eld of 
stem cell researches providing great hope for Parkinson’s disease patients. Recent 
methods were used in the production and application of tissue regeneration and 
cellular therapy using the integration of nanotechnology and tissue engineering 
to improve the therapeutic bene fi ts of cell replacement. Several studies were 
done to determine the optimal stem cell type that can offer an ef fi cient future 
treatment for Parkinson’s disease.    Multiple signaling factors were investigated 
for the induction of dopamine neurons from several sources of stem cells, such 
as the early developing mouse embryo that provides mouse embryonic stem 
cells, the early developing human embryo that provides the human embryonic 
stem cells, and adult brain that provides adult neural stem cells. Reprogrammed 
somatic cells were also used to provide induced pluripotent stem cells and mes-
enchymal stem cells that differentiate into neural cells. Nevertheless, further 
studies are recommended to identify the ideal conditions and speci fi c factors that 
allow stem cells to be applied ef fi ciently for the treatment of Parkinson’s 
disease.  
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    4.1   Introduction 

 The human brain is a complex mystery of enormous amount of information. 
Raveling its complicated structures and functions is essential to understand the 
causes of its various disorders and to reach the proper therapy of its diseases. Many 
ef fi cient scienti fi c advances have been reported for the treatment of neural diseases. 
One of the most common serious neurodegenerative disorders is Parkinson’s dis-
ease (PD). It is attributed to selective loss of dopamine (DA) producing neurons in 
the substantia nigra  [  1  ] . Current medications, such as levodopa (LDOPA), the meta-
bolic precursor of dopamine, are not suf fi cient to retard DA neuron degeneration. In 
addition, they produce several side effects, such as motor complications, sleep dis-
turbances, and mood disorders. In contrast, it was recorded that LDOPA hastens the 
loss of dopamine nerve terminals in the nigrostriatum  [  2  ] . Over the last decades, 
surgical approaches, from the ablative surgeries of subthalamotomy and pallido-
tomy to the more re fi ned deep brain stimulation, attracted the interest as a conven-
tional therapy for PD in many countries. Subthalamic nucleus and globus pallidus 
deep brain stimulation were considered an alternative surgical treatment for dyski-
nesias and motor  fl uctuations which are major complications in long-term LDOPA 
therapy. However, it could not be proved that surgical treatment affects the disease 
progression, and it is suitable only for a limited number of patients  [  3  ] . The discov-
ery of neurotrophins and their protective effects on DA neurons was documented in 
animal models of PD  [  4  ] . Neurotrophic factors, which are protein growth factors 
that regulate neuronal maturation, proliferation, branching, and synaptic plasticity, 
activate the pathway of cell signaling leading to enhancing the survival, growth, and 
regeneration of DA neurons. When provided continuously, the neurotrophic factors 
produce neuroprotective and neuroregenerative effects with reduction of DA cell 
death. For example, glial cell line-derived neurotrophic factor (GDNF), neurturin, 
mesencephalic astrocyte-derived neurotrophic factor (MANF), and cerebral dop-
amine neurotrophic factor (CDNF) were shown to act more effectively than other 
neurotrophins in protecting striatal neurons exerting more neuroprotective effects 
and improving the clinical outcome  [  5  ] . Nevertheless, they could not pass through 
the blood–brain barrier. In addition, they are dif fi cult to be administrated clinically 
as they should be infused directly into the target area. Furthermore, the cannula 
produces signi fi cant side effects with limited penetration capacity  [  6,   7  ] . 

 An alternative treatment, which has been tested for the treatment of PD, was the 
cellular therapy. The autologous grafts have been examined to treat neural defects. 
Growth-promoting effects were exerted on the mesencephalic DA neurons by some 
released molecules from the co-grafted Schwann cells with increase in the DA lev-
els  [  8  ] . Moreover, autologous Schwann cells bridge graft-enhanced DA axonal 
elongation and exerted tyrosine hydroxylase (TH)-positive phenotype in the sur-
rounding astroglial cells  [  9  ] . However, several side effects were recorded, such as 
neuroma formation, mismatch of donor-site neuronal size with the recipient site, 
and lack of clinical recovery, and the most important is the short age of the cells as 
they were taken from the patient himself  [  10  ] . A second type of cellular therapy is 
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the intrastriatal transplantation of human fetal nigral cells. Bene fi cial results were 
accomplished when DA neurons extracted from primary ventral mesencephalon 
were grafted in the lesioned striatum  [  11  ] . Integration of the transplanted cells with 
the host neurons was demonstrated by increase in the length of their axons and den-
drites and the development of afferent and efferent projections between them. In 
addition, DA was found to be released regularly with remarkable functional recov-
ery as proved by positron emission tomography scanning of the activated areas by 
the grafted cells and prolonged clinical assessments  [  12  ] . Besides, it was concluded 
that the grafted tissues can overcome the immune rejection even without immuno-
suppression  [  13  ] . The quality    of dissected tissue, the age of donor fetus, limited 
tissue accessibility, and the storage conditions after dissection affected greatly the 
behavior of grafted cells. Moreover, the resulting dense hyperdopaminergic areas 
secreting excess DA from the grafted cells  [  14,   15  ]  and serotonergic hyperinnerva-
tion  [  16  ]  were recorded to induce severe dyskinesias. These results were also sup-
ported by the  fi nding of Lewy bodies in the transplanted DA neurons in the substantia 
nigra of a postmortem brain of a 68 years old man, indicating progressive neurode-
generation of the donor cells  [  14  ] . It could be concluded that the disease process not 
only affects the endogenous brain cells but also the new grafted cells. Furthermore, 
the fetal grafted cells probably contained  fi broblasts, astrocytes, or other types of 
neurons or glial cells, in addition to DA neurons, that affected the grafted cells 
behavior, survival, and clinical outcome. It could be    suggested that reported improve-
ment was due to replacement of the aged brain cells by the new grafted cells rather 
than stimulation of the brain’s own neurorestorative mechanism. Therefore, search-
ing for an alternative source of cells was very essential to provide safe and ef fi cient 
materials as a cellular therapy and to achieve a better prognosis for PD patients. 
However, several questions must be resolved while reaching the best graft strategy, 
such as choosing the optimal cell source matching with the right patients, avoiding 
immunorejection, regulating the side effects, and achieving the objective of the best 
functional bene fi t for the patient to live a better life. This necessity guided the 
researchers to develop advanced innovative approaches in the  fi eld of stem cell pop-
ulation as the great promise for patients suffering from neurodegenerative diseases 
especially PD.  

    4.2   Stem Cell Therapy 

 The common knowledge of the absence of rebuilding phenomenon in the nervous 
system has been established on the idea that the nerve cells have lost the property of 
proliferation after the embryonic period of life. This task was dramatically changed 
after the evidence of regeneration in the central nervous system and the presence of 
endogenous neural stem cells capable of proliferation, surviving, and integration 
into the existing functional neuronal circuits. The mammalian brain retains a life-
long capacity of neurogenesis. New neurons are generated from the subventricular 
zone (SVZ) of lateral ventricles and the subgranular zone of the dentate gyrus of the 
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hippocampus. The persistence of progenitor cells in these areas, possessing the 
functional characteristics of neuroregeneration, is sustained throughout adult life. 
The most active brain tissue providing neural stem cells (NSCs) is the SVZ. These 
NSCs have the potency for neurogenesis of neural and glial cells. The neuronal 
precursors migrate from the SVZ through the rostral migratory stream to their  fi nal 
destination in the olfactory bulb, the granular cell layer, or to the striatum  [  17,   18  ] . 
It was documented that the neural progenitor cells are reduced in the subependymal 
zone, subgranular zone, and olfactory bulb in PD postmortem patients  [  19  ] . Another 
source of neurogenesis is the administration of exogenous stem cells to restore the 
lost neural cells. New intercellular connections could be established due to the mul-
tiplication of axonal collaterals and dendritic branches which is referred as neuro-
plasticity. Neuroplasticity allows the neural cells to adapt to environmental 
enhancement. This adaptation is the key point of continuous learning, modi fi cation 
of cognitive abilities, and lifelong memory formation that are progressively impaired 
in late stages of PD  [  20  ] . Preclinical researches in animal models proved that trans-
planted neural stem cells not only replace lost neurons but also successfully enhance 
the endogenous neurogenesis and they can produce neurotrophins allowing neuro-
protection to the degenerating neurons. However, many critical concerns should be 
investigated before the applications of stem cell therapy in humans such as (1) selec-
tion of the optimal duration for the transplantation of stem cells to the appropriate 
patients, (2) control the migration of the grafted cells to the required precise loca-
tion, (3) tracking the migration cells by ef fi cient advanced techniques, (4)  fi nding 
the ideal appropriate sources of stem cells that have pluripotency to differentiate 
into speci fi c targeted cell types, and (5) the long-term survival and behavior of 
transplanted stem cells within the recipient microenvironmental tissues. On the 
other hand, many issues still remain to be revealed concerning the challenges facing 
this promising therapy, such as immune rejection, tumor formation, and the under-
lying intrinsic and extrinsic stresses affecting the endogenous neurons. One of these 
major stresses is the aging effects of the old diseased brain in PD patients as the 
grafted cells can undergo the pathological phenotypes of the disease-related neu-
rons  [  21,   22  ] . NSC renewal in the aging brain is a critical area that needs further 
investigations. Understanding the intrinsic and extrinsic aging effects that in fl uence 
the endogenous and transplanted stem cells should be implemented. All these con-
siderations still challenge the conventional methods used in tissue regeneration. So, 
a main concern was to  fi nd a solution for these problems. 

 One of the extremely promising advancement used in the  fi eld of tissue regenera-
tion is nanotechnology. High expectations are now predicted from the applications 
of nanotechnology in biomedical sciences. The approach of engineering techniques 
to the nanometer scale can interact with the biological systems at the molecular 
level. Nanostructures could be applied with high speci fi city in controlling stem cell 
behavior and guiding the interactions between cultured and grafted stem cells and 
the surrounding extracellular matrix. Cytocompatible biomimetic nanomaterials 
provided ef fi cient substitutes improving the cell functions. Nanomaterials desig-
nated in a complex network of three-dimensional extracellular matrix of nanoscale 
 fi bers simulate the natural human tissue dimensions and architectures which 
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 successfully improve the cultured stem cell performance  [  23  ] . Concerning NSCs, 
nanostructures were designed with cytocompatibility properties necessary for neu-
ronal growth. They possess some mechanical properties that support neural tissue 
regeneration and electrical properties that regulate neuronal behavior and stimulate 
neural tissue repair. Novel nano fi bers and nanotubes were fabricated possessing 
biodegradable and biocompatible characteristics enhancing neural tissue engineer-
ing. Moreover, nanosurfaces were designed with different nanotopographies that 
guide cellular adhesion, spreading, morphology, and differentiation. Nanosurfaces 
arranged in different geometrical con fi gurations in fl uence the NSCs to produce 
various chemical and physical signals through the interactions with the speci fi c 
structured extracellular matrix. In addition, these nanotopographies create a com-
plex functional cytoskeletal organization and attachment promoting the behavior of 
the cultured stem cells. However, several issues should be considered before the 
wide applications of nanotechnology for human patients. This consideration is of 
great importance, particularly in NSCs, and should be ful fi lled accurately, such as 
the reported toxic degradative products. Other issues are the maintenance of nano-
materials to their physical properties for the lifelong period with controlled biode-
gradability and the interactions with biological molecules that interfere with their 
activities. 

    4.2.1   Mouse Embryonic Stem Cells (ESCs) 

 ESCs are a promising tool for understanding the molecular and cellular control of 
embryonic development and the mechanisms involved in the progression of the dis-
eases. This versatile  fi eld promoted the development of various types of cells used 
for replacement therapies. Mouse ESCs were shown to differentiate into neurons 
that could be transplanted into the brain and form functional connections with the 
endogenous neural tissue. They were demonstrated to reinnervate the striatal neu-
rons with partial recovery of the motor de fi cit resulting from DA de fi ciency  [  24  ] . 
Cultured mouse ESCs were exposed to a series of growth factors that induced their 
development into neurons such as the basic  fi broblast growth factor (FGF2). The 
addition of some extrinsic signaling factors was proved to enhance the induction of 
midbrain DA neurons. Moreover, these signaling factors raised the expression of the 
rate-limiting enzyme TH in DA synthesis with an ef fi ciency of 30 %. Sonic hedge-
hog (SHH), a glycoprotein secreted from the  fl oor plate cells, and  fi broblast growth 
factor 8 (FGF8), secreted from the mid-hindbrain boundary, are signaling factors 
used to promote the expression of speci fi c markers of DA neurons. The resulting 
cells were able to secrete DA in response to depolarization with the appearance of 
the electrophysiologic properties of the neurons  [  25  ] . Although, other studies dem-
onstrated that these 2 factors, SHH and FGF8, could not provide DA neurons with 
the suf fi cient midbrain phenotype  [  26  ] . Another extrinsic signaling factor, Wnt1, 
was recorded to be essential for midbrain DA neuron speci fi cation with SHH and 
FGF8  [  27  ] . Additionally, En-1, a transcription factor expressed in midbrain identity, 
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caused approximately all the DA neurons to show a midbrain phenotype. Ptx3 is 
another factor that was successfully used for synthesis and metabolism of DA 
 [  28,   29  ] . A homeodomain transcription factor, Lmx1a, was reported to be an essen-
tial determinant of DA neurons during embryonic selectively expressed in prolifer-
ating DA progenitors and induced in response to early signaling in the ventral 
midbrain  [  30,   31  ] . Generation of stably differentiated mouse ESCs was achieved 
using a nestin enhancer (NesE). NesE is a vector that was proved to control the 
expression of Lmx1a. Consequently, Lmx1a can promote mouse ESCs to differenti-
ate into DA neurons. Coupling of NesE – Lmx1a in transplanted mouse ESCs – 
exhibited more surviving TH-positive neurons   . These neurons had the ability to 
innervate the striatum in a signi fi cant manner and resembled the endogenous DA 
neurons  [  31  ] . However, additional signaling factors are still needed for effective 
generation of ef fi cient transplantable DA neurons. While the chemically inducing 
methods have established signi fi cant strategies for the production of DA neuronal 
traits from mouse ESCs, the coculturing method also was recorded to give ef fi cient 
results. Cocultured ESCs with stromal cells (PA6 cells) revealed enhancement of 
neural differentiation and midbrain patterning  [  32  ] .  

    4.2.2   Human ESCs 

 Novel techniques applied for the differentiation of human ESCs toward speci fi c cell 
types have raised the hope for cell replacement therapies in PD patients. Despite 
these extensive studies to differentiate human ESCs to DA neuron, several issues, 
such as immune rejection and tumor overgrowth, needed to be resolved before 
transplantation of these cells into the human brain. The provision of safe and pure 
differentiated human ESCs with the reduction of risk factors should be established 
in the application of tissue regeneration to the human patients. Recent progress in 
the identi fi cation of external signals directed the differentiation of human ESCs into 
DA neurons. Thirty percent TH-expressing DA neurons were derived after the use 
of FGF8 and SHH. They were unsatis fi ed results that needed further investigations 
 [  33,   34  ] . Immune rejection was noted to be the marked in fl uence producing low 
survival rate of TH-positive neurons. An additional challenge was the appearance of 
apoptotic behavior of the transplanted cells with the ectopic nonneural protein 
expression  [  35,   36  ] . Another problem revealed, after transplantation of human 
ESCs, was teratoma formation arising from non-differentiated stem cells. These 
cells still maintain their proliferation capacity resulting in tumor appearance  [  37  ] . 
Several studies were recorded to overcome the tumor activity such as genetic 
modi fi cation  [  38  ] , selective apoptosis of tumor-inducing cells  [  39  ] , and using sort-
ing technology to purify the cells prior to transplantation  [  40  ] . One of the sorting 
techniques was the magnetic sorting of early postmitotic neurons using speci fi c 
antibodies. This mechanism allowed for isolation of neurons and elimination of 
contaminating cells  [  41  ] . Another trial was done by coculturing human ESCs with 
immortalized mesencephalic astrocytes  [  42  ] . The results proved that the  combination 
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of FGF8 and SHH alone was not enough to produce suf fi cient midbrain DA neurons 
with less expression of midbrain markers such as En-1 and Ptx3 in the generated 
DA neurons. The mostly amazing reason for the less midbrain patterning was the 
differentiation of neuroepithelial cells derived from human ESCs into mainly a fore-
brain phenotype compared with that derived from mouse ESCs  [  43  ] . Recently, an 
advanced step was implemented to overcome the propagation of stem cells on 
mouse feeder layers. Several protocols used the feeder-free support systems  [  44,   45  ] . 
These approaches employed the complex media containing serum, multiple reagents, 
cell-conditioned media, or coculturing with PA6 mouse stromal cells  [  46,   47  ] . Other 
studies used media additives such as B27 and Matrigel® that involved unde fi ned 
components with hormones and growth products of animal origin  [  45  ] . However, 
these studies faced again the problem of immune rejection, as these animal compo-
nents contain immunogenic antigens that could be incorporated into the human 
ESCs  [  48  ] . An additional challenge confronted by the researchers was the prolonged 
time needed for the human ESCs to suf fi ciently express DA traits. This long dura-
tion provided the chance to the cultured cells to produce extensively branched plex-
uses of processes inducing irreversible mechanical damage to the cultured cells 
during manipulations  [  45  ] . 

 A rapid protocol was investigated using only chemically de fi ned human reagents 
in a serum-free media cultured with 1 mM dibutyryl-cAMP (DBcAMP). The study 
was done to examine the capacity of several well-characterized (H9, BG01) and 
several new uncharacterized (HUES7, HUES8) human ESC lines to differentiate 
into DA neurons. Cultured cells demonstrated within 3 weeks  b -tubulin III-positive 
cells with the expression of DA traits such as TH, L-aminodecarboxylase acid 
(AACD), Ptx3, Lmx1b, Nurr1, and dopamine transporter (DAT). The 4 cell lines 
revealed variable degree of TH differentiation: H9, 60 %; HUES7, 78 %; HUES8, 
81 %; and BG01, 56 %. The cells acquired a permanent pattern of DA phenotype 
proved by the maintenance of TH expression in the cells 5 days after removal of 
DBcAMP from the media. Furthermore, within 2–3 weeks, differentiated DA traits 
appeared in 6 hydroxy-dopamine (6-OHDA)-treated rats after transplantation of 
these cell lines in their striata which provided great promises after using only 
human-derived reagents  [  49  ] . Although, several investigations should be imple-
mented to ensure the improvement and ef fi ciency of DA neuron differentiation in 
brain animals, such as the survival rate of transplanted TH cells. It was shown that 
the percentage of functional TH-positive cells, which had survived in vivo, was 
lower than that generated in culture prior to transplantation, as well as the need of 
feeder layers for the cultured cells to maintain their survival. In addition, the 
signi fi cant data of functional ef fi ciency of the transplanted cells should be recorded 
precisely. 

 A novel method was applied deriving more functional TH-positive neurons from 
differentiated human ESCs up to 86 % of the total cultured neurons. These results 
improved the rate of functional therapy and reduced the potential side effects mainly 
the teratoma formation resulting from the residual undifferentiated ESCs. Pure 
spherical neural masses (SNMs) were generated and expanded for longer durations 
with the maintenance of their differentiation capacity. At the time of use, the SNMs 
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could be progressed into DA neurons within a short time, approximately 2 weeks 
 [  50  ] . The advantage of feeder-free support system for culturing and derivation of 
DA neurons from SNMs preserved the duration and the effort needed for handling 
feeder cells and removed the risk of contamination of pathogens and unwanted 
cells. Although transplantation of neurons into the striatum of animals produced 
signi fi cant functional recovery, full restoration of motor de fi cit still need further 
studies. Functional improvement resulting from cell replacement depended greatly 
on the endogenous DA neurons. Partial repair of the original connections with the 
neurons in the striatum should exist to produce ef fi cient regression of motor de fi cit. 
Moreover, it was proved that transplanted cells can survive and provide more clini-
cal improvement in younger patients  [  14  ] . Transplanted cells into old brains of PD 
patients experienced the same extrinsic stresses affecting endogenous neurons. 
Furthermore, the transplanted cells progressed into the pathological phenotypes of 
the diseased endogenous DA neurons. Additionally, aging astrocytes demonstrated 
detrimental effects on endogenous and transplanted neurons due to the secretion of 
many toxic factors  [  51  ] . Therefore, several issues, concerning the intrinsic and 
extrinsic aging factors that in fl uence the diseased as well as the transplanted cells, 
still require further investigations. ESCs remain the most reliable stem cell source 
of DA neurons. The mouse ESC-derived DA neurons were proved to be favorable 
than the human ESCs, according to their results in vitro and in vivo. In addition, the 
ethical controversies of using human ESCs are considered to be a great limitation 
for their use in a large scale.    Overcoming the challenges, such as the purity,  teratoma 
formation, immune rejection, reduced survival rate, and limited functional recovery, 
and supplying suf fi cient number of TH-positive cells are recommended for ef fi cient 
use of human ESCs to treat PD patients.  

    4.2.3   Adult NSCs 

 One of the potential advantages of the use of adult neural stem cells is the ability of 
autologous cell transplantation keeping away of the ethical issues. Another advan-
tage is the capacity of adult NSCs to generate a large number of cells that could be 
used in the replacement of the diseased DA neurons. Moreover, NSCs proved to 
have a reparable effect that promotes the long-term survival of transplanted cells. 
They provide multiple support mechanisms such as anti-in fl ammatory, angiogenic 
and neurogenic capacity, and suf fi cient neuroprotective in fl uence that enhance the 
survival of the endogenous neurons as well as the exogenous transplanted cells 
 [  52,   53  ] . NSCs could be obtained from the mouse embryo around the embryonic day 
(E)14-E15 and from human embryo at the 13th week  [  54  ] . These neural stem cells 
are so bene fi cial as they retain the multipotency pattern that gives them the ability to 
produce the three major cell lineages of the central nervous system: the neurons, 
oligodendrocytes, and astrocytes. Undifferentiated human fetal NSCs transplanted 
into the substantia nigra compacta of a PD primate model elicited successful survival 
rate. They showed marked integration capacity and consequently promoted the 
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recovery of motor and behavioral de fi cits. However, the percentage of the cells that 
differentiated into DA neurons was very low (1–5 %), compared to the ESCs that 
could produce DA neurons at higher levels  [  55  ] . Moreover, expansion of NSCs, 
isolated from the developing ventral mesencephalon in vitro prior to transplanta-
tion, limited their ability to maintain the DA phenotype  [  56  ] . Rat fetal NSCs have 
also been shown to differentiate into DA neurons in the PD brain models with 
signi fi cant recovery of the motor de fi cits  [  57,   58  ] . Multiple growth factors were 
used signi fi cantly to induce rat fetal NSC differentiation and proliferation such as 
FGF2 epidermal growth factor (EGF), interleukin-1 b , interleukin-11, and GDNF 
 [  59  ] . In addition, it was proved that rat fetal NSCs transplanted in diseased brains 
can precisely reach the target regions revealing high migratory ability and af fi nity. 
However, the restrictive proliferative capacity of the fetal NSCs to generate DA 
neurons and the lack of evidence of the level of improvement of the functional inte-
gration and phenotypic stability shifted the interest of many researchers from the 
fetal to the adult NSCs. 

 Adult stem cells solved many problems due to their multiple advantages. They 
are candidates for autologous transplantation therapies that could be harvested and 
reused with the same patient with no risk of tissue rejection as well as the large 
variety of tissues that they could be isolated from. The potential sources of adult 
NSc are the central nervous system  [  60  ] , human olfactory mucosa that gives a favor-
able outcome  [  61  ] , dental pulp cells cocultured with hippocampal and mesenceph-
alic rat neurons  [  62  ] , umbilical cord  [  63  ] , and bone marrow  [  64  ] . Furthermore, 
mouse transplanted into PD rat striatum expressed DA enzymes TH and aromatic 
AADC with different neuronal markers  [  65  ] . Although, the rate of the cells expressed 
TH in these grafts was signi fi cantly low, highlighting the need of further approaches 
to optimize the factors affecting the quantities of generated DA neurons. To over-
come this challenge, C17.2 NSCs obtained from the external germinal layer 
of mouse neonatal cerebellum were cultured at different levels of con fl uence 
(30 to >100 %). The level of con fl uence was shown to markedly affect the fate of 
transplanted cells. Flattened polygonal cells appeared in the low-con fl uence (<50 %) 
cultures. They migrated ef fi ciently in the brain, although they failed to express TH. 
On the other hand, polygonal cells and fusiform cells were demonstrated in the 
high-con fl uence (>100 %) cultures with the expression of TH after spontaneous dif-
ferentiation. It was suggested that growth factors were secreted in highly con fl uent 
cells. These growth factors promoted the cell survival and maturation and changed 
their morphology and potentiality. Moreover, not only the high con fl uence enhanced 
the properties of transplanted cells but also high passage as well. Maintaining the 
NSCs for 12–20 passages resulted in expression of TH in all the transplanted cells 
in 65 % of the grafts  [  66  ] . These  fi ndings suggested the existence of multiple factors 
that make the grafted cells to respond to TH-binding cues and direct them to develop 
the appropriate receptors and signaling molecules. Another suggestion was that the 
loss of a particular cell type, such as DA neurons in PD patients, guided the trans-
planted NSCs in the proper differentiation  [  57,   67  ] . These studies focused the light 
to more understand the endogenous stresses that affected the diseased cells as well 
as the growth factors secreted in the lesioned area that could in fl uence the survival, 
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migration, and differentiation of transplanted stem cells. These growth factors could 
be secreted from injured neurons and reactive neuroglial cells. Other local injury-
induced agents, such as cytokines, are in fl ammatory agents secreted from mono-
cytes and macrophages  [  58  ] . The recognition of these factors was a great advance to 
the study of stem cell therapy, promoting the fate and behavior of transplanted 
cells. 

 FGF8, SHH, and Wnt1 are necessary factors for normal DA neurons development 
from adult NSCs. Pitx3, Nurr1, En-1, En-2, Lmx1a, Lmx1b, Msx1, and Ngn2 are 
transcription factors essential for DA neuron differentiation  [  29  ] . One of these fac-
tors, which is expressed exclusively within the central nervous system in DA neurons 
of the substantia nigra, zona compacta and ventral tegmental area, is the paired-like 
homeobox protein Pitx3  [  68  ] . This factor was proved to be essential for the 
speci fi cation and survival of DA neurons especially in the substantia nigra  [  69,   70  ] . 
Moreover, coculture neurospheres (NSs) expressing Pitx3 resulted in signi fi cant 
increase in the TH-positive neurons. Coculturing of NSs with only Nurr1 was not 
suf fi cient to induce TH-positive in NSCs   . Interestingly, when cultured in contact 
with astrocytes from older embryos, Nurr1 overexpressing group of cells could elicit 
the correct signals and express the TH  [  71  ] . These investigations reported that the 
regional speci fi cation is very essential to be identi fi ed as these signaling molecules 
are not diffusible but highly labile and contact mediated  [  72  ] . Furthermore, a marked 
number of the transplanted human NSCs progeny was differentiated into astrocytes 
in the recovered PD primates. They expressed neuroreparative factors, such as GDNF, 
and revealed a homeostatic regulation to the microenvironment  [  73  ] . It was proved 
that the transplanted cells affect greatly the endogenous microenvironment of the 
lesioned brain. On the other hand, the microenvironment of the diseased brain 
in fl uences the phenotype of the transplanted cells. The disease process that affects 
the host DA neurons can adversely affect, by the same stresses, the transplanted new 
cells  [  74,   75  ] . Therefore, it was recommended that the neurodegenerative process of 
the microenvironment should be controlled and stabilized to promote the ability of 
the transplanted cells to progress toward the target results. For this reason, several 
researches were done to compare the fate of transplanted cells in the early and late 
stages of the disease. It was recorded that, in the early stage of PD disease, the neu-
rons possessed neuroreparative and neuroprotective characteristics supporting both 
the endogenous and transplanted DA nigrostriatal cells. Subsequently, no tumors or 
overgrowth formation was revealed in the grafted cells with the absence of dyskine-
sias. Moreover, stimulation of the release of endogenous precursors, within the brain 
tissue, was successfully demonstrated. It was found that the transplanted adult NSCs 
in the early stage of diseased patients had the capacity of secreting neuroregenerative 
and neuroprotective growth factors  [  55,   76  ] . These growth factors enhance the migra-
tion of progenitor cells from the areas that generated persistently NSCs in the fetal 
and adult brain like the SVZ. In addition, these growth factors were capable of activa-
tion of neurogenesis, not only in the transplanted cells but also in the endogenous DA 
neurons  [  77,   78  ] . Interactions between transplanted NSCs and the endogenous neu-
rons were shown to be critical for the behavior and the fate of the grafted cells, prov-
ing that the internal environment in fl uences neurogenesis, neuroprotection, and 
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neural repair  [  79,   80  ] . Transplanted cells expressing GDNF, SHH, and stromal cell-
derived factor 1-alpha (SDF-1 a ), in rat model of PD, had the capacity of ef fi ciently 
stimulate endogenous NSC survival, proliferation, neural differentiation, and migra-
tion as well as nigrostriatal protection. These results were accompanied by signi fi cant 
survival and maintenance of TH-expressed transplanted neural cells in the striatum 
and substantia nigra. Furthermore, it was observed that the transplanted cells stimu-
lated the release of growth factors and chemokines that are capable of plasticity 
induction in the host cells promoting endogenous neurogenesis  [  80  ] . Transplantation 
of human NSCs cloned by v-myc gene transfer (HB1.F3 cells) induced signi fi cant 
endogenous neurogenesis developing the therapeutic options for PD. Although the 
results recorded were about 140 % increase in endogenous neurogenesis, no migra-
tion, expression of TH-positive neurons, or neuroprotective effects of the endogenous 
NSCs were shown. Nevertheless, these NSCs were demonstrated to have the ability 
to produce several growth factors and multiple plasticity promoting factors, such as 
brain-derived neurotrophic factor (BDNF), GDNF, neurotrophin-3, and nerve growth 
factor (NGF)  [  81,   82  ] . These factors, especially GDNF and SHH, were reported to 
spread signi fi cantly into suf fi cient distances in the striatum to produce a stimulatory 
effect on the neural cells in the SVZ. Moreover, SDF-1 a , an important chemokine, 
was demonstrated to mediate NSC migration to long distances toward injury sites 
 [  83,   84  ]  in association with its neuroprotective activity  [  85  ] . Other studies indicated 
that GDNF possesses trophic actions and neuroprotective mechanisms on DA neu-
rons of the striatum and the substantia nigra  [  86  ] . In addition, GDNF was capable of 
promoting SVZ neurogenesis and migration of newly born neuroblasts into the stria-
tum  [  83  ] . Another factor, the SHH, has been shown to be essential for the survival, 
proliferation, and differentiation of developing DA neurons. Moreover, SHH has a 
neuroprotective action against toxic stresses in the adult brain. It has a chemoattrac-
tive in fl uence on SVZ-derived neuronal progenitors in vitro, and it regulates the 
behavior of stem cells in the postnatal as well as the adult brain  [  87  ] . Furthermore, 
activation of toll-like receptors was proved to enhance neurogenesis and NSCs inter-
actions with the induction of neuroprotective mediators’ production  [  88  ] . An impor-
tant addition to the previous study demonstrated the presence of synergistic 
interactions between the endogenous and exogenous transplanted NSCs. The endog-
enous NSCs proximal to the transplanted cells expressed SHH which had a neuro-
protective and neural regulating capacities on the grafted NSCs. The combination of 
SHH expressed in the endogenous NSCs and that in the transplanted cells had a great 
synergistic effect on the neuroprotective action. Moreover, it was proved that 
expressed SHH in the endogenous NSCs could promote the survival rate of the exog-
enous transplanted cells  [  80  ] . It could be concluded that DA neuron transcriptional 
factors should be expressed in the NSCs either simultaneously or consequently with 
the investigation of the in fl uence of these factors in the control of DA neuron sur-
vival, proliferation, differentiation, and migration. Several elements should be 
addressed such as the neuroprotective effects of endogenous NSCs precursors, their 
enhancement on the survival and fate of transplanted NSCs, and the synergistic inter-
actions between the exogenous and endogenous neurons and their ef fi ciency to pro-
duce a therapeutic development to the grafted cells.  
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    4.2.4   Induced Pluripotent Stem Cells (iPSCs) 

 iPSCs derived from adult somatic cells provide new promises for cell replacement 
therapy for neurodegenerative diseases especially PD. They represent new pros-
pects for stem cell sources of DA neurons. Initially iPSCs were derived from mouse 
embryonic and adult  fi broblasts by overexpression of transcription factors such as 
OCT4, SOX2, NANO6, KLF4, c-MYC, and LIN28  [  89,   90  ] . Currently, only repro-
grammed  fi broblasts have been used to generate iPSCs from PD patients. Lentiviral 
 [  91  ]  and retroviral  [  89  ]  vectors have been widely used to generate human iPSCs that 
differentiated to DA neurons expressing TH. ESC-like properties were demon-
strated in the transplanted cells by the expression of surface markers, gene expres-
sion pro fi les, and formation of embryoid bodies  [  92,   93  ] . Mouse iPSCs were 
differentiated to DA neurons as well as glial cells by retroviral transduction of the 
transcription factors. Injection of these neurons into the cerebral ventricles was fol-
lowed by migration of the grafted cells into various brain regions. The cells com-
municated ef fi ciently with the endogenous neurons by synaptic integration with 
generation of active action potentials. Moreover, high numbers of TH-positive neu-
rons were expressed in PD rat models with complex morphologies. In addition, the 
neurons were positive for En-1, VMAT2, and DAT. Clinically; the tested rats showed 
marked behavior recovery 4 weeks after iPSCs transplantation  [  94  ] . Reprogrammed 
mouse somatic cells were studied without stable integration through the use of tran-
sient transfection or adenoviral infection. These methods were tried to deliver repro-
gramming factors. Nevertheless, lower ef fi ciency of these methods was the cause of 
the nonsatisfactory results  [  95,   96  ] . However, new studies have been recommended 
to generate more safe iPSCs with less rate of tumor formation by using nonviral 
methods. Recent studies were accomplished to generate human iPSCs that are free 
of the reprogramming factors. These factor-free human iPSCs were capable to show 
pluripotent ESC-like properties and provide a more reliable source of cells  [  97  ] . 
These promising strategies have been shown to overcome the challenge of the resid-
ual transgene expression in virus-carrying human iPSCs that was proved to affect 
their molecular characteristics. In the mean time, several researches demonstrated 
the integration of the viruses into the genome that represents a major limitation that 
alters iPSCs differentiation and produce tumor overgrowth  [  98  ] . Moreover, other 
elements could induce degeneration of the reprogrammed cells such as unknown 
genetic factors generated in the PD patients. It could be concluded that advanced 
strategies are needed for the implementation of the use of iPSCs in cell replacement 
therapy to determine the safety issues necessary for long-term PD treatment.  

    4.2.5   Mesenchymal Stem Cells (MSCs) 

 MSCs represent an alternative source of autologous adult stem cells. They have the 
advantage of being highly accessible. They could be harvested from the patient’s 
bone marrow, cord blood, or peripheral blood. In addition, MSCs were shown to 
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have the ability of multipotency. They are capable of differentiation to osteogenic, 
adipogenic, and endothelial lineages. Furthermore, they could differentiate to hepa-
tocyte-like cells, erythroid cells, and neurons  [  99  ] . Moreover, multiple studies 
reported evidences that MSCs could exhibit neuronal features, express several neu-
ral markers, and differentiate into DA neurons  [  100  ] . Electrophysiological function-
ing DA neurons were generated from human MSCs using SHH, basic FGF, and 
FGF8  [  86  ] . MSCs expressed multiple speci fi c neuronal markers and transcription 
factors when expanded on a large scale and induced to differentiate with a speci fi c 
induction medium. NTFs are essential transcription factors, such as BDNF, NGF, 
and GDNF, that provoked signi fi cant results in neural survival, endogenous cell 
proliferation, and nerve  fi ber regeneration  [  101  ] . In addition, they demonstrated 
neuroprotective ability that could slow the rate of neural degeneration and stimula-
tion of endogenous neural regeneration with immunoregulatory characteristics 
 [  102  ] . Interestingly, it was shown that MSCs could release soluble factors that pro-
moted their immunosuppressive activity. Moreover, MSCs represented an anti-
in fl ammatory action which enhanced their neuroprotective capacity inducing 
clinical improvement after transplantation. Furthermore, MSCs were demonstrated 
to produce neurotrophic factors that were responsible for the functional recovery 
more than the neuron replacement effects. Consequently, long-term functional 
improvement with the absence of side effects in animal models must be established 
prior to the clinical application of MSCs cell replacement therapy.       
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  Abstract   The adult body harbors powerful reservoirs of stem cells that enable tissue 
regeneration under homeostatic conditions or in response to disease or injury. The 
hair follicle is a readily accessible mini organ within the skin and contains stem cells 
from diverse developmental origins that are shown to have surprisingly broad dif-
ferentiation potential. In this chapter, we discuss the biology of the hair follicle with 
particular emphasis on the various stem cell populations residing within the tissue. 
We summarize the existing knowledge on putative hair follicle stem cell markers, the 
differentiation potential, and technologies to isolate and expand distinct stem cell 
populations. We also discuss the potential of hair follicle stem cells for drug and gene 
delivery, tissue engineering, and regenerative medicine. We propose that the abun-
dance of stem cells with broad differentiation potential and the ease of accessibility 
make the hair follicle an ideal source of stem cells for gene and cell therapies.  
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    5.1   Introduction 

 The hair follicle (HF) is a dynamic “mini” organ supporting important biological 
functions of the body. HFs protect against cold and potential injuries; they also have 
an important sensory and immunologic functions in addition to affecting the social 
behavior of a person  [  1,   2  ] . 

 HFs are easily accessible and contain stem cells from diverse developmental 
origins that continuously self-renew, differentiate, regulate hair growth, and contrib-
ute to skin homeostasis. Hair follicle stem cells have been shown to be highly pro-
liferative in vitro and multipotent  [  3–  5  ]  that allows engineering a variety of different 
tissues for organ replacement and regenerative medicine. In addition, genetic engi-
neering of the hair follicle stem cells in vivo has shown promising results, suggest-
ing that treatment of genetic diseases of skin and hair via the hair follicle may be 
feasible. This chapter summarizes the existing literature regarding the differentia-
tion potential of hair follicle stem cells, their putative markers, the common isola-
tion methods, and their application in cell and gene therapies.  

    5.2   Hair Follicle Biology 

 HF is part of the pilosebaceous unit that contains the sebaceous gland, the apocrine 
gland, and the arrector pili muscle. The HF is composed of two main compartments: 
the upper part includes the infundibulum and the isthmus, whereas the bulb, matrix, 
and dermal papilla comprise the lower part. The exact position of the lower part 
varies during hair cycling. Adjacent to the lower portion of the infundibulum lies the 
sebaceous gland that waterproofs the skin by secreting sebum. The bulge is a part of 
the isthmus that is believed to be the stem cell reservoir, which regenerates the HF 
during hair growth. Cells migrate from the bulge toward the bulb, where they pro-
liferate and differentiate in order to produce the hair shaft and all the epithelial cells 
that constitute the HF  [  2  ] . Finally, the inner and outer root sheaths are composed 
mainly of keratinocytes surrounding the hair shaft (Fig.  5.1 ).  

 HF undergo numerous cycles of growth and retraction throughout life. This 
dynamic process in adult life has three distinct phases, that is, anagen, catagen, and 
telogen, each regulated by different signals. Anagen is the growing phase. Stem 
cells that are located in the bulge region differentiate to all hair lineages, resulting 
to hair elongation. The duration of anagen in human body varies depending on the 
anatomic location of the follicle. On the scalp, anagen may last as long as 8 years 
resulting in long hair, but in other places such as the eyebrow, anagen maybe as 
short as 3 months. Catagen is the regression phase. At this stage the majority of the 
HF cells undergo apoptosis, causing reduction of the lower compartment that brings 
the dermal papilla cells close to the bulge cells. Exchange of signals between the 
papilla and the bulge regulates the duration of catagen. The cells that escape apop-
tosis during this phase comprise the reservoir that leads to the next anagen. Telogen 
is the last phase of the HF cycle, also known as resting phase. In telogen, cells enter 
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a quiescent state waiting for the necessary signals to restart the cycle via the anagen. 
It is argued that 5–15 % of HF in the scalp remain in telogen  [  1,   2  ] .  

    5.3   Location and Differentiation Potential of Hair Follicle 
Stem Cells 

 Stem cells can be characterized by three unique properties: self-renewal, capacity to 
differentiate into one or multiple cell types, and the ability to form tissues in vivo. 
Based on their differentiation potential, they can be categorized as totipotent, pluri-
potent, multipotent, and unipotent. Totipotent cells can reproduce all the cells of a 
living organism including the extraembryonic tissues. Pluripotent cells differ from 
the totipotent cells in their inability to form the extraembryonic tissues necessary for 
proper growth of the embryo. Multipotent stem cells have even more restricted dif-
ferentiation potential, but they can still differentiate into more than one cell type. 
The lowest in the hierarchy are the unipotent stem cells or progenitor cells, which 
can generate only one cell type. Stem cells can also be classi fi ed into embryonic or 
adult according to their origin  [  6  ] . Although embryonic stem cells have broader dif-
ferentiation potential, adult stem cells can be isolated from the patient, directly 
overcoming possible immune rejection after transplantation. 
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  Fig. 5.1    Schematic drawing of hair follicle.  DS  dermal sheath,  ORS  outer root sheath,  IRS  inner 
root sheath,  DP  dermal papilla,  SG  sebaceous gland,  APM  arrector pili muscle. The illustration is 
not drawn in scale       
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 Adult stem cells in vivo reside in multiple tissues usually in a well-protected 
microenvironment called niche. Examples of stem cell populations that are sur-
rounded by niche include the intestinal stem cells, the neural stem cells, and the HF 
stem cells. This way, the body holds a powerful reservoir of cells that can readily 
respond in case of emergency, such as an injury. Some adult stem cells like mesen-
chymal stem cells (MSC) have multilineage differentiation potential so that a single 
cell can contribute to the regeneration of multiple tissues such as fat, bone, cartilage, 
and muscle  [  7  ] . 

 Although in vitro stem cells proliferate markedly in response to appropriate sig-
nals in the culture media, in vivo they remain quiescent until they are coaxed to 
proliferate and/or differentiate only when needed, for example, in case of injury. 
Under homeostatic conditions, the stem cell pool is maintained through asymmetric 
division, where the parent stem cell divides into two cells with varying differentia-
tion potential: one retaining the stem cell characteristics (self-renewal) and the other 
assuming a more differentiated phenotype (differentiation). However, expansion of 
the stem cell pool would require symmetric division, where two stem cells are gen-
erated from a parental stem cell  [  8  ] . 

 Similar to other organs, the HF contains a rich stem cell pool that resides in dif-
ferent anatomic locations within the HF. As a result, some scientists call the HF as 
a stem cell “zoo”  [  9  ] . In the next chapter, we will present the different stem cell 
populations, and we will elaborate on their broad differentiation potential. 

    5.3.1   Bulge and Hair Germ 

 Due to the complex architecture of the HF, the location of the stem cell reservoir 
remained elusive for many years. Initial studies reasoned that stem cells resided in 
the bulb  [  10  ] , but this hypothesis was abandoned, as removal of the bulb did not 
inhibit the generation of new hair follicles  [  11  ] . In the early 1990s, Cotsarelis and 
colleagues were the  fi rst to propose that stem cells reside in the bulge area of HF. 
They took advantage of the fact that in vivo stem cells cycle very slowly so that long 
time after administration of tritiated thymidine, only the cells that retain the label 
(label-retaining cells) are the slow-cycling stem cells  [  12,   13  ] . Several years later, 
this  fi nding was veri fi ed using transgenic mice that were engineered to express the 
fusion protein histone H2B-GFP under the keratin-5 promoter in a tetracycline-
regulatable manner. As a result skin cells expressed GFP except when the mice 
were fed doxycycline, which suppressed GFP expression. The fast-cycling cells lost 
the GFP, whereas the slow-cycling stem cells retained it. These label-retaining cells 
were localized in the bulge region of hair follicles  [  14  ] . Furthermore, tracing studies 
with transgenic mice expressing the LacZ transgene under the control of either 
keratin-15 or Lgr5 promoter further supported the bulge activation hypothesis, 
which states that during anagen, stem cells from the bulge migrate in the bulb region 
where they are induced to proliferate and differentiate to all epithelial cell types of 
the HF  [  15,   16  ] . 
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 Notably, transplantation of keratin-15+ or Lgr5+ cells along with dermal 
 fi broblasts in the dermis of nude mice generated new HF with high ef fi ciency 
 [  15,   16  ] . Interestingly, damage of the bulge from autoimmune disease lichen plano-
pilaris resulted in permanent hair loss  [  17  ] , further highlighting the importance of 
bulge-derived stem cells for hair regeneration. In addition to hair regeneration, 
bulge stem cells were found to contribute to wound healing following skin injury by 
migrating and differentiating to epidermal keratinocytes  [  18,   19  ] . However, they are 
not necessary for the maintenance of the epidermis (ablation of the cells does not 
affect the homeostasis of the epidermis), and in the long run, they fail to stay at the 
sites of injury  [  19  ] .    Additional studies have shown robust multipotency of bulge 
stem cells in vivo, where they were found to participate in angiogenesis, and in vitro 
where they were coaxed to differentiate into neurons, glial cells, melanocytes, kera-
tinocytes, and mesenchymal cells  [  20–  24  ] . 

 Although it is widely accepted that the bulge harbors stem cells, the exact stem 
cell population is still under debate. Jaks and colleagues challenged the notion of 
label-retaining cells as the true stem cell population in HF, as Lgr5 +  cells can regen-
erate the whole follicle but do not coincide with the label-retaining cells of the 
bulge. The same study reported that Lgr5 +  cells were found in the hair germ, a 
region between the dermal papilla and the bulge, which remains discrete during 
telogen but overlaps with the matrix during anagen  [  16  ] . Others believe that the hair 
germ originates from the bulge and contributes to the generation of the new HF in 
the beginning of anagen  [  25  ] . In agreement, Greco and colleagues showed that the 
transcriptional pro fi le of hair germ cells resembles that of bulge cells. They also 
found that hair germ cells proliferate faster than bulge cells and respond  fi rst to the 
dermal papilla signals at the late telogen. However, they also lose their proliferative 
capacity faster than bulge cells during long-term expansion in vitro  [  26  ] .  

    5.3.2   Isthmus/Infundibulum 

 Cells located above the bulge are believed to retain multipotent properties. Studies 
have reported that they can differentiate not only into the epithelial lineages of the 
HF but also into the sebaceous gland and the epidermis. However, it is yet not 
known whether these cells represent a unique stem cell population, or a subset of 
bulge stem cells, or even progenitors with limited differentiation capacity. 

 Isolated cells from the area between the bulge and the sebaceous gland were 
found to be distinct from the bulge-derived stem cells since they did not express 
bulge-speci fi c markers such as keratin-15 and CD34. Although they maintained their 
high clonogenic potential in vitro, they were also actively proliferating in vivo – in 
contrast to the notion that in vivo stem cells are the slow-cycling, label-retaining 
cells  [  27  ] . Similarly Jensen and colleagues reported that cells isolated from the upper 
bulge region and were not quiescent in vivo could generate new follicles after 
implantation, suggesting that stem cells need not be slow-cycling cells in vivo in 
order to be multipotent  [  28  ] . 
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 Although, during homeostasis, bulge-derived cells do not contribute to the gen-
eration of epidermis  [  15,   16,   19  ] , several studies showed that cells derived from a 
region above the bulge can give rise to epidermis and persist there for a long time 
following injury  [  28–  30  ] .  

    5.3.3   Sebaceous Gland 

 There are two theories with regard to the origins of the sebaceous gland. The  fi rst 
asserts that stem cells residing in the bulge region migrate and give rise to resident 
gland cells. This theory is supported by transplantation studies showing that bulge 
cells generated functional sebaceous gland in vivo  [  15,   16  ] . The second theory sug-
gests that stem cells located above the bulge differentiate into sebocytes  [  29–  31  ] . 
Horsley and colleagues identi fi ed a unique cell population in the region of seba-
ceous gland that expresses the transcription factor Blimp1 and has unipotent dif-
ferentiation potential into sebocytes. Loss of Blimp1 in HF resulted in activation of 
bulge cells, which may suggest a possible connection between bulge and sebaceous 
gland. The same study also showed that implanted bulge stem cells could give rise 
into Blimp1 +  cells  [  31  ] .  

    5.3.4   Dermal Papilla and Dermal Sheath 

 Dermal papilla (DP) and dermal sheath (DS) are cell populations within the HF that 
are believed to contain stem cells. Whereas bulge cells originate from ectoderm, DP 
and DS cells are derived from mesoderm, and they are known to regulate hair 
cycling by exchanging signals with the bulge  [  2  ] . Multiple studies showed that DP 
and DS cells have broad differentiation potential. In a pioneering study, Lako and 
colleagues demonstrated that DP and DS cells could reconstitute multiple lineages 
of the hematopoietic system in lethally irradiated mice  [  32  ] . Rat and human 
HF-derived DP and DS cells could also be induced to differentiate toward the myo-
genic, osteogenic, chondrogenic, and adipogenic lineage resembling bone marrow 
mesenchymal stem cells  [  3–  5,   33,   34  ] . A recent study showed that DP/DS stem cells 
are the precursors of dermal stem cells and contribute to dermal maintenance and 
wound healing  [  35  ] .   

    5.4   Putative Hair Follicle Stem Cell Markers 

 The majority of the studies in HF have been conducted in murine models. However, 
there are several differences that have to be taken into account between human and 
murine models, and conclusions derived from experiments with mice models do not 
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necessarily apply in human HF cells. Whereas humans have only two types of hair 
(vellus and heavily pigmented hairs), mice are endowed with several distinct hair 
types (pelage, vibrissae, cilia, hairs on the tail, ear, genital, perianal area, nipples, 
and around the feet). In addition, the biological cycles of human and mouse HF are 
different; while human HF cycle independently after birth, mouse HF cycle in syn-
chrony  [  2  ] . Finally, the biological markers characterizing the stem cell populations 
in human and mouse are strikingly different. Table  5.1  summarizes the most com-
mon markers of HF stem cells based on the species they are derived from and the 
location where they are expressed.  

    5.4.1   Murine Hair Follicles 

    5.4.1.1   Bulge 

 Several markers have been proposed to characterize murine bulge stem cells. In 
addition to keratin-15 and Lgr5, CD34 is co-expressed with keratin-15 and has also 
been proposed as a potential stem cell marker of the bulge. CD34+ cells are  relatively 

   Table 5.1    Common stem cell markers and their location within hair follicle   

 Species  Marker  Location  References 

 Mice  CD34  Bulge   [  36  ]  
 TCF3  Bulge   [  37,   38  ]  
 NFATC1  Bulge   [  39  ]  
 Nestin  Bulge   [  20  ]  
 Label-retaining cells  Bulge   [  12  ]  
 K15  Bulge, hair germ   [  15  ]  
 Lgr5  Bulge, hair germ   [  16  ]  
 Lhx2  Bulge, hair germ, early hair progenitors   [  40  ]  
 Sox-9  Bulge, early hair progenitors   [  41  ]  
 MTS24  Upper bulge   [  27  ]  
 a6LowCD34–Sca-1–  Upper bulge   [  28  ]  
 Lrig1  Upper bulge   [  42  ]  
 Lgr6  Upper bulge   [  30  ]  
 Blimp 1  Upper bulge   [  31  ]  
 Sox-2  Dermal papilla, dermal sheath   [  35,   43  ]  
 Versican  Dermal papilla   [  44  ]  
 Alkalinephosphatase  Dermal papilla, hair germ   [  45  ]  
 Nexin  Dermal papilla   [  46  ]  
 CD133  Dermal papilla   [  47  ]  

 Human  Mesenchymal stem cell 
markers 

 Dermal sheath   [  4  ]  

 CK15  Bulge/isthmus   [  48–  50  ]  
 CD 200  Bulge/isthmus   [  48–  50  ]  
 CK19  Bulge/isthmus   [  48–  50  ]  
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quiescent and have higher clonogenic potential in vitro as compared to CD34 −  cells 
 [  36  ] . Several transcription factors have been identi fi ed in the bulge region including 
Tcf3, Sox-9, Lhx2, and NFATc1. Tcf3 was shown to maintain the undifferentiated 
cell state by repressing numerous genes that induce sebaceous gland and HF dif-
ferentiation  [  38  ] . Another key transcription factor that is expressed in the bulge area 
is Sox-9. Sox-9 +  cells are  fi rst detected during the formation of hair placode, the 
precursor of HF during prenatal life. The cells co-localize with early label-retaining 
cells, which subsequently give rise to bulge stem cells. Notably, deletion of Sox-9 
decreased the proliferation of bulge stem cells, impaired the generation of prolifera-
tive matrix cells, and resulted in inhibition of HF morphogenesis  [  41,   51  ] . 

 Similar to Sox-9, Lim-homeodomain transcription factor, Lhx2 is also expressed 
during hair placode formation as was seen by microarray analysis in the P-cadherin +  
cells that mark early hair progenitors. In postnatal life, Lhx2 is expressed in the 
bulge and suppresses differentiation, prompting some investigators to hypothesize 
that it may be required for stem cell maintenance  [  40  ] . However, a recent study 
challenged this notion and reported that Lhx2 is required for the induction of anagen 
and not for the maintenance of stem cells  [  52  ] . The fourth bulge-speci fi c transcrip-
tion factor is NFATc1, which is regulated by the intracellular levels of calcium. 
Under high calcium conditions, NFATc1 is dephosphorylated and translocates to 
the nucleus, where it downregulates cyclin-dependent kinase 4 and suppresses pro-
liferation in bulge region. As a result, downregulation of NFATc1 leads to activation 
of bulge-derived stem cells  [  39  ] . Interestingly, NFATc1-expressing cells coincide 
only partially with CD34 + , Tcf3 + , Lhx2 + , and Sox-9 +  cells in the bulge region, sug-
gesting there is no unique marker of bulge stem cells but rather a group of transcrip-
tion factors that regulate stem cell maintenance and activation through a series of 
complex and dynamic interactions. 

 Finally, other studies provided evidence that nestin is expressed in the mouse 
bulge stem cells. Transgenic mice expressing GFP under the nestin promoter showed 
that nestin-positive cells are located in the bulge region during telogen but in the 
upper two thirds of the outer root sheath during anagen. In vivo these cells partici-
pated in the formation of new blood vessels, and in vitro they could be coaxed to 
differentiate into neurons, glial cells, smooth muscle cells, melanocytes, and kerati-
nocytes, demonstrating the multipotency of hair follicle stem cells  [  20,   21,   53  ] .  

    5.4.1.2   Upper Bulge 

 Several markers have been identi fi ed over the years that target putative murine stem 
cells in the upper bulge region. Lgr6, an orphan G protein-coupled receptor, is 
expressed in the region immediately above the bulge. Lgr6 +  cells were shown to 
play a critical role in the formation of HF, sebaceous gland, and epidermis during 
development  [  30  ] . MTS24, a cell surface glycoprotein, also marked potential stem 
cells in a region above the bulge. MTS24 +  cells exhibited increased colony-forming 
capacity as compared to MTS24 −  cells and showed similar gene expression pro fi le 
with CD34 +  bulge cells  [  27  ] . However, the differentiation potential of these cells 



1055 Hair Follicle: A Novel Source of Stem Cells for Cell and Gene Therapy

was not examined. In addition, cells residing in the upper isthmus were shown to be 
multipotent as they could form HF, sebaceous gland, and epidermis after implanta-
tion. These cells expressed low levels of integrin  a 6, were negative for the 
hematopoietic markers CD34 and Sca-1, and exhibited distinct gene expression 
pro fi le as compared to bulge cells  [  28  ] . Finally, another putative stem cell marker 
characterizing the region right above the bulge is transmembrane protein leucine-
rich repeats and immunoglobulin-like domain protein 1 or Lrig1. Lrig1 was shown 
to regulate epidermal growth factor signaling by promoting the degradation of epi-
dermal growth factor receptor  [  54  ]  and to keep cells in this region in a quiescent 
state  [  42  ] . Indeed, in vivo Lrig1 +  cells appeared to be quiescent and multipotent, two 
of the main attributes of stem cells  [  29  ] .  

    5.4.1.3   Dermal Papilla and Dermal Sheath 

 The DP and DS are known to induce HF generation by interacting with epidermal 
stem cells  [  55  ] . In 1999, Kishimoto et al. reported that cells in DP express the pro-
teoglycan versican, which is usually present in the condensed mesenchyme. The 
same group employed the versican promoter to express either    LacZ or GFP and 
found that when implanted on the back of nude mice along with keratinocytes, the 
versican +  cells could reconstitute the HF but versican −  cells could not  [  44  ] . Others 
observed that nexin-1, a protease inhibitor, was highly expressed in DP during ana-
gen and that the nexin-1 expression level correlated with the rate of hair growth 
 [  46  ] . Similarly, the expression of alkaline phosphatase – an enzyme expressed in 
bone cells and embryonic stem cells – correlated with hair growth and was also 
highly expressed in DP during anagen, suggesting a positive correlation between 
hair induction and alkaline phosphatase activity  [  45  ] . Finally, CD133 was expressed 
in DP cells during HF development, but its expression was greatly diminished after 
birth. Nevertheless, when co-implanted with embryonic epithelial cells, CD133+ 
cells enabled generation of HF in vivo  [  47  ] . Interestingly, a subpopulation of 
CD133+ Sox2+ cells within the DP was shown to be essential for the formation of 
particular types of hair such as awl/auchene follicles  [  43  ] . Rendl and colleagues 
compared the transcriptional pro fi le of  fi ve distinct cell populations within the HF, 
namely, melanocytes, dermal papilla, matrix, outer root sheath, and dermal 
 fi broblasts. This approach successfully identi fi ed several genes and signaling path-
ways that were unique to each population and need to be further explored in the 
future  [  56  ] .   

    5.4.2   Human Hair Follicles 

 Murine HFs have been largely explored with respect to stem cell markers; how-
ever, human HF have remained unexplored. In contrast to murine bulge, the human 
bulge cannot be identi fi ed as a distinct anatomic projection, rendering isolation of 
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bulge cells very challenging. Screening a number of markers in vivo,    Kloepper 
and  colleagues identi fi ed CD200 and keratin-15 and keratin-19 as putative bulge 
stem cell markers, although their location is not restricted to the bulge but extends 
to a wider area of isthmus as well. In contrast to the mouse, human bulge does not 
express CD34, nestin, or Lhx2  [  48  ] . In a more recent study keratin-15 high /CD200 + /
CD34 − /CD271 −  bulge-derived cells showed increased clonogenic potential as 
compared to keratin-15 low /CD200 + /CD34 − /CD271 −  cells  [  50  ] . In agreement, 
CD200-expressing cells that were isolated from a population of label-retaining 
cells using laser capture microdissection showed increased clonogenic potential 
in vitro  [  49  ] . However, multipotency of CD200+ cells has not been examined. 
More recently our laboratory reported that DP/DS cells display a cell surface 
pro fi le characteristic of mesenchymal stem cells being positive for CD90, CD44, 
CD49b, CD105, and CD73  [  4,   5  ] . In addition, these cells are clonally multipotent 
as they can  differentiate in fat, bone, cartilage, and smooth muscle with high 
ef fi ciency  [  5  ] .   

    5.5   Methods for Isolating Hair Follicle Stem Cells 

 Three techniques have been routinely used for the isolation of putative stem cells 
from the HF: microdissection, enzymatic digestion, and  fl uorescence-activated cell 
sorting (FACS). In the following, we describe each technique and elaborate on their 
advantages and disadvantages. 

    5.5.1   Microdissection 

 Microdissection is a technique that has been commonly applied for the isolation of 
cells from DP  [  11,   32,   33,   57,   58  ]  as well as the bulge  [  49,   59  ] . This technique 
requires the use of  fi ne forceps and blades for the isolation of the area of interest. 
Subsequently the isolated areas are transferred into tissue culture plates, where the 
cells migrate out of the tissue and proliferate in the presence of appropriate culture 
medium. 

 For DP cell isolation, application of pressure on the suprabulbar region by for-
ceps was shown to compress the bulb and facilitate removal of the connective tissue 
sheath surrounding the DP, which is subsequently detached from the epithelium 
using a scalpel blade  [  60  ] . Finally, a highly reliable technique that has been used for 
isolating human bulge cells is laser capture microdissection  [  49  ] . A thermolabile 
membrane is placed on top of the sample, and the area of interest is targeted by 
laser, which melts the membrane locally marking the cells that are subsequently 
separated  [  61  ] . The major advantage of microdissection is that this approach pre-
serves the whole tissue, thereby increasing the ef fi ciency of cell isolation. However, 
this technique is quite laborious and requires experienced technicians.  
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    5.5.2   Enzymatic Digestion 

 Another approach that has been employed for isolation of HF stem cells involves 
enzymatic digestion of the follicle from the surrounding dermis, usually with dis-
pase or collagenase. The incubation time and concentration of enzymes used vary 
depending on the amount of extracellular matrix present around the follicle. 
Generally collagenase treatment requires few hours of incubation at 37 °C 

,
  whereas 

dispase needs overnight treatment  [  3–  5,   23,   49  ] . Others use a combination of 
enzymes to isolate DP cells. Speci fi cally, dispase was employed initially to remove 
the follicle from the cutaneous fat, followed by collagenase D to digest the dermal 
sheath and isolate the DP. The remaining dermal sheath  fi broblasts could be removed 
by low-speed centrifugation of the DP  [  62  ] . Enzyme digestion is a simple method 
of HF stem cells isolation but with little control over the type of cells that are 
obtained leading to possible variations between different isolations.  

    5.5.3   Fluorescence-Activated Cell Sorting 

 FACS is a common method for isolating stem cells, especially from murine HF 
 [  15,   16,   20,   28,   30,   43,   44,   47  ] . Fluorescently labeled antibodies are used to tag the 
cell surface, and cells are sorted based on  fl uorescence intensity, which is propor-
tional to the expression level of the particular target receptor. FACS can also be 
applied for isolating cells based on markers that are not expressed on the cell sur-
face. Our group made use of the smooth muscle alpha-actin (    a SMA) promoter-
driven GFP to isolate a homogeneous population of smooth muscle cells (SMC) 
from ovine and human HF-MSC  [  33,   34  ] . FACS yields highly puri fi ed cell popula-
tions that can be further expanded or directly analyzed for mRNA or protein expres-
sion. Regrettably, lack of reliable stem cell markers hampers use of this method in 
sorting human HF stem cells.   

    5.6   Hair Follicle Stem Cells for Tissue Engineering 
and Cell Therapy 

    5.6.1   Tissue-Engineered Vascular Grafts 

 Cardiovascular disease is the leading cause of death in USA as being reported by 
American Heart Association. In 2006 heart diseases accounted for more than 
600,000 deaths. Almost half of the deaths were caused by coronary heart diseases, 
and 400,000 surgical bypass operations were performed highlighting the impor-
tance of an arti fi cial arterial substitute (  www.americanheart.org    ). A functional 

http://www.americanheart.org/
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 arterial graft should contain both endothelial cells (ECs) and SMCs. ECs line the 
lumen of a vessel, endow it with thromboresistant properties, and are selectively 
permeable to substances circulating in the blood. SMCs form the medial layer of an 
artery and are mainly responsible for the dilatation and constriction of the vascular 
wall in response to vasoactive agonists. 

 Our laboratory showed that DS cells of ovine and human HF stained positive for 
 a SMA, a marker of SMC (Fig.  5.2 ). This  fi nding prompted us to hypothesize that 
functional SMC can be derived from HF. To this end, HF were transduced with a 
lentivirus encoding for GFP under the control of the  a SMA promoter, and GFP+ 
cells were sorted out using  fl ow cytometry. We found that both ovine and human 
HF-derived SMC exhibited signi fi cantly higher proliferation and clonogenic poten-
tial compared to vascular SMC. In addition, tissue-engineered vascular grafts pre-
pared from HF-derived SMCs displayed high reactivity in response to vasoactive 
agonists and generated signi fi cant mechanical force as shown by compaction of 
 fi brin hydrogels  [  3–  5,   63  ] . More recent studies in our laboratory showed that these 
vascular grafts could be implanted into the arterial circulation of an ovine animal 
model where they remained patent for at least 3 months  [  64  ]  (Row S. et al., 2013, 
manuscript in preparation), suggesting that the HF may be a readily accessible 
source of stem cells for cardiovascular tissue regeneration and cell therapies.   

    5.6.2   Tissue Engineering of Cartilage, Bone, and Fat 

 In addition to myogenic differentiation, rodent DP/DS cells have the capacity to dif-
ferentiate into the osteogenic, chondrogenic, and adipogenic lineage, similar to bone 
marrow-derived MSCs  [  33,   34  ] . Extending these studies, we demonstrated that human 
HF cells also possess multilineage differentiation potential  [  4  ] . We also showed that 

100 µm 100 µm

a b

  Fig. 5.2    Cells comprising the dermal sheath of hair follicle are positive for  a SMA. ( a ) H&E 
 staining from neonatal ovine dermis. ( b ) Immunohistochemistry showing  a SMA +  cells in the 
 dermal sheath of hair follicles (Image taken from Peng et al.  [  63  ] )       
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single clones give rise to all four lineages, strongly indicating that human HF-MSC 
represent a true stem cell population and not a mixed population of progenitors with 
uni-lineage differentiation potential  [  5  ] . These results suggest that human HF can be 
an easily accessible source of true MSC that could be employed for regeneration of 
bone and cartilage for the replacement of joints or for meniscus repair.  

    5.6.3   Skin Regeneration 

 Several studies suggested that HF cells migrate to the epidermis during homeostasis 
and to a larger extent following skin injury  [  18,   19,   30,   35,   65  ] , suggesting that HF 
cells could be used to generate the epidermis and enhance wound healing. Indeed, 
Hoeller and colleagues reported generation of bioengineered skin by introducing 
 fi broblasts and HF tissue into the dermis. Interestingly, epidermal keratinocytes 
migrated out of the hair follicle and developed multiple layers of epidermis and 
stratum corneum  [  66  ] . In addition, HF-derived melanocytes have been used to 
develop a pigmented skin equivalent  [  67  ] . Most importantly, transplantation of tis-
sue-engineered skin from HF-derived stem cells was shown to enhance healing of 
ulcers and burns signi fi cantly  [  68–  70  ] . Notably, when hair buds were introduced 
into bioengineered skin before implantation, they sped up and guided nerve regen-
eration, suggesting that HF may recover the lost sense of touch  [  71  ] .  

    5.6.4   Nerve Regeneration 

 Mouse HF-derived nestin + /K15 −  stem cells have the capacity to differentiate into 
neurons in vitro, suggesting a possible application to nerve regeneration in a variety 
of central and peripheral nervous system diseases  [  22  ] . Indeed, Amoh and col-
leagues transplanted mouse HF nestin + stem cells into a severed sciatic nerve or 
spinal cord, where they differentiated into Schwann cells and promoted nerve regen-
eration  [  53,   72  ] . The same group also reported that human HF stem cells have the 
capacity to restore the function of injured nerves  [  73,   74  ] . HF-derived neuronal and 
Schwann cells have also been introduced into acellular sciatic nerve conduit, where 
they exhibited long-term survival and signi fi cant electrophysiological properties 
in vitro but failed to induce repeated potentials  [  75  ] .  

    5.6.5   Engineering Functional Hair Follicle 

 An important application of HF stem cells is bioengineering of HF to restore abnor-
mal hair loss (alopecia). Common forms of alopecias include (a) the androgenetic 
alopecia which results from the miniaturization of the hair; (b) the alopecia areata, 
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which results from an autoimmune response that damages the hair follicle; and (c) 
permanent alopecia which can be caused, for example, from severe trauma  [  1  ] . 

 Bioengineering a HF has been a topic of intense scienti fi c research over many 
years. To date two strategies have been developed to achieve this goal. The  fi rst 
approach includes the transplantation of intact HF from a HF-rich area into the bald 
area. This technique requires initially the surgical excision of a thin strip of scalp 
that contains dense HF and subsequently the isolation of the individual follicles and 
implantation back to the bald scalp  [  76  ] . Although transplantation of whole follicles 
is considered as the gold standard for hair restoration, studies demonstrated that 
segments of the HF can also induce hair growth after transplantation  [  57,   77–  82  ] . 
Transplantation of a truncated human HF after amputating the bulb has shown hair 
renewal suggesting bulb reformation possibly from the DS compartment  [  77,   78,   82  ] . 
Interestingly, transplantation of intact DP and/or DS into murine models demon-
strated mesenchymal interaction with the host epithelium and subsequent hair 
induction as shown with the transplantation of both murine  [  57,   79  ]  and human 
dermal compartments  [  81  ] . However, in contrast to human DS when human DP was 
transplanted into human skin, it failed to induce hair regeneration  [  80  ] . 

 In severe cases of alopecias, the number of available HF is not suf fi cient to restore 
the bald site. On the other hand, HF stem cells can be expanded in culture into large 
numbers that may be suf fi cient to cover the whole area and result in hair restoration. 
Jahoda and colleagues were the  fi rst to report that implantation of DP cells resulted 
in the hair growth in mice  [  55  ] . Although the hair-inductive properties of DP cells 
were lost after long-term expansion in vitro, coculture with keratinocytes or in kera-
tinocyte-conditioned medium could maintain the inductive properties of DP cells for 
almost 70 passages  [  83  ] . Similar to DP, DS cells were also found to induce HF 
growth  [  84  ] . Finally, HF restoration was enhanced by the mixture of bulge/hair germ 
stem cells from adult HF with neonatal dermal cells  [  15,   16,   29,   30,   85  ] . Notably, 
when mixed with embryonic mouse dermal and epidermal cells, mouse bone mar-
row-derived cells differentiated into HF cells, suggesting hair-inductive properties 
of bone marrow cells  [  86  ] . Although the results with mouse models are very encour-
aging, the signi fi cance of these  fi ndings in large animal models or humans has yet to 
be demonstrated.  

    5.6.6   Drug Delivery Through the Hair Follicle 

 Skin is an easily accessible organ that has been widely considered as a unique target for 
drug delivery. In contrast to the conventional delivery methods (oral, injections), the 
transdermal route allows drug administration to the circulation through the dermal vas-
culature and may increase drug bioavailability while avoiding painful injections. 
However, the presence of stratum corneum, the outermost layer of the skin, severely 
limits the penetration of hydrophilic and high molecular weight substances  [  87  ] . To 
bypass this drawback, microscale devices have been developed to enable transdermal 
delivery including liquid jet injectors, microneedles, and thermal ablation devices  [  87  ] . 
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 Alternatively scientists have focused on drug administration via the follicular 
route. The HF disrupts the stratum corneum and provides an opening to the epider-
mis. In certain areas such as the scalp or the face, the total area of openings can 
reach up to 10 % of the skin area, contributing signi fi cantly to solute permeation 
 [  88–  90  ] . In addition the dense network of blood vessels that are associated with the 
HF suggests that drug release to the circulation may be feasible  [  91  ] . The heteroge-
neity of the harboring cell population in the HF (stem cells, gland cells, immune 
cells, etc.) may enable cell-speci fi c drug targeting for treatment of skin diseases or 
vaccination  [  92–  94  ] . Last but not least, the relatively large volume of infundibulum 
renders the HF a reservoir for sustained drug release to the circulation, further high-
lighting the importance of follicular delivery  [  91  ] . 

 Several studies highlighted the contribution of follicular penetration during 
drug delivery through the skin. Mitragori and colleagues modeled the permeabil-
ity of hydrophilic and hydrophobic compounds in skin, assuming that the solutes 
can transport through one or more of the following mechanisms: free-volume 
diffusion, lateral diffusion of the lipids, diffusion through pores, or diffusion 
through shunts (hair follicles and glands). The model predicted that high molecu-
lar weight and highly hydrophilic molecules penetrate the skin preferentially 
through the shunts  [  95  ] . Others suggested that there is a critical value of octanol/
water partition coef fi cient beyond which the  fl ux through the follicle is greatly 
diminished  [  96  ] . However, most studies omit the signi fi cance of sebum (a lipo-
philic product of sebaceous gland) during drug delivery due to lack of representa-
tive experimental models. The presence of sebum in the HF and its upward  fl ow 
may hinder the delivery of hydrophilic compounds and may favor the delivery of 
hydrophobic compounds. Indeed, apart from molecular weight and molecular 
orientation, diffusion through the sebum was found to be affected by compound 
lipophilicity  [  97  ] . 

 To further improve tissue targeting and drug delivery via the HF, studies have 
incorporated particle-based formulations. Lademann et al. demonstrated that nano-
particle-containing dye could penetrate up to 1,400  m m into the follicle of porcine 
skin whereas the non-particle formulation reached only 500  m m. Interestingly, the 
nanoparticles prolonged the storage of the dye into the follicle  [  98  ] . Nanoparticle 
size was shown to play critical role in follicular penetration, which was optimal for 
particles between 750 and 1,500 nm and decreased for larger particles  [  99  ] . In addi-
tion to this, Vogt et al. demonstrated that the size of the particles affects its uptake 
by the cells. They reported that only the 40 nm size nanoparticles could enter 
Langerhans cells that are localized around the HF. This suggests that size-speci fi c 
particle formulation can be engineered to target antigen-presenting cells via the fol-
licular route and deliver vaccines  [  93  ] . 

 Finally, systemic delivery of a chemical through the HF has also been examined 
in vivo  [  91,   100  ] . Caffeine was introduced into a shampoo formulation, and its 
delivery into the circulation via the skin was examined in human subjects. 
Interestingly, the follicular route not only accelerated the delivery, but it also pro-
longed detection of caffeine in the blood indicating that HF may act as reservoir of 
chemical compounds.  
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    5.6.7   Cell and Gene Therapy Using Hair Follicle Stem Cells 

 The goal of gene therapy is to restore the lost tissue function by introducing the 
correct gene copy at the sites where the gene is missing or is mutated  [  101  ] . 
Application of gene therapy for hair restoration has been attempted and showed 
promising results. Transduction of rat bulge-derived hair follicle stem cells with 
 LacZ -encoding retrovirus showed stable expression of the transgene in the HF epi-
thelial compartments for at least 6 months after implantation of transduced cells in 
an immunode fi cient mouse model  [  102  ] . Retroviral gene transfer of the streptomy-
ces tyrosinase gene was used to treat albinism. Speci fi cally, transduction of ex vivo 
cultured skin from albino mice restored melanin production from the skin HF  [  103  ] . 
Direct gene transfer into the skin in vivo has also been reported to restore hair 
growth. Intradermal administration of the Sonic Hedgehog gene into C57BL/6 
mice using an adenovirus resulted into anagen induction and subsequently enhanced 
hair growth  [  104  ] . More recently, in vivo transfection of the human telomerase 
reverse transcriptase DNA complexed with polyethylenimine induced telogen to 
anagen transition in the rat dorsal skin  [  105  ] . In addition to the treatment of hair- or 
skin-related disorders, gene transfer to HF could be used for delivery of proteins 
into the systemic circulation through the vascular plexus surrounding the follicles. 
To this end, it may be feasible to engineer HF that produce insulin and reverse dia-
betes as we have previously shown with epidermal cells using a diabetic mouse 
model  [  106  ] .  

    5.6.8   Reprogramming of Hair Follicle Stem Cells 

 In a breakthrough study in 2006, Yamanaka and colleagues demonstrated that intro-
duction of four transcription factors (OCT4, SOX2, KLF4, and c-Myc) into mouse 
embryonic  fi broblasts or adult  fi broblasts endowed them with enhanced prolifera-
tion capacity and potential for differentiation into all three germ layers, similar to 
embryonic stem cells (ESC)  [  107–  110  ] . The Thomson group demonstrated that two 
of the transcription factors (KLF4 and c-Myc) could be replaced by NANOG and 
LIN28 with similar outcome  [  111  ] . The resulting cells were designated as induced 
pluripotent cells (iPSCs). An explosion of studies that followed demonstrated that 
iPSC could be generated from many human cells including blood cells  [  112,   113  ] , 
MSC  [  114  ] , fetal  [  114  ]  and neonatal  fi broblasts  [  111,   114  ] , adipose-derived stem 
cells  [  115  ] , adult testis  [  116  ] ,  b -pancreatic cells  [  117  ] , and T lymphocytes  [  118  ] . 
Interestingly, HF-derived primary keratinocytes could be reprogrammed with 100-
fold higher ef fi ciency than  fi broblasts  [  119  ] . HF-derived MSC were also repro-
grammed and used to understand the feedback loops that sustain self-renewal using 
global genomic and proteomic strategies  [  120  ] . DP cells were shown to reprogram 
using only two factors (Oct4, Klf4)  [  121  ] , possibly suggesting the presence of 
endogenous factors that facilitated reprogramming. Reprogramming with fewer 
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transcription factors or higher ef fi ciency suggests that HF cell-derived iPSC may be 
useful for regenerative medicine applications as well as for development of models 
to study the genetics and pathophysiology of human disease.   

    5.7   Conclusions: Future Directions 

 In summary, HF stem cells have great potential for tissue engineering and regenera-
tive medicine applications. The ease of accessibility along with the broad differen-
tiation capacity of HF stem cells makes the HF an ideal stem cell source. However, 
human HF stem cells remain relatively unexplored as compared to their mouse 
counterparts or other human adult stem cells. As a result more studies are required 
to address a number of challenges that hinder application of these cells in regenera-
tive medicine. To this end, identi fi cation of reliable HF stem cell markers is urgently 
needed to facilitate HF stem cell isolation. More studies are also needed to evaluate 
the differentiation potential of human HF stem cells and establish culture conditions 
for ef fi cient differentiation. The ease of reprogramming should be further explored 
to identify potential small molecules that may induce reprogramming even in the 
absence of genetic modi fi cation  [  122  ] . Finally, more studies are necessary to estab-
lish the HF as a site for drug and gene/protein delivery, for treatment of skin dis-
eases and wound healing, or to the blood circulation for treatment of systemic 
disorders.      
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  Abstract    Critical Challenges : Stem cell therapies are based on a simplistic idea of 
harvesting stem cells from bone marrow, adipose tissue, or induced pluripotent stem 
cells and injecting them into tissue that requires regeneration. Such ideas are logical 
and appealing. The only problem is they do not work very well. Effects of stem cell 
therapy are modest at best and often neither effective nor long lasting. This is 
because injected stem cells do not survive long. These cells are taken from their 
comfortable niches and forced to enter a hostile environment of low oxygen, poor 
nutrients, attacks by immune cells, and the apoptotic agents of death. 

  Current Research Directions : To reach past this impasse, the emerging trend is 
genetic modi fi cation of stem cells for protection and facilitation. Stem cells can be 
modi fi ed to withstand apoptosis and in fl ammation and even be activated by low 
oxygen to switch on protective genes to make them survive longer as grafts. Stem 
cells can be genetically modi fi ed to deliver hormones, growth factors, and homing 
factors. There are multiple methods for modi fi cation from gene signaling, antisense 
inhibition, microRNAs, and inserting transgene switches. 

  Discussion of Speci fi c Examples : Here we discuss examples of gene modi fi cation 
of stem cells for survival after transplantation, turning cells into insulin-producing 
cells, cells that could reduce plaque in Alzheimer’s and at the same time repair lost 
neural tissue. Genetically modi fi ed stem cells could be a new step forward in stem 
cell therapy when designed to improve their utility in treating myocardial ischemia 
and heart failure, hemophilia, stroke, diabetes type 1, spinal cord injury, Alzheimer’s 
and Parkinson’s diseases, bone defects, and cancer.  
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    6.1   Critical Challenges of Stem Cell Therapy 

 Stem cell transplantation as a new form of therapy has met with mixed results. In 
 leukemia with bone marrow, cell transplantation has been used for over 30 years, and 
the method has become a standard therapy. But for newer therapies, success has been 
elusive. In one of the most intensely studied recent applications, stem cells for myocar-
dial infarction and heart failure, positive results have been weak or there was no effect. 
The majority of transplanted stem cells (up to 90 %) do not survive beyond 48 h  [  1–  3  ] . 

 We believe that it is time to move beyond simply injecting harvested stem cells 
and start to genetically modify them to make them more precisely designed for 
functional regeneration and survival  [  4  ] . 

 To extend the life of stem cells after their transplantation requires gene 
modi fi cation. Gene modi fi cation of stem cells prior to their transplantation enhances 
their survival and increases their function in cell therapy. Like the famous Trojan 
horse, the gene-modi fi ed cell has to gain entrance inside the host’s walls and survive 
to deliver its transgene products. Using cellular, molecular, and gene manipulation 
techniques, the transplanted cell can be protected in a hostile environment from 
immune rejection, in fl ammation, hypoxia, and apoptosis. Genetic engineering to 
modify cells involves constructing functional gene sequences and inserting them 
into stem cells. The modi fi cations can be simple reporter genes or complex cassettes 
with gene switches, cell-speci fi c promoters, and multiple transgenes. We discuss 
here methods to deliver and construct gene cassettes with viral and nonviral deliv-
ery, siRNA, and conditional Cre/lox P. We review the current uses of gene-modi fi ed 
stem cells in various diseases. 

    6.1.1   Types of Stem Cells 

 Stem cells have three unique characteristics: they have the unique ability to renew 
themselves continuously, they possess the ability to differentiate into somatic cell 
types, and they have the ability to control their own population to keep it to a small 
number. When a cell is fertilized and divides a few times, those cells form a morula 
of 8–16 cells. Each of those cells is a totipotent stem cell, that is, they can become 
any type of cell. By day 5–6, a hollow ball of cells is formed and the inner mass of 
cells is pluripotent stem cells. These cells can turn into most types of body cells but 
not all. Although these cells are pre-embryonic, they have become known as “embry-
onic” stem cells as opposed to “adult” stem cells. Embryonic stem cells are fully 
pluripotent; adult stem cells are more limited in their potency. Adult stem cells 
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 generally are multipotent and can transform into tissues that are produced within the 
organ or tissue in which they are found. Stem cells in bone marrow can become 
osteocytes, blood cells, and lymph cells. Cardiac-derived stem cells can become any 
of the cells that are part of a functioning heart including cardiomyocytes, neurons, 
and endothelial cells  [  3,   5,   6  ] . It is debatable whether bone marrow cells can turn 
into heart cells  [  1  ]  or whether they can turn into any cell which is not related to 
blood, bone, or lymph  [  7  ] . 

 The problems with ESC cells are the ethical and regulatory objections to using a 
human cell derived from a fertilized human egg. The ethical problems have restricted 
the usable lines of ESCs available for research in the USA. The development of a 
new class of pluripotent stem cells generated without going through an embryo or 
pre-embryonic stage has electri fi ed new research in this area. Induced pluripotent 
cells (iPS cells) are discussed below. They can be produced from adult somatic cells 
such as skin  fi broblasts  [  8,   9  ] . 

 Progenitor cells come from a stem cell that is set to differentiate into multipotent or 
lineage-speci fi c type of cell. Tissue-speci fi c stem cells are multipotent. These can be 
isolated from various tissues such as hematopoietic stem cells (HSCs), bone marrow 
mesenchymal stem cells (MSCs), adipose tissue-derived stem cells, amniotic  fl uid 
stem cells, and neural stem cells (NSCs). NSCs in developing or adult mammalian 
brain have properties of inde fi nite growth and multipotent potential to differentiate 
into three major CNS cell types, neurons, astrocytes, and oligodendrocytes  [  10,   11  ] .  

    6.1.2   Potential of Stem Cells 

 Thus, stem cells are either pluripotent (ESCs and iPS) or multipotent (tissue stem cells). 
Progenitor cells are stem cells destined to become a certain cell type. Stem cells repli-
cate throughout life so long as a few of them do not differentiate. The daughter cells 
that differentiate go on to become adult cells with speci fi c functions in the body. Adult 
stem cells generally are multipotent and can transform into tissues that are produced 
within the organ or tissue in which they are found. Stem cells in bone marrow can 
become osteocytes, blood cells, and lymph cells  [  6  ] . Cardiac-derived stem cells can 
become any of the cells that are part of a functioning heart including cardiomyocytes, 
neurons, and endothelial cells  [  1,   12,   13  ] . It is debatable whether bone marrow cells 
can turn into heart cells or any other cell which is not related to blood, bone, or lymph 
 [  6,   14  ] . Cancer stem cells (CSC) are unique in that they are self-renewing like stem 
cells but growing into tumors, not differentiating into tissue.  

    6.1.3   Induced Pluripotent Stem Cells 

 The discovery that adult somatic cells could be induced to become pluripotent stem 
cells with apparently all the properties of human embryonic stem cells (hESCs), 
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independently by Yamanaka et al.  [  8  ]  and by Thompson et al.  [  9  ] , was greeted with 
amazement and in some quarters with relief. The breakthrough,  fi rst reported in 
mice by S. Yamanaka in Japan, did not receive much notice, but the revelation that 
adult human cells could be reversed into an embryonic-like state was astounding 
because it was so simple. It was greeted with relief where the progress of hESCs 
was blocked at the federal level because producing hESCs raised ethical concerns 
and political consequences. Yet 5 years later, although we have discovered much 
about iPS cells, they are far from being the ideal solution that they seemed to 
promise. 

 When human iPS cells were  fi rst published, they appeared to have so many advan-
tages over hESCs. Foremost was the lack of an embryo being involved which meant 
they could not be logically banned or targeted as unethical (although some tried). 
Second, the science behind making them was astonishingly simple. It only required 
delivery of four transcription factors found in embryos to reverse years of life as an 
adult cell back to an embryonic-like cell. The record for number of years as an adult 
cell was set by Dimos et al.  [  15  ] , who induced the skin cells of an 82-year-old lady 
back to iPS cells. 

 iPS cells offer the advantages of avoiding the religious or ethical considerations 
that plague the use of embryonic stem cells. They also could provide autologous 
transplantation, for repair and regeneration of tissue without rejection. If the donor 
cells retain the mutation or mutations that caused the patient’s disease state, it is 
possible to correct those mutations before implantation by gene modi fi cation with 
homologous recombination. Even if they cannot be corrected, the iPS cells are use-
ful to study the mutations in lineages derived from the iPS cells. A further advantage 
of studying iPS cells is access to testing new drugs in those diseased human cells. 
At present the barriers to adopting iPS in the clinic are the limitations of methods to 
produce the cells and the possibility of causing teratomas. 

 iPS technology is expected to move health sciences forward in unique ways for 
diagnosis, drug screening, toxicity, repair of mutations, and treatment of human 
diseases. iPS cells produced from an individual are embryonic-like stem cells, and 
they can be regrown into any of the 200 somatic cell types. iPS cells have many 
similarities with ESC cells including the cell morphology, surface antigens, gene 
expression, telomerase activity, and the epigenetic status. iPS cells have been pro-
duced by delivering transcription factors by different types of viral vectors includ-
ing retroviruses  [  8  ] , lentiviruses  [  16  ] , adenoviruses  [  17  ] , plasmid transfections  [  18  ] , 
transposons  [  19  ] , mRNA, or recombinant proteins  [  20  ] . 

 iPS cells are produced to be as close to human ESCs as possible to have the 
advantages of pluripotency that hESCs have. However, hESCs could only be trans-
planted allogenically into adults and rejection would always be a problem. 

 Despite the euphoria and literally thousands of studies, there are nagging prob-
lems with making iPS cells work in the way that was hoped. One of the reasons is 
that iPS cells, just like hESCs, go through a stage of producing teratomas. Several 
studies have found that mice produced from iPS cells are more prone to cancer. The 
original method for producing iPS cells was by a retrovirus to deliver the four tran-
scription factors. Retroviruses are notorious for random insertion in the genome and 
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being oncogenic. In Yamanaka’s study  [  8  ] , the method included c-Myc as a 
 transcription factor that increased cell growth. However, the same property is the 
property that makes c-Myc an oncogene and therefore another prime suspect in 
causing cancer. Thompson’s group avoided using c-Myc but also used a retrovirus 
and instead of c-Myc used LIN 28 as a transcription factor  [  9  ] . Eventually Yamanaka’s 
group dispensed with c-Myc but lost ef fi ciency. Only Oct4 and Sox2 seemed to be 
absolutely necessary. The other factors could be varied, with Nanog substituting for 
c-Myc. To avoid the dangers of retroviruses, various alternatives for non-integrating 
delivery have been tried. Adenovirus was used successfully. But adenovirus while 
not being carcinogenic has other problems. In 1999 it was prematurely used in a 
phase 1 gene therapy trial and caused the death of one of the participants, Jesse 
Gelsinger. Adenovirus produces many proteins and these induce immune reactions. 
It was an immune reaction to adenovirus in Jesse Gelsinger’s body that made adeno-
virus totally unacceptable for human use  [  21  ] . There is an alternative, however, 
adeno-associated virus (AAV). Despite its name, AAV is unrelated to adenovirus 
and is proving to be a very safe and reliable vector for gene delivery. Gene therapy 
with rAAV for restoring sight to patients blind since birth or early childhood (Leber 
congenital amaurosis) has proven that in humans rAAV is very safe  [  22  ] . 

 We have shown that AAV as the vector for the four transcription factors can be 
used to induce iPS in adult cells from skin or fat tissue  [  23  ] . Eventually there will 
come a time when iPS will be tested for therapeutic use in treating humans. Although 
there are now virus-free methods of making iPS, we do not know which method will 
have the greatest ef fi ciency, safety, reproducibility, or ef fi cacy. Therefore, having 
several different ways of producing iPS is still a viable quest, and we show how 
AAV can be used to produce iPS cells  [  23  ] .   

    6.2   Current Research on Gene Modi fi cation of Stem Cells 

 Inducing pluripotent stem cells is a feat of genetic engineering, and considering it 
can reverse a skin cell of an 82-year-old back to an embryonic stem cell, so simply 
and elegantly, it is truly remarkable. 

 Obviously both embryonic and adult stem cells have great potential for treat-
ments involving cellular repair, replacement, and regeneration. One of the limita-
tions of cell replacement therapy is that a majority of grafted cells do not survive 
when grafted. Even if they are autologous or from a syngenic population, cell trans-
plantation usually results in a loss of cells. Genetic engineering can increase sur-
vival of engrafted stem cells. The stem cells can be modi fi ed to deliver proteins to 
neighboring cells  [  4  ]  to avoid apoptosis and in fl ammation or reduce graft–host 
rejection. In genetic modi fi cation, a gene cassette is constructed and loaded into a 
vector for entry into the cell. Once inside the cell, the gene construct can express or 
overexpress speci fi c genes. The transgene expression can be constant leading to 
constitutive synthesis of speci fi c proteins or can be controlled by a gene switch. 
Constitutive activation of genes is unphysiological leading to overproduction of 



124 M.I. Phillips

proteins which downregulates receptors and renders the gene expression ineffective. 
A gene switch essentially makes the cell “intelligent” because the cell will then 
respond to a physiological stimulus, for example, low oxygen, high glucose levels, 
and hormone concentrations, or to drugs or chemical agents. 

 A key principle to genetic engineering for cells is to mix and match modules of 
functional domains that are used in nature. Thus, we can take a gene module used by 
yeast and a human virus module to create a chimeric regulator. Wang et al.  [  12  ]   fi rst 
described a gene regulatory system for gene transfer by building a gene switch that 
responds to increases in mifepristone, a progesterone antagonist. They fused a 
ligand-binding domain of a mutated human progesterone receptor to the yeast tran-
scriptional activator GAL4 DNA-binding domain and the herpes simplex virus pro-
tein VP16-activated domain. They demonstrated that this system could be activated 
by the exogenous administration of mifepristone (RU 486) at low doses to activate 
transcription of target genes. As described below we developed a Vigilant Vector 
 [  13,   14  ]  with a gene switch similar to this concept but built it to automatically respond 
to hypoxia so that no exogenous drug was required to turn the system on or off. 

    6.2.1   Transgenics 

 A very well-established gene modi fi cation of embryonic stem (ES) cells is in the 
production of transgenic animals. Transgenic mice with genes knocked out, or genes 
“knocked in” (where the number of copies of genes is increased)  [  24  ] , are ubiqui-
tous gene studies in living animals. They have been very useful for studying the role 
of speci fi c genes and practical for producing speci fi c human proteins. The method 
involves harvesting ES cells from the inner cell mass of the blastocyst. Using recom-
binant DNA (rDNA), a desired gene is made and inserted in a vector together with 
promoter sequences to regulate the gene expression. To replace a normal gene or 
knock one out, two drug-resistant genes are added to the cassette, a neo r  gene which 
is resistant to lethal effects of neomycin and a thymidine kinase gene (tk) which 
phosphorylates ganciclovir. The majority of cells fail to take the vector inside their 
walls. These cells can be killed by neomycin or its analogs. A few of the remaining 
cells allow the vector in but the gene is inserted randomly. To avoid this, these cells 
are killed by ganciclovir. That leaves those cells in which homologous recombina-
tion has occurred. The normal gene has been knocked out and a new, speci fi c gene 
knocked in. These cells are then injected into a blastocyst, which is implanted in the 
uterus to produce offspring that can be bred. If the new gene is nonfunctional (i.e., 
a null allele), the function of the former gene may be revealed through breeding the 
mice with the knockout gene to homozygosity. 

 Ideally the function of the missing gene will be as obvious as if a limb had been 
cut off. In actuality several things can happen. The knocked-out gene may prevent 
the embryo from developing (it is embryonically lethal), or the missing gene is fully 
compensated by other genes, or subtle changes occur in development or in different 
organs so that the effect is not obvious. Nevertheless the technique has had a huge 
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in fl uence on revealing functional effects of proteins especially where antibodies 
have not been developed. The opposite of knocking in copies of a gene has been 
used to reveal mechanisms of diseases caused by overexpression of a protein  [  24  ] . 
The transgenic animal approach requires going through embryonic development. 
This limits the technique when a knocked-out gene is embryonically lethal. However, 
in a method  fi rst used by Gu et al.  [  25  ] , the Cre/lox P system is able to induce the 
same mutation and avoid lethality.  

    6.2.2   Cre/lox P System 

 To knockout a target gene in speci fi c cell groups or tissue in adult animals, the Cre/
lox P system is a suitable technique. It is based on the viral bacteria phage P1, which 
produces Cre, a recombinase enzyme. Cre cuts its viral DNA into packages by cut-
ting the DNA out between two separate lox P sites. The DNA ends, which each has 
a half lox P site, are then ligated by the recombinase. Gu et al.  [  25  ]  used this prin-
ciple with a strategy of conventional transgenic mice, in which the Cre transgene 
plus a promoter was inserted by homologous recombination in a cell-speci fi c type. 
This mouse was crossed with a second mouse strain that had a target gene  fl anked 
by two lox P sites. In the offspring the target gene was only deleted in those speci fi c 
cells that contained Cre and the lox P-“ fl oxed” sequences. The target gene remained 
functional in all the other cells and the animals survived development, so the func-
tion of the targeted gene in speci fi c cells could be studied. 

 More recent developments have made the technique less laborious to use  [  25,   26  ] . 
An example is a study by Sanniyha et al.  [  26  ]  who made transgenic mice with lox P 
insertions  fl anking the gene for angiotensinogen. Angiotensinogen is a substrate for 
the enzyme renin and is one of the critical components for the synthesis of the pep-
tide angiotensin. Instead of making a separate strain of Cre mice and proceeding 
with breeding, they simply injected Cre into the  fl oxed mice. This had the advantage 
not only of being time saving but also of opening up a new way to study genes with 
site-directed, conditional, gene ablation in speci fi c cells. As they were working on 
the brain, they were able to pinpoint anatomically a very small brain structure, the 
subfornical organ. By injecting Cre into the structure, they showed that angiotensin 
synthesis could be blocked and proved it is synthesized in the brain  [  27,   28  ] . 

 To inhibit synthesis of proteins by inhibiting gene translation, there are two 
methods: antisense and RNA interference.  

    6.2.3   Antisense Inhibition 

 Antisense is based on the fact that mRNA is in the “sense” direction from 5 ¢  to 3 ¢ . 
Antisense is a limited sequence of DNA in the antisense direction 3 ¢  to 5 ¢  designed 
from the known sequence of a target gene. Antisense oligonucleotides (AS-ODN) 
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are usually built around the initiation codon of a gene (the AUG start site) and are 
shorter than the full-length gene. This is because the AS-ODN binds to part of the 
appropriate mRNA sequence and prevents the mRNA from translating the protein it 
would otherwise produce  [  29–  32  ] . 

 For gene modi fi cation with antisense within a cell, a viral vector can be  fi tted 
with DNA in the antisense direction. We have designed these in the adeno- 
associated virus and shown them to have long-lasting inhibitory effects on desig-
nated cell protein synthesis  [  33  ] . Antisense inhibition although widely used in 
research and approved for clinical treatment  [  32  ]  is not perfect. When antisense is 
put into a cell, it is competing with the cell’s own mRNA-copying machinery. The 
presence of AS-ODN may actually increase the number of cell-produced mRNA 
copies, thereby overcoming the endogenously administered AS-ODN. Because of 
this, antisense as a treatment has not proven to be a killer of cells and so not a revo-
lutionary anticancer agent, as it was originally hoped. However, antisense has 
played a pivotal role in leading to the next advance in cellular gene inhibition – 
RNA interference – and, more recently, reemerged as antagomirs for inhibiting 
microRNA.  

    6.2.4   siRNA Gene Silencing 

 Fire and Mello  [  34  ]  were using antisense to study behavioral effects on the primitive 
worm,  Caenorhabditis elegans . They tested sense RNA and antisense RNA on the 
worms, but there was no effect of either. However, when they tested a combination 
of sense and antisense RNA, the worms started to twitch spontaneously. The gene 
that was holding back the twitching had been silenced. Fire and Mello had discov-
ered gene silencing by double-stranded (ds)RNA which acted as small interfering 
RNA (siRNA). RNA interference has become widely recognized as a biological 
mechanism for the regulation of gene expression and used for intracellular inhibi-
tion. Double-stranded RNA is produced in the nucleus. In the cytoplasm, it binds to 
an enzyme Dicer. Dicer literally dices up the double-stranded RNA into short strands 
(15–20 nucleotides). 

 One of the strands is loaded into a protein complex, RNA-induced silencing 
complex (RISC). The RISC now has the single strand of short RNA as a binding site 
to bind to a complementary sequence on the cell’s mRNA. This binding leads to 
cleavage of mRNA, degrading the message and stopping it from translating a 
speci fi c protein; hence, it is silenced. 

 RNAi is a fundamental cellular process of gene regulation in the cells of animals 
and plants. Since both animals and plants are subject to diseases induced by viruses, 
RNAi may have evolved to protect cells from invasion by viruses. The genome of 
retroviruses is in double strands of RNA. A retrovirus, lacking cellular mechanisms 
and DNA, injects its genomic dsRNA into a cell to reproduce itself using the DNA 
of the invaded cell. RNAi protects the cell by destroying the viral RNA through the 
RISC mechanism. 
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 siRNA is more powerful than antisense in silencing genes, but it has its dif fi culties. 
It is not long lasting, it may silence off-target sites, and it has not been easy to inject 
systemically as a therapy. We have directly compared siRNA to antisense to inhibit 
the beta-1 adrenergic receptor gene  [  35  ] . The effect was measured on blood pressure 
in hypertensive rats and on measures of heart performance, because beta-blockers 
have long been used for hypertension and heart failure treatments. The siRNA and 
AS-ODN were injected systemically in a lipofectamine vehicle. The result was a 
signi fi cantly better effect on lowering blood pressure and improving heart perfor-
mance with the siRNA compared to the AS-ODN. Both approaches lasted about 
1 week with a single injection  [  35  ] .  

    6.2.5   microRNA 

 microRNAs offer completely new possibilities for gene modi fi cation, cell therapy, 
and drug development. They are involved in almost every biological process regu-
lated by genes, and their absence or mutations could be the cause of many disease 
states from birth defects to cancer. 

 Although microRNAs (miRNA) were discovered over 20 years ago in  C .  elegans  
 [  36  ]  and later found in mammals, we are still in an early stage of discovering how 
many there are, what they do, and how they do it. Over 500 miRNAs have been found 
in the human genome. A recent review in Nature Reviews suggests that miRNAs 
regulate one third of human genes  [  37  ] . microRNAs have become recognized as a 
new class of gene regulators and therefore important for gene modi fi cation of cells. 
miRNA are small noncoding RNAs that modify gene expression by posttranscrip-
tional inhibition of targeted mRNA. In the nucleus miRNA is formed from introns 
and exons as “primary” or “pri-miRNA.” But it is not a messenger RNA – it does not 
specify or generate a protein. The pri-miRNA, a folded-back structure of 60–70 
nucleotides, is processed in the nucleus by the enzymes Drosha and Pasha. Drosha 
cuts out the stem-loop structure which is the “pre-miRNA.” The pre-miRNA is 
exported out of the nucleus by exportin and into the cytoplasm where it is diced up 
by the enzyme Dicer RNase III. The same effect occurs. Dicer cuts the stem loop into 
short-length (19–25 nucleotides) inverted “mature miRNA.” As with siRNA, one 
strand of the mature miRNA becomes part of the RISC and targets mRNA by binding 
to antisense complementary regions and cleaving or degrading the targeted mRNA. 
Multiple roles for miRNAs in gene regulation have been revealed by gene expression 
analysis PCR and by transgenic mice with knockouts of speci fi c miRNA. Expression 
arrays are revealing speci fi c miRNAs in different tissues and cells from invertebrates 
to humans. Many miRNAs (miRNAs-1, miRNAs-34, miRNAs-60, miRNAs-87, 
miRNAs-124a) are highly conserved between vertebrates and invertebrates  [  38  ]  
including the small temporal (st)RNAs discovered in  C .  elegans  (e.g., let-7 RNA, 
lin-4) that are similar to miRNAs in humans. As these stRNAs are critical for cell 
differentiation and timing of neural connections, the conservation may indicate func-
tional evolution. A survey of mouse tissues with northern blotting  [  38  ]  showed that 
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miRNAs-1 is dominant in the heart (45 %). In the liver, miRNAs-122 was 72 % of all 
miRNAs tested and miRNAs-124a was profound in the mouse brain. 

 Although the mechanism of miRNA action is principally inhibitory on target 
mRNA, which is essential for normal growth and differentiation in cell and tissue 
development, miRNAs can be involved in cancer. They can be depleted or sup-
pressed allowing oncogenes to be overproduced. Kumar et al.  [  39  ]  recently showed 
that global suppression of miRNAs in various cancer cell lines increased cancer cell 
transformation and enhanced tumorigenesis in mice. To suppress miRNA they 
 targeted Drosha and Dicer with siRNA. Noncancerous cells did not become cancer-
ous but did not grow. 

 Stem cells are regulated in their differentiation and in adult processes by microRNA. 
This suggests that increasing or decreasing miRNAs could be a new approach to regu-
late genes in, for example, retarding cancer by suppressing oncogenes or increasing 
developmental processes in regeneration by increasing differentiation.  

    6.2.6   Reporter Genes 

 Manipulation of genes in cells, such as stem cells, before transplantation can be 
done at several different levels of sophistication. If one simply wants to label cells 
with an internal marker so that the cells can be identi fi ed after transplantation, then 
a reporter gene such as a  fl uorescent gene like green  fl uorescent protein (gfp) or 
luciferase (Luc) or beta-galactosidase (Lac Z) gene sequence can be inserted into 
any of the vectors described above. Each cell marker has its own advantage or dis-
advantage. Fluorescent labels are visible, but not easily quanti fi ed. However, a 
great advantage is that they are visible using highly sensitive  fl uoroscopy such that 
the cells can be located, even under the skin in tissues and tumors. Luciferase has 
the advantage that it is quanti fi able using luminometers, dual luciferase assays, or 
relative luciferase gene expression  [  13,   14  ] .  

    6.2.7   Cell-Speci fi c Promoters 

 At the next level of sophistication, a cell- or tissue-speci fi c promoter is spliced with 
the selected cell marker transgene so that the transgene can be observed to be 
expressed in one type of cell. Selecting the promoter raises some problems. A pow-
erful promoter like cytomegalovirus (CMV) drives a gene but is nonselective for 
tissue type. A more cell-speci fi c promoter is likely to have a weaker power, and 
therefore, there will be less gene marker expressed. 

 Improving promoter power without losing cell speci fi city is a challenge. Also 
 fi tting a promoter into a cassette for a vector of small loading capacity, such as AAV, 
may require cutting the promoter into fragments and test driving for speci fi city. For 
example, we used the myosin light chain-2v promoter (MLC-2v) in the heart  [  13  ] , 
which is 1,700 bp long. In order to  fi t this promoter into the AAV, we reduced the 
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MLC-2v to a 250 bp fragment that contained the heart-speci fi c cis-regulatory 
 elements  [  40  ] . To further increase power, a promoter enhancer can be added to the 
effective promoter fragment. SV40 and chicken beta actin or globin  [  41  ]  have been 
tried and increase expression by severalfold. A feed-forward system can be intro-
duced by making the product of cassette transgenes – the fusion proteins – feedback 
on an activating sequence to drive the promoter. Thus, more and more fusion protein 
is produced. If this protein is also activating an upstream activating sequence in 
front of a transgene TATA box, more and more transgene expression will result. 

 For a therapeutic approach, the gene modi fi cation needs to have a gene switch 
added. High-level expression powered by CMV or even the lower level of gene 
expression driven by a cell-speci fi c promoter is constant. This constitutive gene 
expression could lead to a buildup of protein and unwanted side effects. The design 
of a transgene construct needs to include a regulator to control the amount of 
expression.  

    6.2.8   Gene Switches 

 Several different types of gene switches have been developed. Some require exog-
enous drugs to be applied to induce expression. These include the “Tet-on Tet-off” 
system using tetracycline as the switch inducer  [  42  ] . Ecdysone  [  43  ] , hypoxia regu-
latory element (HRE)  [  44  ] , and mifepristone  [  12  ]  have also been used. 

 To make a transgene turn on and off to physiological stimulus requires genetic 
engineering of the cassette to include naturally occurring cellular regulatory ele-
ments. The cassette is constructed from modules which can be spliced together in 
a speci fi c order. To illustrate, we have developed a “Vigilant Vector TM ” that is 
switched on by hypoxia in heart cells  [  45  ] . To develop the hypoxia switch, there 
were several possibilities. The natural oxygen-sensitive elements of a cell had 
been worked out and sequenced  [  46  ] . The hypoxia regulatory element (HRE) 
contains inducible factors HIF-1 a  and HIF-1 b . When oxygen is low, the HIF-1 a  
combines with the HIF-1 b , and the fusion product acts a transcription factor in 
the nucleus to generate proteins in response to low oxygen, such as vascular 
endothelial growth factor (VEGF) and erythropoietin (EPO). By extracting the 
oxygen sensor in HIF-1 a  oxygen-dependent domain (ODD) and installing it as 
the oxygen sensor of a chimeric gene, we could control the genetic response to 
hypoxia and avoid the production of these and other proteins. The ODD module 
was spliced in an activator system. The DNA-binding domain is the yeast GAL4, 
and the activating domain is the human p65 derived from human nuclear kappa B 
protein. Under normal oxygen levels, the fusion protein of p65/ODD/Gal4 is 
ubiquitinated, and the ubiquitin tail is the signal for transport to and destruction 
in proteasomes. But as oxygen decreases, a threshold is reached where the fusion 
protein is not ubiquitinated or destroyed, and the GAL4 component of the protein 
binds to an inserted upstream activating sequence in front of the TATA box that 
activates gene expression. The lower the oxygen concentration, the greater the 
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number of fusion proteins generated, exponentially increasing gene activity. 
Combined with a heart-speci fi c promoter (MLC-2v), the whole system acts as a 
site-speci fi c gene switch for hypoxia. Further the system allows for ampli fi cation 
of gene expression. In practical terms, when the stem cells were modi fi ed by 
heme oxygenase-1, an antioxidant with antiapoptotic and anti-in fl ammatory 
effects as the transgene, ischemic (mouse) hearts were protected from heart 
 failure  [  47  ] .   

    6.3   The Application of Genetic Modi fi cation of Stem Cells 

    6.3.1   Cardiology and Blood 

    6.3.1.1   Increase Graft Cell Survival 

 Adult stem cells have been proposed as a promising source for the heart repair. 
The success of several trials has been nothing or relatively small improvements in 
cardiac performance. Out of 12 studies involving 1,359 patients, the overall 
bene fi t was 4 % but 5 trials had no effect  [  48  ] . Stem cell-based therapy is con-
fronted with the problem of poor survival in host myocardium. Graft cell survival 
is limited by various pathological processes such as in fl ammatory molecules, 
proapoptotic factors, lack of oxygen and/or nutrients, and the loss of cells through 
dispersal because they do not home to the site of myocardial infarction. The sur-
vival of engrafted stem cells requires adaptation to adverse environment in isch-
emic myocardium. Different strategies have been developed to increase cell 
survival after grafting. Pharmacologic preconditioning has been tested success-
fully in skeletal myoblasts and shows cytoprotective effects both in vitro and 
in vivo  [  49  ] . Suzuki et al.  [  50  ]  reported that heat-shock treatment could improve 
cell tolerance to hypoxia–reoxygen insult in vitro and enhance survival when 
grafted into the heart. Exploiting cell growth and apoptotic regulatory factors to 
enhance the proliferation of viable stem cells or confer apoptosis resistance to 
donor cells, by gene modi fi cation, is a potential way to improve cell transplant 
ef fi ciency. Akt is a powerful survival signal in many systems  [  51  ] . Mangi et al. 
 [  52  ]  showed that Akt gene modi fi cation of MSCs improved the function of infarct 
rat hearts. However, as a therapy the overall application of constitutively active 
Akt gene may increase the risk of tumorigenesis  [  53  ] . HO-1 is the rate-limiting 
enzyme in the catabolism of heme, followed by production of biliverdin, free 
iron, and carbon monoxide (CO). All three by-products exert bene fi cial actions 
that protect the cells from oxidative damage and death  [  54  ] . Hypoxia-inducible 
HO-1 plasmid modi fi cation of graft mesenchymal stem cells can protect cells 
from subsequent hypoxia injury in vitro and improve graft cell survival in isch-
emic myocardium in vivo via anti-in fl ammatory and antiapoptosis  [  55  ] . These 
 fi ndings underscore the role of HO-1 for protecting grafted cells from ischemia-/
in fl ammation-induced death.  
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    6.3.1.2   Increase Angiogenesis in Ischemic Heart Disease 

 Myocardial ischemia associated with coronary artery disease is a leading cause of 
morbidity and mortality in the United States  [  56  ] . Although percutaneous translu-
minal angioplasty (PTCA) and operative coronary revascularization (CABG) pro-
cedures are effective for revascularization, there are increasing numbers of patients 
with extensive atherosclerotic coronary artery disease not amenable to traditional 
methods of revascularization. Several growth factors have appeared recently as 
adjuncts to regular revascularization, including vascular endothelial growth factor 
(VEGF)  [  57  ] . Although viruses carrying VEGF gene can maintain a therapeutic 
angiogenesis, VEGF expression is not under tight control and thus might cause 
unwanted side effects, such as angioma formation. To develop an approach for safe 
and long-lasting angiogenesis, we investigated neovascularization in ischemic myo-
cardium via autologous mesenchymal stromal cells (MSCs) transplantation. Our 
 fi nding suggested that bone marrow-derived MSCs play a crucial role in improving 
regional blood  fl ow in ischemic myocardium and provide an optimal strategy for 
therapeutic angiogenesis by secreting a broad spectrum of angiogenic cytokines, 
including VEGF  [  58,   59  ] , HGF  [  60  ] , bFGF  [  61  ] , and SDF-1 a   [  61  ] . Increased blood 
supply from neovascularization would inhibit apoptosis and necrosis of hibernating 
and stunned myocardium in border zone. Moreover, autologous MSCs have high 
proliferative and self-renewal capability, which is critical for maintaining lasting 
effects  fi t for clinic treatment of patients with extensive atherosclerotic coronary 
disease  [  58  ] . Although autologous MSC transplantation can be administrated as 
“sole therapy” for neovascularization, many laboratories have developed strategies 
to use MSCs as vehicles for angiogenic gene therapy to enhance the bene fi ts of 
neovascularization. Lei et al.  [  62  ]  have reviewed improvements in angiogenic out-
come via deliver of multiple growth factors with synergic effects.  

    6.3.1.3   Gene-Modi fi ed Stem Cells to Treat Hemophilia 

 Recently gene-modi fi ed bone marrow stem cell therapy approaches have been used 
to target life-threatening bleeding disorder, such as hemophilia. Moayeri et al.  [  63  ]  
used hematopoietic stem cells (HSCs) to express coagulation factor VIII (FVIII) by 
oncoretroviral vector. Transduced HSCs were transplanted into immunocompetent 
hemophilia A mice. Therapeutic levels of FVIII were detected in the serum of trans-
plant recipient for over 6 months. More importantly, there was only minor anti-
FVIII inhibitor antibody production induced following transplantation of 
gene-modi fi ed HSCs. In a related study, Gangadharan et al.  [  64  ]  compared the ther-
apeutic effect of achieving sustained, therapeutic levels of FVIII between gene-
modi fi ed MSCs and HSCs. To test this, they used retroviral-mediated porcine FVIII 
vector to genetically modi fi ed bone marrow-derived MSCs and HSCs and then 
transplanted cells into genetically immunocompetent hemophilia A mice. They 
found that the FVIII activity levels drop rapidly and returned to baseline in MSC 
group due to the formation of anti-porcine FVIII neutralizing antibodies; however, 
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FVIII levels stayed high in mice treated with HSCs. They found that FVIII expres-
sion was sustained beyond 10 months because of immunologic tolerance. This 
investigation demonstrates that HSCs, other than MSCs, offer a suf fi cient and dura-
ble approach for delivering curative FVIII for treating hemophilia A.   

    6.3.2   Gene-Modi fi ed Stem Cells to Replenish  b  Cells 
for Treating Diabetes 

 Type 1 diabetes is due to the loss of pancreatic islet  b  cells. Therefore, the advent of 
stem cell technology has given rise to the hope that beta cells can be “regrown” in 
the pancreas by implanting stem cells. Transplantation of the pancreas is effective 
with the Edmonton protocol but requires rare pancreas donors and not infrequently 
two donors for one recipient. 

 Stem cells can in theory be grown in large numbers and modi fi ed to be insulin-
producing cells with appropriate controls for euglycemic control. Lavon et al.  [  65  ]  
made hESCs constitutively expressing two different transcription factors, Foxa2 
and pancreatic duodenum homeobox protein-1(Pdx1). Foxa2 is found in the early 
endoderm layer  [  66  ]  and expressed at a very early stage in pancreas development 
 [  67  ] . Pdx1 is a pancreatic-speci fi c transcription factor expressed downstream of 
Foxa2 and speci fi cally involved in stem cell differentiation into  b -cell progenitors 
 [  68  ] . Pdx1 binds and activates insulin promoter in  b  cells  [  68,   69  ] . But there was a 
limitation because expression of the insulin gene was demonstrable when the cells 
differentiated in vivo into teratomas. 

 Human ESCs carry the problem of immunological incompatibility between the 
cell donors and the recipients and the danger of graft vs. host disease. The levels of 
MHC-I expression in hESCs will increase after in vitro differentiation  [  70  ] . To elimi-
nate the problem of immuno-incompatibility and the requirement for the classic 
immunosuppressive therapy employed for organ transplantation, multipotent adult 
stem cells are an alternative for these studies. Tang et al.  [  71  ]  tested the possibility of 
reprogramming rat hepatic stem cells into functional insulin-producing cells by over-
expression of Pdx1 via lentivirus. Their  fi ndings showed that long-term expression of 
Pdx1 is effective in converting hepatic stem cells into pancreatic endocrine precursor 
cells. When these cells transplanted into diabetic mice, they become functional insu-
lin-producing cells and restore euglycemia. Human bone marrow-derived mesenchy-
mal stem cells (hMSCs) may also be a source to produce insulin-producing cells as 
shown by Li et al.  [  72  ]  who modi fi ed hMSCs with Pdx1 with a recombinant adeno-
viral vector. Pdx1 gene-modi fi ed hMSCs expressed multiple islet-cell genes includ-
ing neurogenin3 (Ngn3), insulin, GK, Glut2, and glucagon and produced and released 
insulin/C-peptide in a weak glucose-regulated manner. Two weeks after injection of 
Pdx1-modi fi ed hMSCs in STZ-induced diabetic mice, euglycemia was observed and 
lasted for at least 42 days. Pancreatic ductal stem/progenitor cells have also been 
genetically modi fi ed into insulin-producing cells by adenovirus delivery of NeuroD 
 [  73  ] . 
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 We examined the potential for attracting bone marrow stem cells (BMSCs) to the 
pancreas using a homing factor , a chemokine, stromal cell-derived factor 1 (SDF-1) 
 [  74  ] . In diabetically induced rats, SDF-1 injections into the pancreas markedly 
increased the number of GFP-labeled BMSCs in the pancreas, but surprisingly, the 
majority of cells homed to the liver. The marked liver cells had typical pancreatic 
endocrine cell gene expression including insulin I, insulin II, Pdx1, somatostatin, 
and glucagon. Combined treatment with SDF-1 and labeled BMSC transplant 
reduced hyperglycemia to a normoglycemic range and prolonged the long-term sur-
vival of diabetic mice. One subgroup had complete normoglycemia (<150 mg/dl), 
restored blood insulin levels, and normal glucose tolerance. Our results suggest that 
a gene modi fi cation of stem cells with SDF-1 could potentially be used to improve 
the homing of stem cells that appears to lead to  b -cell regeneration. The novel 
mechanism appears to involve an increase in insulin-producing cells mainly in the 
liver  [  74  ] .  

    6.3.3   Gene-Modi fi ed Stem Cells to Treat Spinal Cord Injury 

 The adult central nervous system (CNS) has long been considered not to have the 
capacity to regenerate itself; thus, spinal cord injury leads to permanent loss of func-
tions. Stem cell transplantation has been proposed as a strategy for CNS repair. 
Neural stem cells (NSCs) that are capable of differentiation into neurons in the brain 
 [  75  ]  and spinal cord  [  76  ] , therefore, are attractive candidates for repairing injured 
CNS. Three groups  [  77–  79  ]  demonstrated that genetically engineering NSCs with 
axonal growth gene or neuroprotective factor genes, such as neurotrophin-3 (NT-3), 
NGF, and BDNF, could exhibit better spinal cord repairing. They isolated and cul-
tured the neural stem cells and then modi fi ed these cells with lentivirus-mediated 
neurotrophin-3 (NT-3). Their studies demonstrated that the NT-3-modi fi ed grafted 
cells could survive for a long time in vivo and migrate for long distances. Moreover, 
NT-3 genetically engineered NSC obviously led to a recovery of the hind limb func-
tion of the injured rats. These experiments provide a clear indication that modifying 
NSC with NT-3 can make NSC act as a source of neurotrophic factors and improve 
functional outcome in spinal cord injury via neuroregeneration. 

 The most promising development in spinal cord injury repair with hESCs was 
the Geron phase 1 study based on the work in rats of Hans Keirstead  [  80  ] . He 
worked on the hypothesis that glial cells act as guides to neural axons migrating 
down the spinal cord. Therefore, he developed neuroglia stem cells (GRNOPC1). 
These cells were injected into the site of spinal cord injury produced by a crush to 
the spinal cord. Treated animals went from paralyzed to running around on all fours 
within weeks of treatment. Geron which had supported the original hESC studies of 
J. Thompson started a phase 1 trial, the  fi rst hESC trial approved by the FDA, in July 
2010. Four patients who quali fi ed with a recent spinal cord injury were injected with 
very low doses of the cell GRNOPC1. No adverse effects were reported. However, 
it is not clear how meaningful that result was. A very low dilution could be low 
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enough to have neither an adverse effect nor any effect. Despite being able to claim 
that there was no adverse effect, Geron abruptly stopped the trial in November 2011, 
with no plans to continue.  

    6.3.4   Gene-Modi fi ed Stem Cells for Stroke 

 About 700,000 Americans each year suffer a new or recurrent stroke. Stroke kills 
more than 150,000 people a year. That is about 1 of every 16 deaths. It is the number 
3 cause of death behind diseases of the heart and cancer. In 2010, it is estimated that 
Americans have paid about $73.7 billion for stroke-related medical costs and dis-
ability  [  81  ] . Bone marrow stem cells have been demonstrated to cross the blood–
brain barrier  [  82  ]  and can differentiate into neurons and glia  [  83  ] . Transplantation 
of bone marrow stem cells in animal models of cerebral ischemia by either intrace-
rebral or i.v. route has demonstrated therapeutic ef fi cacy in reducing lesion size and 
improving functional outcome  [  84–  87  ] . Although bone marrow stem cells have 
potential to self-renewal, these cells had reduced replicative capacity after about 
 fi ve cell doublings over the course of about 6 weeks in culture  [  88  ] . The limitation 
in life span of these cells is directly correlated with telomere shortening because of 
the lack of telomerase activity that is necessary for maintenance of telomere  [  89  ]  
and may limit clinical application of bone marrow stem cells. Overexpression of 
hTERT (telomerase reverse transcriptase) has been demonstrated to increase or sta-
bilize telomere length and immortalize human cells  [  90,   91  ] . The technology of 
hTERT immortalization could be used to improve stem cell expansion for subse-
quent therapeutic cell transplantation, especially important for aging patients with 
stroke. Recently, hTERT-immortalized human mesenchymal stem cells have been 
used in rat cerebral ischemia model for brain functional repair  [  92  ] . In the experi-
ment, human mesenchymal stem cells were isolated from healthy adult volunteers, 
and the primary MSCs were immortalized with hTERT-expressing retrovirus. The 
cell population was expanded in culture within 40 population doublings and intra-
venously delivered into rats 12 h after induction of transient middle cerebral artery 
occlusion (MCAO), to study their potential therapeutic bene fi t. They found that 
intravenous infusion of immortalized human mesenchymal stem cells 12 h after 
transient MCAO in the rat results in reduction in infarction volume by histological 
assay and magnetic resonance spectroscopy, more importantly; behavioral perfor-
mance was improved in hTERT–MSC-treated group by treadmill test and Morris 
water maze test. Therefore, hTERT modi fi cation of mesenchymal stem cells appears 
bene fi cial to ameliorate functional de fi cits after stroke and enhance the ef fi cacy of 
cell transplants. 

 MSCs were reported to promote neuronal cell survival and neurogenesis via 
secreting a variety of neuro-regulatory molecules, such as BDNF  [  93  ] . To further 
enhance this paracrine effects, Kurozumi et al.  [  94,   95  ]  transfected telomerized 
human MSC with the BDNF gene via a  fi ber-mutant F/RGD adenovirus vector and 
investigated whether these cells contributed to improved functional recovery in a rat 
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transient middle cerebral artery occlusion (MCAO) model. They found that BDNF 
production by MSC–BDNF cells was 23-fold greater than that seen in uninfected 
MSC. Rats that received MSC–BDNF showed signi fi cantly more functional recov-
ery than did control rats following MCAO. Moreover, MRI analysis revealed that 
the rats in the MSC–BDNF group exhibited more signi fi cant recovery from isch-
emia after 7 and 14 days. The apoptotic cells in the ischemic boundary zone was 
signi fi cantly reduced in animals treated with MSC–BDNF compared to animals in 
the control group. Their  fi ndings suggested that BDNF gene modi fi cation of MSC 
may be used as a novel strategy for the treatment of stroke by promoting functional 
recovery and reducing infarct size in the cerebral ischemia.  

    6.3.5   Gene-Modi fi ed Stem Cells for Parkinson’s Disease 

 Bone marrow mesenchymal stem cells can be used as an alternative source of cells 
for neural regeneration. MSCs can be genetically modi fi ed to provide sustained 
production of therapeutic proteins to treat neurodegenerative disorder. Parkinson’s 
disease (PD) is a neurological disease suited for gene-modi fi ed stem cell therapy 
because the mechanism of substantia nigra cell degeneration is well characterized. 
Early study by Schwarz et al.  [  96  ]  tested the ef fi cacy of genetically modi fi ed MSCs 
in a rat model of Parkinson’s disease. Rat MSCs were genetically engineered by 
transduction with retroviruses encoding tyrosine hydroxylase (TH) to convert 
tyrosine to L-3, 4-dihydroxyphenylalanine (L-DOPA), and GTP cyclohydrolase I, 
the enzyme necessary for production of the tetrahydrobiopterin cofactor for TH 
(BH4). Transduced cells synthesized 3, 4-dihydroxyphenylalanine (L-DOPA) 
in vitro and maintained their multipotentiality after retroviral transduction. In the 
in vivo experiment, they injected gene-modi fi ed MSCs into the striatum of 
6-hydroxydopamine-lesioned rats. Their results demonstrated that L-DOPA and its 
metabolites can be detected in the denervated striatum of rats that received gene-
modi fi ed MSCs. Most importantly, they observed a signi fi cant reduction in apomor-
phine-induced rotation when compared with controls. Also, they reported that the 
engrafted cells can survive at least 87 days, whereas the transgene expression only 
lasts about 9 days. Recently in the same laboratory, they have focused on the devel-
opment of a new vector system to genetically engineer autologous MSC, which is a 
self-inactivating retrovirus (pSIR) and contains the genes for human TH and rat 
GTP cyclohydrolase I separated by an internal ribosome entry site (IRES)  [  97  ] . 
They found that transduced rMSCs can synthesize and secrete L-DOPA (89.0–283 
pmol/10 6  cells/h). 

 Recent studies by Shen et al.  [  98  ]  demonstrated that co-expression of TH and 
aromatic-L-amino-acid decarboxylase (AADC) which can convert L-DOPA to 
dopamine and GTP cyclohydrolase I (GCH1) using triple transduction with 
adeno-associated virus (AAV)–TH, AAV–AADC, and AAV–GCH resulted in 
greater dopamine production than double transduction and single transduction in 
denervated striatum of parkinsonian rats and improved the rotational behavior of 
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the rats more ef fi ciently. In a related study, Sun et al.  [  99  ]  demonstrated that co-
expression of four dopamine biosynthetic and transporter genes, including TH, 
GTPCH1, AADC, and vesicular monoamine transporter (VMAT-2, which can 
transport dopamine into synaptic vesicles in striatal neurons), supports ef fi cient 
production of dopamine and regulated vesicular release of dopamine. The 4-gene 
vector improved correction of apomorphine-induced rotational behavior better 
than the 3-gene vector for 6 months. More importantly, only the 4-gene vector 
supported signi fi cant K (+)-dependent release of dopamine. Therefore, these 
investigations suggest that MSCs genetically modi fi ed with multiple dopamine 
biosynthetic and transporter genes may be the most suitable for cell therapy in 
patients with Parkinson’s disease.  

    6.3.6   Gene-Modi fi ed Stem Cells to Treat Alzheimer’s Disease 

 Alzheimer’s disease (AD) is a debilitating disorder of the central nervous system 
which may affect up to 50 % of the population over the age of 85 years. It is a 
gradual loss of brain cells but most known for beginning with loss of memory, dete-
riorating to loss of personality, and  fi nally death. The etiology of AD is unknown; 
however, research has focused on two aspects: (1) cholinergic neuron loss and (2) 
buildup of amyloid plaques, as the central features of Alzheimer disease. 

 Due to loss of cholinergic neurotransmitter systems in patients with Alzheimer’s 
disease, early studies have focused on the development of genetically engineered 
cells to produce neurotrophic factors and neurotransmitters. Fisher et al.  [  100  ]  
developed a primary  fi broblast cell line that was genetically modi fi ed to express 
choline acetyltransferase (ChAT). They demonstrated that in vitro these cells pro-
duced and released acetylcholine at levels that varied with the amount of choline in 
the culture media. In their in vivo study, they found that the ChAT-expressing 
 fi broblasts continued to produce and release acetylcholine after transplantation into 
the hippocampus of rats, and the levels of acetylcholine synthesized by the cells 
could be regulated by the localized infusion of choline in the vicinity of the graft. 

 Similar results have also been obtained using ChAT human neuronal stem cells 
(hNSC) as demonstrated by Park et al.  [  101  ] . Although the transplantation of geneti-
cally modi fi ed cells will not cure AD, this strategy may ameliorate the progression of 
cognitive impairments. Nerve growth factor (NGF) can enhance cholinergic function 
of neurons via cell surface receptors, such as TrkA and p75 (NTR)  [  102  ] . Recently 
published phase 1 clinical trial  [  103  ]  demonstrated that implanting autologous 
 fi broblasts genetically modi fi ed to express human NGF into the forebrain in eight 
individuals with mild Alzheimer’s disease showed a slower rate of cognitive decline. 
Also, serial PET scans showed signi fi cant ( P  < 0.05) increases in cortical 
18- fl uorodeoxyglucose after treatment. Since both neural stem cells (NSCs) and 
MSCs can be integrated into brain and differentiate into neurons after transplantation, 
transplantation of gene-modi fi ed stem cells is a promising strategy to treat Alzheimer’s 
disease by enhancing the NGF secretion and renewing the degenerated neuron cells. 
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 Amyloid precursor protein (APP) produces amyloid-beta (A b ) protein, and the 
accumulation of A b  builds up plaque in the brain destroying neurons. Decreasing 
chronic levels of A b  has been proposed as a possible therapy. Genetically modi fi ed 
neural stem cells might be useful in this therapeutic approach (a) to prevent 
plaques and (b) to replace lost neurons; for example, the genes for proteinases, 
such as neprilysin  [  104  ] , have shown promise for the reduction of A b  levels in AD 
brain. Lentivirus vector expressing human neprilysin intracerebral injection in 
transgenic mouse models of amyloidosis reduced cerebral A b  neurodegeneration 
in the frontal cortex and hippocampus  [  105  ] . Hemming et al. showed that 
 fi broblasts modi fi ed to overexpress human neprilysin gene signi fi cantly reduced 
amyloid plaque in A b  transgenic mice brains  [  106  ] . Magga et al. have developed 
human hematopoietic stem cells (HSCM) modi fi ed with a green  fl uorescent pro-
tein delivered by a lentivirus  [  107  ] . These cells were effective in reducing A b  in a 
model of AD.  

    6.3.7   Gene-Modi fi ed Stem Cells to Treat Bone Defect Disease 

 In United States, there are about 6.5 million fractures per year, and about 15 % of 
them are hard to heal. It still lacks effective therapy for these dif fi cult cases. Bone 
marrow contains a population of rare progenitor cells capable of differentiating into 
bone, cartilage, muscle, tendon, and other connective tissues. These cells, referred 
to as MSCs, can be puri fi ed and culture expanded from animals and humans  [  108  ] . 
Bone marrow-derived stromal cells show a great promise for bone regeneration. 
Engineering pluripotent MSCs with BMP2s has been a recent research focus for the 
treatment of a variety of bone defects. Gazit et al.  [  109  ]  have documented that MSC 
can express rhBMP2, spontaneously differentiated into osteogenic cells in vitro and 
enhanced segmental defect repair in a mouse model of radial segmental defect 
in vivo following transduction of such cells with BMP2. In a study reported by 
Moutsatsos et al.  [  110  ] , a tetracycline-regulated expression vector encoding human 
BMP2 was used to transduce MSCs. Such cells were then tested in both in vitro and 
in vivo. Their  fi nding showed that both bone formation and bone regeneration could 
be controlled by doxycycline, a tetracycline analog. Moreover, there is increased 
angiogenesis accompanied by the bone formation in vivo. In a related study, 
Hasharoni et al.  [  111  ]  transduced MSCs with regulated-BMP2-expressing vector 
and injected engineered MSCs intramuscularly into the paraspinal muscles in mice. 
The nature and extent of bone formation were analyzed by microcomputerized 
tomography scanning and histological studies. They found that the newly formed 
bone fuses the spine, and a 7-day induction of vector-mediated BMP2 expression in 
genetically engineered MSCs was enough to form highly mineralized bone in mice 
injected with regulated-BMP2-transduced cells, and injected cells induced active 
osteogenesis at the site of implantation for up to 4 weeks post-injection. These data 
suggest that BMP2 vectors provide powerful gene therapy tools for bone 
regeneration.  
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    6.3.8   Gene-Modi fi ed Stem Cells to Treat Cancer 

 Cancer gene therapy is the most promising  fi eld in gene therapy. High-ef fi ciency, 
tumor-speci fi c targeting is crucial for success in cancer gene therapy, without sys-
temic toxicity of vector dissemination. Recent data from Hung et al.  [  112  ]  provided 
direct evidence that bone marrow MSCs possess extensive tropism for solid tumors 
after systemic injection and thus can be used as delivery vehicles for cancer therapy 
 [  112  ] . They used micropositron emission tomography imaging with [18F]-FHBG to 
monitor the pTY–EFEGFP–TK vector-modi fi ed human MSCs. Micropositron 
emission tomography imaging revealed that tracer human MSCs could migrate to 
the sites of microscopic tumor lesions, engraft into these microscopic tumor lesions, 
and contribute to the development of a signi fi cant portion of tumor stroma. Although 
the mechanisms are unclear, it is believed that MSCs are likely to migrate to tumor 
tissues through the chemotactic effect mediated by chemokines/chemokine recep-
tors because solid tumor tissues can express and secrete multiple chemokines such 
as SDF-1 a  hepatocyte growth factor, vascular endothelial cell growth factors 
(VEGF), TGFs, FGFs, platelet-derived growth factors, monocyte chemoattractant 
protein-1 (MCP-1), and IL-8. Therefore, MSCs can be developed to deliver genes 
encoding biological agents that interfere with tumor growth. Systemic delivery of 
genetically modi fi ed MSCs can be used as a tumor-targeting gene therapy strategy 
to exert antitumor effects  [  112  ] . 

 Interferon- b  (IFN- b ) shows capability to anti-malignant tumor through antipro-
liferative and proapoptotic effects in vitro  [  113,   114  ] ; however, clinical trials of 
IFN- b  failed because the concentration of IFN- b  to inhibit tumor via systemic 
administration is much higher than the maximally tolerated dose for human. To 
solve this problem, Studeny et al.  [  115,   116  ]  have developed a therapeutic strategy 
to treat multiple tumors with IFN- b  gene-engineered MSCs (MSC–IFN- b  cells). 
They treated multiple lung metastases of human tumors in SCID mice by intrave-
nous injection of human MSCs expressing interferon-ß and demonstrated that trans-
planted MSCs incorporated into the tumor architecture and MSC–IFN- b  suppress 
the growth of pulmonary metastases and prolong the survival of mouse. Nakamizo 
et al.  [  117  ]  extended this therapeutic strategy to the treatment of intracranial human 
gliomas in nude mice. They injected human MSCs expressing interferon-ß into the 
carotid artery of mice bearing human glioma intracranial xenografts (U87) and 
showed that MSC–IFN- b  can track human gliomas and signi fi cantly increase ani-
mal survival. More recently, the study from Xin et al.  [  118  ]  demonstrated successful 
inhibition of the development of lung metastases and thus prolonged the survival of 
these tumor-bearing mice by systemic administration of CX3CL1-expressing MSCs 
to the mice bearing lung metastases of C26 and B16F10 cells. In the related study, 
Stagg et al.  [  119  ]  investigated whether MSCs can be exploited to deliver IL-2 and 
generate effective immune responses against the poorly immunogenic B16 mela-
noma in mice with normal immune systems. Their study showed that IL-2-producing 
MSCs mixed with B16 cells signi fi cantly delayed tumor growth in an IL-2 dose-
dependent manner, while primary MSCs mixed with B16 cells and injected 
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 subcutaneously in syngenic recipients do not affect tumor growth. Moreover, they 
observed that matrix-embedded IL-2-producing MSCs injected in the vicinity of 
preestablished B16 tumors led to absence of tumor growth in 90 % of treated mice. 
Their study also demonstrated that tumor-bearing mice treated with IL-2-producing 
MSCs developed CD8-mediated tumor-speci fi c immunity and signi fi cantly delayed 
tumor growth of a B16 cell challenge. 

 Adipose tissue-derived mesenchymal stem cells (AT-MSC) have also been 
shown to possess the capability to migrate actively toward tumor cells and also can 
be used as cellular vehicles for targeted cancer chemotherapy. Kucerova et al.  [  120  ]  
recently evaluated the potential of cytosine deaminase (CD)-expressing AT-MSC 
(CD-AT-MSC) in a human colon cancer therapy. CD is an enzyme that converts 
far less toxic substrate 5- fl uorocytosine (5-FC) to 5-FU and the toxic metabolites 
 production  [  121  ] . By employing retroviral vectors and G418 selection, AT-MSC 
transduction resulted in ef fi cient genetic loading of AT-MSC with CD gene. 
CD-AT-MSC in combination with 5- fl uorocytosine (5-FC) augmented the 
bystander effect and selective cytotoxicity on target tumor cells HT-29 in vitro. 
More importantly, they demonstrated that CD-AT-MSC can deliver the CD trans-
gene to the site of tumor formation and mediate strong antitumor effect after i.v. 
administration of CD-AT-MSC in immunocompromised mice treated with 5-FC. 
Thus, AT-MSC can be used as cell vehicles to deliver prodrug-converting gene for 
targeted cancer gene therapy.       

  Acknowledgments   I wish to acknowledge the expert input on parts of this chapter that I received 
from Henrique Cheng (Louisiana State University) and Yao Liang Tang (University of Cincinnati) 
and the excellent editorial help of Dilshad Contractor (Keck Graduate Institute).  

   References 

    1.    Murry CE, Soonpaa MH, Reinecke H, Nakajima H, Nakajima HO, Rubart M, Pasumarthi 
KBS, Ismail Virag J, Bartelmez SH, Poppa V, Bradford G, Dowell JD, Williams DA, Field LJ 
(2004) Haematopoietic stem cells do not transdifferentiate into cardiac myocytes in myocar-
dial infarcts. Nature 428:664–668. doi:  10.1038/nature02446      

    2.    Balsam LB, Wagers AJ, Christensen JL, Ko fi dis T, Weissman IL, Robbins RC (2004) 
Haematopoietic stem cells adopt mature haematopoietic fates in ischaemic myocardium. 
Nature 428:668–673. doi:  10.1038/nature02460      

    3.    Tang YL, Shen L, Qian K, Phillips MI (2007) A novel two-step procedure to expand cardiac 
 Sca-1+ cells clonally. Biochem Biophys Res Commun 359:877–883. doi:  10.1016/j.
bbrc.2007.05.216      

    4.    Phillips MI, Tang YL (2008) Genetic modi fi cation of stem cells for transplantation. Adv Drug 
Deliv Rev 60:160–172. doi:  10.1016/j.addr.2007.08.035      

    5.    Messina E, De Angelis L, Frati G, Morrone S, Chimenti S, Fiordaliso F, Salio M, Battaglia M, 
Latronico MVG, Coletta M, Vivarelli E, Frati L, Cossu G, Giacomello A (2004) Isolation and 
expansion of adult cardiac stem cells from human and murine heart. Circ Res 95:911–921. 
doi:  10.1161/01.RES.0000147315.71699.51      

    6.    Moretti A, Caron L, Nakano A, Lam JT, Bernshausen A, Chen Y, Qyang Y, Bu L, Sasaki M, 
Martin-Puig S, Sun Y, Evans SM, Laugwitz KL, Chien KR (2006) Multipotent embryonic 

http://dx.doi.org/10.1038/nature02446
http://dx.doi.org/10.1038/nature02460
http://dx.doi.org/10.1016/j.bbrc.2007.05.216
http://dx.doi.org/10.1016/j.bbrc.2007.05.216
http://dx.doi.org/10.1016/j.addr.2007.08.035
http://dx.doi.org/10.1161/01.RES.0000147315.71699.51


140 M.I. Phillips

isl1+ progenitor cells lead to cardiac, smooth muscle, and endothelial cell diversi fi cation. Cell 
127:1151–1165. doi:  10.1016/j.cell.2006.10.029      

    7.    Anderson DJ, Gage FH, Weissman IL (2001) Can stem cells cross lineage boundaries? Nat 
Med 7:393–395. doi:  10.1038/86439      

    8.    Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S (2007) 
Induction of pluripotent stem cells from adult human  fi broblasts by de fi ned factors. Cell 
131:861–872. doi:  10.1016/j.cell.2007.11.019      

    9.    Yu J, Hu K, Smuga-Otto K, Tian S, Stewart R, Slukvin II, Thomson JA (2009) Human induced 
pluripotent stem cells free of vector and transgene sequences. Science 324:797–801. 
doi:  10.1126/science.1172482      

    10.   Androutsellis-Theotokis A (2010) Angiogenic factors stimulate growth of adult neural stem 
cells. ONE Alerts. doi:  10.1371/journal.pone.0009414      

    11.    Zhao C, Deng W, Gage FH (2008) Mechanisms and functional implications of adult neurogen-
esis. Cell 132:645–660. doi:  10.1016/j.cell.2008.01.033      

    12.    Wang Y, O’Malley BW, Tsai SY, O’Malley BW (1994) A regulatory system for use in gene 
transfer. Proc Natl Acad Sci 91:8180–8184  

    13.    Tang Y, Jackson M, Qian K, Phillips MI (2002) Hypoxia inducible double plasmid system for 
myocardial ischemia gene therapy. Hypertension 39:695–698. doi:  10.1161/hy0202.103784      

    14.    Phillips MI, Tang Y, Schmidt-Ott K, Qian K, Kagiyama S (2002) Vigilant vector: heart-speci fi c 
promoter in an adeno-associated virus vector for cardioprotection. Hypertension 39:651–655. 
doi:  10.1161/hy0202.103472      

    15.    Dimos JT, Rodolfa KT, Niakan KK, Weisenthal LM, Mitsumoto H, Chung W, Croft GF, 
Saphier G, Leibel R, Goland R, Wichterle H, Henderson CE, Eggan K (2008) Induced pluri-
potent stem cells generated from patients with ALS can be differentiated into motor neurons. 
Science 321:1218–1221. doi:  10.1126/science.1158799      

    16.    Chang C, Lai Y, Pawlik KM, Liu K, Sun C, Li C, Schoeb TR, Townes TM (2009) Polycistronic 
lentiviral vector for “Hit and Run” reprogramming of adult skin  fi broblasts to induced pluripo-
tent stem cells. Stem Cells 27:1042–1049. doi:  10.1002/stem.39      

    17.    Stadtfeld M, Nagaya M, Utikal J, Weir G, Hochedlinger K (2008) Induced pluripotent stem 
cells generated without viral integration. Science 322:945–949. doi:  10.1126/science.1162494      

    18.    Jia F, Wilson KD, Sun N, Gupta DM, Huang M, Li Z, Panetta NJ, Chen ZY, Robbins RC, Kay 
MA, Longaker MT, Wu JC (2010) A nonviral minicircle vector for deriving human iPS cells. 
Nat Methods 7:197–199. doi:  10.1038/nmeth.1426      

    19.    Woltjen K, Michael IP, Mohseni P, Desai R, Mileikovsky M, Hamalainen R, Cowling R, Wang 
W, Liu P, Gertsenstein M, Kaji K, Sung HK, Nagy A (2009) piggyBac transposition reprograms 
 fi broblasts to induced pluripotent stem cells. Nature 458:766–770. doi:  10.1038/nature07863      

    20.    Warren L, Manos PD, Ahfeldt T, Loh YH, Li H, Lau F, Ebina W, Mandal PK, Smith ZD, 
Meissner A, Daley GQ, Brack AS, Collins JJ, Cowan C, Schlaeger TM, Rossi DJ (2010) 
Highly ef fi cient reprogramming to pluripotency and directed differentiation of human cells 
with synthetic modi fi ed mRNA. Cell Stem Cell 7:618–630. doi:  10.1016/j.stem.2010.08.012      

    21.    Marshall E (1999) Gene therapy death prompts review of adenovirus vector. Science 286:2244–
2245. doi:  10.1126/science.286.5448.2244      

    22.    Maguire AM, Simonelli F, Pierce EA, Pugh EN, Mingozzi F, Bennicelli J, Ban fi  S, Marshall 
KA, Testa F, Surace EM, Rossi S, Lyubarsky A, Arruda VR, Konkle B, Stone E, Sun J, Jacobs 
J, Dell’Osso L, Hertle R, Ma J, Redmond TM, Zhu X, Hauck B, Zelenaia O, Shindler KS, 
Maguire MG, Wright JF, Volpe NJ, McDonnell JW, Auricchio A, High KA, Bennett J (2008) 
Safety and ef fi cacy of gene transfer for Leber’s congenital amaurosis. N Engl J Med 358:2240–
2248. doi:  10.1056/NEJMoa0802315      

    23.    Phillips MI, Oliveira EM (2011) Associated adeno virus vector for producing induced pluripo-
tent stem cells (IPS) for human somatic cells. In: Gholamrezanezhad A (ed) Stem cells in 
clinic and research. InTech, Rijeka, pp 747–764  

    24.    Smithies O (2005) Many little things: one geneticist’s view of complex diseases. Nat Rev 
Genet 6:419–425. doi:  10.1038/nrg1605      

http://dx.doi.org/10.1016/j.cell.2006.10.029
http://dx.doi.org/10.1038/86439
http://dx.doi.org/10.1016/j.cell.2007.11.019
http://dx.doi.org/10.1126/science.1172482
http://dx.doi.org/10.1371/journal.pone.0009414
http://dx.doi.org/10.1016/j.cell.2008.01.033
http://dx.doi.org/10.1161/hy0202.103784
http://dx.doi.org/10.1161/hy0202.103472
http://dx.doi.org/10.1126/science.1158799
http://dx.doi.org/10.1002/stem.39
http://dx.doi.org/10.1126/science.1162494
http://dx.doi.org/10.1038/nmeth.1426
http://dx.doi.org/10.1038/nature07863
http://dx.doi.org/10.1016/j.stem.2010.08.012
http://dx.doi.org/10.1126/science.286.5448.2244
http://dx.doi.org/10.1056/NEJMoa0802315
http://dx.doi.org/10.1038/nrg1605


1416 Genetically Modi fi ed Stem Cells for Transplantation

    25.    Gu H, Marth J, Orban P, Mossmann H, Rajewsky K (1994) Deletion of a DNA polymerase 
beta gene segment in T cells using cell type-speci fi c gene targeting. Science 265:103–106. 
doi:  10.1126/science.8016642      

    26.    Sinnayah P, Lindley TE, Staber PD, Davidson BL, Cassell MD, Davisson RL (2004) Targeted 
viral delivery of Cre recombinase induces conditional gene deletion in cardiovascular circuits 
of the mouse brain. Physiol Genomics 18:25–32. doi:  10.1152/physiolgenomics.00048.2004      

    27.    Sakai K, Agassandian K, Morimoto S, Sinnayah P, Cassell MD, Davisson RL, Sigmund CD 
(2007) Local production of angiotensin II in the subfornical organ causes elevated drinking. 
J Clin Invest 117:1088–1095. doi:  10.1172/JCI31242      

    28.    Phillips MI (2004) A Cre-loxP solution for de fi ning the brain renin-angiotensin system. Focus on 
“Targeted viral delivery of Cre recombinase induces conditional gene deletion in cardiovascular 
circuits of the mouse brain”. Physiol Genomics 18:1–3. doi:  10.1152/physiolgenomics.00115.2004      

    29.    Zamecnik PC, Stephenson ML (1978) Inhibition of Rous sarcoma virus replication and cell 
transformation by a speci fi c oligodeoxynucleotide. Proc Natl Acad Sci 75:280–284  

    30.    Wahlestedt C, Pich E, Koob G, Yee F, Heilig M (1993) Modulation of anxiety and neuropep-
tide Y-Y1 receptors by antisense oligodeoxynucleotides. Science 259:528–531. doi:  10.1126/
science.8380941      

    31.    Gyurko R, Wielbo D, Ian Phillips M (1993) Antisense inhibition of AT1 receptor mRNA and 
angiotensinogen mRNA in the brain of spontaneously hypertensive rats reduces hypertension 
of neurogenic origin. Regul Pept 49:167–174. doi:  10.1016/0167-0115(93)90438-E      

    32.    Crooke ST (2004) Progress in antisense technology. Annu Rev Med 55:61–95. doi:  10.1146/
annurev.med.55.091902.104408      

    33.    Kimura B, Mohuczy D, Tang X, Phillips MI (2001) Attenuation of hypertension and heart 
hypertrophy by adeno-associated virus delivering angiotensinogen antisense. Hypertension 
37:376–380. doi:  10.1161/01.HYP.37.2.376      

    34.    Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998) Potent and speci fi c 
genetic interference by double-stranded RNA in  Caenorhabditis elegans . Nature 391:
806–811. doi:  10.1038/35888      

    35.    Arnold AS, Tang YL, Qian K, Shen L, Valencia V, Phillips MI, Zhang YC (2007) Speci fi c 
beta1-adrenergic receptor silencing with small interfering RNA lowers high blood pressure 
and improves cardiac function in myocardial ischemia. J Hypertens 25:197–205. doi:  10.1097/01.
hjh.0000254374.73241.ab      

    36.    Lee RC, Feinbaum RL, Ambros V (1993) The  C .  elegans  heterochronic gene lin-4 encodes 
small RNAs with antisense complementarity to lin-14. Cell 75:843–854  

    37.    Esquela-Kerscher A, Slack FJ (2006) Oncomirs – microRNAs with a role in cancer. Nat Rev 
Cancer 6:259–269. doi:  10.1038/nrc1840      

    38.    Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, Tuschl T (2002) Identi fi cation 
of tissue-speci fi c microRNAs from mouse. Curr Biol 12:735–739  

    39.    Kumar MS, Lu J, Mercer KL, Golub TR, Jacks T (2007) Impaired microRNA processing enhances 
cellular transformation and tumorigenesis. Nat Genet 39:673–677. doi:  10.1038/ng2003      

    40.    Henderson SA, Spencer M, Sen A, Kumar C, Siddiqui MA, Chien KR (1989) Structure, orga-
nization, and expression of the rat cardiac myosin light chain-2 gene. Identi fi cation of a 250-
base pair fragment which confers cardiac-speci fi c expression. J Biol Chem 264:18142–18148  

    41.    Rincon-Arano H, Valadez-Graham V, Guerrero G, Escamilla-Del-Arenal M, Recillas-Targa F 
(2005) YY1 and GATA-1 interaction modulate the chicken 3 ¢ -side alpha-globin enhancer 
activity. J Mol Biol 349:961–975. doi:  10.1016/j.jmb.2005.04.040      

    42.    Gossen M, Freundlieb S, Bender G, Muller G, Hillen W, Bujard H (1995) Transcriptional 
activation by tetracyclines in mammalian cells. Science 268:1766–1769  

    43.    No D, Yao TP, Evans RM (1996) Ecdysone-inducible gene expression in mammalian cells and 
transgenic mice. Proc Natl Acad Sci USA 93:3346–3351  

    44.    Pollock R, Issner R, Zoller K, Natesan S, Rivera VM, Clackson T (2000) Delivery of a strin-
gent dimerizer-regulated gene expression system in a single retroviral vector. Proc Natl Acad 
Sci USA 97:13221–13226. doi:  10.1073/pnas.230446297      

http://dx.doi.org/10.1126/science.8016642
http://dx.doi.org/10.1152/physiolgenomics.00048.2004
http://dx.doi.org/10.1172/JCI31242
http://dx.doi.org/10.1152/physiolgenomics.00115.2004
http://dx.doi.org/10.1126/science.8380941
http://dx.doi.org/10.1126/science.8380941
http://dx.doi.org/10.1016/0167-0115(93)90438-E
http://dx.doi.org/10.1146/annurev.med.55.091902.104408
http://dx.doi.org/10.1146/annurev.med.55.091902.104408
http://dx.doi.org/10.1161/01.HYP.37.2.376
http://dx.doi.org/10.1038/35888
http://dx.doi.org/10.1097/01.hjh.0000254374.73241.ab
http://dx.doi.org/10.1097/01.hjh.0000254374.73241.ab
http://dx.doi.org/10.1038/nrc1840
http://dx.doi.org/10.1038/ng2003
http://dx.doi.org/10.1016/j.jmb.2005.04.040
http://dx.doi.org/10.1073/pnas.230446297


142 M.I. Phillips

    45.    Tang Y, Schmitt-Ott K, Qian K, Kagiyama S, Phillips MI (2002) Vigilant vectors: adeno-
associated virus with a biosensor to switch on ampli fi ed therapeutic genes in speci fi c tissues in 
life-threatening diseases. Methods 28:259–266  

    46.    Semenza GL (2004) O2-regulated gene expression: transcriptional control of cardiorespiratory 
physiology by HIF-1. J Appl Physiol 96:1173–1177. doi:  10.1152/japplphysiol.00770.2003      

    47.    Tang YL, Tang Y, Zhang YC, Agarwal A, Kasahara H, Qian K, Shen L, Phillips MI (2005) A 
hypoxia-inducible vigilant vector system for activating therapeutic genes in ischemia. Gene 
Ther 12:1163–1170. doi:  10.1038/sj.gt.3302513      

    48.    Mingliang R, Bo Z, Zhengguo W (2011) Stem cells for cardiac repair: status, mechanisms, and 
new strategies. Stem Cells Int 2011:310928. doi:  10.4061/2011/310928      

    49.    Tang YL, Zhu W, Cheng M, Chen L, Zhang J, Sun T, Kishore R, Phillips MI, Losordo DW, Qin 
G (2009) Hypoxic preconditioning enhances the bene fi t of cardiac progenitor cell therapy for 
treatment of myocardial infarction by inducing CXCR4 expression. Circ Res 104:1209–1216. 
doi:  10.1161/CIRCRESAHA.109.197723      

    50.    Suzuki K, Smolenski RT, Jayakumar J, Murtuza B, Brand NJ, Yacoub MH (2000) Heat shock 
treatment enhances graft cell survival in skeletal myoblast transplantation to the heart. 
Circulation 102:III216–III221  

    51.    Datta SR, Brunet A, Greenberg ME (1999) Cellular survival: a play in three Akts. Genes Dev 
13:2905–2927  

    52.    Mangi AA, Noiseux N, Kong D, He H, Rezvani M, Ingwall JS, Dzau VJ (2003) Mesenchymal 
stem cells modi fi ed with Akt prevent remodeling and restore performance of infarcted hearts. 
Nat Med 9:1195–1201. doi:  10.1038/nm912      

    53.    Meuillet EJ, Mahadevan D, Vankayalapati H, Berggren M, Williams R, Coon A, Kozikowski 
AP, Powis G (2003) Speci fi c inhibition of the Akt1 pleckstrin homology domain by 
D-3-deoxy-phosphatidyl-myo-inositol analogues. Mol Cancer Ther 2:389–399  

    54.    Otterbein LE, Choi AMK (2000) Heme oxygenase: colors of defense against cellular stress. 
Am J Physiol Lung Cell Mol Physiol 279:L1029–L1037  

    55.    Tang YL, Tang Y, Zhang YC, Qian K, Shen L, Phillips MI (2005) Improved graft mesenchy-
mal stem cell survival in ischemic heart with a hypoxia-regulated heme oxygenase-1 vector. 
J Am Coll Cardiol 46:1339–1350. doi:  10.1016/j.jacc.2005.05.079      

    56.    Lenfant C (1998) NHLBI at 50: re fl ections on a half-century of research on the heart, lungs, 
and blood. National Heart, Lung, and Blood Institute. Interview by Charles Marwick. JAMA 
280:2062–2064  

    57.    Koransky ML, Robbins RC, Blau HM (2002) VEGF gene delivery for treatment of ischemic 
cardiovascular disease. Trends Cardiovasc Med 12:108–114  

    58.    Tang YL, Zhao Q, Zhang YC, Cheng L, Liu M, Shi J, Yang YZ, Pan C, Ge J, Phillips MI 
(2004) Autologous mesenchymal stem cell transplantation induce VEGF and neovasculariza-
tion in ischemic myocardium. Regul Pept 117:3–10  

    59.    Tang YL, Zhao Q, Qin X, Shen L, Cheng L, Ge J, Phillips MI (2005) Paracrine action enhances 
the effects of autologous mesenchymal stem cell transplantation on vascular regeneration in rat 
model of myocardial infarction. Ann Thorac Surg 80:229–236. doi:  10.1016/j.athorac-
sur.2005.02.072    ; discussion 236–237  

    60.    Lange C, Bassler P, Lioznov MV, Bruns H, Kluth D, Zander AR, Fiegel HC (2005) Hepatocytic 
gene expression in cultured rat mesenchymal stem cells. Transplant Proc 37:276–279. 
doi:  10.1016/j.transproceed.2004.11.087      

    61.    Elmadbouh I, Haider HK, Jiang S, Idris NM, Lu G, Ashraf M (2007) Ex vivo delivered stromal 
cell-derived factor-1alpha promotes stem cell homing and induces angiomyogenesis in the 
infarcted myocardium. J Mol Cell Cardiol 42:792–803. doi:  10.1016/j.yjmcc.2007.02.001      

    62.    Lei Y, Haider HK, Shujia J, Sim ES (2004) Therapeutic angiogenesis. Devising new strategies 
based on past experiences. Basic Res Cardiol 99:121–132. doi:  10.1007/s00395-004-0447-x      

    63.    Moayeri M, Hawley TS, Hawley RG (2005) Correction of murine hemophilia A by hematopoi-
etic stem cell gene therapy. Mol Ther 12:1034–1042. doi:  10.1016/j.ymthe.2005.09.007      

http://dx.doi.org/10.1152/japplphysiol.00770.2003
http://dx.doi.org/10.1038/sj.gt.3302513
http://dx.doi.org/10.4061/2011/310928
http://dx.doi.org/10.1161/CIRCRESAHA.109.197723
http://dx.doi.org/10.1038/nm912
http://dx.doi.org/10.1016/j.jacc.2005.05.079
http://dx.doi.org/10.1016/j.athoracsur.2005.02.072
http://dx.doi.org/10.1016/j.athoracsur.2005.02.072
http://dx.doi.org/10.1016/j.transproceed.2004.11.087
http://dx.doi.org/10.1016/j.yjmcc.2007.02.001
http://dx.doi.org/10.1007/s00395-004-0447-x
http://dx.doi.org/10.1016/j.ymthe.2005.09.007


1436 Genetically Modi fi ed Stem Cells for Transplantation

    64.    Gangadharan B, Parker ET, Ide LM, Spencer HT, Doering CB (2006) High-level expression of 
porcine factor VIII from genetically modi fi ed bone marrow–derived stem cells. Blood 
107:3859–3864. doi:  10.1182/blood-2005-12-4961      

    65.    Lavon N, Yanuka O, Benvenisty N (2006) The effect of overexpression of Pdx1 and Foxa2 on 
the differentiation of human embryonic stem cells into pancreatic cells. Stem Cells 24:1923–
1930. doi:  10.1634/stemcells.2005-0397      

    66.    Ang SL, Wierda A, Wong D, Stevens KA, Cascio S, Rossant J, Zaret KS (1993) The formation 
and maintenance of the de fi nitive endoderm lineage in the mouse: involvement of HNF3/fork-
head proteins. Development 119:1301–1315  

    67.    Chakrabarti SK, Mirmira RG (2003) Transcription factors direct the development and function 
of pancreatic beta cells. Trends Endocrinol Metab 14:78–84  

    68.    Ahlgren U, Jonsson J, Jonsson L, Simu K, Edlund H (1998)  b -Cell-speci fi c inactivation of the 
mouseIpf1/Pdx1 gene results in loss of the  b -cell phenotype and maturity onset diabetes. 
Genes Dev 12:1763–1768. doi:  10.1101/gad.12.12.1763      

    69.    Wang J, Elghazi L, Parker SE, Kizilocak H, Asano M, Sussel L, Sosa-Pineda B (2004) The 
concerted activities of Pax4 and Nkx2.2 are essential to initiate pancreatic beta-cell differentia-
tion. Dev Biol 266:178–189  

    70.    Drukker M, Katz G, Urbach A, Schuldiner M, Markel G, Itskovitz-Eldor J, Reubinoff B, 
Mandelboim O, Benvenisty N (2002) Characterization of the expression of MHC proteins in 
human embryonic stem cells. Proc Natl Acad Sci 99:9864–9869. doi:  10.1073/pnas.142298299      

    71.    Tang DQ, Lu S, Sun YP, Rodrigues E, Chou W, Yang C, Cao LZ, Chang LJ, Yang LJ (2006) 
Reprogramming liver-stem WB cells into functional insulin-producing cells by persistent 
expression of Pdx1- and Pdx1-VP16 mediated by lentiviral vectors. Lab Invest 86:83–93. 
doi:  10.1038/labinvest.3700368      

    72.    Li Y, Zhang R, Qiao H, Zhang H, Wang Y, Yuan H, Liu Q, Liu D, Chen L, Pei X (2007) 
Generation of insulin-producing cells from PDX-1 gene-modi fi ed human mesenchymal stem 
cells. J Cell Physiol 211:36–44. doi:  10.1002/jcp.20897      

    73.    Noguchi H, Xu G, Matsumoto S, Kaneto H, Kobayashi N, Bonner-Weir S, Hayashi S (2006) 
Induction of pancreatic stem/progenitor cells into insulin-producing cells by adenoviral-mediated 
gene transfer technology. Cell Transplant 15:929–938  

    74.    Cheng H, Zhang YC, Wolfe S, Valencia V, Qian K, Shen L, Tang YL, Hsu WH, Atkinson MA, 
Phillips MI (2011) Combinatorial treatment of bone marrow stem cells and stromal cell-de-
rived factor 1 improves glycemia and insulin production in diabetic mice. Mol Cell Endocrinol 
345:88–96. doi:  10.1016/j.mce.2011.07.024      

    75.    Dinsmore J, Ratliff J, Deacon T, Pakzaban P, Jacoby D, Galpern W, Isacson O (1996) 
Embryonic stem cells differentiated in vitro as a novel source of cells for transplantation. Cell 
Transplant 5:131–143  

    76.    McDonald JW, Liu XZ, Qu Y, Liu S, Mickey SK, Turetsky D, Gottlieb DI, Choi DW (1999) 
Transplanted embryonic stem cells survive, differentiate and promote recovery in injured rat 
spinal cord. Nat Med 5:1410–1412. doi:  10.1038/70986      

    77.    Tang X, Cai PQ, Lin YQ, Oudega M, Blits B, Xu L, Yang YK, Zhou TH (2006) Genetic engi-
neering neural stem cell modi fi ed by lentivirus for repair of spinal cord injury in rats. Chin 
Med Sci J 21:120–124  

    78.    Cai PQ, Tang X, Lin YQ, Martin O, Sun GY, Xu L, Yang YK, Zhou TH (2006) The experi-
mental study of genetic engineering human neural stem cells mediated by lentivirus to express 
multigene. Chin J Traumatol 9:43–49  

    79.    Blits B, Kitay BM, Farahvar A, Caperton CV, Dietrich WD, Bunge MB (2005) Lentiviral 
vector-mediated transduction of neural progenitor cells before implantation into injured spinal 
cord and brain to detect their migration, deliver neurotrophic factors and repair tissue. Restor 
Neurol Neurosci 23:313–324  

    80.    Coutts M, Keirstead HS (2008) Stem cells for the treatment of spinal cord injury. Exp Neurol 
209:368–377. doi:  10.1016/j.expneurol.2007.09.002      

http://dx.doi.org/10.1182/blood-2005-12-4961
http://dx.doi.org/10.1634/stemcells.2005-0397
http://dx.doi.org/10.1101/gad.12.12.1763
http://dx.doi.org/10.1073/pnas.142298299
http://dx.doi.org/10.1038/labinvest.3700368
http://dx.doi.org/10.1002/jcp.20897
http://dx.doi.org/10.1016/j.mce.2011.07.024
http://dx.doi.org/10.1038/70986
http://dx.doi.org/10.1016/j.expneurol.2007.09.002


144 M.I. Phillips

    81.   Lakshminarayan K, Schissel C, Anderson DC, Vazquez G, Jacobs DR Jr, Ezzeddine M, Luepker 
RV, Virnig BA (2011) Five-year rehospitalization outcomes in a cohort of patients with acute 
ischemic stroke: medicare linkage study. Stroke. doi:  10.1161/STROKEAHA.110.605600      

    82.    Eglitis MA, Mezey É (1997) Hematopoietic cells differentiate into both microglia and macro-
glia in the brains of adult mice. Proc Natl Acad Sci 94:4080–4085  

    83.    Brazelton TR, Rossi FMV, Keshet GI, Blau HM (2000) From marrow to brain: expression of 
neuronal phenotypes in adult mice. Science 290:1775–1779. doi:  10.1126/science.290.5497.1775      

    84.    Chen J, Li Y, Wang L, Lu M, Zhang X, Chopp M (2001) Therapeutic bene fi t of intracerebral trans-
plantation of bone marrow stromal cells after cerebral ischemia in rats. J Neurol Sci 189:49–57  

    85.    Li Y, Chen J, Chen XG, Wang L, Gautam SC, Xu YX, Katakowski M, Zhang LJ, Lu M, 
Janakiraman N, Chopp M (2002) Human marrow stromal cell therapy for stroke in rat. 
Neurology 59:514–523  

    86.    Iihoshi S, Honmou O, Houkin K, Hashi K, Kocsis JD (2004) A therapeutic window for intra-
venous administration of autologous bone marrow after cerebral ischemia in adult rats. Brain 
Res 1007:1–9. doi:  10.1016/j.brainres.2003.09.084      

    87.    Baker AH, Sica V, Work LM, Williams-Ignarro S, de Nigris F, Lerman LO, Casamassimi A, 
Lanza A, Schiano C, Rienzo M, Ignarro LJ, Napoli C (2007) Brain protection using autologous 
bone marrow cell, metalloproteinase inhibitors, and metabolic treatment in cerebral ischemia. 
Proc Natl Acad Sci USA 104:3597–3602. doi:  10.1073/pnas.0611112104      

    88.    Kobune M, Kawano Y, Ito Y, Chiba H, Nakamura K, Tsuda H, Sasaki K, Dehari H, Uchida H, 
Honmou O, Takahashi S, Bizen A, Takimoto R, Matsunaga T, Kato J, Kato K, Houkin K, 
Niitsu Y, Hamada H (2003) Telomerized human multipotent mesenchymal cells can differenti-
ate into hematopoietic and cobblestone area-supporting cells. Exp Hematol 31:715–722  

    89.    Harley CB (1991) Telomere loss: mitotic clock or genetic time bomb? Mutat Res 256:271–282  
    90.    Jiang XR, Jimenez G, Chang E, Frolkis M, Kusler B, Sage M, Beeche M, Bodnar AG, Wahl 

GM, Tlsty TD, Chiu CP (1999) Telomerase expression in human somatic cells does not induce 
changes associated with a transformed phenotype. Nat Genet 21:111–114. doi:  10.1038/5056      

    91.    Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu C, Morin GB, Harley CB, Shay JW, 
Lichtsteiner S, Wright WE (1998) Extension of life-span by introduction of telomerase into 
normal human cells. Science 279:349–352. doi:  10.1126/science.279.5349.349      

    92.    Honma T, Honmou O, Iihoshi S, Harada K, Houkin K, Hamada H, Kocsis JD (2006) Intravenous 
infusion of immortalized human mesenchymal stem cells protects against injury in a cerebral 
ischemia model in adult rat. Exp Neurol 199:56–66. doi:  10.1016/j.expneurol.2005.05.004      

    93.    Crigler L, Robey RC, Asawachaicharn A, Gaupp D, Phinney DG (2006) Human mesenchymal 
stem cell subpopulations express a variety of neuro-regulatory molecules and promote neuronal 
cell survival and neuritogenesis. Exp Neurol 198:54–64. doi:  10.1016/j.expneurol.2005.10.029      

    94.    Kurozumi K, Nakamura K, Tamiya T, Kawano Y, Kobune M, Hirai S, Uchida H, Sasaki K, Ito 
Y, Kato K, Honmou O, Houkin K, Date I, Hamada H (2004) BDNF gene-modi fi ed mesenchy-
mal stem cells promote functional recovery and reduce infarct size in the rat middle cerebral 
artery occlusion model. Mol Ther 9:189–197. doi:  10.1016/j.ymthe.2003.10.012      

    95.    Kurozumi K, Nakamura K, Tamiya T, Kawano Y, Ishii K, Kobune M, Hirai S, Uchida H, 
Sasaki K, Ito Y, Kato K, Honmou O, Houkin K, Date I, Hamada H (2005) Mesenchymal stem 
cells that produce neurotrophic factors reduce ischemic damage in the rat middle cerebral 
artery occlusion model. Mol Ther 11:96–104. doi:  10.1016/j.ymthe.2004.09.020      

    96.    Schwarz EJ, Alexander GM, Prockop DJ, Azizi SA (1999) Multipotential marrow stromal 
cells transduced to produce L-DOPA: engraftment in a rat model of Parkinson disease. Hum 
Gene Ther 10:2539–2549. doi:  10.1089/10430349950016870      

    97.    Schwarz EJ, Reger RL, Alexander GM, Class R, Azizi SA, Prockop DJ (2001) Rat marrow 
stromal cells rapidly transduced with a self-inactivating retrovirus synthesize L-DOPA in vitro. 
Gene Ther 8:1214–1223. doi:  10.1038/sj.gt.3301517      

    98.    Shen Y, Muramatsu SI, Ikeguchi K, Fujimoto KI, Fan DS, Ogawa M, Mizukami H, Urabe M, 
Kume A, Nagatsu I, Urano F, Suzuki T, Ichinose H, Nagatsu T, Monahan J, Nakano I, Ozawa 
K (2000) Triple transduction with adeno-associated virus vectors expressing tyrosine hydroxy-
lase, aromatic-L-amino-acid decarboxylase, and GTP cyclohydrolase I for gene therapy of 
Parkinson’s disease. Hum Gene Ther 11:1509–1519. doi:  10.1089/10430340050083243      

http://dx.doi.org/10.1161/STROKEAHA.110.605600
http://dx.doi.org/10.1126/science.290.5497.1775
http://dx.doi.org/10.1016/j.brainres.2003.09.084
http://dx.doi.org/10.1073/pnas.0611112104
http://dx.doi.org/10.1038/5056
http://dx.doi.org/10.1126/science.279.5349.349
http://dx.doi.org/10.1016/j.expneurol.2005.05.004
http://dx.doi.org/10.1016/j.expneurol.2005.10.029
http://dx.doi.org/10.1016/j.ymthe.2003.10.012
http://dx.doi.org/10.1016/j.ymthe.2004.09.020
http://dx.doi.org/10.1089/10430349950016870
http://dx.doi.org/10.1038/sj.gt.3301517
http://dx.doi.org/10.1089/10430340050083243


1456 Genetically Modi fi ed Stem Cells for Transplantation

    99.    Sun M, Kong L, Wang X, Holmes C, Gao Q, Zhang GR, Pfeilschifter J, Goldstein DS, Geller AI 
(2004) Coexpression of tyrosine hydroxylase, GTP cyclohydrolase I, aromatic amino acid decar-
boxylase, and vesicular monoamine transporter 2 from a helper virus-free herpes simplex virus 
type 1 vector supports high-level, long-term biochemical and behavioral correction of a rat 
model of Parkinson’s disease. Hum Gene Ther 15:1177–1196. doi:  10.1089/hum.2004.15.1177      

    100.    Fisher LJ, Raymon HK, Gage FH (1993) Cells engineered to produce acetylcholine: thera-
peutic potential for Alzheimer’s disease. Ann N Y Acad Sci 695:278–284  

    101.   Park D, Lee HJ, Joo SS, Lim I, Matsumoto A, Tooyama I, Kim YB, Kim SU (2012) Human 
neural stem cells over-expressing choline acetyltransferase restore cognition in rat model of 
cognitive dysfunction. Exp Neurol. doi:  10.1016/j.expneurol.2011.12.040      

    102.    Lad SP, Neet KE, Mufson EJ (2003) Nerve growth factor: structure, function and therapeutic 
implications for Alzheimer’s disease. Curr Drug Targets CNS Neurol Disord 2:315–334  

    103.    Tuszynski MH, Thal L, Pay M, Salmon DP, U HS, Bakay R, Patel P, Blesch A, Vahlsing HL, 
Ho G, Tong G, Potkin SG, Fallon J, Hansen L, Mufson EJ, Kordower JH, Gall C, Conner J 
(2005) A phase 1 clinical trial of nerve growth factor gene therapy for Alzheimer disease. Nat 
Med 11:551–555. doi:  10.1038/nm1239      

    104.    Iwata N, Tsubuki S, Takaki Y, Shirotani K, Lu B, Gerard NP, Gerard C, Hama E, Lee H, 
Saido TC (2001) Metabolic regulation of brain A b  by neprilysin. Science 292:1550–1552. 
doi:  10.1126/science.1059946      

    105.    Lazarov O, Marr RA (2010) Neurogenesis and Alzheimer’s disease: at the crossroads. Exp 
Neurol 223:267–281. doi:  10.1016/j.expneurol.2009.08.009      

    106.    Hemming ML, Patterson M, Reske-Nielsen C, Lin L, Isacson O, Selkoe DJ (2007) Reducing 
amyloid plaque burden via ex vivo gene delivery of an Abeta-degrading protease: a novel 
therapeutic approach to Alzheimer disease. PLoS Med 4:e262. doi:  10.1371/journal.
pmed.0040262      

    107.    Magga J, Savchenko E, Malm T, Rolova T, Pollari E, Valonen P, Lehtonen Š, Jantunen E, 
Aarnio J, Lehenkari P, Koistinaho M, Muona A, Koistinaho J (2011) Production of mono-
cytic cells from bone marrow stem cells: therapeutic usage in Alzheimer’s disease. J Cell Mol 
Med 16:1582–1838. doi:  10.1111/j.1582-4934.2011.01390.x      

    108.    Bruder SP, Kurth AA, Shea M, Hayes WC, Jaiswal N, Kadiyala S (1998) Bone regeneration 
by implantation of puri fi ed, culture-expanded human mesenchymal stem cells. J Orthop Res 
16:155–162. doi:  10.1002/jor.1100160202      

    109.    Gazit D, Turgeman G, Kelley P, Wang E, Jalenak M, Zilberman Y, Moutsatsos I (1999) 
Engineered pluripotent mesenchymal cells integrate and differentiate in regenerating bone: a 
novel cell-mediated gene therapy. J Gene Med 1:121–133. doi:10.1002/(SICI)1521-
2254(199903/04)1:2<121::AID-JGM26>3.0.CO;2-J  

    110.    Moutsatsos IK, Turgeman G, Zhou S, Kurkalli BG, Pelled G, Tzur L, Kelley P, Stumm N, Mi 
S, Muller R, Zilberman Y, Gazit D (2001) Exogenously regulated stem cell-mediated gene 
therapy for bone regeneration. Mol Ther 3:449–461. doi:  10.1006/mthe.2001.0291      

    111.    Hasharoni A, Zilberman Y, Turgeman G, Helm GA, Liebergall M, Gazit D (2005) Murine 
spinal fusion induced by engineered mesenchymal stem cells that conditionally express bone 
morphogenetic protein-2. J Neurosurg Spine 3:47–52. doi:  10.3171/spi.2005.3.1.0047      

    112.    Hung S, Deng W, Yang WK, Liu R, Lee C, Su T, Lin R, Yang D, Chang C, Chen W, Wei H, 
Gelovani JG (2005) Mesenchymal stem cell targeting of microscopic tumors and tumor 
stroma development monitored by noninvasive in vivo positron emission tomography imag-
ing. Clin Cancer Res 11:7749–7756. doi:  10.1158/1078-0432.CCR-05-0876      

    113.    Wong VL, Rieman DJ, Aronson L, Dalton BJ, Greig R, Anzano MA (1989) Growth-inhibitory 
activity of interferon-beta against human colorectal carcinoma cell lines. Int J Cancer 
43:526–530  

    114.    Lokshin A, Mayotte JE, Levitt ML (1995) Mechanism of interferon beta-induced squamous 
differentiation and programmed cell death in human non-small-cell lung cancer cell lines. 
J Natl Cancer Inst 87:206–212  

    115.    Studeny M, Marini FC, Champlin RE, Zompetta C, Fidler IJ, Andreeff M (2002) Bone mar-
row-derived mesenchymal stem cells as vehicles for interferon-beta delivery into tumors. 
Cancer Res 62:3603–3608  

http://dx.doi.org/10.1089/hum.2004.15.1177
http://dx.doi.org/10.1016/j.expneurol.2011.12.040
http://dx.doi.org/10.1038/nm1239
http://dx.doi.org/10.1126/science.1059946
http://dx.doi.org/10.1016/j.expneurol.2009.08.009
http://dx.doi.org/10.1371/journal.pmed.0040262
http://dx.doi.org/10.1371/journal.pmed.0040262
http://dx.doi.org/10.1111/j.1582-4934.2011.01390.x
http://dx.doi.org/10.1002/jor.1100160202
http://dx.doi.org/10.1006/mthe.2001.0291
http://dx.doi.org/10.3171/spi.2005.3.1.0047
http://dx.doi.org/10.1158/1078-0432.CCR-05-0876


146 M.I. Phillips

    116.    Studeny M, Marini FC, Dembinski JL, Zompetta C, Cabreira-Hansen M, Bekele BN, 
Champlin RE, Andreeff M (2004) Mesenchymal stem cells: potential precursors for tumor 
stroma and targeted-delivery vehicles for anticancer agents. J Natl Cancer Inst 96:1593–1603. 
doi:  10.1093/jnci/djh299      

    117.    Nakamizo A, Marini F, Amano T, Khan A, Studeny M, Gumin J, Chen J, Hentschel S, Vecil 
G, Dembinski J, Andreeff M, Lang FF (2005) Human bone marrow–derived mesenchymal 
stem cells in the treatment of gliomas. Cancer Res 65:3307–3318. doi:  10.1158/0008-5472.
CAN-04-1874      

    118.    Xin H, Kanehira M, Mizuguchi H, Hayakawa T, Kikuchi T, Nukiwa T, Saijo Y (2007) 
Targeted delivery of CX3CL1 to multiple lung tumors by mesenchymal stem cells. Stem 
Cells 25:1618–1626. doi:  10.1634/stemcells.2006-0461      

    119.    Stagg J, Lejeune L, Paquin A, Galipeau J (2004) Marrow stromal cells for interleukin-2 delivery 
in cancer immunotherapy. Hum Gene Ther 15:597–608. doi:  10.1089/104303404323142042      

    120.    Kucerova L, Altanerova V, Matuskova M, Tyciakova S, Altaner C (2007) Adipose tissue–
derived human mesenchymal stem cells mediated prodrug cancer gene therapy. Cancer Res 
67:6304–6313. doi:  10.1158/0008-5472.CAN-06-4024      

    121.    Harkin DP, Johnston PG (2003) 5- fl uorouracil: mechanisms of action and clinical strategies. 
Nat Rev Cancer 3:330–338      

http://dx.doi.org/10.1093/jnci/djh299
http://dx.doi.org/10.1158/0008-5472.CAN-04-1874
http://dx.doi.org/10.1158/0008-5472.CAN-04-1874
http://dx.doi.org/10.1634/stemcells.2006-0461
http://dx.doi.org/10.1089/104303404323142042
http://dx.doi.org/10.1158/0008-5472.CAN-06-4024


147M.K. Danquah, R.I. Mahato (eds.), Emerging Trends in Cell and Gene Therapy,
DOI 10.1007/978-1-62703-417-3_7, © Springer Science+Business Media New York 2013

  Abstract   Since the advent of induced pluripotent stem (iPS) cells at 2006, a  fl ood of 
researches have been performed to study the application of iPS-based approaches in 
generating various types of disease models, personalized regenerative medicine by 
gene therapy and tissue engineering. In this chapter, we  fi rst reviewed the compari-
sons between the iPS cells and the normal embryonic stem (ES) cells, followed by 
providing examples to highlight the advantages of using iPS cells for disease models 
and disease-speci fi c and patient-speci fi c gene repair and cell-replacement therapy. 
Last, using auditory organ cochlea as an example, we discussed the current status and 
challenges in using iPS-based approaches for regenerating auditory hair cells.  

  Keywords   Cell-replacement therapy  •  Induced pluripotent stem cells  •  Patient-
speci fi c gene repair  •  Alzheimer’s disease  •  Hutchinson–Gilford progeria syndrome      

    7.1   Introduction 

 Pluripotent stem cells during normal development (i.e., mouse and human), in a strict 
de fi nition, refer to the cells that could give rise to the entire organism. Embryonic 
stem (ES) cells deriving from the inner cell mass of the mouse blastocysts are able to 
differentiate into all cell types of the three germ layers—ectoderm, endoderm, and 
mesoderm—and eventually form the entire mouse embryo  [  1–  4  ] . In 1998, human ES 
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cells were derived from human blastocysts  [  5  ] , after which human ES cells have been 
regarded as promising cell resources for cell transplantation therapeutics for various 
human disorders such as spinal cord injury, diabetes, and muscle dystrophy. However, 
using human ES cells as clinical applications has two main dif fi culties: The  fi rst one 
is the controversy in ethics involved in using human embryos as cell sources of ES 
cells; the second one is the tissue rejection after implantation because of the immune 
incompatibility between donor cells and host tissues. 

 To bypass these limitations, stem cell biologists keep looking for an alternative 
approach to generate pluripotent stem cells (Fig.  7.1 ). In 1960, Gurdon and his col-
leagues at the  fi rst time transferred the nuclei of adult frog intestinal cells into the 
frog enucleated oocytes and generated mature and fertile frogs  [  6  ] . This technique 
is referred to as somatic cell nuclear transfer (SCNT)  [  7  ] . The beauty of this study 
is to highlight the presence of the pluripotency-inducing factors in the cytoplasm of 
the oocytes. This notion is further supported by the  fi rst cloned mammal, Dolly the 
sheep, by using the same SCNT approach  [  8  ] . In addition, these above 2 cloning 
studies in nonmammal and mammals support the idea that the unknown yet pluripo-
tency-inducing factors are very powerful and not only erase the manifestations of 
the differentiation/epigenetic signatures of the somatic nucleus but also reset the 
entire chromosome ready for generating an entire new animal  [  9  ] .  

 With the driving hypothesis that the key transcriptional factors regulating or 
maintaining the pluripotency in both early embryos and ES cells are able to convert 
somatic cells into ES-like cells, Takahashi and Yamanaka’s landmark work pub-
lished in 2006 showed that overactivation of octamer-binding transcription factor 
3/4 (Oct3/4), (sex-determining region Y)-box 2 (Sox2), c-Myc, and Kruppel-like 
factor 4 (Klf4) can reprogram a small fraction of mouse  fi broblast cells into pluripotent 
stem cells, referred to as induced pluripotent stem (iPS) cells  [  10  ] . Although it is not 
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Various somatic cells 
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c-Myc, Klf4

Somatic cells
(i.e. fibrobasts)

iPS cells ES cells

b
The key lineage specific factors 

Various somatic cells

  Fig. 7.1    Two approaches to generate one somatic cell from the other. ( a ) is the two-step approach. 
Somatic cells, such as  fi broblasts, are converted into iPS cells following overexpression of the 4 
iPS factors (Sox2, Oct4, c-Myc, Klf4). The iPS cells resemble the normal ES cells in various 
aspects. iPS cells could be further directed into various somatic cells in each permissing    conditions. 
( b ) is the one-step approach. One somatic cell type like  fi broblast can be directly changed into any 
other somatic cell type by overexpressing the key lineage-speci fi c factors (normally are transcrip-
tional factors)       
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clear how these 4 factors can do such a job, human iPS cells are generated in 2007 
with the same 4 factors  [  11  ]  or slight different combination of 4 factors (Oct4, Sox2, 
Nanog, and Lin 28)  [  12  ] . 

 Following the above three pioneer studies, currently, there are multiple new ways 
to reprogram somatic cells into iPS cells  [  13  ] . In addition, the somatic cell types 
have been expanded to a wide range of other cell types such as gastric and liver cells 
 [  14  ] , pancreatic cells  [  15  ] , neuronal stem cells  [  16,   17  ] , mature B cells  [  18  ] , 
 melanocytes  [  19  ] , adipose cells  [  20  ] , and keratinocytes  [  21  ] . These studies suggest 
the general capacity of these 4 iPS factors to alter the cell fate regardless of the origin 
of the somatic cells and extent of their differentiated state. To minimize the potential 
oncogenic problems caused by genomic integration of these iPS factors, DNA-free 
method was invented, using polyarginine (i.e., 11R) fusing version of 4 iPS factor 
proteins in combination with a small molecule known as valproic acid (VPA)  [  22  ] . 

 In addition, small molecules have been shown to be able to replace Klf4 to gener-
ate iPS cells  [  23  ] , which is an advancement toward the  fi nal goal of generating 
human iPS cells with a complete chemical approach  [  24,   25  ] . Taken together, the 
emergence of human iPS derived from diverse cell types makes it possible to use 
transplantation of iPS cells generated from patient autologous somatic tissue cells, 
as to be discussed later on.  

    7.2   Comparison Between ES Cells and iPS Cells 

 Before reviewing the potential application of iPS in drug screening and regenerative 
medicine, it is worthwhile to discuss whether iPS cells are completely identical to 
ES or, if not, to what extent, are similar to ES cells. The iPS and ES cells are neither 
identical nor distinct. They are two cell populations having their own unique char-
acteristics (genetically and/or epigenetically) and can compensate the functions of 
each other, and their heterogeneities and behaviors are more complex than what was 
expected previously  [  13  ] . Apparently, the answer is not straightforward and needs 
further intensive studies. In the following sections, the properties of ES and IPS 
determined with various approaches will be compared and discussed. 

    7.2.1   Morphology 

 First of all, ES cells and iPS cells of the same species have similar morphologies. 
However, mouse ES/iPS cells are different from the human ES/iPS cells. Human 
ES-/iPS-cell colonies are  fl atter than mouse ES/iPS cells, and the latter are prone to 
form the dome-shaped and retractile structures (Fig.  7.2 ). Interestingly, human ES-/
iPS-cell colonies and mouse epiblast-derived stem cells are comparable in terms of 
morphologies (Fig.  7.2d–f ). Such disparities and similarities are proposed to re fl ect 
the distinct developmental stages of the stem cells or the “naïve state” versus “prim-
itive state” of these two types of pluripotent stem cells  [  13  ] .   
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    7.2.2   Gene-Expression Patterns 

 Both mouse and human iPS cells, to a high extent, share similar gene-expression 
 patterns, especially the pluripotent genes that are needed to keep cells at the undiffer-
entiated state and to differentiate into any cell types when exposed to the appropriated 
environmental induction signals. For an example, iPS cells express ES-speci fi c  surface 
antigens including stage-speci fi c embryonic antigen 3 (SSEA-3); stage-speci fi c 
embryonic antigen 4 (SSEA-4); tumor-related antigen (TRA)-1-60, TRA-1-81, and 
TRA-2-49/6E (alkaline phosphatase); as well as the undifferentiated ES cell-marker 
genes OCT3/4, SOX2, NANOG, and growth and differentiation factor 3 (GDF3) 
 [  11,   26  ] . In addition, genome-wide DNA microarray analyses show that the global 
gene-expression patterns are similar between iPS cells and ES cells  [  11  ] . Last, the 
epigenetic status and DNA methylation pattern or the bivalent state (H3K4 and 
H3K27) of genes (i.e., GATA 6, MSX2, PAX6, and hand1) are similar, but not identi-
cal, between ES and iPS cells.  

    7.2.3   Telomerase Activity 

 Pluripotent stem cells are characterized by their remarkable ability to undergo self-
renewal and proliferation, which means that they have the strong telomerase activi-
ties  [  27  ] . Telomerase is a ribonucleoprotein polymerase which maintains telomere 
ends by addition of the telomere repeat  TTAGGG  after each cell division. Telomerase 

a
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  Fig. 7.2    Morphologies of mouse and human ES and iPS cells. ( a ,  b ) Mouse ES ( a ) and iPS ( b ) have 
similar dome-shaped colonies. ( c ) Human iPS cells that are treated with chemical inhibitors are 
directed into a naïve pluripotent state, and their morphologies are similar to mouse ES/iPS colonies 
shown in ( a ,  b ). ( d – f ) Human ES ( d ) and iPS ( e ), similar to mouse epiblast-derived stem cells ( f ), 
have the  fl at morphology. It might indicate a primitive pluripotent state (Reprinted from  [  13  ] )       
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reverse transcriptase (TERT) is a catalytic subunit of the enzyme telomerase. Human 
iPS cells have comparable levels of TERT with the human ES cell line H9 or human 
embryonic carcinoma cell line, NTERA  [  11  ] . Interestingly, reprogramming process 
itself could increase telomerase activity of the iPS cells that are derived from human 
patients with a disorder of telomere maintenance (i.e., dyskeratosis congenita) by 
upregulating the telomerase RNA component (TERC)  [  28  ] .  

    7.2.4   Capacity of Forming Embryonic Body 

 Embryonic body (EB) formation assay is a widely used method to determine the 
potentials of human and mouse ES cells to differentiate into all the three germ line 
layer-derived somatic cells  [  29  ] . Embryonic bodies are aggregates of cells derived 
from ES cells. Upon aggregation in vitro, EB cells begin differentiation and, to a 
limited extent, are able to recapitulate embryonic development. Therefore, embry-
onic body cells are mixed cell populations that contain a large variety of differenti-
ated cell types. Similarly, when iPS cells are cultured in suspension culture ,  they 
form ball-shaped embryonic body and differentiate into ectoderm-, mesoderm-, and 
endoderm-derived lineage-speci fi c somatic cell types  [  11  ] .  

    7.2.5   Teratoma Formation 

 Teratoma formation is another routine way to determine the pluripotency of the 
stem cells in vivo. A teratoma is a tumor-containing tissue or organ components that 
resemble normal derivatives of all three germ layers. When human- and mouse-
derived iPS cells are injected into immunode fi cient or nude mice, they produced 
tumor-containing tissues of all three germ layers  [  10,   11  ] . In addition, when the 
mouse iPS cells are microinjected into blastocysts, iPS-derived cells are found in 
embryos  [  10  ] .  

    7.2.6   Tetraploid Complementation Assay 

 To further determine the similar functionalities between ES cells and iPS cells, espe-
cially in terms of whether iPS cells are fully pluripotent, the most stringent or gold 
standard is to generate a complete embryo exclusively from iPS cells, which is referred 
as tetraploid complementation assay. This technique allows cells of two mammalian 
embryos being combined to form a new embryo  [  30  ] . Recently, mouse embryonic 
 fi broblast-derived iPS cells are microinjected into the cavity of tetraploid blastocysts, 
and the tetraploid-complemented embryos are able to develop into live animals  [  31  ] . 
Due to the failure of the tetraploid ES cells to generate live embryos, this work can 
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serve as a proof of principle that somatic cell-derived iPS cells indeed are fully pluri-
potent and can develop into all three germ layer-derived cell lineages.   

    7.3   Applications of iPS Cells in Human Disease Models 

 It is always dif fi cult and challenging to study human diseases especially the devel-
opmental disorders. The appearance of iPS strategy makes it easy to get plenty of 
pluripotent stem cells which can be further directed to the interested lineage-speci fi c 
cell types in vitro  [  32  ] . It provides an invaluable model to study the dynamics of the 
pathogenesis and for small-molecule drug screening. Here, we discussed a few 
recently published reports to highlight the contributions of iPS-cell-based approaches 
in developing human disease models and their application in drug screening. 

    7.3.1   Spinal Muscular Atrophy 

 Spinal muscular atrophy (SMA) is a genetic children disorder caused by survival of 
motor neuron 1 ( SMN1)  gene defect.  SMN1  gene encodes an SMN protein which is 
required for the survival of lower motor neurons. Therefore, the SMA patients suf-
fer from the death of neurons in the anterior horn of spinal cord and subsequent 
system-wide muscle wasting (atrophy)  [  33  ] . SMN protein is found in both the cyto-
plasm and nuclear aggregate structures called gems, and the number of gems pres-
ent is inversely correlated to disease severity  [  34  ] . 

 Previous studies have tried to use different compounds with the aim to increase 
the expression levels of SMN in the various cell lines or  fi broblasts derived from 
SMA patient.    Unfortunately, the identi fi ed drugs failed in clinical trials partially 
because of the potential different mechanisms by which SMA protein works in cell 
lines and motor neurons. Given this explanation is true, it will be important to gen-
erate a motor neuron line in vitro which can resemble the pathogenesis of the SMA 
in vivo and further use such a neuron line for drug screening. 

 Recently, iPS cells derived from SMA patient (referred to as iPS–SMA) or health 
controls (referred to as iPS–WT) were directed to differentiate into motor neurons 
in vitro  [  35  ] . Both iPS–SMA- and iPS–WT-derived neurons express the motor neu-
ron transcription factors homeobox protein Hox-B4 (HOXB4), oligodendrocyte 
transcription factor 2 (OLIG2), insulin gene enhancer protein ISL-1 (ISLET1, also 
known as ISL1), and homeobox protein 9 (HB9), all of which are important for the 
normal motor neuron development  [  36,   37  ] , and the terminal differentiation marker 
of motor neurons such as SMI-32 and choline acetyltransferase (ChAT). Although 
similar number of motor neurons are generated from iPS–SMA and iPS–WT cells 
by 4 weeks in cultures, the number of iPS–SMA-derived motor neurons decreased 
signi fi cantly, compared with those of iPS–WT-cell-derived motor neurons by 
6 weeks in vitro. Of note, the total number of the entire neuronal populations 
between these two groups is still comparable. It strongly supports that there is a 
speci fi c effect of the SMA phenotype on motor neurons. 
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 The iPS–SMA-derived motor neurons could also be potentially used as invalu-
able models for drug screening.    Indeed, the two compounds valproic acid and 
tobramycin can signi fi cantly increase the number of gems in iPS–SMA cells  [  35  ] . 
Although further studies are needed to clarify whether the compounds that elevate 
SMN levels in SMA patient-derived iPSCs can have the same effect in motor neu-
rons and thus rescue motor neuron loss in patients, it is a promising approach to use 
motor neurons derived from iPS cells of SMA patients for probing more effective 
drugs that can alone or synergistically rescue the SMA phenotypes in vivo  [  38  ] .  

    7.3.2   Rett Syndrome 

 Rett syndrome (RTT) is another developmental neurological disease and is part of 
the larger group of autism spectrum disorders that are characterized by impaired 
social interaction and repetitive behavior. Rett syndrome is caused by mutations in 
X-linked gene coding methyl-CpG-binding protein 2 (MeCP2), which is a protein 
involved in DNA methylation and is able to bind speci fi cally to methylated DNA 
and regulate a variety of different genes  [  39,   40  ] . 

 Human RTT patient  fi broblast cell-derived iPS cells are developed that carry dif-
ferent MeCP2 mutations  [  41  ] . RTT patient-derived iPS cells can be directed into 
neural progenitor cells and functional neurons expressing  g -amino butyric acid 
(GABA) and vesicular glutamate transpoter-1-positive (VGLUT1). Compared with 
neurons derived from iPS cells generated from normal control individuals, those 
from RTT patient-derived iPS cells have signi fi cantly decreased number of den-
dritic spines and synapses, smaller soma size, altered calcium signaling, and elec-
trophysiological defects  [  41  ] , which are the characteristics observed in the 
postmortem brains of patients with RTT. 

 MeCP2-targeted mutant mice are lethal and have phenotypes similar to human 
RTT. Previous studies indicated that reexpression of MeCP2 can partially rescue 
and result in a prolonged life span and delayed onset of the neurological defects in 
the MeCP2-null background mouse models  [  42  ] . In addition, insulin-like growth 
factor 1 (IGF-1) treatment can ameliorate the phenotypes of mouse RTT syndromes 
such as restoring spine density and synaptic amplitude, increasing postsynaptic 
density protein 95 (PSD-95), as well as stabilizing cortical plasticity to wild-type 
comparable levels  [  43  ] . When human RTT-derived neurons are treated in vitro with 
IGF1, an increase of the glutamatergic synapse number is observed. It suggests that 
human RTT iPS-cell-derived neurons are potential models for drug screening. 
Indeed, by using human RTT iPS-cell-derived neurons, aminoglycoside antibiotics 
such as gentamicin were found to increase MeCP2 expression levels  [  41  ] .  

    7.3.3   Familial Dysautonomia 

 Familial dysautonomia (FD), also referred to as hereditary sensory and autonomic 
neuropathy III (HSAN-III) or Riley–Day syndrome, is a fatal autosomal recessive 
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disease  [  44  ] . Patients suffering from FD have degeneration of sensory and autonomic 
neurons. Most, if not all, of the FD patients carry a point mutation in the  I- k -B kinase 
complex-associated protein  ( IKBKAP ) gene, which leads to various levels of mRNA 
splicing skipping at the exon 20 of  IKBKAP  gene and decreased levels of IKAP pro-
tein, especially in the neuron cell types  [  45  ] . The molecular mechanisms of FD are 
poorly understood partially due to the limited access to tissues affected by FD, such 
as neural crest precursor cells and peripheral neurons  [  46  ] . 

 To bypass the limitation of cell sources to study the FD, human  fi broblasts 
obtained from FD patient were converted to iPS cells through transfection with 
lentiviral vectors encoding four iPS factors: Oct4, Sox2, Klf4, and c-Myc  [  46  ] . 
Some human  fi broblasts become FD–iPS cells which resemble human ESC cells in 
many aspects as described in previous section but still carry the genetic de fi cient in 
the  IKBKAP  gene. These FD–iPS cells can be directed to differentiate into cell types 
of all three germ layers. Speci fi cally, when FD–iPS cells were directed into neural 
crest precursors, they express much lower levels of  IKBKAP  transcript than those 
differentiated from the control human  fi broblast-derived iPS cells. It means that the 
FD patient-derived neural crest precursor cells in the in vitro conditions mimic the 
pathogenesis occurring in the neural crest lineages (primary tissue affected in FD). 
It offers an invaluable model to perform comparative transcriptome analysis between 
the FD–iPS- and control iPS-derived neural crest precursors. Among the top candi-
date disease-related genes discovered, many of them turn out to be the genes (i.e., 
 ASCL1 ) that play critical developmental roles in peripheral neurogenesis and neu-
ronal differentiation  [  47  ] .    The decreased expression level of these developmental 
genes resulted in defective peripheral neurogenesis and reduced focal adhesions 
which are required for cell spreading and migration  [  46  ] . 

 As discussed, because the in vitro neural crest precursors    derived from patient 
FD–iPS cells resemble the in vivo FD pathogenesis, they should be an ideal model 
for performing high-throughput screening of therapeutic agents that could poten-
tially attenuate the defective differentiation and migration phenotypes of the 
peripheral neurons in FD patients. Indeed, it has been shown that long-term expo-
sure of FD–iPS-cell-derived neural crest precursors to plant hormone kinetin  [  48  ]  
was able to increase the differentiation ef fi ciency of the neural crest lineages and 
upregulate these aforementioned crucial developmental genes (i.e.,  ASCL1 ). 
However, the migration defective was not attenuated by kinetin treatment  [  46  ] . It 
suggests that combination of different drugs might rescue various neural defects. 
The iPS-cell-based approach is a promising model to identify more drugs in future 
for treatment of FD patients.  

    7.3.4   Alzheimer’s Disease 

 Alzheimer’s disease (AD) is a neurodegenerative disease, which is characterized by 
gradual memory loss and cognitive disorders in aged human beings. Its pathological 
features include deposition of amyloid plaques, neuro fi brillary tangles, and neuronal 
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and synaptic loss in particular brain regions  [  49  ] . Although the detailed mechanism 
underlying the AD pathogenesis is not clear yet, it has been hypothesized that amy-
loid  b  peptide (A b ) accumulation triggers the complex pathogenesis pathways and 
eventually leads to the apparent AD phenotypes. This amyloid hypothesis was pro-
posed primarily based on a deregulation of the balance between the production and 
clearance of A b   [  50  ] . 

 The lack of the human neuronal cell types prevents the progress of dissecting 
the pathogenic cascades of AD and further probing drugs to attenuate the AD 
symptoms, because brain tissues are only available postmortem for studies. 
Recently, human dermal  fi broblasts were transfected by three reprogramming fac-
tors (Oct3/4, Sox2, and Klf4) to generate human iPS cells which were further 
directed to differentiate into forebrain neurons expressing markers of Foxg1, Cux1, 
Satb2, Ctip2, and Tbr1 and especially the amyloid precursor protein,  b -secretase, 
and  g -secretase components  [  51  ] . Therefore, those human iPS-cell-derived neu-
ronal cells are able to synthesize A b . They can serve as a model to screen drugs 
that can block the aggregation of A b . These human iPS-cell-derived neuronal cells 
have been used to test the effects of three types of identi fi ed drugs: BSI ( b -secretase 
inhibitor IV), GSI ( g -secretase inhibitor XXI), and sulindac sul fi de (nonsteroidal 
anti-in fl ammatory drug, NSAID). The results indicated that the responsiveness of 
these neuronal cells to drug treatment was dependent on the differentiation state of 
these neurons, which might provide important preclinical information for develop-
ing new therapeutics  [  51  ] .  

    7.3.5   Parkinson’s Disease 

 Parkinson’s disease (PD) is the second most common chronic progressive neurode-
generative disorder and is characterized primarily by major loss of nigrostriatal dop-
aminergic neurons  [  52  ] . Mutations of a few genes, such as PTEN-induced putative 
kinase 1 (PINK1), PARK2, and leucine-rich repeat kinase 2 (LRRK2), have been 
suggested to contribute to the pathogenesis of PD  [  38  ] . PINK1 is a mitochondrial 
serine/threonine protein kinase and protects cells from stress-induced mitochondrial 
dysfunctions. The parkin protein encoded by PARK2 gene is a component of a mul-
tiprotein E3 ubiquitin ligase that belongs to the portion of the ubiquitin–proteasome 
system required for global protein degradation. It has been hypothesized that parkin 
degrades proteins which are toxic to the dopaminergic neurons  [  53  ] . LRRK2 can 
interact with parkin protein and its missense mutation,  G2019S , identi fi ed in both 
sporadic and familial PD cases. 

 In a recent report, skin  fi broblasts taken from three PD patients who carry non-
sense (c.1366C>T, p.Q456X) or missense (c.509T>G, p.V170G) mutations in the 
PINK1 gene were  fi rst reprogrammed into iPS cells (referred to as PD–iPS cells) 
 [  54  ] . PD–iPS cells were further directed to differentiate into dopaminergic neurons. 
These PD–iPS-derived dopaminergic neurons showed decreased and impaired 
capacity to recruit parkin to the mitochondria, increased mitochondrial copy number, 
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and upregulation of PGC-1 a , an important regulator of mitochondrial biogenesis. 
Intriguingly, ectopic expression of wild-type PINK1in PD–iPS-derived dopaminer-
gic neurons can rescue these phenotypes. In another similar report, Nguyen and 
colleagues generated human iPS cells from PD patients carrying missense mutation 
 G2019S  of the LRRK2 gene  [  55  ]  which were also further induced to become dop-
aminergic neurons in vitro. Patient-derived dopaminergic neurons displayed 
increased sensitivities toward hydrogen peroxide, 6-hydroxydopamine, and the pro-
teasome inhibitor MG-132. 

 Taken together, it highlights not only the importance of PINK1, parkin, and 
LRRK2 in keeping health of dopaminergic neurons but also the similarities between 
PD neurons in vivo and PD–iPS-derived dopaminergic neurons in vitro .  Thus, 
PD–iPS-derived dopaminergic neurons can be used as in vitro models to dissect the 
molecular mechanism of PD and probe drug targets for therapeutic purpose.  

    7.3.6   Hutchinson–Gilford Progeria Syndrome 

 Hutchinson–Gilford progeria syndrome (HGPS) is a rare but well-known congenital 
disease which is caused by a mutation in the lamin A ( LMNA ) gene, causing a trun-
cated and farnesylated form of LMNA called progerin. HGPS is characterized by 
short stature, low body weight, early loss of hair, defect of lipid metabolism, sclero-
derma, decreased joint mobility, osteolysis, and premature facial features  [  56  ] . 

 Zhang and colleagues have derived iPS cells from two HGPS patients who 
carry different mutations in LMNA (referred to as HGPS–iPS) and their healthy 
parents (referred to as WT–iPS)  [  57  ] . HGPS–iPS and WT–iPS were further 
induced into  fi ve different cell lineages: neural progenitors, endothelial cells, 
 fi broblasts, vascular smooth muscle cells, and mesenchymal stem cells. Compared 
with the WT–iPS-derived cell types above, three primary pathological defects 
were observed: DNA damage, mislocalization of lamina-associated polypeptide 
2, and nuclear dysmorphology. The HGPS–iPS-derived vascular smooth muscle 
cells which displayed the most severe phenotypes express the highest level of 
progerin.    In addition, it was a surprise to  fi nd out calponin 1 (an actin-binding 
protein that is critical for cell’s contraction) inclusion body was found in patient-
derived vascular smooth muscle cells, suggesting that patient-derived cells have 
defects in handling protein load. It is consistent with the manifest symptoms of 
human HGPS patients. These new  fi ndings entitle HGPS–iPS-derived vascular 
smooth muscle cells to be good in vitro models to screen drugs that attenuate 
HGPS symptoms. 

 In summary, based on all above discussions about different human diseases, it is obvi-
ous that different lineage cell types generated in vitro from iPS cells derived from human 
patients carrying various mutations pretty recapitulate the symptoms observed in vivo .  
Therefore, iPS cells are invaluable models to study mechanisms underlying complex 
human disorders, especially when human samples are dif fi cult to obtain. Last, iPS-derived 
various somatic cell types are also great models for drug screening.   
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    7.4   Shortcut Approach to Generate Interested Somatic 
Cell Types for Modeling Human Diseases 

 As discussed above, the traditional way of generating interested somatic cell lin-
eages is a two-step approach (Fig.  7.1 ): (1) converting  fi broblasts to iPS cells by 
overexpressing four iPS factors (Oct3/4, Sox2, c-Myc, and Klf4) and (2) directing 
iPS cells to differentiate to different somatic cell types. Here, two questions incur: 
Do we have to go back to the pluripotent stem cell state  fi rst and then forward to 
terminal differentiated state? Is there a shortcut approach to obtain these somatic 
cell types without making stem/progenitor cells? The short answer is “yes,” as sug-
gested by recent studies, which will be discussed in the following section. 

 The success of generating iPS cells by the simple combination of four factors 
highlights that the intrinsic cell fate is primarily determined by the master transcrip-
tional factors. If we have known the different combinations of master transcriptional 
factors that control each cell fate, it will be very interesting to determine whether it 
is possible to convert any somatic cell type (i.e., A) into our interested cell lineage 
(i.e., B) by just overexpressing combinations of master transcriptional factors con-
trolling the cell fate of “B” lineage, regardless of their original distance. Indeed, it 
turns out to be a very ef fi cient approach  [  58  ] . Four cases will be discussed in the 
following section as examples. 

 Ieda and colleagues overexpressed a combination of three important developmen-
tal transcriptional factors (Gata4, Mef2c, and Tbx5) in postnatal cardiac or dermal 
 fi broblasts and  fi nally made differentiated cardiomyocyte-like cells  [  59  ] . These 
induced cardiomyocyte-like cells express cardiac-speci fi c markers, had global gene-
expression  fi les similar to wild-type cardiomyocyte, and can contract spontaneously. 
In addition, when  fi broblasts expressing Gata4 (GATA binding protein 4), myocyte-
speci fi c enhancer factor 2C (Mef2c), and T-box transcription factor 5 (Tbx5) were 
transplanted into mouse hearts in vivo, they can also develop into cardiomyocytes. 

 When achaete–scute homolog 1 (Ascl1), POU domain, class 3, transcription fac-
tor 2 (Pou3f2, also known as Brn2), and myelin transcription factor 1-like (Myt1l) 
genes were overexpressed as a combination in the mouse embryonic and postnatal 
 fi broblasts, functional glutamatergic neurons could be induced that express a variety 
of neuronal proteins, generate action potentials, and form functional synapses  [  60  ] . 
Similarly, when Ascl1, LIM homeobox transcription factor 1-alpha (Lmx1a), and 
nuclear receptor related 1 protein (Nurr1) were overexpressed in mouse and human 
 fi broblasts, functional dopaminergic neurons were induced that could release dop-
amine and showed spontaneous electrical activity  [  61  ] . 

 Recently, endoderm-derived terminal differentiated hepatocytes that overexpress 
Ascl1, Brn2, and Myt1l have been reprogrammed into functional neurons (ecto-
derm-derived cell types). It proved the possible cell fate conversion between lin-
eages from different germ layers  [  62  ] . Intriguingly, single-cell and genome-wide 
expression analysis indicated that the combination of these three key transcriptional 
factors not only was suf fi cient to initiate the neuronal transcriptional program but 
also was able to inactivate the transcriptional program in the original hepatocytes. 
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Consistently, the remaining signatures of the donor hepatocytes gradually disap-
peared over time, even though a small epigenetic memory of the hepatocytes was 
detectable in the newly generated neuronal cells. 

 There are additional examples to show the suf fi ciency of using combinational 
master transcriptional factors to convert one cell type to another directly  [  58  ] . Thus, 
compared with the 2-step way to generate somatic cell types from iPS cells, it is a 
shortcut approach to generate the interested cell types for modeling the human dis-
eases and drug screening in vitro, especially from  fi broblasts dissected from human 
patients carrying different mutations.  

    7.5   Applications of iPS Cells in Gene Therapy 
and Cell-Based Therapy 

 The iPS-cell-based approach is powerful in gene therapy and tissue engineering, 
especially in terms of the single-gene point mutation-mediated human disorders. 
The principle is that (1) generating iPS cells from human patient  fi broblasts in the 
cultured dishes, (2) in vitro correction of the mutant genes by speci fi c gene targeting 
or homologous recombination, (3) directing corrected iPS cells (similar to iPS cells 
derived from normal healthy human) to differentiate into the interested somatic cell 
types, and (4) transplanting the committed somatic cell lineages in vivo to rescue 
the symptoms. The apparent advantage is the autologous transplantation which can 
bypass the immune rejection from different donors’ tissues and the in vitro rapid 
expansion of the iPS cells to obtain enough cell sources for transplantation. Below, 
we will discuss two cases of iPS-based gene therapy in the hematopoietic diseases 
and one for diabetes. 

    7.5.1   Sickle Cell Disease 

 Sickle cell disease (SCD) is an autosomal recessive disorder which is characterized 
by having red blood cells with an abnormal, rigid, sickle shape. The abnormal red 
blood cells can occlude small capillaries and  fi nally cause severe tissue damage. 
About 1/500 of the African-American population and more than 300,000 individu-
als all over the world suffer  [  63  ]  from the SCD. The molecular basis for the patho-
genesis of SCD is the A to T transversion in the sixth codon of the human  b -globin 
gene, which changes a polar and hydrophilic glutamic acid residue to a nonpolar 
and hydrophobic amino acid valine in the  b  S  (sickle)-globin chain  [  64  ] . 

 Hanna and colleagues generated iPS cells from  fi broblasts dissected from the 
adult humanized knock-in mouse model of SCD  [  65  ] . In the SCD mouse model, the 
mouse  a -globin gene was replaced with human  a -globin gene, and mouse  b -globin 
gene was replaced with human  b  S  (sickle)-globin gene  [  63  ] . Note that the iPS cells 
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carry the mutant  b  S  (sickle)-globin gene, which is referred as to  b  S -iPS cells. Then, 
 b  S -iPS cells were electroporated with a well-designed targeting vector expressing 
the wild-type human  b -globin gene and undergo homologous recombination to cor-
rect the mutant  b  S  (sickle)-globin gene. Last, hematopoietic progenitor cells derived 
from corrected iPS cells were transplanted into SCD mice. Excitingly, the SCD 
phenotypes were rescued. This promising result has motivated stem cell biologists 
to try the iPS-cell-based gene therapy approach in another hematopoietic disorders 
called  b -thalassemia major (Cooley’s anemia)  [  66  ] .  

    7.5.2    b -Thalassemia 

  b -Thalassemias are a group of inherited blood disorders which are caused by the 
decreased or absent synthesis of the  b -chains of hemoglobin. There are three types 
of  b -thalassemias: thalassemia major, thalassemia intermedia, and thalassemia 
minor. Here we focus our discussion on the thalassemia major (also known as 
Cooley’s anemia). Patients suffering from  b -thalassemia major usually have symp-
toms such as severe anemia, poor growth, and skeletal abnormalities within the  fi rst 
2 years of life with during infancy.  b -Thalassemia major disease is prevalent in 
southern region of China. Without appropriate treatment, affected children will have 
a very short life span. 

 Wang and colleagues generated iPS cells from skin  fi broblast cells of a 2-year-
old  b -41/42 homozygous patient in which the  b -globin gene has a  TCTT  deletion 
between the 41st and 42nd amino acids  [  66  ] . Similar to the previous study  [  65  ] , the 
iPS cells carrying the  TCTT  deletion mutation were corrected to wild-type-like iPS 
cells by homologous recombination. Furthermore, when hematopoietic progenitors 
derived from genetically corrected iPS cells were transplanted into immunode fi cient 
mice, they were functional and could undergo normal hematopoiesis. 

 Taken together, the above two cases of iPS-cell-based gene therapy indicated that 
it might be a promising approach and is worthwhile for further human clinical trials. 
However, the iPS cells were obtained by virus transfection, and the remaining iPS 
factor genes in the genome might cause potential oncogenesis in humans.    Therefore, 
to minimize the risk of causing tumors, the optimal approach might be generating 
iPS cells from small molecule drugs  [  67  ] .  

    7.5.3   Type I Diabetes 

 The type 1 diabetes is characterized by the damage of the pancreatic endocrine 
insulin-producing beta cells due to immune attack  [  68  ] . Regenerating new insulin-
producing beta cells is a promising approach for treating type I diabetes  [  69  ] . 

 Recently, human iPS cells have been directed to differentiate into pancreatic 
insulin-producing beta cells in vitro  [  70  ] . Intriguingly, these cells express the terminal 
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differentiation markers of normal pancreas beta cells in vivo, which include pancre-
atic and duodenal homeobox 1 (Pdx1), MafA, glucose transporter 2 (Glut2), and 
insulin  [  70  ] . It suggested that these new insulin-producing beta cells were fully 
mature and functional. Thus, human iPS cells, with the appropriate inductive sig-
nals, can develop into functional insulin-producing beta cells. It will be interesting 
to determine whether these insulin-producing beta cells generated in vitro are func-
tional when they are transplanted into diabetes patients.   

    7.6   Auditor Hair Cell Regeneration Through 
the iPS-Cell-Based Approach 

 In the last section, we will discuss the mouse inner ear cochlear (auditory) hair cell 
regeneration through the iPS-cell-based or similar approaches. We will  fi rst intro-
duce the histology and the development of the mouse cochlea, followed by the 
recent study of generating hair cells from iPS cells in vitro and end with the progress 
and challenges of in vivo hair cell regeneration in mouse and human beings. 

    7.6.1   Histology of Mouse Cochlea 

 Mammals, including mouse and human, detect sound through the mechanosensory 
hair cells (HCs) that reside in the cochlea. Mammalian cochlea is a spiral-like organ 
that resides in the ventral part of the inner ear  [  71  ] . The cochlear auditory epithelium, 
also referred to as the organ of Corti, has three rows of outer hair cells (OHCs) and 
one row of inner hair cells (IHCs) (Fig.  7.3a ). The nonsensory supporting cells (SCs) 
surround these HCs. HCs and SCs are believed to derive from the same prosensory 
progenitors  [  72  ] . The basal portion of the cochlear HCs detects the high-frequency 
sound, and the apical part of HCs is responsible for the low-frequency sound.   

    7.6.2   Development of Mouse Cochlea 

 The primordial of the mouse inner ear, referred to as otocyst, derives from the ecto-
derm next to the hindbrain  [  73  ]  and appears around embryonic (E) day, E8, and 
undergoes complex morphogenesis before the cochlear tips emerge around E12  [  71  ] . 
Wnt and Notch signaling are critical in setting the boundaries between epidermis and 
otocyst  [  74,   75  ] . Brie fl y, cells with high Wnt and Notch signaling activities choose 
the otocyst cell fate, whereas cells with low Wnt and Notch signaling differentiate 
into epidermis cells. Fibroblast growth factor (Fgf) signaling pathway is another but 
negative one that acts to distinguish otic and non-otic cell fates, as overactivation of 
Fgf block development of otocyst or block expression of late otic markers  [  76  ] . 
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 During the cochlear development, a variety of signaling pathways are involved. 
The bone morphogenetic protein 4 (BMP4) is expressed asymmetrically in the 
cochlear duct. Highest level of BMP4 is expressed in the abneural side, intermediate 
level of BMP4 is in the prosensory region (between abneural and neural side), and 
lowest level of BMP4 is in the neural side. In addition, when cochlear explants are 
cultured in vitro with intermediate level of BMP4, ectopic HCs are observed  [  77  ] . It 
suggests that BMP4 acts as a morphogen to determine the different cell fates across 
the lateral–medial axis of the cochlear duct  [  73  ] . 

 Besides the BMP4 signals, Notch signaling is also involved in specifying 
the cochlear sensory regions. Cochlear development can be roughly divided into the 
early prosensory phase and the late cell fate determination phase  [  78,   79  ] . In the 
early prosensory phase between E12 and E14.5, Notch1-/Jagged1-mediated Notch 
signaling (primarily through) plays a critical role in specifying prosensory progeni-
tors  [  80–  84  ] . In the late cell fate determination phase (after E14.5), Notch signaling 
declines through “lateral inhibition” effects in progenitors that have committed to 
the HC fate but persists in progenitors that have committed to the SC fate  [  85,   86  ] . 

 Atoh1, also known as Math1, is a crucial transcriptional factor required for cell 
fate commitment or initial differentiation of HCs. As expected, germ line Atoh1 
knockout mice have no HCs  [  87  ] . Interestingly, fate mapping studies reveal that 
Atoh1 is initially expressed in both HCs and SCs  [  88,   89  ] . Together with the fact that 
higher Atoh1 expression level is present at later cochlear stages  [  90–  92  ] , it suggests 
a possibility that only the high dosage of Atoh1 is suf fi cient to de fi ne an HC fate.  
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     Fig. 7.3    Overactivation of Notch signaling at E10.5 generates new hair cells in cochlea. ( a ) 
Control cochlea contains one row of inner hair cells (IHCs) and three rows of outer hair cells 
( OHCs ) inside the organ of Corti ( OC ). Hair cells are labeled in red with their speci fi c marker 
myosin-VI. There are no hair cells in the outer sulcus region. ( b ) Tamoxifen injection at E10.5 
causes ectopic Notch signaling in  CAG   CreER+   ; R26-NICD   loxp/+   experimental cochlea and induces 
new hair cells in the outer sulcus regions ( arrows  in  b ) and OC and cochlear neuron regions (data 
not shown). Of note, the ability of Notch overactivation to induce new HCs is age dependent. 
Tamoxifen injection at E13 fails to generate new HCs in  CAG   CreER+   ; R26-NICD   loxp/+    cochlea  (Images 
modi fi ed from  [  99  ] )       
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    7.6.3   Auditory HC Regeneration in Nonmammalian 
Vertebrates Versus Mammals 

 The nonmammalian vertebrates, including birds,  fi sh, and amphibians, can regener-
ate HCs after damage  [  93  ] . Immediately after HC damage, SCs adjacent to the HC 
damage region somehow are able to sense the HC loss and become HCs directly, 
which process is referred to as direct trans-differentiation. Note that it occurs with-
out involving SC proliferation. Another approach that nonmammalian vertebrates 
use to replace HCs is mitotic regeneration, which occurs a few days later after HC 
damage takes place. It means that SCs  fi rst proliferate and give rise to new daughter 
cells which further differentiate into new HCs. By using direct trans-differentiation 
and mitotic regeneration as a combination, nonmammalian vertebrates can recover 
their hearing capacity after HC damage. 

 In contrast, mammals cannot regenerate HCs after HC damage occurs, leading to 
permanent hearing loss. A few approaches have been tried to induce ectopic HCs. 
Overexpressing Atoh1 in neonatal rat cochlear explants  [  94  ] , embryonic otocyst  [  95  ] , 
and guinea pig cochlea  [  96  ]  generates ectopic HCs. In addition, consistent with the 
roles of Notch signaling in specifying cochlear progenitor cells, overexpressing Notch 
activities generates ectopic HCs  [  97,   98  ] . However, the ability of Notch signaling to 
induce ectopic HCs is age dependent, and overexpressing Notch fails to generate new 
HCs at postnatal ages, as shown by our own recent study (Fig.  7.3b )  [  99  ] .  

    7.6.4   iPS Cells Can Differentiate into New HCs In Vitro 

 Kazuo and colleagues have used ES cells or iPS cells to generate HCs  [  100  ] . 
 By following the similar protocols described previously  [  101–  103  ] , ES or iPS cells 

treated with Dkk1 (Wnt signaling inhibitor), SIS3 (TGF- b  signaling inhibitor), IGF1, 
and Fgf ligands gradually commit to endoderm, otocyst, and eventually became HCs 
that are reminiscent of the immature HCs in the wild-type cochlear development. Note 
that these immature HCs are not able to induce unless ES or iPS cells are cultured with 
chicken utricle stroma cells (as feeder cells). Unfortunately, it remains unclear of what 
contributions of chicken utricle stroma cells to the generations of HCs.  

    7.6.5   Challenges of Auditory HC Regeneration Using 
iPS Cells In Vivo 

 Given the appropriate induction signals present in vitro, the ability of ES cells and 
iPS cells to differentiate into immature HCs motivates inner ear biologists to  fi gure 
out an approach to achieve HC regeneration in vivo. Currently, at least two chal-
lenges could be foreseen. The  fi rst is how to direct the cells (primarily SCs) in the 
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damaged cochlea to behave like stem cells (like ES and iPS cells), as the case in vitro 
 [  100  ] . If the  fi rst question is resolved, the second is how to direct the full differentia-
tion of the new HCs. Unfortunately, much is unknown of the signals that control the 
differentiation process from neonatal HCs to the adult and functional HCs in the 
wild-type mice in vivo.   

    7.7   Summary 

 In this chapter, we discussed the similarities between ES and iPS cells and the ease 
to obtain iPS cells from somatic cells by just overexpressing the four iPS transcrip-
tional factors (Oct3/4, Sox2, c-Myc, and Klf4) and their application in modeling of 
human diseases. iPS-based approaches have helped us to bypass the limitations in 
studying various human disorders or using the patient-derived cells for ef fi cient 
drug screening. Also, iPS-based gene therapy and tissue engineering provide the 
opportunities to offer personalized medicine in treating various diseases. However, 
in preclinical mouse models, autologous transplantation of iPS cells currently is 
only successful for the hematopoietic disorders. The main challenges for the solid 
human disorders are how to direct iPS-derived differentiated cells to integrate into 
the tissues and form functional connections to the remaining cells in situ.      
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  Abstract   Heart diseases are a major cause of morbidity and mortality in contempo-
rary society. Advances in the understanding of the molecular basis of myocardial 
dysfunction have placed many acquired and congenital cardiovascular diseases 
within the reach of gene-based therapy. Four prerequisites are required for a suc-
cessful clinical application of gene therapy: (1) an effective strategy for genetic 
manipulation, (2) availability of vectors with enhanced myocardial tropism, (3) a 
clinically translatable delivery technique that will result in global or regional expres-
sion, and (4) creation of therapeutic transgenes for selected molecular targets 
depending on the underlying pathological state of the heart. Despite signi fi cant 
promise, however, several obstacles exist with gene-based therapies. These obsta-
cles are described in detail in this chapter, along with proposed solutions. We antici-
pate that advances in the  fi eld will improve cardiac gene therapy in future clinical 
approaches.  

  Keywords   Cardiac gene delivery  •  Gene overexpression  •  Gene blockade  •  Vectors 
for gene therapy  •  Physical methods of gene transfer  •  Cardiac molecular targets      

    8.1   Introduction 

 Heart disease remains the leading cause of mortality, morbidity, and health-care 
expenditure around the world. Despite progress in creating new pharmacological 
lines of drugs, and advances in the therapeutic and surgical treatment of cardiovas-
cular disease, there is a signi fi cant gap between modern approaches and key 
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 pathological mechanisms relating to cardiac dysfunction. Therefore, there exists a 
need to create new methods of treatment that would have a signi fi cant impact not 
only on the course of the disease but that would primarily address the underlying 
pathological processes. 

 Progress in the basic science over the past two decades has improved our under-
standing of cardiac molecular biology and underlying genetic regulation that is 
involved in many clinical syndromes. These advances have indicated that gene 
transfer may serve as a robust management strategy for different acquired and con-
genital disorders. 

 Once a vector/gene construct has been identi fi ed, the next step is to address the 
delivery strategy. Successful gene delivery is associated with four basic require-
ments outlined in Fig.  8.1 . To some extent, all of these requirements are linked and 
dependent upon one another; subsequently, it is not possible to consider each 
requirement in isolation without considering the whole treatment approach. In this 
chapter, we will focus on these factors and assess the critical challenges faced when 
determining which strategy to use for various disease mechanisms.   

    8.2   Strategies for Genetic Manipulation 
of the Cardiovascular System 

 Currently, there are primarily two different strategies described for cardiovascular 
gene therapy manipulation (Fig.  8.2 ). The most commonly applied strategy features 
overexpression of a target gene. This may involve either replacement of a missing 
or dysfunctional gene, for example an X-linked recessive disorder such as heart 
failure associated with Becker’s cardiomyopathy, an autosomal recessive gene 
defect associated with alpha sarcoglycan de fi ciency in the limb girdle muscular 
dystrophies. More commonly, heart failure may not have a de fi ned genetic basis 
(ischemic cardiomyopathy), yet certain genes are consistently downregulated. The 
second group of strategies relates to inactivation of dominant negative gene function 
involved in disease etiology or progression (other names: gene silencing or gene 
blockade)  [  1–  3  ]  (Fig.  8.3 ).   

Effective
cardiac

gene therapy

Technique and
technology of gene

delivery

Appropriate vector
system

Targets for
intervention

Strategy of genetic
manipulation

  Fig. 8.1    Main prerequisites for successful cardiac gene therapy       
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  Fig. 8.2    Strategies for genetic manipulation of the cardiovascular system       

  Fig. 8.3    ( a ) Gene overexpression. ( b ) Gene blockade       
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    8.2.1   Overexpression of Target Gene 

 A gene’s physiological function may be impaired or downregulated as a result of 
mutation or pathological process. Therefore, the restoration of function through 
exogenous delivery to replace the de fi cient gene seems quite logical. In this case, 
full-length or partial cDNA encoding the de fi cient gene is delivered to the target 
tissues using a vector system capable of expressing the therapeutic protein  [  1  ] . 
Several steps in the gene overexpression process may be modulated, including the 
transcription, RNA splicing, translation, and posttranslational modi fi cation of a 
protein.  

    8.2.2   Speci fi c Gene Blockade 

    8.2.2.1   Antisense Oligodeoxynucleotides (ODN) 

 ODN are used as inhibitors of speci fi c gene expression without any change in 
 function of other genes. Single-stranded ODN may be delivered either by direct 
administration (as a pharmacological agent) or by transfection with a vector encod-
ing the ODN. The ODN binds to the target mRNA transcript and prevents transla-
tion. This mechanism of action is based on the presence of two forms of ODN: the 
RNase H-dependent ODN, which induces the degradation of mRNA, and the steric-
blocker ODN, which physically blocks the progression of mRNA translation. 
Concerning cardiac applications, the antisense ODN approach has been tested to 
prevent  restenosis after balloon angioplasty  [  4  ] . Treatment with antisense ODN 
directed against VEGF receptors could prevent VEGF-mediated arteriogenesis  [  5  ] . 
Systemic delivery of an antisense ODN induces silencing of miR-208a in the myo-
cytes, thus improving cardiac function and survival in hypertensive-induced heart 
failure (HF) in rats  [  6  ] .  

    8.2.2.2   Decoy-Based Gene Therapy 

 Synthetic double-stranded (ds) DNA with high af fi nity may be introduced into  target 
cells as a “decoy” or alternatively described as a cis-regulatory element, which binds 
to a sequence-speci fi c DNA factor and changes gene transcription. Transfection of 
dsODN will result in the attenuation of the cis–trans interaction of cell surface recep-
tors and remove the trans-factor from the endogenous cis-element, resulting in inhi-
bition of gene expression  [  3  ] . dsODN containing binding sequences (decoy) for 
transcriptional factors are involved in the activation of pathogenic genes. Transfection 
of the decoy ODN prevents the binding and transactivation of the genes regulated by 
the target transcriptional factor  [  1  ] . The decoy strategy is very attractive for several 
reasons: the synthesis of the sequence-speci fi c decoy is relatively simple and can be 
targeted to speci fi c tissues; the knowledge of the exact molecular structure of the 
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target transcription factor is unnecessary; it has been shown to be more effective than 
antisense technology  [  3  ] . Some restrictions of this method  however are short  half-life, 
lower uptake ef fi ciency, and degradation by endocytosis and nucleases. Using mice 
and monkey models, it was found that E2F decoy transfection prevented intimal 
hyperplasia in cardiac allografts  [  7  ] . In a report of Yamasaki et al., the successful 
in vivo transfer of NFkappaB decoy ODN to inhibit vascular stenosis in balloon-
injured porcine coronary arteries was demonstrated  [  8  ] .  

    8.2.2.3   Short Interfering RNA (siRNA) 

 Gene silencing via siRNA technology is a novel strategy with great therapeutic 
potential. siRNA is a short dsRNA molecule that induces sequence-speci fi c posttran-
scriptional gene modi fi cation. This mechanism is called RNA interference (RNAi). 
Recently, this strategy was used for the treatment of HF, and the results showed that 
the restoration of cardiac function was most likely through the reduction of hypertro-
phy  [  9  ] . Once transfected into a cell, siRNA incorporates into the nuclease complex, 
where it interrupts the translation of targeted genes. Successful left ventricular intra-
cavitary delivery of DNA/siRNA complexes by means of sonoporation was demon-
strated in murine hearts  [  10  ] . The incorporation of siRNA into terminally differentiated 
adult rat cardiac myocytes using adenovirus has also been reported  [  11  ] .  

    8.2.2.4   Ribozymes 

 Another strategy used to inhibit the disease process at the transcriptional level is the 
use of ribozymes. Ribozyme gene therapy aims to turn off a mutated gene in a cell 
by targeting the mRNA transcripts copied from the gene. Therefore, protein synthe-
sis by the target RNA may be speci fi cally inhibited by ribozymes. This process 
involves three steps: (1) delivery of RNA strands engineered to function as 
ribozymes, (2) speci fi c binding of the ribozyme RNA to mRNA encoded by the 
mutated gene, and (3) cleavage of the target mRNA, preventing it from being trans-
lated into a protein. Several studies have used ribozymes to limit neointimal hyper-
plasia with smooth muscle cell proliferation in response to balloon angioplasty. 
Ribozymes against c-myb mRNA  [  12  ]  and transforming growth factor  [  13  ]  pre-
vented development of restenosis.    

    8.3   Cardiac Gene Delivery Vectors 

 Choosing the right vector for cardiovascular applications is one of the most chal-
lenging aspects of gene therapy approaches. The availability of vectors for gene 
transfer has improved signi fi cantly over time. The ideal vector would have the fol-
lowing characteristics: 



174 M.G. Katz et al.

 It must be cardiotropic, result in long-term expression, minimize the risk of 
 cellular immune response, have a large coding capacity, and have high transduction 
ef fi ciency  [  14  ] . The main challenges to the vector are as follows: (1) escaping the 
neutralizing effects of speci fi c antibodies and nonspeci fi c adsorption to other blood 
components, (2) overcoming the endothelial barrier and penetrating the vascular 
wall for diffusion through the extracellular matrix, (3) uptake into the cell at the level 
of the plasma membrane and ef fi cient traf fi cking to the nucleus, and (4)  synthesis by 
the host of the complementary DNA strand for single-stranded delivery vectors fol-
lowed by transcription and translation of the transgene  [  15  ] . A number of different 
vectors have been used to achieve myocardial gene transfer, these are modi fi ed or 
selected to enhance the probability of overcoming each of these challenges. All 
 vectors can be classi fi ed into two main categories: the nonviral and recombinant viral 
(Fig.  8.4 ). We discuss brie fl y below the most commonly used vehicles.  

    8.3.1   Nonviral Vectors 

 Nonviral vectors are grouped as plasmid DNA, liposome–DNA complexes (lipo-
plexes), and polymer–DNA complexes (polyplexes). Oligonucleotides are also con-
sidered nonviral vectors  [  16  ] . In 1990, Lin and associates injected plasmid DNA 
into the left ventricle and demonstrated that the lacZ gene could be introduced and 
expressed in cardiac myocytes  [  17  ] . 

 Although nonviral vectors have the major advantage of production in relatively 
large quantities at low cost while at the same time possess fewer toxic or 
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 immunological problems, their transfer ef fi ciency is generally poor, independent of 
delivery route  [  18,   19  ] . Nevertheless, a large number of human cardiac clinical trials 
are based on plasmid-mediated gene transfer investigating angiogenesis in myocar-
dial ischemia  [  20–  23  ] . A major advantage of this approach is that it avoids many of 
the biosafety concerns associated with viral vectors. However, the level of transgene 
expression and the ef fi ciency of gene transfer (percent of target cells expressing the 
transgene) are low, and expression is restricted to the zone of the injection site. DNA 
complexes are relatively more ef fi cient  [  24  ] . There is however a major discrepancy 
between the data obtained in vivo and in vitro. In addition, these complexes are 
unstable and thus quickly removed by phagocytes when delivered, especially 
through intravascular delivery systems  [  25  ] . An additional shortcoming of these 
vectors (e.g., oligonucleotides) is their short biological half-life due to intracellular 
degradation and nonspeci fi c binding  [  25  ] . The demonstration of plasmid gene trans-
fer opened a new era of cardiovascular pharmacotherapy. Despite numerous efforts 
to enhance ef fi ciency through modi fi cation, direct myocardial plasmid injection 
basically remains a proof-of-concept tool only  [  26  ] .  

    8.3.2   Viral Vectors 

 As stated previously, cardiovascular gene therapy applications demand both ef fi cient 
myocardial transduction initially and long-term transgene expression. Many authors 
strongly believe that only viral vectors appear to meet these demands in terms of 
performance  [  27,   28  ] . Compared to nonviral vectors, viruses have an evolutionary 
advantage in their interactions with the cellular surface receptors, directly leading to 
more ef fi cient intracellular traf fi cking of packaged DNA to the nucleus. Furthermore, 
their protein capsid protects the message from degradation in lysosomes 
 [  15,   26,   29,   30  ] . Some viral vectors are able to integrate into the host genome, 
whereas others remain episomal. Integrating viruses result in persistent transgene 
expression, while viruses in episomal form lead to long-term expression in pre-
dominantly nondividing tissues (e.g., adult myocardium) but only transient expres-
sion in rapidly dividing tissues (e.g., the hematopoietic system). It should be noted 
that for some disorders, short-term expression in a relatively small proportion of 
cells would be suf fi cient or even desirable (e.g., angiogenesis post myocardial 
infarction), whereas other pathologies might require long-term expression (e.g., 
autosomal recessive cardiomyopathy). At present, viral vectors are the most suitable 
vehicles for ef fi cient gene delivery (Table  8.1 ). Most of these vectors are derived 
from human pathogens, from which essential viral genes have been deleted.  

    8.3.2.1   Lentiviruses 

 These vectors were initially developed for HIV therapy. Lentiviral vectors can infect 
nondividing cells, cause long-term expression, and do not typically induce an 
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in fl ammatory or immune response. The major limitation is the risk for mutagenesis 
and oncogenesis  [  29  ] . The new generation of lentiviruses containing a mRNA and a 
nuclear import sequence has been used for successful myocardial transduction, 
although expression is usually short term  [  31,   32  ] . Fleury et al., in a study with rat 
cardiomyocytes in vivo, succeeded in obtaining persistent GFP transfer for up to 
10 weeks  [  33  ] . In another study, the transduction ef fi ciency of lentiviral vector-
mediated SERCA2 gene transfer was about 40 %, and the positive physiological 
effect persisted 6 months later  [  34  ] .  

    8.3.2.2   Adenoviruses 

 Adenoviral vectors have historically been the most frequently used transfer system 
in experimental and clinical studies. This is attributed to the vector’s known advan-
tages such as the ability to transduce nondividing cells, the ease of manufacture in 
very high titers, the possibility to achieve high levels of transgene expression, and a 
large transgene cloning capacity. However, their use is limited clinically due to tran-
sient gene expression and their inability to integrate the genome into the cellular 
chromosomal DNA. In addition, adenoviral vector particles are highly immuno-
genic and cause in fl ammatory and toxic reactions in the host. This is due to the fact 
that the adenovirus stimulates both the innate and adaptive immune systems. Using 
a rat model, it was con fi rmed that adenovirus was several orders of magnitude more 
ef fi cient in transducing myocytes than plasmid DNA expressing the same construct 
 [  35,   36  ] . Later, it was shown that the direct intramyocardial injection of replication-
de fi cient adenovirus can program gene expression in large animal in vivo. However, 

   Table 8.1    Advantages and disadvantages of vector systems for cardiac gene therapy   

 Vector system  Advantages  Disadvantages 

 Naked plasmid DNA  Simple methodology; large DNA 
insert capacity and minimal safety 
risks 

 Low transduction 
ef fi ciency, poor and 
transient expression 
pro fi le 

 Adenovirus  Readily produced in high titers, high 
transduction performance, no 
integration in host genome 

 Induces in fl ammation 
and potent host 
immune response, 
short term expression, 
non-speci fi c cellular 
tropism 

 Adeno-associated virus  Non-pathogenic, long term expres-
sion pro fi le, low immunogenicity, 
cardiac tropism by design 

 Small insert capacity, 
complex production 
systems, low titer 
yields 

 Lentivirus  High transduction ef fi ciency, long 
term expression pro fi le, low 
immune response 

 Integration into the host 
cell genome, 
increased risk of 
oncogenesis, limited 
cardiac tropism 
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the authors noted a robust T cell-mediated immune response against the vector and 
limited distribution of the reporter gene  [  37  ] . Simultaneously, several groups 
con fi rmed the possibility to achieve signi fi cant cardiac gene expression after cathe-
ter-mediated delivery of adenovirus encoding phospholamban and the  b 2-adrener-
gic receptor  [  38,   39  ] . Using adenovirus to deliver selected transgenes enhanced 
cardiac performance several weeks after gene transfer has been demonstrated  [  39  ] . 
Despite sophisticated modi fi cations in an attempt to attenuate the host immune 
response to the adenovirus, the risk is too high to advocate the use of this delivery 
vector for clinical cardiovascular applications.  

    8.3.2.3   Adeno-Associated Viruses 

 Adeno-associated virus (AAV) is a small (20 nm), non-enveloped virus that belongs 
to the Dependovirus genus of the parvovirus family. AAVs have a single-stranded 
DNA genome. The viral genome is approximately 4.7 kb in length and is composed 
of two major open reading frames which encode Rep (replication) and Cap (capsid) 
proteins  [  40  ] . For an infection to occur, AAV requires coinfection with a helper 
virus such as adenovirus. This allows the viral genome to replicate episomally and 
leads to synthesis of the AAV proteins. AAV is one of the smallest viruses, with a 
capsid mean diameter of 22 nm. The  fi rst AAV2 infectious clone was created in 
1982 by Samulski and colleagues  [  41  ] . Several years later, it was established that 
AAVs can express foreign genes in mammalian cells  [  42  ] . One of the major advan-
tages of AAV vectors is its established safety record. It has been demonstrated that 
after reaching a steady-state level, AAV expression may last for years with an 
absence of a signi fi cant immune response to the transgene  [  43  ] . Moreover, AAV 
vectors can be engineered to provide a wide range of cell-type tropism with the abil-
ity to transduce both dividing and nondividing cells. Due to their biological proper-
ties and advantages over other viral vector systems, AAV has gained great popularity 
in the last decade in many clinical trials. Seventy- fi ve clinical trials using AAV have 
been initiated over the past 15 years  [  29  ]  with ~10 % indicated for cardiovascular 
diseases  [  44  ] . 

      AAV Endocytosis and Intracellular Traf fi cking 

 Despite the availability and diversity of AAV vectors, several biological barriers 
appear to limit the effectiveness of AAV-mediated gene therapy  [  29,   45  ] . 
Understanding the fundamental basis of these barriers has led to the establishment 
of methods to improve the ef fi ciency of rAAV-mediated gene delivery  [  30,   46  ] . 
Clari fi cation of the processes by which a virus  fi rst enters and traf fi cs through a cell 
helps to understand the life cycle of the virus and its ability to act inside the cardiac 
muscle. The transport activity of AAV is mainly determined by selective receptor-
mediated vesicle transcytosis  [  47  ] . This intracellular route does not appear to alter 
the properties of the AAV. The entry of AAV vectors into the cell involves several 
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steps (Fig.  8.5 ): (1) Binding to the membrane receptor/co-receptor or attachment 
factors. (2) Endocytosis of the virus by the host cell occurs in distinct membrane 
compartments, called clathrin-coated pits, which can be internalized to form clath-
rin-coated vesicles. Clathrin-independent endocytosis involves the uptake in cave-
olae, membrane lipid rafts, and microdomains. (3) Following endocytosis, the AAV 
vectors are compartmentalized into early endosomes. This is the distribution station 
in the endocytic pathway. (4) Early endosomes then mature into late endosomes that 
are degraded by fusion with the lysosome secretory vesicles, and the material that 
will be recycled back to the plasma membrane. (5) Some separate viruses can escape 
lysosomal degradation via acidi fi cation of the endosome, and it is a necessary pre-
requisite for the release of the AAV. (6) These AAV particles are then traf fi cked into 
the nucleus, where viral uncoating leads to single-stranded DNA release. The 
ssDNA is then converted to dsDNA and  fi nally to concatemers or integrated into the 
host genome. AAV transport can be blocked by neutralizing antibodies, tempera-
ture, and physical and chemical inhibitors through a time- and dose-dependent pro-
cess. In vivo studies have noted that several serotypes of AAV are able to cross 
vascular endothelium with different ef fi ciencies  [  48  ] . It is known that AAV2 has a 
relatively poor tropism for vascular cells, although reasonable levels of transduction 
have been achieved in cardiac myocytes  [  49  ] . Local delivery of AAV2 leads to 
transduction of underlying vascular smooth muscle cells and sequestration of AAV 
in the extracellular matrix around endothelial cells, thus preventing cell binding and 
entry. The potential of AAV6 vector for cardiac gene therapy was achieved through 
the use of VEGF to increase vascular permeability  [  50  ] .  

  Fig. 8.5    Simpli fi ed representation of AAV endocytosis and intracellular traf fi cking       
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      Challenges 

 Even in the setting where transient expression of a transgene may be suf fi cient (i.e., 
induction of neoangiogenesis by secreted growth factors), the results from preclini-
cal and clinical studies have been disappointing. No single vector system is likely to 
be optimal for all cardiac gene therapy applications  [  27  ] . The ideal vector should be 
administered by the least invasive delivery route, target the desired geometric distri-
bution of cardiac cells, express the requisite quantity of transgene product with the 
desired temporal regulation, be readily produced at high titers, and should avoid an 
immune response altogether.      

    8.4   Gene Delivery Techniques 

 Efforts to advance cardiovascular gene therapy will clearly require solutions related 
to delivery. The design of a delivery system consists of selectively targeting tissues 
of therapeutic relevance while minimizing systemic effects. This would subse-
quently permit the translation from the experimental phase into clinical trials once 
a target has been validated in preclinical models, whereby the development of safe 
and ef fi cient delivery systems is a prerequisite. Several approaches to the develop-
ment of myocardial-speci fi c vectors and promoters have been explored 
 [  26,   48,   51,   52  ] . A complementary approach to achieve organ speci fi city is through 
the gene delivery method, which can diminish the biodistribution of vector capsids 
to extracardiac organs. It should be noted that a wide variety of techniques have 
already been designed and applied for cardiac applications  [  53  ] . Unfortunately, 
most of these approaches have led to limited transfection of cardiac myocytes in 
situ, particularly in large animals, and limited transduction ef fi ciency with a moder-
ate to high incidence of systemic exposure. Ideally, an optimized gene delivery sys-
tem for a speci fi c target should consider both the vector and route of administration 
in its design  [  54  ] . Existing methods of gene delivery can be classi fi ed by the site of 
injection, interventional approach, and the method of cardiac perfusion during gene 
delivery (Fig.  8.6 ).  

    8.4.1   Direct Gene Delivery 

    8.4.1.1   Intramyocardial Delivery 

 The majority of preclinical and clinical studies have involved intramyocardial 
gene delivery. This method can be performed using percutaneous catheter-
based, minimally invasive surgical approaches (such as thoracoscopy) or a direct 
surgical route (Fig.  8.7 ). Moreover, there is the advantage of site selection, since 
multiple administrations can be carried out through the epicardium or endocar-
dium. Anatomically, the epicardium is a serous membrane which consists of 
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squamous epithelium and connective tissues. Endocardium covers the heart 
valves and tendons and is thus more complex in terms of its physiological func-
tion. There are three sublayers: the endothelium, subendothelium, and 
subendocardium.  

 In the early 1990s, it was demonstrated that reporter genes can be introduced 
and expressed in cardiac myocytes after direct injection of plasmid DNA into the 
LV wall  [  17,   55  ] . French et al. demonstrated several important points: the amount 
of recombinant protein produced increases with the amount of virus, reporter 
gene expression is rarely detected further than 5 mm from the injection site, the 
expression pro fi le is similar in both ventricles, and the procedure itself causes 
minimal side effects in the heart  [  37  ] . Using a hamster model of cardiomyopathy, 
Tomiyasu et al. found that LV muscle injection of EBV/ b 2AR signi fi cantly ele-
vated stroke volume and cardiac output  [  56  ] . In another study, robust and long-
term  b ARKct expression was demonstrated in the rat LV after intramyocardial 
injection. Moreover, this technique allowed for improved cardiac contractility 
and normalized catecholamine levels in chronic HF animals  [  57  ] . This approach 
has been utilized to successfully to induce angiogenesis after VEGF transfer in 
several animal models of myocardial ischemia  [  58–  60  ]  and for the focal treat-
ment of cardiac arrhythmias  [  61  ] . It was also demonstrated that although a sub-
stantial proportion of injected material resides in the myocardium immediately 
after intramuscular delivery, pervasive systemic vector leakage occurs resulting 
in extracardiac expression  [  62,   63  ] . Another unresolved issue associated with 
this technique is the acute in fl ammatory response secondary to injury produced 
at the injection site  [  35,   64  ] . 

  Clinical Trials . Intramyocardial delivery was utilized in several clinical tri-
als. Although positive results were not obtained  [  65  ] , the safety and feasibility 
of this technique have been established with a reasonable risk–bene fi t pro fi le 
 [  21,   22,   66  ] .  

    8.4.1.2   Intrapericardial Delivery 

 The pericardial space is an inelastic cavity lined by a squamous serous mem-
brane and  fi lled with serous  fl uid. Several authors hypothesized that increasing 
the duration of vector exposure in the pericardium would result in gene expres-
sion in the myocardium (Fig.  8.8 ). Initially, it was shown that expression pre-
dominated in the parietal pericardium  [  67,   68  ] . Subsequently, it has been found 
that adding a proteolytic enzyme to a viral construct leads to a diffusion of 
transgene into the LV and interventricular septum  [  69  ] . However, it was also 
demonstrated that pericardial expression of VEGF does not improve myocardial 
perfusion  [  70  ]  and the degree of vasculogenesis was greater in the subepicardial 
zone compared to subendocardial  [  58  ] . Shortcomings of intrapericardial deliv-
ery also include the high level of extracardiac expression  [  71  ]  and the fact that 
such a delivery mode would not be suitable for patients with pericardial 
adhesions.    
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    8.4.2   Transvascular Gene Delivery 

 A plethora of transvascular methods have been established (Fig.  8.9 ). However, 
none of these allows for the desired goal of ef fi cient and cardiac-speci fi c gene 
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 transfer with low systemic exposure. In Table  8.2 , we summarize the bene fi ts and 
limitations of direct and transvascular gene delivery methods.   

    8.4.2.1   Antegrade Intracoronary Gene Delivery 

 Percutaneous catheter-mediated intracoronary gene transfer is arguably the most 
clinically relevant method because of the extensive clinical experience in coro-
nary catheterization procedures. This system features minimal invasiveness and 
the possibility of reaching any cardiac territory. This mode of delivery typically 
results in more homogenous expression compared to direct intramyocardial deliv-
ery. Most researchers initially expected that this method would be most effective 
for cardiac gene transfer applications. These expectations notwithstanding, stud-
ies have shown that simple antegrade intracoronary delivery results in severely 
limited transfection of cardiac myocytes with variable ef fi cacy across animal 
 species with diverse vector systems  [  72–  74  ] . Upon further development of 

   Table 8.2    Advantages and disadvantages of direct and transvascular gene delivery methods   

 Advantages  Disadvantages 

  Direct cardiac gene delivery  
 Safe and simple to use in the clinic  Requires guidance modalities and composite 

catheter systems (i.e. expensive) 
 Spatial and temporal control  Can cause acute in fl ammatory response 

secondary to needle stick injury 
 Allows for a high local concentration  Does not prevent or minimize viral escape into 

the system and collateral organ uptake 
 Good for focal treatment of regional 

ischemia and conduction abnormalities 
 Vector distribution pro fi le is limited to injection 

sites 
 Avoids transfer across endothelial barrier  Non-homogeneous distribution is not desirable 

for many cardiac diseases  Was successfully used for cardiac 
angiogenesis 

 Frequently used in clinical trials 
 Limited effects (i.e. in theory independent 

of) neutralizing anti-bodies and T-cell 
activated immune response 

  Transvascular cardiac gene delivery  
 Ef fi cient gene transfer  Diluted vector concentration in systemic blood 

circulation 
 Homogeneous and global distribution pro fi le  Exposure to blood components and antibodies 

that neutralize or limit tropism 
 Extensive clinical experience with percuta-

neous approaches 
 Systemic leakage leads to collateral organ 

uptake and expression 
 Ability to perform repeat administrations 

with catheter based techniques 
 Requires surgical manipulation to enhance 

transduction ef fi ciency (e.g. aortic and 
pulmonary artery clamping) 

 Possibility to create closed loop recirculation 
systems to enhance transfer while 
minimizing collateral exposure 

 Vessel permeability issues which requires the 
use of drugs to increase vector diffusion 

 Compromised vessels (e.g. atherosclerotic) 
impede vector distribution 

 Demands complicated and expensive equipment 
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 transvascular delivery systems, two different classi fi cations have been de fi ned: 
 selective  (directly into the desired artery (Fig.  8.10b ) with indicated target area) 
and  nonselective  (indirectly into left ventricle with aortic cross clamping for dis-
tribution) (Fig.  8.10a ). In an effort to achieve increased ef fi ciency with selective 
catheterization, investigators began to use transient coronary occlusion  [  75  ] , con-
comitant coronary venous blockade (Fig.  8.11a )  [  76  ] , and cardiac arrest with 
obstruction of venous return to the heart  [  77  ] . In several studies, the dependence 
of transgene expression on perfusion pressure and infusion  fl ow rate has been 
demonstrated  [  78,   79  ] . Donahue et al. identi fi ed parameters in fl uencing the 
ef fi ciency of intracoronary transfer. These key parameters were exposure time, 
high  fl ow and pressure, virus concentration, temperature, and the use of crystal-
loid solution as opposed to blood  [  80  ] . The possibility of coronary antegrade per-
fusion without selective arterial catheterization was reported by Hajjar et al.  [  38  ] , 
using brief aortic and pulmonary artery clamping. The improvement of homoge-
nous vector-mediated gene expression is theoretically a result of increasing the 
transcoronary myocardial perfusion gradient while at the same time decreasing 
pulmonary blood  fl ow, which has the net effect of limiting vector uptake by the 
lungs. Several laboratories have found better expression of both ventricles using 
this method  [  39,   76,   81  ] . Other effects included a signi fi cant decrease in cardiac 
contractility after aortic occlusion with elevation of afterload, both potentially 
improving the conditions for effective delivery  [  82  ] . Additional modi fi cations of 
this method could include occlusion of descending aorta instead of ascending and 
the use of hypothermia  [  52  ] .    

a

c

b

  Fig. 8.10    ( a ) Nonselective antegrade intracoronary gene delivery. ( b ) Selective antegrade intrac-
oronary gene delivery. ( c ) Intracavitary (left atrium) gene delivery       
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    8.4.2.2   Retrograde Intracoronary Sinus Gene Delivery 

 Retrograde intracoronary delivery through the coronary sinus (Fig.  8.11b ), in direct 
comparison to antegrade, provides a more uniform distribution of agents in the pres-
ence of coronary artery disease. Another bene fi t of this method is that it does not have 
to overcome the resistance of precapillary sphincters proximally located on the arterial 
side of the capillary beds. Thus, less blood is shunted through the thebesian and arteri-
osinusoidal channels into the cardiac chambers. Many authors argue that coronary 
venous infusion allows for prolonged adhesion time of the vector in the cardiac endothe-
lium. This effect directly results in both an increase in endothelial permeability and a 
higher pressure gradient across the interstitial capillaries and venules promoting the 
transfer of macromolecular particles into the interstitium of the heart  [  83,   84  ] . In sup-
port of this view, it has been reported that retrograde vector-mediated delivery of the 
Fibroblast Growth Factor 2 (FGF-2) gene relative to antegrade enhances collateral per-
fusion in pigs with chronic myocardial ischemia  [  85  ] . Also retroinfusion of VEGF 
reduced postischemic in fl ammation and myocardial reperfusion injury  [  86  ] .  

a b

  Fig. 8.11    ( a ) Selective antegrade intracoronary gene delivery with concomitant coronary venous 
blockade. ( b ) Selective coronary sinus or coronary venous retrograde delivery with transient coro-
nary artery occlusion       
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    8.4.2.3   Transvascular Intracoronary Wall Delivery 

 Percutaneous coronary intervention and coronary artery bypass grafting are  common 
treatments for patients with ischemic heart disease (IHD) requiring revasculariza-
tion. The standard approach involves treatment of local coronary lesions and global 
management of IHD comorbidities. However, the failure rate of these procedures is 
relatively high  [  87  ] . Vector-mediated local gene transfer to the coronary vasculature 
is limited due to vessel barriers including the tunica adventitia, external and internal 
elastic lamina, smooth muscle cells (SMC), and tunica intima incorporating the 
endothelium. A clinically applicable intracoronary wall delivery device must meet 
these requirements: (1) provide isolation and exposition of a vascular segment, (2) 
maximize diffusion through the endothelium and basement membranes, (3) result in 
high ef fi ciency penetration of the vascular wall while minimizing escape into the 
systemic circulation and perivascular space, (4) minimize or eliminate the risk of 
vessel dissection or perforation, and (5) permit downstream blood  fl ow. To address 
these requirements, several types of balloon catheters for percutaneous gene deliv-
ery were developed  [  2,   14  ]  (Fig.  8.12 ).  Double - balloon catheters  include two 
in fl atable balloons separated by an intermediate space, into which the gene thera-
peutics can be infused through a separate lumen. After infusion, the vector remains 
in contact with the vessel wall between the proximal and distal occluding balloon. 
The ef fi ciency of gene expression in the arterial endothelial cells using this catheter 
was demonstrated in a sheep model  [  88  ] . The major disadvantage of these catheters 
is the requirement for occlusion of vessels for signi fi cant periods of time. Other 
catheters have also been used which feature  porous balloons , through which the 
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  Fig. 8.12    Different catheters and stents for transvascular intracoronary wall gene delivery. ( a ) 
Stent. ( b ) In fi ltrator nipple balloon. ( c ) Dispatch coil balloon. ( d ) Double balloon catheter. ( e ) 
Single balloon catheter       
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therapy is infused under high pressure into the lumen of a single balloon that 
 contains multiple microscopic perforations. Upon injection, the vector solution 
expands the balloon and exits through the pores, entering the vessel wall. The per-
forated  balloon catheter was tested with the injection of retroviral vector containing 
 b -galactosidase into the rabbit aorta.  

 Authors concluded that the practical use of this catheter is limited by the small 
number of cells that are actually transduced  [  89  ] . The next-generation design of the 
catheter type, which is named  Dispatch , allows for maintenance of distal blood  fl ow 
through a central lumen with infusion of a transgene between the artery wall and the 
catheter. The primary advantage of this catheter is an extended incubation time, 
since it can be in fl ated in the coronary arteries for a long period of time without 
inducing myocardial ischemia  [  90  ] . 

 Unique to the  in fi ltrator  catheters is the attempt to enhance transfer by injecting the 
vector into the vessel wall via microinjection needles, which in theory decreases the 
chances of systemic spread of the vector while also enhancing transfer. It consists of 
three longitudinal polyurethane pads attached to the balloon with three linear arrays of 
microneedles positioned on the pads. The needle injection facilitates transgene deliv-
ery to the media and the adventitia  [  91  ] . None of these devices are ideal, but several 
have been shown to increase level of transfer into the coronary arterial wall. Despite 
these successes, however, authors have now preferred the use of  eluting stents over 
this catheter . The eluting stents represent a promising platform for localized delivery 
to the vascular wall. The advantages of these devices include extensive clinical experi-
ence in coronary catheterization procedures, safety, permanent scaffold structure, and 
their function as reservoirs for viral vectors while attenuating systemic side effects. 
The stent coating is the main functional element, as its role is to provide a barrier 
between the metallic surface and the blood. It produces prolonged expression up to 
28 days in neointimal SMC using phosphorylcholine stents in a rabbit model  [  92  ] . 
Application of bisphosphonate stents led to extensive localized Ad/GFP expression in 
the rat arterial wall, and an adenovirus inducible nitric oxide synthase (iNOS) attached 
to this stent resulted in inhibition of restenosis  [  93  ] . In addition, its function was inves-
tigated using collagen in DNA-stent coatings. Pig coronary studies comparing stents 
containing plasmid DNA/GFP to coated stents without DNA demonstrated that 
10.8 % of neointimal cells were transduced  [  94  ] . Drug-eluting stents have been exten-
sively used to prevent coronary restenosis in several human clinical trials  [  95  ] .  

    8.4.2.4   Ex Vivo Gene Delivery 

 Heart transplantation raises a number of issues that need to be addressed. The com-
plications associated with this modality include acute rejection, allograft vasculopa-
thy, and a high risk for developing malignancies including skin cancer and 
non-Hodgkin’s lymphoma. Gene delivery to the donor heart ex vivo is an active area 
of investigation to address these issues  [  96,   97  ]  (Fig.  8.13 ). The possibility of intra-
coronary adenovirus/LacZ transfer in harvested hearts was evaluated in a piglet 
model. Transgene expression was detected in all cardiac areas  [  98  ] . In another study, 
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it was also con fi rmed that direct plasmid DNA injection can result in detectable 
levels of expression in rat cardiac allografts  [  99  ] . Shah et al. administered adenovi-
ral construct with  b 2-adrenergic receptor into the aortic root of a rabbit donor heart. 
The authors found that left ventricular performance was signi fi cantly improved after 
heterotopic transplantation. Thus, it was shown that it is possible to genetically 
modulate  b -adrenergic signaling system in a transplanted heart  [  100  ] .   

    8.4.2.5   Cardiopulmonary Bypass-Based Gene Delivery 

 An estimated 5.8 million Americans suffer from heart failure. In about two-thirds of 
those cases, the cause is ischemic heart disease (IHD). In addition, approximately 
40 % of the patients with IHD have LV systolic or diastolic dysfunction. Currently, 
revascularization procedures such as coronary artery bypass surgery and percutaneous 
coronary intervention are the primary methods of treating medically refractory symp-
tomatic IHD. In fact, more than one million cardiac procedures that require extracor-
poreal circulation with cardiopulmonary bypass (CPB) are carried out in the world 
annually. The use of CPB with cardiac arrest for the purpose of gene transfer was  fi rst 
demonstrated by Bridges et al.  [  101  ]  and Davidson et al.  [  102  ]  (Fig.  8.14b, c ).  

 Later, it was described that cold crystalloid cardioplegia is not detrimental for 
transgene expression  [  103  ] . Moreover, it has been shown that there is extensive 
restoration of a de fi cient membrane protein,  d -sarcoglycan, after use of cardioplegic 
solution in cardiomyopathic hamsters  [  104  ] . As opposed to other researchers, 
Bridges and colleagues constructed the  fi rst “closed-loop” recirculating system 
which they called molecular cardiac surgery with recirculating delivery (MCARD). 
Using MCARD, they were able to achieve AAV-mediated gene expression in the 
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majority of myocytes in a large animal model, so the number of genome copies (gc) 
per cell in the left ventricle ranges from 1 gc in posterior wall to 3 gc in anterior wall 
 [  105  ] . In addition, they showed that more than 99 % of the gc’s initial dose remains 
in the cardiac circuit for 20 min  [  106  ] , and furthermore, T cell-mediated immune 
response to AAV capsid was observed only after intramyocardial injection but not 
in the MCARD group  [  105  ] . Later, it was established that percutaneous minimally 
invasive delivery system (V-Focus) reversed HF progression in a sheep model  [  107  ] . 
However, the V-Focus technique is not a true recirculating system since quantitative 
PCR reveled that there was 100 times as much gene delivery to the liver as to the 
heart with this technique  [  108  ]  (Fig.  8.14a ).   

    8.4.3   Physical Methods for Enhancement Gene Transfer 

    8.4.3.1   Sonoporation 

 Biocompatible microbubbles are small (1–5  m m) gas- fi lled microspheres. They can 
be administered into the circulation in various ways and can be destroyed by ultra-
sound (US) irradiation. This phenomenon can be applied to gene delivery. Ultrasound-
targeted microbubble destruction combines low invasiveness and organ speci fi city. It 

Heat exchanger Membrane oxygenator

Roller pump

V-focus CPB based MCARD
a b c

  Fig. 8.14    ( a ) Catheter-based closed-loop recirculatory system (V-Focus). Coronary venous blood 
was drained from the coronary sinus. Following oxygenation, the blood is returned to the coronary 
arteries via a roller pump. Gene construction was delivered into the antegrade part the circuit. ( b ) 
Cardiopulmonary bypass-based gene delivery. Cardiopulmonary bypass was established via an aor-
tic arterial cannula and a right atrial venous cannula. After cardioplegic arrest, viral particles were 
injected into aortic root and allowed to dwell in the myocardium. ( c ) Cardiopulmonary bypass-
based closed-loop recirculatory system (MCARD). This technique integrates a separate pump cir-
cuits for the cardiac and systemic circulations, thus making it possible to achieve complete cardiac 
isolation. The virus/gene solution was injected into the retrograde catheter located in the coronary 
sinus and recirculated for 20 min. The coronary circuit then  fl ushed to wash out residual vector       
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is based upon the development of second-generation US contrast agents like 
per fl uorocarbons or sulfur hexa fl uoride. Sonoporation is thought to increase the size 
and permeability of pores in the cell membrane allowing for enhanced gene transfer 
into cells. After intravenous injection, microbubbles stay stable for several minutes, 
can pass through the pulmonary circulation, and then can be visualized and destroyed 
by conventional US devices. The hearts of all rats that underwent US-mediated 
destruction of albumin-coated microbubbles containing adenovirus showed good 
myocardial expression with  b -galactosidase  [  109  ] . Left ventricular injection of naked 
plasmid DNA and siRNA duplexes into murine heart by means of sonoporation 
showed much greater gene expression than intravenous administration  [  10  ] . In 
another study, it was demonstrated that US-mediated microbubble destruction can 
generate high levels of reporter gene activity restricted to the heart  [  110  ] . Interestingly, 
it has been noted that aortic occlusion with brief asystole increased myocardial gene 
expression in rats using microbubbles by 2.5 fold  [  111  ] .  

    8.4.3.2   Electroporation 

 This technique involves the application of short-duration, high-intensity electric  fi eld 
pulses. The electrical stimulus causes membrane destabilization with subsequent 
opening nano-sized pores with improving permeability, allowing passage of DNA 
into the cells. Plasmid delivery through electroporation increased cardiac expression 
of VEGF in a large animal model  [  112  ] . It also provides evidence that electropora-
tion-mediated gene delivery to the beating rat heart is an effective tool for nonviral 
gene transfer with a lack of toxicity and good preservation of heart function  [  113  ] .  

    8.4.3.3   Magnetic Field-Enhanced Transfection (Magnetofection) 

 Magnetofection is de fi ned as gene delivery guided and mediated by magnetic force. 
The basic idea is that DNA is attached to magnetic nanoparticles and the external mag-
netic  fi eld increases particle internalization and gene expression. Even a simple exter-
nal magnet of 25 gauss can direct nanoparticles with plasmid DNA to the heart cells 
 [  114  ] . Marker gene expression after delivery of adenovirus/magnetic nanoparticles to 
the rat carotid artery was signi fi cantly greater than in nonmagnetic controls  [  115  ] .   

    8.4.4   Guidance Systems to Identify Targeted Area 

    8.4.4.1   X-Ray Fluoroscopy 

 This method provided outstanding guidance for transcatheter therapy including 
c oronary intervention. Catheter-based adenovirus-mediated intramyocardial gene 
transfer is feasible using percutaneous  fl uoroscopically guided coaxial catheters  [  116  ] . 
This procedure is not associated with hemodynamic changes or arrhythmias  [  117  ] .  
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    8.4.4.2   Real-Time MRI 

 Percutaneous intramyocardial gene delivery is feasible using rtMRI and permits 
precise 3-dimensional localization of injections involving visualization of full thick-
ness of myocardium  [  118  ] .  

    8.4.4.3   Electromechanical Mapping 

 The NOGA system is designed to display electroanatomical maps of the heart. 
Catheters designed to be used with this system are equipped with an electromag-
netic sensor. As the catheter moves along the endocardium, local electrograms are 
reported. The system uses this information to construct a 3-D electroanatomical 
map of the left ventricle. The NOGA may be advantageous to accurately direct gene 
transfer to areas of myocardial ischemia where gene transfer may be potentially 
optimized  [  22  ] . This system was used for the injection of an adenoviral vector con-
taining VEGF into designated ischemic sites and results in successful gene transfer 
and protein expression  [  119  ] .  

    8.4.4.4   Echocardiography Guidance 

 Local delivery of therapeutic genes into the left ventricle was evaluated with live 
3-D echo in the pig model. Accuracy de fi ned as an injection into the target zone was 
83 %  [  120  ] . 

      Challenges 

 The optimal technique for cardiac gene delivery must be safe, clinically translat-
able, and ideally incorporate the following: (1) retrograde through the coronary 
venous system; (2) washout of vector after gene transfer to minimize collateral 
expression; (3) increased myocardial transcapillary gradient and/or enhance transen-
dothelial transport of viral particles from the vasculature into the interstitium, using 
physical or pharmacological methods; and (4) a “closed-loop” for extended trans-
gene residence time in the coronary circulation.     

    8.5   Cardiac Gene Therapy Molecular Targets 

    8.5.1   Heart Failure 

 Gene therapy in HF primarily targets an increase in contractility, a reduction in 
adverse remodeling, and inhibition of apoptosis (Fig.  8.15 ).  
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    8.5.1.1   The Calcium Cycling Proteins 

 Ca 2+ cycling has been found to be critically dysregulated in HF and provides an 
important role in excitation–contraction coupling (Fig.  8.16 ). To understand the 
Ca 2+  handling defects in heart failure, we need to brie fl y describe the processes 
occurring in cardiac excitation–contraction coupling. During the cardiac action 
potential, Ca 2+  enters the cell through depolarization-activated Ca 2+  channels as an 
inward Ca 2+  current, which contributes to the action potential plateau. Ca 2+  entry 
triggers Ca 2+  release from the sarcoplasmic reticulum (SR). This allows Ca 2+  to bind 
to the myo fi lament protein troponin C, which then switches on the contractile 
process.  

 For relaxation to occur, there is a decline in intracellular Ca 2+  concentration, 
allowing Ca 2+  to dissociate from troponin. This requires Ca 2+  transport out of the 
cytosol by pathways involving SR Ca 2+  ATPase, sarcolemmal Na + /Ca 2+  exchange, 
sarcolemmal Ca 2+  ATPase, or mitochondrial Ca 2+ . De fi cient SR Ca 2+  uptake during 
myocyte relaxation has been identi fi ed in failing hearts from both humans and ani-
mals and is associated with a decrease in the expression and activity of sarcoplasmic 
reticulum calcium ATPase (SERCA2a). This protein is a Ca 2+ ATP-dependent pump 
of the sarcoplasmic reticulum that has a critical role in Ca 2+  regulation. 

      SERCA2a 

 The overexpression of SERCA2a has been demonstrated to increase contractility 
and normalize calcium cycling in failing human cardiomyocytes  [  121  ] . A number 
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  Fig. 8.15    Gene therapeutic targets: heart failure.  Abbreviations and acronyms :  SERCA2a  sarco-
plasmic reticulum calcium ATPase,  S100A1  member of S100 family of cardiac proteins,  GRK  G 
protein-coupled receptor kinase,   b ARKct   b -adrenergic receptor kinase carboxyl-terminus,  Bcl-2  
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of animal studies with a variety of models of HF have demonstrated that overexpres-
sion of SERCA2a has a positive inotropic effect, improves oxygen utilization, atten-
uates the progression of HF, and prolongs survival. SERCA2a gene transfer was 

Extcitation-contraction coupling & gene therapy targets
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  Fig. 8.16    Simpli fi ed representations of the excitation–contraction. (1)  b ARKct (lilac star). 
Molecular abnormalities associated with HF include the uncoupling of the  b -adrenergic receptor 
system, enhanced expression and activity of the G protein-coupled receptor kinase, and loss of  b AR 
inotropic reserve.  b ARKct gene delivery approach has the potential to resolve  b AR downregulation 
and desensitization. (2) Phospholamban (lilac star) is an endogenous inhibitor of the SR Ca2+ 
ATPase. Phosphorylation of phospholamban by cyclic AMP- dependent or calmodulin-dependent 
protein kinases (PKA or CaMKII) relieves this inhibition, allowing faster muscle twitch relaxation 
and decline of intracellular Ca 2+ . Because the SR Ca 2+  ATPase competes better with Na+/Ca 2+  
exchange, phosphorylation of phospholamban also enhances Ca 2+  content in the SR. (3) S100A1 
(lilac star) plays a role in increasing SERCA2a activity, diminishing diastolic SR Ca 2+  leak, and 
augmenting systolic open probability of the ryanodine receptors, causing an overall gain in SR Ca 2+  
cycling. Also, S100A1 regulates SERCA2A–phospholamban function, resulting in a balanced 
enhancement of SRCa 2+  release and uptake. (4) In failing hearts, the downregulation of adrenergic 
receptor and cAMP-dependent protein kinase signaling leads to the inactivation of inhibitor-1 
which, in turn, results in increased activity of protein phosphatase 1 (lilac star). This activation leads 
to the dephosphorylation of phospholamban, thus reducing calcium uptake by SERCA2a. 
 Abbreviations and acronyms :  PKA  protein kinase A,  RyR  ryanodine receptors,  FKB12  calstabin 2, 
 Ang II  angiotensin II,  ET-1  endothelin 1,  NE  norepinephrine,  ATP  adenosine triphosphate,  cAMP  
cyclic adenosine monophosphate,  AC  adenyl cyclase,  PDE  phosphodiesterase,  Gq  class of guanine 
nucleotide-binding proteins,  PLCB  phospholipase C beta,  DAG  diacylglycerol,  IP3  inositol trispho-
sphate,  Gs/Gi  stimulatory/inhibitory G protein,  L-type  long-lasting dihydropyridine receptors,  NCX  
Na+/Ca 2+  exchanger,  PDE  phosphodiesterase. Lilac stars indicate the main gene therapy targets       
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found to substantially decrease incidence of ventricular arrhythmias and reduce 
infarct size in a model of ischemia/reperfusion  [  122  ] .A lentiviral vector-mediated 
SERCA2a intracoronary delivery after myocardial infarction in rats resulted in 
favorable molecular remodeling with improving systolic and diastolic function 
6 months later  [  34  ] . An improvement in LV diameter, fractional shortening, and EF 
was also demonstrated in a tachycardia-induced HF model  [  123  ] . 

  Clinical Trial . A  fi rst-in-human clinical trial “Calcium Upregulation by 
Percutaneous Administration of Gene Therapy in Cardiac Disease” (CUPID) involv-
ing gene transfer of SERCA2a cDNA via a rAAV1 vector in patients with advanced 
HF has been undertaken in a randomized, double-blind, placebo-controlled study. 
Although the results were somewhat dif fi cult to interpret due to the absence of a 
clear dose response, at 12 months, SERCA2a-treated patients in the highest dose 
cohort demonstrated a consistent trend in clinical symptomatic improvement and in 
functional capacity  [  124  ] .  

      S100A1 

 In cardiomyocytes, S100A1 plays an important role in increasing SERCA2a activity. 
This effect is achieved through diminishing diastolic SR Ca 2+  leak and augmenting the 
systolic open probability of the ryanodine receptors, leading to an overall gain in SR 
Ca 2+  cycling. Also, S100A1 regulates SERCA2A–phospholamban function, resulting in 
a balanced enhancement of SR Ca 2+  release and uptake. S100A1 is downregulated dur-
ing the development of HF  [  125  ] . Thus, in theory, S100A1 may be a promising factor in 
the treatment of HF. In a rat model of HF, signi fi cant cardiac recovery was demonstrated 
after 8 weeks in AAV6/S100A1-treated animals  [  126  ] . A study in a postinfarction pig 
model after 14 weeks revealed improvement in dP/dt and ejection fraction and also 
restoration of high-energy phosphate homeostasis in failing myocardium  [  127  ] .  

      Phospholamban (PLN) 

 PLN regulates the homeostasis of SR Ca 2+  mediating slower cytosolic Ca 2+  decay in 
cardiomyocytes, which translates into diastolic relaxation. Phosphorylation of PLN 
suppresses its inhibitory effect. AAV-mediated overexpression of a mutant (“pseudo-
phosphorylated”) form of PLN improved LV function and mitigated adverse remod-
eling in post-MI rats  [  128  ] . Silencing of PLN expression after tachycardia-induced 
HF in sheep increased ejection fraction and decreased LV end-diastolic area  [  107  ] . 
A study in a volume-overload HF proved that adenovirus encoding antisense PLN 
preserved LV contractility and normalized LV mechanoenergetics  [  129  ] .   

    8.5.1.2   The  b -Adrenergic Signaling Cascade 

 The  b -adrenergic receptor ( b AR) signaling system plays an important role in the 
control of cardiac function, mediating the inotropic, chronotropic, and lusitropic 
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responses to the sympathetic neurotransmitters  [  130,   131  ] . Therefore, it represents 
an attractive molecular target to improve heart function. Two important components 
of the  b AR system include the  b -receptors and the regulatory G protein-coupled 
receptor kinases (GRKs). Dysregulation of the  b AR pathway, including downregu-
lation, uncoupling of second messenger systems, and upregulation of  b AR kinase 
( b ARK1, GRK2), has been shown to be a hallmark of HF.  b ARs are regulated by 
GRK2, a member of a G protein-coupled receptor kinase family that phosphorylates 
and inactivate these receptors  [  132  ] .  b ARKct, a competitive inhibitor of GRK2, has 
the potential to resolve  b AR downregulation and desensitization associated with HF 
 [  132,   133  ] . Thus, inhibiting the activity of GRK2 or lowering its expression appears 
to offer a novel means to enhance cardiac function. 

       b ARKct 

 In a rabbit model of HF induced by myocardial infarction, it was  fi rst demonstrated 
that the  b ARKct transgene improved heart function and delayed development of HF 
 [  134  ] . Inhibition of myocardial  b ARK1 via Ad/ b ARKct delivery before creation of 
acute coronary ischemia may represent a new strategy for cardiac protection  [  135  ] . 
Long-term  b ARKct expression in the rat is by reversed LV remodeling and a nor-
malization of the neurohumoral status of chronic HF animals  [  57  ] . The high level of 
 b ARKct expression in pressure-overload heart hypertrophy can preserve adenyl 
cyclase activity and  b AR density and also improve cardiac function and cell mor-
phology  [  136  ] . Based on the above results and earlier results derived from trans-
genic animal models, it appears that delivery of  b ARKct could be bene fi cial in the 
setting of IHD and HF.    

    8.5.2   Ischemic Heart Disease 

 Current gene therapy research efforts in IHD include stimulation of angiogenesis, 
limitations of reperfusion injury through the use of antioxidant therapy and 
endothelial nitric oxide synthase, and cardioprotection by using antiapoptotic 
 proteins  [  137  ]  (Fig.  8.17 ). Nevertheless, much of the research is devoted to the 
study of angiogenesis.  

    8.5.2.1   Stimulation of Cardiac Angiogenesis 

 One major focus of gene therapy for ischemic heart disease is neovascularization of 
 fi brous postinfarct or poorly perfused (hibernating) myocardium. Therapeutic 
angiogenesis can be achieved by gene transfer of vascular endothelial growth factor 
(VEGF), hepatocyte growth factor,  fi broblast growth factor, and hypoxia-induced 
factor 1 a . 
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      VEGF 

 VEGF has  fi ve isoforms which act on tyrosine kinase receptors, FLK-1 and FT1. 
This protein factor has been shown to stimulate endothelial cell proliferation, migra-
tion, vascular permeability, and to affect  fi broblast and smooth muscle growth  [  14, 
  20,   138  ] . Preclinical gene therapy studies with VEGF in various large animal mod-
els of myocardial ischemia have demonstrated stimulation of angiogenesis and 
improvement in fractional shortening  [  139  ]  and reduction of infarct size and peri-
infarct  fi brosis  [  140  ] . In addition, it has been noted that there is an appearance of 
apoptosis-resistant cardiomyocytes in the border zone  [  141  ]  and improvement of 
myocardial viability  [  142  ] . 

  Clinical Trial . Based on the promising results of experiments of small and large 
animals, several clinical trials were carried out using different isoforms of VEGF 
mainly in patients with no other therapeutic options  [  14,   137,   143  ] . Although there 
has been an excellent safety record and some improvements in angina class and 
stress sestamibi scans, none of the randomized controlled phase 2/3 trials have 
shown clinically relevant positive effects  [  65,   143  ] . The most likely reason for this 
apparent discrepancy may be related to the placebo effect, patient selection, and 
ineffective gene expression  [  65  ] .  
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  Fig. 8.17    Gene therapeutic targets: ischemic heart disease.  Abbreviations and acronyms : 
 VEGF  vascular endothelial growth factor,  HGF  hepatocyte growth factor,  FGF   fi broblast 
growth  factor,  eNOS  endothelial nitric oxide synthase,  MAPK  mitogen-activated protein 
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      Fibroblast Growth Factor (FGF) 

 FGF is a heparin-binding growth factor that interacts with low-af fi nity cell surface 
receptors and high-af fi nity tyrosine kinase receptors. It is known that FGF stimu-
lates endothelial cell synthesis of proteases including plasminogen activator and 
metalloproteinases that are necessary for angiogenesis  [  14  ] . The ef fi cacy of FGF to 
promote angiogenesis has been well established in animal model of coronary isch-
emia  [  144  ] . Intracoronary delivery of adenovirus vector encoding FGF4 in pigs with 
myocardial ischemia increased regional perfusion  [  145  ] . In addition to angiogene-
sis, FGF5 overexpression can stimulate adaptive hypertrophy and improve wall 
thickening in hibernating myocardium  [  146  ] . 

  Clinical Trial . The AGENT (angiogenic gene therapy) 3 and 4 trials of a low and 
high dose of adenoviral-mediated intracoronary administration of FGF4 were initi-
ated and enrolled 532 patients. Authors found a bene fi cial effect on total exercise 
treadmill test, time to ST-segment depression and angina  [  147  ] .    

    8.5.3   Cardiac Arrhythmias 

 Current approaches for the treatment of cardiac arrhythmias are limited (Fig.  8.18 ). 
Radiofrequency ablation is a strategy for focal abnormalities and still remains an 
experimental approach for more complex arrhythmias  [  148  ] . Implantable devices 
have problems such as high cost and potential risks from the invasive procedures. 
Thus, gene therapy targeting biological pacemaker function and conduction system 
is of interest. The ability to slow the heart rate during atrial  fi brillation without pro-
ducing heart block was demonstrated in pigs after overexpression of G a i2  [  149  ] . 
A study on the impact of atrioventricular nodal function utilized injection of 
 fi broblasts expressing transforming growth factor- b 1  [  150  ] . Regulation of cardiac 
pacemaker activity was demonstrated as well through injection of plasmid DNA 
with a  b 2-adrenergic receptor. The results showed an increase in heart rate by 40 % 
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198 M.G. Katz et al.

compared with control hearts  [  151  ] . Another gene therapy approach for induction of 
 biological pacemaker activity was accomplished by the administration of an adeno-
viral  construct incorporating HCN2 into the left bundle-branch system. After 48 h, 
all animals had sinus rhythm, and the rate was more rapid than in the controls  [  152  ] . 
Ventricular repolarization has also been targeted in gene transfer studies. Brunner 
et al. created a transgenic mouse with a long QT interval. Direct myocardial injec-
tion of adenoviral vectors expressing Kv1.5 resulted in shortening the action poten-
tial duration and the QT interval and also eliminating early afterdepolarizations 
 [  153  ] . In a postinfarct clinically relevant pig model of ventricular tachycardia, it was 
shown that gene transfer of KCNH2-G628S to the infarct border zone can eradicate 
cardiac ventricular arrhythmias  [  154  ] .   

    8.5.4   Congenital Diseases 

 It is logical to assume that the correction of autosomal recessive genetic mutations 
could be treated through the exogenous delivery and expression of the normal gene. 
In a study of hamsters with autosomal recessive cardiomyopathy caused by a muta-
tion in the  d -sarcoglycan (SG), it was shown that LV intramyocardial delivery of 
AAV/SG increased life expectancy and improved myocardial contractility and hemo-
dynamics  [  155  ] . A similar study with intra-aortic injection AdV/SG demonstrated 
restoration of  a -,  b -, and  d -sarcoglycan in the myocyte membranes at 3 weeks after 
gene transfer and signi fi cantly less progression of LV dysfunction compared with 
controls  [  104  ] . Also it was demonstrated that genetic defects associated with inher-
ited long QT syndrome may potentially be corrected  [  149,   150,   156  ] . 

    8.5.4.1   Challenges 

 Cardiac myocytes in IHD and HF are characterized by a number of abnormalities at 
the molecular level. Identi fi cation of these pathological alterations and the operable 
mechanisms of their impact on cardiac function will allow us to better de fi ne poten-
tial targets for genetic intervention. With respect to congenital abnormalities, it 
should be noted that understanding the genetic mutation in heart development, which 
is the major challenge at present, will help to resolve cardiac repair issues through 
genetic reprogramming and replacement of defective genes in cardiac cells.    

    8.6   Conclusion 

 Cardiac gene therapy has advanced from the  fi rst in vitro studies in the early 1990s 
to current ongoing clinical trials. However, there is a need for further development 
in this  fi eld. Progress in vector technology is insuf fi cient, and so far there is no vec-
tor for daily clinical practice with high transduction ef fi cacy, long-term expression, 



1998 Gene Transfer to the Heart 

and no immune response. Clinically reliable delivery methods also need improve-
ment to create minimally invasive closed recirculation system that would provide 
extended gene residence time in coronary circulation and minimization of collateral 
organ expression. With regard to potential gene therapy targets, only with expand-
ing knowledge in the key molecular mechanisms responsible for cardiovascular 
function in health and in disease will the discovery of novel myocardial targets be 
possible.      
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  Abstract   Cardiovascular injury is a major cause of morbidity and mortality and a 
major public health problem especially in developed countries. Various therapies 
for cardiovascular injury are researched actively and have been performed clini-
cally. Recently, a cell-based therapy appears and is focused as an alternative therapy 
for cardiovascular injury. Scaffold-based and cell sheet-based tissue engineering 
contribute to the enhancement of cell transplanting ef fi ciency, resulting in the induc-
tion of effective therapy. These cell-based regenerative therapies have promising 
and enormous possibilities for curing cardiovascular injury, and the clinical trials 
have been started. This chapter summarizes cell-based therapies including (1) cell 
injection therapy and (2) scaffold-based and (3) cell sheet-based tissue engineering. 
In addition, cell sources are also discussed.  

     Keywords   Cardiovascular injury  •  Cell injection therapy  •  Scaffold-based tissue 
engineering  •  Cell sheet-based tissue engineering  •  Organ engineering      

    9.1   Introduction 

 Although various clinical therapies for cardiovascular injuries including acute/
chronic myocardial infarction and dilated cardiomyopathy are performed in the 
various  fi elds for treating many patients suffering these diseases at present, many 
lives are still lost due to cardiovascular injury  [  1  ] . Cell-based regenerative medicine 
is focused as an alternative and novel therapy for curing severe cardiovascular 
injury. Cell therapy by the direct injection of dissociated cells has been performed 

    Y.   Haraguchi   •     T.   Shimizu   •     M.   Yamato   •     T.   Okano ,  PhD   (*)
     Institute of Advanced Biomedical Engineering and Science, 
TWIns, Tokyo Women’s Medical University ,
  8-1 Kawada-cho, Shinjuku-ku ,  Tokyo ,  Japan    
e-mail:  tokano@abmes.twmu.ac.jp   

    Chapter 9   
 Cell-Based Therapy for Cardiovascular Injury       

         Yuji   Haraguchi,       Tatsuya   Shimizu,       Masayuki   Yamato, and       Teruo   Okano           



208 Y. Haraguchi et al.

clinically  [  2–  6  ] . More recently, tissue engineering is developed and expected to be 
as a second generation cell-based regenerative therapy for cardiovascular injury 
 [  7–  9  ] . Joseph P. Vacanti and Robert Langer are the pioneer of tissue engineering, 
which allows three-dimensional (3D) tissue to be fabricated by seeding living cells 
into 3D scaffolds, an alternative for extracellular matrix (ECM)  [  10  ] . In addition to 
scaffold-based tissue engineering, a scaffold-free tissue engineering, called “cell 
sheet engineering,” has also been developed  [  11,   12  ] . These tissue engineering ther-
apies give a good therapeutic effect for cardiovascular injury in various animal models 
and have been performed clinically. 

 Myocardial infarction is caused by the stenosis of coronary arteries providing 
oxygen and nutrients to the heart tissue and the necrosis of the enormous number of 
pulsatile cardiac cells, cardiomyocytes, found in the infarction areas  [  13,   14  ] . The 
enormous cell necrosis may lead to various negative heart-tissue remodeling includ-
ing (1) the decrease of ventricular wall thickness, (2) ventricular dilatation, (3) the 
decrease of ventricular contractile function, and (4) tissue  fi brosis  [  15,   16  ] . Dilated 
cardiomyopathy is characterized by a cardiac chamber dilation associated with 
impaired systolic and diastolic functions and may also lead several negative heart-
tissue remodeling  [  14,   17  ] . Generally, virus infection, autoimmunity, or genetic 
abnormality is thought to be a trigger for dilated cardiomyopathy  [  14,   18  ] . These 
cardiovascular injuries may induce  fi nally lethal cardiovascular injuries and sudden 
death. While the tissue regeneration may be spontaneously occurred during these 
events of the negative remodeling, the regeneration is insuf fi cient. The inhibition of 
the negative remodeling and neovascularization in damaged tissue are generally 
thought to be important in the improvement of symptom.  

    9.2   Injection Therapy of Dissociated Cells 

    9.2.1   Skeletal Myoblasts 

 Autologous cell sources are particularly important because immunological rejection 
is avoided. However, at present, clinical trials using human autologous cardiomyo-
cytes have been unaccomplished. Skeletal myoblasts are used  fi rstly as an autolo-
gous cell source for repairing heart tissue both at experimental and clinical trials 
 [  2,   16,   19  ] . Skeletal myoblasts can easily and rapidly increase in vitro and have a 
relatively hypoxia-resistant character. Skeletal myoblast injection via epicardium 
for patients undergoing coronary artery bypass grafting is performed, and the phase 
I clinical trial shows (1) the feasibility of the cell therapy and (2) the increase of the 
risk of ventricular arrhythmias  [  2,   20,   21  ] . The phase II trial shows that the injection 
of skeletal myoblasts fails to signi fi cantly improve the cardiac function, though the 
clinical trial suggests an encouraging possibility that the injection of higher cell 
numbers may recover left ventricular (LV) dilatation  [  3  ] . On the other hand, Opie 
and Dib show clinically the functional ef fi cacy of catheter-based skeletal myoblast 
injection via endocardium  [  4  ] .  
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    9.2.2   Cardiac Stem Cells 

 Cardiac stem cells (CSCs) are found in adult heart, which consequently have a 
renewal ability at a normal state  [  22,   23  ] . The annual rate of turning over is known 
to be decreased by aging (the rates at the age of 25 and 75 are approximately 1 and 
0.45 %, respectively)  [  24  ] . Because (1) spontaneous heart-tissue regeneration by the 
expansion of CSCs after heart damage is insuf fi cient and (2) newly formed cardio-
myocytes in vivo are unable to substitute damaged myocardial tissues, the isolation 
and in vitro expansion of CSCs are necessary. Lee et al. have succeeded to isolate 
cardiospheres or cardiosphere-derived cells (CDCs) from endomyocardial biopsies 
and injected these cells to hearts in damaged heart model pigs autologously  [  25  ] . 
The intramyocardial injections of cardiospheres or CDCs provide (1) the signi fi cant 
improvement of LV ejection fraction (EF) and (2) the increase of LV septal wall 
thickness. No deaths and no tumors are found at 8 weeks after the injection of CDCs 
or cardiospheres. A phase I clinical trial using autologous CSCs has shown that 
intracoronary injection of CSCs in patients with chronic ischemic cardiomyopathy 
and severe heart failure is feasible, safe, and apparently highly ef fi cacious in improving 
LV systolic function  [  6  ] .  

    9.2.3   Bone Marrow- and Peripheral Blood-Derived Cells 

 Bone marrow- and peripheral blood-derived cells are the most used as cell sources 
for the clinical therapy of cardiovascular injury  [  5,   15,   26,   27  ] . Bone marrow- and 
peripheral blood-derived cells are consisted of several cells, namely, monocytes, 
hematopoietic stem cells, and endothelial progenitor cells (EPCs). EPCs can be 
isolated from bone marrow, peripheral blood, and umbilical cord blood  [  28,   29  ] . 
The transplantation of EPCs induces neovascularization, which can increase a blood 
perfusion rate into ischemic tissues. For example, the transplantation of EPCs 
induces neovascularization and the increase of blood  fl ow in the ischemic hind limb 
of a rat model  [  29  ] . In vitro and in vivo human EPCs are known to differentiate into 
smooth muscle cells, cardiomyocytes, as well as endothelial cells (ECs)  [  30,   31  ] . 
However, the ef fi ciency of cardiac differentiation is extremely low (0.4 ± 0.03 %), 
and the differentiation of EPCs into cardiomyocytes is unable to be con fi rmed by 
another group  [  32,   33  ] . Bone marrow cells also contain mesenchymal stem cells 
(MSCs). Although MSCs are a rare population (between 0.01 and 0.001 %) in bone 
marrow, MSCs can expand rapidly in vitro  [  34  ] . Bone marrow-derived MSCs have 
a multipotency including cardiac differentiation  [  15  ] . 

 The transplantations of skeletal myoblasts, CSCs, and bone marrow- and periph-
eral blood-derived cells are expected to allow these cells to directly contribute to the 
pulsatile of damaged heart. However, there is no evidence that skeletal myoblasts 
can differentiate into cardiomyocytes. In addition, although CSCs, EPCs, and MSCs 
have the potential of cardiac differentiation in terms of RNA and protein expressions, 
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there is no evidence clearly showing the differentiation into pulsatile cardiomyo-
cytes. Thus, the transplantations of these cells are generally speculated to contribute 
to the inhibition of negative heart-tissue remodeling and neovascularization by their 
cytokines/chemokines, which are related to angiogenesis, anti- fi brosis, anti-apopto-
sis, and stem cell recruiting, produced by these cells. 

 Many clinical trials for cardiovascular injury using bone marrow- and peripheral 
blood-derived cells show a satisfactory safety, particularly with regard to arrhyth-
mias. On the other hand, the meta-analysis studies of injection therapies using bone 
marrow- and peripheral blood-derived cells show the modest improvements of car-
diac functions [the increases of LVEF are 3.0–3.7 %; the reductions of LV end-sys-
tolic volumes, 4.7–7.4 mL; the reductions of myocardial lesion areas, 3.5–5.6 %] 
 [  5,   26,   35,   36  ] . The modest ef fi cacies may be insuf fi cient for an accepted level which 
general clinicians may approve as a dependable cell-based therapy. Cell injection 
therapy has markedly dif fi culties in allowing injected cells to be delivered to target 
cardiac tissue and preserving the large amount of the cells on the location (Fig.  9.1 ). 
Many injected cells die and vanish after the transplantation, and only 7–10 % injected 
cells are found in the infarcted myocardium 3–4 days after the transplantation 
 [  37,   38  ] . In a clinical trial, a large percentage of injected cells are found in the liver 
and spleen, but not cardiac tissue, immediately after the transplantation  [  39  ] . 
Therefore, more effective methods are desired for spreading the cell-based 

(1) Skeletal myoblasts, (2) Bone marrow cells, (3) Peripheral blood
cells, (4) Mesenchymal stem cells, (5) Endothelial progenitor cells,

(6) Cardiac stem cells, and  (7) Cardiomyocytes (ESCs/iPSCs-derived)

Direct injection

Cell shedding and death
Difficulties in controlling their shape and
size

Modest efficacies

Searches of more efficient methods

Tissue engineering
Damaged heart

Problems

  Fig. 9.1    Cell sources and a direct injection therapy for cardiovascular injury. Various cells are 
used for cell therapies. Although the direct injection therapy using dissociated cells shows a fea-
sible ef fi cacy in some cases, the therapy has some drawbacks. Tissue engineering has emerged for 
overcoming the drawbacks       
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 regenerative therapy as a credible therapy for cardiovascular injury. Various trials to 
increase the therapeutic effect have been performed. Although, for example, only 
1.3–2.6 % injected unselected bone marrow cells are detected in the cardiac tissue 
of patients with cardiovascular injury, 14–39 % CD34-positive cells puri fi ed from 
bone marrow-derived cells are detected in the tissue  [  39  ] . In addition, peripheral 
blood-derived CD34-positive cells also exhibit a superior ef fi cacy for improving 
cardiac functions after myocardial infarction than unselected peripheral blood-
derived cells  [  40  ] . Recently, Gavira et al. have shown that the repeated injection of 
skeletal myoblasts induces (1) more signi fi cant improvements in cardiac functions, 
(2) the increase of tissue vascularization, and (3) the decrease of  fi brosis than the 
single injection in a porcine infarction model  [  41  ] . The most focused methodology 
for clearing the problem of cell loss is tissue engineering, which is summarized in 
details in the following chapter.    

    9.3   Tissue Engineering 

    9.3.1   Scaffold-Based Tissue Engineering 

 Recently, tissue engineering has been focused as a new generational cell-based ther-
apy for cardiovascular injury  [  42–  44  ] . Most popular approach of tissue engineering 
is based on a concept that (1) biodegradable 3D scaffolds are used as an alternative 
for ECM and (2) cells are seeded into the scaffolds (Fig.  9.2a ). Piao et al. have fab-
ricated 3D tissue by seeding rat bone marrow-derived mononuclear cells into a bio-
degradable poly-glycolide-co-caprolactone (PGCL) scaffold  [  45  ] . The transplantation 
of bone marrow cell-seeded PGCL scaffold effectively attenuates LV remodeling 
and LV systolic dysfunction in a rat infarction model via the induction of neovascu-
larization and the differentiation of stem cells into cardiomyocytes. Zimmermann 
et al. have fabricated 3D tissue by a gelling mixture of cells and hydrogel solution 
(Fig.  9.2b )  [  9  ] . Tan et al. have used decellularized small intestinal submucosa (SIS) 
as a 3D scaffold (Fig.  9.2c )  [  46  ] . Though the transplantations of both SIS and MSC-
seeded SIS into the heart of an infarcted rabbit model induce a signi fi cant improve-
ment in the heart function, the MSC-seeded SIS is found to be more effective. The 
migration of MSCs from SIS into the infarcted area and the differentiation of MSCs 
into cardiomyocytes and smooth muscle cells are observed. A clinical trial by using 
an autologous mononuclear bone marrow cell-seeded 3D collagen type I matrix has 
been performed  [  47  ] . There are no lethality and no related adverse events after the 
transplantation. The clinical therapy shows feasible ef fi cacies: (1) the improvement 
of New York Heart Association functional class (NYHA FC), from 2.3 ± 0.5 to 
1.4 ± 0.3; (2) the decrease of LV end-diastolic volume, from 142 ± 24 to 117 ± 21 mL; 
(3) the improvement of LV  fi lling deceleration time, from 162 ± 7 to 196 ± 8 ms; (4) 
the increase of scar area thickness, from 6 ± 1.4 to 9 ± 1.5 mm; and (5) the improve-
ment of EF, from 25 ± 7 to 33 ± 5 %.   
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    9.3.2   Cell Sheet-Based Tissue Engineering 

    9.3.2.1   Temperature-Responsive Culture Surface 

 Our laboratory has developed originally a temperature-responsive cell culture sur-
face, which is covalently grafted with a temperature-responsive polymer, poly( N -
isopropylacrylamide), and cell sheet-based scaffold-free tissue engineering using the 
unique culture surface (Fig.  9.2d )  [  11,   12,   48,   49  ] . Con fl uent cells on a temperature-
responsive culture dish spontaneously detach themselves as an intact cell sheet by 
reducing culture temperature (Fig.  9.3 ). Importantly, cell sheets can conserve their 
cell-cell junctions, cell-surface proteins, and ECM  [  50–  52  ] . Therefore, (1) 3D tissue 
can be easily fabricated by layering cell sheets without any scaffolds, and (2) a lay-
ered 3D tissue can adhere to host tissues without suture and other materials.   

    9.3.2.2   Skeletal Myoblast Sheet 

 Autologous skeletal myoblast sheets are already used in various damaged heart ani-
mal models. Memon et al .  have compared the therapeutic effects of the transplanta-
tion of skeletal myoblast sheets with that of skeletal myoblast injection using a rat 
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  Fig. 9.2    Fabrication of three-dimensional cardiac tissue using tissue engineering. Three-
dimensional (3D) tissues can be fabricated by various approaches; ( a ) cells are seeded and cultured 
on a porous/ fi brous scaffold; ( b ) gelation of hydrogel including cells on a mold; ( c ) recellulariza-
tion on a decellularized native tissues/organ; ( d ) the stacking of cell sheets without scaffolds       
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model  [  53  ] . The transplantation of skeletal myoblast sheets gives signi fi cant thera-
peutic effects: (1) the improvements of LVEF and fractional shortening (FS) and (2) 
the signi fi cant reduction of  fi brosis in comparison to the injection of skeletal myo-
blasts, while the skeletal myoblast injection also induces the improvement of heart 
functions and the reduction of  fi brosis in comparison to the medium-injected con-
trol. The signi fi cant recovery of anterior wall thickness is also observed in only the 
cell sheet-transplantation group. The productions of angiogenesis-related cytokines 
[vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF)] 

a

Confluent cells
on temperature-

responsive culture dish 

c

b

Detaching
cell sheet

d

e

Detached cell sheet

  Fig. 9.3    A monolithic cell sheet detaching itself from a temperature-responsive culture dish by 
reducing culture temperature. Con fl uent cells on a temperature-responsive culture dish ( a ) are 
detached as an intact cell sheet ( b ,  c ) without cell residues ( d ) by decreasing culture temperature 
to 20°C. ( e ) A monolithic cell sheet detached from the temperature-responsive culture dish. The 
dish is a 100-mm culture dish       
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and a chemokine [stromal cell-derived factor-1 (SDF-1)] from implanted skeletal 
myoblast sheets may be one of the causes of the therapeutic effects. VEGF is a 
strong angiogenesis factor, HGF has an anti-remodeling activity including anti-
apoptosis and anti- fi brosis in infarcted heart as well as angiogenesis, and gene ther-
apies using these cytokines have already performed clinically for ischemic 
cardiovascular injury  [  54–  58  ] .    SDF-1 recruits hematopoietic stem cells and EPCs 
expressing CXC chemokine receptor 4 (CXCR4), which is the receptor of SDF-1, 
and also induces angiogenesis in vivo via the recruitment of ECs and upregulates 
CXCR4 levels after VEGF stimulation  [  59–  61  ] . Memon et al. have con fi rmed that 
the skeletal-myoblast-sheet transplantation gives higher enormous therapeutic 
effects than dissociated cell injection. While thicker 3D tissues are expected to give 
higher signi fi cant therapeutic effects, the fabrication of thicker cell sheet constructs, 
without microvessel networks, induces cell necrosis within the tissues because of 
the insuf fi cient supply of oxygen and nutrition. Sekiya et al. have demonstrated that 
the transplantation of a quintuplet-layered skeletal myoblast sheet is optimal in the 
improvement of cardiac function  [  62  ] . In a dilated cardiomyopathy hamster model, 
the transplantation of skeletal myoblast sheets also provides (1) the improvement of 
cardiac performances, (2) the reduction of  fi brosis, and (3) the prolongation the life 
span of the animals  [  63  ] . In large animal models (a pacing-induced canine dilated 
cardiomyopathy heart failure model and a porcine ischemic myocardium model), 
skeletal-myoblast-sheet transplantations give the improvements of cardiac func-
tions and the reducing of negative cardiac remodeling  [  64,   65  ] . Based on these 
encouraging results in these animal models, clinical trials using autologous skeletal 
myoblast sheets are now in progress.  

    9.3.2.3   Adult Stem/Progenitor Cell Sheets 

 Various autologous cells including adult stem/progenitor cells are also used as the 
cell sources of cell therapy for cardiovascular injury in various animal models. 
Adipose tissue-derived stem cells, which express surface antigens similar to bone 
marrow-derived MSCs, have an angiogenesis activity and can also differentiate into 
cardiomyocytes  [  66,   67  ] . Miyahara et al .  have fabricated cell sheets using adipose 
tissue-derived MSCs  [  68  ] . The transplantation of the MSC sheets gives (1) the 
improvements of cardiac performances, (2) the reversal of cardiac wall thinning, 
and (3) the prolongation of survival after myocardial infarction in a rat infarcted 
model. MSC sheets produce a large amount of angiogenesis-related cytokines 
(VEGF and HGF), and interestingly, in vivo a single-layer MSC sheet onto rat 
infarcted heart induces the formation of new and numerous blood vessels and grows 
to be approximately 600  m m thicker tissue. However, in vivo cardiac differentiation 
from the implanted MSCs is scarcely observed. Imanishi et al. have fabricated cell 
sheets using adipocytes differentiated from adipose tissue-derived progenitor cells 
and showed that the transplantation of the induced adipocyte cell sheets onto mouse 
acute myocardial infarction hearts gives the attenuations of (1) infarct size, (2) 
in fl ammation, and (3) negative LV remodeling  [  69  ] . Cytokines (VEGF, HGF, and 
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adiponectin) produced from the implanted cell sheets may contribute to the thera-
peutic effects after the transplantation. Adiponectin is an adipose-derived plasma 
protein and protects cardiovascular tissues under stress conditions through several 
mechanisms: (1) the increase of angiogenesis and the inhibitions of (2) apoptosis, 
(3) in fl ammation, (4)  fi brosis, and (5) cardiac hypertrophy  [  70–  73  ] . Hida et al. have 
isolated some stem cells from human menstrual blood, and the stem cells also 
express surface antigens similar to bone marrow- and adipose tissue-derived stem 
cells  [  74  ] . Interestingly, cocultivating with mouse cardiac cells induces an effective 
differentiation from the stem cells into spontaneous beating cardiomyocytes. The 
transplantation of the human stem cell sheets also gives (1) the signi fi cant recovery 
of damaged cardiac function and (2) the decreasing of myocardial infarction area in 
a nude rat infarcted model. Matsuura et al. have isolated Sca-1-positive CSCs from 
an adult mouse using a magnetic cell sorting (MACS) system and fabricated CSC 
sheets  [  75  ] . The transplantation of CSC sheets improves damaged heart function 
through the ef fi cient cardiomyocyte differentiations from the stem cells and its para-
crine effects mediated via the secretion of soluble vascular cell adhesion molecule 
1 (VCAM-1), which induces (1) the migrations of ECs and CSCs and (2) the depres-
sion of cardiomyocyte death from oxidative stress. Bone marrow-derived stem cell 
sheets are also successfully fabricated, and their transplantations into large animal 
models are now in progress in several laboratories including our laboratory.   

    9.3.3   Pulsatile 3D Cardiac Tissue 

    9.3.3.1   Fabrication of Cardiac Tissue Using Tissue Engineering 

 Most autologous stem/progenitor cells can hardly differentiate into beating cardio-
myocytes. The therapeutic effects of these cells are generally thought to be mainly 
caused by the paracrine effects of various factors including cytokines/chemokines 
secreted from the transplanted cells as described above. The transplantation of pulsa-
tile cardiac tissue grafts is expected to contribute to the mechanical support of dam-
aged heart via electrical and functional couplings. Several groups fabricate 3D 
cardiac tissue, which can beat spontaneously in vitro, using 3D scaffolds (gelatin 
sponges or porous alginate scaffolds) and neonatal rat cardiac cells  [  7,   8  ] . Zimmermann 
et al. have fabricated pulsatile 3D myocardial tissue by a gelling mixture of neonatal 
rat cardiac cells and collagen solution  [  9,   76  ] . Those engineered 3D cardiac tissue 
grafts contract constantly and spontaneously in vitro and even after in vivo transplan-
tation. In animal models, after being transplanted, engineered cardiac tissue shows an 
electrical coupling with the host myocardium without arrhythmia and survived for a 
long time  [  76  ] . Well-formed myo fi bers with typical striations, gap junctions, and a 
large number of blood vessels are observed within the implanted graft  [  8  ] . On the 
other hand, 3D scaffolds are gradually degraded in vivo. In animal infarcted models, 
the transplantation of the engineered myocardial tissue graft provides the improve-
ments of damaged cardiac functions including (1) the attenuation of LV dilatation, 



216 Y. Haraguchi et al.

(2) the induction of systolic wall thickening of LV, (3) the improvement of FS, and 
(4) the recovery of LV contractility  [  8,   76  ] . The trials of better functional cardiac tis-
sue fabrication by the optimization of the scaffolds are also reported  [  77,   78  ] . 

 Three-dimensional cardiac tissue can be also easily fabricated by layering cardiac 
cell sheets, which are prepared from neonatal rat cardiac cells on the temperature-
responsive culture surface  [  79  ] . (1) A cardiac cell sheet beats synchronously, (2) an 
electroconnective 3D myocardial tissue can be fabricated by layering cardiac cell 
sheets, and (3) the 3D tissue can adhere to host tissues without suture  [  79,   80  ] . The 
electrical and functional couplings of two cardiac cell sheets are established via a gap 
junction formed at 30–40 min after the layering  [  81  ] . The transplantation of layered 
cardiac cell sheets onto rat heart induces the establishments of electrical and functional 
connections between the implanted cardiac cells and the host heart  [  80  ] . The transplan-
tation of layered cardiac cell sheets into damaged hearts provides (1) a signi fi cant 
increase in LV wall thickness, (2) decreases in cross-sectional LV area and LV end-
systolic area, (3) signi fi cant improvements in LVEF and FS, and (4) the reductions of 
 fi brosis/necrosis in scar area  [  82  ] . After cell grafting, a signi fi cantly greater numbers of 
mature capillaries and the decrease of the numbers of apoptotic cells are observed in 
the cardiac cell sheet-transplantation group compared to the injection of dissociated 
cardiac cells  [  83  ] . In addition, cell sheet transplantation is found to be consistently 
yielded a greater cell survival than cell injection by the analysis of in vivo biolumines-
cence imaging (more than ten times at 4 weeks after the transplantations).    The  signi fi cant 
improvements of cardiac functions—(1) the decrease of LV end-systolic diameter, (2) 
the improvement of FS, and (3) the improvement of end-diastolic anterior wall thick-
ness—are also observed in the cardiac cell sheet-transplantation group compared with 
the injection of dissociated cardiac cells. Sekine et al. have also reported that EC 
 cocultivation within cardiac cell sheets provides a higher therapeutic effect via pre-
vascular networks and the production of angiogenesis-related cytokines, such as VEGF, 
basic  fi broblast growth factor (bFGF), and HGF  [  84  ] .  

    9.3.3.2   Human Cell Sources of Beating Cardiomyocytes 

 At present, clinical available beating human cardiomyocytes have been unestab-
lished. Human embryonic stem cells (ESCs)  [  85  ]  and induced pluripotent stem cells 
(iPSCs), which are an emerging technology for overcoming the several drawbacks of 
ESCs  [  86–  88  ] , are attractive and focused worldwide because those stem cells can 
differentiate into beating cardiomyocytes. Cardiac differentiation from the stem cells 
can be induced several methods, such as (1) embryoid body formation, (2) cultiva-
tion by media including fetal bovine serum, (3) cultivation with the supplementation 
of several cytokines including activin A and bone morphogenetic protein 4 (BMP-4), 
and (4) cocultivation with visceral endoderm-like cells, END2 cells, or using the 
conditioned culture medium of END2 cells  [  87,   89–  93  ] . Various researches for pro-
moting cardiac differentiation from human ESCs/iPSCs have been performed, and several 
factors including (1) ascorbic acid, (2) cyclosporine A, (3) p38 mitogen-activated 
protein kinase (MAPK) inhibitor, and (4) granulocyte colony-stimulating factor 
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(G-CSF) are reported to have the potential  [  91,   94–  97  ] . Because the contamination 
of immature stem cells could lead to teratoma formation after in vivo transplantation, 
the puri fi cation of differentiated cardiomyocytes from a heterogeneous cell mixture 
and the removal of immature stem cells are important. Various researches have been 
performed concerning the puri fi cation and enrichment of differentiated cardiomyo-
cytes, for example, (1) the usage of Percoll gradient centrifugation, (2) the usage of 
gene-modi fi ed stem cells harboring drug resistance gene in the cardiac-speci fi c gene 
locus, (3) the usage of a  fl uorescent dye that labels mitochondria, and (4) the usage 
of speci fi c cell-surface markers [activated leukocyte cell adhesion molecule 
(ALCAM), vascular cell adhesion molecule 1 (VCAM-1), and signal-regulatory pro-
tein alpha (SIRPA)], and some methods show a puri fi cation rate of cardiomyocytes 
near 100 %  [  95,   98–  104  ] . After the transplantation, human stem cell-derived cardio-
myocytes survive for a long term, these cardiomyocytes can integrate with the host 
heart tissue, and furthermore, the transplantation of these cells is focused to improve 
cardiac functions in damaged heart animal models  [  105–  109  ] . Stevens et al. have 
fabricated scaffold-free 3D cardiac tissue by the self-assembly of human ESC-
derived cardiomyocytes using a rotational orbital shaker, and the cardiac tissue shows 
a spontaneous and synchronous beating  [  110  ] . In cases of these stem cells, there are 
other problems, such as an immune rejection (ESCs), an ethical problem (ESCs), a 
tumorigenicity (iPSCs), and the chromosomal integration/insertion of exogenous 
genes (iPSCs), which still have to be solved before their clinical trials. However, 
these problems are going to be solved by the various efforts of many researchers 
 [  111–  115  ] , and clinical trials using ESCs have been started in the  fi elds of the regen-
erative medicine of other tissues. In the near future, human ESC/iPSC-derived car-
diomyocytes must be used in clinical application for cardiovascular injury, and these 
therapies using pulsatile cells are expected to provide remarkable ef fi cacies.    

    9.4   Challenging Trials: From Tissue Engineering 
to Organ Engineering 

 Challenging trials for fabricating organs from tissues have been started. Our labora-
tory succeeds to fabricate a thicker cardiac tissue (the thickness is approximate 1 mm) 
by using a 1-day interval polysurgery method using cardiac cell sheets in vivo  [  116  ] . 
The polysurgery method can overcome the limitation of the viable size of 3D tissues 
due to hypoxia, nutrient insuf fi ciency, and waste accumulation. Fabricated 3D cardiac 
tissue with a well-organized microvascular network can pulsate macroscopically and 
synchronously even after resection. Hata et al. have fabricated a cardiac tissue with a 
thickness of approximately 800  m m by combining cardiac cell sheets with cardiac 
cell-seeded decellularized porcine SIS  [  117  ] . Furthermore, the trials of in vitro fabri-
cation of vascularized thicker cardiac tissue have been started. Ko fi dis et al. have fab-
ricated  fi brin gel-based cardiac tissue containing rat cardiac cells and natural vessels 
(rat aortas), through which culture media was perfused, and cellular viability and 
metabolism within the thicker tissue are improved  [  118  ] . Mixing of human 
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ESC-derived cardiomyocytes, human ESC-derived ECs (or human umbilical vein 
ECs), and embryonic  fi broblasts induce the generation of signi fi cant capillary net-
works within engineered cardiac tissue  [  119  ] . Embryonic  fi broblasts decrease EC 
death and increase the proliferation, and the presence of EC capillaries increases a 
cardiomyocyte proliferation. Our laboratory succeeds in fabricating the tubular-like 
structure of native microvasculature within 3D tissue containing ECs fabricated using 
different several co-culture systems in vitro  [  120–  122  ] . Our laboratory is now trying 
to promote an EC tubular formation within in vitro engineered cardiac tissue and to 
perfuse culture media through the newly formed vessels using perfusion bioreactors. 

 As a further advanced therapy for cardiovascular injury, an attempt to fabricate a 
pulsatile tubular structure having an ability to act as an independent cardiac assist 
device is performing. Pulsatile cardiac tubes in vivo and in vitro are fabricated by 
using a novel cell sheet-wrapping device  [  123,   124  ] . When neonatal rat cardiac cell 
sheets are sequentially wrapped around a resected rat thoracic aorta and transplanted 
in the place of the abdominal aorta of athymic rats, the cardiac tubes around the 
abdominal aorta can produce a circulatory supportive blood pressure, which is much 
greater than values generated by in vitro cardiac tubes, which produced inner pres-
sure (in vivo 5.9 ± 1.7 mmHg vs. in vitro 0.11 ± 0.01 mmHg)  [  123,   124  ] . The beating 
tubes are composed of cardiac tissue that resembled to native heart, namely, mature 
myo fi laments and elongated sarcomeres  [  123  ] . The hypertrophy of functional car-
diac tube is suggested to be induced by a mechanical stretching due to the host 
blood  fl ow pulsation. Therefore, the application of mechanical load either in vitro or 
in vivo seems to be necessary for fabricating a powerful pulsatile cardiac tube. In 
addition, several efforts to fabricate thicker cardiac tissue should induce to create 
more powerful cardiac tubes that can generate independent pressures that are 
suf fi cient for the circulatory support of damaged hearts. As the next stage, our labo-
ratory is now trying to apply the use of newer and more advanced pacing devices to 
synchronize the graft beatings with the host hearts to examine their effects on the 
host hemodynamics. Furthermore, the optimization of the pacing conditions in 
infarction models may be able to improve their heart failure after myocardial dam-
age. Ott et al. have fabricated 3D cardiac tissue by reseeding neonatal rat cardiac 
cells into a decellularized rat whole heart by coronary perfusion with detergents 
 [  125  ] . When the 3D cardiac tissue survives up to 28 days by coronary perfusion in 
a bioreactor that simulates myocardial physiology, at day 4, the macroscopic con-
tractions of the tissues are observed, and at day 8, with a physiological load and 
electrical stimulation, the tissue can generate its pumping function, which is compa-
rable to approximately 2 % of adult or 25 % of 16-week fetal heart function.  

    9.5   Conclusions 

 As the  fi rst generation of cell therapy for cardiovascular injury, many clinical trials 
using the injection therapy of dissociated cells have been already performed. In 
addition, scaffold-based and cell sheet-based tissue engineering have now emerged 
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as the second generation, and previous studies indicate that they have powerful 
potentials for improving damaged heart over the therapeutic effects of cell injection 
therapy. In the near future, the further development of cell sourcing and scaling-up 
technologies could allow us to fabricate (1) pulsatile thicker cardiac tissue using 
human cardiomyocytes, which can contribute to the pulsation of heart, and (2) car-
diac tube, which can assist strongly original blood circulation. Finally, the accumu-
lations and improvements of those researches and technologies may realize organ 
engineering, the “fabrication of bioengineered hearts.”      

  Acknowledgement   We appreciate the useful comments and technical criticism of Dr. Norio 
Ueno (Institute of Advanced Biomedical Engineering and Science, TWIns, Tokyo Women’s 
Medical University). This work was supported by grants from the Global Center of Excellence 
Program, Multidisciplinary Education and Technology and Research Center for Regenerative 
Medicine (MERCREM), Innovation Center for Fusion of Advanced Technologies in the Special 
Coordination Funds for Promoting Science, and the High-Tech Research Center Program from the 
Ministry of Education, Culture, Sports Science, and Technology (MEXST), Japan, and the Japan 
Society for the Promotion of Science (JSPS) through the “Funding Program for World-Leading 
Innovative R&D on Science and Technology (FIRST Program),” initiated by the Council for 
Science and Technology Policy (CSTP).  

   References 

    1.    Venugopal JR, Prabhakaran MP, Mukherjee S et al (2012) Biomaterial strategies for alleviation 
of myocardial infarction. J R Soc Interface 9:1–19  

    2.    Menasche P, Hagege AA, Scorsin M et al (2001) Myoblast transplantation for heart failure. 
Lancet 357:279–280  

    3.    Menasche P, Al fi eri O, Janssens S et al (2008) The myoblast autologous grafting in ischemic 
cardiomyopathy (MAGIC) trial:  fi rst randomized placebo-controlled study of myoblast trans-
plantation. Circulation 117:1189–1200  

    4.    Opie SR, Dib N (2006) Surgical and catheter delivery of autologous myoblasts in patients with 
congestive heart failure. Nat Clin Pract Cardiovasc Med 3:S42–S45  

    5.    Alaiti MA, Ishikawa M, Costa MA (2010) Bone marrow and circulating stem/progenitor cells 
for regenerative cardiovascular therapy. Transl Res 156:112–129  

    6.    Bolli R, Chugh AR, D’Amario D et al (2011) Cardiac stem cells in patients with ischae-
mic cardiomyopathy (SCIPIO): initial results of a randomised phase 1 trial. Lancet 378:
1847–1857  

    7.    Li RK, Jia ZQ, Weisel RD et al (1999) Survival and function of bioengineered cardiac grafts. 
Circulation 100:II63–II69  

    8.    Leor J, Aboula fi a-Etzion S, Dar A et al (2000) Bioengineered cardiac grafts: a new approach 
to repair the infarcted myocardium? Circulation 102:III56–III61  

    9.    Zimmermann WH, Schneiderbanger K, Schubert P et al (2002) Tissue engineering of a dif-
ferentiated cardiac muscle construct. Circ Res 90:223–230  

    10.    Langer R, Vacanti JP (1993) Tissue engineering. Science 260:920–926  
    11.    Matsuda N, Shimizu T, Yamato M, Okano T (2007) Tissue engineering based on cell sheet 

technology. Adv Mater 19:3089–3099  
    12.    Masuda S, Shimizu T, Yamato M, Okano T (2008) Cell sheet engineering for heart tissue 

repair. Adv Drug Deliv Rev 60:277–285  
    13.       Brueckner JK, Carmichael SW, Gest TR, Granger NA, Hansen JT, Walji AH (2006) In: Netter 

FH (ed) Atlas of human anatomy, Thorax 4th edn. Elsevier Science, Philadelphia  



220 Y. Haraguchi et al.

    14.    Ou L, Li W, Liu Y et al (2010) Animal models of cardiac disease and stem cell therapy. Open 
Cardiovasc Med J 4:231–239  

    15.    Soejitno A, Wihandani DM, Kuswardhani RA (2010) Clinical applications of stem cell therapy 
for regenerating the heart. Acta Med Indones 42:243–257  

    16.    Mazo M, Pelacho B, Prósper F (2010) Stem cell therapy for chronic myocardial infarction. 
J Cardiovasc Transl Res 3:79–88  

    17.    del Corsso C, Campos de Carvalho AC (2011) Cell therapy in dilated cardiomyopathy: from 
animal models to clinical trials. Braz J Med Biol Res 44:388–393  

    18.    Maron BJ, Towbin JA, Thiene G et al (2006) Contemporary de fi nitions and classi fi cation of the 
Cardiomyopathies: an American Heart Association Scienti fi c Statement from the Council on 
Clinical Cardiology, Heart Failure and Transplantation Committee; Quality of Care and 
Outcomes Research and Functional Genomics and Translational Biology Interdisciplinary 
Working Groups; and Council on Epidemiology and Prevention. Circulation 113:1807–1816  

    19.    Taylor DA, Atkins BZ, Hungspreugs P et al (1998) Regenerating functional myocardium: 
improved performance after skeletal myoblast transplantation. Nat Med 4:929–933  

    20.    Menasche P (2009) Stem cell therapy for heart failure: are arrhythmias a real safety concern? 
Circulation 119:2735–2740  

    21.    Hagège AA, Marolleau JP, Vilquin JT et al (2006) Skeletal myoblast transplantation in ischemic 
heart failure: long-term follow-up of the  fi rst phase I cohort of patients. Circulation 114:
I108–I113  

    22.    Beltrami AP, Barlucchi L, Torella D et al (2003) Adult cardiac stem cells are multipotent and 
support myocardial regeneration. Cell 114:763–776  

    23.    Oh H, Bradfute SB, Gallardo TD et al (2003) Cardiac progenitor cells from adult myocardium: 
homing, differentiation, and fusion after infarction. Proc Natl Acad Sci USA 100:12313–12318  

    24.    Bergmann O, Bhardwaj RD, Bernard S et al (2009) Evidence for cardiomyocyte renewal in 
humans. Science 324:98–102  

    25.    Lee ST, White AJ, Matsushita S et al (2011) Intramyocardial injection of autologous cardiospheres 
or cardiosphere-derived cells preserves function and minimizes adverse ventricular remodeling in 
pigs with heart failure post-myocardial infarction. J Am Coll Cardiol 57:455–465  

    26.    Martin-Rendon E, Brunskill SJ, Hyde CJ et al (2008) Autologous bone marrow stem cells to 
treat acute myocardial infarction: a systematic review. Eur Heart J 29:1807–1818  

    27.    Sekiguchi H, Ii M, Losordo DW (2009) The relative potency and safety of endothelial progenitor 
cells and unselected mononuclear cells for recovery from myocardial infarction and ischemia. 
J Cell Physiol 219:235–242  

    28.    Asahara T, Murohara T, Sullivan A et al (1997) Isolation of putative progenitor endothelial 
cells for angiogenesis. Science 275:964–967  

    29.    Murohara T, Ikeda H, Duan J et al (2000) Transplanted cord blood-derived endothelial precur-
sor cells augment postnatal neovascularization. J Clin Invest 105:1527–1536  

    30.    Yeh ET, Zhang S, Wu HD et al (2003) Transdifferentiation of human peripheral blood CD34+-
enriched cell population into cardiomyocytes, endothelial cells, and smooth muscle cells 
in vivo. Circulation 108:2070–2073  

    31.    Badorff C, Brandes RP, Popp R et al (2003) Transdifferentiation of blood-derived human 
adult endothelial progenitor cells into functionally active cardiomyocytes. Circulation 107:
1024–1032  

    32.    Gruh I, Beilner J, Blomer U et al (2006) No evidence of transdifferentiation of human endothe-
lial progenitor cells into cardiomyocytes after coculture with neonatal rat cardiomyocytes. 
Circulation 113:1326–1334  

    33.    Koyanagi M, Bushoven P, Iwasaki M et al (2007) Notch signaling contributes to the expression 
of cardiac markers in human circulating progenitor cells. Circ Res 101:1139–1145  

    34.    Pittenger MF, Martin BJ (2004) Mesenchymal stem cells and their potential as cardiac thera-
peutics. Circ Res 95:9–20  

    35.    Lipinski MJ, Biondi-Zoccai GG, Abbate A et al (2007) Impact of intracoronary cell therapy on 
left ventricular function in the setting of acute myocardial infarction: a collaborative system-
atic review and meta-analysis of controlled clinical trials. J Am Coll Cardiol 50:1761–1767  



2219 Cell-Based Therapy for Cardiovascular Injury

    36.    Abdel-Latif A, Bolli R, Tleyjeh IM et al (2007) Adult bone marrow-derived cells for cardiac 
repair: a systematic review and meta-analysis. Arch Intern Med 167:989–997  

    37.    Zhang M, Methot D, Poppa V et al (2001) Cardiomyocyte grafting for cardiac repair: graft cell 
death and anti-death strategies. J Mol Cell Cardiol 33:907–921  

    38.    Suzuki K, Murtuza B, Beauchamp JR et al (2004) Dynamics and mediators of acute graft attri-
tion after myoblast transplantation to the heart. FASEB J 18:1153–1155  

    39.    Hofmann M, Wollert KC, Meyer GP et al (2005) Monitoring of bone marrow cell homing into 
the infarcted human myocardium. Circulation 111:2198–2202  

    40.    Kawamoto A, Iwasaki H, Kusano K et al (2006) CD34-positive cells exhibit increased potency 
and safety for therapeutic neovascularization after myocardial infarction compared with total 
mononuclear cells. Circulation 114:2163–2169  

    41.    Gavira JJ, Nasarre E, Abizanda G et al (2010) Repeated implantation of skeletal myoblast in a 
swine model of chronic myocardial infarction. Eur Heart J 31:1013–1021  

    42.    Zimmermann WH, Cesnjevar R (2009) Cardiac tissue engineering: implications for pediatric 
heart surgery. Pediatr Cardiol 230:716–723  

    43.    Vunjak-Novakovic G, Tandon N, Godier A et al (2010) Challenges in cardiac tissue engineer-
ing. Tissue Eng Part B Rev 16:169–187  

    44.       Atala A, Lanza R, Thomson JA, Nerem R (2011) Principles of regenerative medicine. In: 
Radisic M, Michael VM (eds) Cardiac tissue, 2nd edn. Elsevier Science, Philadelphia  

    45.    Piao H, Kwon JS, Piao S et al (2007) Effects of cardiac patches engineered with bone marrow-
derived mononuclear cells and PGCL scaffolds in a rat myocardial infarction model. 
Biomaterials 28:641–649  

    46.    Tan M, Zhi YW, Wei RQ et al (2009) Repair of infarcted myocardium using mesenchymal 
stem cell seeded small intestinal submucosa in rabbits. Biomaterials 30:3234–3240  

    47.    Chachques JC, Trainini JC, Lago N et al (2007) Myocardial assistance by grafting a new 
bioarti fi cial upgraded myocardium (MAGNUM clinical trial): one year follow-up. Cell 
Transplant 16:927–934  

    48.    Yamada N, Okano T, Sakai H et al (1990) Thermo-responsive polymeric surface: control of 
attachment and detachment of cultured cells. Makromol Chem Rapid Commun 11:571–576  

    49.    Okano T, Yamada H, Sakai H, Sakurai Y (1993) A novel recovery system for cultured cells 
using plasma-treated polystyrene dishes grafted with poly ( N -isopropylacrylamide). J Biomed 
Mater Res 27:1243–1251  

    50.    Kushida A, Yamato M, Konno C et al (1999) Decrease in culture temperature releases mono-
layer endothelial cell sheets together with deposited  fi bronectin matrix from temperature-
responsive culture surfaces. J Biomed Mater Res 45:355–362  

    51.    Nishida K, Yamato M, Hayashida Y et al (2004) Functional bioengineered corneal epithelial 
sheet grafts from corneal stem cells expanded ex vivo on a temperature-responsive cell culture 
surface. Transplantation 77:379–385  

    52.    Ohashi K, Yokoyama T, Yamato M et al (2007) Engineering functional two- and three-dimen-
sional liver systems in vivo using hepatic tissue sheets. Nat Med 13:880–885  

    53.    Memon IA, Sawa Y, Fukushima N et al (2005) Repair of impaired myocardium by means of implan-
tation of engineered autologous myoblast sheets. J Thorac Cardiovasc Surg 130:1333–1341  

    54.    Liu Y, Rajur K, Tolbert E, Dworkin LD (2000) Endogenous hepatocyte growth factor ameliorates 
chronic renal injury by activating matrix degradation pathways. Kidney Int 58:2028–2043  

    55.    Taniyama Y, Morishita R, Aoki M et al (2001) Therapeutic angiogenesis induced by human 
hepatocyte growth factor gene in rat and rabbit hindlimb ischemia models: preclinical study 
for treatment of peripheral arterial disease. Gene Ther 8:181–189  

    56.    Li Y, Takemura G, Kosai K et al (2003) Postinfarction treatment with an adenoviral vector 
expressing hepatocyte growth factor relieves chronic left ventricular remodeling and dysfunc-
tion in mice. Circulation 107:2499–2506  

    57.    Hinkel R, Trenkwalder T, Kupatt C (2011) Gene therapy for ischemic heart disease. Expert 
Opin Biol Ther 11:723–737  

    58.    Lavu M, Gundewar S, Lefer DJ (2011) Gene therapy for ischemic heart disease. J Mol Cell 
Cardiol 50:742–750  



222 Y. Haraguchi et al.

    59.    Salcedo R, Wasserman K, Young HA (1999) Vascular endothelial growth factor and basic 
 fi broblast growth factor induce expression of CXCR4 on human endothelial cells: in vivo neo-
vascularization induced by stromal-derived factor-1alpha. Am J Pathol 154:1125–1135  

    60.    Askari AT, Unzek S, Popovic ZB et al (2003) Effect of stromal-cell-derived factor 1 on stem-cell 
homing and tissue regeneration in ischaemic cardiomyopathy. Lancet 362:697–703  

    61.    Yamaguchi J, Kusano KF, Masuo O et al (2003) Stromal cell-derived factor-1 effects on ex 
vivo expanded endothelial progenitor cell recruitment for ischemic neovascularization. 
Circulation 107:1322–1328  

    62.    Sekiya N, Matsumiya G, Miyagawa S et al (2009) Layered implantation of myoblast sheets 
attenuates adverse cardiac remodeling of the infarcted heart. J Thorac Cardiovasc Surg 138:
985–993  

    63.    Kondoh H, Sawa Y, Miyagawa S et al (2006) Longer preservation of cardiac performance by 
sheet-shaped myoblast implantation in dilated cardiomyopathic hamsters. Cardiovasc Res 
69:466–475  

    64.    Hata H, Matsumiya G, Miyagawa S et al (2006) Grafted skeletal myoblast sheets attenuate 
myocardial remodeling in pacing-induced canine heart failure model. J Thorac Cardiovasc 
Surg 132:918–924  

    65.    Miyagawa S, Saito A, Sakaguchi T et al (2010) Impaired myocardium regeneration with skel-
etal cell sheets – a preclinical trial for tissue-engineered regeneration therapy. Transplantation 
90:364–372  

    66.    Planat-Bénard V, Menard C, André M et al (2004) Spontaneous cardiomyocyte differentiation 
from adipose tissue stroma cells. Circ Res 94:223–229  

    67.    Gimble JM, Katz AJ, Bunnell BA (2007) Adipose-derived stem cells for regenerative medi-
cine. Circ Res 100:1249–1260  

    68.    Miyahara Y, Nagaya N, Kataoka M et al (2006) Monolayered mesenchymal stem cells repair 
scarred myocardium after myocardial infarction. Nat Med 12:459–465  

    69.    Imanishi Y, Miyagawa S, Maeda N et al (2011) Induced adipocyte cell-sheet ameliorates 
 cardiac dysfunction in a mouse myocardial infarction model: a novel drug delivery system for 
heart failure. Circulation 124:S10–S17  

    70.    Scherer PE, Williams S, Fogliano M et al (1995) A novel serum protein similar to C1q, 
 produced exclusively in adipocytes. J Biol Chem 270:26746–26749  

    71.    Hu E, Liang P, Spiegelman BM (1996) AdipoQ is a novel adipose-speci fi c gene dysregulated 
in obesity. J Biol Chem 271:10697–10703  

    72.    Maeda K, Okubo K, Shimomura I et al (1996) CDNA cloning and expression of a novel adi-
pose speci fi c collagen-like factor, apM1 (AdiPose most abundant gene transcript 1). Biochem 
Biophys Res Commun 221:286–289  

    73.    Shibata R, Ouchi N, Murohara T (2009) Adiponectin and cardiovascular disease. Circ J 73:
608–614  

    74.    Hida N, Nishiyama N, Miyoshi S et al (2008) Novel cardiac precursor-like cells from human 
menstrual blood-derived mesenchymal cells. Stem Cells 26:1695–1704  

    75.    Matsuura K, Honda A, Nagai T et al (2009) Transplantation of cardiac progenitor cells ame-
liorates cardiac dysfunction after myocardial infarction in mice. J Clin Invest 119:2204–2217  

    76.    Zimmermann WH, Melnychenko I, Wasmeier G et al (2006) Engineered heart tissue grafts 
improve systolic and diastolic function in infarcted rat hearts. Nat Med 12:452–458  

    77.    Zhao YS, Wang CY, Li DX et al (2005) Construction of a unidirectionally beating 3-dimen-
sional cardiac muscle construct. J Heart Lung Transplant 24:1091–1097  

    78.    Engelmayr GC Jr, Cheng M, Bettinger CJ et al (2008) Accordion-like honeycombs for tissue 
engineering of cardiac anisotropy. Nat Mater 7:1003–1010  

    79.    Shimizu T, Yamato M, Isoi Y et al (2002) Fabrication of pulsatile cardiac tissue grafts using a 
novel 3-dimensional cell sheet manipulation technique and temperature-responsive cell culture 
surfaces. Circ Res 90:e40  

    80.    Sekine H, Shimizu T, Kosaka S et al (2006) Cardiomyocyte bridging between hearts and bio-
engineered myocardial tissues with mesenchymal transition of mesothelial cells. J Heart Lung 
Transplant 25:324–332  



2239 Cell-Based Therapy for Cardiovascular Injury

    81.    Haraguchi Y, Shimizu T, Yamato M et al (2006) Electrical coupling of cardiomyocyte sheets 
occurs rapidly via functional gap junction formation. Biomaterials 27:4765–4774  

    82.    Miyagawa S, Sawa Y, Sakakida S et al (2005) Tissue cardiomyoplasty using bioengineered 
contractile cardiomyocyte sheets to repair damaged myocardium: their integration with 
recipient myocardium. Transplantation 80:1586–1595  

    83.    Sekine H, Shimizu T, Dobashi I et al (2011) Cardiac cell sheet transplantation improves dam-
aged heart function via superior cell survival in comparison with dissociated cell injection. 
Tissue Eng Part A 17:2973–2980  

    84.    Sekine H, Shimizu T, Hobo K et al (2008) Endothelial cell coculture within tissue-engineered 
cardiomyocyte sheets enhances neovascularization and improves cardiac function of ischemic 
hearts. Circulation 118:S145–S152  

    85.    Thomson JA, Itskovitz-Eldor J, Shapiro SS et al (1998) Embryonic stem cell lines derived 
from human blastocysts. Science 282:1145–1147  

    86.    Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic 
and adult  fi broblast cultures by de fi ned factors. Cell 126:663–676  

    87.    Takahashi K, Tanabe K, Ohnuki M et al (2007) Induction of pluripotent stem cells from adult 
human  fi broblasts by de fi ned factors. Cell 131:861–872  

    88.    Yu J, Vodyanik MA, Smuga-Otto K et al (2007) Induced pluripotent stem cell lines derived 
from human somatic cells. Science 318:1917–1920  

    89.    Kehat I, Kenyagin-Karsenti D, Snir M et al (2001) Human embryonic stem cells can differ-
entiate into myocytes with structural and functional properties of cardiomyocytes. J Clin 
Invest 108:407–414  

    90.    Mummery C, Ward-van Oostwaard D, Doevendans P et al (2003) Differentiation of human 
embryonic stem cells to cardiomyocytes: role of coculture with visceral endoderm-like cells. 
Circulation 107:2733–2740  

    91.    Graichen R, Xu X, Braam SR et al (2008) Enhanced cardiomyogenesis of human embryonic 
stem cells by a small molecular inhibitor of p38 MAPK. Differentiation 76:357–370  

    92.    Yang L, Soonpaa MH, Adler ED et al (2008) Human cardiovascular progenitor cells develop 
from a KDR+ embryonic-stem-cell-derived population. Nature 453:524–528  

    93.    Yoshida Y, Yamanaka S (2011) iPS cells: a source of cardiac regeneration. J Mol Cell Cardiol 
50:327–332  

    94.    Passier R, Oostwaard DW, Snapper J et al (2005) Increased cardiomyocyte differentiation 
from human embryonic stem cells in serum-free cultures. Stem Cells 23:772–780  

    95.    Xu XQ, Graichen R, Soo SY et al (2008) Chemically de fi ned medium supporting cardiomyo-
cyte differentiation of human embryonic stem cells. Differentiation 76:958–970  

    96.    Shimoji K, Yuasa S, Onizuka T et al (2010) G-CSF Promotes the proliferation of developing 
cardiomyocytes in vivo and in derivation from ESCs and iPSCs. Cell Stem Cell 6:227–237  

    97.    Fujiwara M, Yan P, Otsuji TG et al (2011) Induction and enhancement of cardiac cell differ-
entiation from mouse and human induced pluripotent stem cells with Cyclosporin-A. PLoS 
One 6:e16734  

    98.    Xu C, Police S, Rao N, Carpenter MK (2002) Characterization and enrichment of cardiomyo-
cytes derived from human embryonic stem cells. Circ Res 91:501–508  

    99.    La fl amme MA, Gold J, Xu C et al (2005) Formation of human myocardium in the rat heart 
from human embryonic stem cells. Am J Pathol 167:663–671  

    100.    Kita-Matsuo H, Barcova M, Prigozhina N et al (2009) Lentiviral vectors and protocols for 
creation of stable hESC lines for  fl uorescent tracking and drug resistance selection of cardio-
myocytes. PLoS One 4:e5046  

    101.    Rust W, Balakrishnan T, Zweigerdt R (2009) Cardiomyocyte enrichment from human embry-
onic stem cell cultures by selection of ALCAM surface expression. Regen Med 4:225–237  

    102.    Hattori F, Chen H, Yamashita H et al (2010) Nongenetic method for purifying stem cell-
derived cardiomyocytes. Nat Methods 7:61–66  

    103.    Dubois NC, Craft AM, Sharma P et al (2011) SIRPA is a speci fi c cell-surface marker for 
isolating cardiomyocytes derived from human pluripotent stem cells. Nat Biotechnol 29:
1011–1018  



224 Y. Haraguchi et al.

    104.    Uosaki H, Fukushima H, Takeuchi A et al (2011) Ef fi cient and scalable puri fi cation of cardio-
myocytes from human embryonic and induced pluripotent stem cells by VCAM1 surface 
expression. PLoS One 6:e23657  

    105.    Kehat I, Khimovich L, Caspi O et al (2004) Electromechanical integration of cardiomyocytes 
derived from human embryonic stem cells. Nat Biotechnol 22:1282–1289  

    106.    Caspi O, Huber I, Kehat I et al (2007) Transplantation of human embryonic stem cell-derived 
cardiomyocytes improves myocardial performance in infarcted rat hearts. J Am Coll Cardiol 
50:1884–1893  

    107.    Dai W, Field LJ, Rubart M et al (2007) Survival and maturation of human embryonic stem 
cell-derived cardiomyocytes in rat hearts. J Mol Cell Cardiol 43:504–516  

    108.    La fl amme MA, Chen KY, Naumova AV et al (2007) Cardiomyocytes derived from human 
embryonic stem cells in pro-survival factors enhance function of infarcted rat hearts. Nat 
Biotechnol 25:1015–1024  

    109.    van Laake LW, Passier R, Monshouwer-Kloots J et al (2007) Human embryonic stem cell-
derived cardiomyocytes survive and mature in the mouse heart and transiently improve function 
after myocardial infarction. Stem Cell Res 1:9–24  

    110.    Stevens KR, Pabon L, Muskheli V, Murry CE (2009) Scaffold-free human cardiac tissue 
patch created from embryonic stem cells. Tissue Eng Part A 15:1211–1222  

    111.    Wakayama T, Tabar V, Rodriguez I et al (2001) Differentiation of embryonic stem cell lines 
generated from adult somatic cells by nuclear transfer. Science 292:740–743  

    112.    Nakagawa M, Koyanagi M, Tanabe K et al (2008) Generation of induced pluripotent stem 
cells without Myc from mouse and human  fi broblasts. Nat Biotechnol 26:101–106  

    113.    Nakagawa M, Takizawa N, Narita M et al (2010) Promotion of direct reprogramming by 
transformation-de fi cient Myc. Proc Natl Acad Sci USA 107:14152–14157  

    114.    Kim D, Kim CH, Moon JI et al (2009) Generation of human induced pluripotent stem cells 
by direct delivery of reprogramming proteins. Cell Stem Cell 4:472–476  

    115.    Warren L, Manos PD, Ahfeldt T et al (2010) Highly ef fi cient reprogramming to pluripotency 
and directed differentiation of human cells with synthetic modi fi ed mRNA. Cell Stem Cell 
7:618–630  

    116.    Shimizu T, Sekine H, Yang J et al (2006) Polysurgery of cell sheet grafts overcomes diffusion 
limits to produce thick, vascularized myocardial tissues. FASEB J 20:708–710  

    117.    Hata H, Bar A, Dorfman S et al (2010) Engineering a novel three-dimensional contractile myo-
cardial patch with cell sheets and decellularised matrix. Eur J Cardiothorac Surg 38:450–455  

    118.    Ko fi dis T, Lenz A, Boublik J et al (2003) Pulsatile perfusion and cardiomyocyte viability in 
a solid three-dimensional matrix. Biomaterials 24:5009–5014  

    119.    Caspi O, Lesman A, Basevitch Y et al (2007) Tissue engineering of vascularized cardiac 
muscle from human embryonic stem cells. Circ Res 100:263–272  

    120.    Sekiya S, Muraoka M, Sasagawa T et al (2010) Three-dimensional cell-dense constructs 
containing endothelial cell-networks are an effective tool for in vivo and in vitro vascular 
biology research. Microvasc Res 80:549–551  

    121.    Sasagawa T, Shimizu T, Sekiya S et al (2010) Design of prevascularized three-dimensional cell-
dense tissues using a cell sheet stacking manipulation technology. Biomaterials 31:1646–1654  

    122.    Asakawa N, Shimizu T, Tsuda Y et al (2010) Pre-vascularization of in vitro three-dimen-
sional tissues created by cell sheet engineering. Biomaterials 31:3903–3909  

    123.    Sekine H, Shimizu T, Yang J et al (2006) Pulsatile myocardial tubes fabricated with cell sheet 
engineering. Circulation 114:I87–I93  

    124.    Kubo H, Shimizu T, Yamato M et al (2007) Creation of myocardial tubes using cardiomyo-
cyte sheets and an in vitro cell sheet-wrapping device. Biomaterials 28:3508–3516  

    125.    Ott HC, Matthiesen TS, Goh SK et al (2008) Perfusion-decellularized matrix: using nature’s 
platform to engineer a bioarti fi cial heart. Nat Med 14:213–221      



225M.K. Danquah, R.I. Mahato (eds.), Emerging Trends in Cell and Gene Therapy,
DOI 10.1007/978-1-62703-417-3_10, © Springer Science+Business Media New York 2013

  Abstract   To bring the notion of cardiac regenerative medicine to fruition, research-
ers have tried to determine which stem cells, embryonic stem (ES) cells or somatic 
stem cells, are most suitable. Thus far, there is no clear indication which is better, 
because both have their own advantages and disadvantages. In 2006, murine induced 
pluripotent stem (iPS) cells were  fi rst established. Since then, basic research into the 
properties of iPS cells has continued apace. Originally, human iPS cells were gener-
ated from dermal  fi broblasts by retrovirus-mediated gene transfer. Although this 
technique is sophisticated and easy to perform, the skin biopsy is accompanied by 
some bleeding and pain, and there may be some damage to the host genome because 
of retrovirus-mediated transgene integration. However, methods of producing iPS 
cells have improved steadily. For clinical application in the cardiovascular  fi eld, 
ef fi cient methods that produce pluripotent stem cells that can differentiate into car-
diomyocytes need to be developed. Existing methods for ES cells can be applied to 
iPS cells to obtain cardiomyocyte differentiation. In addition, existing puri fi cation 
methods can be used to obtain pure cardiomyocytes from a population of mixed 
cells. These techniques have themselves been the subject of extensive research, and 
continued advances are now making the clinical application of pluripotent stem 
cells a reality. We are at the forefront of medical innovations in the cardiovascular 
 fi eld based on the use of pluripotent stem cells.  
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    10.1   Introduction 

 It is known that mammalian cardiomyocytes have a limited capacity to regenerate, 
and there have been problems achieving adult mammalian cardiomyocyte regenera-
tion under both physiological and pathologic conditions  [  1–  3  ] . Although recent evi-
dence indicates that the adult human heart has a limited capacity for regeneration 
 [  4,   5  ] , it remains dif fi cult to control cardiac regeneration in diseased human heart 
 [  6,   7  ] . As such, cell transplantation therapy appears to be most appropriate for the 
diseased heart. For cardiac regenerative medicine, using cell replacement therapy to 
become a viable option, which of the stem cells is most suitable (i.e., embryonic 
stem (ES) or somatic stem cells), needs to be determined. Thus far, there is no clear 
consensus as to which is better, because each has its own advantages and disadvan-
tages. Various classes of bone marrow (BM)-derived and cardiac-derived cells, 
including cardiac stem cells, are currently employed in clinical trials. Over the past 
10 years, researchers have applied various BM-derived stem/progenitor cells for 
cardiac reparative therapy in animal studies. Currently, human BM-derived cells are 
injected into patients with proven safety and improvement of cardiac function and 
multiple clinical end points  [  8  ] . Resident cardiac stem cells, which are also cur-
rently in a phase I clinical trial, are alternative candidates for cardiac regenerative 
medicine  [  9,   10  ] . Somatic stem cell transplantation certainly has bene fi cial effects 
on cardiac functional recovery in diseased heart. However, the proliferative and dif-
ferentiation abilities of somatic stem cells are not suf fi cient to enable complete 
recovery of cardiac function in severely damaged human hearts using cell replace-
ment therapy with the current technology. This chapter therefore focuses on the 
potential of ES and iPS cells in the context of cardiac repair.  

    10.2   Potential and Challenges of iPS Cells: Comparison 
with ESC 

 Although ES cells are promising pluripotent cells with a strong proliferative capac-
ity, there are ethical considerations that constrain the use (and destruction) of early 
human embryos to establish new human ES cells; furthermore, the ES cells do not 
display the autologous genotype of the patients in whom they are to be used  [  11  ] . In 
an attempt to overcome these problems and yet to maintain pluripotent stem cell 
characteristics, many studies have investigated various techniques, such as cell 
fusion and somatic nuclear transplantation; however, as yet, none has progressed to 
successful clinical application  [  12,   13  ] . In 2006, the  fi rst report of the establishment 
of murine induced pluripotent stem (iPS) cells was published  [  14  ] . In 2007, human 
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iPS cells were generated from human adult somatic cells using the gene transfer of 
 OCT3 / 4 ,  SOX2 ,  KLF4 ,  and c - MYC   [  15,   16  ] . The ability to generate iPS cells that 
exhibit pluripotency and have the ability to differentiate has created an alternative to 
the use of ES cells, which are hampered by ethical problems and their autogenic 
genetic background  [  14–  16  ] . The morphology, growth characteristics, and pluripo-
tency of murine iPS cells are similar to those of ES cells. Moreover, the germline 
competency of iPS cells has been demonstrated using the  cis -element of  Nanog  as a 
selection marker  [  17  ] . Based on promising similarities between ES cells and iPS 
cells, we expected that human iPS cells could provide a future cell source for car-
diac regenerative medicine. Because of the similarities between iPS and ES cells, 
we are able to apply current knowledge regarding the differentiation of ES cells into 
cardiomyocytes, the puri fi cation of cardiomyocytes, and transplantation technolo-
gies for cardiac regeneration therapy to human iPS cells.  

    10.3   Methods Used to Generate iPS 

 The direct reprogramming of somatic cells to produce iPS cells represents the most 
signi fi cant recent advance in stem cell biology and future regenerative medicine 
 [  14–  16  ] . In terms of the clinical use of iPS cells, there are some important issues 
regarding which cell types should be used for reprogramming and how these cells 
are reprogrammed. In order to generate human iPS cells consistently in the clinical 
setting, suf fi cient cell source material needs to be collected from patients using the 
least invasive procedure possible. Most common routine methods used to generate 
iPS cells use retrovirus- or lentivirus-mediated gene transfer into recipient cell 
sources (Fig.  10.1 ). Using these methods, it is inevitable that genomic integration of 
transgenes occurs, which may result in unexpected problems, such as oncogenic 
and functional disturbances. Because the generation of human somatic cells without 
genomic integration of extrinsic genes is highly desirable, we need to overcome the 
problems associated with the collection of cell sources and eliminate any risk of 
transgene integration into the host genome.  

    10.3.1   Methods Used to Generate iPS: Donor Cells 

 In mice, there are many cell types that can be reprogrammed into iPS cells, includ-
ing embryonic  fi broblasts  [  17  ] , adult tail-tip  fi broblasts (TTFs)  [  18  ] , hepatocytes, 
gastric epithelial cells  [  19  ] , pancreatic cells  [  20  ] , neural stem cells  [  21–  23  ] , and B 
lymphocytes  [  24  ] . In humans, dermal  fi broblasts are mainly used to derive human 
iPS cells  [  15,   16  ] . However, recent studies have shown that other human somatic 
cells, such as keratinocyte stem cells  [  25  ] , adipose stem cells  [  26  ] , dental stem cells 
 [  27  ] , neural stem cells  [  28  ] , and hematopoietic stem/progenitor cells  [  29,   30  ] , can 
also be used. However, the main source remains somatic stem cells, and it is dif fi cult 
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Conventional human iPS cell generation method
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  Fig. 10.1    Diagram showing conventional methods used to generate induced pluripotent stem 
(iPS) cells. Initially, a skin biopsy is performed and the dermis is isolated from the biopsied sam-
ple. The minced dermis is placed on a cell culture dish and  fi broblast cells emerge after approxi-
mately 20 days. The reprogramming factors are introduced into the  fi broblasts using retrovirus- and/
or lentivirus-mediated methods. Finally, iPS cells are obtained with transgene genomic 
integration       
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to obtain human somatic stem cells using minimally invasive procedures. For use in 
a clinical setting, the ideal method to generate iPS cells needs to be minimally inva-
sive, easy to perform, ef fi cient, safe, and reliable. To achieve these goals, a novel 
method was developed using a combination of activated T cells in culture and Sendai 
virus (SeV) encoding human  OCT3 / 4 ,  SOX2 ,  KLF4 , and  c - MYC   [  31  ] . The sampling 
of peripheral blood is one of the least invasive routine procedures performed in clin-
ics, and T cells are easily cultured in vitro from the peripheral blood mononuclear 
cells (PBMCs) using a plate-bound anti-CD3 monoclonal antibody and recombinant 
interleukin (IL)-2  [  32  ] . SeV was ef fi ciently transfected into activated T cells  [  33  ] , 
and the combination of activated T-cell culture and SeV-mediated gene transfer suc-
cessfully generated human iPS cells  [  31  ] . Similar studies also reported that human 
immobilized peripheral blood cells, especially T cells, could be reprogrammed into 
iPS cells  [  34–  37  ] . Many factors determine the ef fi ciency of human iPS cell genera-
tion, such as transgene expression dosage and recipient cell type. Interactions between 
the transgene delivery system and the type or condition of recipient cells are also 
important. The generation of T-cell-derived iPS cell has advantages for research into 
stem cell reprogramming, immunological disorders, and the development of genetic 
markers for future applications in regenerative medicine (Fig.  10.2 ).   

    10.3.2   Methods Used to Generate iPS: Vectors 

 In terms of concerns regarding human reprogramming, we need to establish a 
method that eliminates transgene integration. To this end, there have been some 
developments re fi ning existing methods, as summarized below.

    1.    In techniques based on the use of retroviruses and lentiviruses, it has been found 
that the Cre/LoxP recombination system successfully removes transgene 
sequences  [  38  ] . Although this system successfully removes transgene sequences, 
it does leave behind residual vector sequences that can still create insertional 
mutations, and so some risks remain.  

    2.    Adenoviral vectors that mediate transient expression of transgenes have been 
used, but the ef fi ciency of this system remains very low  [  39  ] .  

    3.    SeV is a negative-sense, single-stranded RNA virus that does not integrate into 
the host genome and has been used previously for generating transgene-free 
human iPS cells  [  40  ] .  

    4.    Nonviral methods have been used successfully to generate iPS cells. The single-
vector reprogramming system combined with a  piggyBack  transposon delivery 
system for human somatic cells can achieve reprogramming ef fi ciently, with any 
exogenous reprogramming factors that remain being completely removed from 
the iPS cells using subsequent  Cre  transfection  [  41,   42  ] . However, as noted above, 
the Cre/LoxP recombination system leaves behind residual vector sequences.  

    5.    Derived from the Epstein–Barr virus, oriP/EBNA1 vectors are also well suited 
for introducing reprogramming factors into human cells  [  43  ] . The stable 
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  Fig. 10.2    Diagram showing methods used to obtain T-cell-derived induced pluripotent stem 
(TiPS) cell lines. Initially, a small blood sample is collected and mononuclear cells are separated 
by the Ficoll method. Mononuclear cells are cultured with anti-CD3 antibody and interleukin 
(IL)-2, and T cells are activated after 5 days. The reprogramming factors are introduced into acti-
vated T cells using the Sendai virus. Finally, induced pluripotent stem (iPS) cells are obtained 
without transgene genomic integration       
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 extrachromosomal replication of oriP/EBNA1 vectors in mammalian cells 
requires only a  cis -acting oriP element and a  trans -acting  EBNA1  gene. These 
plasmids can be transfected without viral packaging and can be removed without 
drug selection owing to defects in plasmid synthesis and partitioning. With this 
system, the transgene is not integrated into the human iPS cell genome, and vec-
tor- and transgene-free human iPS cells can be isolated by subcloning without 
further genetic manipulation.  

    6.    Minicircle vectors are supercoiled DNA molecules that lack a bacterial origin of 
replication and an antibiotic resistance gene; therefore, they are primarily com-
posed of a eukaryotic expression cassette. Compared with plasmids, minicircle 
vectors bene fi t from higher transfection ef fi ciencies and longer ectopic expres-
sion owing to their lower activation of exogenous silencing mechanisms. A plas-
mid that contains a single cassette of four reprogramming factors, namely,  OCT4 , 
 SOX2 ,  LIN28 , and  NANOG , each separated by sequences encoding the self-
cleaving peptide 2A, can successfully generate transgene-free iPS cells from 
adult human adipose stem cells  [  44  ] .  

    7.    To address whether it is possible to avoid viral or DNA vectors, direct protein 
delivery to somatic cells has been attempted. The human immunode fi ciency 
virus transactivator of transcription (HIV-TAT) protein contains a high propor-
tion of basic amino acids, known as a cell-penetrating peptide (CPP), and can 
penetrate the cell membrane. Direct delivery of reprogramming factor proteins 
fused with CPP successfully generates human iPS cells from somatic cells  [  45, 
  46  ] . However, this method is extremely inef fi cient and needs to be improved 
prior to consideration for clinical use.  

    8.    As a nonintegrating strategy for reprogramming, synthetic mRNA administra-
tion also accomplished the generation of human iPS cells from somatic cells 
 [  47  ] . The mRNAs were manufactured by using in vitro transcription reactions. 
A 50-guanine cap was also incorporated by inclusion of a synthetic cap analog to 
promote ef fi cient translation and boost RNA half-life in the cytoplasm.  

    9.    There are many compounds that are currently undergoing chemical screening 
that may prove to be viable substitutes for the reprogramming factors, with some 
such chemical compounds already identi fi ed  [  48–  51  ] . In the future, it may be 
that chemical compounds alone are used to reprogram human somatic cells into 
iPS cells.       

    10.4   Tumor Formation 

 Mouse iPS cells can ef fi ciently give rise to chimeric mice that are competent for 
germline transmission. However, the chimeras and their progenies have an increased 
incidence of tumor formation, primarily due to reactivation of the oncogene,  c - Myc  
 [  17  ] . It has already been proven in part that iPS cells can be generated from mouse 
and human  fi broblasts without  c - Myc , but that the ef fi ciency of such iPS cell genera-
tion is compromised  [  18  ] . Chimeric mice derived from mouse iPS cells generated 
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without  c-Myc  did not demonstrate an increased incidence of tumor formation  [  18, 
  52  ] . The iPS cells could instead be generated by transient transgene expression with-
out transgene integration into the host genome, which can be safer. These improved 
methods could decrease the risk of tumorigenicity in iPS cell-derived chimeric mice 
and enhance their promise for use in future cell transplantation therapy. 

 In terms of therapy, transplanted iPS cells are likely to carry a higher risk of tum-
origenicity than ES cells, because there may be inappropriate and insuf fi cient repro-
gramming of somatic cells, reactivation of exogenous genes, or other unknown reasons 
 [  53  ] . To circumvent the tumorigenicity of transplanted iPS cell-derived cells, a major 
effort has been made to identify factors that favor the acquisition of the differentiated 
myocyte phenotype, thereby reducing the fraction of undifferentiated iPS cells in the 
preparation. Although this approach may enhance the safety of iPS cell administra-
tion, it cannot be ignored that undifferentiated cells will persist in the preparation 
precluding the implementation of these protocols in vivo. Several attempts to reduce 
the risk of tumorigenicity maximally in regenerative medicine have been made using 
animal models. For example, studies in the nervous system minimized the risk of 
tumor formation from the grafted cells by separating contaminating pluripotent cells 
and committed neural cells using  fl uorescence-activated cell sorting (FACS)  [  54  ] . 
Another report showed that the teratoma-forming propensities of iPS cell-derived 
neural cells in recipient bodies depended on the iPS cells’ tissue of origin such as TTF, 
embryonic  fi broblast, hepatocyte, or gastric epithelial cells. TTF–iPS cell-derived 
cells showed the highest tumor-forming propensity, whereas those from MEF–iPS 
cells and gastric epithelial cell–iPS cells showed the lowest risk, being comparable to 
that from ES cells  [  55  ] . Teratoma formation by derivatives of iPS cells may be also 
affected by the methods used for reprogramming and differentiation, the site of trans-
plantation, and other factors. In the heart, it remains controversial whether iPS cell-
derived cardiomyocyte transplantation would form the teratoma. The ability of human 
ES cell-derived cardiomyocytes partially repaired myocardial infarcts and attenuated 
heart failure in a rodent model  [  56,   57  ] . However, transplantation of undifferentiated 
human ES cells resulted in the formation of teratoma  [  58  ] . In addition, rhesus ES cell-
derived cardiovascular progenitor cells were engrafted in post-myocardial-infarcted 
nonhuman primates without tumor formation  [  59  ] . These encouraging and accumu-
lating  fi ndings will guide the  fi eld in determining the best iPS cells with respect to cell 
source safety, iPS cell generation methods, differentiation methods, and transplanta-
tion cell types in animal models before embarking on human clinical trials.  

    10.5   Differentiation to Cardiomyocytes 

 Human iPS cells were generated as a substitute for human ES cells because of the 
ethical and immunological problems associated with the use of ES cells  [  14  ] . 
Because of the similarities between ES and iPS cells, the differentiation system 
used for ES cells can be applied to iPS cells. The  fi rst report of the establishment of 
a mouse ES cell line was published by Evans and Kaufman in 1981, and ES cells 
were used as a model of very early development as well as to generate genetically 
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modi fi ed mice  [  11,   60,   61  ] . In the mid-1990s, ES cell research slowly moved to the 
development of stem cell-based cell transplantation therapy using in vivo animal 
models  [  62–  64  ] . The differentiation of mouse ES cells into cardiomyocytes in vitro 
was  fi rst demonstrated in 1985 without precise characteristics  [  65  ] . Research into 
the use of ES cells in cardiac regenerative medicine was initiated after the mid-
1990s. In 1996, Klug et al. reported that stable transfection of ES cells with the 
aminoglycoside phosphotransferase gene under the control of the  a -cardiac myosin 
heavy chain promoter succeeded in purifying cardiomyocytes after differentiation 
in vitro  [  62  ] . That study shed light on the use of ES cells in cardiac regenerative 
medicine. The development of more selective and ef fi cient methods of differentiat-
ing ES cells into cardiomyocytes progressed slowly but steadily after the late 1990s 
 [  66  ] . In 1998, Thomson et al.  fi rst reported on the establishment of human ES cells 
 [  67  ] . Although ethical issues remained, human ES cells attracted signi fi cant atten-
tion for their potential in regeneration therapy  [  9  ] .  

    10.6   Methods Used to Differentiate iPS Cells 

 There have been many methods reported for the differentiation of ES cells into car-
diomyocytes. The differentiation of ES cells mimics normal embryonic develop-
ment, thereby providing essential information on developmental processes, including 
heart development. So it is generally accepted that the humoral factors that are 
essential for cardiomyogenesis in vivo will stimulate ES cells to differentiate into 
cardiomyocytes in vitro. In fact, there are generally two different strategies used to 
achieve the differentiation of pluripotent stem cells into cardiomyocytes, namely, 
the embryoid body (EB) formation system and the FACS-based system. 
Conventionally, the EB formation system is used only for spontaneous ES cell dif-
ferentiation. In this system, ES cells are moved and cultured in  fl oating or hanging 
drops to form cell aggregates and differentiate in a manner partially similar to that 
seen during normal early embryonic development. Differentiated EBs contains sev-
eral types of differentiated cells, such as cardiomyocytes, hematopoietic cells, and 
neural cells. In this system, physiological factors that promote cardiomyocyte dif-
ferentiation may increase the population of cardiomyocytes obtained from pluripo-
tent stem cells. Thus far, many factors involved in early heart development have 
been tested in the EB formation culture system with some demonstrating increased 
ef fi ciency  [  7  ] . Particular advantages of the EB formation system are that it is techni-
cally easy and suited for large-scale culture. Drawbacks include the fact that the 
EBs contain many types of cells, so the mechanism controlling differentiation is 
dif fi cult to understand, and the fact that the selection of cardiomyocytes is techni-
cally dif fi cult. The underlying concept of the FACS-based system depends on the 
collection of cardiac progenitor cells and/or mature cardiac myocytes. FACS is a 
relatively sophisticated technology and the resultant puri fi ed cardiac progenitor 
cells and mature cardiac myocytes may provide some clues as to the mechanisms 
involved in cardiomyocyte differentiation. However, in terms of its practical appli-
cation in human cardiac regenerative medicine, it is dif fi cult to obtain large numbers 



234 S. Yuasa et al.

of cardiac myocytes using the FACS system, and there is also a risk of damage to 
the sorted cells caused by the laser emission and/or the process of single-cell sort-
ing. Thus, considerable technical advances are required before the FACS-based sys-
tem becomes a practical option for cardiac regenerative medicine. 

    10.6.1   Methods Used to Differentiate iPS Cells: EB 

 The differentiation of ES cells into any cell lineage depends, in part, on the regula-
tory mechanisms underlying normal early development. Information obtained in 
genetically modi fi ed mice displaying cardiac abnormalities has provided key infor-
mation on the essential factors in embryonic heart development and cardiomyocyte 
differentiation. Many attempts have been made to utilize this information to increase 
the ef fi ciency of ES/iPS cell differentiation into cardiomyocytes. For example, early 
research showed that cardiac anomalies occur in mice lacking the receptor for retin-
oic acid (RA), a vitamin A derivative, or when vitamin A is de fi cient during embry-
onic development, suggesting vitamin A or RA is essential for cardiac differentiation 
and development  [  68–  70  ] . Furthermore, RA induces the differentiation of cardio-
myocytes from embryonal carcinoma (EC) cells in vitro in a time- and concentra-
tion-dependent manner consistent with normal development  [  71  ] . Based on these 
 fi ndings, in 1997 Wobus et al. succeeded in increasing the ef fi ciency of cardiomyo-
cyte induction by exposing ES cells to RA under strictly controlled conditions with 
respect to concentration and timing  [  64  ] . Following those  fi ndings, many basic stud-
ies have sought to elucidate cardiac differentiation mechanisms and to identify car-
diac differentiation promoting factors. 

 Although several signaling proteins, including bone morphogenetic proteins 
(BMPs)  [  72–  75  ] , Wnts  [  76–  78  ] , Notch  [  79,   80  ] , and  fi broblast growth factors 
(FGFs)  [  81  ]  are involved in heart development, little was known as to the precise 
regulatory signals that mediate the differentiation of ES cells into cardiomyocytes. 
In mouse embryos, cardiac progenitor cells appear around embryonic day (E) 7.0 
and the cardiac crescent is formed by E7.5, indicating that the growth factors 
expressed in these regions or in surrounding areas at the relevant developmental 
stage may be important for ef fi cient cardiomyocyte induction from ES/iPS cells. 
Indeed, in the past decade, many studies have investigated the effects of BMPs, 
BMP inhibitors, Wnt, Wnt inhibitors, and Notch on the induction of cardiomyo-
cyte from ES cells at speci fi c developmental stages (Table  10.1 ). The precise and 
detailed temporal and spatial regulation by those molecules has made it dif fi cult to 
experimentally elucidate cardiogenic programming. In other words, one molecule 
promotes cardiogenesis at a certain moment; however, the same molecule might 
inhibit cardiogenesis in a different moment or different place. Among those mol-
ecules, Wnt signals are known to play prominent and varied roles in cardiovascular 
development  [  82  ] . Activation of Wnt signaling downregulates the intracellular 
 degradation of  b -catenin, thereby allowing it to translocate to the nucleus and acti-
vate other transcription factors in conjunction with its cotranscription factors, the 
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LEFs/TCFs; this is the canonical Wnt pathway. In contrast, the noncanonical Wnt 
pathway has no role in regulating  b -catenin degradation, but can activate JNK and 
other signaling molecules. In the past studies, Wnt signaling had been implicated 
as an inhibitor of cardiomyocyte induction  [  83  ] . Wnt inhibitors  Crescent  and  Dkk -
 1  were expressed in the anterior endoderm during gastrulation and could induce 
the formation of beating heart muscle, while ectopic Wnt signaling repressed heart 
formation from the anterior mesoderm in vitro and in vivo  [  76,   77,   84  ] . However, 
the heart is a mesodermal organ, and the mesodermal marker  BrachyuryT  is a tar-
get of Wnt3, one of the canonical Wnt signaling ligands  [  85  ] . Therefore, it can be 
expected and was demonstrated that canonical Wnt signaling plays a positive role 
in cardiac development in vitro and in vivo  [  83  ] . In the case of ES cells, Wnt/ b -
catenin signaling has a biphasic role in that early treatment of differentiating cells 
with Wnt-3A increased cardiac differentiation through mesoderm induction and 

   Table 10.1    Cardiac differentiation promoting factors   

 Factor  Authors  Paper 

 Retinoic acid  Wobus, A.M. et al.   J. Mol. Cell Cardiol . 29, 
1525–1539 (1997) 

 Transforming growth factor  b 1  Behfar, A. et al.   FASEB J . 16, 1558–1566 (2002) 
 Fibroblast growth factors  Dell’Era, P. et al.   Circ. Res . 93, 414–420 (2003) 
 Dynorphin B  Ventura, C. et al.   Circ. Res . 92, 623–629 (2003) 
 Ascorbic acid  Takahashi, T. et al.   Circulation  107, 1912–1916 

(2003) 
 Nitric oxide  Kanno, S. et al.   Proc. Natl. Acad. Sci. USA  101, 

12277–12281 (2004) 
 Fibroblast growth factor 2 

and bone morphogenetic 
protein 2 

 Kawai, T. et al.   Circ. J . 68, 691–702 (2004) 

 Wnt11  Terami, H. et al.   Biochem. Biophys. Res. 
Commun . 325, 968–975 
(2004) 

 Noggin  Yuasa, S. et al.   Nat. Biotechnol . 23(5): 607–611 
(2005) 

 PP2 (a Src family kinase 
inhibitor) 

 Hakuno, D. et al.   J. Biol. Chem . 280, 39534–
39544 (2005) 

 Wnt3a/Wnt inhibitor  Naito, A.T. et al.   Proc. Natl. Acad. Sci. USA . 103, 
19812–19817 (2006) 

 Wnt3  Ueno, S. et al.   Proc. Natl. Acad. Sci. USA . 104, 
9685–9690 (2007) 

 Wnt3  Kwon, C. et al.   Proc. Natl. Acad. Sci. USA . 104, 
10894–10899 (2007) 

 IGFBP-4  Zhu, W. et al.   Nature . 454(7202):345–349 
(2008) 

 Cyclosporin-A  Yan, P. et al.   Biochem. Biophys. Res. 
Commun . 379(1):115–120 
(2009) 

 G-CSF  Shimoji, K. et al.   Cell Stem Cell . 6(3):227–237 
(2010) 



236 S. Yuasa et al.

late activation of beta-catenin signaling reduced cardiac differentiation  [  86–  89  ] . 
Such accumulating data have therefore indicated that it is necessary to elucidate 
precise the regulatory signaling network at play under any given circumstance in 
cardiac differentiation, as a key step in maximizing the ef fi ciency of cardiac dif-
ferentiation in ES/iPS cells.  

 Cardiomyocyte development is a multistep process that includes initial mesoder-
mal induction, the emergence of the cardiomyoblast, cardiomyoblast proliferation, 
and cardiomyocyte maturation  [  90  ] . Cardiomyocyte proliferation was therefore also 
investigated to improve the ef fi ciency of cardiomyocyte acquisition, as one of the 
most important physiological steps in heart development that is regulated by several 
growth factors and cytokines during mid-gestational heart development  [  91–  97  ] . 
These regulators act synergistically on cardiomyocyte proliferation under normal 
physiological conditions, making them popular targets to focus on in attempts to 
achieve cardiomyocyte proliferation during ES cell differentiation. In this aspect, 
developmental information can be useful. Both granulocyte colony-stimulating fac-
tor (G-CSF) and its receptor are expressed in the embryonic heart and involved in 
cardiomyocyte proliferation during development. In addition, G-CSF increased the 
number of cardiomyocytes derived from ES and iPS cells  [  98  ] . Thus, cardiomyo-
cyte proliferation-promoting factors could be used to boost cardiomyocyte yield 
from ES and iPS cells, possibly in combination with other cardiomyocyte 
 differentiation protocols (Fig.  10.3 ). Alternatively, chemical compound screening is 
underway to discover compounds able to promote cardiac differentiation and 

Embryoid bodies

Embryoid bodies

Primitive cardiomyocytes

Primitive cardiomyocytes

Mature cardiomyocytes

Mature cardiomyocytes

Cardiomyocytes proliferation

ES/iPS cells

  Fig. 10.3    Diagram showing the effects of granulocyte colony-stimulating factor (G-CSF) on car-
diomyocyte proliferation. Embryonic stem (ES)/induced pluripotent stem (iPS) cells can differen-
tiate into many cell types, including cardiomyocytes. Conventionally, primitive cardiomyocytes 
emerge spontaneously and differentiate into mature cardiomyocyte. G-CSF can promote the pro-
liferation of primitive cardiomyocytes, boosting the yield of mature cardiomyocytes       
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 proliferation. For example, Takahashi et al.  [  99  ]  showed that ascorbic acid promotes 
the induction of cardiomyocyte differentiation from ES cells.  

 Pivotal roles were also demonstrated for these factors in cardiomyocyte differen-
tiation from ES cells using cardiac myocyte differentiation systems  [  86–  89,   100–
  103  ] . However, there is no single growth factor that acts constantly throughout the 
entire process of organ induction during the development of multiple organ systems, 
suggesting that we should use a combination of the different differentiation systems 
with particular attention to  fi ne spatial and temporal regulation.  

    10.6.2   Methods Used to Differentiate iPS Cells: Techniques Used 
for Cardiomyocyte Isolation 

 Cardiomyocytes are derived from cardiovascular progenitor cells, mesodermal pro-
genitor cells, and pluripotent stem cells. Several marker genes have been reported 
for each stage, and cell surface markers are particularly useful for cell sorting with-
out genetic manipulation. Markers that can be used for cardiomyocyte progenitor 
sorting are detailed below.

    1.    Investigations into the temporal expression of the primitive streak (PS) marker 
 Brachyury , which is also a mesodermal marker, have demonstrated the sequen-
tial allocation of mesodermal cells to the hemangioblast and cardiac fates during 
embryonic development  [  104  ] . On the basis of these results, cell sorting for 
 Brachyury -positive ES cells is likely to increase the population of cells with 
cardiac differentiation potential  [  105  ] .  

    2.     ISL1 , an LIM homeodomain transcription factor, is expressed at the early stages 
of human cardiogenesis in a multipotent primordial progenitor and subsequently 
in a family of partially committed intermediate progenitors, before being down-
regulated in the fully differentiated progeny. Human ES cell-derived  ISL1 -
positive cardiovascular progenitors can give rise to cardiomyocyte, smooth 
muscle, and endothelial cell lineages  [  106  ] .  

    3.    Flk-1 (vascular endothelial growth factor receptor-2, also known as kinase insert 
domain protein receptor (Kdr)) is known as a lateral plate marker. An Flk-1-
positive cell population appears to develop as cells exit the PS and begin to 
migrate to form the cardiac crescent  [  107,   108  ] . These observations support the 
notion that the myocardial and endothelial lineages develop through a common 
Flk-1-positive progenitor from ES/iPS cells and that Flk-1-positive cells may be 
cardiac progenitor cells  [  103,   109,   110  ] .  

    4.    During screening to identify cardiogenesis-associated genes in ES cells,  Prnp , 
which encodes the cellular prion protein (PrP), is expressed in cardiomyocyte-
rich EBs. PrP is expressed at the cell surface and thus serves as an effective sur-
face marker for isolating nascent cardiomyocytes as well as cardiomyogenic 
progenitors  [  111  ] .  

    5.    Stage-speci fi c embryonic antigen 1 (SSEA-1) can be used as an index of the 
 differentiation of human ES cells as well as of the human blastocyst. Because 
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SSEA-1 is one of the earliest markers of human ES cell differentiation and loss 
of pluripotency, SSEA-1 selection enables us to isolate an early population of 
cardiovascular progenitor cells  [  59,   112  ] .  

    6.    Puri fi cation of human cardiomyocytes, as well as avoiding the contamination of 
stem cells, is an important issue for the success of cardiac regenerative medicine. 
TMRM (tetramethylrhodamine methyl ester perchlorate) is a  fl uorescent dye that 
labels mitochondria and which could be used to selectively mark ES/iPS cell-
derived cardiomyocytes. TMRM selection would thus enable the isolation of 
mature cardiomyocytes  [  113  ] . Increasing the purity of cardiomyocytes derived 
from pluripotent stem cells will reduce the risk of tumorigenicity.       

    10.7   Application of iPS Cells in Cardiac Regenerative Medicine 

 Cardiovascular diseases are important targets for regenerative medicine because 
they are associated with high morbidity and mortality  [  114  ] . Most pathological pro-
cesses that initiate irreversible heart dysfunction, such as myocardial infarction and 
cardiomyopathies, either result from or are exacerbated by a loss of heart cells. 
Because human heart lacks the capacity for self-repair, the prominent recovery of 
heart dysfunction requires the replacement of damaged cells by transplantation with 
large quantities of healthy cardiomyocytes. Recent studies have shown that human 
iPS cells can differentiate into cardiomyocyte-like cells that are similar in terms of 
their gene expression pro fi les and physiologic properties to native cardiomyocytes 
and ES cell-derived cardiomyocytes  [  115–  117  ] . These studies highlight the poten-
tial of human iPS cells in cardiovascular regenerative medicine  [  118  ] . 

 The  fi rst application of iPS cell technology for cardiac regenerative medicine is 
likely to be the transplantation of iPS cell-derived cardiomyocytes into diseased 
hearts to restore pump function. A considerable advantage of using human iPS cells 
is the possibility of creating isogenic cardiomyocytes that are genetically equivalent 
to the cells in the transplant recipient, thus avoiding immune rejection, which is 
likely to be seen with allogenic transplants (i.e., ES cell-derived cardiomyocytes 
may be rejected by the recipient’s immune system). However, transplantation of 
stem cell-derived cardiomyocytes into animal models has raised many questions 
that need to be addressed before clinical transplantation into humans, namely, 
whether ES cell-derived cardiomyocyte transplantation could improve cardiac func-
tion. La fl amme et al  [  56  ] . reported an improvement in cardiac function in 
immunode fi cient rats 4 weeks after coronary artery ligation and injection of hES 
cell-derived cardiomyocytes with prosurvival factors 4 days later. However, van 
Laake et al  [  57  ] . reported that hES cell-derived cardiomyocyte transplantation 
showed a signi fi cantly increased graft size, and a functional improvement was 
observed at 1 month, but not at 3 months  [  57  ] . Qiao et al.  [  119  ]  also reported that 
highly enriched cardiomyocytes derived from murine ES cells transplantation 
improved cardiac contractile function of infarcted rat hearts at 1 and 2 months. 
In those experiments, there were some differences, such as transplantation timing, 
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prosurvival factors, cardiomyocyte enrichment methods, transplantation cell 
 number, and immunological reactions. However, many reports showed that trans-
planted ES cell-derived cardiomyocytes survive in host hearts in some extent, and 
accumulating evidence could be used to improve those methods.    These data also 
suggest that midterm and long-term data in these kinds of experiments is essential 
in drawing conclusions on the long-term ef fi cacy of cardiac cell transplantation. 

 Integration of grafts into host tissue requires the formation of new blood ves-
sels to supply oxygen and nutrients from the circulation and several cytokines 
from vascular cells to transplanted cardiomyocytes. Vascular component cells 
such as endothelial cells and smooth muscle cells can be differentiated from ES 
and iPS cells  [  120,   121  ] . Those vascular cells can be then transplanted into an 
animal model, form vasculature, and connect with the host circulation  [  122  ] . 
Cotransplanted vascular cells with cardiomyocytes may help connect the grafts to 
the existing host vascular network and gain long-term bene fi ts. Alternatively, bi-
potent or tri-potent cardiac progenitor cells from human ES and iPS cells may be 
able to form cardiomyocytes, smooth muscle cells, and endothelial cells in situ 
 [  123  ] . Arrhythmic event is one of the main concerns in ES cell-derived cardio-
myocyte transplantation, because of the high incidence of ventricular arrhythmias 
observed in the human skeletal myoblast transplantation trials  [  124,   125  ] . To 
assess whether hES cell-derived cardiomyocyte transplantation improves cardiac 
electrical activity or can be arrhythmogenic, it is necessary to observe cardiac 
electrical activity in vivo. Human ES cell-derived cardiomyocytes, which were 
demonstrated to form gap junctions with neighboring rat cardiomyocytes, inte-
grated electrically with host cardiac tissue and did not form any signi fi cant con-
duction disturbances, suggesting that this approach is unlikely to cause fatal 
ventricular arrhythmias  [  126  ] . 

 Another cell transplantation therapy is likely to be a biological pacemaker  created 
from stem cell-derived cardiomyocytes. It is estimated that currently three million 
people have an implantable pacemaker to control cardiac rhythm disturbances, 
including sick sinus syndrome and atrioventricular block  [  127  ] . Although these 
devices treat patients successfully, there are shortcomings associated with their use, 
including cost, patient discomfort, cosmetic problems, and increased susceptibility 
to infection. These issues also have led to recent interest in the creation of a biologi-
cal pacemaker. Proof-of-concept experiments using ES cell-derived cardiomyocytes 
have been published by two groups. Xue et al. have demonstrated the pacemaking 
ability of transplanted human ES cell-derived cardiomyocytes in a guinea pig prepa-
ration  [  128  ] , and Kehat et al. have demonstrated that EBs injected into a swine 
model of complete heart block could function as an ectopic pacemaker  [  129  ] . These 
two studies con fi rmed the capacity of transplanted stem cell-derived cardiomyo-
cytes to couple with host myocardium to function as an ectopic pacemaker, alluding 
to the potential of a biological pacemaker for clinical application. However, the 
follow-up period after transplantation in both studies was relatively short (<3 weeks) 
despite the use of EBs, which contain non-cardiomyocytes or undifferentiated cells. 
A longer follow-up period is necessary to con fi rm that this technique is safe without 
any risk of tumor formation.  
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    10.8   Application of iPS Cells in the Genetic Analysis 
of Cardiac Disease 

 Human iPS cell-derived cardiomyocytes could also be used in pharmacologic test-
ing. Many cardiac- and noncardiac-acting drugs prolong action potential duration 
(APD), giving rise to acquired long QT syndrome (LQTS), which may itself result 
in the life-threatening arrhythmia torsades de pointes (TdP). The most frequent rea-
son for the removal of drugs from the market is adverse cardiac side effects 
 [  130,   131  ] . It is essential that any proarrhythmic risk is identi fi ed at an early stage 
in the drug development process, so as to de fi ne an unacceptable safety pro fi le and 
to mitigate costs. Thus, a predictive, high-throughput, cell-based, in vitro QT assay 
system is highly desirable for cardiotoxicity screens. Although patch-clamp experi-
ments are the accepted method for investigating action potential parameters and the 
precise electrophysiological properties of ion channels, the technique is time con-
suming and requires a skilled operator. Furthermore, even though currently avail-
able drug screening in heterologous expression systems is high throughput, these 
systems do not represent a native cardiac context and so may lack important acces-
sory proteins or secondary targets that may mediate relevant adverse effects. Taking 
these issues into consideration, it appears that a combination of multielectrode 
arrays (MEAs) and stem cell-derived cardiomyocytes may represent the best system 
in which to measure the surface electrogenic activities of cell clusters. The MEAs 
may be useful for recording the electrical activity of the various derivatives of 
human ES and iPS cells  [  115,   132  ] . However, these systems also have issues that 
need to be resolved. Stem cell-derived cardiomyocytes have a similar electrophysi-
ological phenotype to embryonic cardiomyocytes. Thus, the implications of 
signi fi cant phenotypic differences between these cells and adult cardiomyocytes 
should be considered. Moreover, hiPS cell-derived cardiomyocytes include distinct 
nodal and working cardiac subtypes, leading to electrophysiological heterogeneity, 
which may not re fl ect the situation in native cardiac tissues. Most cardiac ion cur-
rents undergo developmental maturation in terms of current density and properties, 
despite the fact that the gene expression patterns for each ion channel differ  [  133  ] . 
Maturation of the physiologic phenotypes of hiPS cell-derived cardiomyocytes may 
be critical for determining which cellular phase should be used for drug screening. 
Further investigations are needed to resolve these issues. 

 Finally, iPS cell-derived cardiomyocytes could be used as models of cardiac dis-
eases. Genetic cardiovascular diseases include channelopathies and cardiomyopa-
thies, which are related to abnormal electrophysiology and impaired contractility 
(Fig.  10.4 ). Genetic alterations that lead to dysfunctional cardiac ion channels are 
referred to as cardiac channelopathies. Common channelopathies include LQTS, 
Brugada syndrome, catecholaminergic polymorphic ventricular tachycardia 
(CPVT), and short QT syndrome, all of which are inherited arrhythmogenic dis-
eases caused by mutations in the genes that encode ion channels or their related 
proteins  [  134,   135  ] . The electrical instability inherent to channelopathies (i.e., QT 
prolongation and triggering activity) increases the risk of fatal arrhythmias, which 
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may lead to sudden cardiac death. One of the merits of iPS cells is that they can be 
used as patient- or disease-speci fi c stem cells, particularly in patients with geneti-
cally caused cardiac diseases. Because iPS cells derived from patients retain both 
their original genotype and phenotype, hiPS cells provide an excellent model for 
investigations into the mechanisms underlying heart disease, as well as for drug 
testing and toxicology (Fig.  10.1 ). Recently, Moretti et al. reported that patient-
speci fi c iPS cells maintained the disease genotype and recapitulated the functional 
features of the disorder  [  136  ] . They reprogrammed  fi broblasts derived from mem-
bers of a family with autosomal-dominant LQTS type 1 and created LQT1 patient-
speci fi c iPS cell-derived cardiomyocytes. These cells exhibited particular 
electrophysiological characteristics, including disease-speci fi c abnormalities in 
APD, action potential rate adaptation, and  I  

Ks
 . Furthermore, precise characterization 

of the role of a mutation in  KCNQ1  (R190Q) revealed a dominant-negative 
traf fi cking defect associated with a reduction in the  I  

Ks
  current, demonstrating the 

bene fi t of using disease-speci fi c hiPS cell-derived cardiomyocytes to investigate 
the pathogenesis of a genetic disease. To date, insights into the pathogenesis of the 
genetic arrhythmic diseases have come primarily from heterologous expression sys-
tems or genetic animal models. However, these studies often produce con fl icting 
results depending on the cell type and animal species used. Recent experiments 
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  Fig. 10.4    Potential applications for human induced pluripotent stem cell-derived cardiomyocytes 
(hiPS-CMs). hiPS-CMs were generated from healthy or diseased human  fi broblasts by transduc-
tion with de fi ned transcription factors. The hiPS-CMs are applicable to drug-screening testing and 
cell transplantation therapy. In contrast, disease-speci fi c hiPS-CMs, generated from patients with 
genetic diseases such as channelopathy and cardiomyopathy, can be used for drug-sensitivity test-
ing and understanding disease mechanisms by comprehensive analysis. Drug-sensitivity testing of 
individual patients may lead to customized therapies, and new understanding of pathogenesis may 
lead to novel therapeutic approaches       
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reported that patient-derived hiPS cell-derived cardiomyocytes recapitulated the 
phenotypic and mechanistic features of native cardiomyocytes  [  136–  138  ] . 
Furthermore, it may be possible to investigate the therapeutic action of drugs to treat 
speci fi c patients based on their in vitro effects on patient-speci fi c hiPS cell-derived 
cardiomyocytes, resulting in the establishment of patient-speci fi c drug-screening 
systems, as well as customized therapies.  

 Although many causative mutations in ion channels and related genes have been 
identi fi ed in patients with channelopathies, the genetic mutations in approximately 
40 % of LQTS patients and 70 % of Brugada syndrome patients have not been 
identi fi ed, suggesting that there are many unknown genetic abnormalities that cause 
channelopathies. Furthermore, the severity of the channelopathies varies among 
family members, implying an association between phenotypic manifestation and 
epigenetic factors, in addition to genetic factors. In this regard, drug-sensitivity test-
ing or genetic screening of disease-speci fi c human iPS cardiomyocytes may lead to 
the identi fi cation of mutations that could be targeted in new medical treatments.  

    10.9   Conclusion 

 Although the adult heart may have some potential for regeneration, it remains impos-
sible to control innate cardiac regeneration for therapeutic purposes in the diseased 
heart. Many clinical trials have been undertaken to investigate cardiac regeneration 
using adult stem cells and/or cytokines, and both clinician and patient expectations 
have been high. However, the results have been disappointing. We are now in the posi-
tion to use newly identi fi ed stem cells, namely, iPS cells, which show considerable 
potential. The realization of cardiac regeneration depends on the outcome of many 
basic experimental investigations and the subsequent application of these results to the 
clinical setting. Careful clinical trials may result in gradual, yet signi fi cant, advances 
in this  fi eld and should be performed in tandem with further intensive investigations 
with the aim of realizing cardiac regeneration therapy in the clinical setting.      
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  Abstract   The mainstay of cancer treatment remains surgery, radiotherapy, and 
cytotoxic chemotherapy, which are associated with signi fi cant side effects. Cancer 
immunotherapy, the manipulation of the immune system to eliminate tumor cells, 
has been considered for several decades as an alternative to these therapies. Among 
immunotherapeutic modalities, the perspective of using dendritic cell vaccines to 
stimulate antitumor immunity has shown some promises but also limitations. 
Dendritic cells are the most potent antigen-presenting cells of the immune system, 
playing a pivotal role in the initiation and regulation of tumor-speci fi c immune 
responses as they are endowed with the unique ability to take up, process, and pres-
ent tumor antigens to CD4 +  or CD8 +  T lymphocytes. Dendritic cells also contribute 
to the activation of natural killer cells and to the orchestration of humoral immunity. 
This unique capability has been widely exploited in cancer vaccination approaches 
against a variety of malignancies. However, tumors commonly develop so-called 
“immune escape” mechanisms including the secretion of immunosuppressive 
 molecules and/or the promotion of immunosuppressive cells such as regulatory 
T cells that impair dendritic cell functions and therefore compromise the success of 
dendritic cell vaccination. Speci fi c radio- or chemoimmunotherapeutic manipula-
tions can blunt tolerogenic cells and revert the cancer-induced immunosuppressive 
environment into a pro-in fl ammatory context that can enhance dendritic cell capa-
bility to effectively prime and sustain antitumor immune responses.  
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    11.1   Dendritic Cells as Orchestrators 
of Cancer Immunosurveillance 

 Immunity against tumors depends on a  fi nely tuned balance that involves complex and 
highly orchestrated innate and adaptive immune responses. Cancer immunotherapy 
aims at promoting tumor eradication through the activation of these immune responses. 
The major advantages of immunotherapy over conventional therapies include rela-
tively limited side effects, the speci fi c targeting of tumor cells, and the generation of a 
long-lasting memory response against tumor-speci fi c antigens  [  1–  4  ] . The unique abil-
ity of dendritic cells (DCs) to function as professional antigen-presenting cells (APC) 
has positioned them as key players in the organization and control of antitumor immu-
nity. This central role has also been the basis for the development of these cells as 
promising tools in cancer immunotherapeutic approaches  [  5,   6  ] . 

 DCs consist of a heterogeneous population of cells made of speci fi c subsets 
de fi ned by their anatomic distribution, phenotype, mode of antigen presentation, 
and cytokine production pro fi le  [  7–  9  ] . DCs serve as sentinels that continuously take 
up antigens in peripheral tissues and migrate to the secondary lymphoid organs 
(lymph nodes, spleen) where they present processed antigenic proteins or lipids on 
major histocompatibility complexes (MHC) class I or class II or on CD1d antigen-
presenting molecules  [  2,   8  ] . In an appropriate pro-in fl ammatory environment, anti-
gen presentation by DC results in T cell proliferation and differentiation into CD8 +  
cytotoxic (CTL) or CD4 +  helper (Th) effector T lymphocytes. This clonal expansion 
and activation of CTL and Th cells eventually leads to the elimination of target cells 
expressing the speci fi c antigens. The differentiation of effector T lymphocytes 
toward a de fi ned subset (Th-1, Th-2, Th-17, Treg) depends on the DC subset, on the 
level of activation of DC, and on the nature of the cytokines they secrete  [  2,   8–  11  ] . 
DCs are also endowed with the capacity of modulating the function of other effector 
immune cells such as NK, B, or NKT cells  [  12–  15  ] . However, although essential for 
the generation of adaptive immune response, DC can also participate in the mecha-
nisms of immune tolerance, thereby playing a central role in the control of autoim-
munity  [  16–  20  ] . These “tolerogenic” DCs may anergize effector T lymphocytes 
 [  17,   21,   22  ] , promote FoxP3 +  regulatory T cells (Treg), or drive the differentiation 
of anergic IL-10-secreting immunosuppressive Tr-1 cells  [  23–  26  ] . 

 The cancer immunosurveillance theory, now widely accepted, envisions that the 
immune system can recognize newly arising malignant cells before they become clin-
ically apparent  [  27–  33  ] . Tumor immunosurveillance relies on a multistage process 
tightly regulated by DC  [  6,   34,   35  ] . The main initial source of available antigens is 
provided in the form of apoptotic or necrotic cancer cell debris that result from tumor 
cell killing by macrophages, NK, NKT, or other cytotoxic innate immune cells or by 
chemotherapeutic agents or radiotherapy  [  33,   36–  38  ] . Immature DCs, attracted to the 
tumor site, take up the released tumor-derived antigens and subsequently enter a mat-
uration and activation phase. The acquired antigens are processed into peptides and 
presented to T lymphocytes on MHC class I or class II molecules. Activated tumor-
speci fi c CD8 +  CTL (the primary effector cytotoxic cells of the immune system) 



25311 Dendritic Cells for Cancer Immunotherapy

express a speci fi c pro fi le of chemokine receptors responsible for their migration from 
the secondary lymphoid organs to the tumor beds where they eliminate tumor cells 
using several killing mechanisms  [  34  ] . CTL activation, proliferation, and survival are 
further supported by CD4 +  T helper lymphocytes primed by DC. Activated CD4 +  T 
cells also support the activation of cytotoxic NK or macrophages  [  31,   38  ] . Activated 
NKT cells recognizing tumor-derived glycolipids associated with CD1d expressed by 
DC may also participate to tumor cell destruction  [  39  ] . DCs can therefore orchestrate 
and control an immune attack against cancer at virtually all of its stages (initiation, 
maintenance and regulation, activation of diverse cytotoxic effectors). They thus theo-
retically represent strategic targets for immune intervention strategies and have suc-
cessfully been used in animals and humans to induce speci fi c anticancer immunity 
after loading with tumor antigens  [  6,   40–  47  ] . 

 However, cancers commonly avoid immune detection and elimination using 
multiple strategies  [  4,   31,   48–  50  ] . Considerable advances have been made in the 
past decade in our understanding of the mechanisms underlying the escape of tumor 
cells from destruction by immune responses  [  51  ] . For instance, the ability of cancer 
cells to downregulate the expression of major histocompatibility complex (MHC) 
class I molecules prevents their recognition and thus killing by cytotoxic T lympho-
cytes  [  51–  55  ] . Cancer cells have also evolved multiple mechanisms of resistance to 
cell death (anti-apoptotic molecule expression, de fi ciencies in key factors involved 
in the apoptosis molecular cascade, lack or downregulation of receptors for death 
ligands such as Fas ligand or TRAIL, resistance to the perforin/granzyme system) 
in fl icted by CTL  [  31,   56–  60  ] . Tumors also produce immunosuppressive factors that 
negatively affect the function of DC, T, and natural killer (NK) cells, such as nitric 
oxide (NO), IL-6, IL-10, tumor growth factor beta (TGF- b ), indoleamine 2,3-diox-
ygensase (IDO), arginase-1, prostaglandin E2 (PGE 

2
 ), vascular endothelial growth 

factor (VEGF), and cyclooxygenase-2 (COX-2)  [  31,   56,   57,   61  ] . This immunosup-
pressive tumor environment may also foster the generation and/or promotion of 
immunosuppressive cells such as Treg, type 2 macrophages (M2), myeloid-derived 
suppressor cells (MDSC), and as mentioned above immature/tolerogenic DC which 
can block antitumoral T or NK cell activation and/or induce lymphocyte anergy or 
apoptosis  [  17,   62–  70  ] . While the mechanisms responsible for the production and 
accumulation of tolerogenic DC or the impairment of DC-based anticancer vaccine 
ef fi cacy are not fully understood, extensive research has focused on developing 
strategies to restore the functions of DC in tumors, to design more effective DC vac-
cines that resist inhibition by the tumor microenvironment, and to develop combi-
natorial DC-based chemoimmunotherapeutic approaches.  

    11.2   Dendritic Cell-Based Vaccines in Cancer Immunotherapy 

 Growing knowledge about the immunobiology of DC has led to the rapid develop-
ment of these cells for tumor immunotherapy and has prompted extensive research 
and clinical trials to evaluate the therapeutic ef fi cacy of DC-based cancer vaccines. 
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Although multiple human studies have established that DC vaccines are safe and in 
most patients lead to the generation of immunological responses, complete cancer 
remissions have been limited, underscoring the need for further advances in the  fi eld 
 [  40–  44,   71–  74  ] . The design of effective DC-based cancer vaccines should follow a 
certain number of criteria and characteristics, but widely accepted standardized con-
ditions are still to be de fi ned. DC-based cancer vaccines should be able to access the 
lymph nodes after injection, display a mature pro-in fl ammatory phenotype, have the 
capacity to polarize Th-1 responses, and maintain their ability to present antigen for 
a suf fi cient period of time so a productive antitumor T lymphocyte-mediated 
response can be generated. The development of DC-based vaccines is associated 
with speci fi c questions and challenges including but not limited to the following: (1) 
the choice of the DC subset to be used and the DC generation/expansion method, (2) 
the types and source of tumor antigens and the technique for loading antigen onto 
DC, (3) the choice of optimal adjuvants to induce DC maturation, and (4) the route, 
dose, and timing of DC vaccine delivery. 

    11.2.1   Generation of Dendritic Cells for Cancer Immunotherapy 

 DCs originate from bone marrow hematopoietic progenitors and represent a heterog-
enous cell population as it pertains to their lineage origin, phenotype, function, and 
localization  [  8,   9  ] . Two major subsets of blood DC have been identi fi ed: myeloid DC 
(CD123 − CD14 − CD11c + ) and plasmacytoid (lymphoid) DC (CD123 + CD14 − CD11c + ). 
Although it is now accepted that both subsets have the potential when appropriately 
stimulated to prime type 1 immune responses and induce antitumoral CTLs, the 
primary source of DC currently used in clinical trials and in most animal studies 
consists of myeloid DC generated from monocytes. Combination of multiple DC 
subsets has also been evaluated. The scarcity of DC in vivo has prompted the devel-
opment of ex vivo differentiation and expansion procedures that allow DC genera-
tion in large number as starting material for vaccine preparation. These techniques 
have evolved over the last decade. The most common approach for preparing DC 
for clinical use consists in the differentiation of monocytes obtained from peripheral 
blood mononuclear cells (PBMC) puri fi ed by density centrifugation. The PBMC 
are cultured in the presence of granulocyte-macrophage colony-stimulating factor 
(GM-CSF) and interleukin-4 (IL-4). Immature DCs, characterized by high antigen 
uptake potential but low T cell stimulatory potential, are obtained after a 4–5-day 
culture. After loading with tumor antigens, DC are activated, typically for 24–48 h 
with various molecules such as TNF- a , IFN- g , LPS, CpG, IL-1 b , or CD40L as 
detailed hereunder, which leads to the generation of mature DC characterized by low 
endocytosis potential and signi fi cantly increased ability to activate T lymphocytes. 
These    mature DCs are characterized by the upregulation of MHC class II-antigenic 
peptide complexes; increase expression of co-stimulatory molecules CD40, CD80, 
CD86, CD83, and members of the TNF receptor superfamily such as OX40L and 
4-1 BBL; and production of pro-in fl ammatory cytokines such as TNF-a and IL-12 
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 [  2,   8  ] . Activated DCs also express the CCR7 chemokine receptor responsible for 
their homing to the lymph nodes (in response to the chemokine MIP-3 b ) where they 
encounter and activate naïve T cells. The combinations of GM-CSF and IL-15 or 
Flt3-ligand (Flt3-L) have also been used to generate DC ex vivo. Other approaches 
include the culture of unselected bone marrow cells  [  41,   73,   75–  77  ]  or bone marrow 
or blood-derived CD34 +  hematopoietic stem cells  [  78–  80  ]  in the presence of differ-
entiation cytokines (GM-CSF, Flt3-L, TNF- a  with or without IL-4)  [  81  ] . An addi-
tional strategy consists in the isolation of native blood immature DC after in vivo 
infusion of donors with granulocyte colony-stimulating factor (G-CSF) and Flt3-L 
to expand the DC pool in vivo  [  82  ] , but the low number of isolated DC represents 
a major drawback of this approach. Difference between these various populations 
of DC as it relates to their ability to prime optimal antitumor immune responses 
remains however elusive, and further investigation is needed to develop standard-
ized functional grade DC generation protocols.  

    11.2.2   Tumor Antigen Selection and Antigen 
Loading Techniques 

 The activation and expansion of speci fi c antitumor T lymphocyte clones requires 
the presentation of de fi ned tumor antigens on MHC class I and class II molecules 
expressed by DC. The identi fi cation and selection of optimal tumor antigen(s) for 
loading of DC has been the subject of extensive discussions. The choice of the type 
of tumor antigens impacts the speci fi city and quality of the immune response that 
will be induced by the vaccine  [  83–  91  ] . Tumor antigens should be as speci fi c of the 
malignancy as possible to prevent generation of immune responses against normal 
tissues (autoimmunity) and to reduce the risk of tolerance induced by self-antigen 
presentation. The ideal tumor antigens should lead to the induction of a wide reper-
toire of tumor-speci fi c CD4 +  helper T cells and CD8 +  CTL displaying high af fi nity 
for the antigenic structures. A broad range of antigen pulsing techniques have been 
developed and include DC incubation with de fi ned tumor peptides, whole-tumor 
cell lysates, apoptotic or necrotic tumor cells, exosomes, tumor-derived heat shock 
proteins, or DC transfection with RNA puri fi ed from tumors or encoding speci fi c 
tumor antigens  [  83–  91  ] .  a -Galactosylceramide-loaded DCs have also been used to 
trigger NKT antitumoral activity  [  92  ] . However, an optimal strategy that most 
ef fi ciently stimulates DC antigen processing and presentation has not yet been 
widely accepted. 

 Frequently used in clinical trials, the loading of DC with peptides derived from 
de fi ned tumor antigens requires to identify speci fi c antigens expressed by tumors, 
which is a major limitation. In addition, the restriction to a relatively small number 
of de fi ned MHC class I and II binding peptides results in the induction of a limited 
repertoire of tumor-speci fi c T cell clones, which may foster the emergence of tumor 
escape variants inasmuch that tumor cells loose expression of the particular epitopes 
contained in the vaccine. Transfection    of DC with RNA or DNA encoding of one or 
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a few characterized speci fi c tumor antigen peptides or proteins presents similar 
limitations. A variety of immunogenic peptides have however been identi fi ed and 
utilized for known tumor-associated antigens such as tyrosinase, MAGE, Melan-A/
MART, MUC1 CEA, Her-2/Neu, and survivin, which are restricted to speci fi c HLA 
types in humans  [  93–  95  ] . Alternatively, the full-length antigenic protein can be used 
to load DC which may result in both CD4 +  and CD8 +  T cell responses  [  93,   96  ] . 

 DC loading with autologous whole dead tumor cells has the theoretical advan-
tage that essentially all of the antigenic components of the tumor could be repre-
sented (including peptides, proteins, lipids, carbohydrates), leading therefore to the 
stimulation of a wider repertoire of tumor-speci fi c CD8 +  and CD4 +  T lymphocytes 
as well as NKT cells (induction of polyclonal immune responses). However, there 
is still debate about the most advantageous form of dead tumor cells (apoptotic vs. 
necrotic vs. whole lysates) to be used to load DC  [  47,   97  ] . It has been reported that 
the uptake of apoptotic bodies ef fi ciently induces the maturation of DCs that become 
more adept at eliciting speci fi c cytotoxic T cells (CTL)  [  98–  100  ] . However, others 
have proposed that necrotic cells or whole-tumor lysates are a superior source of 
tumor antigens for DC loading  [  84,   87,   101,   102  ] . Some concerns have also been 
raised about the lack of immunogenicity of lysates that may contain immunosup-
pressive factors  [  103,   104  ] . A main limitation inherent to the use of autologous 
tumor cells as a source of antigens to pulse DC is their relative dif fi culty of produc-
tion. Indeed, the small size of many tumor specimens obtained by biopsy makes it 
dif fi cult to obtain enough material for therapy, especially when multiple immuniza-
tions are required. This issue may however be partially overcome by the utilization 
of ampli fi ed tumor-derived total RNA  [  105,   106  ]    . Nonetheless, an ef fi cient antitu-
mor immunity as well as clinical responses to DC vaccination has been reported in 
various clinical trials using whole-tumor cell preparations  [  107,   108  ] . 

 The demonstration that cell lysate or necrotic tumor cell immunogenicity is asso-
ciated with members of the chaperone protein family (heat shock proteins, HSP) has 
led to the development of tumor-derived HSP-based vaccines  [  109 – 117  ] . The 
speci fi c immunogenic properties of these molecules are related to the repertoire of 
tumor-derived antigenic peptides that are carried by the chaperones  [  110  ] . They also 
constitute natural adjuvants per se capable of activating DC, enhancing their poten-
tial to process and present antigens and to stimulate T cell responses  [  111  ] . Instead 
of purifying chaperone proteins from tumor cell lysate, our group has developed a 
novel anticancer vaccine named chaperone-rich cell lysate (CRCL). CRCL is gener-
ated by a free solution-isoelectric focusing technique (FS-IEF), using tumor lysates, 
which results in an enrichment for chaperone proteins rather than a puri fi cation of 
them  [  118 – 124  ] . CRCL contains HSP90, HSP70 family members, the endoplasmic 
reticulum chaperone glucose-regulated protein (GRP) 94/glycoprotein (gp)96, and 
calreticulin. CRCL preserves its antigenic components, while excluding some pre-
sumed immunosuppressive factors present in unfractionated lysates  [  120  ] . CRCL 
combines the relative simplicity of lysate preparations, along with a high-yield and 
extensive antigen repertoire of chaperone proteins. CRCL provides tumor antigens 
to DC and by virtue of its adjuvant effects triggers DC activation (expression of 
CD40, CD80/86, CD70 fundamental for T cell activation)  [  121–  124  ] . Importantly, 
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DCs loaded with tumor-derived CRCL resist regulatory T cell and TGF- b -mediated 
suppression  [  45  ] , and tumor-derived CRCL-loaded DCs trigger a strong protective 
immune response and improve survival of tumor-bearing animals  [  104,   121  ] . Thus, 
the enhanced immunogenicity arising from CRCL-pulsed DC as a vaccine indicates 
that CRCL may represent an antigen source of choice for DC-based personalized 
anticancer immunotherapies  [  104  ] . 

 Additional procedures have been developed for DC loading, including DC-tumor 
cell fusion  [  86,   126  ]  and genetic approaches such as vaccinia viruses and lentivirus 
 [  127,   128  ] . This multiplicity of the aforementioned DC-loading techniques war-
rants further comparative large-scale studies to establish standardized procedures.  

    11.2.3   DC Activation and Maturation 

 The ef fi cient activation of antitumor-speci fi c T lymphocytes by loaded DC requires 
the presentation of tumor-derived epitopes on MHC class I and II molecules in the 
context of a second signal displayed by DC co-stimulatory molecules (including 
CD80, CD86, or CD40) and of pro-in fl ammatory cytokines (IL-12, TNF- a ) secreted 
by activated DC. The generation of fully activated DC is obtained by the addition of 
maturation signals in the culture. Several DC-activation agents have been used 
including cytokines (such as interferons, TNF- a , GM-CSF, PGE2, or IL-1 b ), ligands 
of the TNF receptor family such as CD40-L, or adjuvants such as TLR ligands 
(LPS, CpG, poly-I:C)  [  1,   41,   73  ] . However, no consensus has been reached as to 
whether DC maturation should be induced in vitro or in vivo following their admin-
istration. Additionally, if immature DC are considered to be less potent in inducing 
T cell activation compared to mature DC, there is concern that activated DC may 
become exhausted during the culture stage. Alternative    strategies to produce acti-
vated DC include the genetic modi fi cation of these cells to make them express co-
stimulatory molecules or to secrete pro-in fl ammatory cytokines  [  129  ] .  

    11.2.4   Route, Dose, and Timing of DC-Based 
Vaccine Administration 

 The route of DC vaccine delivery critically in fl uences vaccine ef fi cacy since DC 
must migrate to the secondary lymphoid organs where tumor antigen presentation 
to T cells takes place. In many clinical trials and in animal tumor models, DC-based 
vaccines have been administered intravenously, intradermally, subcutaneously, 
intratumorally, or into the lymphatic system or lymph nodes  [  73  ] . Intradermal and 
subcutaneous delivery may substantially limit the vaccine ef fi ciency since only 
5–10 % of the cells reach the draining lymph nodes. Intranodal DC administration 
has been associated with better responses and enhanced Th-1 helper lymphocyte 
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function compared to intradermal or intravenous injection  [  130  ] . Intratumoral deliv-
ery has also been considered, but this approach remains limited by the accessibility 
of the tumor site  [  131,   132  ] . DC migratory ability may be fostered by pre-adminis-
tration of TLR ligands or pro-in fl ammatory cytokines increasing CCL21, the ligand 
of CCR7 expressed by activated DC and that direct their homing to the draining 
lymph nodes  [  73,   133  ] . Depending on the choice of the delivery route, T lympho-
cytes with different homing properties and function may be induced, suggesting 
therefore that combining different administration sites may confer therapeutic 
bene fi ts. 

 Different doses and frequency of DC vaccine inoculations have been investi-
gated. In clinical trials, doses ranging from 10 6  to 10 8  cells are usually used with no 
signi fi cant improvement with higher doses. The optimal timing between injections 
is still debatable, but repeated injections usually separated by a 2-week interval has 
been a general scheme in many immunotherapy protocols  [  134  ] .  

    11.2.5   In Situ Manipulation of DC 

 Because the ex vivo generation of DC is complex and expensive, the possibility of 
loading and activating DC directly in situ has been considered. Numerous tech-
niques have thus been explored to provide to DC in vivo both tumor antigens and 
activation signals  [  135  ] . One approach consists in the inoculation of tumor antigens 
coupled with antibodies that recognize DC-speci fi c markers such as DEC205 or 
cancer antigens conjugated to molecules that speci fi cally bind to DC receptors. The 
simultaneous delivery of pro-in fl ammatory signals such as CD40-activating anti-
bodies or TLR ligands can promote the full maturation of DC  [  5,   41,   73,   135  ] .   

    11.3   Harnessing the Non-conventional Cytotoxic Function of 
Dendritic Cells in Cancer Immunotherapy 

 In cancer immunotherapeutic strategies, the interest in DC-based vaccines has cen-
tered on the antigen-presenting and immunostimulatory function of these cells. 
However, although the direct elimination of tumor cells has primarily been attrib-
uted to highly specialized killer cells such as CTL, NKT, NK, or macrophages, 
many studies conducted in rodents and humans have highlighted the possibility that 
several DC subsets can exert direct cytotoxic activity against cancer cells in vitro 
and in vivo  [  34,   35,   136–  138  ] . This less conventional aspect of DC biology has 
however received limited attention, and controversy has arisen as it relates to the 
mode of induction and the mechanism(s) underlying their killing activity  [  136,   139–  141  ] . 
How the cytotoxic function of DC may in fl uence their antigen-presenting func-
tion and ability to activate effector lymphocytes is still the subject to investigation 
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 [  34,   125,   136,   138,   139,   142  ] . Different independent studies have reported that the 
killing activity of diverse DC subpopulations (native DC differentiating in vivo or 
DC generated in vitro from dedicated precursors) may be innate or triggered by 
distinct signals including Toll-like receptor (TLR) agonists such as LPS or CpG, 
CD40L, or IFN- g   [  142  ] . A variety of cytotoxic mechanisms responsible for 
DC-mediated tumor cell killing have been described which include the perforin/
granzyme system, death receptor ligands (FasL, TRAIL, and other TNF family 
members), ROS, and/or NO  [  139  ] . In human, peripheral blood  [  143–  147  ] , umbilical 
cord blood CD34 +   [  148  ] , or monocyte-derived  [  148–  152  ]  DCs exhibiting spontane-
ous or induced tumoricidal abilities have been described. The cytotoxic mechanisms 
employed by these killer DC (KDC) are various and may involve the death receptor 
ligand tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), the perfo-
rin/granzyme, the Fas/FasL, or the CD40/CD40L systems  [  139  ] . 

 Different aspects of KDC properties should be considered with regard to their 
potential advantage for clinical use. (1) These cells may directly participate in the 
cytotoxic mechanisms leading to tumor cell elimination. Tumors can adapt to resist 
killing by NK or CTL through conventional pathways; therefore, the variety of the 
mechanisms used by KDC to kill their targets may provide a signi fi cant advantage 
as it diversi fi es cytotoxic effector responses. (2) Importantly, from an immunologic 
perspective, by allowing for the rapid uptake of released tumor antigens, before 
their clearance by scavenger neutrophils or macrophages, KDC-mediated tumor 
cell killing is of considerable relevance for the acquisition of tumor-derived material 
in a more ef fi cient manner. (3) Following killing and capture of cancer cell debris, 
KDC are capable of switching their function from killers to messengers capable of 
processing and presenting or cross-presenting acquired tumor antigens to CD4 +  or 
CD8 +  T lymphocytes. The uni fi cation of these properties therefore makes KDC 
highly desirable for the induction of speci fi c antitumoral immunity. (4) Finally, the 
fundamental observation that KDC cytotoxic activity is mainly directed toward 
tumor cells implies their speci fi c recognition through cell surface receptors (such as 
NKG2D or other unidenti fi ed molecules) and importantly provides these cells with 
the ability to spare nonmalignant cells. One may therefore logically expect rela-
tively limited side effects associated with the exploitation of the killing potential of 
KDC in clinic. 

 Different applications for KDC in human cancer immunotherapy can be envi-
sioned. One approach may consist in the administration of KDC generated in vitro 
that are allowed to kill, capture, and process tumor cells in culture. A second 
approach may entail the systemic or intra-/peri-tumoral injection of KDC generated 
in vitro. Encouraging results of this approach have been reported  [  153  ] . Additional 
therapies may be designed to promote the tumoricidal activity of DC in vivo and/or 
the recruitment of these KDC to the tumor site, as reported by Stary et al. using the 
TLR-7 ligand imiquimod  [  154  ] . In all these approaches, the choice of the type of 
DC activation signal(s) is critical since it may determine the nature of the killing 
mechanism. This is an important point to consider since tumor cells may develop 
resistance to speci fi c death pathways. It may, therefore, be advantageous to promote 
simultaneously the tumoricidal activities of multiple KDC subsets, capable of 
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inducing tumor cell killing by different mechanisms, to overcome the emergence of 
resistant tumor variants. 

 Therefore, the concept of KDC as a “multitasking” cell population that can act at 
virtually all levels of antitumor immune response opens new perspectives for the 
development of DC-based cancer vaccines. However, additional studies are required 
to determine whether KDC may promote a more immunogenic type of cancer cell 
death which may foster tumor antigen uptake, processing, and presentation. It will 
also be essential to clearly delineate the potential advantages of using KDC over 
conventional tumor antigen-loaded DC as cancer vaccines.  

    11.4   Current Challenges in Dendritic Cell-Based Cancer 
Immunotherapy and Combination Therapies 

 Even if proven clinically safe and ef fi cient to prime and sustain immune responses, 
conventional DC-based immunotherapy has not yielded the enthusiasm initially 
expected because of the relatively limited objective clinical responses that have 
been observed in cancer patients  [  5,   73,   74,   155,   156  ] . This disappointing lack of 
clinical effects may be partly attributed to the end-stage nature of the patients 
included in DC vaccination trials. These cancer patients are usually heavily immu-
nocompromised by the suppressive environment created in the course of tumor pro-
gression. As underlined in section 1, cancer cells can, by multiple mechanisms, alter 
the development of antitumor immunity and exploit several immune regulatory 
mechanisms to their advantage, leading to the impairment of DC function. Therefore, 
even if optimal DC-based cancer vaccines are generated, the suppressive tumor 
environment may signi fi cantly avert their ef fi ciency in vivo. A number of mole-
cules, such as TGF- b , IL-10, IL-13, VEGF, IDO, or PGE 

2
 , produced by tumor or 

stromal cells may exert inhibitory effects on the immune system  [  7,   17,   157–  162  ] . 
These tumor-derived factors inhibit DC differentiation and promote accumulation 
of immature DC (iDC), plasmacytoid DC (pDC), immunosuppressive regulatory 
DC, as well as myeloid-derived suppressor cells (MDSC)  [  17,   56,   163–  167  ] . 
Accumulation of several populations of regulatory DC in the spleen and the lymph 
nodes of tumor-bearing hosts inhibits CTL responses  [  46,   168–  172  ] . An additional 
major obstacle for successful cancer immunotherapy is the expansion of 
CD4 + CD25 + FoxP3 +  Treg induced by tumors  [  46,   172–  176  ] . Tumor-induced Treg 
compromise the function of antitumor effector CD8 +  CTL, curtail CD4 +  T cell help, 
and impede the maturation, activation, and antigen-presenting capability of DC  [  45, 
  66,   172  ] . Studies in humans and in animal models have demonstrated that Treg 
elimination and/or Treg functional inactivation using different approaches (chemo-
therapeutic drugs or speci fi c antibodies) signi fi cantly enhances antitumoral immu-
nity  [  46,   174,   177,   178  ] . Therefore, associating DC-based therapy with Treg 
elimination or inactivation strategies, and more generally with approaches aimed at 
overcoming tumor-induced tolerance (inhibition of immunosuppressive molecules 
or cells such as TGF- b  or myeloid-derived suppressor cells), may enhance the clinical 
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ef fi ciency of DC-based cancer vaccines. Several studies have indicated that the 
ef fi cacy of antigen-loaded DC can be ef fi ciently promoted by TGF- b  antagonists 
and TGF- b  receptor kinase inhibitors  [  179–  181  ] . Similarly, immunotoxins such as 
the recombinant IL-2 diphtheria toxin conjugate (ONTAK) and LMB-2, which tar-
get Treg, have been shown to enhance the immunostimulatory effect of tumor anti-
gen-pulsed DC, leading to the stimulation of helper and cytotoxic T cell responses 
 [  178,   182  ] . The bene fi t of Treg depletion upon treatment with immunotoxins has 
also been observed in patients with metastatic renal carcinoma and melanoma  [  178, 
  182  ] . Cyclophosphamide facilitates adoptive immunotherapy of established tumor 
through the elimination/inactivation of immunosuppressive Treg  [  45,   174,   183  ] . 
Our group has reported that in an established lymphoma model, the ef fi ciency of 
DC pulsed with total tumor cell lysates is signi fi cantly enhanced by imatinib mesy-
late, a chemotherapeutic drug used to treat BCR-ABL +  leukemia  [  46  ] . In addition, 
speci fi c chemotherapeutic agents such as cisplatin or doxorubicin may promote DC 
vaccination ef fi cacy by making tumor cells more susceptible to cytotoxic effects of 
CTL or by inducing an “immunogenic” type of cell death that fosters antigen uptake 
and activation of DC  [  31,   184,   185  ] . This synergistic effect is associated with the 
inhibition of Treg and the ef fi cient activation of effector CD4 +  and CD8 +  T lympho-
cytes. Therefore, chemoimmunotherapy approaches may be of interest to enhance 
the ef fi cacy of DC-based vaccination.  

    11.5   Conclusions and Perspectives 

 The potential of DC-based vaccines for cancer immunotherapy has been evaluated 
for decades. With the improved understanding of DC immunobiology, signi fi cant 
progresses have been made in the design, optimization, and translation to human of 
DC vaccines. Importantly DC-based therapy is usually associated with no or mini-
mal side effects. However, although speci fi c T lymphocyte immune responses 
induced by tumor antigen-loaded DC were detected in many cancer patients, the 
absence of objective tumor regression has eroded the initial enthusiasm for DC-based 
immunotherapy. One of the major challenges in the  fi eld lies on the establishment 
of immune tolerance by developing tumor, which explains the limited clinical 
bene fi ts provided by DC-based vaccination, especially in patients with terminal-
stage disease. The use of DC loaded with total dead tumor cells or with multiple 
antigens may partly overcome these immunosuppressive phenomena as they virtu-
ally contain all the antigens harbored by the tumor and can therefore trigger the 
activation of a much wider repertoire of tumor-speci fi c T lymphocytes. The gener-
ated polyclonal immune responses may prevent the outgrowth of tumor escape vari-
ants. However, a limitation of this approach is the amount of tumor needed for 
vaccine preparation of multiple injections. 

 It is likely that the future of DC-based cancer immunotherapy may consist of 
combination strategies associating tumor antigen-loaded DC vaccination with che-
motherapeutic agents that may not only directly target tumor cells but may also 
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eliminate or avert the function of immunosuppressive cells or block the production 
of suppressive molecules. The judicious choice of chemotherapeutic molecules that 
would simultaneous promote the function of injected DC vaccine (chemoimmu-
nodulatory agents) may also enhance the therapeutic ef fi cacy of these cells. 
Cytokines and activation agents may also be administered to promote the survival, 
activation, and antigen-presenting function of DC in vivo. An optimal condition for 
the application of DC vaccines would be the instance of minimum residual disease. 
Because the elimination of primary and highly suppressive tumors is unlikely to be 
achieved with DC-based vaccination alone as a frontline therapy, initial surgery, 
radiation, or chemotherapy may reduce tumor burden to the point that DC vaccina-
tion can be performed more successfully with the objective of inducing speci fi c and 
durable memory T lymphocyte responses that can prevent tumor recurrence and 
eliminate arising metastases. Further evaluation and standardization of optimal 
approaches are still needed to signi fi cantly improve the outcome of cancer 
immunotherapy.      
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  Abstract   Cancer remains one of the leading causes of mortality and morbidity 
throughout the world. To a signi fi cant extent, current conventional cancer therapies 
are symptomatic and passive in nature. The major obstacle for the development of 
effective cancer therapy is believed to be the lack of suf fi cient speci fi city. Since the 
discovery of tumor-oriented homing capacity of mesenchymal stem cells (MSCs), 
the application of speci fi c anticancer gene-engineered MSCs has held great poten-
tial for cancer therapies. The MSC-based multiple-targeted anticancer strategy is 
based on MSCs’ capacity of tumor-directed migration and incorporation and in situ 
expression of tumor-speci fi c anticancer genes. Aimed at translating the benchwork 
to meaningful clinical applications, we will describe MSCs’ tumor tropism and 
their use as therapeutic vehicles, the multiple-targeted anticancer potential of engi-
neered MSCs and a personalized strategy for cancer therapy.  
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    12.1   Introduction 

 Cancer is one of the top life-threatening diseases accounting for an estimated one in 
four human deaths. About 7.6 million people died from cancer in 2008 worldwide, 
and this number is projected to rise to 13.2 million deaths in 2030 due to the aging 
and growth of the population  [  1  ] . According to recent cancer statistics, a total of 
1,638,910 new cancer cases and 577,190 deaths from cancer are projected to occur 
in the United States in 2012  [  2  ] . The dramatic systemic effects of tumors cause the 
majority of cancer deaths, rather than the effects of the direct overgrowth of the 
primary tumor or even the metastases. When fatalities occur, the majority of cancer 
patients die from vital organ failure, cachexia, or therapy-related life-threatening 
complications  [  3,   4  ] . Current conventional cancer therapies (surgery, chemotherapy, 
and radiotherapy) are, to a signi fi cant extent, symptomatic and passive in nature. 
Despite improved treatment models, many cancers remain unresponsive to tradi-
tional therapy. The futility of current therapies is primarily attributed to the lack of 
therapeutic speci fi city. Therefore, it is critical to explore ef fi cient remedial strate-
gies speci fi cally targeting neoplasms. Since the discovery of the tumor-oriented 
homing capacity of mesenchymal stem cells (MSCs), the application of speci fi c 
anticancer gene-engineered MSCs has held great potential for cancer therapies. 

 The profound heterogeneity of cancer is the essential cause for the futility and resis-
tance of conventional anticancer therapies. In nearly 50 % of all cancer cases, resis-
tance to chemotherapy already exists before drug treatment starts (intrinsic resistance), 
and in a large proportion of the remaining 50 %, resistance develops during treatment 
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  Fig. 12.1    Hypothetical models explaining intratumor heterogeneity. Different models of tumor 
progression can give rise to distinct types of intratumor heterogeneity. Shown here are the clonal 
evolution, cancer stem cells, and the mutator phenotype. The different models can result in distinct 
spatial distributions of subpopulation (Reproduced from Ref.  [  8  ]  with permission)       
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(acquired resistance)  [  5  ] . All efforts to overcome resistance to chemotherapy so far 
have failed, owing to the enormous heterogeneity and complex biology of cancer cells, 
with wide individual variations  [  6  ] . Tumor heterogeneity has been classi fi ed on varied 
levels, including molecular heterogeneity, genomic heterogeneity, intertumoral hetero-
geneity, and intratumoral heterogeneity  [  7  ] . Figure  12.1  represents the hypothetical 
models explaining the heterogeneity of breast cancer. There is a growing concern that 
the extent and nature of heterogeneity within cancers may simply defy rational expla-
nation and explication  [  9  ] . Finding common vulnerabilities to target for the treatment 
of multiple cancer types would make for an extremely attractive and alternative way 
forward. Theoretically, it is impossible for any given drug to ef fi ciently act on any 
given cancer. The ideal anticancer strategy should meet following requirements: (1) 
Anticancer actions are speci fi cally con fi ned to the tumor site; (2) the sensitivity of 
anticancer agents can be predetermined for personalizing cancer treatment; (3) 
diversi fi ed anticancer mechanisms are capable of acting concurrently; and (4) the anti-
cancer agents can be adaptively replaced. The implementation of MSC-mediated anti-
cancer synopsis meets most, if not all, of the above criteria, thereby holding great 
promise for the development of an ef fi cient strategy to treat cancer. In this chapter, we 
present a general description of MSCs, the interactions of MSCs with cancer, and a 
proposed putative personalized strategy with anticancer gene-engineered MSCs.   

    12.2   Overview of MSCs 

    12.2.1   What Are Mesenchymal Stem Cells? 

 Mesenchymal stem cells (MSCs) are a group of adult stem cells naturally found in 
the body and are the  fi rst type of stem cells to be utilized in clinical regenerative 
medicine. MSCs were  fi rst identi fi ed in the stromal compartment of bone marrow 
by Friedenstein and colleagues in the 1960s  [  10,   11  ] . In recent years, MSCs have 
gained popularity among stem cell researchers due to their capability of self-renewal 
and differentiation into many different cell types, particularly cells of mesodermal 
origin such as osteoblasts, chondrocytes, and adipocytes in culture  [  12  ] . As a result 
of their supposed capacity for self-renewal and differentiation, these cells were  fi rst 
considered as stem cells by Caplan and named mesenchymal stem cells in 1991 
 [  13  ] . Furthermore, MSCs have generated considerable biomedical interest since 
their multi-lineage potential was  fi rst identi fi ed by Pittenger et al. in 1999  [  14  ] . 

 In addition to the bone marrow, MSCs have been found to reside in marrow-
distant mesenchymal tissues such as skeletal muscles, adipose tissue, pancreas, 
placenta, synovial  fl uid, dental tissue, parathyroid gland, fallopian tube, umbilical 
cord blood, and circulating blood. It has been assumed that basically all organs 
containing connective tissue also contain MSCs  [  15  ] . Despite the wide distribution 
of MSCs in the body, the bone marrow remains the principal source for most MSC-
based preclinical and clinical studies where MSCs have mainly been characterized 
after isolation. Actually, MSCs are a rare population in bone marrow aspirates, 
representing at a frequency of 0.1–5/10 5  cells in rodents and 1–20/10 5  cells in 
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humans  [  16  ] . The total number of MSCs is inversely proportional with the age of 
individuals. When grouped by decade, a dramatic decrease in MSCs per nucleated 
marrow cell could be observed, with a tenfold decrease from birth to teens and 
another tenfold decrease from teens to the elderly  [  17  ] . 

 MSCs demonstrate heterogeneity in their morphology and have various appear-
ances such as  fi broblast-like, spindle shaped, and very small circular-shaped  [  18  ] . 
The morphology of these cells also varies greatly with their seeding density, chang-
ing dramatically especially when con fl uence is reached in cell culture condition 
 [  19  ] . The relation between the morphology and their cell functions remains unclear. 
MSCs express a number of markers phenotypically. However, none of them are 
speci fi c to these cells. According to the International Society for Cellular Therapy 
(ISCT), human MSCs under standard culture conditions must satisfy at least three 
criteria: (1) They must be plastic adherent; (2) they must express CD105, CD73, and 
CD90 and not CD45, CD34, CD14, CD11b, CD79, or CD19 and HLA-DR surface 
molecules by  fl ow cytometry; (3) they must be capable of differentiating into osteo-
blasts, adipocytes, and chondroblasts  [  20  ] . Other markers that are generally accepted 
include CD44, CD71, Stro-1, and adhesion molecules such as CD106, CD166, and 
CD29  [  21  ] . In ongoing and future studies, it is important that investigators continue 
to gather new information regarding modi fi cation of, or additions to, these charac-
teristics. This information will be instrumental in comparing data from different 
laboratories and in the clinical translation of MSCs for cellular therapy. Thorough 
evaluation of those criteria does not rule out the heterogeneity of MSCs from differ-
ent sources; however, detailed descriptions of cell markers and behavior allow us to 
decide which cell source to use for a speci fi c therapy in a certain individual.  

    12.2.2   Why Choose MSCs for Cancer Therapy? 

 The most prominent reason to use MSCs for cancer therapy is attributed to their 
capacity for tumor-directed migration and incorporation. As described in the follow-
ing sections, the tropism of MSCs for tumor microenvironment is independent of 
tumor type, immunocompetence, and the route of MSC delivery. MSCs are immune-
privileged cells. The immune phenotype of MSCs is generally described as major 
histocompatibility complex I (MHC I) positive and MHC II negative. They also lack 
the co-stimulatory molecules CD80, CD86, and CD40. Although expressing low 
levels of MHC I antigens can activate T cells, the absence of co-stimulatory mole-
cules cannot initiate secondary signals, thus leaving the T cells anergic. Therefore, 
MSCs possess a reduced risk of allogeneic transplant rejection  [  22  ] . This has 
signi fi cant clinical implications, whereby engineered MSCs could be used in patients 
as a cell therapy without the considerations and complications surrounding immuno-
modulation associated with their use. This property could theoretically allow for the 
development of an MSC bank where allogeneic cells could be stored and used for 
patients. Other bene fi ts of choosing MSCs for cancer therapy include easy acquisi-
tion, fast  ex vivo  expansion, and the feasibility of autologous transplantation.   
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    12.3   The Interactions of MSC and Cancer 

    12.3.1   Tumor Tropism Properties of MSCs 

 The speci fi c tumor-oriented migration and incorporation of MSCs have been dem-
onstrated in various preclinical models, exhibiting the potential for MSCs to be 
used as ideal carriers for anticancer agents  [  23  ] . The  fi rst evidence of this tropism 
of MSCs to tumors was demonstrated when rat MSCs were implanted into rats 
bearing syngeneic gliomas  [  24  ] . Since then, an increasing number of studies have 
veri fi ed MSC tropism toward primary and metastatic tumor locations. Tumor-
directed migration and incorporation of MSCs were evidenced in a number of pre-
clinical studies in vitro using transwell migration assays and in vivo using animal 
tumor models. The homing capacity of MSCs has been demonstrated with almost 
all tested human cancer cell lines including lung cancer  [  25  ] , malignant gliomas 
 [  26–  28  ] , Kaposi’s sarcomas  [  29  ] , breast cancer  [  30,   31  ] , colon carcinoma  [  32  ] , 
melanoma  [  33  ] , ovarian cancer  [  30  ] , and pancreatic cancer  [  34,   35  ] . The high fre-
quency of MSC migration and incorporation was observed in in vitro co-culture 
and in vivo xenograft tumors, respectively. These consistent  fi ndings are indepen-
dent of tumor type, immunocompetence, and the route of MSC delivery. It has 
recently been shown that MSCs are able to migrate speci fi cally to and incorporate 
within tumors, and this property can be used to deliver targeted anticancer 
therapies. 

 Although the precise molecular mechanism by which MSCs are able to migrate 
and home into tumor sites are not yet fully understood, the complex multistep pro-
cess by which leukocytes migrate to peripheral sites of in fl ammation has been pro-
posed as a paradigm  [  36  ] . Tumors can be characterized as “wounds that never heal,” 
serving as a continuous source of cytokines, chemokines, and other in fl ammatory 
mediators  [  37  ] . These signals are capable of recruiting respondent cell types includ-
ing MSCs. The preconditions for this phenomenon are the production of chemo-
attractant molecules from tumor tissue and the expression of corresponding receptors 
in MSCs. The possible pathways and prospective models were summarized in recent 
reviews  [  36,   38  ] .  

    12.3.2   Dually Characterized Roles of Integrated MSCs 
with Regard to Tumorigenesis 

 While research has established that MSCs migrate and integrate toward tumor tis-
sues, their fate and function inside the tumor appears ambiguous and sometimes 
paradoxical. Native MSCs have been shown to suppress tumor growth in models of 
glioma  [  24  ] , Kaposi’s sarcoma  [  29  ] , malignant melanoma  [  39  ] , Lewis lung carci-
noma  [  39  ] , and colon carcinoma  [  40  ] . The release of soluble factors by MSCs has 
also been shown to reduce tumor growth and progression of glioma  [  24  ] , melanoma, 
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and lung carcinoma models  [  39  ] . Conditioned media from MSCs exhibit the ability 
to downregulate NF k B in hepatoma and breast cancer cells resulting in a decrease in 
their in vitro proliferation  [  41  ] . While the precise mechanism underlying intrinsic 
antitumor properties of MSCs has not been fully investigated, it is presumably related 
to the downregulation of Akt, NF k B, and Wnt signaling pathways  [  23  ] . On the other 
hand, several studies have demonstrated that MSCs can augment tumor growth  [  42–  44  ] . 
MSC-mediated promotion of tumor growth is possibly initiated by MSC-derived 
immunosuppressive factors and by the contribution of MSCs to tumor stroma and 
tumor vascularization. It is not an overstatement to describe MSCs as a “double-
edged sword” in their interaction with tumors. If MSCs are properly engineered with 
anticancer genes, they could be employed as a “single-edged sword” against cancers. 
This viewpoint was partially revealed by Luetzkendorf et al.’s recent study  [  45  ] . In 
mixed subcutaneous xenografts, lentiviral TRAIL-transgenic MSCs inhibited col-
orectal carcinoma, but wild-type MSCs exerted a colorectal carcinoma growth- 
supporting effect under the same experimental circumstance. The detailed pro- and 
anti-tumorigenic effects of MSCs were described in our recent review  [  38  ] .  

    12.3.3   MSCs as Therapeutic Vehicles for Cancer Therapy 

 MSCs have been considered ideal vehicles to deliver anticancer agents since the dis-
covery of their tumor-directed homing capacity. In addition to tumor-homing proper-
ties, MSCs are also easily transduced with integrating vectors due to having high 
levels of amphotropic receptors  [  46  ]  which allow long-term gene expression without 
affecting their phenotypes  [  47,   48  ] . To date, a number of anticancer genes have been 
engineered into MSCs and have successfully caused anticancer effects in various car-
cinoma models. MSCs can also be utilized to deliver prodrug-converting enzymes, 
such as HSV-tk and cytosine deaminase, which can convert systemically adminis-
trated and non-active forms of prodrugs into active forms in the tumor microenviron-
ment  [  4  ] . This therapeutic regimen has been successfully investigated in experimental 
models of glioma  [  49  ] , melanoma  [  50  ] , colon carcinoma  [  51  ] , prostate cancer  [  52  ] , 
and pancreatic cancer  [  35  ] . The methods of MSC administration has been classi fi ed 
as directional, semi-directional, and systemic deliveries  [  53  ] . The selection of delivery 
route of MSCs is based on considering all potential factors, such as the type, location, 
and stage of cancer, and the feasibility of surgical interventions.   

    12.4   Multiple-Targeted Anticancer Effects of Engineered MSCs 

    12.4.1   Engineered MSCs Targeting Tumor Cells 
Through Multiple Mechanisms 

 The major obstacle limiting the effectiveness of conventional therapies for cancer 
treatment is their tumor speci fi city. Advanced drug targeting of tumor cells is often 
impossible when treating highly invasive and in fi ltrative tumors, because of tumor 
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cells’ high migration and invasiveness. Uncontrolled drug distribution in the body, 
i.e., insuf fi cient concentration at the tumor site and toxic concentration on normal 
cells, is attributed to anticancer inef fi cacy and is often the direct cause of side effects 
and sometimes life-threatening complications. Targeting solid tumors with antitu-
mor gene therapy has also been hindered by systemic toxicity, low ef fi ciency of 
delivery, and nominal temporal expression. However, MSC-mediated anticancer 
scenario can overcome these limitations, mainly through preferentially homing to 
sites of primary and metastatic tumors and delivering antitumor agents. Anticancer 
gene-engineered MSCs are capable of speci fi cally targeting and acting on tumors 
through multiple selections. 

    12.4.1.1   The First Selection Rests with MSCs’ Tumor-Directed 
Migration and Incorporation 

 In addition to the intrinsic anticancer effects of MSCs, the presence of MSCs in the 
tumor microenvironment allows the agents that are delivered by MSCs to exert their 
anticancer function locally and ef fi ciently. Therefore, the systemic and organ-
speci fi c side effects of anticancer agents can be greatly minimized by using this 
cell-based vector system.  

    12.4.1.2   The Second Selection Lies in the Anticancer 
Genes Carried by MSCs 

 Research using MSCs as a vehicle for agents to treat cancers has been greatly 
motivated by advances in the study of speci fi c anticancer genes. The products of 
speci fi c anticancer genes can selectively induce apoptosis in cancer cells without 
affecting healthy cells. A number of anticancer genes have been engineered into 
MSCs and successfully caused anticancer effects in various carcinoma models 
 [  4,   23  ] . In the tumor microenvironment, engineered MSCs could serve as a con-
stant source of anticancer agent production and locally release anticancer agents 
acting on adjacent tumor cells, thereby inducing tumor growth inhibition or 
apoptosis.  

    12.4.1.3   Additional Selections Can Be Made by Modifying 
the Vector Construction 

 Taking the advantage of unique protein expression in individual organs, the organ-
speci fi c expression of MSC-carried anticancer genes can be achieved through the 
modi fi cation of vector construction. For example, pancreas- or insulinoma-speci fi c 
anticancer gene-bearing vectors can be made by employing an insulin promoter. For 
the same purpose, the unique expression of albumin by hepatocytes, neurotransmit-
ter expression by neurons, and surfactant from pulmonary alveoli can also be used 
to construct organ-speci fi c expression vectors. MSCs engineered with organ-speci fi c 
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vectors express anticancer proteins only when they home to the tumor located in the 
speci fi c corresponding organ or to the metastatic sites with the same cell type.   

    12.4.2   Synergism of TRAIL and PTEN with Regard 
to Cancer Cell Apoptosis 

 MSC-based cancer therapy is capable of providing multiple anticancer agents 
simultaneously, which may potentiate therapeutic ef fi ciency through synergistic 
effect on the induction of cancer cell apoptosis. There are two major signaling path-
ways that lead to apoptosis in mammalian cells: the intrinsic pathway and the extrin-
sic pathway. The extrinsic death pathway (also known as type I apoptosis) is 
mitochondrially independent. It is initiated through apoptotic signal transduction 
cascades mediated by the members of TNF receptor superfamily, such as TNF-
related apoptosis-inducing ligand (TRAIL). By contrast, the intrinsic pathway (also 
known as type II apoptosis) is mitochondrially dependent and controlled by pro- 
and anti-apoptotic Bcl2 family proteins in the mitochondria. The intrinsic pathway 
has a substantial role in chemotherapy- and radiation-induced cell death. As dis-
cussed in next section, it is also the mechanism underlying PTEN (phosphatase and 
tensin homolog)-mediated cell death. MSC-mediated therapeutic spectrum can be 
dramatically broadened by using multiple anticancer gene-engineered MSCs, and 
theoretically, a synergistic effect can be achieved through the application of multiple 
anticancer agents simultaneously. 

    12.4.2.1   TRAIL Induces Tumor Cell Death Through 
the Extrinsic Pathway of Apoptosis 

 TNF-related apoptosis-inducing ligand (TRAIL) is one of few anticancer proteins 
which selectively causes apoptosis of tumor cells through the activation of death 
receptors, with no effects on healthy cells  [  54  ] . It is known that there are  fi ve TRAIL 
receptors, i.e., TRAIL receptor 1 (death receptor 4, DR4), TRAIL receptor 2 (death 
receptor 5, DR5), TRAIL receptor 3 (decoy receptor 1, DcR1), TRAIL receptor 4 
(decoy receptor 2, DcR2), and a soluble receptor, osteoprotegerin (OPG)  [  55  ] . There 
is a death domain in the intracellular region of DR4 or DR5, which can recruit 
death-inducing signaling complex (DISC) upon TRAIL stimulation, and therefore, 
activate a downstream caspase cascade leading to cell apoptosis. There is no intact 
death domain in the intracellular region of DcR1, DcR2, and OPG, so they are 
unable to induce apoptosis, even though they can compete with DR4 or DR5 for 
binding with TRAIL  [  56  ]  and overexpression of DcR1 and/or DcR2 blocks TRAIL-
mediated apoptosis in some cell types  [  57  ] . In our recent liver cancer studies, the 
high expression of DR5 was veri fi ed on human hepatoma cells (HepG2)  [  58  ] . As 
shown in Fig.  12.2a ,  TRAIL -engineered MSCs-induced HepG2 cell death is propor-
tionally related with the MSC content on direct co-cultures, even though native 
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MSCs exert intrinsic inhibition to HepG2 cells. The tumor speci fi city of TRAIL-
induced apoptosis is determined by the death receptor expression in tumor cells. 
However, the expression of death receptors is varied with the alteration of tumor 
heterogeneity, and the tumor cell can also be desensitized to TRAIL through death 
receptor internalization. The MSC-mediated therapeutic spectrum can be dramati-
cally broadened by using multiple anticancer gene-engineered MSCs, and theoreti-
cally, a synergistic effect can be achieved via the simultaneous application of 
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  Fig. 12.2    ( a ) Cell viability of DR5 + HepG2 cells directly co-cultured with MSCs. Live cells 
stained with calcein and dead cells stained with EthD-1 are shown in  green  and  red , respectively. 
The whole population of cells and dead cell distribution are presented in the bright- fi eld and 
merged images. MSCs exhibit intrinsic inhibition on HepG2 which is potentiated by TRAIL trans-
fection (Modi fi ed from  [  58  ] ). ( b ) TRAIL and PTEN-induced Panc-1 cell death. Panc-1 cells were 
pre-detected for death receptors and showed DR4 −  and DR5 − . The  top  two rows represent the cells 
transfected with TRAIL or PTEN individually, and  bottom  row shows the cells with co-transfec-
tion of the combination. The most serious cell death was observed in PTEN and TRAIL/PTEN 
transfected Panc-1 cells (Reproduced from  [  4  ] )       

 



280 L.-J. Dai et al.

multiple anticancer agents. For    example, a pancreatic cancer cell line (Panc-1) lacks 
in death receptors and therefore shows no response to TRAIL (Fig.  12.2b ). However, 
remarkable cell death was induced by PTEN or the combination of TRAIL and 
PTEN in these particular cells (Fig.  12.2b )  [  4  ] .   

    12.4.2.2   PTEN Antagonizes PI3K-AKT-mTOR Pathway in Tumorigenesis 

 PI3K-AKT-mTOR signaling pathway is the most frequently activated pathway in 
human cancers, because it promotes cell growth, survival, and proliferation. It con-
tributes to the evasion of apoptosis, loss of cell-cycle control, and genomic instabil-
ity during tumorigenesis through numerous mechanisms  [  59  ] . In response to ligand 
binding to the receptor tyrosine kinase (RTK) or G-protein coupled receptor, PI3K 
(phosphoinositide 3-kinase) is activated and converts phosphatidylinositol 4,5 phos-
phate (PIP 

2
 ) to phosphatidylinositol 3,4,5-trisphosphate (PIP 

3
 ), a critical second 

messenger in cellular signaling. PIP 
3
  transduces activating signals by binding to the 

pleckstrin homology (PH) domains of proteins, including phosphatidylinositide-
dependent kinase 1 (PDK1) and the serine-threonine kinase AKT, thereby recruit-
ing them to the membrane. AKT is a centrally important downstream effector of 
PIP 

3
 . After membrane enrichment, AKT is fully activated following phosphoryla-

tion by PDK1 together with mammalian target of rapamycin (mTOR). The activated 
AKT promotes cellular survival, cell-cycle progression, and growth through mTOR, 
thereby contributing to carcinogenesis  [  60  ] . PI3K-AKT-mTOR survival pathway is 
also known as an anti-apoptotic pathway. Apoptosis, induced by a number of stim-
uli, including growth factor withdrawal, UV irradiation, cell-cycle discordance, and 
activation of FAS signaling, is suppressed by the activation of PI3K-AKT-mTOR 
pathway. PTEN dephosphorylates PIP 

3
  to PIP 

2
 , thereby directly opposes the activity 

of PI3K. Thus, PTEN functions as the central negative regulator of the 
 PI3K-AKT-mTOR pathway in controlling apoptosis. PTEN activity is lost by muta-
tions, deletions, or promoter methylation at very high frequency in many primary 
and metastatic human cancers  [  61  ] . Compared to other classical tumor suppressor 
genes, PTEN is haploinsuf fi cient because a single copy is unable to prevent cancer. 
Loss of its heterozygosity or partial inhibition of its expression/activity is suf fi cient 
to promote carcinogenesis  [  62  ] . Thus, restoring PTEN function in cancer cells 
would break down the  PTEN  mutation-dependent cancer cell growth (oncogene 
addiction) and holds great promise for cancer therapy.  

    12.4.2.3   Synergistic Effect of TRAIL and PTEN 

 TRAIL and PTEN induce cancer cell apoptosis through extrinsic pathway and 
intrinsic pathway, respectively. The complementary nature or synergistic effect 
between these two anticancer genes can be explained in following three aspects. 
Firstly, in cancer cells, apoptosis induced by the extrinsic pathway complements 
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that which is induced by the intrinsic pathway, so targeting death receptors is con-
sidered a useful therapeutic approach  [  63  ] . Secondly, as shown in Fig.  12.2 , PTEN 
is able to induce apoptosis on tumor cells that are insensitive to TRAIL due to the 
lack of death receptors. In addition to its direct induction of apoptosis through the 
intrinsic pathway, PTEN has also been demonstrated to sensitize tumor cells to 
death receptor-mediated apoptosis induced by TRAIL  [  64,   65  ] . A number of pos-
sible mechanisms have been postulated for this synergism, including the upregula-
tion of TRAIL receptors  [  66,   67  ] , the clustering of TRAIL receptors into lipid rafts 
 [  68  ] , the downregulation of apoptotic pathway inhibitors  [  69  ] , or the enhanced 
cleavage of caspases  [  70  ] . Finally, PTEN plays a critical role in regulating the apop-
totic threshold to multiple stimuli, including death ligands and chemotherapeutic 
agents  [  64  ] .    

    12.5   Putative Personalized Strategy for Cancer Therapy 

 The ultimate goal of this area of research is to develop a cellular therapy for humans. 
MSC-mediated anticancer treatment has de fi nite potential for translation to clinical 
medicine. MSCs can be acquired from patients’ own body, quickly expanded in vitro 
and easily transfected with expression vectors. The exhibition of    the powerful 
tumor-directed migration capacity of MSCs makes them suitable for use in antican-
cer therapies. Anticancer gene-engineered MSCs could be eventually used as an 
alternative treatment for cancer patients without the concern of rejection or other 
ethical problems. Since there exists a great deal of variation among the cancer 
patient population with respect to degree of carcinogenic differentiation and prepa-
ration of human MSCs, it is unlikely to expect a singular  fi xed therapeutic model 
that would successfully perform on different types of cancers. In order to translate 
the benchwork to the real clinical application, it is necessary to develop a speci fi cally 
personalized treatment for each individual patient. Figure  12.3  illustrated putative 
personalized strategy with anticancer gene-engineered MSCs.   

    12.6   Summary and Clinical Perspectives 

 There is a pressing clinical demand for new ef fi cient remedies to replace existing 
symptomatic anticancer therapies. The extensive achievements of MSC and antican-
cer agent studies have laid the foundation for the exploitation of MSC-based cancer 
therapies. MSCs possess powerful capabilities of tumor-directed migration and incor-
poration, acting as optimal vehicles to deliver anticancer agents. Although MSCs have 
both positive and negative effects on tumor progression, profound anticancer effects 
have been demonstrated by using felicitously engineered MSCs. MSC-mediated anti-
cancer therapy relies on tumor-speci fi c selections provided by MSCs and MSC-carried 
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  Fig. 12.3    Putative personalized cancer therapy with engineered MSCs. Operable patients provide 
direct access to tumor tissue, so that a customized therapeutic strategy can be arranged. ( 1 ) MSC 
isolation and  ex vivo  expansion. ( 2 ) Anticancer gene transfection on a test scale. ( 3 ) Excised tissue 
from cancer patient. ( 4 ) Primary tumor cell preparation. ( 5 ) Primary cell co-culture with anticancer 
gene-engineered MSCs. ( 6 ) Sensitivity determination by monitoring cell viability. ( 7 ) Selected 
gene transfection on a large scale followed by cell transplantation. Cell number, cell delivery route, 
and frequency are determined individually. ( 8 ) Achievement of successful treatment. ( 9 ) With 
regard to the patients not responding to the treatment or not receiving surgical intervention, MSCs 
engineered with multiple anticancer genes may be considered as a replacement       
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anticancer agents. Homed directly at the tumor microenvironment, engineered MSCs 
are able to express and/or release anticancer agents constantly acting on the adjacent 
tumor cells. However, almost all of the  fi ndings are con fi ned to cell culture and/or 
animal cancer models, and more well-designed preclinical studies are de fi nitely 
required before applying this strategy to real clinical settings. The following precau-
tions may need to be taken when planning engineered MCS-related clinical studies: 
(1) Ensure that all standby MSCs are not contaminated with cancerous stem cells, in 
addition to the regular quality control; (2) upon reaching adequate number of required 
MSCs, restrict in vitro manipulation on MSCs as much as possible; (3) ensure the 
homing capacity of MSCs is not altered by gene transfection; (4) ensure the cytoge-
netic stability of MSCs remains after gene transfection; (5) ensure the delivery route, 
cell number, and frequency of MSC transplantation are determined by overall consid-
erations on all multifaceted factors, such as type, location, and stage of cancer as well 
as the consideration of surgical intervention; and (6) allogeneic MSCs can be consid-
ered when suitable autologous MSCs are not approachable. 

 In conclusion, the intense progresses in both stem cell and anticancer gene stud-
ies have built up great potential for exploiting new ef fi cient cancer therapies. The 
combination of human MSCs and speci fi c anticancer genes can selectively act upon 
targeted tumor cells. Further translational studies could lead to novel and effective 
treatments for cancer. Hopefully, the mesenchymal stem cell-based and multiple-
targeted anticancer strategy can bene fi t future cancer patients by at least providing 
options to patients in their terminal stages.      
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  Abstract   RNA interference (RNAi) is a process of sequence-speci fi c posttran-
scriptional gene silencing induced by double-strand RNA, and this phenomenon has 
been shown to function in higher organisms including mammals, and methods that 
exploit RNAi mechanisms have been developing. Recently, RNAi induced by short 
interfering siRNAs has been experimentally introduced as a cancer therapy and is 
expected to be developed as a nucleic acid-based medicine. Moreover, RNAi    tech-
nology is used in biomarker-based screening, which is a new screening method 
based on transcriptional pro fi ling to identify the speci fi c transcriptional activities 
altered by the compounds of interest. In this chapter, we brie fl y review the mecha-
nism of RNAi and discuss in detail some of the most recent  fi ndings concerning the 
administration of potential nucleic acid-based drugs. We next discuss several cur-
rent clinical trials of RNAi therapies against cancers. Finally, we introduce a new 
high-throughput screening method based on transcriptional pro fi ling for drug dis-
covery. Current studies and clinical trials demonstrate that RNAi technology could 
establish a novel and promising therapeutic tool against cancers.  

  Keywords   RNA interference  •  siRNA  •  microRNA  •  Cancer  •  Cancer biomarker  
•  Cancer therapy      
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    13.1   Introduction 

 RNA interference (RNAi) is a process of sequence-speci fi c posttranscriptional gene 
silencing induced by double-strand RNA (dsRNA), and this phenomenon was dis-
covered in  Caenorhabditis elegans  ( C .  elegans )  [  1  ] . RNAi has been shown to func-
tion in higher organisms including mammals, and methods that exploit RNAi 
mechanisms have been developing. Aberrant expression of endogenous normal or 
mutant genes occurs in pathological conditions, resulting in alterations in signal 
pathways, cellular proliferation, and apoptosis. Posttranscriptional gene regulation 
by RNAi controls these alterations positively or negatively, and consequently RNAi 
has now been well established as a method for experimental analyses of gene func-
tion in vitro. Recently, short interfering RNA (siRNA), which induces RNAi, has 
been experimentally introduced as a cancer therapy and is expected to be developed 
as a nucleic acid-based medicine, and several clinical trials of RNAi therapies 
against cancers are ongoing. To develop nuclear medicine against cancers, we have 
two important issues to overcome: one is to select suitable gene targets and another 
is to develop effective drug delivery systems (DDSs). DDSs are divided into two 
categories: viral vector-based carriers and nonviral-based carriers. Although viral 
vectors are the most powerful tools for transfection so far, especially retroviral and 
lentiviral vectors randomly integrate into host cells’ DNA and those might induce 
insertional mutagenesis  [  2–  4  ] . The use of nonviral DDSs including cationic lipo-
somes  [  5,   6  ]  and atelocollagen  [  7,   8  ]  is preferred because it offers greater safety for 
clinical application than does the use of viral DDSs. 

 In addition to the development of a nucleic acid-based medicine, RNAi is put to 
practical use for a high-throughput screening for development of molecular target-
ing agents. The alternation of the related gene transcripts which are investigated 
after the knockdown of the targeted gene transcript by RNAi is compared with that 
of gene transcripts treated by compounds with unknown functions. The compounds 
which demonstrate the resemble alternation are recognized as molecular target 
compounds for the interested gene  [  9–  11  ] . In this chapter, we discuss the applica-
tion of RNAi for the development of medicine against cancers.  

    13.2   Mechanisms of RNAi 

 RNAi processes can be roughly divided into the initiation phase and the effector 
phase. In the initiation phase, following introduction of dsRNA into a target cell, 
dsRNA encounters a dsDNA-speci fi c RNAse III family ribonuclease Dicer. Dicer is 
a modular enzyme and is composed of an N-terminal helicase domain, an RNA-
binding Piwi/Argonaute/Zwille (PAZ) domain, two tandem RNAse III domains, 
and a dsRNA-binding domain  [  12  ] . Dicer acts to produce both siRNAs and microR-
NAs (miRNAs)  [  13–  16  ] . dsRNA is processed into shorter lengths of 21–23 nucle-
otides (nts) dsRNAs, termed siRNAs by the ribonuclease activity of Dicer. dsRNA 
precursors are sequentially processed by the two RNAse III domains of Dicer and 
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cleaved into smaller dsRNAs with 3 ¢  dinucleotide overhangs  [  12  ] . In the biogenesis 
of miRNA, pre-miRNA is also processed into a miRNA duplex (Biogenesis of 
miRNA is discussed below). 

 In the second effector phase, smaller dsRNAs enter into an RNA-induced silenc-
ing complex (RISC) assembly pathway  [  17  ] . RISC is ribonucleoprotein complex 
that contains Argonaute (Ago) proteins, siRNAs or miRNAs, and complementary 
mRNAs. Ago is a family of proteins characterized by the presence of a PAZ domain 
and a PIWI domain  [  18  ] . The PAZ domain of Ago protein is likely to engage siRNA 
or miRNA, and the PIWI domain adopts an RNAse H-like structure that can cata-
lyze the cleavage of the guide strand. The dsRNA is unwound by ATP-dependent 
RNA helicase activity to form two single strands of RNA. dsRNA is unwounded by 
ATP-dependent RNA helicase activity to form two single strands of RNA. The 
guide (antisense) strand directs silencing targeted mRNA, and the other strand is 
called the passenger (sense) strand. Ago2 protein binds the guide strand and cleaves 
its targeted RNA at the phosphodiester bond which is positioned between nucle-
otides 10 and 11. The cleaved products are rapidly degraded because of its unpro-
tected ends, and the passenger strand is also degraded. After dissociation of cleaved 
mRNAs from siRNA, the RISC encounters and cleaves mRNA, resulting in decrease 
of expression of the target gene (Fig.  13.1 ).   

Synthesized siRNA Double-strand RNA

DicerInitiation phase

RISC

Cytoplasm

Effector phase

Target mRNA

Cleavage of
passenger strand

Cleavage of
target mRNA

RISC assembly

RNAi delivery

  Fig. 13.1    Mechanisms of 
RNA interference. 
Synthesized short 
interference RNA ( siRNA ) or 
double-strand (ds) RNA is 
introduced into a target cell. 
The dsRNA is processed into 
siRNA length of 21–23 
nucleotides by Dicer 
(initiation phase). siRNA then 
enters an RNA-induced 
silencing complex ( RISC ) 
assembly pathway. The 
dsRNA unwinds to form two 
single strands of RNA. The 
passenger strand rapidly 
degrades and the guide strand 
binds and cleaves the target 
mRNA, resulting in mRNA 
degradation (effector phase)       
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    13.3   Target Genes for Cancer Therapy 

 The RNAi technology in the clinical setting has relied on localized drug delivery 
 fi rst. This reason is that the localized administration could maintain higher concen-
trations of siRNAs in the targeted diseases. However, thanks to the development of 
DDSs (see Refs.  [  19,   20  ] ), RNAi has recently been evaluated as a therapeutic strat-
egy for cancer treatment. To develop nuclear medicine against cancers, suitable gene 
targets should be selected (Table  13.1 ). The de fi nition of cancers is cell proliferation 
without normal regulation, and one of the most important characteristics of cancers 
is to bereave the host’s life with their malignant behaviors. Such targets include anti-
apoptotic proteins, cell cycle regulators, transcription factors, signal transduction 
proteins, and factors associated with malignant biological behaviors of cancer cells, 
all of these genes are associated with the poor prognosis of cancer patients.  

   Table 13.1    Target genes for experimental RNA interference cancer therapies   

 Target genes  Cancers 

 1. Proliferation/anti-apoptosis 
  BCL-2  Lung cancer, prostate cancer,  fi brosarcoma 
  VEGF  Ewing’s sarcoma, prostate cancer 
  PLK-1  Urinary bladder cancer, lung cancer (liver 

metastasis) 
  Survivin  Glioblastoma, rhabdomyosarcoma 
  CDC25B  Hepatocellular carcinoma 
  EGFR  Glioblastoma 
  Telomerase  Malignant melanoma 
  EZH2  Prostate cancer (bone metastasis) 
  FGF-4  Germinoma 
 2. Signal transduction 
  ERK1/2  Hepatocellular carcinoma 
  STAT3  Colon cancer, prostate cancer, breast cancer 
   b -catenin  Colon cancer, multiple myeloma 
  BCR-ABL  Chronic myelogenous leukemia 
  LYN  Chronic myelogenous leukemia 
 3. Drug resistance 
  MDR1  Colon cancer 
  MRP7/ABCC10  Non-small cell lung cancer 
  RPN2  Breast cancer 
  ABCG10  Gastric cancer 
  FGFR1  Breast cancer 
 4. Metastasis/angiogenesis 
  VEGF/VEGFR  Ewing’s sarcoma, breast cancer, colon cancer, 

prostate cancer 
  u-PA/u-PAR  Squamous carcinoma 
  CCR7  Colon cancer 
  LYN  Ewing’s sarcoma 
  RhoC  Hepatocellular carcinoma 
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 Among such suitable genes, BCL2 protein is one of the anti-apoptotic members 
of BCL family proteins and contributes to resistance to apoptosis against external 
stimuli, including cytotoxic agents. BCL2 participates in tumorigenesis and pro-
gression and its overexpression in tumor cells correlates with the poor prognosis of 
the cancer patients  [  21–  24  ] . Many studies have demonstrated that siRNA treatment 
against BCL2 inhibited the proliferation of tumor cells  [  5,   25–  27  ] . Intravenous 
administration of synthetic BCL2 siRNA, using a cationic or pegylated cationic 
liposome, suppressed tumor progression in a xenograft mouse model, and BCL2 
siRNA treatment signi fi cantly elongated the survival of cancer-bearing mice  [  5,   27  ] . 
Oblimersen sodium is a 18-mer phosphorothioate antisense oligonucleotide 
designed to bind to the  fi rst six codons of the human BCL2 mRNA  [  28  ] . Though 
this nucleic acid medicine is an antisense oligonucleotide, it has been also used in a 
substantial number of clinical trials against several types of cancers  [  29–  33  ] . These 
observations indicate that BCL2 is a suitable target for cancer therapy. 

 Signal transduction molecules are other candidates for RNAi. Member of the 
signal transduces and activator of transcription (STAT) family act as key compo-
nents of cytokine signaling pathways that regulate gene expression. Among STAT 
family, STAT3 is most strongly implicated in carcinogenesis. Its constitutively 
active form is detected in variety of cancers and dysregulates the downstream target 
genes of cell proliferation  [  34  ]  and survival  [  35,   36  ] . RNAi therapy against STAT3 
demonstrates the inhibition of tumor progression as well as invasion  [  37–  40  ] . 

 Bcr-Abl fusion protein, which is created by the molecular consequence of the 
 t (9; 22) translocation, is a constitutively active tyrosine kinase that causes 
Philadelphia (Ph)-positive leukemias  [  41  ] . Imatinib mesylate (IM; Gleevec™, 
Glivec™) was developed as a  fi rst-generation tyrosine kinase inhibitor (TKI), and 
its emergence has dramatically changed the outcomes of therapies against 
Ph-positive leukemia, especially chronic myelogenous leukemia (CML)  [  42–  45  ] . 
Moreover, several second generation TKIs developed to overcome resistance to 
IM have yielded excellent outcomes  [  46–  49  ] . These clinical observations demon-
strated that targeting Bcr-Abl protein is a promising strategy to eliminate Bcr-
Abl-positive leukemic cells. The approach to downregulate the expression of 
Bcr-Abl mRNA by RNAi was investigated in vitro  [  50–  53  ] . Koldehoff et al. 
reported the in vivo administration of synthetic Bcr-Abl siRNA with cationic lipo-
somes in a patient with recurrent Ph-positive CML resistant to IM  [  54  ] . This 
patient had a high level of Bcr-Abl transcripts and subcutaneous nodule, and she 
was treated with 10  m g/kg of Bcr-Abl siRNA intravenously by a bolus injection 
and 300  m g iRNA was directly injected into CML node. The level of Bcr-Abl 
mRNA transcript was drastically decreased; however, no obvious effects were 
observed after the second and third courses. Although this report was not con-
structed as a clinical trial, these observations are worth noting for developing 
nuclear medicine against CML. 

  b -catenin is a downstream protein of the canonical Wnt signaling pathway that 
has been shown to play an important role in the process of development, prolifera-
tion, and differentiation  [  55  ] . In the absence of Wnt signals, adenomatous polyposis 
coli (APC), Axin, glycogen synthase kinase-3 b  (GSK3 b ), and casein kinase 1 a  
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(CK1 a ) form a complex called the “ b -catenin destruction complex.” GSK3 b  and 
CK1 a  target serine/threonine residues at the N terminus of  b -catenin for phospho-
rylation  [  56  ] . Phosphorylated  b -catenin is recognized and polyubiquitinated by 
 b -transducin repeat-containing protein ( b -TrCP), a component of a ubiquitin ligase 
complex, targeting  b -catenin for degradation by the 26S proteasome  [  57,   58  ] . On 
the other hand, the binding of Wnt ligands to Frizzled (Fz) receptors and the low-
density lipoprotein receptor-related protein 5/6 (LRP5/6) co-receptors induces the 
phosphorylation of Disheveled (Dvl) and prevents GSK3 b -dependent phosphoryla-
tion of  b -catenin. Stabilized  b -catenin translocates into the nucleus and interacts 
with T cell factor (TCF)/lymphocyte enhancer factor (LEF). In the absence of 
 b -catenin, TCF/LEF, which interacts with Groucho and histone deacetylase (HDAC), 
acts as a repressor of the transcription  [  59  ] . The  b -catenin/TCF complex regulates 
the transcription of a number of genes associated with cell proliferation and apopto-
sis, as well as the expression of growth factors. Typical  b -catenin/TCF target genes 
that are associated with cell proliferation are c-myc and cyclin D1. The c-myc onco-
gene regulates cell cycle progression and apoptosis. Cyclin D1 activates cyclin-de-
pendent kinases leading to cell cycle progression. Recently, this pathway has been 
focused on as it is involved in cancer development. Aberrant activation of Wnt/ b -
catenin signaling is observed in many human cancers. Genetic mutations of Wnt 
signaling pathway components are primarily responsible for this aberrant activation 
and cause  b -catenin to escape the degradation process and lead to nuclear stabilized 
 b -catenin accumulation  [  60  ] . Treatment of siRNAs against  b -catenin successfully 
suppressed the proliferation of colon cancer cells and myeloma cells by inducing 
caspase-dependent apoptosis  [  61–  63  ] . Thus,  b -catenin represents a suitable target 
for RNAi therapy. 

 Molecules controlling cell division are also useful targets for cancer therapy. 
Polo-like kinases (PLKs) belong to the family of serine/threonine kinases. PLK 
family has identi fi ed PLK-1, PLK-2 (SNK), PLK-3 (FNK), and PLK-4 (SAK) in 
mammalians so far and PLKs function as regulators of both cell cycle progression 
and cellular response to DNA damage. PLK-1 is the best characterized among them 
to date. PLK-1 regulates cell division at several points in the mitotic phase: mitotic 
entry through CDK1 activation, bipolar spindle formation, chromosome alignment, 
segregation of chromosomes, and cytokinesis  [  64  ] . Whereas PLK-1 is scarcely 
detectable in most adult tissues  [  65,   66  ] , PLK-1 is overexpressed in cancerous tis-
sues  [  65  ] , and many reports have described that PLK-1 is overexpressed in cancer-
ous tissues and that PLK-1 expression levels were tightly correlated with histological 
grades of tumors, clinical stages, and prognosis of the patients. 

 Inhibition of PLK-1 activity in cancer cells induces mitotic arrest and tumor cell 
apoptosis. Depletion of PLK-1 mRNA also inhibits the functions of PLK-1 protein 
in DNA damages and spindle formation and causes the inhibition of the cell prolif-
eration in a time- and a dose-dependent manner. PLK-1 siRNA    treatment induces an 
arrest at the G2/M phase in the cell cycle with the increase of CDC2/Cyclin B1 and 
the transfected cells had dumbbell-like and misaligned nuclei. Moreover, the cas-
pase activation was induced in these cells  [  6,   67,   68  ] . These observations indicate 
that PLK-1 could be an excellent target for cancer therapy. 
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 Other candidate siRNA targets are molecules that de fi ne the malignant behavior 
of cancerous cells. The vascular endothelial growth factor (VEGF)/VEGF receptor 
(VEGFR) axis plays an important role in angio- and lymphangiogenesis. VEGF 
family has seven members. Among them, VEGF-A stimulates angiogenesis in 
tumor masses, enhances the permeability of the blood vessels, and promotes the 
motility of cancer cells, which results in metastases  [  69,   70  ] . The previous investi-
gations reveal that VEGF-A depletion successfully prevents metastasis of cancers 
 [  71,   72  ] . In contrast to VEGF-A, VEGF-C and VEGF-D are associated with tumor 
lymphangiogenesis and lymph node metastasis. Depletion of VEGF-C/D inhibits 
metastasis of cancers  [  73,   74  ] . Another example of the molecule associated with 
metastasis is the urokinase-type plasminogen activator (u-PA). u-PA binds to u-PA 
receptor (u-PAR), and this molecule activates plasminogen and matrix metallopro-
teases, which enhances the degradation of basement membranes and extracellular 
matrices and promotes metastases  [  75,   76  ] . Data using a mouse model demonstrated 
that the administration of u-PAR inhibited metastasis and progression of oral 
squamous cell carcinoma  [  77  ] . These molecules associated with metastasis will also 
be attractive targets of RNAi therapy.  

    13.4   microRNAs 

 microRNAs (miRNAs), as the name suggests, are very short RNAs consisted of 21 
nts. Those short RNAs regulate target gene expression through translation repres-
sion or mRNA degradation, and consequently miRNAs involve diverse biological 
processes in eukaryocytes. miRNAs are derived from stem-loop-structured primary 
miRNAs (pri-miRNAs) by the cleavage activity of Drocha, a nuclear-localized 
member of the RNAse III family, to yield short precursor miRNAs called pre-miR-
NAs. Pre-miRNAs comprising 70–90 nts exhibit a hairpin structure with a 5 ¢ -
phosphate and a 3 ¢ -2 nts overhang. After translocation from the nucleus to the 
cytoplasm by Exprtin-5 pre-miRNAs are processed by Dicer into miRNAs of 21 
nts. miRNAs as well as siRNAs enter into RISC assembly pathway. Unlike siRNAs, 
the mature miRNAs often have a partially complementary sequence to the target 
mRNAs, and a single miRNA might bind to numerous target genes. Therefore, 
a single miRNA has diverse functions including proliferation, differentiation, and 
apoptosis  [  78  ] . 

 One of the mechanisms of carcinogenesis is the imbalance of oncogenes and 
tumor suppressor genes caused by several factors including carcinogen. miRNAs 
affect gene expression by regulating the translation of mRNAs into proteins. In 
many cancers, some kinds of miRNAs negatively regulate tumor suppressor. miRs-
15/16 are downregulated in chronic lymphocytic leukemia (CLL). miR-15a and 
mir16-2 recognize target sites on the 3 ¢ UTR of BCL-2, an anti-apoptotic oncogene 
 [  79  ] . These miRNAs regulate BCL-2 expression in normal cells. However, these 
are deleted in patients with CLL. On the contrary, other kinds of miRNAs regulate 
carcinogenesis and tumor progression. Mir-17-92 cluster is overexpressed in lung 
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cancer tissues  [  80  ]  and its target genes are PTEN and RB2  [  81  ] . These observations 
indicate that the overexpression of this miR-17-93 cluster induces the carcinogen-
esis in lung tissues. Anti-miRNA oligonucleotides (AMOs) can suppress the miRNA 
activity  [  82  ] , and recently MAOs are developed as nucleic acid medicines  [  83–  86  ] . 
miRNAs regulating anti-apoptosis and cell proliferation are also suitable target 
molecules against cancers.  

    13.5   Preclinical Application of RNAi 

 Before the clinical trials for RNAi therapy, preclinical studies are performed. We 
introduce two applications of PLK-1 siRNA for cancer therapy. One application is 
an intravesical treatment against urinary bladder cancers. PLK-1 protein is overex-
pressed in urinary bladder tumors, and moreover PLK-1 expression levels are cor-
related with histological grades of tumors, clinical stages, and prognosis of the 
patients  [  6  ] . Super fi cial urinary bladder cancers are approximately 70 % of urinary 
bladder cancers at initial diagnosis. After resected transurethrally, Bacillus Calmette-
Guerin (BCG), mitomycin C, and Adriamycin are administered intravesically to 
prevent the recurrence of or diminish the residual cancers  [  87  ] . However, half of 
super fi cial cancers recur, and consequently novel intravesical treatment should be 
developed. Clinical trials of RNAi therapy often rely on localized drug delivery 
because maintenance of higher siRNAs concentrations is necessary for ef fi cacy 
against the targeted diseases. The urinary bladder which is closed to the urethra is 
considered as a “putative” in vitro space. In accordance with the unique idea, the 
ef fi cacy of intravesical therapy of PLK-1 siRNA against urinary bladder cancers 
was investigated. Bladder cancer-bearing mice were established by the implantation 
of luciferase (Luc)-labeled UM-UC-3 bladder cancer cells into the murine bladder 
cavity through the urethra. After the engraftment of cancer cells in the bladder was 
evaluated by using the in vivo imaging system (IVIS) of bioluminescence imaging 
(BLI)  [  88  ] , cancer-bearing mice were treated with PLK-1 siRNA/cationic liposome 
complexes. Tumor progression was signi fi cantly suppressed by the intravesical 
treatment of PLK-1 siRNA  [  6  ] . 

 Another application is a systemic administration of siRNAs against liver meta-
static tumors of lung cancers. Distant metastasis is one of the life-threatening fac-
tors in lung cancer patients. Despite the development of new molecular targeting 
agents  [  89,   90  ] , current therapies are not suf fi cient to cure or manage the patients 
with distant metastasis  [  91,   92  ] . Therefore, novel therapies should be developed. 
Kawata et al. investigated the effects of PLK-1 siRNA on the liver metastasis of 
lung cancers in an orthotopic liver metastatic mouse model. Spleens were exposed 
to allow direct intrasplenic injections of Luc-labeled A549 non-small cell lung can-
cer cells. After the removal of spleens, the Luc-labeled A549 cell engraftment was 
con fi rmed by using IVIS, and then PLK-1 siRNA/atelocollagen complexes were 
administered by intravenous injection for 10 days. On day 35, mice treated with 
PLK-1 siRNA/atelocollagen complex showed the signi fi cant suppression of tumor 
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growth compared to mice treated with nonsense siRNA/atelocollagen complex or 
PBS/atelocollagen complex which showed extensive metastases in the livers. These 
 fi ndings indicate that PLK-1 siRNA/atelocollagen complex is an attractive thera-
peutic tool for further development as a treatment against liver metastasis of lung 
cancer  [  8  ] .  

    13.6   Adverse Effects of RNAi 

 Although RNAi shows excellent speci fi city in gene silencing, several adverse effects 
are brought in in vivo application. One probable adverse effect is activation of immune 
reaction. Mammalian immune cells express family of Toll-like receptors (TLRs), 
which play an essential role in innate immune responses. TLRs recognize microbial 
ligands including bacterial lipopolysaccharide, lipopeptides, or viral and bacterial 
RNA and DNA. Among 13 TLRs, TLR7 and TLR8 recognize ssRNA sequence-
dependently and produce interferons (IFNs) and in fl ammatory cytokines such as 
IL-12 and TNF- a  through the activation of NF- k B and IFN regulatory factor (IRF)-7. 
For this immune response   , the length of single-strand RNA (ssRNA) is important and 
16–19 nt ssRNA induces IFN production although 12 nt ssRNAs contains the immu-
nostimulatory motif (GUCCUUAA)  [  93  ] . The administration of siRNAs into mam-
malian cells activates the immune systems also sequence-independently. siRNAs 
induce dsRNA-activated protein kinase (PKR) autophosphorylation and PKR pro-
duces IFNs through the activation of NK- k B and IRF-3. TLR3 recognizes unmethy-
lated CpG DNA but not ssRNA. dsRNA directly binds to TLR3 and this signaling 
pathway is activated sequence-independently  [  94  ] . Interestingly,    although the recep-
tors recognizing a ssRNA containing a CpG motif and a 6 nt poly-(G) run at the 3 ¢  end 
are still unknown, a ssRNA activates monocytes  [  95  ] . TLR 9, which expresses in 
endosomes, recognizes CpG oligodeoxynucleotides (ODNs). Puri fi ed recombinant 
TLR 9 binds CpG ODNs directly in a sequence- and pH-dependent manner  [  96  ] . 
Thus, the activation of immune response by siRNAs is dependent on their sequence 
and chemical nature, implying that chemical modi fi cations of siRNAs might prevent 
the immune activation. The 2 ¢  position of nucleotides is within TLR-7-interacting 
sequences and 2 ¢  O-methyl or 2 ¢   fl uoro modi fi cation abrogate immune response. 
Furthermore, the uridine or guanosine modi fi cation is most effective  [  97  ] . Locked 
nucleic acid modi fi cations of the 3 ¢  of 5 ¢  termini of the sense strand of siRNAs can 
reduce the immunostimulatory effects  [  93  ] . siRNAs conjugated to cholesterol have no 
signi fi cant activation of immune system and improve the distribution of siRNA to the 
targeted organ including the liver. Systemic administration of cholesterol-conjugated 
apolipoprotein B siRNAs induces a decrease of apolipoprotein B expression in liver 
and jejunum of mice, resulting in a decrease in cholesterol levels without the activa-
tion of immune systems  [  98  ] . 

 Besides perfect complementarity of siRNAs in target RNA sequence, partially 
complementary sequences in unintended RNAs induce gene silencing (off-target 
effect). This effect is induced by the sequence complementarity in the seed region 
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of siRNAs or short-hairpin RNAs (shRNAs)  [  99  ] . Moreover, the 7 nt motif comple-
mentary to 2–8 nt at the 5 ¢  end of antisense strands of siRNAs has been shown to be 
a key determinant in directing off-target effects  [  100  ] . There are several ways to 
control the off-target effects. The in silico screening of siRNA constructs are useful 
for optimization to prevent the off-target effects, and several groups have been 
developing algorithm  [  101,   102  ] . Chemical modi fi cation is also useful. For exam-
ple, the O-methyl modi fi cation of the 2 ¢ -position of the ribose within the seed region 
of siRNAs reduces the off-target effect  [  103  ] . Asymmetrically designed siRNAs 
reduce off-target effects compared to symmetric siRNAs. Sun et al. designed asym-
metric RNA duplexes of various lengths with overhangs at the 3 ¢  and 5 ¢  ends of the 
antisense strand to target genes. All siRNAs against target genes were designed to 
match the same 19 nt sequence. The asymmetric siRNAs effectively induced gene 
silencing of targeted genes without silencing of nontargeted genes  [  104  ] . 

 shRNAs can also induce stable gene silencing. Consequently, it is possible that 
long-term silencing by shRAN overexpression causes fatal adverse effects. Because 
shRNA is processed through the miRNA pathway, the miRNA maturation is blocked 
in response to shRNA concentration. Grimm et al. demonstrated that the sustained 
high-level shRNA expression in the liver of mice by AAV vector downregulated 
liver-derived miRNAs, resulting in hepatic injury and death. Morbidity was associ-
ated with the downregulation of liver-derived miRNAs  [  105  ] . They speculated that 
saturation of Exportin-5 whose function is nuclear transport inhibited the miRNA 
maturation pathway. On the contrary, Constein et al. demonstrated that the adminis-
tration of synthesized siRNAs induced acute and long-term gene silencing without 
interrupting the endogenous miRNA biogenesis  [  106  ] . As mentioned by Grimm 
et al.  [  105  ] , higher expression of shRNAs by viral vector might in fl uence the miRNA 
biogenesis. Considering these  fi ndings, careful modi fi cation and formulation of 
siRNAs could avoid the competition between siRNA and miRNA.  

    13.7   Clinical Trials of RNAi Towards Cancer Therapies 

 siRNA cancer therapies have been conducted in clinical settings, but few clinical 
trials for cancer therapy are ongoing (Table  13.2 ). Alnylam Pharmaceuticals is 
developing ALN-VSP01 targeting kinase spindle protein and VEGF, and conduct-
ing a Phase I study in patients with advanced tumors with liver involvement. Calando 
Pharmaceuticals is conducting a Phase I study of CALAA-01 in patients with solid 
tumors refractory to standard-of-care therapies. CALAA-01 is composed of RRM2 
siRNA and CDP nanoparticles called Rondel™, and CALAA-01 has been proven 
safe and effective in mice and nonhuman primates’ studies. Clinical studies using 
LNAs are also ongoing. Santaris Pharma has developed LNA against Bcl-2, 
SPC2996, for use in an ongoing Phase I/II study in patients with relapsed or refrac-
tory chronic lymphocytic leukemia is ongoing. Enzon Pharmaceuticals has devel-
oped a LNA against hypoxia-inducible factor-1 a  and a Phase I/II study in patients 
with advanced solid tumors or lymphoma is ongoing. National Cancer Institute and 
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Tekmira Pharmaceuticals are conducting clinical trials on PLK-1 RNA interference 
against solid tumor or lymphoma. As clinical trials of cancer therapies have just 
started, their outcomes are expected.   

    13.8   Biomarker-Based Screening 

 RNA interference technology is also used in the  fi eld of drug discovery. The bio-
marker-based screening is a new high-throughput screening method based on tran-
scriptional pro fi ling and identi fi es the speci fi c transcriptional activities altered by 
the compounds of interest. PGX Health, A division of Clinical Data Inc. (formerly 
Avalon Pharmaceuticals, MD, USA) assessed the transcriptional response of a colon 
cancer cell line to treatment with  b -catenin siRNA using full-genome microarray 
analysis  [  9  ] . Nine biomarkers were selected for their potential as indicators for can-
cer therapy. A library of 90,000 individual compounds was screened to identify 
compounds that showed a similar expression pattern to the siRNA (Fig.  13.2 ). 
Finally, the compound LC-363 was detected based on its ability to mimic the effect 
of  b -catenin knockdown. The effect of AV-65, one of LC-363 compound series, on 
MM cells and CML cells was investigated. AV-65 inhibited the proliferation of MM 

4

2

0

–2

–4

Add siRNA against
target gene

Define signatures with full-
genome microarray analysis

Validate the expression
pattern signatures

Analyze expression pattern
treated with siRNA

4

Add small molecule
compounds

Screen expression pattern
2

0

–2

–4

Identify hit compounds with
similar expression pattern

Screen expression pattern
treated with small moleules

  Fig. 13.2    Biomarker-based screening using RNA interference. This assay proceeds in two steps: 
the  fi rst step consists of setting up the signature of siRNA against target gene. The second step 
involves screening for compounds with the similar expression patterns. Consequently, hit com-
pounds that inhibit the downstream signal of the target gene       
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and CML cells by promoting the degradation of  b -catenin and inhibiting  b -catenin/
TCF transcriptional activity. AV-65 decreased the expression of c-myc, cyclin D1, 
and survivin, which resulted in the inhibition of tumor cell proliferation through the 
apoptotic pathway  [  10,   11  ] . Moreover, AV-65 treatment prolonged the survival of 
orthotopic MM-bearing mice  [  11  ] . A clinical study with this compound series in 
solid and hematopoietic malignancies will be carried out in the future.   

    13.9   Conclusion 

 RNAi therapy against cancers has just started and the outcomes are expected. 
However, it should be warranted to establish the pharmacokinetics and pharma-
codynamics of siRNAs on the administration for the potential approval of siRNA 
as a tool for cancer therapy. Moreover, to maximize ef fi cacy and to minimize 
adverse effects of RNAi, it should be determined whether siRNAs are best 
administered alone or in combination with chemotherapeutic agents  [  107  ] , and 
whether it is better to administer a single speci fi c siRNA or multiple speci fi c 
siRNAs  [  108–  110  ] . 

 In conclusion, RNAi therapy represents a powerful strategy against cancers and 
may offer a novel and attractive therapeutic option. The success of RNAi depends 
on the suitable selection of target genes. Besides developing nucleic acid-based 
medicine, RNAi technology is applied into the  fi eld of drug discovery. We antici-
pate that RNAi technology could establish a novel and promising therapeutic tool 
against cancers.      
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  Abstract   Nonunion fractures and aseptic bone necrosis are both characterized by 
some impairment of the cellular part of bone repair: a reduction of the mesenchymal 
stem cell (MSC) number and an impairment of the osteoblastic activation. Both 
seem to be good candidates for cell-based therapies using stem cells, especially 
MSC. Many animal studies, together with a few human trials, have been published. 
In this chapter, a review of the human trials is discussed. 

 The majority of the trials used autologous bone marrow aspirate to implant MSC. 
Only one tested culture to expand MSC before local implantation. 

 In nonunion fractures, a direct injection – 15 to 150 ml – was made in four case 
studies. In another, the bone marrow aspirate was concentrated before injection. The 
results were encouraging. 

 In bone necrosis, only two level II studies were published. The results at 24 months 
were positive in terms of reduction of the necrosis and appearance of collapse. These 
results were con fi rmed at 60 months. In three case studies, treatment with concen-
trated bone marrow aspirates was deemed useful with good results in 76–96 %. 

 These results are interesting but need con fi rmation by controlled studies.  

  Keywords   Nonunion fractures  •  Osteonecrosis  •  Mesenchymal stem cells  •  BM aspirate      

    14.1   Introduction 

 The physiological bone repair process is impaired in delayed or nonunion (NU) 
fractures  [  1  ]  and aseptic bone necrosis (ON)  [  2  ] . 
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 Although, in both diseases, the physiopathological factors are different, in both 
diseases, bone lesions are neither repaired at the right time nor in the right manner. 

 Bone healing is produced by a cellular mechanism including mesenchymal stem 
cells (MSC). The MSC are normally recruited in the pathological area. These non-
hematopoietic progenitor cells are able to be differentiated in osteoblasts under the 
in fl uence of growth factors such as bone morphogenetic proteins (BMP), platelet-
derived growth factor, transforming growth factor beta, insulin-like growth factor, 
 fi broblast growth factor, and PTH. 

 MSC can be found mainly in bone marrow but also in fat tissue, synovium, 
periosteum, skeletal muscles, and umbilical cord. Some recent data suggests that the 
osteogenic differentiation capability of MSC from bone marrow and from perios-
teum is higher than MSC from adipose tissues  [  10  ] . 

 In nonunion, the etiology is not clearly understood. Excessive mechanical insta-
bility of the fracture, a reduction of bone vascularity, and smoking are cited. 
Furthermore, some genetic predisposition could exist. In atrophic NU sites, osteo-
blast progenitor cells are signi fi cantly reduced  [  3  ] . In bone marrow from the iliac 
crest of atrophic NU, bone marrow-derived mesenchymal stem cells are in smaller 
number and have a reduced proliferation capacity  [  4  ] . 

 In nontraumatic ON, apoptosis of osteocytes and cancerous bone lining cells in 
the necrotic lesion, as well as those at some distance from the lesion, in the proximal 
femur are increased  [  5  ] . The replicative capacities of osteoblastic cells obtained 
from the intertrochanteric area of the femur are reduced in patients with ON  [  6  ] . The 
number and the activity of  fi broblast colony-forming units, re fl ecting the number of 
mesenchymal stem cells that could potentially give rise to mature osteoblasts, have 
been shown to be decreased in ON  [  7,   8  ] . Moreover, the capillaries serving as a 
conduit for the stem cells and bone cells needed in bone repair in addition to provid-
ing blood supply could be altered by emboli or thrombosis in ON  [  9  ] . 

 So, in both pathological conditions, some impairment of the cellular part of the 
repair could exist, thereby provoking a reduction of MSC and of osteoblastic 
activation. 

 Several methods could be used to increase MSC population and its osteogenic 
differentiation in the pathological area:

   A local injection of bone marrow aspirates  • 
  A preliminary culture of the bone marrow aspirate to increase the number of • 
MSC cells  
  A preliminary culture of the bone marrow aspirate to produce an expansion and • 
an osteogenic differentiation of the MSC  
  A genetic modi fi cation of the injected MSC to increase the secretion of growth • 
factors like BMP and VEGF  [  11,   12  ]     

 The best treatment remains to be found for both conditions. Among the approaches 
developed so far, cell-based therapies to improve bone repair seem to be the most prom-
ising. These are based on the concept of the regenerative medicine and aim to recover an 
optimal bone repair process. This chapter summarizes the data published so far.  
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    14.2   Clinical Trials in Nonunion Fractures 

 A recent review of the current technologies in bone healing and repair in human 
studies did not  fi nd any level I evidence concerning bone marrow aspirates or gene 
therapy  [  13  ] . Only a few studies support the therapeutic use of bone marrow trans-
plantation in human  [  2  ] . 

 A systematic review was conducted using PubMed, Medline. This research was 
completed checking references cited in listed articles. The key words were “bone 
marrow,” “stem cells,” “MSC,” “nonunion fractures,” and “cell-based treatment.” 

 Unlike animals, in humans, only bone marrow (BM) aspirate implantations were, 
until now, used. The BM aspirates were, in some studies, concentrated before 
implantation (Table  14.1 ).  

    14.2.1   BM Aspirate 

 Connolly and coauthors seem to be the  fi rst to report results in a case of infected NU 
of the tibia in 1986  [  14  ] . In a further report on the use of marrow graft for osteogen-
esis from 1986 to 1995 including 100 patients having a tibial NU, a good response 
was found in 80 %  [  15  ] . No complications were reported. The method used was 
made under general anesthesia. The patient was placed in a prone position and the 
marrow was aspirated in 3–5-ml aliquots. Simultaneously with the marrow aspira-
tion, a second marrow needle was inserted into the site of the NU to directly inject 
the BM aspirate. The total injected volume was 100–150 ml. In two cases a second 
injection was performed. The authors gave no reason for this second injection. The 
healing time ranged from 6 to 10 months. 

 In 1990, Healey et al. published good results in 7/8 cases of NU after BM aspi-
rate injection in situ  [  16  ] . These cases were all failures of osseous reconstruction 
(autologous iliac crest bone grafting) after lower-extremity resections for sarcoma 
affecting bone. The bone marrow, 5–6 ml at the beginning of the series to 3 ml at the 
end, was aspirated from the iliac crest under general anesthesia and directly injected 
in NU, until a total of 50 ml had been grafted. No heparin was used to avoid poten-
tial impairment of bone healing associated with heparin  [  17,   18  ] . In four cases a 
second injection was made when no healing process was observed on review of 
serial roentgenogram. The healing time ranged from 4 to 36 weeks (mean 18). 

 In 1993 Garg et al. applied a technique they had tested earlier on rabbits  [  19  ] . They 
grafted bone marrow percutaneously in 20 ununited long bone fractures (15 in the 
tibia, 3 in the humerus, and 2 in the ulna). Under general anesthesia, 15–20 ml of bone 
marrow aspirates (3–4 aspirations of 5 ml) from the posterior iliac crest was directly 
injected into the NU sites twice, at an interval of 3 weeks. All cases were immobilized 
in a plaster cast. In 17/20 cases, bone fusion was observed after 5 (3–7) months. 

 In 2005, Goel et al. presented results of BM grafting in tibial NU  [  20  ] . Under 
local anesthesia, 3–5 ml of marrow was aspirated from the anterior iliac crest and 
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injected immediately percutaneously into and about the nonunion site. Subsequent 
aspirations were performed 1 cm posterior to the previous site until a maximum of 
15 ml of marrow was injected. Injections were repeated at 4–6 weeks if there was 
no radiological evidence of callus formation. The procedure was considered a fail-
ure if there was no clinical and radiological union at 6 weeks following the third 
injection. The results revealed clinical and radiological bone union in 15 out of 20 
patients (75 %), with an average time to union following the  fi rst injection of 14 
weeks. Four patients (20 %) showed no evidence of union and were considered a 
failure. There were no cases of infection following the injection and no complica-
tions at the donor site.  

    14.2.2   Concentrated BM Aspirate 

 Only one trial using a concentration of the BM aspirate was published. In 2005, 
Hernigou et al. reported the results of a retrospective study including 60 tibial NU 
 [  21  ] . Under general anesthesia, 300-ml BM was aspirated from both anterior iliac 
crests, then  fi ltered and concentrated by centrifugation on a cell separator. The 50-ml 
concentrated bone marrow was injected in NU. Weight bearing was not allowed dur-
ing a minimum of 1 month and until a callus had appeared. Failure was considered 
when no healing existed after 6 months. In 53/60 patients, bone union was obtained 
in a mean of 12 weeks (range 4–16 week). They quanti fi ed the number of injected 
MSC and found a signi fi cantly lower count of MSC in the negative cases.  

    14.2.3   Others 

 Until now, there have been no human studies using gene-modi fi ed MSC, expanded 
MSC, or differentiated MSC in osteoblasts. Only a recent publication concerns the 
effect of autologous osteoblast (OB) to improve the fracture healing  [  22  ] . The autol-
ogous OB cells were obtained from a 4-week culture of 3–5-ml bone marrow aspi-
rate. A mixture with 0.4 ml (12 × 10 6  cells) and  fi brin was prepared and injected 
under local anesthesia into the fracture area. In this randomized study, a signi fi cant 
fracture healing acceleration was shown.   

    14.3   Clinical Trials in Osteonecrosis 

 A systematic review was also conducted using PubMed, Medline. This research was 
completed checking references cited in listed articles. The key words were “bone 
marrow,” “stem cells,” “MSC,” “osteonecrosis,” “bone necrosis,” “avascular bone 
necrosis,” and “cell-based treatment.” 



312 J.-P. Hauzeur

 In 2002, Hernigou et al. reported the results of a non-controlled study of femoral 
head osteonecrosis  [  23  ] . The patients were followed up from between 5 to 11 years 
with a mean of 7 years. When patients were treated before collapse, hip replacement 
was done in 9 of the 145 hips. Total hip replacement was necessary in 25 of the 44 
hips operated after collapse. The authors classi fi ed this study as level III evidence. 
However, the study did not have any control. The evaluation was only based on a 
comparison with the estimated natural evolution of cases as published in other stud-
ies. The correct level of evidence seems to be level IV. The method for implanting 
the bone marrow aspirate in the necrotic area was the same as that described by the 
same author in NU. The volume of BM aspiration made under general anesthesia 
was 300 ml. A  fi ltration and a concentration by cell separator were performed. The 
 fi nal injected volume to inject into the necrotic area was 50 ml. 

 In 2004, Gangji et al. published a controlled, double-blind, prospective study 
including 18 femoral head ON before collapse  [  24  ] . These authors used core decom-
pression with a 5-mm trephine with or without concentrated BM aspirate  [  25  ] . The 
method used to obtain and to prepare BM was Hernigou’s method. After a 24-month 
follow-up period, there was a signi fi cant reduction in pain and joint symptoms 
within the BM graft group ( P  = .021). At 24 months, 5 of the 8 hips in the control 
group had deteriorated with an appearance of a collapse of the femoral head, whereas 
only 1 of the 10 hips in the BM graft group had progressed to this stage ( P  = .016). 
Survival analysis showed a signi fi cant difference in the time of collapse between the 
two groups. In addition, in the BM graft group, the volume of the necrotic lesion 
decreased by 35 %. 

 In 2011, the same group published a 5-year follow-up result of these cohorts 
 [  26  ] . Bone marrow implantation afforded a signi fi cant reduction in pain and joint 
symptoms and reduced the incidence of fractural stages. At 60 months, 8 of the 11 
hips in the control group had deteriorated to the fractural stage, whereas only 3 of 
the 13 hips in the bone marrow graft group had progressed to this stage. At 60 
months, survival analysis showed a signi fi cant difference in the failure time between 
the two groups. Patients suffered only minor side effects after treatment. 

 In 2008, a publication in Chinese presented a retrospective study using a differ-
ent method of treatment  [  27  ] . A 3-tunnel core decompression was performed in the 
femoral head to allow implantation of bone marrow MSC and decalci fi ed bone 
matrix. Among the 87 patients (103 hips), the average rate of excellent to good 
results (based on clinical and radiological evaluation) was deemed to be 75.7 % 
after a follow-up of a mean of 26 months. No further details were provided. 

 In 2010, Wang et al. reported the results of 59 ON of the femoral head (before or 
after collapse) in a prospective non-controlled study  [  28  ] . The 100–180-ml BM 
aspirate was concentrated to 30–50 ml. The implantation into the necrotic area was 
done through two to three holes made using a trocar with a 3.5-mm outer diameter. 
The follow-up was a mean of 27 months (range: 12–40). Clinically, the overall suc-
cess was deemed in 80 % and hip replacement was made in 7/59 hips (11.9 %). 

 In 2011, Yoshioka et al. published a retrospective non-controlled study of six 
patients (nine hips) suffering from corticoid-induced ON with SLE  [  29  ] . The X-ray 
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stage was non-collapsed in six hips and collapsed in three hips. The BM aspirate 
from iliac crest (336 ± 88 ml) was concentrated to 31 ± 7.6 ml. 

 In a follow-up report of a minimum of 3 years, signi fi cant improvement in pain 
and Harris Hip score was observed. Only one hip required replacement. 

 Finally, in 2012, a Chinese publication detailed a prospective randomized con-
trolled study using MSC expansion obtained after a 2-week culture of BM aspirates 
in 100 ON patients (104 hips)  [  30  ] . The etiological factors were trauma in 20 
patients, corticosteroid use in 24, alcohol abuse in 19, Caisson disease in 11, and 
idiopathic in 30. All had non-collapsed ON stages. A volume of 10 ml BM was 
aspirated, not in the iliac crest as in the other studies but in the subtrochanteric area 
where the core decompression has been made. The decompression was an original 
technique including the removal of the necrotic tissue by a custom-made trephine 
with a collapsible scraping end, a plugging of the bored bone core into the decom-
pression tunnel, and a scaling of the outlet of this tunnel with bone wax. The MSC 
present in BM was expanded by a 2-week culture. In each case, 2.10 6  MSC was 
prepared and injected into the necrotic area. The MSC was injected through the 
bored plug. Postoperative cares included bed rest with skin traction for 3 weeks and 
non-weight bearing for 6 weeks. 

 At 60 months, only 2/53 MSC treated hips compared with 10/44 control hips 
needed surgical treatment. MSC treatment signi fi cantly reduced the volume of 
necrosis and improved the Harris Hip score. No complications were observed in 
either group. A summary of some key studies is presented in Table  14.2 .   

    14.4   Concluding Remarks 

 In NU, this review shows that the therapeutic effect of MSC is only supported by 
some studies using BM aspirate, concentrated or not, of evidence level IV. Several 
differences between these studies must be noted. The type of NU and the therapeu-
tic methods were not the same. Different methods to harvest and to inject bone mar-
row were used. The volume and the number of injected MSC (when evaluated) were 
quite variable. 

 Good results were found in all studies. With small volume (15–20 ml) and with-
out any concentration, they were 83 %  [  19  ]  and 75 %, respectively  [  20  ] . With larger 
volumes (300 ml), and after concentration, the positive results increased slightly to 
88 %  [  21  ] . Clearly, the question of the best method, and the interest of larger BM 
aspirate volumes, remained to be resolved. 

 An additional question is the interest of an injection of volume larger than the 
volume of the lesions. What are the effects on homing and proliferation of injected 
MSC? In addition, it remains to clarify if the bone repair is boosted by the injected 
MSC or by other components of the BM aspirate like endothelial cells and growth 
factors. Trials using BMP have proven their ef fi cacy in seven studies with level I 
evidence  [  13  ] . 
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 In ON, the effect of BM implantation was tested in two trials, with level II evi-
dence  [  24,   25  ] , and four trials, with level IV evidence  [  23  ] . The method of harvest-
ing and concentrating the injected volume of bone marrow, as well as the method of 
implantation, was the same in three, whereas two other studies used two or three 
tunnel cores. All the results are very promising but need to be con fi rmed in larger 
randomized control studies. The same answer concerning the relationship between 
the injected volume and the lesion volume also needs further research. 

 A  fi rst randomized clinical trial, using MSC expansion before implantation into 
the necrotic area, was recently published  [  30  ] . The results were very positive with a 
good safety level, an absence of collapse in 95 %, and a signi fi cant reduction of the 
necrotic area. The comparison with the other studies is however not easy because 
the core decompression was made following a new technique. This factor could 
interfere with the cell-based part of the trial. 

 Finally, we have found no data to con fi rm that the therapeutic effect of BM aspi-
rate is due to its cellular part, especially MSC, rather than to growth factors. In 
conclusion, these reviews con fi rm that BM aspirate could induce bone repair in NU 
and ON. However, the data is very preliminary and many questions remain to be 
answered. 

 Bone reconstruction is a long process. Radiological tools give late imaging of the 
bone repair, together with a late response concerning the ef fi cacy of any therapeuti-
cal approach of bone healing impairment. It is important to detect and assess the 
osteogenic process due to the treatment as soon as possible. This early evaluation 
could allow us to con fi rm that the bone healing has started and that the evolution is 
positive. 

 Another objective of such quanti fi cation is to monitor the bone healing process: 
to detect any delay, to compare the osteogenesis rate for different therapeutical pro-
grams, such as different cell populations and levels of differentiation, as well as the 
dose-response rate, the relationships between different cells, growth factors and 
non-biological factors. Finally, tracking and following the homing of the injected 
cells postinjection is a key point in understanding and developing the therapeutical 
success of bone repair.      
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  Abstract   Spinal cord injury (SCI) is a debilitating condition affecting an estimated 
1,275,000 Americans at a cost of over 40 billion dollars each year. The main causes 
of SCI are automobile accidents, falls, other accidents, and violence such as gunshot 
or stab wounds. Depending on the precise location and severity of the insult, patients 
experience a range of motor, sensory, and autonomic impairments resulting either 
from disruption of ascending and descending axonal tracts or damage to the local 
neuronal circuitry at the injury site. Although much effort has been dedicated to the 
development of treatments and cures for this condition, to date, there is no effective 
way to reinstate motor, sensory, or autonomic functions. The burgeoning  fi eld of 
stem cell research has offered exciting new possibilities for the treatment of SCI, but 
little success has been realized in the limited clinical trials that have been performed 
thus far. The following chapter will review the cellular consequences of SCI, the 
efforts made to counteract these consequences by non-stem cell approaches, the stem 
cell-based strategies currently being investigated in preclinical studies, and the cur-
rent state of clinical stem cell trials on patients suffering from SCI.  

  Keywords   Spinal cord injuries  •  Cell replacement  •  Neuroprotection  •  Trophic 
support      
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    15.1   Epidemiology and Heterogeneity of Spinal 
Cord Injuries (SCIs) 

 It is    dif fi cult to know precisely how many individuals worldwide suffer from SCI, 
but estimates range from 11.5 to 58 millions. Spinal cord injuries occur in numerous 
different ways resulting in heterogeneous clinical presentations  [  1,   2  ] . This vari-
ability poses a challenge to both clinicians and researchers. The most common 
causes of SCIs are car accidents, which account for up to 58 % of incidents in devel-
oped nations, falls, sports, or violence such as stab and gunshot wounds. The inci-
dence of SCI is highest in persons aged 20–40 years and disproportionately af fl icts 
males three to four times more frequently than females. The spinal cord is subject 
to four vectors of force: extension,  fl exion, rotation, and compression, and most 
injuries are a combination of these, resulting in a crush injury. However SCI is occa-
sionally caused by penetration or maceration of the spinal column  [  3,   4  ] . Despite the 
prevalence of contusion-type injuries, transection lesions have been used as a model 
in many animal studies because of their reproducibility; their relevance to the clini-
cal state is questionable, however, and contusion injury models are being used 
increasingly in animal studies since they provide a histological response pro fi le that 
is more relevant to human cases  [  5  ] . While the cervical spine is the most common 
location of SCI (40–70 % of cases), and 34–60 % of injuries are incomplete, the 
injuries that occur in humans under disparate conditions, at various levels of the spi-
nal cord, and with varying degrees of severity are heterogeneous. It is therefore 
dif fi cult to assemble a cohort of patient subjects suffering from suf fi ciently similar 
injuries to properly test therapeutic approaches, and this has been a major roadblock 
in the clinical assessment of potential SCI treatments (Fig   .  15.1 ).   

    15.1.1   Critical Challenges Facing the Treatment of SCI 

    15.1.1.1   Description of Pathological Responses Post-SCI 

      Demyelination 

 The myelin sheath surrounding the axons of neurons is essential for proper trans-
mission of action potentials and communication of signals between cells. 
Demyelination of spared axons after SCI and death of the oligodendroglia (OL) 
responsible for producing myelin may contribute to the functional de fi cits experi-
enced by patients. Contusive injury to the spinal cord results in both immediate and 
secondary damages  [  5  ] . Immediately, there is damage to axons and cell bodies at 
the site of injury and disruption of the blood-brain barrier (BBB). Within the  fi rst 
day following injury, spinal neurons die of exocytotic damage and necrosis. At the 
same time, OL undergo their  fi rst of two waves of apoptotic death. The second, 
subacute wave of OL apoptosis lasts for several weeks post-injury. As a  consequence 
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of this extensive OL death, any spared axonal  fi bers that may have survived the 
initial injury begin to lose their myelination and become unable to transmit action 
potentials effectively. This demyelination persists; demyelinated axons have been 
observed even 10 years after SCI in humans  [  6  ] . It is estimated that just 10–15 % of 
white matter is required for retention of signi fi cant functionality  [  7  ] , so preventing 
demyelination of axons spared after injury could have signi fi cant clinical bene fi ts. 
Additionally, any successful axonal sprouting resulting in restoration of neuronal 
circuits during recovery from injury will be less ef fi ciently myelinated and simi-
larly compromised in signal transmission capability. Substantial efforts have there-
fore focused on stem cell transplantation and other strategies to replace or spare OL 
after SCI.  

Healthy
spinal cord axon

Injured
spinal cord axon

Lesion

1.

Injured axon
+ stem cellsMyelinating oligodendrocyte

Quiescent astrocyte

Reactive  astrocyte

Myelin sheath
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  Fig. 15.1    Spinal cord injury challenges and stem cell therapy approaches. In the healthy spinal 
cord, oligodendrocytes myelinate axons and quiescent astrocytes exist throughout the tissue. After 
an injury, astrocytes become enlarged, more plentiful and migrate to the lesion area to form a scar 
that impedes axon regrowth. Injured axons degenerate away from the lesion, and oligodendrocytes 
die, resulting in demyelination of spared  fi bers. Stem cells have been implanted into the injured 
human spinal cord in attempts to ( 1 ) increase levels of neurotrophic factors that protect injured 
neurons from dying and promote outgrowth, ( 2 ) replace the myelinating oligodendrocyte popula-
tion, ( 3 ) to alleviate glial scar formation, and ( 4 ) to replace local neuron populations       
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      Glial Scar Formation 

 While neurons and OL die in the days and weeks following injury, astrocytes instead 
change their morphology and proliferate in response to the assault. These changes 
also occur in two waves: the  fi rst, reactive astrogliosis is marked by a hypertrophic 
morphological change and upregulation of intermediate  fi laments such as glial 
 fi brillary acidic protein (GFAP). The primary function of reactive astrogliosis is to 
protect the central nervous system (CNS) by helping to reseal the breeched blood-
brain barrier (BBB). The second phase of gliosis, hyperplasia, is an accumulation of 
new astrocytes, thought to be generated from the proliferation of existing astrocytes 
and of adult neural stem/progenitor cells in the spinal cord. These new astrocytes 
join with in fi ltrating and proliferating microglia and macrophages that together sur-
round the lesion site and form the glial scar. While the initial hypertrophic phase of 
glial scar formation has bene fi cial effects on wound closure and functional recovery 
after SCI, the later, hyperplasic phase is thought to be inhibitory to axonal regenera-
tion  [  8–  10  ] . In addition to posing a physical barrier to axon regeneration, the glial 
scar contains a number of molecules such as chondroitin sulfate proteoglycan 
(CSPG), Nogo, and myelin-associated glycoprotein (MAG) that inhibits axon 
regrowth. Mitigation of glial scar formation has therefore been a major focus of 
research into potential SCI therapies.  

      Immune Reaction 

 Immune cells play important roles in the cellular responses to SCI beyond their 
incorporation in the glial scar. The breech in the BBB allows in fi ltration of immune 
cells such as lymphocytes, macrophages, T cells, and neutrophils, contributing to 
secondary damage by upregulating necrosis and apoptosis. Though such immune 
components may have bene fi cial effects after injury  [  11  ] , microglia/macrophages in 
particular are thought to contribute to secondary damage. After SCI, microglia 
become activated, undergo morphological changes, and secrete factors that induce 
apoptosis of OL, contributing to the demyelination of spared axons. Thus, control 
of the immune response is a strategy being investigated for the minimization of 
secondary damage to the injured spinal cord.  

      Endogenous Reparative Processes 

 Although severe neural injuries rarely recover in a meaningful way, some endoge-
nous cellular and molecular responses indicate that the body makes an inherent 
attempt at regaining neural connectivity and functionality. Understanding which of 
these changes may improve functional recovery and designing strategies to harness 
and enhance the natural ability of the body to repair damaged tissue may lead to 
effective therapies. Fundamentally, CNS axons have the ability to regenerate. After 
injury, axons revert from their functional “transmission” state to their developmental 



32315 Stem Cell Therapies for the Treatment of Spinal Cord Injuries

“growth” mode. Regrowth potentially occurs at the slow rate of 1 mm per day, but it 
is actively inhibited by a number of factors such as the glial scar and passively inhib-
ited by the absence of growth factors that are required for the robust outgrowth 
observed during development  [  12,   13  ] . Progenitor cells that are quiescent during the 
normal, healthy adult state begin to proliferate, possibly in an attempt to replenish 
the diminishing OL population  [  14–  17  ] . Various forms of plasticity occur including 
the sprouting of injured axons onto spared axons to improve connectivity  [  18,   19  ] , 
functional reorganization of sensorimotor cortical areas  [  18,   20  ] , and subcortical 
rubrospinal compensation for some lost corticospinal function  [  20  ] . 

 Alas, these endogenous responses to injury and apparent attempts at functional 
recovery after SCI fall far short of what is necessary for the majority of patients to 
regain sensory and motor control. Many strategies investigated at the laboratory and 
clinical trial levels have attempted to foster a growth-permissive environment so 
that the damaged spinal cord can successfully repair itself by enhancement of the 
inherent regenerative responses that occur after injury.  

      Consequences to the Patient 

 Taken together, these primary and secondary injuries to the spinal cord result in a 
loss of synaptic transmission both between neurons within a circuit and between 
neurons and their terminal innervation sites in the musculature and sensory recep-
tors. Depending on the spinal column level at which the injury occurs, patients 
experience a range of functional de fi ciencies that produce varying effects on life-
style. Injuries are classi fi ed as either complete or incomplete; a complete injury 
leaves a patient unable to exert voluntary muscle movements or detect conscious 
sensory information from all parts of the body situated below the level of injury. The 
level of injury to the spinal cord dictates the areas of lost function. For example, 
complete injuries between cervical vertebral levels two and four (C2–C4) result in 
loss of sensory and motor function in all limbs, loss of autonomic functions (bowel, 
bladder, sexual), and loss of spontaneous respiration; complete lesions at C5 to T1 
lead to loss of all function in the trunk and legs with varying effects on the arms; 
thoracic lesions spare the arms but affect everything below the chest, back, and 
abdomen; lumbar and sacral lesions lead to varying effects on the legs and on auto-
nomic functions; L1 and L2 control  fl exion at the hips which is important for stand-
ing and walking, and lesions below L2 spare hip  fl exion; and L3 through S5 innervate 
the remainder of the legs and mediate autonomic functions  [  21  ] .   

    15.1.1.2   Treatment Approaches to SCI 

 There are currently no FDA-approved therapies for spinal cord injury, and no inter-
ventions that have been proven to alter clinical outcome. A widely accepted and 
implemented treatment for acute spinal cord injury involves surgical decompression 
of the injury site. Past studies have not shown that this intervention alters clinical 
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outcome, but a large multicenter trial is in progress to de fi ne the potential bene fi ts. 
Infusion of methylprednisolone is also used in the acute setting of SCI. This treat-
ment was widely adopted following the report of the Second National Acute Spinal 
Cord Injury Study (NASCIS II) in 1990 and became an implied standard of care. 
However, subsequent clinical studies and critical reviews suggest that methylpred-
nisolone has little or no positive impact on clinical outcome  [  22–  26  ] . Furthermore, 
methylprednisolone use may lead to complications for the patient that may out-
weigh any potential bene fi ts  [  27  ] . 

 A variety of other approaches have been utilized clinically and experimentally 
with varying but marginal degrees of success. Peripheral nerves, which are known 
to regenerate after injury, have been grafted into central spinal cord injuries in an 
attempt to harness the regenerative capacity of the peripheral nerves. These studies 
yielded limited success, and spinal axon regeneration was limited to short distances 
 [  28,   29  ] . When a similar approach was taken in a nonhuman primate study, no func-
tional recovery was observed  [  30  ] . Although one human study reports some func-
tional improvement in one patient after a peripheral nerve graft, proper control 
patients were not included  [  31  ] , and, anecdotally, this approach seems unsuccessful 
after complete SCI  [  32  ] . With remyelination of spared axons in mind, Schwann 
cells, the cellular population responsible for myelinating peripheral nerve axons, 
have been implanted into rodent models of SCI including contusion injury, lateral 
hemisection, and complete spinal cord transection  [  33–  35  ] . Although injured axons 
successfully grew into the Schwann cell grafts, remyelinated, and were able to con-
duct electrical impulses  [  33,   35,   36  ] , the axons failed to grow out of the graft and 
innervate the host tissue. The feasibility of this approach for human use was inves-
tigated when human Schwann cells were implanted into immune-compromised 
injured rodents  [  37  ] . While some functional improvement was reported in the 
human Schwann cell-injected rodents, it was not suf fi cient to allow weight support 
by the hind limbs in more than one animal. Schwann cell implantation has also been 
used in combination with other strategies such as the upregulation of neurotrophic 
factors  [  38,   39  ]  or other compounds or cell types  [  4,   40,   41  ] . 

 Because various neurotrophic factors are known to be crucial to the ability of 
young axons to grow during development, one approach for treating injury has 
been to arti fi cially increase the levels of these factors in the adult nervous system, 
where they are substantially diminished. This has been done both in isolation  [  42  ]  
and in combination with other strategies  [  38,   39  ]  with some limited success. For 
example, in one study, injection of glial cell line-derived neurotrophic factor 
(GDNF) into injured rodent spinal cords signi fi cantly improved behavioral func-
tionality compared to saline-injected control animals  [  42  ] . Recovery was, however, 
limited, and the mechanism of action remains unclear. Other molecular pathways 
involved in axon elongation have also been targeted for upregulation after injury. 
For example, the second messenger cyclic adenosine monophosphate (cAMP) and 
rho-family GTPases have been targeted for their ability to promote axon outgrowth 
and to overcome the negative effects of inhibitory molecules present in the injured 
spinal cord including Nogo, MAG, and oligodendrocyte myelin glycoprotein 
(OMgp)  [  43,   44  ] . 
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 A host of alternative substrates has been investigated for their potential to facili-
tate central axon regeneration. Nitrocellulose treated with compounds known to 
promote growth such as laminin and poly- l -lysine  [  45  ] , collagen matrices  [  46,   47  ] , 
carbon  fi laments  [  48  ] , ionic synthetic hydrogels  [  49  ] , and self-assembling peptide 
amphiphiles (PA) designed to mimic the extracellular matrix  [  50  ]  has been implanted 
into the lesion sites of rodents to facilitate axon regeneration and produced limited 
favorable outcomes. Experiments investigating the effects of the PA, which presents 
a high density of laminin-mimicking epitopes to the cells its surrounds, revealed 
that this approach facilitates not only axon outgrowth but also bene fi cial effects on 
the glial scar as described below. 

 Finally, some approaches are designed to mitigate the inhibitory effects of the 
glial scar. The glial scar formed after injury expresses a number of molecular fac-
tors, most notably proteoglycans, which are inhibitory to axon outgrowth. 
Application of chondroitinase, an enzyme that largely removes the sugar chain from 
the chondroitin family of proteoglycans (CSPGs), has successfully relieved inhibi-
tion in the scar and improved growth of injured axons towards their original targets 
 [  51  ] . Other inhibitory factors found in the glial scar such as semaphorin3 and mem-
bers of the Eph/ephrin receptor tyrosine kinase family, and the myelin-associated 
protein Nogo, have also been inhibited with a limited degree of success  [  52  ] . Other 
approaches have attempted to limit the amount of gliosis as a comprehensive way to 
diminish expression of these inhibitory molecular factors as well as the physical 
barrier that the scar presents. Molecular targeting of the signaling cascades that 
mediate reactivity and proliferation of astrocytes has had promising effects on axon 
regeneration. For example, BMP signaling attenuation can promote lesion closure 
without inhibiting axon elongation  [  10  ] , and a laminin-mimicking PA inhibits glial 
scar formation in this manner  [  50  ] . The glial scar remains a main focus of SCI 
research but attempts to limit its inhibitory capacity appear to be insuf fi cient to 
restoring axon integrity on their own. 

 While some of these approaches have yielded moderate regeneration into the 
lesion, rarely have axons been shown to grow through the lesion.  

    15.1.1.3   Stem Cell Strategies 

 There are several different strategies for using stem cells to treat SCI including (a) 
replacement of dead or dysfunctional cells, both neurons and OL; (b) creation of a 
more growth- friendly environment to encourage the regeneration or survival, via 
trophic support, of existing, damaged axons or improving the integrity of the growth 
substrate by  fi lling cavities; and (c) relief of detrimental, inhibitory glial scarring. 
Before addressing the major challenge of improving SCI in patients using stem 
cells, however, researchers and clinicians face a host of roadblocks involving the 
general use of stem cells for therapy including immune reaction to implants  [  53  ] , 
potential development of cancers from the stem cells which are highly proliferative 
 [  54  ] , and other dangers posed by stem cell implantation including pain  [  55  ] . Finally, 
it is dif fi cult to conclude from the current stem cell clinical research which approach 
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is most promising, as each approach has been evaluated separately and in a range of 
SCI types rather than compared directly under controlled conditions  [  53  ] . 

 The potential immune response after transplantation of stem cells is a major 
issue, and a number of the clinical trials that have occurred to date have primarily 
tested strategies to avoid immune rejection. An ideal cell implantation approach 
would utilize autologous stem cells (i.e., a stem cell population isolated from patient) 
and therefore not require the complicated and risk-  fi lled process of immunosup-
pression  [  53  ] . Several stem cell populations ful fi ll this criterion and have been tested 
in various clinical trials: bone marrow stromal cells  [  56–  58  ] , hematopoietic (blood-
derived) stem cells  [  59  ] , olfactory ensheathing cells  [  60  ] , and umbilical cord cells 
 [  61,   62  ] , which may be available autologously if the patient had them cryoprotected 
at birth  [  53  ] . However, procedures for utilizing neural stem cells, to date, require the 
use of heterologous populations, and clinical applications using them may require 
immunosuppression of the patient  [  53  ] . Alternatively, the  fi eld of induced pluripo-
tent stem cell (iPSC) generation has been rapidly expanding and may one day pro-
vide reliable sources of neural stem cells for use in treating SCI  [  63,   64  ] .   

    15.1.2   Current Research into Stem Cell Strategies 

    15.1.2.1   Cell Replacement 

 Although SCI is generally viewed as a problem involving interruptions in descend-
ing motor and ascending sensory tracts, local cell death near the site of injury also 
poses a major hurdle to functional recovery. The gray matter contains local neuronal 
circuits and interneurons, and cell bodies of myelinating OL. These populations die 
of exocytotic damage and necrosis, or apoptosis, respectively, in the days and weeks 
following SCI, and the damaged adult spinal cord cannot replace these cells from 
endogenous stem/progenitor cells  [  65,   66  ] . A logical approach to replacing these 
depleted local cell populations is implantation of pluripotent embryonic stem (ES) 
cells or other stem cells with the potential to generate  neurons or OL. 

 A major challenge to all stem or progenitor cell implantation strategies is deter-
mining precisely what type of cell to implant. Theoretically, ES cells are an ideal 
population because of their pluripotency and their expansive capacity. However, 
since implantation of unmanipulated ES cells leads to teratomas  [  67  ] , substantial 
effort has been devoted to devising protocols for differentiating ES cells into speci fi c 
cell types, or into more restricted stem and progenitor states, prior to implantation. 
McDonald et al. coaxed rodent ES cells towards a neural identity by treatment in 
culture with retinoic acid  [  68,   69  ] . Once transplanted into the injured spinal cord, 
the treated ES cells differentiated into oligodendrocytes and astrocytes and, to a 
lesser extent, neurons. They survived more than a month, migrated 8 mm from the 
site of injection, did not form tumors, and enhanced functional recovery as mea-
sured by open  fi eld testing (BBB scale). 

 A more focused strategy involves pre-differentiating cells to an OL phenotype to 
potentially remyelinate spared axons after an incomplete injury  [  70,   71  ] . Keirstead 
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et al. differentiated human ES cells (hESCs) into an OL-committed precursor state 
in vitro and implanted the resulting oligodendrocyte precursor cells (OPCs) into the 
spinal cord 1 week after SCI. Many cells migrated to the lesion site and differenti-
ated into mature oligodendrocytes. The stem cell treatment enhanced functional 
recovery on open  fi eld testing even though there was no notable difference in remy-
elination between the implanted group and the control group in which remyelina-
tion was also robust. There were, however, fewer demyelinated axons following 
injury and fewer improperly myelinated axons in the experimental group. The 
authors propose that the OPC implants remyelinate axons more effectively than 
endogenous remyelination mechanisms leading to the observed functional recovery. 
This approach is ineffective in models of complete SCI  [  5  ] , presumably because 
there are few spared axons to remyelinate. 

 ES cells differentiated into even more restricted lineages have also been used to 
produce neurons after implantation. These neuronal lineage-restricted precursor 
cells (NRPs) are generated by the differentiation of the stem cells in culture and 
isolation by FACS sorting according to the expression of the cell-surface antigen 
embryonic neural cell adhesion molecule (E-NCAM)  [  72  ] . When implanted into the 
spinal cord, these NRPs can survive at least a month, differentiate into neurons, and 
extend processes into the gray and white matter  [  72  ] . Some groups have pre-differ-
entiated pluripotent stem cells into speci fi c types of neurons before implantation. 
For example, Harper et al. exposed ES cells to retinoic acid and sonic hedgehog  [  73  ]  
in culture to differentiate them into neurons with a transcriptional pro fi le akin to that 
of spinal motoneurons. These motoneurons survived for over 1 month when 
implanted into injured rodent spinal cords, but their growth was hindered, presum-
ably by the same factors that inhibit endogenous axon growth in the injured spinal 
cord  [  74  ] . 

 Other studies have attempted to introduce new neurons into injured spinal cords 
by means of fetal grafts. Anderson et al. implanted solid or suspended populations 
of neural cells from fetal spinal cord, brainstem, and neocortex into injured cat spinal 
cords and found integration into the host tissue as well as differentiation of graft cells 
into speci fi c types of neurons, but functional results were limited and variable  [  75  ] . 
Similar experiments performed in rodent models of SCI have generated equivalent 
results: injured axons grew into, but not out of, the fetal tissue grafts  [  76–  79  ]  with 
statistically signi fi cant but only minimally improved functional recovery. The authors 
hypothesize that fetal grafts enhanced function by acting as a relay capable of trans-
mitting neuronal impulses over the lesion site  [  4  ] . Such grafts might also contribute 
growth factors and trophic support to compromised host axons, a targeted approach 
taken by other groups and discussed below. Indeed, this approach has been more 
successful when performed in conjunction with neurotrophin delivery  [  80,   81  ] . 

 Finally, there have been attempts to replace damaged neurons by implanting 
stem cells derived from non-neural lineages. Some evidence suggests that certain 
non-neural stem cell lines have the ability to “transdifferentiate” into neural cells. 
This approach was attractive because it opened up the possibility that grafts could 
be generated from a patient’s own tissue, thereby eliminating concerns about 
immune rejection. Stem cells derived from bone marrow, umbilical cord, blood, and 
skin have been implanted into the injured rodent spinal cord with varying degrees of 
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improvement in functional recovery  [  82  ] . However, there is little if any evidence of 
transdifferentiation of such cells into neural phenotypes. Indeed, clinical trials of 
bone marrow implantation into injured human spinal cords have revealed no 
signi fi cant improvements in patient condition, and the mechanism underlying the 
results of the preclinical studies remains unclear  [  57,   83  ] .  

    15.1.2.2   Neuroprotection and Trophic Support 

 Another approach is to try to condition the environment at and around the lesion site 
to encourage axonal outgrowth. Stem cells are an intriguing tool for this task since 
they secrete a variety of growth factors and cytokines. Thus, their presence alone, 
regardless of whether they incorporate into neural circuits in the injured spinal cord, 
could potentiate the regrowth and remyelination of injured neurons and facilitate the 
survival of cells at risk of death from secondary injury processes. 

      Facilitation of Axon Regeneration and Local Neuron Regrowth 

 The possibility that the unidenti fi ed properties governing the ability of PNS axons 
to regenerate might hypothetically assist CNS axons to regenerate was  fi rst exam-
ined in the early 1900s  [  84  ] . Tello noted that rabbit-denervated cortical  fi bers were 
able to grow into peripheral nerve grafts. This work was not widely accepted, how-
ever, and it was not until the 1980s that the concept was revisited in the context of 
SCI research  [  29  ] . Researchers at McGill University in Canada reported sprouting 
of injured rat spinal cord axons into peripheral grafts containing Schwann cells. 
This work has since been applied successfully to chronic SCI in rats  [  85  ]  and acute 
SCI in nonhuman primates  [  30  ] . 

 These successful animal studies and similar others prompted a search for the 
speci fi c factor(s) of PNS cells that can promote CNS regeneration. Schwann cells, 
the myelinating glia of the PNS, are thought to be largely responsible for the effects 
of PNS grafts on injured CNS axons  [  29  ] . A number of animal model and clinical 
studies have therefore investigated the potential for Schwann cell grafts to improve 
axon regeneration after SCI.    Paino and Bunge  fi lled the cystic cavities of adult rat 
injured spinal cords with collagen rolls containing Schwann cells and noted that the 
axons growing into the graft were usually associated with the transplanted cells, 
underscoring the potential of Schwann cells to provide unique facilitation of spinal 
axon outgrowth. Similar approaches were tested in conjunction with methylpredni-
solone treatment  [  40  ]  and with the myelinating cell population of olfactory ensheath-
ing cells  [  41  ] . Olfactory ensheathing cells are glial cells that are found around 
sensory axons in the olfactory mucosa of the nose. They are the only type of glial 
cell found in both the central and peripheral nervous system, making them an attrac-
tive type of cell to use for their accessibility and potential compatibility within the 
spinal cord. They have been shown to promote axonal growth in a manner similar to 
Schwann cells  [  86  ] , and results from several dozen preclinical studies in animal 
models of SCI demonstrated limited recovery of motor, sensory, and bladder 
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 function, possibly by assisting the myelination of regenerating axons after injury 
 [  87,   88  ] . These preclinical studies formed the foundation for several clinical trials 
investigating cell replacement therapies  [  60,   89  ] , reviewed in Sect.  15.3  of this 
chapter. 

 The marginally promising results of Schwann cell and olfactory ensheathing cell 
preclinical and clinical trials prompted studies of the potential bene fi ts of combina-
tional approaches. Taylor et al. combined the use of stromal cell implants to provide 
a permissive substrate for axon growth with lentiviral upregulation of NT-3 to stim-
ulate axon sprouting  [  90  ] . Like many approaches, this succeeded in allowing axons 
to grow into but not beyond the lesion site. A combination of NT-3 and cAMP 
stimulation, but neither manipulation individually, generated slightly more success 
and allowed axons to grow beyond the lesion site  [  91  ] , but this required a precondi-
tioning of the neurons with cAMP prior to injury, a clinically unrealistic constraint. 
Combinations of transplants and neurotrophic factors have also shown limited suc-
cess in animal models of chronic SCI  [  80,   92,   93  ] .  

      Neuroprotection 

 Implantation of fetal tissue grafts into the injured spinal cord of newborns improves 
motor recovery, and this is also true, albeit to a less robust extent, in adults. 

 One mechanism contributing to this phenomenon is the protection of axotomized 
neurons from dieback and retrograde-induced cell death. Mori et al. reported in 1997 
 [  94  ]  that this applies to the projection neurons of the red nucleus (RN) or the rubro-
spinal tract. The authors performed left-sided hemisections on adult rat spinal cords 
to axotomize the cells of the right red nucleus and, at the same time,  fi lled the result-
ing cavity with embryonic day (E) 14 (of the 22 total days of rat gestation) spinal cord 
tissue. Using tracing dyes that migrate along intact axons, it is possible to determine 
which cells were successfully axotomized and whether or not subsequent cell death 
occurred. The fetal tissue transplant rescued roughly 50 % of the axotomized cells 
from death, although the surviving RN projections did not traverse the fetal graft and 
lesion site, and the full mechanism of functional improvement remained unclear. 

 One way fetal tissue or stem cell grafts may contribute to neuroprotection of cells 
that survive SCI is by secretion of neurotrophic factors abundant in developing, but 
not adult tissues  [  95–  98  ] . Some research groups have genetically enhanced the abil-
ity of cells to produce neurotrophic factors to improve the ability of implanted cells 
to support neuronal and glial survival and function after experimental SCI  [  99–  102  ] . 
Liu et al. in 1999 reported enhanced regeneration of rubrospinal axons and improve-
ment in forelimb function after implantation of  fi broblasts modi fi ed to secrete brain-
derived neurotrophic factor (BDNF)  [  102  ] . The same group reported a similar effect 
on supraspinal neurons in chronic SCI  [  101  ] . Implantation of  fi broblasts secreting 
both BDNF and neurotrophin-3 (NT-3) improved rubrospinal regrowth  [  100  ] . 
Another approach involved engineering neural precursor cells (NPCs) to secrete 
Noggin, an inhibitor of bone morphogenetic protein (BMP) signaling, to inhibit 
BMP-mediated differentiation of the endogenous NPCs into the astrocytic compo-
nent of the glial scar  [  99  ] .   
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    15.1.2.3   Endogenous Stem Cells 

 Although the precise complement of stem cells present in the adult spinal cord and 
their proliferative capacity, differentiation potential, and molecular pro fi les remain 
unclear, it is easy to imagine the potential bene fi ts of orchestrating repair by direct-
ing them to replace myelinating oligodendrocytes, replace neurons comprising local 
circuitry, attenuate glial scar formation, and secrete trophic factors to facilitate 
recovery. The obvious advantage of this approach is the amelioration of problems 
and issues related to stem cell transplantation and immune rejection. 

      Replacement of Myelinating Oligodendrocytes 

 After SCI, endogenous stem and progenitor cells in the adult spinal cord proliferate 
and then differentiate into mature glia. However, these cells have a propensity to 
produce astrocytes rather than the functional, myelinating OL. In order to speci fi cally 
target the oligodendrocyte lineage, some studies have attempted to increase genera-
tion of NG2-expressing progenitor cells that are oligodendrocyte precursors. 
Administration of glial growth factor 2 (GGF2) and  fi broblast growth factor 2 
(FGF2) to rats 24 h after SCI increased NG2+ progenitor cells, myelinated axons, 
and functional recovery  [  103  ] . Since BMP signaling promotes astroglial rather than 
OL differentiation of these cells  [  104,   105  ] , it may also be possible to increase oli-
godendrocyte lineage commitment by endogenous progenitor cells by inhibiting 
BMP signaling.  

      Reduction of Glial Scarring 

 A major roadblock for axons attempting to regenerate after SCI is the glial scar. In 
addition to acting as a physical blockade to axon outgrowth, the glial scar contains 
a number of extracellular matrix proteins that are inhibitory for axon outgrowth 
including CGSP, Nogo, MAG, and others. Efforts to chemically mitigate the pres-
ence of inhibitory factors in the glial scar have had some limited successes, but 
inhibition of scar formation from injury onset may prove to be a more effective 
strategy  [  52,   106,   107  ] . Because endogenous neural stem or progenitor cells con-
tribute to scar formation, it may be possible to attenuate the process by manipulating 
the propensity of the stem/progenitor cells to differentiate into astrocytes  [  5,   10  ] .     

    15.2   Importance of Nonhuman Primate Studies 

 When translating the outcomes of rodent studies to clinical applications, the differ-
ences between rodent and human spinal cords, both anatomical and physiological, 
should be kept in mind  [  108  ] . Nonhuman primate studies may lend additional 
insight to the likelihood of success in human trials since their spinal cord anatomy 
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more closely resembles ours. Although embryonic stem cells have been isolated 
from nonhuman primates  [  109  ] , most nonhuman primate SCI stem cell studies have 
focused on the implantation of human stem cells into injured animals. Iwanami 
et al.  [  110  ]  in fl icted C5 contusion injuries to adult marmosets and injected, directly 
into the lesion 9 weeks after injury, human neural stem progenitor cells that had 
been cultured from 8-week-old fetuses and propagated in vitro as neurospheres. The 
marmosets that received cell implants reportedly experienced a signi fi cant improve-
ment in grip strength compared to controls. Histological analysis after completion 
of the behavioral portion of the study revealed that implanted cells became both 
neurons and glia. However, the variability in outcomes between treatment groups 
was so large that the signi fi cance of the functional improvement has been ques-
tioned  [  53  ] . Indeed, the procedure failed to qualify for a clinical trial  [  111  ] . 

 Although it has been suggested that primate SCI may be more relevant to the 
human condition than rodents injuries, new differences between nonhuman primate 
and human SCI are being uncovered. A recent study reported spontaneous recovery 
of function after SCI in nonhuman primates, making it dif fi cult to determine 
whether improvements after treatment in these animal models are truly a result of 
the therapy  [  112  ] . 

    15.2.1   Case Studies: Clinical Trials of Stem 
Cells for the Treatment of SCI 

 Despite the limited success in treatment of experimental SCI, a number of approaches 
have been translated into clinical trials. It is important for patients and families to 
manage expectations of outcomes of clinical trials  [  113  ] . But the lack of effective 
treatments in the mainstream medical arena has left a void that can be  fi lled by pro-
cedures that are often offered without legitimate expectations of success  [  114  ] . This 
section details the protocols used and outcomes for the patients undergoing these 
treatments (Table  15.1 ).  

    15.2.1.1   Autologous Bone Marrow Stem Cell Therapy 

 Intravenous administration of bone marrow stem cells (BMSCs) was tested by sev-
eral groups for the treatment of SCI  [  70,   110,   115,   116  ] . While this approach was 
demonstrated to be safe and without major side effects, no functional improvements 
were observed. Sykova et al. (2006) observed modest improvements in SCI  condition 
by administration of unmanipulated, autologously generated cultures of the cells 
intravenously or intra-arterially to 20 patients with both acute and chronic SCIs. 
However, only 5 of the 20 patients demonstrated functional improvement of any 
kind  [  57  ] . Park and colleagues investigated the potential of these cells when injected 
directly into the spinal cord lesion site. They coadministered the cells with granulo-
cyte macrophage colony-stimulating factor (GM-CSF), a cytokine that stimulates 
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stem cells to become monocytes that differentiate into macrophages during the 
immune response  [  128  ]  and reported in 2005 upon the safety of this procedure. 
Though safe, its effectiveness as a SCI treatment was not determined. The following 
year, Moviglia et al. combined T cell and marrow stromal cell (MSC) therapy to 
treat two paraplegic patients suffering from cervical or thoracic SCI  [  118  ] . 
Autologous T cells were cocultured with autologous MSCs. The T cells were 
administered intravenously and the cocultured MSCs were transplanted directly to 
the lesion site by a feeding artery. The goal of the coculture of T cells and MSCs 
was to induce a controlled in fl ammatory response that could, as in the 2005 mac-
rophage study described above, boost reparative processes and potentially condi-
tion the lesion site for a more successful stem cell transplant. Although some 
sensory improvement was observed in both of the subjects, the low number of 
patients and the marginal bene fi ts that were observed limit the conclusiveness of the 
results  [  5,   118  ] . 

 Yoon et al. (2007) reported on a phase I/II clinical trial of autologous BMSC 
implantation along with GM-CSF administration into acutely and chronically 
injured spinal cords  [  58  ] . While there was signi fi cant functional recovery in the 
acute SCI patient cohort, no improvement was observed in the chronic (>8-week-
old) SCI group. Geffner et al. (2008) reported on eight case studies of patients with 
SCI (four acute and four chronic) who received autologous BMSC implants through 
a variety of administration routes  [  56  ] . BMSCs were isolated from bone marrow 
samples by FACS sorting of the CD34+ population. A laminectomy was then per-
formed to expose the injured portion of the spinal cord, and the scar tissue was 
resected and the cord detethered. A series of micropunctures were introduced using 
a 21-gauge needle and a total of 20 ml of stem cell suspension was delivered into 
various sites and cavities in and around the lesion epicenter. After suturing closed 
the dura, an additional 30 ml of cell suspension was delivered to the spinal canal and 
a  fi nal 30 ml delivered intravenously. This amounted to a total of 1.2×10 6  cells/kg of 
body weight. Subjects were evaluated for motor and sensory abilities before the 
procedure and then at 6, 12, and 24 months after implantation. In addition to the 
American Spinal Injury Association (ASIA) scale evaluation for motor and sensory 
function, Frankel scores were also collected to chart the severity of impairment, and 
Ashworth scores to track changes in muscle spasticity. Quality-of-life  improvements 
were measured using the Barthel index  [  129  ] . No safety concerns or side effects 
were observed. The authors reported “noticeable” morphological changes to the 
spinal cord as detected by MRI. Motor scores improved in most of the patients, and 
to a statistically signi fi cant degree, after 24 months, in two of these. Sensory ability 
improved in the same two patients who experienced the most motor recovery. 
Quality of life improved in all eight patients, when aspects such as bladder function 
were taken into account using the Barthel method and the authors’ own bladder 
function scoring method. While this trial has been reported as a success, the bene fi ts 
that were reported were small. 

 Mononuclear cells have also been isolated from the bone marrow and tested 
clinically for therapeutic effect after SCI. Kumar et al. published in 2009 the safety 
assessment of isolating such cells autologously and injecting into patients by way of 
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lumbar puncture (LP)  [  119  ] . Bone marrow was collected from patients’ iliac crests, 
and mononuclear cells were isolated by centrifugation and FACS separation of the 
CD43+ subpopulation. These cells were then injected, unmanipulated, intrathecally 
into 215 patients with paraplegia, 49 patients with quadriplegia, and 33 patients 
with nontraumatic spinal cord myelopathy. Follow-ups including ASIA scoring 
occurred every 3 months for 21 months. The treatment was determined to be safe, 
as no serious side effects or tumor formation occurred. ASIA data indicated that 
approximately one third of the patients being scored showed sensory and motor 
improvement. These improvements correlated with improvement in bladder func-
tion, as well. The authors noted that recent SCIs were more responsive to the treat-
ment than chronic SCIs, and lower SCIs were likewise more responsive that 
upper-level injuries such as those in the cervical region of the spine. Notably, the 
number of CD34+ cells that were successfully delivered to the patient had a direct 
correlation with the reported success of the treatment, suggesting that this cell popu-
lation’s therapeutic potential might be worthy of follow-up investigation. 

 A number of other groups have investigated the effects of intrathecal administra-
tion of cells derived from bone marrow. Callera et al. determined that intrathecal 
introduction of autologous mononuclear BMCs is safe, but the trial did not reveal 
whether this method is useful for treating SCI  [  120  ] . Saito and colleagues reported 
on a single patient who had received bone marrow stem cells intrathecally and expe-
rienced slight but steady improvement. This con fi rms the safeness of this procedure, 
but again, its usefulness for SCI therapy could not be determined from the small 
sample size and lack of control group  [  121  ] . Pal et al. isolated bone marrow cells 
autologously and expanded them in culture before administering them intrathecally 
to patients  [  122  ] . In this study, 30 patients were divided between acute and chronic 
SCI groups. Despite the relatively large number of participants, at the time the 2009 
report was published, only the safety and not the effectiveness of this therapy could 
be determined. Diverse methods of isolation, cell population selection, and delivery 
were tested in an animal study by Paul et al.  [  130  ] . The authors concluded that the 
intrathecal route is the most promising method of bone marrow cell administration, 
as it is minimally invasive yet more effective than IV delivery. 

 Two very recent studies examined mesenchymal stem cell (MSC) therapy. Park 
et al. isolated autologous MSCs from iliac crest bone marrow of each patient and 
expanded the cell population in culture for 4 weeks  [  117  ] . Cells were injected both 
into the spinal cord directly and into the intradural space. One and two months later, 
additional cells were administered to each patient by lumbar tap. The ten patients, 
each of whom had cervical level SCIs, were assessed for changes in motor power in 
the extremities and by MRI and electrophysiology. After 6 months, six of the ten 
patients demonstrated improvement in the motor assessment and three in the quali-
ty-of-life index (ADL). In three patients, MRI revealed a decrease in cavity size 
concomitant with improvements in elecrophysiological activity. None of the ten had 
adverse reactions to the transplantation. In a similar fashion, Bhanot et al. examined 
MSC used to treat chronic SCI  [  123  ] . Autologous MSCs were administered directly 
to the lesion area after laminectomy. While one patient experienced improvement in 
motor control and two others experienced limited improvement in sensation  capacity, 
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none of three different doses of cell administration was able to improve clinical 
outcome in a meaningful way. This study reinforced the safety but limited therapeu-
tic usefulness of autologous MSCs  [  127  ] . Overall, the clinical experience with 
BMSC transplantation has been disappointing. 

 Bone marrow-derived cells, both MSCs and bone marrow-derived progenitor 
cells (BMPCs), are also the focus of two clinical studies currently recruiting partici-
pants at the time this text went to press. A Chinese group at Guangzhou General 
Hospital intends to combine intravenous and intrathecal administration of autolo-
gous bone marrow-derived MSCs. This study will determine the safety and ef fi cacy 
of a less-invasive means of delivering MSCs to the injured spinal cord than the 
direct implantation. Similarly, a trial at the Baylor College of Medicine will test the 
safety and ef fi cacy of autologous BMPCs administered intravenously to children 
aged 1–15 years with SCI.  

    15.2.1.2   Autologous Olfactory Ensheathing Cell Therapy 

 Feron et al. reported in 2005 on a phase I clinical trial that examined the effects of 
intraspinal implantation of olfactory ensheathing cells into three male paraplegics 
with chronic injuries to the thoracic spinal cord  [  60  ] . The study participants under-
went nasal biopsy for the excision of olfactory mucosa samples. Cells were dissoci-
ated from this tissue sample and grown in culture, undergoing passages every 3 days 
until enough cells were generated, 4 weeks later. The subjects underwent multiple 
vertebral laminectomies to remove the vertebrae directly above as well as just ros-
tral and caudal to the injury site. The dura was opened and cells were injected 
directly into the injury as well as into the uninjured cord rostral and caudal to the 
epicenter. The three patients received different amounts of cells (12, 24, and 28 mil-
lions, respectively). Three additional patients were used as control subjects. By 
1 year after implantation surgery, no adverse physical or psychological side effects 
were noted. MRI studies showed no change in spinal cord structure by 1 year after 
surgery, and there were no apparent clinical bene fi ts. This study builds on the 
authors’ previous publications reporting on the safety of the olfactory mucosa 
biopsy itself as well as procedures for growing the olfactory ensheathing cells in 
culture. In 2008, a 3-year follow-up of these same patients was published support-
ing the safety and feasibility of this technique  [  131  ] . Although other less well-con-
trolled studies have suggested some clinical bene fi ts from implantation of olfactory 
ensheathing cells  [  124–  126,   132  ] , in toto these studies have shown little if any ther-
apeutic bene fi ts.  

    15.2.1.3   Autologous Schwann Cell Therapy 

 Saberi et al. (2008) examined the effects of autologous Schwann cell transplanta-
tion in four patients with chronic thoracic spinal cord injuries  [  89  ] . The authors 
subjected the patients to 6 months of physical therapy prior to implantation  surgery 
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to ensure that their SCI condition was stable and not improving on its own. To 
prepare a culture of autologous Schwann cells for implantation, the sural nerve 
was surgically excised (12–15 cm) and the surrounding cells dissociated in cul-
ture. The cells were not passaged, but the media was frequently changed. Cell 
purity, which was found to be 95–99 %, was con fi rmed immunohistochemically 
and by cell morphology. Patients underwent a laminectomy to expose the spinal 
cord at the level of injury where the dura was opened at the midline. The autolo-
gous Schwann cells, resuspended in serum prepared from the patient’s blood, were 
injected into 5 or 6 positions within the injured area by hand using a 30.5-gauge 
needle. 

 The subjects were evaluated according to MRI, the ASIA scale, and reporting 
of sphincter and sexual function up to 1 year after surgery. Only one of the four 
subjects showed signs of motor or sensory improvement. However, this patient 
had an incomplete SCI, rather than complete, and had also undergone extensive 
physical therapy during the year after surgery, so little conclusion can be drawn 
from this improvement. Further, all four subjects developed transient paresthesias 
or increased muscle spasms following the procedure. MRI data showed no signs 
of change, pathological or otherwise, in the spinal cords 1 year after surgery. 
Taken together, the  fi ndings of Saberi et al. indicate that intraspinal autologous 
Schwann cell transplantation is safe but likely ineffective for the treatment of SCI. 
Additional trials of Schwann cell transplantation by other groups are in early 
stages.  

    15.2.1.4   Autologous Macrophage Therapy 

 In one of the more rigorous clinical trials in the  fi eld of cell replacement therapy for 
acute SCI, Knoller et al. administered incubated autologous macrophages (devel-
oped commercially by the ProCord division of ProNeuron Biotechnologies) to eight 
patients  [  59  ] . This trial was based on animal models of SCI that suggested that 
arti fi cially boosting local immune responses at the site of the injury by injecting 
activated macrophages enhanced functional recovery. Eight patients with acute 
(<14-day-old) complete SCIs between C5 and T11 donated their own blood (200 ml) 
and a 10 × 3 cm swatch of their own skin for the preparation of the activated autolo-
gous macrophages. Monocytes were isolated from the blood by centrifugation and 
coincubated on the skin explant for 24 h. Purity of the cell cultures was ascertained 
by morphological phenotype and  fl ow cytometry targeting activated macrophage-
speci fi c antigens. 4 × 106 CD14+ cells were resuspended in medium and adminis-
tered over four injections into the caudal edge of the lesion site by a 30-gauge 
syringe. Recovery was measured according to the ASIA scale as well as motor and 
sensory scales. By 1 year after surgery, function had improved in three of the eight 
patients. No safety concerns were encountered that could be traced to the therapy 
itself, and based on the functional recovery seen in nearly half of the subjects, 
a phase II trial was planned. However, it was later abandoned due to  fi nancial con-
cerns and lack of a convincing bene fi t to the patients  [  5  ] .  
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    15.2.1.5   Adipose Tissue-Derived Mesenchymal Stem Cell Therapy 

 Also, recently tested in clinical trial were mesenchymal stem cells isolated from 
adipose tissue (AdMSCs). AdMSCs were expanded in culture and displayed mor-
phology, immunoreactivity, and differentiation capacity consistent with other MSC 
populations and were stable for a dozen passages  [  127  ] . Eight patients suffering 
from chronic (more than 1-year-old) SCIs received one IV injection of 4×10 8  hAdM-
SCs. This procedure was reported to be safe, including a lack of tumor develop-
ment, after a 3-month analysis. Treatment ef fi cacy has not yet been reported.  

    15.2.1.6   Stem Cells from Umbilical Cord 

 Ongoing efforts to utilize stem cells found in umbilical cord blood (UCB) to treat 
SCI are currently underway in China and elsewhere. The large Chinese study will 
also coadminister lithium to increase the proliferative nature of UCB stem cells and 
their propensity to differentiate neutrally. Though results of the clinical trial have 
not yet been published, these researchers are testing injection of these treated stem 
cells into the entry sites of the dorsal roots to the injured spinal cord  [  61  ] . Likewise, 
the Spinal Cord Injury Network USA is planning to treat human SCI with UCB 
stem cells conditioned by lithium  [  62  ] .  

    15.2.1.7   Human Embryonic Stem Cells 

 Perhaps the most controversial trial of stem cells for the treatment of SCI has been a 
study organized by Geron Inc. to utilize human embryonic stem cells (hESCs) in 
acute SCI. Preclinical studies discussed above suggested that transplantation of OL 
precursor cells derived from hESCs enhanced recovery in rats subjected to moderate 
injuries of the spinal cord. Geron generated and extensively tested a human embry-
onic stem cell line named GRNOPC1 for potential use in humans. After the publica-
tion of initial, promising results with these cells in experimental SCI, subsequent 
work revealed a more complicated picture  [  71,   133  ] . Similar work on the cervical 
spinal cord of rats likewise demonstrated functional improvement in OPC-injected 
animals over control groups as well as a decrease in cavities present in the injured 
spinal cord  [  71  ] . But in this case, histological analyses revealed that the implanted 
rats actually experienced similar  [  71  ]  or even  less   [  53  ]  remyelination of axons, call-
ing into question the mechanism underlying the previously observed functional 
improvements. The authors credited neuroprotection resulting from the implantation 
of the OPC line as an explanation for the discrepancy. A phase 1  clinical trial began 
with its  fi rst patient receiving implantation in October of 2010, and a total of four 
patients with complete T3-T10 SCI were treated. GRNOPC1 cells were administered 
at one time point between 7 and 14 days post-injury, and the study planned to evalu-
ate safety as well as improvements in neurological function as measured by ASIA 
and sensory scales monthly over the following year. Speci fi cally, lower extremity 
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motor function, bladder and bowel function, and the donor-speci fi c immune respon-
siveness would be evaluated. At the time this text was sent to press, no results from 
the clinical cases had been reported at clinicaltrials.gov  [  134  ] . Despite having spent 
12 years  [  135  ]  and many millions of dollars  [  136  ] , possibly as many as 170 million 
 [  53  ] , developing this therapy, Geron unexpectedly halted their clinical trial. This was 
reportedly a business-driven decision unrelated to the scienti fi c progress of the clini-
cal trial. While no signi fi cant adverse events have been reported, there has also been 
no evidence of signi fi cant recovery in the four patients who were treated. 

      Stem Cells Isolated from the Human Central Nervous System 

 Stem cells isolated from the human central nervous system will also be tested in a 
clinical trial of SCI sponsored by Stem Cells, Inc. Patients with thoracic spinal cord 
injuries will receive intramedullary transplantations of human central nervous sys-
tem stem cells (HuCNS-SCs). The study, planned to last until 2016, will examine 
the safety and ef fi cacy of this approach. 

 The Maryland-based company Neuralstem Inc. plans to begin a clinical trial to 
test the safety and viability of its human spinal cord stem cells (HSSCs) for the 
treatment of SCI. The company  fi led for investigational new drug (IND) approval 
from the US FDA in August of 2010 and plans to do so in India, as well. Clinical 
trials will be conducted at multiple sites and will enroll patients with chronic 
(1–2 years old) SCIs. This trial is based upon preclinical work performed on a rat 
model of SCI that showed improvement after transplantation of the Neuralstem 
HSSCs  [  137  ] .     

    15.3   Concerns for Patients Considering a Clinical Trial for SCI 

 SCI patients considering joining a clinical trial of an experimental treatment should 
seek the advice of a number of sources before committing. The International 
Campaign for Cures of spinal cord injury Paralysis (ICCP) comprises an assortment 
of organizations dedicated to supporting individuals with SCI. Potential study par-
ticipants should consult their guide entitled “Experimental treatments for spinal 
cord injury: what you should know if you are considering participation in a clinical 
trial”  [  138  ] . For more in-depth learning about the guidelines under which clinical 
trials for SCI must be conducted, consult reviews by Fawcett and colleagues  [  139–
  142  ] . If possible, the potential participant should learn from a medical professional 
whether the treatment offered has been rigorously tested in animal models, with the 
understanding that many treatments effective in rodents and nonhuman primates 
have yielded no signi fi cant improvements in human patients. The ICCP website and 
aforementioned downloadable pamphlet provide a list of questions a SCI patient 
considering clinical trial participation should ask, as well as contact information for 
a number of organizations to help in  fi nding answers.  
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    15.4   Conclusion 

 Spinal cord injuries produce a number of biological responses, none of which is 
easily addressed using the therapies developed to date. Adding to the challenge of 
developing treatment strategies are the imperfection of the animal models available 
and the heterogeneous nature of the injuries. Successful treatment of human SCI 
will likely involve a combination of approaches to treat the multitude of biological 
consequences of the injury, and stem cells may be able to address a number of the 
biological issues. Results from animal and human studies are promising in the sense 
that transplantation has largely been safe, and some patients have experienced 
improvements. However, no therapy has yet been shown to alter the outcome of SCI 
signi fi cantly. Moreover, the biotechnology/pharmaceutical industry has been aban-
doning development of therapies for SCI because the cost and challenge are great 
and the market is relatively small compared to many other medical problems. Thus, 
the challenges facing the SCI community are not just biological. 

 In sum, stem cells studies have increased our understanding of SCI and the 
potential for CNS repair in humans and have generated some exciting results in a 
few animal models and clinical trials. But achievement of an accepted, reliable 
treatment will likely depend on new approaches combined with those already 
underway.      
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  Abstract   Neurodegenerative disorders remain challenging to treat using traditional 
pharmacological or neurosurgical approaches. In contrast, cell therapy is a promising 
strategy for ameliorating irreparable brain tissue damage during the process of neuro-
genesis. Currently, more ef fi cient methodologies for isolating neural stem cells from 
a plethora of sources including hematopoietic stem cells and mesenchymal stem cells 
are continually being developed. The availability of neural stem cells would ensure 
that damaged neural tissues can be regenerated and fast-track translation from bed to 
bedside. In this chapter, we discuss various sources of neural stem cells, strategies for 
their isolation and characterization, and application of stem cells in the treatment of 
neurological disorders. Historically, clinical application of cell therapy for treating 
neurological diseases has been hindered due to numerous technical dif fi culties. 
Therefore, these barriers and potential ways of addressing them are also discussed.  

  Keywords   Adult stem cells  •  Neural stem cells  •  Neural regeneration  •  Human 
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    16.1   Introduction 

 Pharmacological or neurosurgical therapies currently in practice to treat the neuro-
logical damage in various neurodegenerative disorders are not ef fi cient in preventing 
or reverting these progressive neurodegenerative processes. Recently, a new 
approach in the form of cell therapy using stem cell has been introduced. Their use 
in the treatment of neurological diseases is highly restricted owing to several practi-
cal implications in isolating the pure neural progenitors and selecting the ideal 
source for harvesting these neural progenitors. The strategy of isolation and charac-
terization of neural stem cells from various sources will therefore provide major 
impetus and open up interesting therapeutic modalities for treating several neurode-
generative disorders. The high regenerative potential of pluripotent stem cells in 
neurological damages suggests that various embryonic/adult sources serve as a 
proxy for neural stem cells for cell-based therapy. 

 The concept of regeneration is a new term in the treatment of nervous system 
disorders which is now well accepted and demonstrated. In terms of neural regen-
eration, subventricular zone (SVZ) and the dentate region are the most happening 
and fertile zones in the brain. These zones are rich in pluripotent stem cells. There 
is a good amount of preclinical data supporting the bene fi cial role of pluripotent 
stem cells in various neurological disorders. Safety and ef fi cacy of these cells is 
well documented in the limited clinical material available till now. The discovery of 
the stem cells in the central and peripheral nervous system is a relatively recent 
event. Neural stem cells (NSCs) are generated lifelong by the process of neurogen-
esis in a speci fi c area of central nervous system (CNS). New neurons are generated 
from the SVZ of the lateral ventricles and the sub-granular layer of dentate gyrus of 
the hippocampus. Even in adult brain, the SVZ is the highest neurogenic region in 
the brain. This is the  fi rst region with highest number of NSCs, characterized for 
their capacity to give rise to neural and glial cells (astrocytes and oligodendrocytes) 
as well. Cell therapy using these cells has imbibed a ray of hope in the effective 
management of several neurological disorders.  

    16.2   Types of Stem Cells 

 According to their developmental status, stem cells generally are divided into 
embryonic, fetal, and adult stem cells. 

    16.2.1   Embryonic Stem Cells (ES Cells) 

 ES cells are capable of giving rise to all derivatives of the three primary germ layers: 
ectoderm, endoderm, and mesoderm (Fig.  16.1 ). Human ES cells are derived from 
discarded, non-transferred human embryos, from the inner cell mass of blastocyst 
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using an immunosurgical technique. NSCs derived from embryo can differentiate 
into neurons, astrocytes, and oligodendrocytes and are capable of forming mature 
progeny  [  1  ]  and dopamine neurons  [  2  ]  both in vitro and in vivo. Recently NSCs 
derived from embryo are identi fi ed by CD133 biomarker. In comparison to the adult 
stem cells, ES cells are clinically very effective for the treatment of neurological 
disorders. However, ES cells have some demerits such as in somatic cell nuclear 
transfer (SCNT), not all of the donor cell’s genetic information is transferred and 
the resulting hybrid cells retain those mitochondrial structures which originally 
belonged to the egg (e.g., Dolly sheep had hybrid DNA). Previously more than 120 
ES cell lines have been reported worldwide. ES cell lines are gradually degraded 
and will soon be useless for research  [  3  ] .  

 Some of the cell lines are genetically identical to others; hence, it has ethical issue 
thereby restricting the number of available cell lines to 11 which are used for research. 
Moreover, these cell lines are grown on mouse feeder layers and are not suitable for 
clinical applications as there is always an associated risk of viral transmission at the 
time of stem cell transplantation. In clinical therapy, a large number of eggs required 
for SCNT and the human embryos required as a source of ES cells are extremely 
sensitive ethical issues. Currently, in India, the spare human embryos from in vitro 
fertilization (IVF) programmers are permitted for research activity  [  3  ] .  

    16.2.2   Adult Stem Cells 

 Specialized cells are found in many body tissues and functions in tissue homeostasis 
and repair. They have been propagated from bone marrow, liver, brain, dental pulp, 
hair follicles, skin, skeletal muscle, adipose tissue, and blood (Fig.  16.2 ). In vitro, 
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  Fig. 16.1    Differentiation potential    of embryonic stem cells       

 



350 S.A.B. Paspala et al.

they have been shown to differentiate into a wide variety of cell  [  4–  7  ]  types such as 
osteoblasts, chondrocytes, endothelial cells, skeletal myocytes, glia, neurons, and 
cardiac myocytes. Unlike ES cells, the use of adult stem cells in research and ther-
apy is not controversial. They were mainly studied in humans and model organisms 
such as mice and rats.   

    16.2.3   Neural Stem Cells (NSCs) 

 NSCs have been isolated and characterized from various regions of the adult CNS 
from biopsies and postmortem tissues. In several studies, adult tissue-derived NSCs 
have been transplanted in animal models and studied as functional engraftment, 
supporting their potential use for a possible cell therapy  [  7  ] . 

    16.2.3.1   Origin of Neural Stem Cells 

    The generation of new neurons in adult mammalian brain occurs throughout the life 
within two- to three-layered cortical regions, the hippocampus, and olfactory bulb 
(OB), where it is sustained by endogenous stem cells. The SVZ is the most active 
NSCs compartment which represents a remnant of the embryonic germinal neuroepi-
thelium (Fig.  16.3 ). This region persists throughout life as an active mitotic layer in 
the wall of the telencephalic lateral ventricles and along its rostral extension toward 
the OB. A complete turnover of the resident proliferating cell population occurs every 
12–28 days in the SVZ; about 30,000 new neuronal precursors (neuroblasts) are 
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  Fig. 16.2    Sources of adult stem cells       
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 produced every day and migrate to the OB  [  8  ] . Migrating, proliferating neuroblasts 
and astrocytes are the main types of cells in SVZ region. They reach the more 
super fi cial OB layers and terminally differentiate into granular and periglomerular 
neurons. Glial tubes are composed of a special type of astroglia that expresses the 
marker of mature CNS astrocytes (glial  fi brillary acidic protein) but also contain the 
cytoskeletal proteins vimentin and nestin. Astroglial tubes and NSCs do not coexist 
solely within the periventricular aspect of the SVZ but also within the rostral migra-
tory stream that extends into the OB, with the former perhaps contributing to create an 
appropriate stem cell “niche” for the maintenance of NSCs all along the pathway.  

 Adult neurogenesis is a spatially con fi ned process, constrained within the bound-
aries of the SVZ. Astrocytes and ependymal cells of the SVZ may act as “stromal” 
elements of the CNS by producing molecules that affect the neuronal versus glial 
fate of the stem/progenitor cells. Furthermore, the extracellular matrix of the SVZ 
contains tenascin and proteoglycans, molecules that are important in the formation 
of developmental compartments and in the control of cell adhesion, migration, and 
differentiation. The proximity of the SVZ with the cerebrospinal  fl uid (CSF), the 
enlarged intercellular spaces, the reduced cell-cell contacts, and the presence of 
molecules linked to water cotransport contribute to create in the SVZ a cytoarchi-
tectural/biochemical niche, which is very different from the environment of the 
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mature CNS parenchyma  [  8  ] . In recent years, neurogenesis has been reported to 
occur in other regions of the adult brain under normal conditions, such as neocortex, 
amygdala, and substantia nigra. However, other research groups were not able to 
replicate some of these reports  [  9  ] . 

 However, the organization of the adult SVZ in human is different from that in 
other mammalian species. The lateral ventricular wall consists of four layers with 
various thickness and cell densities:

    1.    A monolayer of ependymal cells (layer I)  
    2.    A hypocellular gap containing astrocytic processes (layer II)  
    3.    A ribbon of cells composed of astrocytes (layer III)  
    4.    A transitional zone into the brain parenchyma (layer IV)     

 Astrocytes proliferate in vivo and behave as multipotent progenitors in vitro, but 
no chain migration has been observed in the human SVZ. However, newborn cells 
that express cell cycle proteins (Ki-67 and proliferating cell nuclear antigen) have 
been detected in the granular and glomerular layers of the human OB, but no clear 
evidence of the presence of a migratory pathway from the SVZ has been demon-
strated. Therefore, it has been suggested that individual cells might migrate sepa-
rately to the OB. These results indicate that in comparison with rodents, precursor 
cells in the human OB are rare but not completely absent  [  2  ] . However, these endog-
enous NSCs are very dif fi cult to isolate and are used for immediate cell therapy.  

    16.2.3.2   Isolation and Culturing of Neural Stem Cells 

 The neural stem cells were  fi rst isolated and expanded from the embryonic and adult 
mouse striatum in the early 1990s in a culture system referred to as the neurosphere 
assay  [  10  ] . Later, it was found that not only embryonic CNS but also adult CNS in vitro 
possesses the ability to generate neurosphere-forming cells in vitro including neural 
epithelial progenitor cells, radial glial cells, SVZ cells, and ependymal cells  [  11  ] . Most 
studies have shown that the NSCs derived from the brain respond to either basic 
 fi broblast growth factor (bFGF) or EGF and NSCs cultured as neurospheres from the 
early embryonic forebrain do not respond to EGF until they acquire EGF receptors at 
later stages of development in vitro or in vivo. However, NSCs cultures from the adult 
murine hippocampus form as monolayer in the presence of bFGF  [  12  ] . 

 These neurospheres on repeated passages produce self-renewing, proliferating, 
and differentiating cells, typically presenting prominin-1 cell surface antigen which 
is also known as CD133. These cells are uniquely separated directly by magnetic 
beads conjugated with antibodies (MACS) or  fl uorescence-activated cell sorting 
(FACS) by negative selection of CD34 –  and CD45 –  antigen marker cells 
(CD133 + CD34 − CD45 − ). These cells, upon transplantation into the brain of an 
immunode fi cient neonatal mice (the sorted/expanded CD133 + ) showed potent 
engraftment, proliferation, migration, and neural differentiation  [  13  ] . However pre-
viously, stemlike cells have been puri fi ed from various organs as side population 
(SP) cells, based on their property to exclude Hoechst 33342  [  14  ] .  
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    16.2.3.3   Characteristics of Neural Stem Cells 

 Proliferating cell population in the adult CNS shares the expression of number of 
stem cell markers such as nestin, Notch1, and SOX2. Notch pathway appears to play 
an essential role in the maintenance of stem/progenitor cell pool as well as in regulat-
ing asymmetric versus symmetric division, both during embryogenesis and in adult-
hood. Expression of Notch1 or one of its downstream regulators such as HES-1 
inhibits neural differentiation and results in the maintenance of a progenitor state 
 [  11  ] . Numerous speci fi c genes/pathways have been identi fi ed as important regulators 
of neural stem cell proliferation, many of which are important for several other cell 
types, including other stem cells. Some of these are Bmi-I, P21, nucleostemin, mater-
nal embryonic leucine zipper kinase, P53, Rb, and Akt among others  [  12  ] .   

    16.2.4   Alternative Sources of Neural Stem Cells/Progenitor 
Cells for Cell Therapy 

    16.2.4.1   Olfactory Ensheathed Cells/Olfactory Mucosa Cells 

 The nose contains neurons that send signals to the brain when triggered by odor 
molecules. Because olfactory tissue is exposed to the external environment, it con-
tains cells with considerable regeneration potential, including renewable neurons 
and progenitor/stem cells. Through a relatively innocuous biopsy procedure, olfac-
tory tissue can be obtained from the nasal cavity. It can also be retrieved from the 
olfactory bulb, but this requires an invasive penetration of the cranial cavity that 
although unsuitable for human patients has been the procedure for most of the sup-
porting animal research. 

 Problems of rejection, overgrowth, disease transmission, and ethical issues can be 
avoided because a person’s own olfactory mucosa can be used. OECs theoretically 
promote axonal regeneration by producing insulating myelin sheaths around growing 
and damaged axons, secreting growth factors, and generating structural and matrix 
macromolecules that lay the tracks for axonal elongation. These properties have led to 
an increasing use of olfactory ensheathing cells (OECs) in preclinical models of trans-
plantation for spinal cord repair including complete transection, hemisection, tract 
lesion, and contusion with over 50 published studies in the last 10 years. 

 Nasal olfactory ensheathing cells transplants assist recovery in spinal cord injury 
(SCI), including complete transaction  [  15  ] , and there is evidence that adult olfactory 
tissue is effective when transplanted 1 month after spinal cord transaction in the rat 
 [  16  ] . According to the promising results obtained from animal experiments, several 
clinical trials were started in a large series which recruited more than 400 patients for 
transplantation of fetal olfactory bulb-derived cells. The results of 171 operations 
have been published  [  17  ] . In addition, a single-blinded controlled study also demon-
strated the safety and feasibility of intraspinal transplantation of autologous OECs in 
human SCI  [  18  ] . 
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 Whereas in Huang’s procedure the fetal tissue’s undifferentiated nature mini-
mized immunological rejection  [  19  ] , Feron et al. tested the feasibility and safety of 
transplantation of autologous OECs into the injured spinal cord in human paraple-
gia  [  18  ] . OECs were grown and puri fi ed in vitro from nasal biopsies and injected by 
microinjection. Twelve to twenty-eight million cells were injected into the region of 
damaged spinal cord. Posttransplantation follow-up demonstrated the procedure to 
be safe as no signi fi cant medical, surgical, or other complications developed even 
after 1 year of cell implantation. There was no evidence of spinal cord damage or of 
cyst, syrinx, or tumor formation. In this clinical trial, there was no naturopathic pain 
reported by the participants, no change in psychosocial status, and no evidence of 
deterioration in neurological status. This indicates that the OECs transplantation 
may be a safe method by in vitro propagation before transplantation  [  18  ] . However, 
in a recent report of OECs transplantation, some adverse effects were seen  [  20  ] . Of 
the 327 patients recruited, 16 (4.9 %) patients experienced various complications 
including headache, short-term fever, seizure, central nervous system infection, 
pneumonia, respiratory failure, urinary tract infection, heart failure, and possible 
pulmonary embolism along with four deaths (1.2 %). In another report of Chew 
et al., it was reported that in a woman who received an injection into each frontal 
lobe in Beijing, China, amyotrophic lateral sclerosis (ALS) progressed at a more 
rapid rate after the procedure and she suffered disabling side effects  [  21  ] . In a phase 
I/II clinical study designed to test the feasibility and safety of transplantation of 
autologous OECs into the injured spinal cord in human paraplegia, no adverse 
 fi ndings were seen even 3 years after transplantation into spinal cords injured at 
least 2 years prior to transplantation. The magnetic resonance images (MRIs) at 
3 years showed no change from preoperative MRIs or intervening MRIs at 1 and 
2 years, with no evidence of any tumor of introduced cells and no development of 
posttraumatic syringomyelia or other adverse radiological  fi ndings. There were no 
signi fi cant functional changes in any patient and no neuropathic pain. In one trans-
plant recipient, there was an improvement over three segments in light touch and 
pinprick sensitivity bilaterally, anteriorly, and posteriorly. This report concluded 
that transplantation of autologous OECs into the injured spinal cord is feasible and 
safe up to 3 years postimplantation; however, this conclusion should be considered 
preliminary because of the small number of trial patients  [  22  ] .  

    16.2.4.2   Bone Marrow (BM) 

 The bone marrow stroma contains mesenchymal stem cells (also called marrow 
stromal cells). These multipotent cells have the ability to differentiate into a variety 
of cell types. 

 Recently, Larson et al.  [  23  ]  described the isolation and expansion of human mes-
enchymal stem cells (MSCs), isolated from 1 to 4 ml of bone marrow aspirates from 
the iliac crest of normal adult. 

 The potential of bone marrow cells to differentiate into myelin-forming cells and 
to repair the demyelinated rat spinal cord in vivo was studied using cell transplantation 
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techniques  [  24  ] . Transplantation of the hematopoietic and non-hematopoietic pre-
cursor cells and lymphocytes in demyelinated dorsal column showed remyelination 
to occur in the immunocompromised rats. These transplanted bone marrow cells 
showed a characteristic Schwann cell pattern of myelination. Transplantation of 
CD34+ve hematopoietic progenitor cells failed to form myelin. These results there-
fore underscore that bone marrow cells have the potential of in vivo differentiation 
into myelinated cells which can repair the demyelinated CNS  [  24  ] . From the above 
 fi ndings, it is clearly evident that non-hematopoietic cells do have the ability of 
transdifferentiation into cells of neural lineage upon exposure to appropriate dif-
ferentiation media. These cells develop electrophysiological characteristics of neu-
rons, or neuron-like MSCs fail to generate action potential owing to the lack of 
voltage-gated ion channels. Transplantation of MSCs 1 week after the injury dem-
onstrated better results in comparison to cells transplanted immediately. Histological 
assessment of the site of injury 5 weeks after transplantation showed regenerative 
changes which included longitudinal arrangement of immature astrocytes along 
with formation of bundles bridging the site of injury. In addition, bundles of 
neuro fi lament and some 5-hydroxytryptamine-positive  fi bers were seen at the inter-
face between graft and scar tissue. MSCs constitute an easily accessible and expand-
able cell source for the repair of SCI  [  25  ] . MSCs cocultured with fetal spinal 
cord-derived neurosphere cells stimulate the development of extensive processes. 
These cells expedite the process of tissue repair leaving apparently smaller cavities 
than in controls. Although the number of grafted MSCs gradually decreased, some 
treated animals showed remarkable functional recovery  [  26  ] . 

 To assess the migration and transdifferentiation of the bone marrow stem cells 
(BMSCs) upon transplantation, mice with cerebral infarct were subjected to BMSCs 
transplantation. BMSCs from mice were harvested, characterized, and cultured. The 
cultured cells were CD45+ve (low expression), CD90+ve, and Sca-1 (high expres-
sion) after  fl ow cytometric analysis. After 4 weeks of transplantation, a large subset 
of the cells was found to survive in normal brain with many cells located in the close 
proximity to the transplanted site. Fluorescent immunohistochemistry of the trans-
planted cells demonstrated these cells to express neuronal speci fi c markers such as 
NeuN, MAP2, and doublecortin  [  27  ] . Similar results were obtained when BMSCs 
were transplanted in mice with SCI. These transplanted cells were also found to 
express astrocytic GFAP protein at the site of SCI. In the similar fashion, Zurita et al. 
demonstrated progressive recovery of the paraplegic animals after bone marrow stem 
cell transplantation  [  28  ] . The transplanted cells were found to express neuronal and 
astroglial markers along with marked ependymal proliferation as demonstrated by 
nestin positivity. These transplanted cells survived well in the spinal cord tissue with 
the formation of cell bridges within the centromedullary cavity. These  fi ndings there-
fore support the clinical feasibility of using BMSCs in chronic paraplegia. 

 In another study using combinatorial approaches (cAMP/NT-3) that induce both 
the neuronal soma and the axonal regeneration, axons across the SCI sites were 
demonstrated by Lu et al.  [  29  ] . This approach may be a novel strategy which can be 
further explored to regenerate injured spinal cord. MSC transplants occupied the 
lesion cavity and were associated with preservation of host tissue and white matter 



356 S.A.B. Paspala et al.

(myelin), demonstrating that these cells exert neuroprotective effects. The tissue 
matrix formed by MSC grafts supported greater axonal growth than that found in 
specimens without grafts. Uniform random sampling of axon pro fi les revealed that 
the majority of neurites in MSC grafts were oriented with their long axis parallel to 
that of the spinal cord, suggesting longitudinally directed growth  [  30  ] . Later it was 
demonstrated that BDNF-expressing marrow stromal cells support extensive axonal 
growth at sites of spinal cord injury  [  31  ] . 

 Similarly, grafting of human MSCs derived from aspirates of four different 
donors into a subtotal cervical hemisection in adult female rats showed cell integra-
tion at the injury site with little migration away from the graft  [  32  ] . 
Immunocytochemical (ICC) analysis demonstrated robust axonal growth through 
the grafts of animals treated with MSCs, suggesting that MSCs support axonal 
growth after spinal cord injury. However, the amount of axon growth through the 
graft site varied considerably between groups of animals treated with different MSC 
lots, suggesting that ef fi cacy may be donor dependent. Similarly, a battery of behav-
ioral tests showed partial recovery in some treatment groups but not in others. Using 
enzyme-linked immunosorbent assay (ELISA)   , variations were found in secretion 
patterns of selected growth factors and cytokines between different MSC lots. In a 
dorsal root ganglion explant culture system analyzing the ef fi cacy of conditioned 
medium from three donors, it was found that average axon lengths increased for all 
groups compared to control. These results suggest that human MSCs produce fac-
tors important for mediating axon outgrowth and recovery after SCI but that MSC 
lots from different donors vary considerably. To qualify MSC lots for future clinical 
application, such notable differences in donor or lot-lot ef fi cacy highlight the need 
for establishing adequate characterization, including the development of relevant 
ef fi cacy assays  [  32  ] . Results demonstrated that transplantation of Schwann cells 
derived from bone marrow stromal cells (BMSC-SCs) promotes axonal regenera-
tion of lesioned spinal cord resulting in recovery of hind limb function in rats  [  33  ] . 

 Transplantation of bone marrow cells into the SCI has been found to improve 
neurologic activities in experimental animal studies. However, it is unclear whether 
bone marrow cells can similarly improve the neurologic functions of complete SCI 
in human patients. To address this issue, clinical outcome of autologous cell trans-
plantation in conjunction with the administration of granulocyte macrophage-col-
ony stimulating factor (GM-CSF) was analyzed in complete SCI patients  [  34  ] . 
Sensory improvements were noted immediately along with signi fi cant motor 
improvements 3–7 months after the procedure. Four patients showed neurologic 
improvements in their AIS grades (from A to C), and one patient improved to AIS 
grade B from A. No immediate worsening of neurological status was found. Side 
effects of GM-CSF treatment such as fever and myalgia were observed. Serious 
complications and increasing mortality and morbidity were not found. The fol-
low-up study with MRI after injury showed slight improvement within the zone of 
cell transplantation. BMT and GM-CSF administration was demonstrated to be a 
safe protocol to manage SCI patients especially those with acute complete SCI  [  34  ] . 
However, the bene fi cial effects of unmanipulated autologous bone marrow cells in 
patients with spinal cord injury are yet to be con fi rmed.    Since last few years, 
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macroporous polymer combined hydrogels based on the derivatives of pHEMA has 
been considered the most suitable material for bridging cavities at SCI lesions  [  35  ] . 
Subarachnoid injection has been recently reported as a minimally invasive method 
for the transplantation of bone marrow stromal cells in spinal cord injury. It may be, 
however, less effective than direct injection into the spinal cord in terms of cell 
delivery  [  36  ] . In another study, Yoshihara et al. indicated that combination of 
bene fi cial effects of rat MSCs and exercise protocol were not suf fi cient to enhance 
behavioral recovery  [  37  ] . Similarly, Cao et al.  [  38  ]  demonstrated transdifferentia-
tion of transplanted marrow stromal cells and reactive changes of glial cells in a 
completely transected rat spinal cord. In another experiment, the safety, therapeutic 
time window, implantation strategy, method of administration, and functional 
improvement of transversal spinal cord injury patients receiving unmanipulated 
autologous bone marrow was investigated. The results of the study demonstrated 
the implantation of autologous bone marrow cells to be safe as no complications 
were observed following implantation even after 2 years of follow-up. However, 
longer follow-ups are required to determine the safety and con fi rm the observed 
bene fi cial effects that are due to the cell therapy  [  35  ] . From the above  fi ndings, it is 
evident that stem cell transplantation within a therapeutic window of 3–4 weeks 
following injury will play an important role in any type of SCI. In addition, clinical 
trials involving a larger population of patients and different cell types are needed 
before further conclusions could be drawn. 

 Cellular and extracellular inhibitors are thought to restrict axon growth after 
chronic SCI, confronting the axon with a combination of chronic astrocytosis and 
extracellular matrix-associated inhibitors that collectively constitute the chronic 
“scar.” However, SCI does not create impenetrable boundaries that inhibit the bal-
ance of local and diffusible signals that appear to generate robust axonal growth 
even without resecting chronic scar tissue  [  39  ] . In a rabbit model of spinal cord 
ischemia, transplantation of MSCs was found to enhance angiogenesis and improve 
functional recovery. This study also supported the perspective that the therapeutic 
time window is critical for the therapeutic effect of MSCs  [  40  ]  .  Another study by 
Koda et al.  [  41  ]  observed that a number of double-positive cells for GFP and glial 
markers are larger in the G-CSF-treated mice than in the control mice after bone 
marrow cells were transplanted into lethally irradiated C57BL/6 mice. Staining with 
Luxol fast blue (LFB) also revealed that G-CSF promoted white matter sparing. 

 Recently, a phase I/II open-label nonrandomized trial was done to assess the 
safety and ef fi cacy of autologous bone marrow cell transplantation coupled with the 
administration of granulocyte macrophage-colony stimulating factor. The study 
included 35 patients divided into 4 groups all with complete SCI and all received 
BMCs by injection into the surrounding area of injury site:

   The  fi rst group ( • n  = 17) received BMC transplantation within 14 days after injury.  
  The second group ( • n  = 6) received within 14 days to 8 weeks.  
  The third group ( • n  = 12) received at >8 weeks after injury.  
  The last group ( • n  = 13) were conservatively treated with conventional decom-
pression and fusion surgery without receiving BMC transplantation.    
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 All the patients were followed up for a mean period of 10.4 months after injury and 
underwent preoperative and follow-up neurological assessments as per the American 
Spinal Injury Association impairment scale, magnetic resonance imaging, and elec-
trophysiological monitoring. At 4 months follow-up, MRI showed enlargement of 
spinal cords and the small enhancement of the cell implantation sites; furthermore, 
patients that received BMC transplantation and GM-CSF were not associated with 
any serious adverse events increasing morbidities. The AIS grade increased in 30.4 % 
of the acute and subacute treated patients (AIS A to B or C), whereas no signi fi cant 
improvement was observed in the chronic treatment group. Increasing neuropathic 
pain during the treatment and tumor formation at the site of transplantation are still to 
be investigated. Long-term and large-population multicenter clinical studies are there-
fore required to determine its precise therapeutic effect.  

    16.2.4.3   Cord Blood 

 Umbilical cord blood/cord blood which is a rich source of stem cells (CD 34 + /45 − ) 
is being increasingly used on an experimental basis as an alternative to bone mar-
row. To date, more than 70 different diseases have been treated using cord blood 
transplants. Cord blood contains multiple populations of pluripotent stem cells and 
can be considered the best alternative to ES cells. In addition to this, cord blood 
stem cells are capable of giving rise to hematopoietic, epithelial, endothelial, and 
neural tissues both in vitro and in vivo. Thus, cord blood stem cells have the poten-
tial to treat a wide variety of diseases including cardiovascular, ophthalmic, ortho-
pedic, neurologic, and endocrine diseases. However, owing to few ethical 
considerations, their applications in humans is prohibited in some countries.  

    16.2.4.4   The Use of Human Umbilical Cord Blood (hUCB): 
A Rich Source of Nonembryonic or Adult Stem Cells 

 Saporta et al.  [  42  ]  experimented with the umbilical cord blood cells in SCI in in vitro 
model. He reported that the cord blood cells can be used to regenerate the behav-
ioral effects of spinal cord and also reported that cells of cord blood were found in 
only at the site of injury in the spinal cord of the rat. This report supports the hypoth-
esis that the cord blood stem cells have the capacity to migrate to and heal the neu-
rological damage caused by traumatic assault.    Functional score assessment in SCI 
rat models at day 7 and 14 after CD34+ cord blood (CB) cells transplantation showed 
better improvement as compared to BMCs. Histological evaluation revealed that 
bromodeoxyuridine (BrdU)-labeled CD34+ CB and BMS cells survived and 
migrated into the injured area. Some of these cells expressed glial  fi brillary acidic 
protein or neuronal nuclear antigen (NeuN). CD34-positive cells of cord blood 
showed recovery in functional behavior when they were intraspinally transplanted 
in hemisectioned spinal cord rats. The results of the study suggested that cord blood 
CD34-positive stem cells may be employed for routine allogenic and autologous 
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transplantations as a treatment modality for human SCI  [  43  ] . Another report by Li 
et al.  [  44  ]  reported that intraspinal transplantation of human cord blood CD34+ cells 
resulted in the improvement of neurological function after SCI in rats compared 
with the control group ( p  < 0.05). Moreover, the results showed that intraspinally 
administered human cord blood CD34+ cells survived, differentiated, and expedited 
the process of functional recovery after SCI in rats. In another study, transplanted 
hUCB differentiated into various neural cells and improved the motor function in 
cord-injured rat model. Similarly, Nishio et al.  [  45  ]  suggested that transplanted 
CD34+ fraction cells from hUCB may have therapeutic effects for SCI. These 
hematopoietic stem cells (CD34+ cells) promoted restoration of spinal cord tissue 
and recovery of hind limb function in adult rats. The results of this study provided 
important preclinical data regarding HUCB stem cell-based therapy for SCI. 
Recently Dasari et al.  [  46  ]  showed that hUCB cells differentiated into several neural 
phenotypes including neurons, oligodendrocytes, and astrocytes. Ultrastructural 
analysis of axons revealed that hUCB cells formed morphologically normal-appear-
ing myelin sheaths around axons in the injured areas of spinal cord. These  fi ndings 
demonstrated that hUCB cells when transplanted into the spinal cord 7 days after 
weight-drop injury survived for at least 2 weeks, differentiated into oligodendro-
cytes and neurons, and improved locomotor function. Due to dif fi culties in main-
taining graft in the aging rat CNS, recent study selected the NOD SCID mouse for 
in vivo characterization of hUCB cells. Stereotaxically transplanted hUCB cells 
survived and differentiated into neuronal cells at either 5 or 30 days after transplan-
tation. At early time points, many differentiated hUCB cells expressing characteris-
tic neuronal proteins were detected. However, at 1 month postgrafting, hUCB cells 
were no longer detected  [  47  ] . 

 Recent  fi ndings in SCI rats treated with neurally induced progenitor cells of hUCB 
showed recovery of somatosensory potentials. The grafted cells especially exhibited 
oligodendrocytic phenotype around the necrotic cavity. These results thereby dem-
onstrate that neurally induced progenitor cells of hUCB might be a therapeutic 
resource to repair damaged spinal cords  [  48  ] . Cord blood contains a mixture of dif-
ferent types of stem cells in numbers not seen in any other location including embry-
onic-like stem cells, hematopoietic stem cells, endothelial stem cells, epithelial stem 
cells, and MSCs. Extensive published work from multiple investigators has demon-
strated that CB stem cells are amenable to neurological applications including as 
evidenced by in vitro studies, preclinical animal models of disease, and more recently 
by patient clinical trials. Therefore, umbilical CB stem cells are unique in their abil-
ity to be used for stem cell transplantation in the treatment of blood disorders, as well 
as in regenerative medicine to treat patients with neurological disease  [  49  ] .  

    16.2.4.5   Skin 

 Skin contains epidermal and dermal layers. The outermost epidermis consists of 
strati fi ed squamous epithelium with an underlying connective tissue section, or der-
mis, and a hypodermis, or basement membrane. Mammalian skin is composed of 
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two primary layers; the epidermis and the dermis, can be generated in adult skin 
 [  50  ] . Skin-derived stem cells (SKPs) can generate both neural and mesodermal cell 
types and that most of the neural cells generated by SKPs have characteristics of 
peripheral neurons and Schwann cells, consistent with a potential neural crest ori-
gin. Recently a subpopulation of nestin– vimentin+ phenotype of  fi broblasts cells 
appeared multipotent which showed neural cell differentiation characters  [  20  ] . 

 Recently, a milestone was achieved when induced pluripotent stem cells (iPS) 
were produced from adult human cells  [  51–  53  ] . With the same principle used earlier 
in mouse models, Yamanaka had successfully transformed human  fi broblasts into 
pluripotent stem cells using the same four pivotal genes, Oct-3/4, SOX2, Klf4, and 
c-Myc, with a retroviral system. Thomson and colleagues used Oct-4, SOX2, Nanog, 
and a different gene LIN28 using a lentiviral system. Further, Daley and his team 
derived iPS cells (using Oct-4, SOX2, Klf4, and Myc transcriptional factors) from 
fetal, neonatal, and adult human primary cells, including dermal  fi broblasts isolated 
from a skin biopsy of a healthy research subject. This data demonstrated that de fi ned 
factors can reprogram human cells to pluripotency and can be established a method 
whereby patient-speci fi c cells might be established in culture  [  34  ] .  

    16.2.4.6   Hair Follicles 

 Hair follicles are known to contain a well-characterized niche for adult stem cells: 
the bulge, which contains epithelial and melanocytic stem cells. Nestin-positive 
cells were identi fi ed in the bulge area in mouse and were found to give rise to neu-
rons, smooth muscle cells, and melanocytes  [  54  ] . Neural-crest-like stem cells have 
been identi fi ed in mouse whisker hair follicles, and bulge cells from mouse whisker 
hairs grow as adherent monolayer cells and appear to be multipotent  [  55  ] .  

    16.2.4.7   Adipose Tissue 

 The adipose tissue is a highly complex tissue and consists of mature adipocytes, 
preadipocytes,  fi broblasts, vascular smooth muscle cells, endothelial cells, resident 
monocytes/macrophages  [  56  ] , and lymphocytes  [  57  ] .    Since this tissue provides a 
rich source of pluripotent adipose tissue-derived stromal cells, it has been consid-
ered as another alternative source for the isolation of stromal cells in larger quanti-
ties using less invasive procedures  [  58  ] . Adipose tissue (AT) is another alternative 
source that can be obtained by a less invasive method and in larger quantities than 
BM. It has been demonstrated that AT contains stem cells similar to BM-MSCs, 
which are termed processed lipoaspirated cells  [  57  ] . These cells can be isolated 
from cosmetic liposuctions in large numbers and grown easily under standard tissue 
culture conditions. These processed lipoaspirated (PLA) cells and clones can be 
further differentiated into putative neurogenic cells, exhibiting a neuronal-like mor-
phology and expressing several proteins consistent with the neuronal phenotype. 
The multilineage differentiation capacity of PLA cells has been con fi rmed. Before 
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application to human neurological diseases, additional in vitro experiments and pre-
clinical trials are necessary.  

    16.2.4.8   Wharton’s Jelly 

 Wharton’s jelly cells are the cells isolated from the gelatinous connective tissue of 
the umbilical cord. Wharton’s jelly as a source of primitive cell types was estab-
lished based on the low levels of collagen expressed in gelatinous connective tissue 
and the fact that, during embryogenesis, totipotent cells such as primordial germ 
cells and hematopoietic stem cells migrate from the yolk sac through this region to 
populate target tissues in the embryo and fetus. Wharton’s jelly cells have been 
cultured for more than 80 population doublings with no indications of senescence, 
changes in morphology, increased growth rate, or change in ability to differentiate 
into neurons. Thus, Wharton’s jelly cells possess one of the de fi ning characteristics 
of stem cells, the ability to self-renew. Wharton’s jelly cells have telomerase activ-
ity, which is usually characteristic of human embryonic stem cells. Colonies of 
Wharton’s jelly cells were also found to express NSE, c-kit, and, even more intrigu-
ing, TH, a marker for catecholaminergic neurons. However, the expression of mark-
ers for non-neuronal cell lineages by these cells remains to be determined  [  59  ] .  

    16.2.4.9   Amniotic Placental Fluid 

 Amniotic  fl uid contains a heterogeneous population of cells which are contributed 
mainly from the fetal skin; the fetal digestive, respiratory, and urinary tract; and the 
placental membranes  [  60–  63  ] . Recent discoveries of stem cell populations in amni-
otic  fl uid have postulated that amniotic  fl uid is a promising alternative source of 
fetal stem cells for cellular therapies  [  64–  67  ] .  

    16.2.4.10   Macrophages 

 Recruitment of macrophages is limited in CNS and the resident microglia cells are 
the main immune cells that are activated after SCI  [  68  ] . It has been shown that con-
trolled boosting of local immune response by delivering of autologous macrophages, 
which alternatively activates wound-healing phenotype, can promote recovery from 
the spinal cord injury. Implantation of macrophages activated by preincubation with 
peripheral nerve fragments led to partial recovery of paraplegic rats  [  69  ] . The pos-
sible mechanisms are activation of in fi ltrating T cells and increased production of 
trophic factors and brain-derived neurotrophic factor  [  70,   71  ]  that leads to removal 
of inhibitory myelin debris  [  69  ] . The results of phase I studies show that out of eight 
patients in the study, three recovered clinically signi fi cant neurological motor and 
sensory function.    In other clinical studies this therapy has been found to be well 
tolerated in acute SCI patients  [  72  ] .  
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    16.2.4.11   Dendritic Cells 

 In animal model studies, transplantation of dendritic cells into the injured spinal cord 
of mice led to better functional recovery as compared to controls  [  73  ] . The implanted 
dendritic cells induced proliferation of endogenous neural stem/progenitor cells 
(NSPCs) and led to de novo neurogenesis. This observation was attributed to the 
action of secreted neurotrophic factors, such as neurotrophin-3, cell-attached plasma 
membrane molecules, and possible activation of microglia/macrophages by implanted 
dendritic cell. Dendritic cells pulsed (incubated) with encephalitogenic or non-
encephalitogenic peptides derived from myelin basic protein when administered 
intravenously or locally to the site of injury promoted recovery from SCI  [  74  ] .  

    16.2.4.12   Schwann Cells (SCs) 

 Schwann cells are the supporting cells of the peripheral nervous system. Like oligo-
dendrocytes, Schwann cells wrap themselves around nerve axons, but the difference 
is that a single Schwann cell makes up a single segment of an axon’s myelin 
sheath. Schwann cells originating from dorsal and ventral roots are one of the cel-
lular components that migrate to the site of tissue damage after spinal SCI  [  75–  77  ] . 
The remyelinating capability of Schwann cells has been demonstrated in a number 
of studies  [  76,   78  ] , and the functioning status of this myelin in conduction of neural 
impulses has been con fi rmed  [  79,   80  ] .  

    16.2.4.13   Human Fetus 

 Fetal-derived multipotent fetal stem cells (FSCs) are generally more tissue-speci fi c 
than ES cells. Therefore, FSCs are able to generate a more limited number of progeni-
tor types. One of the particular therapeutic advantages of FSCs as compared with ES 
cells is the fact that FSCs do not form teratomas in vivo. Moreover, the FSCs obtained 
up to week 12 offer the possibility of transplanting these primitive stem cells without 
frequent rejection reactions in contrast to UCB and BM stem cell transplants. Recent 
work has revealed the possibility of using FSCs or their progenitors, isolated from 
particular tissues, for multiple therapeutic applications involving tissue regeneration 
 [  81–  84  ] . FSCs can cross both the placental and blood–brain barrier. These cells can be 
administered intravenously and hence can be employed as a therapeutic application for 
repair of diverse brain disorders.    The two areas of fetal CNS, SVZ and hippocampus 
have been considered as the richest source for the isolation of neural progenitor cells.    

    16.3   Regeneration of Central Nervous Tissue 

 In our current investigation which aimed to explore application of stem cells in the 
treatment of neurological disorders, literature reported by Stocum et al.  [  85  ]  docu-
ments that neural stem cells were extensively found in two areas of adult mammalian 
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brain (anterior part of the SVZ of the lateral ventricle, from where the immature 
neurons migrate through the rostral migratory stream into the OB). These stem 
cells differentiate into granule neurons and periglomerular interneurons. The other 
is the sub-granular zone of the dentate gyrus (from where the stem cells migrate 
into the hippocampus). These cells develop into mature granular neurons. Cells 
from these two regions (subventricular and sub-granular zone) could be a primitive 
source for progenitor population which can be widely employed in the treatment of 
all neurological problems such as the neurodegenerative diseases and spinal cord 
injury  [  43  ] . This cell therapy may also support quiescent neurogenesis in brain 
leading to stimulation and proliferation of progenitors from those two regions. 
These progenitor cells are very few in number to recover or substitute the degener-
ated neurons in the brain. 

 Another important aspect is that these cells sometimes survive or differentiate 
with dif fi culty. Stocum et al.  [  85  ]  demonstrated that immature neurons originating 
from the SVZ migrate to the damaged striatal area. Although these cells start to 
express markers for striatal medium-size spiny neurons with longer survival period 
(>1 year) of some progenitor cells, others died within few weeks. Due to the above 
experimental example, investigators have put much effort for developing new meth-
ods and clinical procedures for neural cell/stem cell-based therapies for spinal cord 
and other degenerative neural diseases. Further experiments have given some hope 
for cell-based therapies in which allogenic NSCs transplantation to spinal cord inju-
ries showed partial recovery from paralysis. However, slight improvements were 
possibly seen, owing to the effect of transplanted cells on host cells, but the recovery 
may not be attributable to the transplanted cells. However, there are evidences which 
demonstrate that when NSCs are transplanted in spinal cord injuries, the progenitor 
cells differentiate into glial cells and also oligodendrocytes. Intravenous transplan-
tation of  fl uorescein isothiocyanate-labeled (FITC) human umbilical cord blood 
cells in rats showed recovery of locomotory behavior after 5 days. In histological 
examination, less than 1,000 labeled cells survived after transplantation; however, 
these cells were not found to differentiate into neurons and/or glia. 

 Although when bone marrow cells were transplanted into a group of 32 patients 
of 2–12 years after complete spinal cord injury in a study at the University of Sao 
Paulo, a modest improvement in the lower extremity function was seen in 15 
patients. The same study showed improvements were likely due to axon remyelina-
tion by grafted cells and/or juxtacrine effects or paracrine of the transplanted cells 
on host neurons. He also showed direct evidence for paracrine/juxtacrine effects of 
transplanted cells on host neural tissue. Mikami et al.  [  73  ]  reported that transplanted 
splenic dendritic cells supported proliferating and differentiating host NSCs and 
induced axon sprouting, accompanied by partial recovery from hind limb paralysis 
into lesioned mouse spinal cords. However, there was a con fi rmation that coculture 
of spinal cord NSCs with dendritic cells signi fi cantly enhanced the survival and 
proliferation of the NSCs. Mikami et al.  [  73  ]  also reported that transplantation of 
human MSCs into the dentate gyrus of the mouse hippocampus promoted neuro-
genesis by endogenous NSCs and astrocytes derived from embryonic glial-restricted 
precursors. The rat spinal cord developed axon regrowth and inhibited initial scar-
ring that was associated with signi fi cant improvement of locomotor function. 
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   Stocum et al. reported that transplantation of oligodendrocyte precursors generated 
from adipose tissue-derived stromal cells in SCI model promotes functional recov-
ery by both remyelination and induction of proliferation and differentiation of host 
NSCs  [  85  ] . 

 Based on the current knowledge of NSCs from different sources, there is a need 
to standardize methodology for the isolation and characterization of NSCs from 
potential sources. This will enable the researchers to harvest high number of viable 
and well-characterized cells which can be further employed to treat patients with 
neurological disorders  [  86  ] .  

    16.4   Induced Pluripotent Stem Cells in Neural Regeneration 

 The increasing availability of iPSCs derived from adult human somatic cells pro-
vides new prospects for cell-replacement strategies and disease-related basic 
research in neurological diseases. iPSCs are arti fi cially derived from a non-pluripo-
tent cell, typically an adult somatic cell through reprogramming. iPSCs were ini-
tially derived from mouse embryonic and adult  fi broblasts by overexpression of 
particular transcription factors, which have become famous as the “Yamanaka fac-
tors,” which includes 24 candidate genes known to be pluripotency associated. After 
elimination of irrelevant factors, a minimum of four factors remained that were 
minimally required to generate mouse iPSCs. These factors are octamer 3/4 
(OCT3/4), SRY-box-containing gene 2 (   SOX2), cytoplasmic Myc protein (c-MYC), 
and Kruppel   -like factor 4 (KLF4). Yamanaka’s group used retroviral vectors encod-
ing OCT4 (also known as Pou5F1), SOX2, KLF4, and c-MYC, while the group of 
James Thomson used lentiviral vectors encoding OCT4, SOX2, NANOG, and Lin-
28 to reprogram human  fi broblasts in to iPSCs. Cell types that have been used for 
iPSCs derivation include keratinocytes, pancreatic  b  cells, neural cells, mature B 
and T cells, melanocytes, hepatocytes, amniotic cells, and cells derived from adi-
pose tissue. However, so far only  fi broblasts have been used to generate iPSCs from 
patients suffering from neurological diseases. Retroviral and lentiviral vectors have 
been widely used for the delivery of reprogramming factors. New strategies have 
been suggested to generate safe and less tumorogenic iPSCs by using nonviral 
methods or by omitting the oncogenic factors c-MYC and KLF4. Therefore, attempts 
have been made to derive iPSCs by using plasmids rather than viruses. The use of 
iPSCs in the treatment of neurological disorders requires that iPSCs should differ-
entiate into the relevant neuronal subtypes. The earliest recognizable cell type in the 
neural lineage is the neural ectoderm. Yamanaka’s group also showed that human 
iPSCs can differentiate into  b -III-tubulin-positive neurons as well as GFAP-positive 
astrocytes. Park et al. in 2008  [  34  ] , for the  fi rst time, created patient as well as 
disease-speci fi c iPSCs from skin  fi broblasts of patients that suffered from a variety 
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of genetic diseases, including adenosine deaminase de fi ciency-related severe com-
bined immunode fi ciency, Gaucher disease type III, Duchenne (DMD) and Becker 
muscular dystrophy (BMD), Parkinson’s disease (PD), Huntington’s disease (HD), 
juvenile-onset type 1 diabetes mellitus, Down syndrome (DS)/trisomy 21, and the 
carrier state of Lesch-Nyhan syndrome.  

    16.5   Hurdles and Future Prospects 

 Knowledge of basic biology of development is extensive. Though it is explored 
and grossly understood to a major extent, the  fi ne-tuning controls are yet to be 
understood.    The cell therapy is being affected by various factors involved in cell 
proliferation, migration, engraftment and differentiation within the host in diseased 
condition (Table  16.1 ), which play a de fi nite role in cell therapy. Though the 
researchers have tried to understand the cells and applied them for bene fi cial effects 
on animal models of different diseases like Parkinson’s disease, multiple sclerosis, 
Huntington’s disease, ALS, and ischemic stroke (Table  16.2 ). The major problem 
was that these animal models are de fi nitely different from humans, who are sup-
posedly the targets of cell therapy bene fi ts. Further, the behavior of these cells in a 
diseased environment is not fully understood, and the correct clues of their survival 
and engraftment into the system are also to be understood in depth, so that the 
results can be controlled, repeated, and compared. There are several mechanisms 
playing different roles in cell therapy depending upon the pathophysiology, pathol-
ogy of the disease, and native environment (Table  16.3 ). With this review, it’s evi-
dent that to get stem cell therapy accepted as a standard therapy, we need to get the 
clinicians as well as basic science experts to put their heads together and standard-
ize the protocols at all levels.         

  1. Type of disease 
  2. Source of cells 
  3. Quality of cells 
  4. No. of cells to be transplanted 
  5. Route of transplantation 
  6. Time of transplantation 
  7. Cell migration 
  8. Cell survival 
  9. Cell proliferation and differentiation 
 10. Functional integration and clinical improvement 
 11. Unwanted effects 

 Table 16.1    Cell therapy 
hitches  
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  Abstract   Stem cell therapy represents the cutting edge of regenerative medicine. 
The prospect of engineering whole functional tissue has long been sought after, and 
stem cells hold the key to this. Recently, a class of stem cells known as synovial 
mesenchymal stem cells (SMSCs) has come to the forefront of musculoskeletal stem 
cell research. They were  fi rst extracted from the synovium of the knee joints and 
exhibit the common MSC trait of multipotency. SMSCs however display high  in vitro  
expandability and superior chondrogenic potential as compared to their other MSC 
counterparts. This chapter starts with a review on the extraction, isolation, and cul-
ture techniques of SMSCs, followed by an overview of SMSC characteristic and 
properties. This chapter will then delve into SMSC applications for musculoskeletal 
regeneration, including that for cartilage, bones, tendons, ligaments, and muscles. 
For each of the tissues, some of the current challenges and the differing strategies 
adopted to overcome them such as transgenic enhancement, growth factor induction, 
and scaffold-based tissue engineering will be discussed in detail.  
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    17.1   Introduction 

 In the past decade, the  fi eld of regenerative medicine has been recognized as a new 
thrust in the therapies for various musculoskeletal diseases and injuries. It holds 
great promise in healing damaged tissue by addressing the problem of transplanted 
organ shortages. Current techniques in tissue regeneration primarily center on the 
delivery of therapeutic cells either by direct transplantation or by seeding the cells 
onto scaffolds prior to transplantation. However, the availability of therapeutic cells 
has been a concern as existing treatments largely rely on autologous cell sources. 
Overdependence on autologous cells raises a host of issues such as limited cell 
sources and donor site morbidity. 

 In order to overcome these limitations, many efforts have been made to discover 
an alternative cell source to replace the autologous cells. Among the various possi-
ble cell sources, mesenchymal stem cells (MSCs) are regarded as promising candi-
dates for use in cell-based therapy to regenerate lost tissue due to them possessing 
high proliferative capacity while retaining their multipotency  [  1  ] . Furthermore, they 
also possess anti-in fl ammatory and immunomodulatory effects which help in the 
process of tissue repair  [  2,   3  ] . 

 The term ‘Mesenchymal Stem Cell’ was originally employed to describe the 
cells isolated from the bone marrow as they were the  fi rst to be identi fi ed and char-
acterized. However, in recent years, MSCs have also been found in other tissues 
including the adipose tissue  [  4,   5  ] , synovium  [  6  ] , periosteum  [  7  ] , and skeletal mus-
cle  [  8  ] . Among these various sources of MSCs, the MSCs isolated from synovium 
have recently gained popularity as the reparative cell source for musculoskeletal 
regeneration, especially for cartilage. Many studies have proven that these cells 
have superior  in vitro  expandability and chondrogenic potential over other mesen-
chymal tissue stem cells  [  9,   10  ] . This unique population of cells was  fi rst discovered 
and characterized by De Bari and colleagues in year 2001  [  6  ] . 

 To date, many different names have been used to de fi ne both the stem and pro-
genitor cells that originate from the synovium. These different names include syn-
ovium-derived stem cells, synovium-derived mesenchymal stem cells, or synovial 
progenitor cells  [  2  ] . However, for consistency, the term synovial mesenchymal stem 
cells (SMSCs) will be used in this book chapter to describe the mesenchymal stem 
cells isolated from the synovial membrane, the subsynovial connective tissue, as 
well as the synovial  fl uid. 

 SMSCs possess a few traits that give them their chondrogenic superiority, namely, 
the fact that the cells express higher numbers of hyaluronan receptors (CD44) than 
other MSCs. Furthermore, they are also capable of producing uridine diphosphog-
lucose dehydrogenase (UDPGD), an enzyme that is important in hyaluronan syn-
thesis  [  11,   12  ] . Further evidence also hints at the chondrogenic potential of SMSCs, 
albeit indirectly. In a disease known as synovial chondromatosis, cartilaginous bod-
ies are formed in the synovial membrane. Interestingly, SMSCs were observed to 
undergo a process comparable to human chondromatosis during  in vitro  chondro-
genesis. In addition, chondrocyte-like cells have been discovered in pannus formed 
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in joints affected by rheumatoid arthritis (RA). Lastly, the articular cartilage and syn-
ovium share a common origin as both tissues are derived from the interzone cells. All 
these supporting evidences suggest that SMSCs may potentially emerge as a powerful 
therapeutic tool in the repair and regeneration of the musculoskeletal system. 

 Since SMSCs represent a relatively new cell source, researchers have only begun 
to examine its characteristics. Many studies have attempted to characterize the 
SMSCs behavior under  in vitro  and  in vivo  environments, with varying types of 
scaffolds and combinations of biochemical factors. The properties of these cells are 
also frequently compared with some of the better-characterized stem cells derived 
from other mesenchymal tissues, such as bone marrow-derived mesenchymal stem 
cells (BMSCs)  [  9,   10,   13–  15  ] . Thus, in the last decade, a myriad of information 
regarding the phenotypic and functional properties of SMSCs has been obtained 
through the analysis of their epitope pro fi les, transcriptional pro fi les, proliferation 
potential, as well as their differentiation capabilities  [  9,   10,   16  ] . 

 Therefore, this chapter  fi rst discusses the extraction, isolation, and culture tech-
niques of SMSCs and then continues with a review of SMSC characteristics and 
properties. More importantly, this chapter will highlight the various SMSC applica-
tions for the repair and regeneration of bone, cartilage, muscle, tendon, and liga-
ment. However, a large portion of this chapter will be devoted to the cartilage itself. 
The different challenges faced for each tissue will be explored, as well as their 
potential solutions such as transgenic enhancements, growth factor induction, and 
scaffold-based tissue engineering.  

    17.2   Harvest of Synovial Tissue and Extraction of SMSCs 

 The synovium is a thin membrane consisting of two to three layers of specialized 
cells called synoviocytes which line the joint space, thus forming a synovial  fl uid-
 fi lled cavity surrounding the cartilage and the surfaces of tendon  [  12,   17  ] . The syn-
oviocytes can be further divided into two distinct types: type A cells and type B 
cells. Type A cells originate from the bone marrow and display macrophage mark-
ers such as CD68 and CD14. In contrast, type B cells are  fi broblast-like cells with 
the special ability to show the expression of UDPGD  [  18  ] . Apart from being able to 
synthesize a matrix that is abundant in type III, V, and VI collagen, several adhesion 
molecules such as vascular cell adhesion molecule 1 (VCAM-1) and CD44 are also 
expressed by the type B cells  [  18,   19  ] . The major function of synovium is to provide 
lubrication for the joint tissues, as well as to supply them with oxygen, nutrients, 
and proteins  [  20  ] . 

 One of the advantages of synovial tissue from which the SMSCs are mainly har-
vested is that it has a high regenerative capacity which ensures an abundant supply 
of cells. This is supported by the fact that it is able to heal completely after surgical 
 [  21,   22  ]  and chemical  [  23  ]  synovectomy in rabbits and horses  [  24  ] . This tissue can 
be readily harvested by arthroscopy which is minimally invasive, thus causing no 
donor site morbidity  [  11  ] . The  fi rst successful isolation of SMSCs from human 
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synovial lining was done by De Bari and colleagues based on the selective plastic 
adherent property of MSCs where this selectivity excludes nonadherent type A 
cells. Subsequent investigations have proven that these adherent cells displayed 
multilineage differentiation capacity and were stable for at least ten passages. 
Notably, a very small amount of synovial tissue is enough for the derivation of these 
cells  [  6  ] . One recent study has further con fi rmed these  fi ndings by showing that 
each milligram of synovial tissue collected was able to give rise to about 21,000 
cells after 2 weeks of culture at optimal density and the cells proliferative ability 
was preserved even at passage 10  [  9  ] . 

 Synovial tissue can be harvested from different locations in the knee joint. Some 
studies have been directed to probe the difference in chondrogenic potential between 
SMSCs derived from different harvest sites. Fibrous synovium located at the interior 
of the lateral joint capsule and adipose synovium derived from the infrapatellar fat pad 
have been reported to show no difference in their capacity for proliferation and dif-
ferentiation  [  25  ] . A similar result was shown by Nagase and colleagues as they com-
pared the chondrogenic ability of SMSCs isolated from four different sites in the knee 
joint including the infrapatellar fat pad, the suprapatellar pouch, and both the medial 
inner and outer regions. Although there was no apparent difference in their growth and 
differentiation ability, the degree of vascularity was reported to differ between the dif-
ferent harvest sites. However, the medial outer region of the osteoarthritis (OA) syn-
ovium was revealed to give rise to SMSCs with higher colony-forming potential than 
the other regions, and this potential was correlated with the presence of higher num-
bers of  a -smooth muscle actin-positive vessels and CD31+ endothelial cells  [  26  ] . 

 Apart from harvesting SMSCs from healthy synovial tissues, some studies have 
shown that these cells can also be isolated from pathological synovium of patients 
with rheumatoid arthritis (RA) or OA  [  25–  27  ] . A recent study has set out to investi-
gate if the in fl ammatory environment in the RA synovium would affect the func-
tions of SMSCs. The results demonstrated that the SMSC chondrogenic and 
clonogenic potential diminished with each increase in the extent of synovitis in RA 
 [  28  ] . Therefore, joint in fl ammation needs to be suppressed before any effective 
treatment of RA utilizing SMSCs can take place. 

 Besides synovium, some works have reported that SMSCs can also be isolated 
from the subsynovium tissue comprised of  fi brous and adipose connective tissues, 
and these cells have been proven to retain their multipotency. The adipose synovium 
is more commonly referred to as the infrapatellar fat pad, from which many studies 
have shown successful extraction of SMSCs  [  25  ] . For instance, a recent study set 
out to investigate the effect of patient pro fi les on the growth rate and cell surface 
marker expression of the infrapatellar fat pad-derived SMSCs. Interestingly, the 
results shown that the age and gender of patient do affect the rate of cell prolifera-
tion and cell surface marker expression. Cells from female patients were shown to 
proliferate faster and express higher cell surface marker consistently. Nonetheless, 
the study also determined that seeding densities can affect cell proliferation rate to 
a greater extent as compared to the patient pro fi les  [  29  ] . 

 A study by Jones et al.  [  14  ]  reported that MSCs can also be found in the synovial 
 fl uid (SF) of patients suffering from OA and RA, with a signi fi cantly higher number 
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found in the latter case. This indicates that these MSCs may play a role in the 
pathophysiology of arthritis. A later study by Morito et al. attempted to characterize 
these SF-derived MSCs by investigating their  in vitro  differentiation potential, sur-
face markers, as well as gene expression pro fi les. They reported that these SF-derived 
MSCs have shown multipotentiality and have epitope pro fi les similar to that of 
SMSCs and BMSCs. Furthermore, gene expression pro fi les analysis revealed that 
these MSCs have higher similarity to SMSCs than to BMSCs, suggesting they are 
derived from the synovium  [  14  ] .  

    17.3   Isolation, Cultivation, and Puri fi cation of SMSCs 

 Generally, isolation of SMSCs starts with the rinsing of the freshly harvested syn-
ovial tissue from the knee joints in sterilized phosphate buffer saline (PBS). After 
thorough rinsing, the synovial tissue is cut into  fi ne pieces which are then digested 
in a solution containing an appropriate concentration of collagenase in the culture 
medium  [  6  ] . After the SMSCs are released from the synovial tissues, they are then 
collected and washed before being seeded onto a 60 cm 2  dish with a cell density of 
10 3 –10 5  cells in each plate. These seeded cells are cultured for 2 weeks as passage 
0. The colony-forming units- fi broblast assay can be used to specify the number of 
SMSCs in the culture. The two culture media that are most suitable to support the 
robust  in vitro  proliferation of SMSCs are comprised of either high-glucose 
Dulbecco’s Modi fi ed Eagle’s Medium (DMEM) or  a -minimum essential medium 
( a -MEM) supplemented with 10 % of fetal bovine serum (FBS) and antibiotics 
 [  6,   9,   14,   26  ] . Although this conventional enzymatic method has been widely used, 
a recent study suggested that a newly developed nonenzymatic direct explant tech-
nique could be better for isolating SMSCs, especially for OA patients since it is 
simpler and less invasive  [  30  ] . 

 Following the isolation of cells, the SMSCs can be expanded by culturing in 
monolayer in either of the aforementioned culture media types at 37°C in a 
humidi fi ed atmosphere of 5 % CO 

2
 . The medium should be replaced every 3 days. 

The period of the primary culture of SMSCs should be around 10–25 days for them 
to reach con fl uency of 80~90 %. For subculture, the cells can be  fi rst harvested by 
digestion using trypsin-EDTA and then replated with a 1:4 dilution  [  6  ] . 

 Although the initial culturing technique used by De Bari and colleagues was 
assumed to produce a homogeneous population of cells, later studies suggested that 
this adherent cell population derived from the synovium was actually a lot more 
heterogeneous than progenitor cells obtained from other sources like bone marrow. 
This heterogeneity is shown in their heterogeneous growth and differentiation capa-
bilities  [  31,   32  ] . One disadvantage of a mixed population of cells is that these cells 
are not suitable for clinical use since they are likely to produce unpredictable bio-
logical activities. In order to overcome this problem, there are several puri fi cation 
methods that are currently in development with the aim of  yielding cell populations 
that are more homogeneous in their functions  [  33  ] . 
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 Previously, the two different methods that were used to purify MSCs were the 
long passaging culture method and limited diluted method  [  9  ] . However, more 
recently, more advanced techniques such as magnetic-activated cell sorting (MACS) 
and  fl uorescence-activated cell sorting (FACS) have been utilized for MSC puri fi cation 
 [  34,   35  ] . There are two alternative ways in which the puri fi cation procedure can be 
done: either subjecting the cells to selection immediately after being freshly har-
vested or after selecting them based on their plastic adherent property  [  34  ] . The 
MACS was shown to be able to purify MSCs based on the presence of certain unique 
cell surface markers, for instance, CD14 for macrophages  [  35  ] . A recent study by 
Bilgen et al. reported that a more homogeneous population of synovial  fi broblasts, 
showing enhanced chondrogenic potential, was obtained after subjecting the original 
mixed population of synoviocytes to CD14-negative isolation. Typically, the nega-
tive selection is done by coating the monodiperse supramagnetic polystyrene beads 
with primary monoclonal antibody targeting CD14, and this enables subsequent 
separation of macrophages from SMSCs. Jun Qi et al. also demonstrated that MACS 
can be used to enrich CD105+ SMSCs, resulting in a more homogeneous cell popu-
lation to be used as a potential cell source for cartilage engineering  [  36  ] . 

 The other technique, FACS, was shown to be utilized for the detection and isola-
tion of another subpopulation of cells known as the side population (SP) cells from 
the synovium-derived cells  [  37,   38  ] . These cells have been isolated from many other 
adults’ tissues through staining with the DNA dye Hoechst 33342, subsequently 
separating them from the rest of the cells by FACS based on their strong dye exclu-
sion property. These SP cells were shown to behave like stem cells as they expressed 
cell markers such as CD34, Flk-1, c-Kit, and Abcg-2. Furthermore, they were able 
to differentiate into multiple lineages like the chondrogenic, osteogenic, and myo-
genic lineages  [  37  ] . Although the SP cells and SMSCs are both derived from the 
synovial tissues, their actual relationship still remains unclear  [  12  ] .  

    17.4   SMSC Proliferative Ability and Multipotency 

 Since the discovery of SMSCs, these cells have been known to possess high prolif-
erative and multilineage differentiation potential. The high proliferative potential of 
SMSCS is displayed through their ability to undergo extensive  in vitro  expansion in 
monolayer for up to ten passages with similar growth kinetics  [  6  ] . This remarkable 
self-renewal capacity was reported to be comparable to that of BMSCs  [  9  ] . Notably, 
the SMSCs manage to maintain a linear growth curve for at least 30 population 
doublings. Despite possessing such a high ability to proliferate, the activity of 
telomerase, which is an enzyme that elongates the telomeres to enable numerous 
rounds of cell divisions, remains undetectable in these cells. Thus, cell senescence 
is still being observed at later passages (after passage 10). However, this problem 
does not become a limiting factor for cell expansion as a suf fi ciently large number 
of cells can be obtained only after a few passages (roughly a billion cells after six 
passages, extracted from 10 to 50 mg synovial tissue of the knee joint)  [  6  ] . As for 
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the multilineage potential of SMSCs, it has been proven that these cells are able to 
differentiate into osteoblasts, chondrocytes, adipocytes, and, to a lesser extent, myo-
cytes when they are cultured in lineage-speci fi c medium. Among these different 
lineages, SMSCs have been proven to be particularly ef fi cient in undergoing chon-
drogenesis. This potential was reported to be unaffected by cell passage number, 
donor age, or cryopreservation  [  6,   9,   10  ] . 

 Generally, the use of serum as a nutritional supplement in the cell culture medium 
is essential for the  in vitro  expansion of MSCs. The selection of the type of serum 
used is crucial not only in supporting cell proliferation and differentiation but also 
in affecting MSC gene expression and transcriptional pro fi les. Typically, the fetal 
bovine serum (FBS) has been used in most studies to supplement the cell culture 
medium for  in vitro  culture of MSCs  [  39  ] . The use of FBS is not favorable, espe-
cially when the cells are cultured for therapeutic purposes. This is because there 
exists a certain degree of risk of prion diseases and zoonoses transmission from the 
FBS  [  40  ]  but, more importantly is the possibility that the xenogenic proteins will 
evoke an adverse immune response  [  41  ] . Therefore, the use of autologous or allo-
genic human serum is preferable for  in vitro  expansion of MSCs. 

 Many studies have been directed to compare the effect of using different sera on 
the proliferative and differentiation ability of MSCs, yielding various results and 
conclusions. Some investigators reported that the FBS was better than human serum 
 [  42,   43  ] , while some demonstrated that the FBS and human serum have comparable 
proliferative effects  [  41,   44  ] . There were also studies that concluded that MSCs 
have higher rate of proliferation in human serum than in FBS  [  39,   45–  47  ] . 

 In a recent work, the effect of autologous human serum on SMSCs and BMSCs 
was compared. The results showed that SMSCs expanded more in human serum as 
compared to in FBS, while BMSCs showed otherwise. This phenomenon is related 
to the platelet-derived growth factor (PDGF) signaling due to the fact that the human 
serum contains large amounts of these growth factors. The SMSCs have higher 
expressions of receptors for PDGF as compared to BMSCs, resulting in their higher 
proliferative ability in human serum  [  48  ] . This compatibility of SMSCs with human 
serum has also been shown by another work, in which higher expandability was 
achieved in human serum without compromising their differentiation potential  [  49  ] .  

    17.5   SMSC Characteristics and Properties 

    17.5.1   SMSC Genotypic, Phenotypic, and Functional 
Characterization 

 It is widely known that SMSCs and BMSCs share many similarities in terms of their 
phenotypic and functional properties. This is easily con fi rmed by phenotypic char-
acterization using the  fl ow cytometric immunophenotyping technique. With this 
technique, the expression of various cell surface markers can be analyzed, and many 
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studies have revealed that both SMSCs and BMSCs have shown negative expression 
for hematopoietic stem cell markers (including CD34 and CD117), lymphocytic 
cell markers (LFA-1, CD11a, CD20), endothelial cell markers (CD31, CD62e), 
monocytic or macrophages cell markers (CD14, CD68), a leukocytic cell marker 
(CD45), and an MHC class II cell surface receptor (HLA-DR). On the contrary, 
both cell sources positively expressed markers such as CD90, CD105, CD166, 
CD44, CD73, CD10, CD13, CD49a, and CD147, which are typical markers charac-
teristic of MSCs  [  12,   16,   27,   28,   34,   35,   50,   51  ] . 

 The immunophenotype of SMSCs was shown to be affected by many factors 
such as cell passage number, cell culture medium, cell preculture time, the different 
harvest sites, and also the condition of synovial membrane (isolated from healthy 
joints, OA or RA)  [  12,   27,   34,   51,   52  ] . For example, SMSCs were shown to have a 
higher expression of PDGF receptor  a  when cultured in the presence of human 
serum as compared to being cultured in FBS  [  48  ] . Besides that, the amount of cells 
expressing mesenchymal markers such as CD90, CD44, and CD105 in the knee 
joints of OA patients was found to exceed those in healthy joints  [  53  ] . One study 
also revealed that the cell surface marker expression pro fi les were different for the 
freshly isolated cells and the cells after the  fi rst passage. Initial expression of CD14, 
CD34, CD45, CD62e, and HLA-DR vanished following the  fi rst passage while the 
expression of CD105 and CD166 appeared. Furthermore, this was accompanied by 
an upregulation for CD10, CD13, CD44, CD49a, and CD73  [  51  ] . Similarly, another 
study reported that the SMSCs have shown a higher expression level of CD9, CD44, 
CD54, CD90, and CD166 after  in vitro  expansion  [  34  ] . 

 Interestingly, the expression of certain phenotypic markers may be a good indi-
cator of the differentiation potential of SMSCs. For example, SMSCs showing trip-
licate positive expression for CD9, CD90, and CD166 have been proven to be 
multipotent  [  34  ] . Besides that, the expression of CD90 or Thy-1 may also be related 
to the chondrogenic potential of SMSCs  [  26  ] . Despite the use of all these markers 
for their identi fi cation, SMSCs still cannot be completely characterized. This is 
because the immunotyping technique lacks speci fi city where the characterization of 
SMSCs is simply based on the absence of hematopoietic and endothelial markers. 
Furthermore, it also relies on detecting the expression of molecules which can also 
be found on more mature stromal cells  [  54  ] . 

 As for genotypic characterization, some investigators have analyzed the gene 
expression pro fi les of the various mesenchymal tissues using hierarchical clustering 
analysis and principal component analysis (PCA). The results revealed that SMSCs, 
together with chondrocytes and MSCs derived from the meniscus and the intra-artic-
ular ligament, belong to a single cluster distinct from adipose-, muscle-, and bone 
marrow-derived MSCs. Furthermore, this study also showed that SMSCs were able 
to express proline-arginine-rich end leucine-rich repeat protein (PRELP), an intra-
articular tissue MSC-speci fi c gene consistently, whereas BMSCs upregulated the 
expression of this protein only during  in vitro  chondrogenesis  [  55  ] . In another study, 
it was shown that activin A, which is an important cell-signaling protein and recently 
found to play a vital role in the maintenance of multipotency of mesenchymal pro-
genitor cells, was being expressed at a higher level in BMSCs as compared to SMSCs 
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 [  16,   56  ] . These differences between the two cell sources may be attributed to geno-
typic variation. According to the DNA microarray analysis done in a study, the tran-
scription pro fi les of BMSCs and SMSCs differ by 46 genes from a set of 268 genes.  

    17.5.2   Immunosuppressive Potential of SMSCs 

 In recent years, MSCs have gained more interest after they have demonstrated the 
ability to exert immunosuppressive and immunoregulatory effects on cells of the 
immune system. This ability is a result of an immune tolerant phenotype displayed 
by the cells. Under normal culture conditions, BMSCs only express MHC class I 
molecules but not MHC class II molecules. However, both classes of molecules 
have been shown to be upregulated upon induction by interferon-gamma (IFN- g ). 
Besides low expressions of HLA molecules, they also express low levels of co-
stimulatory molecules such as B7-1, B7-2, CD40, or CD40L  [  1,   57  ] . 

 SMSCs do not actively display immunomodulatory activities; instead these 
immunosuppressive functions are activated following exposure to the in fl ammatory 
environment. This conclusion is rooted in an important observation that these immu-
nosuppressive functions of SMSCs can be inhibited by the use of anti-IFN- g  recep-
tor antibodies. Thus, exposure to in fl ammatory cytokines such as IFN- g , TNF- a , or 
IL-1 b  is crucial in activating the MSC-mediated immunosuppression  [  54  ] . It has 
been reported in various studies that MSCs are capable of suppressing and regulat-
ing the functions of T cells  [  58,   59  ] , B cells  [  60,   61  ] , and natural killer (NK) cells 
 [  62,   63  ] . To date, the immunosuppressive mechanisms of MSCs have yet to be elu-
cidated. However, there are two main conditions that need to be ful fi lled: direct 
cell-to-cell contact and the presence of soluble immune modulators such as 
indoleamine 2,3-dioxygenase (IDO), prostaglandin E2 (PGE-2), or nitric oxide 
(NO)  [  12,   64  ] . 

 The immunosuppression function of SMSCs was demonstrated to be comparable to 
that of BMSCs. An upregulation of MHC I and II molecules similar to BMSCs was 
observed in SMSCs following autocrine stimulation by IFN- g . Besides that, SMSCs 
were also capable of inhibiting T cells proliferation in a mixed lymphocyte reaction 
(MLR). This suppression of T cell proliferative activity is believed to be linked to IDO 
activity, which is induced by SMSCs to the same extent as BMSCs  [  12,   16  ] . 

 Although the immunosuppressive capabilities of SMSCs are valuable, a few 
potential problems still have to be investigated. There still exists a possibility that 
SMSCs may elicit an immune response from the body. Some investigators reported 
that BMSCs exhibit contradictory properties at low concentrations of IFN- g . Under 
such a condition, the levels of MHC class II molecules expression increased and the 
cells become phagocytic. They also act as antigen-presenting cells to support CD4+ 
T cells proliferation  [  65  ] . It is thus imperative to devise a detailed characterization 
of the SMSC phenotype so that their  in vivo  biological properties can be understood 
through comprehensive preclinical studies, with the aim to widen their clinical 
applications.   
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    17.6   SMSC Applications in Musculoskeletal Regeneration 

    17.6.1   SMSCs in Cartilage Regeneration 

 Articular cartilage has a very limited self-healing capacity due to its avascular 
nature. Typically, the defects in the articular cartilage can be divided into two differ-
ent types: full- and partial-thickness defects. Full-thickness defects that reach the 
subchondral bone are capable of self-healing. However, the self-healing process is 
still limited and dependent upon the size and location of the defects  [  66  ] . In general, 
small full-thickness defects are able to heal spontaneously with the regeneration of 
hyaline cartilage, whereas bigger defects are only able to heal with  fi brous tissue 
 [  67  ] . In contrast to full-thickness defects, partial-thickness defects do not reach the 
subchondral bone; thus, no spontaneous repair mechanism is triggered  [  68  ] . 

 Despite the many efforts that have been made to regenerate defects on the articu-
lar cartilage, there is still no one method to date that is truly effective and successful. 
Most of the methods used thus far have some shortcomings. For example, treatment 
of lesions by microfracturing results in defect repair by  fi brocartilage that is both 
mechanically and hydroelastically inferior as compared to the native hyaline carti-
lage  [  69  ] . The ef fi ciency of another repair method known as mosaicplasty  [  70  ]  is also 
questionable since this technique is limited by poor graft integration and donor site 
morbidity, hence rendering it ineffective for the repair of larger defects  [  67  ] . However, 
a recently developed technique known as autologous matrix-induced chondrogenesis 
(AMIC) has yielded satisfactory early  [  71  ]  and midterm  [  72  ]  results for the repair of 
larger cartilage defects, though further follow-up results are not yet available  [  73  ] . 
Untreated focal cartilage injuries may potentially develop into more extensive defects 
which eventually require invasive treatments like joint replacement surgery. Total 
knee replacement has been proven to be useful for older and less active patients, even 
if they only regain partial function of the knee  [  74  ] . Therefore, it is imperative to 
develop an alternative treatment method for the younger and more active patients. 

 Cell-based therapies have gained much interest as they can potentially provide 
biological replacements for injured cartilage. Autologous chondrocyte implantation 
(ACI) has been employed in treating focal cartilage defects, but this method is 
largely limited by the availability of autologous articular chondrocytes. The human 
articular chondrocytes are dif fi cult to extract and have low  in vitro  expandability. 
Additionally, chondrocytes are unable to sustain prolonged expansion as they will 
lose their proliferative ability and also undergo dedifferentiation  [  75  ] . To date, there 
are still no conclusive results regarding the mid- and long-term ef fi ciency of ACI. 

 A more promising approach, which is worth exploring, is the use of stem cells in 
tissue engineering for regeneration and repair of defective cartilage  [  73  ] . Among the 
various types of stem cells, adult MSCs are the most favorable for use. This is due 
to some advantages that MSCs have over their embryonic counterparts which 
include lesser tendency for tumor formation and lower risks for rejection and dis-
ease transmission  [  76  ] . Furthermore, MSCs are also known to possess some immu-
nosuppressive potential  [  59  ] . BMSCs are the earliest discovered MSCs and have 
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been extensively studied. There is a wealth of information in published works relat-
ing to their use in cartilage regeneration. However, the more recently discovered 
SMSCs display superior chondrogenic potential over BMSCs  [  10  ] . 

 In one study, rat SMSCs surpassed other MSCs from bone marrow, periosteum, 
adipose, and muscle in  in vitro  chondrogenesis, as evidenced by heavier pellet for-
mation. The greater pellet weight was a direct result of a higher rate of cartilage 
matrix formation  [  10  ] . Similar results were shown in another study utilizing human 
MSCs, where cartilage pellets comprised of SMSCs were considerably larger than 
those from BMSCs in patient-matched comparisons  [  10  ] . A study by Sakaguchi 
et al. also emphasized the superior chondrogenic potential of SMSCs over other 
MSCs by directly comparing yield, expandability, differentiation potential, and 
epitope pro fi les  [  9  ] . More recently, the development of more ef fi cient cell-sorting 
techniques such as MACS and FACS has allowed speci fi c subpopulations of cells 
from SMSCs to be isolated, thus enabling the assessment of their respective chon-
drogenic potential. Some researchers have reported that the CD105±enriched sub-
population of cells from the rat SMSCs has shown greater chondrogenic potential as 
compared to the non-sorted SMSCs, stemming from the fact that the CD105+ group 
expresses higher levels of type II collagen and SOX-9  [  36  ] . In a separate study, the 
CD105+ subpopulation of SMSCs extracted from both OA and normal human syn-
ovial membranes were found to have comparable chondrogenic capacity despite the 
difference in health status of the patients  [  77  ] . 

 Besides that, subpopulations of SMSCs enriched for CD73, CD106, and CD271 
markers were also investigated for their ability to undergo chondrogenesis. The 
results indicated that the CD271+ SMSC subpopulation maintained the highest 
chondrogenic potential as compared to the other two subpopulations of cells. The 
CD106+ SMSC subpopulation appeared to be the least differentiated due to the 
highest level of MSC marker expression. Another study demonstrated CD14-
negative selection of cells with the aim to enhance chondrogenesis by excluding 
monocytes and macrophages from a mixed SMSC population  [  78  ] . The ef fi ciency 
of FACS and MACS enables these cell surface markers to be distinguished from one 
another, thus providing a means to select a speci fi c subpopulation of cells for dif-
ferentiation toward a de fi ned cell lineage. This is because different subpopulations 
were shown to have different multipotentiality  [  79  ] . 

 Besides various comparative studies on different MSC sources and subpopula-
tions, some investigators also compared the chondrogenic ability of SMSCs 
extracted from different harvest sites. A study by Mochizuki et al .  compared SMSCs 
harvested from human  fi brous synovium, adipose synovium, and subcutaneous fat. 
The results revealed that both  fi brous- and adipose-derived SMSCs outperformed 
MSCs isolated from subcutaneous fat in chondrogenesis, with the adipose SMSCs 
in particular showing the highest chondrogenic ability. Therefore, these two groups 
of cells can potentially be used as cell sources for cartilage tissue engineering. In 
addition to the different harvest sites, the chondrogenic potential of SMSCs was 
also found to be affected by preculture conditions. A shorter culture period was 
found to be more favorable in order to preserve the chondrogenic differentiation 
ability of SMSCs  [  26  ] . 
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 Apart from investigating  in vitro  chondrogenesis, it is also vital that the  in vivo  
performance of SMSCs be evaluated. A recent work by Koga et al. has attempted to 
investigate the  in vivo  chondrogenic potential of rabbit MSCs. They reported that 
both SMSCs and BMSCs have greater  in vivo  chondrogenic potential as compared 
to the MSCs derived from the adipose and muscle tissue. Furthermore, SMSCs were 
found to have the advantage of possessing a higher proliferative ability. In order to 
stimulate higher production of cartilage matrix, higher density of SMSCs was cou-
pled with the use of a periosteal patch during transplantation  [  80  ] . 

    17.6.1.1   Growth Factors Induction 

 Over the years, the directed chondrogenic differentiation of SMSCs has been exten-
sively investigated by utilizing various cytokines and hormones. Although it is likely 
that no single cocktail of growth factors will ever become a universal solution for opti-
mizing chondrogenesis of SMSCs, there are a few of them which show great ef fi cacy 
 [  81  ] . Currently, the most commonly used chondrogenic medium to induce SMSC 
chondrogenesis contains dexamethasone (DEX), ascorbate, insulin-transferring- 
selenium mixture (ITS+ premix), proline, and sodium pyruvate, along with a growth 
factor from the transforming growth factor-beta (TGF- b ) superfamily  [  6,   9,   26  ] . 

 Members of the transforming growth factor-beta (TGF- b ) superfamily are well 
recognized for their ability to mediate chondrogenic differentiation in several MSC 
lines  [  81,   82  ] . The mechanism of TGF- b  signaling has been elucidated. It starts with 
the binding of TGF- b  to speci fi c cell surface receptors, which then triggers a num-
ber of intracellular kinase pathways, and eventually, transcription factors such as 
SOX-9 are activated to induce the expression of chondrogenic genes  [  82  ] . 

 Accordingly, many studies have been directed to investigate the ef fi cacy of the 
various members of the TGF- b  superfamily such as TGF- b 1, 2, and 3, bone mor-
phogenetic protein 2 (BMP-2), and bone morphogenetic protein 7 (BMP-7) in 
mediating SMSC chondrogenic differentiation  [  9,   10,   26,   36,   79,   83  ] . Among these, 
only TGF- b 1, 2, and 3 are well proven to be able to fully induce chondrogenesis by 
increased production of proteoglycan and type II collagen, even when used indi-
vidually  [  84,   85  ] . 

 Thus far, TGF- b 1 has only produced generally mixed results regarding its role as 
an inducer of SMSC chondrogenesis. A number of studies reported successful 
induction of chondrogenesis when SMSC culture was supplemented with this 
growth factor  [  86,   87  ] . One of the studies showed that the expression level of type 
II collagen, an essential chondrogenic marker, has been elevated in both rabbit 
SMSC pellets and synovial explants following culture in the presence of TGF- b 1 
 [  88  ] . Conversely, some studies reported that although TGF- b 1 is an essential media-
tor for chondrogenesis, using it alone may not be suf fi cient to stimulate differentia-
tion of SMSCs into chondrocytes. This was con fi rmed by some researchers using 
human and bovine SMSCs for chondrogenic differentiation in 3D culture using 
alginate hydrogel  [  89,   90  ] . Treatment by TGF- b 1 was reported to downregulate the 
expression of type II collagen in the bovine SMSCs  [  90  ] . These discrepancies 
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 indicate that factors such as cell species and the culture system adopted should also 
be taken into consideration when selecting the growth factors to be used. 

 For better performance, other growth factors have been investigated for use in 
combination with TGF- b 1. It was thought that the use of insulin-like growth factor 
(IGF-I) could enhance the chondrogenic induction effect of TGF- b 1  [  87,   91  ] , since 
they are both anabolic growth factors present during chondrogenesis  [  92,   93  ] . The 
ef fi cacy of this combination has been investigated by Sakimura et al .  where they 
reported higher glycosaminoglycan (GAG) production by the SMSCs seeded on a 
polyglycolic acid (PGA) scaffold when these two growth factors were used together 
in cultures  [  87  ] . Similar results were shown by Pei et al., where simultaneous use of 
TGF- b 1 and IGF-I yielded the best results as compared to sequential use of these two 
factors or any other combinations of chondrogenic growth factors for SMSCs  [  91  ] . 
However, Bilgen et al. reported that no such enhancement effect was observed  [  78  ] . 

 It was also suggested by some studies that basic  fi broblast growth factor (bFGF) 
can be used for pretreatment of SMSCs prior to induction of chondrogenesis since 
it has been shown to be effective both as a mitotic stimulator for MSC  ex vivo  
expansion and also in subsequently regulating their ability to differentiate. 
Furthermore, bFGF also has the ability to induce both the prechondrogenic cells and 
chondrocytes to synthesize more cartilage matrix  [  94  ] . Kim et al. demonstrated that 
supplementation of bFGF in SMSC monolayer cultures caused cells to shrink and 
express a greater amount of actin, as well as to proliferate at a higher rate. They also 
showed that for micromass pellet cultures, SMSCs supplemented with bFGF were 
greater in size, weight, and GAG accumulation. The results suggested that this 
growth factor can potentially be used to enhance proliferation and chondrogenesis 
of SMSCs  [  95  ] . Besides that, there are also results from another study that reported 
a higher chondrogenic potential for the bFGF-expanded SMSCs derived from infra-
patellar fat pad. The SMSCs that were pretreated with bFGF during  in vitro  expan-
sion showed signi fi cantly higher accumulation of matrix during subsequent 
chondrogenesis as compared to untreated cells  [  96  ] . However, in a separate study, it 
was found that the bFGF could suppress SMSC chondrogenesis if used in combina-
tion with TGF- b 1 or TGF- b 1 + BMP-2 in a pellet culture  [  94  ] . 

 Another growth factor that is also frequently used is TGF- b 3. Some studies 
revealed that TGF- b 3 and DEX were inadequate to mediate chondrogenesis in 
human SMSC pellet culture. However, the addition of BMP-2 to TGF- b 3 and DEX 
signi fi cantly enhances SMSC chondrogenic potential  [  10  ] . This condition has been 
used in many recent studies since it has been proven to be an effective stimulus for 
chondrogenesis  [  9,   10,   36,   67  ] . This enhancement effect of BMP-2 on TGF- b 3-
induced chondrogenesis was shown by Rui and colleagues using human SMSCs 
extracted from OA patients in a pellet culture system. The group of cells that was 
treated with TGF- b 3 and BMP-2 generally showed enhanced chondrogenesis as 
evidenced by the increased pellet size and weight, higher matrix production, and 
chondrogenic markers expression than the group treated with only TGF- b 3  [  97  ] . 
The need for supplementation with exogenous BMPs in SMSC cultures is further 
shown by a recent study where successful chondrogenesis of SMSCs was only 
achieved when both TGF- b 3 and BMP-6 were applied concurrently  [  98  ] . 
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 Apart from being used in conjunction with TGF- b 3, the BMPs can also be used 
separately as chondrogenic stimulators for SMSCs. Generally, BMP-2 and BMP-7 
performed better than TGF- b 1 under serum- and DEX-free conditions  [  83,   89  ] . In a 
study by Miyamoto et al., they reported that simultaneous addition of BMP-7 and 
TGF- b 1 was able to enhance  in vitro  chondrogenesis of SMSCs, particularly when 
a high dose of BMP-7 was used  [  86  ] . Interestingly, the gene expression levels of 
some chondrogenic markers such as aggrecan and type II collagen were found to be 
affected by the dosage of BMP-2 and BMP-7 in the range of 50–200 ng/ml or higher 
 [  89  ] . The chondrogenic-promoting effect on human SMSCs of another BMP mem-
ber, BMP-14, was also investigated in a recent study using cells from RA patients. 
BMP-14 was found to have little effect on SMSC proliferation but was able to pro-
mote the TGF- b 3-induced chondrogenesis to a great extent  [  99  ] . 

 Despite their high chondrogenic ef fi cacies, BMP-2 and BMP-7 may not be suit-
able for use in long-term culturing since the presence of either of these factors 
seemed to be associated with SMSC hypertrophic differentiation  [  83,   86,   89,   90  ] . In 
addition, supplementation with BMP-2 alone did not produce similar gene expres-
sion levels in SMSCs as that of chondrocytes  in vitro   [  89,   90  ] . Moreover, the quality 
of the cartilage tissue produced was also questionable due to undesirable, sustained 
expression of type I collagen by BMP-2-treated SMSCs  [  89  ] . 

 DEX, which is a synthetic glucocorticoid, is also believed to be an important 
chondrogenic inducer of SMSCs. It has been reported that DEX has a supportive 
role in TGF- b 1- and TGF- b 3-induced chondrogenesis  [  9,   89,   100  ] . However, under 
certain conditions, the use of DEX can adversely affect the chondrogenic potential 
of SMSCs. DEX is known to suppress the chondrogenic induction effect of BMP-2, 
inhibiting the gene expression of several important chondrogenic markers such as 
SOX-9, type II collagen, and aggrecan in SMSCs  [  89,   90  ] . 

 In order to be able to induce full differentiation of SMSCs into articular chondro-
cytes, more extensive research is required to re fi ne the stimulation conditions for 
chondrogenesis. In addition to selecting and formulating the optimal cocktail of 
growth factors, other factors such as culture system, timing, and dosing also need to 
be determined.  

    17.6.1.2   Gene Therapy 

 As discussed in the previous section on growth factor induction of SMSC chondro-
genesis, many locally administered recombinant proteins such as isoforms of 
TGF- b , IGF-1, bFGF, BMP-2, or BMP-7 have been widely used in augmenting the 
various aspects of cartilage tissue repair. Nonetheless, one recurring problem is the 
transient residence time due to the short half-lives of many proteins in the  in vivo  
environment, making it dif fi cult to deliver these factors to cartilage repair sites at 
therapeutic concentrations  [  101,   102  ] . This can be remedied by using gene therapy 
to lengthen the period of growth factors synthesis. This is achieved by the insertion 
of coding sequences which allow sustained synthesis of bioactive anabolic agents, 
both locally and regionally  [  103  ] . Thus, if trials are favorable, gene therapy may be 
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the key innovation that allows this treatment to be effective at repairing and regen-
erating articular cartilage for patients. 

 In gene therapy, delivery of the desired coding sequence into the cell nucleus is 
inherently dif fi cult due to the many defense mechanisms of the cell. Apart from 
extracellular defenses such as phagocytes and T cells, the cell membrane itself 
repels foreign DNA fragments due to electrostatic repulsion, as both are negatively 
charged. Furthermore, foreign DNA fragments must also bypass endonuclease deg-
radation and endosomal engulfment once they are in the cell  [  103  ] . Thus, in order 
to ensure ef fi cient gene delivery into the target cell nucleus, it is crucial to employ 
vectors that are capable of overcoming all these challenges. Viral vectors can ful fi ll 
these criteria as they are particularly ef fi cient at penetrating cell membranes and 
delivering the transgene into the cell nucleus. To date, no other known nonviral 
delivery methods approach the ef fi ciency of viral vectors. The commonly used viral 
vectors in gene therapy include those from adenoviruses, adeno-associated viruses, 
retroviruses, and lentiviruses. Basically, the performances of viral vectors are 
gauged based on their transduction ef fi ciency and, more importantly, their safety 
pro fi le  [  104,   105  ] . Each type of the viral vector has its own advantages and disad-
vantages. For example, the ability of lentiviruses and retroviruses to integrate for-
eign genes into the host genome prolongs gene-induced repair. However, this same 
ability can cause insertional mutagenesis, which may lead to undesirable conse-
quences. Adenoviruses on the other hand do not integrate their transgenes into the 
host, making them safer to be used for gene delivery  [  103  ] . 

 Prior works using recombinant adenoviral vectors have been successful in deliv-
ering the gene of TGF- b 3 to cells such as rat BMSCs and articular chondrocytes for 
 in vitro  chondrogenesis  [  106  ] . However, the pioneering work utilizing this technique 
on SMSCs was done by Zhang et al.  [  107  ] . In their preliminary study, they success-
fully constructed a dual-functioning adenoviral vector (Ad-dual) consisting of trans-
gene encoding TGF- b 3 and short hairpin RNA (shRNA) targeting type I collagen. 
They reasoned that this Ad-dual not only promotes sustained synthesis of TGF- b 3 
but at the same time also suppresses the production of undesirable type I collagen 
which compromises the quality of the repaired articular cartilage. The suppression of 
type I collagen is done by employing the RNA interference (RNAi) strategy. Their 
initial hypothesis was later con fi rmed when the Ad-dual vector was shown to work 
as intended in SMSCs, as supported by the concurrent suppression of type I collagen 
and promotion of TGF- b 3 synthesis  [  107  ] . In their follow-up study, they investigated 
the transduction effect on SMSC  in vitro  chondrogenic differentiation using several 
different combinations of recombinant adenoviruses in a 3D alginate hydrogel cul-
ture system. The various combinations included infecting SMSCs with recombinant 
adenoviruses encoding TGF- b 3 (Ad-TGF- b 3) or anti-Col I shRNA (Ad-shRNA) 
independently, concurrently (Ad-combination), or conjugately (Ad-double), which 
is the Ad-dual vector described earlier. The results showed that the expression of 
cartilage-speci fi c genes such as type II collagen, aggrecan, and cartilage oligomeric 
matrix protein (COMP) were elevated in Ad-TGF- b 3, Ad-combination, and the 
Ad-double infected groups. An undesirable increase in type I collagen expression 
was observed in the Ad-TGF- b 3 infected group, but this did not happen in the other 
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two groups. Despite being able to induce chondrogenesis and suppress hypertrophic 
differentiation of SMSCs, the dual-functioning adenoviral vectors are still in need of 
re fi nement since this group of vectors cannot compete with the AD-TGF- b 3 group in 
promoting chondrogenesis. Furthermore, the expression of transgene by cells trans-
ducted with adenoviral vectors is not permanent due to the lack of integration of the 
viral DNA into host genome  [  108  ] . 

 In a recent study by Varshney et al., adenoviral vectors were also employed for 
transduction of gene encoding TGF- b 3 into rabbit articular chondrocytes. These 
transfected chondrocytes were later cocultured with SMSCs to supply them with 
sustained, localized, and overexpressed growth factors. They reported that the 
SMSCs were able to undergo chondrogenesis to a much greater extent under the 
in fl uence of the transgenic growth factors. Interestingly, the transient expression of 
the transgenic TGF- b 3 allows timely termination of its supply to SMSCs in the later 
stage to avoid hypertrophic differentiation  [  109  ] . Besides transduction of growth 
factor genes, another study also probed the gene transduction effect of an enzyme 
known as histone deacetylase 4 (HDAC4) on TGF- b 1-induced chondrogenesis in 
SMSCs. Adenoviral vectors were utilized to facilitate the transfer of gene encoding 
HDAC4 into SMSCs. This enzyme is believed to possess the ability to suppress 
chondrocyte hypertrophy. The results showed that HDAC4-transduced SMSCs 
underwent rapid and extensive chondrogenesis in the presence of TGF- b 1. At the 
same time, the cells also showed low levels of hypertrophic differentiation as evi-
denced by the downregulation of a chondrocyte hypertrophy marker, type X colla-
gen  [  110  ] . 

 In order to have better performance in cartilage repair, the sustained expression 
of TGF- b 3 and permanent suppression of type I collagen may be necessary. In 
another study by Zhang et al., they aimed to address the shortcomings in their previ-
ous work by switching to dual-functioning lentiviral vectors (LV), which are inte-
grative in nature and thus support prolonged gene expression. They devised four 
different arrangements of the two expression cassettes and tested separately for their 
role in TGF- b 3 secretion and type I collagen suppression. The different arrange-
ments were constructed to determine the best con fi guration that displayed the high-
est expression level of TGF- b 3 while maintaining the lowest level of type I collagen. 
All the constructed LVs were used in SMSCs transduction and the cells were then 
encapsulated in alginate hydrogel for further culturing. The results showed that the 
four vectors differed in their ability in inhibiting type I collagen and also their vary-
ing inductive ef fi cacies in mediating upregulation of chondrocytic markers. They 
concluded that LV-1 which has two expression cassettes arranged in a distant and 
reverse order displayed the greatest potential in promoting Col I-suppressed chon-
drogenesis. Even though LV-1 showed the greatest potential, its current performance 
is only modest at best. Thus, further work is needed to  fi nd an optimal arrangement 
that exhibits both desirable features  [  111  ] . 

 As a whole, current preclinical studies have returned promising results regarding 
the effectiveness of gene delivery techniques. Viral vectors are able to give the 
desired results because they ensure strong expression of therapeutic genes, but 
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uncertainties remain over the possibility of side effects of long-term applications. 
One example would be that the overexpression of transgene products may have 
adverse effects on non-targeted organs. Thus, it is critical that future gene delivery 
systems include components that allow the duration of  in vivo  expression to be con-
trolled and timed accurately.  

    17.6.1.3   Scaffolds 

 After the selection of an appropriate therapeutic cell source, the local delivery of the 
cells to repair sites becomes an important issue to be addressed in cartilage tissue 
engineering. One effective way of cell delivery is by utilizing the various types of 
scaffolds available. Generally, a scaffold in tissue engineering has to serve at least 
two purposes: it has to deliver cells to the target sites ef fi ciently, and it also needs to 
support the subsequent development of new tissue by providing a favorable microen-
vironment for cells to reside, proliferate, and differentiate. 

 It has been established that chondrocytes tend to undergo dedifferentiation after 
an extended culture period under 2D conditions. Interestingly, the dedifferentiated 
chondrocytes can regain their lost phenotype and metabolic activity once they are 
transferred to 3D culture systems  [  112  ] . Therefore, it is thought to be the same for 
SMSCs where 3D culture systems are preferable over 2D culture systems in engi-
neered chondrogenesis. This is supported by the results from various studies using 
the pellet culture system, which is one of the earliest 3D culture system used  [  9,   91, 
  95,   97  ] . Another similar culture system known as the micromass pellet culture sys-
tem was also used in some studies. Although these two types of 3D culture system 
have been shown to support chondrogenic differentiation of SMSCs, the cell pellets 
produced are too small in size to be clinically useful, especially for the repair of 
larger defects  [  113  ] . 

 In order to overcome this size limitation, other more complicated 3D scaffolds 
have been extensively developed to ensure that the engineered tissue constructs are 
large enough for therapeutic purposes. Among the various 3D scaffolds available, 
hydrogels are especially popular for cartilage engineering. This is mainly due to 
them having high water content which is comparable to that of the native cartilage. 
Besides that, they are also known to have excellent cell compatibility and are easily 
implanted. Hydrogels that are currently in use for cartilage engineering range from 
purely natural materials to purely synthetic materials  [  114  ] . 

 Many studies have utilized alginate hydrogels for SMSC encapsulation before 
subjecting the stem cells to chondrogenic differentiation  [  89,   90,   109,   111,   115  ] . 
A recent study by Park et al. observed that the  fi broblast-like SMSCs assumed a rounded 
shape following encapsulation. The encapsulated SMSCs were later reported to show 
higher expression of chondrocytic markers  [  90  ] . Besides alginate, collagen gels are 
also frequently used. In an earlier study, cartilaginous tissues were successfully 
formed by embedding SMSCs in collagen gel followed by  in vitro  culture. Phenotypic 
change was observed in the embedded SMSCs where they became more like the 
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chondrocytes. Furthermore, they also showed increased chondroitin sulphate secre-
tion, an important cartilage matrix component  [  116  ] . Also, in a study by Buckley 
et al., the use of agarose hydrogels in making porcine SMSC embedded 3D con-
structs was proven to be feasible. They showed that chondrogenesis was successfully 
induced in the cell-laden agarose contructs by pretreatment with bFGF  [  96  ] . 

 A notable development in hydrogel scaffolds was elucidated in a study by Fan 
et al. where a novel injectable gellan hydrogel was utilized as a cell carrier to deliver 
rabbit SMSCs for  in vitro  engineered cartilage. The results showed that this hydro-
gel has high cell compatibility as indicated by the high cell viability. In addition, 
under the in fl uence of appropriate chondrogenic inducers such as TGF- b 1 and 3, the 
constructs were able to form cartilaginous tissue after 3 weeks of  in vitro  culture 
 [  117  ] . In a subsequent work by Fan et al., they explored SMSC chondrogenesis in 
both biodegradable and nonbiodegradable photopolymerized synthetic hydrogels. 
Both the biodegradable phosphoester-poly(ethylene glycol) (PhosPEG)-based 
hydrogel and nondegradable poly(ethylene glycol) diacrylate (PEGDA)-based 
hydrogel were shown to support the proliferation and chondrogenic differentiation 
of SMSCs in the presence of appropriate growth factors. This suggests that they are 
suitable as cell vehicles for SMSCs chondrogenesis  [  118  ] . 

 Apart from using hydrogels, some studies have also probed the use of synthetic 
polymeric scaffolds. Some of the more commonly used materials include the polyg-
lycolic acid (PGA) and poly(lactic-co-glycolic) acid (PLGA)  [  119–  121  ] . For exam-
ple, a study by Pei et al. showed that SMSCs that were premixed with  fi brin gel before 
seeded onto PGA scaffolds were able to undergo chondrogenesis in the presence of 
various important growth factors coupled with biomechanical stimulation  [  122  ] . 

 However, the recent trend in scaffold research points to the development of 
hybrid scaffolds which combine the various advantages of different materials. One 
recent study utilized a three-dimensional hybrid scaffold made of chitosan and alg-
inate composite to support the proliferation and chondrogenic differentiation of 
SMSCs. The results showed that the SMSCs were able to attach and proliferate well 
on the porous chitosan-alginate composite scaffolds. The cells were later shown to 
undergo chondrogenesis as evidenced by the elevation in chondrocyte-related gene 
expression  [  36  ] . In another study by Gong et al., they investigated the use of a hybrid 
scaffold constructed using chitosan and collagen type I in directing SMSC chondro-
genesis. The scaffolds were fabricated using freeze-drying and cross-linking tech-
niques resulting in their porous structures. Results indicated that the hybrid scaffolds 
were able to support both  in vitro  and  in vivo  chondrogenic differentiation of SMSCs 
when treated with appropriate growth factors  [  123  ] . 

 Currently, a number of scaffolds have already been approved for clinical use, but 
there are still some concerns that remain about safety issues arising from long-term 
usage of these materials. The use of synthetic polymers may raise problems con-
cerning  in situ  retention and degradation  [  124,   125  ] . On the other hand, the use of 
natural materials may pose risks of pathogen transmission and precipitating immu-
nological reactions  [  126,   127  ] . Based on these reasons, a group of researchers have 
devised a scaffold-free delivery system called the tissue-engineered construct (TEC) 
using porcine SMSCs. This special culture condition yielded pure tissue  constructs 
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which were later used for  in vivo  repair of chondral defects in a porcine model. The 
TEC showed satisfactory results during  in vitro  chondrogenesis when placed in a 
chondrogenic medium. As for  in vivo  repair, the implanted TECs were shown to 
form cartilaginous tissue in defects and appeared to integrate well with the repair 
site. Moreover, when TECs were subjected to static compression and friction tests, 
their mechanical properties were reported to be comparable to that of native porcine 
cartilage  [  128  ] . In another study, the TECs were formed using human SMSCs. The 
results suggested that the mechanical properties of the constructs can be improved 
by extending the culture period in ascorbate 2-phosphate (Asc-2P)-supplemented 
growth medium. Under proper chondrogenic induction, these TECs from human 
SMSCs were also able to differentiate into chondrocytic cells  [  129  ] . 

 Besides TECs, other scaffold-free techniques have also been investigated. For 
example, an earlier study by Koga et al. used what is called a local adherent tech-
nique to transplant rabbit SMSCs into chondral defects under  ex vivo  and  in vivo  
conditions. They reported that over 60 % of the SMSCs in suspension were found 
to adhere to the defects after placing them there for 10 min, which later helped in 
cartilage regeneration  [  130  ] . Another technique was demonstrated by a recent study 
with the use of an intra-articular magnet coupled with magnetically labelled SMSCs 
to repair osteochondral defects in a rat model. An intra-articular magnet was 
implanted at the bottom of the defect prior to injection of the magnetically labelled 
SMSCs into the knee. The results showed that regeneration of the articular cartilage 
occurred after 4, 8, and 12 weeks of treatment. Although the initial results from this 
study are encouraging, a few shortcomings still need to be addressed. This includes 
 fi nding an absorbable magnet so that invasive surgery for removal is not needed 
after repair of cartilage is complete  [  131  ] . 

 All these studies showed that cell delivery systems or scaffolds can exert varying 
effects on directing the chondrogenesis of SMSCs. It is however dif fi cult to elucidate 
an optimal cell delivery system or scaffold solely based on existing literature since not 
many studies have made direct comparisons between the different delivery methods.  

    17.6.1.4   Bioreactor 

 The  in vitro  engineering of cartilaginous tissue has been extensively studied for 
years with many researchers striving to produce engineered tissues which are clini-
cally useful. Despite all of these efforts, there have been no successful attempts at 
 in vivo  implantation of cultured articular cartilage in patients. A possible reason for 
this is the lack of replication of physiological conditions during the  in vitro  culturing 
process of the tissue. Previously neglected environmental factors such as mechani-
cal stimulation  [  132  ]  and hypoxia  [  133  ]  may be crucial in promoting  in vitro  chon-
drogenesis of MSCs. A recent study by Li et al. has investigated the effect of oxygen 
tension on SMSC  ex vivo  expansion and  in vitro  chondrogenesis. The SMSCs were 
cultured in either hypoxia (5 % O 

2
 ) or normoxia (21 % O 

2
 ) environment. They con-

cluded that SMSCs showed the highest expansion rate in a hypoxic environment 
coupled with supplementation of FGF-2 and plated on ECM derived from SMSCs. 
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Furthermore, chondrogenic hypertrophic markers were  downregulated under 
hypoxic conditions  [  134  ] . 

 The native articular cartilage has to bear both constant loads and mechanical 
stresses produced by the movement of joints. In view of that, many different biore-
actor systems have been used to provide mechanical stimulation to tissue explants 
or cell-scaffold constructs. This effort in mimicking the mechanical load experi-
enced  in vivo  is believed to help in  in vitro  cartilaginous tissue formation. A study 
by Sakao et al. applied intermittent hydrostatic pressure (IHP) to SMSCs encapsu-
lated in alginate beads. The results showed that chondrogenic differentiation was 
induced in the pressure-loaded SMSCs to a much greater extent than those in the 
control group. This is supported by the increased expression of proteoglycan core 
protein, type II collagen, and SOX-9. They concluded that application of IHP as 
high as 5.0 MPa on SMSCs could induce chondrogenesis, more speci fi cally by the 
MAP kinase/JNK pathway  [  115  ] . In a few other studies, rotating bioreactor systems 
were used to culture SMSC-seeded PGA scaffolds, and results showed successful 
induction of chondrogenesis in these cell-laden scaffolds  [  35,   122  ] .   

    17.6.2   SMSCs in Meniscal Engineering 

 Apart from the repair and regeneration of articular cartilage, another important 
structure of the knee that deserves equal attention is the meniscus. The knee menis-
cus is a  fi brocartilaginous structure which can be found between the femoral con-
dyle and the tibia plateau  [  135  ] . It plays an important role in maintaining the normal 
function of the knee, one of which includes preventing the degeneration of articular 
cartilage. It can be divided into a medial and a lateral component, both of which are 
semilunar in shape and consist of cells surrounded by specialized extracellular 
matrix molecules. 

 One special characteristic of the meniscus is the regional variation of cell phenotype 
and ECM composition. The outer region is made up of  fi broblast-like cells surrounded 
by matrix containing high levels of type I collagen together with a small amount of 
glycoproteins and type III and V collagen  [  136,   137  ] . As for the inner region, its cells 
appear to be more rounded and surrounded by matrix having higher levels of type II 
collagen and a smaller but not negligible amount of type I collagen. In addition, this 
inner region also has a higher amount of GAGs than the outer zone  [  137,   138  ] . 

 Besides cell phenotype and ECM composition, vascularization of the meniscus 
is also subjected to regional variation. Interestingly, vascularization decreases as 
this tissue matures. At maturity, only the peripheral region which is about 10–25 % 
of the meniscus has blood vessels and nerves  [  139,   140  ] . Consequently, this delin-
eates two different regions of the meniscus which are red-red zone (vascular or 
neural outer region) and the white-white zone (avascular or aneural inner region). In 
actual fact, blood circulation directly affects the healing capacity of each area. This 
causes the inner region to be far more susceptible to long-lasting lesions since this 
region is incapable of healing  [  141  ] . 
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 Consequently, avascular meniscal injuries are generally more complicated and 
need to be handled more effectively. The most common way of treating these inju-
ries is by a surgical procedure known as partial meniscectomy. However, this partial 
removal of the menisci will inevitably lead to the development of osteoarthritis, the 
severity of which is determined to a certain extent by the amount of resected tissue 
 [  142–  144  ] . Thus, this necessitates an alternative therapeutic method. Similar to 
articular cartilage, meniscal tissue engineering is seen as a promising novel treat-
ment strategy as both the structural and functional properties of menisci could 
potentially be restored. 

 A suitable cell source is often crucial in the  fi eld of tissue engineering even 
though there are some meniscal engineering techniques that are based on acellular 
scaffolds. The appropriate cell type to be used is controversial, but Hoben and 
Athanasiou have recently reported the criteria for an ideal cell source for cell-based 
meniscal engineering. According to them, an ideal cell source consists of cells that 
are preferably autologous, easily and abundantly available, capable of  in vitro  
expansion, and also able to synthesize  fi brocartilaginous matrix  [  145  ] . 

 SMSCs are known for their high proliferation rate and superior chondrogenic 
potential and can be readily harvested from the synovial tissue through noninva-
sive arthroscopy. Therefore, SMSCs are slowly gaining attention for use in menis-
cal regeneration. Moreover, some studies have shown that the gene expression 
pro fi les of the meniscal cells and SMSCs are reasonably similar to each other 
 [  55,   146  ] . This is also supported by the  fi ndings of one study which reported that 
meniscal cells have a gene expression pro fi le that shows more resemblance to that 
of the SMSCs as compared to BMSCS  [  146  ] . This suggests that the cells derived 
from the synovium hold more promise than BMSC as a cell source for meniscal 
regeneration. 

 Currently, there are two distinct strategies being adopted for the repair and regen-
eration of meniscal defects using SMSCs: the  fi rst of which is a scaffold-free strat-
egy that involves direct infusion of SMSCs into the injured sites with the intention 
to generate a reparative response  [  146,   147  ] . The second strategy involves the con-
struction of a whole physical tissue prior to implantation  [  140  ] . The  fi rst strategy 
has been investigated by some studies where they have reported that the SMSCs 
were able to differentiate directly into meniscal or cartilage cells by intra-articular 
injection into a rat model  [  146,   147  ] . The injected SMSCs were shown to adhere to 
the defects and underwent differentiation into meniscal cells, subsequently enhanc-
ing meniscal regeneration locally  [  146  ] . The latter strategy of constructing a physi-
cal tissue was attempted via two different approaches. Some studies demonstrated 
the formation of an implantable, cell-seeded scaffold  [  142,   148  ]  while one other 
study has shown the use of pure cell-based tissue constructs formed by specialized 
culturing techniques  [  128  ] . 

 The studies that utilized implantable cell-seeded scaffolds yielded mixed results. 
Synthetic scaffolds comprised of PGA and PLLA used in one of the studies showed 
poor performance due to suboptimal ECM production  [  142  ] , while some other stud-
ies have reported encouraging results using nonwoven PGA scaffolds. The discrep-
ancies in results may be due to the application of varying biochemical stimuli. In 
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another recent study, an interesting outcome was observed when SMSCs were 
cocultured with meniscal cells on a small intestine submucosa (SIS) scaffold. The 
cell-laden SIS constructs were shown to have higher cell survival rates, with higher 
glycosaminoglycan (GAG) content and elevated chondrogenic gene expression as 
compared to techniques using only synoviocytes  [  148  ] . 

 In order to achieve better results in tissue regeneration, the effects of various 
growth factors and hormones on SMSCs have also been widely investigated. Several 
studies have reported successful chondrogenic induction of SMSCs for meniscal 
regeneration by using either TGF- b 1 only or in combination with other growth fac-
tors like FGF-2 and IGF-1  [  87,   142,   148,   149  ] . 

 Although it is known that SMSCs carry the potential to achieve successful menis-
cal repair and regeneration, the speci fi c culture environment and stimuli needed for 
 fi brochondrogenesis have yet to be established. Moreover, the optimal amounts of 
type I and type II collagen in the extracellular matrix for meniscal applications have 
also yet to be de fi ned. Many more detailed studies and experiments are thus needed 
to address these current challenges.  

    17.6.3   SMSCs in Bone Regeneration 

 SMSCs have a much higher tendency to differentiate into the chondrocytic cells 
rather than into osteoblastic cells  [  12  ] . Thus, as of now, there are relatively fewer 
studies that focus on osteogenic differentiation of SMSCs into bony tissue for repair 
and regeneration  [  12  ] . However, some studies have shown that SMSCs harvested 
either from healthy or diseased knee joints can undergo  in vitro  osteogenesis when 
cultured in osteogenic medium. The commonly used osteogenic medium contains 
complete medium supplemented with appropriate concentrations of dexametha-
sone,  b -glycerol phosphate, and ascorbate-2-phosphate  [  6,   9,   150  ] . 

 In a study by Sakaguchi et al., the osteogenic potential of SMSCs was compared 
against MSCs derived from other mesenchymal tissues. According to them, SMSCs 
showed a greater extent of calci fi cation as compared to MSCs harvested from skeletal 
muscle and adipose tissue, indicating their higher osteogenic potential  [  9  ] . Mochizuki 
et al. also reported that SMSCs derived from both  fi brous and adipose synovium have 
higher osteogenic differentiation ability than the MSCs derived from subcutaneous fat 
as evidenced by the higher number of alizarin red-positive colonies observed in the 
two cell groups  [  25  ] . Further studies also con fi rmed that the osteogenic potential of 
SMSCs varies among speci fi c subpopulations of cells. A study by Arufe et al. has 
investigated the osteogenic potential of three different subpopulations of cells denoted 
as CD73+, CD106+, and CD271+ isolated from the human synovial membranes. 
Among these three groups that were tested, the CD73+ subpopulation of SMSCs 
showed the greatest osteogenic potential where more than half the cells were differen-
tiated into osteoblastic cells, followed by CD271+ and CD106+  [  79  ] . 

 Although the aforementioned studies have indicated the capability of SMSCs to 
differentiate into osteoblastic cells, their osteogenic potential still may not be as 
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high as BMSCs and periosteal mesenchymal stem cells (PMSCs). A study com-
pared the  in vitro  osteogenic differentiation capacities of SMSCs and BMSCs by 
quantifying the expression of osteogenic markers such as alkaline phosphatase 
(ALP) and osteocalcin. It was reported that the SMSCs showed much lower expres-
sion for the osteogenic markers tested as compared to BMSCs  [  16  ] . The osteogenic 
potency of human SMSCs and PMSCs was compared in another study by De Bari 
et al. They investigated both  in vitro  and  in vivo  osteogenic potential of these two 
types of cells. For  in vitro  osteogenesis, SMSCs were observed to have a much 
lower level of ALP activity and calcium deposits than PMSCs. Similar results were 
observed for the  in vivo  bone formation capacities of both types of cells  [  31  ] . 

 The speci fi c factors that are needed to direct SMSCs to commit into the osteoblas-
tic lineage and become terminally differentiated bone cells have not been elucidated. 
However, there are a few general parameters that must be controlled to ensure suc-
cessful bone tissue regeneration such as the manipulation of bone-forming cells, the 
choice of scaffold biomaterials, and the various chemical and physical cues needed 
to induce osteogenesis. Therefore, after selecting the appropriate cell source, the 
subsequent step is to make use of a suitable scaffold for ef fi cient delivery of cells to 
the bone repair sites. The scaffold must also be able to provide some osteogenic 
induction signals, either chemically, physically, or both. De Bari et al .  utilized the 
osteoinductive Collagraft scaffolds which are commonly employed for use in ortho-
pedic clinical practice. These scaffolds are made up of hydroxyapatite, tricalcium 
phosphate, and type I collagen. The compositions of these scaffolds mimic the nature 
of bone matrix, thus providing useful physical cues for SMSCs to differentiate. The 
SMSCs were seeded onto these scaffolds prior to implantation into nude mice. 
Successful  in vivo  bone formation was observed after a period of 8 weeks  [  31  ] . 

 A study by Shi et al. has generated much interest lately as they investigated the 
use of a multicomponent scaffold which is capable of controlled release of a nitrog-
enous bisphosphonate additive called alendronate (AL) for SMSC osteogenesis 
 [  151  ] . AL is capable of inhibiting osteoclastic bone resorption, and it is also com-
monly used in treating metabolic bone disease. In addition, this compound was also 
shown to be effective in promoting proliferation and maturation of osteoblasts  [  152  ] , 
as well as enhancing osteogenic differentiation of BMSCs  [  153  ] . The AL-releasing 
scaffolds were synthesized in three steps starting with the hybridization of AL with 
hydroxyapatite (HA) nanoparticles, followed by self-assembly into mesoporous 
silica (MS) particles. Lastly the HA-AL-loaded MS constructs were incorporated 
into a bulk of poly(lactic-co-glycolic acid) (PLGA) microspheres. This multilevel 
structure not only signi fi cantly increased the encapsulation ef fi ciency of the strongly 
hydrophilic AL but also allowed sustained release of the compound. The SMSCs 
seeded on these scaffolds were induced to undergo  in vitro  osteogenic differentia-
tion to a great extent. This was evidenced by the strong expression of several impor-
tant osteogenic markers such as ALP, type I collagen, osteocalcin, Runx-2, and 
BMP-2  [  151  ] . The group furthered their work by using another similar multicompo-
nent scaffolding system composed of PLGA/HA sintered microspherical scaffolds. 
These newly designed scaffolds were shown to be capable of releasing both AL and 
DEX in a controlled manner to enhance SMSC osteogenesis. DEX is another 
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osteoinductive agent known to stimulate the initiation of BMSC differentiation and 
promote  terminal maturation of osteoprogenitor cells at the late stages of differen-
tiation  [  154  ] . The results reported that  in vitro  SMSC osteogenesis was greatly 
enhanced when seeded on these scaffolds as indicated by the signi fi cant amount of 
ALP produced and the high level of bone calci fi cation  [  155  ] . 

 Although many bioscaffolds have been employed for the construction of tissue-
engineered bones, a group had recently attempted the use of scaffold-free constructs 
to repair bone defects. Rabbit SMSCs and the ECM secreted by them were used to 
form pure cell-based constructs called tissue-engineered constructs (TECs). The 
TECs were further processed by alternating soaking processes to have the hydroxy-
apatite (HAp) crystals formed on top of them. These crystals were used to enhance 
the osteoinductive properties of basic TECs. As indicated by their preliminary 
 in vivo  results, these TEC-HAp composites demonstrated improved osteoinduction 
when implanted into the osteochondral defects of a rabbit model, suggesting their 
potential use in the repair and regeneration of bone  [  156  ] . 

 Many of the previously cited studies have shown the possibility of directing the 
SMSCs to commit into a speci fi c linage by providing the necessary chemical or 
physical cues. In view of the abundant supply and high proliferative pro fi le of 
SMSCs, the development of a more ef fi cient delivery system that provides the nec-
essary osteoinductive signals will help to harness these advantages of SMSCs to be 
applied in bone tissue engineering.  

    17.6.4   SMSCs in Tendon and Ligament Regeneration 

 Tendons and ligaments are frequently injured as a consequence of trauma or disease 
which can cause signi fi cant morbidity. Moreover, the healing process of the tendons 
and ligaments is comparatively slower and inef fi cient as compared to other connec-
tive tissues due to their poor vascularization  [  157,   158  ] . In the last few decades, 
many researchers have focused on developing different techniques to improve the 
healing of these tissues. 

 The repair and regeneration of the tendon and ligament is particularly challenging as 
these tissues are highly specialized in their functions. For example, the ECM of these 
structures needs to withstand high and constant mechanical loading within the human 
body. Current treatment methods remain inef fi cient as each of them is associated with 
some disadvantages. For example, the use of autografts, which is a common option for 
the reconstruction of injured tendon and ligament, may lead to donor site morbidity, and 
the use of allografts may pose the risk of disease transmission from the donor  [  159  ] . All 
these shortcomings have hastened the development of better strategies such as tissue 
engineering for the repair of these tissues. One of the more popular research areas 
involves the utilization of adult MSCs to regenerate functional tendons and ligaments. 

 The potential role of SMSCs in mediating tendon and ligament repair was reported 
by Jones et al. when they found that SMSCs in the synovial  fl uid (SF) were 20-fold 
higher in the knee of OA than RA patients  [  160  ] . Morito et al .  later showed that the 
number of SMSCs was much higher (100-fold) in the SF of patients with ligament 
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injury as compared to healthy patients. Furthermore, they also reported that the SMSCs 
injected into a partial ligament injury model of rabbit were able to adhere to the injured 
ligament, suggesting that the SMSCs may contribute to ligament repair  [  161  ] . 

 The anterior cruciate ligament (ACL) has been the focus for ligament repair and 
regeneration since it plays an important role in maintaining stability and the func-
tion of the knee joint. It is also more prone to injuries. Thus, it makes a good illustra-
tion for ligament repair or regeneration  [  158,   162,   163  ] . In recent years, autologous 
hamstring tendon grafts have been preferably used to reconstruct the ACL since this 
method causes less donor site morbidity and anterior knee pain as compared to other 
methods such as the use of the patellar tendon autografts  [  164,   165  ] . One major 
problem associated with this method of reconstruction is the slow tendon-bone 
healing process. A study investigated the use of SMSCs in enhancing tendon-bone 
healing in a rat model. The results showed that the implantation of SMSCs hastened 
the early remodeling of tendon-bone healing by synthesizing larger amounts of col-
lagen  fi bers after 1 week. Furthermore, the application of SMSCs also helped in 
forming more oblique collagen  fi bers which resemble Sharpey’s  fi bers, linking the 
bone to tendon after 2 weeks post-surgery  [  130  ] . 

 In another study, Ozturk et al. have investigated the use of SMSCs to engineer a 
tendon synovial cell biomembrane which functions to prevent adhesions after tendon 
surgery in the hand  [  166  ] . Adhesions are a common complication of the hand tendon 
surgery, which may cause severe disability if not carefully treated  [  166–  168  ] . The 
SMSCs were chosen because of their ability to produce uridine diphosphoglucose 
dehydrogenase (UDPGD), an enzyme that is important in HA synthesis  [  11,   12,   169  ]  
which in turn is commonly used to create anti-adhesion barriers  [  170–  172  ] . In their 
study, they infused SMSCs into a type I collagen matrix to form a barrier to separate 
the repaired tendon from its surrounding tissue. The results showed that the infused 
SMSCs were able to grow and form a surface layer  in vitro  after 14 days. Additionally, 
the actual presence of HA was observed by histological staining. This indicates that 
this SMSC collagen membrane is capable of producing endogenous HA  [  166  ] . In a 
recent study, a group of researchers have also hypothesized that SMSCs overexpress-
ing hyaluronic acid synthase 2 ( has2 ) may be effectively used as anti-adhesion thera-
peutic cells after surgery of the digital  fl exor tendons  [  173  ] . 

 Although SMSCs have attracted much interest because of their multipotentiality 
and high proliferative ability, their applications in the repair and regeneration of 
tendons and ligaments are still limited. To date, most studies have only reported the 
use of SMSCs in enhancing the healing process of these tissues after surgery. 
Therefore, more extensive research is needed to explore the direct applications of 
SMSCs in engineering functional tendons and ligaments.  

    17.6.5   MSCs in Skeletal Muscle Regeneration 

 Skeletal muscle is the most abundant tissue in the human body, and despite being 
primarily a post-mitotic tissue, the skeletal muscle still retains the ability to regener-
ate with the help of the satellite cells which are present between the plasma 
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 membrane and the adjacent basal lamina of muscle  fi bers  [  174–  177  ] . Although 
skeletal muscle loss can occur either due to trauma or various myopathies, cell-
based therapies thus far have emphasized on treating the latter cause. 

 Muscular dystrophies (MD) are a category of myopathies affecting the skeletal 
muscle and are caused by mutations in the genes encoding for various muscular 
proteins. This group of diseases not only restricts the mobility of patients but in the 
worst case, such as for Duchenne muscular dystrophy (DMD), it can cause full 
paralysis and premature death  [  178,   179  ] . For patients suffering from DMD, muscle 
regeneration is progressively suppressed due to the exhaustion of the satellite cell 
pool resulting from recurring cycles of degeneration and regeneration. This condi-
tion ultimately causes total muscle function loss  [  176,   177  ] . 

 To date, most research on cell-based therapies for MD has focused on the use of 
the satellite cells in skeletal muscle engineering. However, there are certain short-
comings that are associated with the application of these cells. For instance, the 
 in vitro  expandability of the satellite cells is very limited as they undergo rapid dedi-
fferentiation following a small number of cell cycles  [  180  ] . In addition, their inabil-
ity to cross the endothelial cell wall into target tissues hinders systemic delivery 
 [  181  ] . Therefore, MSCs have recently emerged as an alternative and preferable cell 
source since they possess some clear advantages over the satellite cells for use in 
skeletal muscle tissue engineering. The basis of stem cell therapy for treating MD 
comes from the differentiation potential of stem cells which can be harnessed to 
regenerate lost muscle  fi bers and also their self-renewal capacity which can help 
replenish the satellite cell pool  [  177  ] . 

 From the onset of their discovery, SMSCs have been reported to be able to form 
sporadic atypical myotubes  in vitro  in proper inductive medium as evidenced by the 
positive immunostaining of skeletal muscle-speci fi c myosin heavy chain (SKM-
MHC)  [  6  ] . In a follow-up work by De Bari et al., they investigated the  in vivo  myo-
genic potential of SMSCs by injecting culture-expanded human SMSCs into 
cardiotoxin-damaged muscle in a nude mice model. The results suggested that the 
injected human SMSCs contributed to the repair and regeneration of the damaged 
muscle. This is supported by their integration with muscle  fi bers of the host and the 
expression of human muscle markers, myosin heavy chain type IIx/d (MyHC-IIx/d). 
Furthermore, they also reported that the human SMSCs replenished the satellite cell 
pool by forming sustainable functional satellite cells     [  182  ] . 

 In the same study, they also explored the capacity of human SMSCs in correcting 
genetic muscle disorders such as MDs by transplanting the cells into the dystrophic 
muscles of an mdx mouse model. They found that the application of human SMSCs 
to the damage site was not only able to restore the expression of dystrophin but was 
also able to restore the expression of another crucial molecule, mouse mechano 
growth factor (MGF), which is responsible for the maintenance and repair of skel-
etal muscle  [  182  ] . 

 In a recent study by Meng et al., they attempted to repeat and extend the previous 
work of De Bari et al.  [  182  ] . They investigated the contribution of human SMSCs in 
skeletal muscle regeneration by assessing  in vitro  myogenic potential of human 
SMSCs and also their  in vivo  muscular regeneration capacity. For  in vivo  muscular 
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regeneration, the human SMSCs were injected intramuscularly into cryo-damaged 
muscles of Rag2-/c chain-/C5-mice. The results of SMSC  in vitro  myogenesis corre-
spond with the study done by De Bari et al., both showing markedly limited myogenic 
potential  [  6  ] . However, the  in vivo  results differ greatly as this current study failed to 
observe muscle  fi ber formation by human SMSCs in the mice model. Furthermore, 
the donor human SMSCs also did not seem to give rise to satellite cells as reported by 
De Bari et al. since they were not found under the basal lamina of the muscle  fi ber but 
instead resided in the interstitial space of the grafted muscle. These discrepancies in 
the results of the two studies may be due to differences in experimental design  [  177  ] . 

 In order to overcome the lack of  in vitro  and  in vivo  myogenic potential of human 
SMSCs, Meng et al. genetically modi fi ed the human SMSCs by transducing the 
cells with lentiviral vectors carrying the human MyoD gene to probe the effects of 
overexpression of this gene on their myogenic potential. They showed that human 
SMSCs can be directed to differentiate along the myogenic lineage by the ectopic 
expression of hMyoD1. After lentiviral transduction, the overexpression of MyoD 
by transduced SMSCs caused the cells to express higher levels of muscle-speci fi c 
markers such as desmin and myogenin, augmenting the  in vitro  myotube formation. 
Besides that,  in vivo  regeneration of muscle was also enhanced by these genetically 
modi fi ed cells  [  177  ] . 

 It has been previously reported that MSCs can exert a paracrine effect on differ-
entiation via the secretion of various cytokines  [  183  ] . It is notable that the human 
SMSCs transplanted into skeletal muscles were able to secrete a few important 
extracellular matrix components such as laminin  a 2 and collagen VI. A de fi ciency 
of laminin  a 2 is associated with one form of congenital muscular dystrophy called 
the merosin-de fi cient CMD or MDC1A, while the de fi ciency of collagen VI leads 
to Bethlem myopathy (BM) and Ullrich congenital muscular dystrophy (UCMD). 
This indicates that aside from possessing myogenic potential, SMSCs also have a 
wide trophic function. 

 Thus far, there are relatively fewer studies on the applications of SMSCs in skel-
etal muscle engineering as compared to other MSC sources due to their limited myo-
genic potential. However, it has been discovered that the myogenic potential can be 
augmented through genetic modi fi cations. Additionally, the SMSCs have also been 
found to be able to secrete important ECM molecules. All these necessitate more 
extensive studies and research in this  fi eld so that the SMSCs may be utilized to treat 
muscular dystrophies either directly by generating new muscle  fi bers or indirectly by 
secreting ECM molecules to minimize muscle pathological changes.   

    17.7   Conclusion 

 As a whole, SMSC research has returned encouraging results in the area of muscu-
loskeletal regeneration. In the near future, it is hoped that much progress will be 
made to overcome the various challenges faced so that SMSCs can become a truly 
effective therapeutic cell source. A much more in-depth understanding of the science 
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of manipulating SMSCs will prove useful in hastening clinical trials in humans. 
Thus far, a number of studies have revealed the possibility of engineering SMSCs to 
suit speci fi c applications, and this helps in bridging the vastly different require-
ments of regenerating the various musculoskeletal tissues.      
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  Abstract   Liver transplantation is the only lifesaving therapeutic strategy currently 
available for patients with end-stage liver disease. Due to the limited numbers of liver 
donors, an alternative therapy is required for liver disease. Stem cell therapy has high 
potential to provide a promising treatment, and more than 400 clinical trials are 
underway using this new strategy for liver disease. Stem cells are converted to hepa-
tocytes through two possible mechanisms: transdifferentiation and cell fusion. 
Endogenous hepatic stem cells or exogenous stem cells are delivered to the bodies 
using systemic infusion and liver-related or extrahepatic injection. Current clinical 
trials and some challenges of stem cell therapy in liver disease are also discussed.  

  Keywords   Liver disease  •  Endogenous hepatic stem cells  •  Extrahepatic stem cells  
 Bone marrow stem cells  •  Stem cell therapy  •  Liver regeneration      

    18.1   Introduction 

 The liver which is the largest internal organ in the human body functions as a “pro-
cessing plant,” aiding in food digestion, detoxifying harmful substances, clearing 
waste products from the bloodstream, and storing vitamins, minerals, and nutrients, 
besides synthesizing numerous blood factors  [  1  ] . Due to its multiple roles in the 
body, the liver is prone to many diseases that cause liver dysfunction. In normal 
physiological situation, the liver does not require any external cell source to repair 
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the injury because of self-regeneration  [  2  ] . Nevertheless, this self-regenerative 
 ability cannot compensate for massive or chronic liver injury. Termination of the 
sources of injury is a way to prevent further liver injury  [  3  ] . For example, alcohol 
consumption should be forbidden in the patients with alcohol-related hepatic 
 fi brosis. But for liver cirrhosis or other liver damage at the end stage, the only way 
to treat may be liver transplantation. Liver transplantation is not always applicable 
because of limited availability of compatible donors  [  4  ] . 

 Stem cells are cells with capability of self-renewing and potential of multilineage 
differentiation. Recently, stem cell therapy has been considered as a possible alternative 
to whole liver transplantation  [  5  ] . Some stem cells used in current research are adult 
cells, while some of them are fetal or embryonic cells. Adult stem cells can be found in 
bone marrow, blood, skin, adipose tissue, liver, spleen, brain, and at many other loca-
tions. Fetal stem cells can be found in placental and umbilical cord blood. Embryonic 
cells are usually generated from the inner cell mass of embryos. All of these cell types 
may have great potential application in therapeutics to treat liver diseases. 

 It has already been reported by many investigators that stem cells may differenti-
ate into functional mature hepatocytes, which can produce albumin and metabolize 
urea, in vitro and in vivo  [  6–  9  ] . These results are extremely promising and, therefore, 
have encouraged further research to bring stem cell therapy to the clinic. In fact, over 
400 clinical trials are underway in stem cell therapy for hepatic diseases. Part of them 
focus on facilitation of liver regeneration and repair. Although stem cells therapy 
may require another 5–10 years to go to real clinical application, it is the time to 
investigate the current progress on stem cells therapy-aided hepatic regeneration. 

 In this chapter, the mechanisms, sources, and delivery methods of hepatic stem 
cells in liver disease treatment are discussed. Current clinical trials and challenges 
of stem cell therapy in liver disease are also addressed.  

    18.2   Liver Diseases, Regeneration, and Repair 

 The liver is a vital organ in the human body and has a wide range of functions, includ-
ing food digestion, nutrients absorption, protein synthesis, and toxin removal. Because 
of its important role, liver is frequently invaded by many kinds of pathogens that result 
in liver problems or diseases. Currently, liver transplantation is the only real treatment 
for patients with end-stage liver disease. Due to the shortage of liver donors and other 
technical problems, alternative treatment strategies are needed for patients. Stem cell 
therapy in this arena appears to be the most provocative approach. 

    18.2.1   Liver Diseases 

 There are nine clinically distinct forms of hepatotoxicity. They are (1) necrosis, (2) 
hepatitis, (3) cholestasis, (4)  fi brosis, (5) fatty liver, (6) cirrhosis, (7) granulomatous 
hepatitis, (8) autoimmune hepatitis, and (9) venoocclusive diseases. The most    common 
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type of liver disease (or hepatic diseases) is hepatitis or in fl ammation of the liver, 
which is caused by various viruses (hepatitis A–E types). In fl ammation and temporary 
scarring ( fi brosis) are the early-stage liver diseases  [  10  ] . Liver disease usually devel-
ops from in fl ammation to  fi brosis, and then to the next stage that is permanent scarring 
(cirrhosis), and  fi nally liver failure or liver cancer. Liver cancers include primary liver 
cancer which arises in the liver itself and secondary liver cancer which derives from 
other parts of the body and metastasizes to the liver. Liver failure is also called end-
stage liver disease. The signs and symptoms of liver disease may vary greatly by 
individuals. About half of patients show no symptoms at all until at the very late stage 
of the disease. The most common signs or symptoms include fatigue, itching, jaundice 
(yellowing of the skin and eyes), abdominal pain, dark urine, pale stools, mental con-
fusion, and  fl uid retention. For diagnosis of liver diseases, blood tests help to deter-
mine the reason and severity of in fl ammation. Ultrasound and other types of liver 
scans are usually used to obtain more details. A liver biopsy is sometimes recom-
mended to get the pathophysiological information  [  11  ] .  

    18.2.2   Mechanism of Liver Regeneration 

 The liver is one of the organs in the body capable of repair, renovation, and regen-
eration after damage and regulating its own size and growth. Only one fourth of a 
liver can regrow into a whole organ. Liver regeneration occurs after surgery or loss 
of mass induced by toxins and viruses. However, liver regeneration is actually com-
pensatory growth because the replaced lobes do not regrow. Liver regeneration is 
triggered by various biochemical signals and metabolic demands generated from 
other tissues; however, internal signals generated inside the liver determine the 
extent of the response. The process is achieved by coordination of hepatocytes, vari-
ous non-parenchymal cells, and the extracellular matrix, involving in numerous hor-
mones, cytokines, growth factors, and metabolic factors to stimulate quiescent 
hepatocytes to reenter cell cycle and proliferate  [  10  ] . 

 During the process of liver regeneration, hepatocytes  fi rst respond to the regenera-
tive signals and reenter the cell cycle. Mitogenic growth factors such as EGF and HGF 
induce hepatocytes in G0 phase to enter G1 phase of the cell cycle by activating cyclin 
D, NF- k B, and STAT3. Stellate cells and Kupffer cells reenter cell cycle shortly after 
the proliferation of hepatocytes. Later, endothelial cells are undergoing proliferation 
to reestablish sinusoidal architecture  [  10,   11  ] . Hepatocytes also transduce and receive 
mitogenic factors from stellate cells, Kupffer cells, and endothelial cells (Fig.  18.1 ).   

    18.2.3   Current Treatment Strategies and Their Limitations 

 Due to the capacity of liver regeneration, current treatments for patients with early 
stages of liver diseases include removing the injury-causing stimulus such as 
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 avoiding alcohol and a specially formulated liver disease diet, antiviral therapy, and 
surgical resection. However, liver transplantation is the only option currently avail-
able for patients with end-stage liver disease because of irreversible loss of liver 
function. 

 The  fi rst human liver transplant was performed by Dr. Thomas Starzl on March 
1, 1963, in a child, and the child unfortunately died intraoperatively  [  12  ] . Due to the 
poor results of transplantation in the 1960s, physicians realized that liver transplan-
tation should be further studied, and this technique remained experimental during 
the 1970s  [  13–  16  ] . The introduction of the immunosuppressive medicine, 
cyclosporine, into clinical practice dramatically increased patient outcomes and 
made liver transplantation a standard clinical protocol in the 1980s  [  17,   18  ] . By 
now, liver transplant is a successful treatment for patients with acute or chronic 
hepatic failure. About 80–85 % patients survive after 1 year, and the outcome has 
been increasingly promising  [  19–  21  ] . 

Kupffer cells

VEGF, TGF-α, FGF1

GMCSF

Hepatocytes

HGF

Endothelial cellsStellate cells

TNF, IL-6

HGF,
TGF-β

EGF, HGF, etc.

PDGF, FGF1

Cyclin D, Stat3, 
NF-κB activation

  Fig. 18.1    Molecular mechanism of liver regeneration. Binding of the growth factors such as EGF 
and HGF to their receptors in quiescent hepatocytes leads to the activation of cyclin D, Stat3, 
NF- k B, etc. The cells reenter cell cycle and divide. After that, stellate cells, Kupffer cells, and 
endothelial cells begin to proliferate. The mitogenic factors are further interchanged during these 
cell types as indicated.  EGF  epidermal growth factor,  HGF , hepatocyte growth factor,  VEGF  
vascular endothelial growth factor,  FGF1   fi broblast growth factor 1,  GMCSF , granulocyte- 
macrophage colony-stimulating factor,  TNF  tumor necrosis factor,  TGF  transforming growth 
 factor,  IL-6  interleukin-6,  NF- k B  nuclear factor- k B,  STAT  signal transducer and activator of 
transcription       
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 Despite of the success of liver transplantation, there are several obstacles to be 
considered, including a serious shortage of liver donors, risks involved during the 
surgery, possibility of graft rejection, recurrence of liver disease, and high cost. The 
surgical risk may include bleeding, infection, blood clots in the liver, and damage to 
the bile ducts. The average cost during the  fi rst year of the transplant is more than 
$300,000. Acute rejection which occurs within days or weeks after the surgery is 
the most common mode of graft rejection, and current immunosuppressive agents 
have shown to be effective minimizing rejection rates. Occasional chronic rejection 
occurs after 1 year and may require the lifelong immunosuppressive treatment. 
Recurrent hepatitis C virus (HCV) infection after transplantation is universal and 
becomes a large diagnostic and clinical burden because more than half of all adult 
liver transplantations are carried out for the patients with chronic hepatitis C  [  22–  24  ] . 
As indicated earlier, the biggest limitation for the transplant is the lack of usable 
donor organs. According to the data from the Organ Procurement and Transplantation 
Network (OPTN), in the United States, there were about 16,000 patients on the 
waiting list in 2008, but only 6,138 patients received liver transplantation at the 
same year  [  20  ] . About one tenth of the patients die annually while on the waiting 
list. Therefore, an alternative treatment is urgently needed to compensate for or 
replace liver transplantation. Stem cell therapy came into the sight of the researchers 
due to its profound ability to modulate liver regeneration. This emerging technique 
appears to be the most promising and effective way of treating liver diseases.   

    18.3   Mechanisms of Stem Cells in Liver Regeneration 

 The mechanisms underlying the process of conversion of stem cells to hepatocytes 
remain unclear. As shown in Fig.  18.2 , there are two possible mechanisms with cur-
rent experimental evidences: transdifferentiation of stem cells and fusion of donor 
stem cells with resident hepatocytes  [  25–  27  ] . The evidences indicating that bone 
marrow stem cells can differentiate into hepatocytes in vitro and in vivo suggest that 
transdifferentiation is a possible mechanism to explain the transformation of stem 
cell into hepatocytes  [  28,   29  ] . However, transdifferentiation cannot explain the 
study that FAH-de fi cient mice were rescued by transplantation of BM stem cells 
 [  30  ] . Later research demonstrated that cell fusion is another mechanism to produce 
bone marrow-derived hepatocytes  [  31,   32  ] . Some key representative studies investi-
gating mechanisms of stem cells in liver regeneration are summarized in Table  18.1 . 
All these approaches appear to be extremely provocative at this time.   

    18.3.1   Transdifferentiation 

 Numerous laboratories have investigated the liver-regenerating capacity of bone 
marrow-derived stem cells or adult hepatic stem/progenitor cells  [  20,   28,   33,   34  ] . 
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These studies found that both adult human and animal liver cells can be differenti-
ated from endogenous hepatic or extrahepatic stem cells. The differentiated liver 
cells expressed speci fi c hepatic biomarkers, including hepatocyte nuclear factor-
3beta (HNF-3beta), transthyretin, and cytokeratin 8, 18, and 19 (CK8, 18, 19), and 
showed functionally hepatic characteristics such as urea and albumin secretion and 
glycogen storage  [  29,   35,   36  ] . 

 The assumption that the hepatocytes are derived from stem cells via transdiffer-
entiation was supported by the evidence that there was a range of percentage of 
Y-chromosome-positive liver cells (4–43 %) in female patients who received bone 
marrow transplantations from male donors  [  34,   36  ] . More direct evidence of trans-
differentiation came from the experiments of transplanting human bone marrow 
cells into rat livers  [  37  ] . Sato et al. separated human bone marrow cells into mesen-
chymal stem cells (MSCs), CD34-positive (CD34+) cells, and non-MSCs/CD34- 
cells and checked the function of these cells by transplanting into variously injured 
rat livers. Hepatocyte-like cells with human-speci fi c markers were only observed in 
MSC-transplanted rat livers. Transdifferentiation rather than cell fusion was involved 
because the analysis of  fl uorescence in situ hybridization (FISH) indicated that both 
human and rat chromosomes were independently present in liver cells  [  37  ] . Another 
study also examined the response and functional changes of a highly enriched 

Host liver

Proliferation MaturationProgenitor cell

Mature cells

Stem cell

Cell fusion

Trasdifferentiation

  Fig. 18.2    Conversion of stem cells to hepatocytes. Endogenous hepatic stem cells and exogenous 
stem cells by circulating or injection give rise to progenitor cells via two possible mechanisms: 
transdifferentiation and cell fusion. After the proliferation of progenitors, cells become mature 
hepatic cells to repair the injured host liver       
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 population of hematopoietic stem cells (HSCs) in vitro and in vivo when exposed to 
damaged liver tissues. The authors found that HSCs were converted into functional 
liver cells without cell fusion  [  38  ] .  

    18.3.2   Cell Fusion 

 The mechanism of transdifferentiation could not explain the liver regeneration in 
FAH −/−  mouse bone marrow transplantation models. Lagasse et al. injected adult 
bone marrow cells into the fumarylacetoacetate hydrolase (FAH) knockout mouse, 
an animal model of hereditary type I tyrosinemia. The transplantation of BM cells 
rescued this potentially fatal enzyme de fi ciency and restored the biochemical func-
tion of mouse liver. Therefore, the authors questioned about previous assumption of 
transdifferentiation in the process of stem cell conversion  [  30  ] . However, all these 
approaches remain experimentally to date. 

 To  fi nd the underlying mechanism for liver regeneration in FAH −/−  mouse model, 
two groups showed that the cells in healthy liver tissue after bone marrow transplan-
tation of FAH −/−  mice contained both donor and host genetic markers, suggesting that 
external stem cells could fuse with host liver cells and repair injured liver tissue in 
FAH-de fi cient mice  [  32,   39  ] . Usually, cell fusion leads to a hybrid cell containing 
both donor and host chromosomes and reprogramming of gene expression. Wang 
et al. showed that hybrid cells could also divide into daughter cells of a normal chro-
mosome set, probably through a reduction division  [  31  ] . Another study further 
con fi rmed and extended the mechanism of cell fusion. The authors used a Cre/lox 
recombination system to detect cell fusion events. Cre-expressing bone marrow cells 
were injected into mouse tissues which contained lacZ reporter gene downstream of 
a loxP- fl anked ( fl oxed) stop cassette. By examining the expression of reporter gene, 
it was shown that bone marrow-derived cells (BMDCs) fused with Purkinje cells in 
the brain, cardiomyocytes in the heart, and hepatocytes in liver  [  40  ] . Later, two inde-
pendent studies demonstrated that hematopoietic myelomonocytic cells in bone mar-
row are the major source for hepatocyte fusion in FAH −/−  mouse models  [  41,   42  ] .   

    18.4   Sources of Liver Stem Cells 

 Besides stem cells, mature hepatocytes are used as another important cell source for 
transplantation, but the number needed can be quite large because of their poor engraft-
ment  [  43  ] . Although stem cells have less specialized function than mature hepato-
cytes, they are highly proliferative with possible long survival term  [  26,   44  ] . According 
to the origins, there are endogenous hepatic stem cells and extrahepatic stem cells. 
The origins of these stem cells are listed in Fig.  18.3 . All the stem cells have various 
fates after transplanted to the livers. Endogenous hepatic stem cells can  fi nally develop 
to mature hepatocytes, while extrahepatic stem cells usually can only differentiate to 
hepatocyte-like cells and play similar function as hepatocytes  [  45,   46  ] .  
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    18.4.1   Endogenous Hepatic Stem Cells 

    18.4.1.1   Adult Hepatic Progenitor Cells (Oval Cells) 

 Massive or chronic liver injuries do harm to the regenerative ability of hepato-
cytes, even though they can reenter the cell cycle quickly and ef fi ciently after 
limited injuries have occurred  [  47  ] . During severe hepatic injuries, hepatic pro-
genitors are activated. Hepatic progenitors display a bipotent role to differentiate 
to both hepatocytes and biliary epithelia  [  48  ] . However, the identity and in vivo 
function of this cell population are still controversial. It has been reported that 
hepatic progenitors may be a potential source for liver carcinoma  [  49  ] . In this 
discovery, a subtype of hepatocellular carcinoma differentially has distinct molec-
ular features such as similar gene expression patterns as fetal hepatoblasts and 
direct downstream targets of AP-1. These similarities on gene expression patterns 
suggest that this subtype of hepatocellular carcinoma may arise from adult hepatic 
stem cells, which have the ability to differentiate to mature hepatocytes or 
cholangiocytes. 

Liver
Adult hepatic

progenitor cells

Fetal hepatic
stem cells

Embryonic
stem cells

Umbilical mesenchymal
stem cells

Induced pluripotent
stem cells

Bone marrow
stem cells

Adult

Umbilical
mesenchyme

Embryo

Bone

  Fig. 18.3    Various origins for the stem cells applicable in liver disease cell therapy. Currently, liver 
stem cells may come from endogenous hepatic stem cells, including adult liver progenitor cells and 
fetal hepatic stem cells as indicated in  brown  boxes. In more cases, the cell sources are extrahe-
patic, such as bone marrow stem cells, embryonic stem cells, induced pluripotent stem cells, and 
umbilical mesenchymal stem cells as shown in  blue  boxes       
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 These putative adult liver progenitor cells are usually referred to as the “oval 
cells.” The oval cell responses include four components: activation, proliferation, 
migration, and differentiation. It is known that various cell types, such as epithelial, 
hematopoietic, and mesenchymal, are involved in the activation of adult hepatic 
stem cells  [  50  ] . However, it is still unclear which cells play the most important role 
in transmitting and receiving crucial molecular signals. 

 The biological characteristics of oval cells provide a clue that isolation and trans-
plantation of these cells may represent a novel source of clinical application to 
human liver regeneration and repair. It was reported that 90 % of the hepatocytes 
were replaced by donor oval cells in rat non- fi brotic models of liver injury  [  51  ] . In 
2009, the data in Wistar rats showed intrahepatic injection of rat oval cells 
signi fi cantly increased the cell survival rate  [  52  ] . 

 However, it is extremely dif fi cult to isolate oval cells from human livers, because 
hepatic progenitors continuously change morphology, phenotype, and cell surface 
marker expression. Furthermore, most of unveiled surface biomarkers are not strictly 
speci fi c, which makes the isolation even restricted  [  53,   54  ] . Thy-1 has been thought 
to be a good biomarker. However, more and more data has shown that Thy-1 is 
expressed by the neighboring stellate cells or progenitors of mesenchymal lineage 
but not the adult hepatic stem cells themselves  [  55  ] . Another important biomarker 
is the differential expression of AFP, which was thought to be a potential mecha-
nism for distinguishing. But this biomarker is still under controversy. 

    Besides the isolation of hepatic progenitor cells, there are still some other issues 
that need to be addressed to achieve “from bench to bedside.” The biggest obstacle 
is the maintenance of adult hepatic stem cells in culture, because it is required to 
expand small population of cells ex vivo prior to translation. Knowledge in this 
arena of research is, however, incomplete.  

    18.4.1.2   Fetal Hepatic Stem Cells 

 During embryogenesis, hepatic-speci fi ed cells begin to proliferate massively once 
the liver bud is growing  [  56–  61  ] . These hepatic-speci fi ed cells are now referred to 
as hepatoblasts. Fetal hepatoblasts are able to differentiate into hepatocytes. 
Compared to adult hepatic stem cells, fetal hepatoblasts have their advantages 
 [  62,   63  ] . First, they have very high proliferation rate. Second, there is less apoptosis 
after transplantation. Third, fetal hepatoblasts show reduced immunogenic prob-
lems. However, the rare availability, sometimes also due to ethical issues, limits the 
application of this cell type in liver regeneration cell therapy. 

 For research purpose, some cell lines have been established from mouse embryos 
 [  64  ] . HBC-3, derived from mouse embryonic foregut at ED9.5  [  65  ] , grows very 
well even at low cell density. Met murine hepatocyte (MMH) cell lines have been 
established from fetal liver at ED14.5 in transgenic mice, which can express human 
Met receptor  [  66  ] .   
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    18.4.2   Extrahepatic Stem Cells 

    18.4.2.1   Bone Marrow Stem Cells 

 It has been more than 10 years since bone marrow stem cells (BMSCs) were found 
to have a role in liver repair  [  28  ] . It was also reported that some hepatocytes also 
originate from bone marrow  [  34,   63  ] . The mice with fumarylacetoacetate hydrolase 
enzyme de fi ciency could survive after transplantation of BM cells derived from 
wild-type donors. However, the data also showed that it is not easy to achieve stable 
engraftments of BM-derived hepatocytes  [  67  ] . In this study, female HBsAg-tg mice 
received bone marrow (BM) transplantation from male HBsAg-negative mice. Half 
of these mice were administered a chemical named retrorsine to block self- 
proliferation of hepatocytes. Livers were collected 3 and 6 months post-BM trans-
plantation to check the amount of BM-derived hepatocytes. In mice without 
retrorsine, almost all the new hepatocytes came from hepatocyte replication, but 
none was derived from BM cells. In mice with retrorsine, 4.8 % of hepatocytes were 
Y chromosome positive at 3 months. However, this rate dropped to 1.6 % at 
6 months. There are no clear reasons given by the investigators. The most possible 
reason may be less selection pressure during elapsing time 

 Although the rate of repopulation is not promising in some cases, it is believed 
that BM cell transplantation can help the regeneration of livers. There are many 
types of cells in BM. Then, which BM stem cells can repopulate the liver? It remains 
controversial. In early studies, it seems hematopoietic stem cells (HSCs) were the 
group involved  [  30,   68,   69  ] . In some of these studies  [  68,   69  ] , coadministration of 
granulocyte colony-stimulating factor (G-CSF) was reported to be able to enhance 
HSC engraftments to the liver. In vitro experiments also showed that the medium 
from injured hepatocytes could induce HSCs in to hepatocytes  [  38  ] . However, some 
studies showed the contribution of mesenchymal stem cells (MSCs) to damaged 
livers both in vivo and in vitro  [  37,   70  ] . In this report, human bone marrow cells 
were fractionated into MSCs, CD34+ cells, and non-MSCs/CD34- cells. Then, vari-
ous fractions were directly xenografted into allylalcohol (AA)-treated rat liver. 
Hepatocyte-like cells were observed only in rat livers with human MSC fractions. 
This result suggested that MSCs might be another very potent candidate for hepatic 
differentiation and regeneration therapy. 

 Many studies showed HSCs potential transdifferentiation ability to hepatocytes, 
but the reported percentage of hepatocytes derived from HSCs was quite low 
 [  71–  75  ] . Although MSCs cannot provide high engraftment ratio either  [  76,   77  ] , 
MSCs might be a better candidate for liver regeneration purposes.    First, MSCs can 
be obtained not only from bone marrow but also from many other sources, such as 
adipose tissue, salivary glands, and pancreatic tissue  [  78,   79  ] . Besides the advantage 
on availability, MSCs can also relieve oxidative stress of damaged liver and facili-
tate the proliferation of hepatocytes. However, mechanisms underlying such events 
remain unknown.  
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    18.4.2.2   Embryonic Stem Cells 

 Embryonic stem cells (ESCs) can be isolated from the inner cell mass of animal 
embryos. ESCs have the advantages of the most potent differentiation potential 
and proliferation ability  [  80  ] . Although multiple protocols have been studied to 
transdifferentiate ESCs into functional but immature hepatocytes in vitro  [  81,   82  ] , 
the regeneration of injured livers is in very low level with poor hepatocyte func-
tion after administered with these ESC-derived precursors  [  81,   83–  85  ] . In com-
parison with adult progenitor hepatocytes, ESC-derived hepatic precursors showed 
less ef fi ciency at regeneration after transplantation to the livers  [  86  ] . Some effort 
has been reported to improve the differentiation of ESCs in vitro with certain 
signaling factors, such as activin A and wingless-type MMTV integration site 
family member 3A  [  87  ] .  

    18.4.2.3   Umbilical Mesenchymal Stem Cells 

 Investigations have also been done to study umbilical mesenchymal stem cells, 
which can be from self- or HLA-matched umbilical cord blood. It was reported that 
although engrafted umbilical stem cells cannot differentiate into functional hepato-
cytes, these cells can produce certain cytokines to suppress liver  fi brosis  [  88  ] . But in 
Hong et al.’s study, human umbilical mesenchymal stem cells were investigated 
in vitro to determine whether they are able to differentiate into hepatocyte-like cells 
 [  89  ] . It was found that the cells were morphologically transformed into hepatocyte-
like cells. Moreover, about a half of the cells were found to acquire the capability to 
transport DiI-Ac-LDL, a very important physiological function of hepatocytes. The 
most critical limitation for this approach is still the availability of appropriate umbil-
ical mesenchymal stem cells.  

    18.4.2.4   Induced Pluripotent Stem Cells 

 Same as fetal hepatoblasts, ESCs have limited application due to ethical issues 
and rare resources. To solve this problem, ESC-like induced pluripotent stem 
cells (iPSCs) were developed. IPSCs are adult cells reprogrammed by forced 
expression of transcriptional factors to a pluripotent state. The  fi rst iPSCs were 
developed by Takahashi in 2006  [  90  ] , from mouse embryonic  fi broblast cultures 
by introduction of Oct4, Sox2, c-Myc, and Klf4. The developed iPSCs had simi-
lar morphology, proliferation, and teratoma as ESCs. In 2007, the  fi rst iPSCs 
from adult human cells were induced by retroviral infection  [  91,   92  ] . However, 
although iPSCs circumvent the ethical issues, they still have other potential prob-
lems, such as the risk of teratoma formation and safety of retroviral gene 
transfer.    
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    18.5   Methods for Stem Cell Delivery 

 Stem cells can be delivered to the bodies in several different ways, such as systemic 
infusion, intrahepatic injection, portal vein injection, and some other extracorporeal 
liver support devices. The principles to choose the delivery methods should be the 
balance of easy operation, minimal trauma, least side effects, high stem cell sur-
vival, and optimal clinical satisfaction. Therefore, each delivery method has its own 
advantages and disadvantages in special cases. 

    18.5.1   Systemic Infusion 

 Systemic infusion is the easiest and the most convenient way to achieve stem cell delivery 
and does not lead to severe trauma. Many successful cases were reported by this method 
to treat hepatic diseases through the ability of regeneration of stem cells  [  93,   94  ] . 

 In Fang et al.’s work, mice were injected with mesenchymal stem cells via tail 
vain immediately after exposure to CCl 

4
  or 1 week after the  fi rst dose of CCl 

4
 . After 

2 weeks of CCl 
4
 , the authors did not detect cells positive for both ALB and Y chro-

mosome. However, after 5 weeks of CCl 
4
  plus systematic infusion of mesenchymal 

stem cells, the engraftment of male Flk1+ mesenchymal stem cells was detected in 
both groups of mice. Meanwhile, it was found that areas of damaged liver were 
smaller in the mice injected with mesenchymal stem cells immediately after expo-
sure to CCl 

4
 , compared to those administered with MSCs 1 week later. In another 

group, similar results were found. Mesenchymal stem cells (MSCs) were systemi-
cally administered to CCl 

4
 -induced  fi brotic murine model. Both magnetically labeled 

and unlabeled MSCs showed the potential to differentiate into hepatocyte-like cells. 
 However, besides the advantages, systemic infusion also has many side effects, 

such as fever, immune reaction, and donor cell entrapment in the lungs.  

    18.5.2   Liver Local Administration 

    18.5.2.1   Intrahepatic Injection 

 Intrahepatic injection is a very useful local administration method. It is a very 
ef fi cient and direct way to deposit stem cells to the liver. This strategy has been used 
to deliver mononuclear cells (MNCs), which were collected from human umbilical 
cord blood (UCB) in full-term delivery women, to thioacetamide (TAA)-induced 
hepatic  fi brotic rats  [  95  ] . In this study, it was reported that 4-week MNCs treatment 
practically reversed the damaged livers to normal architecture. Although the results 
are very promising, the biggest shortcoming for intrahepatic injection is potential 
severe trauma during operation.  
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    18.5.2.2   Portal Vein Injection 

 Portal vein injection is another important method for stem cell delivery. Although 
this procedure has the same disadvantages as intrahepatic injection, such as compli-
cated and invasive, portal vein injection has its own advantages. In portal vein injec-
tion, infused stem cells can reside in the periportal areas and repopulate faster than 
intrahepatic injection. Furthermore, for the diseased livers with very bad microenvi-
ronment, intrahepatic injection may not be applicable, but portal vein injection can 
still work. However, portal vein injection also has its own disadvantages compared 
to intrahepatic injection. It may cause portal hypertension, which can lead to further 
liver damage. Besides, this procedure may have the same risk as systemic infusion, 
such as migration of stem cells to systemic veins and embolism of other organs. 

 There are several successful cases in animal studies for portal vein injection of 
stem cells  [  38,   96,   97  ] . It has been reported that adipose-derived stem cells (ADSCs) 
were transplanted into liver-injured rats via different routes  [  97  ] . It was found that 
injection via the hepatic portal vein was more ef fi cient than other routes. In another 
study, CD34+ stem cells from human umbilical cord blood were transduced with a 
lentiviral vector containing GFP report gene and injected via portal vein into cir-
rhotic rats. Rats were killed 15 and 60 days post-transplantation, and  fl uorescence 
was undetectable in liver sections. These negative results suggest that the stem cells 
did not engraft in the liver and disappeared from the rats. Although animal data is still 
controversial, some clinical cases showed promising results on portal vein injection 
of stem cells  [  98,   99  ] . In a recent study in 2010, CD34+ stem cells were isolated, 
ampli fi ed, and then reinjected via patients’ portal veins to 48 patients; 36 suffered 
from chronic end-stage hepatitis C-induced liver disease and 12 harboring end-stage 
autoimmune liver disease  [  98  ] . Treatment was generally well tolerated except for 
three patients, who developed serious treatment-related complications. There was 
clinically, biochemically, and statistically signi fi cant improvement in a large percent-
age of patients who received treatment. These results suggest that autologous CD34+ 
stem cell transplantation via portal vein may be safely administered and have some 
therapeutic bene fi t to patients with severe end-stage liver disease.  

    18.5.2.3   Hepatic Artery Injection 

 Hepatic artery injection is usually applied to treat liver cancers. Actually, from 
beginning, this method was developed on the early 1960s to deliver chemotherapy 
to hepatic colorectal metastasis. There are several reasons to choose hepatic artery 
for delivery stem cells. The most important reason is, although both of the portal 
vein and hepatic artery are in charge of blood to the liver, most vessel branches in 
solid hepatic tumors are derived from hepatic artery  [  100  ] . Another reason is the 
low percentage of blood supply (only 20–30 %) from the hepatic artery (HA) of the 
total hepatic blood  fl ow. Therefore, the risk of vessel embolization caused by hepatic 
artery infusion is less than that caused by intraportal vein infusion  [  100  ] . 

 There are several successful preclinical and clinical cases of stem cell therapy via 
hepatic artery in treating liver diseases  [  101,   102  ] . In a recent study in 2011  [  101  ] , bone 
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marrow mesenchymal stem cells were isolated from autologous bone marrow and 
infused via hepatic artery to the patients with liver cirrhosis. Liver function and image 
were monitored for 1 year. Only one case of Takotsubo syndrome happened with early 
complications. At about 12 months of treatment, two patients developed a cutaneous 
immunomediated disorder and hepatocellular carcinoma. A reduction in bilirubin was 
observed at 1 week in almost all the patients. These results suggest applicable effects 
and reasonable safety of hepatic artery infusion of BM MSCs in cirrhotic patients.   

    18.5.3   Extrahepatic Administration 

    18.5.3.1   Intra-Splenic Injection 

 Intra-splenic injection has been used for a long time for cell delivery to treat liver 
 fi brosis, especially in the cases when the diseased liver is not suitable for cell trans-
plantation. Direct deposit of stem cells into spleen pulp can bene fi t liver regenera-
tion. Most of the stem cells take effects via translocation from the spleen to the liver 
via the splenic vein  [  103  ] . In this study, animals that received intra-splenic trans-
plantation of syngeneic rat hepatocytes showed transplanted cells migrate from the 
spleens to the livers via portal veins. The successful cases are in both of preclinical 
and clinical studies  [  104,   105  ] . However, this procedure has the same disadvantages 
as portal vein injection, such as severe trauma, portal hypertension, and portal vein 
embolization during stem cell translocation.  

    18.5.3.2   Intra-Kidney Injection 

 Kidney capsules are also an alternative place to transplant stem cells for liver dis-
ease treatment  [  106  ] . However, this approach yields a lower survival because kidney 
capsules do not have suf fi cient space for large number of proliferated cells. An opti-
mized place in kidneys for transplantation can be under the bilateral kidney capsule 
spaces in extracellular matrix  [  107  ] . This strategy can increase the survival of trans-
planted cells. In general, intra-kidney injection will never be a good option to treat 
liver diseases because of the “long” distance between organs.    

    18.6   Current Clinical Stem Cell Therapy 
Studies in Liver Diseases 

 Currently, the most frequently applied stem cell type under clinical trial is autolo-
gous stem cells from bone marrow, not only in hepatic disease treatment but also in 
other disease therapies. Table  18.2  lists several reported clinical cases on autologous 
stem cell therapy in liver diseases. This type of cell sources avoids ethical and 
immunological problems.  
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 There are also cases using the stem cells from siblings of the patients. 
Northwestern University (633 Clark Street, Evanston, IL 60208), collaborating 
with Northwest Memorial Hospital, infused stem cells to the patient that have 
been previously collected from patient’s siblings to treat primary biliary cirrhosis 
(PBC) (ClinicalTrials.gov identi fi er: NCT00393185). Before infusing stem cells, 
high dose of cyclophosphamide,  fl udarabine, and CAMPATH-1H were adminis-
tered to the patients. Cyclophosphamide  [  35  ]  and  fl udarabine  [  108  ]  are drugs 
which can reduce the function of patients’ immune system.    CAMPATH-1H is a 
protein that is assumed to be able to be against the immune cells that may cause 
PBC  [  39  ] . Although in this case the stem cell type is not autologous, donor still 
has to be a human leukocyte antigen (HLA)-identical sibling or HLA-matched 
cord blood donor. HLAs are found on most cells in human body. Immune system 
components use HLAs as the markers to identify autologous cells. A close HLA 
match is critical to decrease the possibility that the immune systems will attack 
the donor’s cells after transplantation. Therefore, this clinical trial held by 
Northwestern University is still pre-restricted by immune problems on donor 
seeking. 

 Since autologous BM stem cells are the most applicable source for transplan-
tation in diseased livers, the safety and ef fi cacy after administration in various 
routes in clinical trials still remains an open-ended question. Terai et al. reported 
a clinical study about autologous bone marrow cell infusion (ABMI) from the 
peripheral vein to treat liver cirrhosis  [  109  ] .    After isolation from autologous 
bone marrow, mononuclear cells (MNCs) were infused via the peripheral vein. 
Child-Pugh scores were signi fi cantly improved at 4 and 24 weeks after systemic 
infusion. Meanwhile, there were no apparent adverse effects. From the author’s 
conclusion, ABMI therapy might be a novel therapy to liver cirrhosis. For 
 portal vein delivery, it was reported that CD133+ BM stem cells, infused via 
portal vein, could enhance hepatic regeneration in patients with malignant liver 
lesions  [  110  ] . 

 However, interpretation of clinical data should be very cautious. First, the 
patient number enrolled is usually not suf fi cient to reach adequate statistical 
signi fi cance. One reason may be the invasive procedures required for BM stem 
cells isolation and administration. Real randomized and blinded trials are neces-
sary ultimately to reveal genuine ef fi cacy. Second, although so many reports 
have shown that BM stem cells can help liver regeneration, proper administration 
route has not been determined yet. Most delivery methods are still investigated in 
animal models. Systemic infusion is least invasive but sometimes with severe 
immunological issues. The other delivery methods will not only cause big trau-
mas but may encounter problems, like unintentional portal vein embolization. 
Third, the technology is not precise enough to track transplanted cells in human 
subjects. Magnetic resonance imaging (MRI) was utilized to track super- magnetic 
iron oxide-labeled cells, but the makers were diluted after cell division. 
Technological dif fi culty to mark various stem cell types was an additional com-
plicating factor  [  111  ] .  
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    18.7   Concluding Remarks 

 Although stem cell therapy-aided hepatic regeneration holds great promise and 
appears immensely provocative for the treatment of liver disease, there are still 
many problems with this novel therapeutic strategy. 

 Based on the ongoing clinical trials, to date, autologous stem cell therapy appears 
to be the most “realistic” cell type for transplantation. The fetal stem cells have 
many issues related to ethics and sources. Meanwhile, the side effects after stem cell 
transplantation should not be ignored. Hepatic venoocclusive disease (VOD), lung 
dysfunction, and graft-versus-host disease (GVHD) are frequent complications after 
stem cell transplantation  [  112–  114  ] . Besides side effects, discovery of proper deliv-
ery methods has made considerable progress but awaits a major breakthrough. New 
drugs were discovered and applied to assist stem cell transplantation for liver regen-
eration in vitro and in vivo, but protocols optimizations remain far from complete. 

 Future direction of stem cell therapy will be the utility of iPS cells because it can 
conquer the ethical problems and provide a sustainable source of cells. However, 
iPS cells may lead to other issues including teratoma formation and gene delivery 
safety. 

 In conclusion, stem cell therapy is a very promising strategy to facilitate hepatic 
regeneration but still has a long way to go because of the realistic issues. The future 
therapy will overcome these issues by combining the best features of all current 
protocols.      
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  Abstract   Stem cell fate is directed by a complex chemical and mechanical microenvi-
ronment composed of secreted factors, extracellular matrix, and direct interactions with 
other cells. These signals ultimately control stem cell renewal and lineage fate in a 
developmental context. It may be possible to dissect the role of speci fi c signaling path-
ways by precise control of microenvironment. However, traditional  fl ask cell culture 
methods are unable to control microenvironment at microscale. Micro fl uidic platforms 
have the potential of mimicking the signals that direct stem cell fate by precise control 
of the chemical and mechanical milieu of cells at microscale. Furthermore, so called 
“lab-on-a-chip” technologies can increase research throughput by cost-effect automa-
tion of multiple parallel microscale cultures. This chapter will reveal how micro fl uidics 
and lab-on-a-chip technologies can be applied to the study of stem cell dynamics.  

  Keywords   Stem cell dynamics  •  Micro fl uidics  •  Computational  fl uid dynamics  
•  Photolithography  •  Lab-on-a-chip      

    19.1   Introduction 

 Stem cell science offers the promise of delivering a technology that will address the 
dire shortage of organs and tissues required for regenerative therapies. This great 
potential resides with the two fundamental properties of stem cells: self-renewal and 
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pluripotency. However, despite dramatic biological advances and several decades of 
intense research, there are major challenges that lie ahead. A detailed understanding 
of the dynamics and molecular cues directing stem cell fate is required for stem cell 
research to become a clinically relevant technology. The stringent and speci fi c 
microenvironment for stem cell growth has been dif fi cult to establish, characterize, 
and control using traditional culture and analysis platforms  [  1  ] . Flask culture sys-
tems are unable to mimic many of the necessary cues required for stem cell develop-
ment. These include physiological oxygen levels, soluble or immobilized molecular 
gradients, mechanical stress, and cell to cell interactions in a 3D microenvironment 
 [  1  ] . Transcriptomics and proteomics fail to capture the heterogeneous properties of 
developing lineage pathways because they measure bulk population properties 
rather than individual cell properties. Furthermore the dynamical properties of sin-
gle stem cells is studied most directly by time-lapse video microscopy observation 
 [  2  ] ; however, the technology for live-cell tracking is still considered to be low 
throughput. Therefore, new technologies for single-cell fate mapping are required 
for this  fi eld to progress and are therefore of considerable interest. 

 Micro fl uidics or lab-on-a-chip refers to devices for precise manipulation of small 
volumes of  fl uid in the microliter to picoliter range. Devices have channels for trans-
ferring  fl uid (gas or liquid) with cross-sectional dimensions in the order of microm-
eters  [  3  ] . Major advantages of micro fl uidics are the high degree of parallelization 
enabling high-throughput processing and  fl exible integration of various functional 
components allowing high-level automatic analysis  [  4  ] . Micro fl uidic devices have 
been widely applied for cell-based assay and long-term cell culture, since they have 
many theoretical advantages over traditional platforms such as well plates,  fl asks, 
and Petri dishes. These include low sample consumption, analysis of rapid cell 
responses to external stimuli (e.g., Ca 2+   fl ux), precisely temporal and spatial control 
over the biophysical and biochemical environment, high-throughput and automatic 
analyses, and investigation of complex biological processes at the single-cell level 
 [  5,   6  ] . These potential capabilities are required for more quantitative investigation 
of stem cell properties. 

 This chapter provides an overview of materials, fabrication, and applications of 
micro fl uidics for cellular analysis in stem cell biology. The chapter begins with an 
introduction to the materials and methods of manufacture. Several important com-
ponents essential for long-term, on-chip cell culture and manipulation such as 
pumps, valves, bubble eliminators, and microwells are described. Finally, we 
describe how these components are adapted for the speci fi c requirements of cell 
culture and stem cell analysis.  

    19.2   Materials 

 The mechanical, optical, and surface properties of microdevice materials are of fun-
damental importance for developing biocompatible cell-based assays and in partic-
ular long-term micro fl uidic culture. Early on micro fl uidic devices were manufactured 



43719 Application of    Micro fl uidics to Study Stem Cell Dynamics

by etching silicon  [  7  ]  or glass  [  8,   9  ]  substrates. However, the opacity of silicon in 
the visible spectrum limits application to live-cell microscopy. Cost and manufac-
ture time using glass substrates are much higher than those utilizing polymer sub-
strates  [  10  ] . Following successful replica molding and irreversible bonding of 
polydimethylsiloxane (PDMS), devices for cellular analysis are most commonly 
manufactured from PDMS because of its various advantages  [  11,   12  ] . These are 
high- fi delity replication of mold micro-geometry; low curing temperature; revers-
ible and irreversible sealing to glass, silicon, PDMS, and other materials; outstand-
ing optical clarity; and cell biocompatibility  [  11,   12  ] . Most importantly, PDMS is an 
elastomer, with ideal mechanical properties for pneumatic activated on-chip pumps 
and valves as well as high permeability for O 

2
  and CO 

2
  to oxygenate media and buf-

fer pH. 
 In recent years, there has been an increasing effort to explore alternative materi-

als which may have superior material and manufacturing properties. PDMS is less 
suitable for high-volume manufacture compared to thermoplastics or other poly-
mers. Micro fl uidic devices have been manufactured from polystyrene  [  13–  15  ] , 
poly(methyl methacrylate) (PMMA)  [  16  ] , polyurethane-methacrylate (PUMA)  [  17, 
  18  ] , Ormocomp  [  19  ] , cyclic ole fi n polymers (COP), cyclic ole fi n copolymers (COC) 
 [  20–  22  ] , and even paper  [  23,   24  ] . The fabrication protocol will depend on the physi-
cal properties of these materials. Table  19.1  summarizes the relevant manufacturing 
and bonding methods.   

    19.3   Fabrication 

 Various techniques depending on the substrate material have been developed to fab-
ricate lab-on-a-chip devices. Fabrication methods include hot embossing, laser 
ablation, injection molding, object printing, solid object printing, and micro milling. 
However, the most commonly applied method is soft lithography using PDMS  [  27  ] , 
which consists of mold fabrication using photolithography, PDMS replica molding, 
and sealing of replicas to glass or PDMS substrates. This section brie fl y describes 
standard soft lithography techniques because it is now widely used in many labs for 
custom manufacture of micro fl uidic devices. 

    19.3.1   Photolithography 

 Photolithography is a high-resolution microprinting process that was originally 
developed for the microelectronics industry. The methods are simply adapted for 
manufacture of micron-size  fl uidic channels. Photoresist is spin coated onto a dehy-
drated silicon wafer to a desired  fi lm thickness. A high-resolution photographic 
mask speci fi es the 2D pattern to be printed by exposure of the photoresist to UV 
light (see Fig.  19.1a ). Following exposure, the  fi lm is baked again to further 
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 cross-link the resist. For negative or positive photoresists, developer is used to dis-
solve unexposed or exposed regions, respectively (see Fig.  19.1b ). There may be 
subsequent bakes to fully cure or re fl ow the remaining photoresist.   

    19.3.2   Replica Molding and Sealing 

 The PDMS elastomer base containing silicon hydride groups is thoroughly mixed 
with the curing agent containing vinyl groups at the weight ratio of 10:1, before the 
mixture is casted against a photoresist mold fabricated as described above (see 
Fig.  19.1c ). After degassing under vacuum, the PDMS mixture with molds is baked 
at 65°C for no less than 2 h to cross-link silicon hydride and vinyl groups. Then, the 
PDMS replica is peeled off from the mold. Sharp punches are used to cut inlet and 
outlet holes, before bonding to a glass slide or another PDMS layer (see 
Fig.  19.1d ). 

 PDMS reversibly seals to a planar PDMS or glass surface by van der Waals 
forces  [  27  ] . Reusable PDMS devices were used to patterning surface with cell arrays 
for biochemical analysis or tissue engineering applications  [  28  ] . The reversible 
bonding of PDMS is water tight but not capable of withstanding pressures larger 
than 35 kPa  [  29  ] . However, for most biological applications especially those inte-
grated with pneumatic pumps and valves, irreversible sealing with much higher 

Bonding

Mould

Photomask

Photoresist

UV light
a

b

c

d

Replica
moulding

  Fig. 19.1    Schematic of the 
soft lithography process. ( a ) 
Photolithography, ( b ) mold 
on the silicon wafer, ( c ) 
PDMS replica molding, and 
( d ) bonding of two PDMS 
layers       
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bond strength is required. So far the most extensively applied irreversible-sealing 
approach is oxygen plasma bonding. This technique oxidizes PDMS or glass and 
introduces silanol groups (OH) on the surfaces. Following the conformal contact of 
two oxidized substrates, they are irreversibly bonded with covalent siloxane bonds 
(Si–O–Si)  [  30  ] . The maximum bond strength measured when two bonded layers 
burst (burst pressure) is around 500 kPa  [  30  ] . This is much larger than the minimum 
pressure required by pneumatic actuated on-chip micropumps and valves (40 kPa) 
 [  31  ] . Furthermore, plasma treatment renders the PDMS surface more hydrophilic, 
although it recovers quickly to hydrophobic when exposed to atmosphere  [  32–  34  ] . 
Other techniques using corona discharge  [  35  ] , partial curing  [  36,   37  ] , cross-linker 
variation  [  31  ] , and uncured PDMS adhesive  [  38  ]  were also employed for PDMS 
bonding. Eddings et al. did a comparative study of the above bonding techniques 
 [  30  ] . According to a burst test, partial curing and PDMS adhesive bonding 
approaches had the highest bond strength compared to oxygen plasma and corona 
discharge, while the bonding by corona discharge had the lowest strength which 
was larger than 250 kPa  [  30  ] . 

 A conformal nano-adhesive created by vapor deposition was developed by Im 
et al. to bond PDMS and many other substrates including silicon wafer, glass, quartz, 
polystyrene (PS), polyethylene terephthalate (PET), polycarbonate (PC), and 
poly(tetra fl uoro ethylene) (PTFE)  [  39  ] . Rezai and colleagues review bonding meth-
ods of PDMS to various materials including PDMS, glass, PMMA, PS, PC, and 
PET  [  40  ] . A dramatic bond strength increase from 35 to 146 kPa was achieved by 
microcontact printing Parylene (the trade name of various chemical vapor-deposited 
poly(p-xylylene) polymers) onto the PDMS surface followed by SF 

6
 , N 

2
 , and O 

2
  

plasma treatment of the assembly  [  40  ] . Tsao and DeVoe  [  41  ]  have reviewed indirect 
bonding using adhesive and direct bonding by thermal fusion, solvent, and localized 
welding of a wide range of thermoplastics.   

    19.4   Micro fl uidic Components Required 
for Long-Term Cell Culture 

 Micro fl uidics offers the possibility of large-scale integration of hundreds to thou-
sands of micromechanical valves and functional components  [  42,   43  ] . This tech-
nique enables the automatic implementation of hundreds of cell-based assays in 
parallel  [  43  ] . According to Melin and Quake’s review  [  43  ] , micro fl uidics with inte-
grated components “has been applied for protein crystallography  [  44–  46  ] , genetic 
analysis  [  47  ] , amino acid analysis  [  48  ] , high-throughput screening  [  42  ] , bioreactors 
 [  49  ] , and single cell analysis  [  50  ] .” Ng and colleagues reviewed integrated compo-
nents involving passive chaotic mixers, pneumatically actuated switches and valves, 
and magnetic  fi lters  [  51  ] . 

 Integration of micropumps, valves, gas exchangers, debubblers, cell culture 
chambers (e.g., microwells), and micro/mini heaters in a single chip allows (a) 
metered perfusion of media and other reagents which facilitates the regulation of the 
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biochemical and biophysical microenvironments for cell growth, (b) control of cell 
deposition and retention, (c) scale-down of the culture system from  fl asks and incu-
bators to micro fl uidics on a glass slide, and (d) incorporation of time-lapse imaging 
techniques. Integration of these components in a single device is essential for long-
term cell culture and clonal analysis where microenvironment must be controlled 
precisely. In this section, the application of pumps, valves, bubble traps, and microw-
ells for cell-based assay is reviewed. Gas exchangers for media oxygenation and pH 
buffering as well as micro/mini heaters for temperature control will be reviewed in 
Sects.  19.5.4  and  19.5.5 , respectively. 

    19.4.1   Micropumps and Valves 

 Micropumps integrated within micro fl uidic devices to supply media, growth fac-
tors, and other reagents to individual cell culture chambers guarantee precise tem-
poral and spatial regulation of culture environment  [  52  ] . There have been numerous 
micropump designs reported in the literature. The actuation mechanisms may be 
categorized into pneumatic pressure  [  31,   52  ] , electromagnetic actuation  [  53  ] , elec-
trostatic actuation  [  54  ] , piezoelectric actuation  [  55  ] , thermo-penetration  [  56  ] , recov-
erable force of a shape memory  fi lm  [  57  ] , evaporation  [  58  ] , gas permeation  [  36,   59  ] , 
a refreshable Braille display  [  49  ] , and surface tension  [  60  ] . 

 Quake’s group pioneered the fabrication of pneumatic pressure-driven microv-
alves and pumps using multilayer soft lithography  [  31  ] . This pump consists of a 
 fl ow channel with a semicircular cross section and three pneumatic channels with 
rectangular cross section that lie over and are perpendicular to the semicircular  fl ow 
channel. The semicircular cross section is required for complete occlusion of the 
 fl uidic channel when it is deformed by the overlying pneumatic channel. The pneu-
matic and  fl ow layers are separated by a thin PDMS membrane (usually around 
20- m m thick) (see Fig.  19.2 ). The multilayered device is bonded by both cross-
linker variation and O 

2
  plasma oxidation. Peristaltic  fl ow is driven by activating the 

three pneumatic channels sequentially. Over the past few years, devices for culture 
of hESCs have utilized this type of pneumatic pump and valve  [  61  ] . This method of 
 fl ow control has enabled the study of cell culture interactions  [  62  ]  and tracking of 
single yeast cells  [  63  ] .  

 Grover and co-workers developed latching pneumatic valves (see Fig.  19.3a ) which 
also have a  fl ow layer and pneumatic layer with a thin membrane between two layers 
 [  64  ] . The valves are normally closed (or open) under low pressure which reduces the 
number of off-chip controllers required for large-scale integration. A four-bit binary 
demultiplexer was developed to address independent latching valves and to distribute 
pressure and vacuum pulses to each valve (see Fig.  19.3 )  [  64  ] . Hulme and colleagues 
demonstrated a technique for incorporating standardized and prefabricated screw, 
pneumatic, and solenoid valves into micro fl uidic structures  [  65  ] . Although only a 
small number of valves were integrated using this method, the prefabricated valves are 
identical and performed reproducibly in micro fl uidic devices. Instead of using a posi-
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tive photoresist mold with semicircular cross section to cast the PDMS  fl ow channel, 
Kwon’s group applied a polymer sealing method inside rectangular PDMS channels 
 [  66  ] . In this method, the photo-curable oligomer was injected into rectangular  fl ow 
channels before gas pressure was applied, and then UV cured in situ over the valve 
region using a photo mask. After uncured polymer was removed, the channel cross 
section was perfectly occluded during valve actuation. Based on the latching valves 
reported by Grover  [  64  ] , Lai and Folch developed a peristaltic micropump using a 
single control channel to actuate four microvalves with different sizes  [  67  ] . This pump 
design, similar to that reported by Huang et al.  [  68  ] , reduces the number of pneumatic 
channels from three (in Quake’s pump) to one, which greatly simpli fi es the structure 
and saves the space on an integrated micro fl uidic chip.   

    19.4.2   Bubble Traps and Degassing 

 In micro fl uidic cell culture systems, air bubbles usually form during system priming, 
cell suspension loading, and media perfusion processes due to gas permeability of 

channelsPneumaticFlow channel

  Fig. 19.2    Schematic of a 
pneumatic, peristaltic 
micropump. Three 
rectangular pneumatic 
channels lie over a 
semicircular  fl ow channel. 
After sequential application 
of pressure in pneumatic 
channels, the PDMS 
membrane deforms and 
displaces volume along the 
 fl ow channel by peristalsis       

Atmospheric pressure

Vacuum applied

Cross-section
Input

channel

Displacement
chamber

Output
channelClosed

Open

PDMS
membrane

a b

  Fig. 19.3    Cross section of a latching valve ( a ) and photo of a demultiplexer with latching valves 
( b ). The pressure or vacuum applied from the input port is distributed by demultiplexer (four rows 
of valves in the  upper dash box ) to each of 16 latching valves  [  64  ] . It can address a latching valve 
every 120 ms (Adapted from  [  64  ]  with permission)       
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tubing and dissolution of gas at pressures below their solubility  [  6  ] . Bubbles are 
detrimental for microscale cell culture leading to blockage of microchannels or shear 
damage to cells. In this context, various bubble traps or microdevices to remove gas 
bubbles in micro fl uidics were developed. These were operated by either the perme-
ation of gas from  fl ow channels into pneumatic channels vented to the atmosphere 
through a thin membrane  [  69,   70  ]  or direct  fl ow of gas into a bypass channel connect-
ing the bubble trap  [  71  ] . A physical model for pressure-driven bubble elimination in 
micro fl uidics was reported by the Park group  [  72  ] . As shown in Fig.  19.4 , the  fl ux 
    ( )N   of gas permeating a polymer membrane at steady state is given by 

     

( )2 1P p p
N

L

-
=

   (19.1)  

where     P   is the permeability of the polymer;     1p   and     2p   are permeate and feed pres-
sure, respectively; and     L   is the membrane thickness  [  73  ] . Ignoring the dissolution of 
air into culture liquid and bulk polymer, the Park group  [  72  ]  reported the following 
exponential decay model to predict the bubble elimination rate with time (Fig.  19.4 ):
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where     A   is the bubble permeation area;     c   ,     1c   , and     2c   are constants;  k  is correction 
factor for the effective permeation area;     h   is the height of the  fl ow channel;     t   is 

Permeation
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Diffusion
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  Fig. 19.4    Schematic illustration of the pressure-driven bubble permeation across a polymer mem-
brane. When the pressure (    2p   ) in the  fl ow channel is larger than the pressure (    1p   ) in the pneu-
matic channel, the air bubble permeates through the membrane       
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time;     T   is absolute room temperature in Kelvin; and     atmp   is the atmospheric  pressure 
in cmHg  [  72  ] . This study provides guidelines for design of membrane-based bubble 
eliminators in micro fl uidics. 

 Several other ingenious designs for bubble elimination have been published. 
These exploit surface tension properties which are a predominant force at microscale. 
Cheng and Jiang developed a debubbler to trap and remove bubbles using an array 
of cylinder-shaped air-liquid interfaces called air pillars  [  74  ] . Bubbles entering the 
device coalesce with air pillars and are eliminated via small vents. Sung and Shuler 
applied a top layer with barriers to block bubbles and a bottom layer with channels 
as an alternative  fl uidic path  [  75  ] . Kang and co-workers applied hemispherical wells 
in series along the microchannel to effectively trap air bubbles which were then pas-
sively eliminated through the bulk PDMS  [  76  ] . Liu et al. recently developed a noz-
zle-type and membrane-based debubbler in which the air bubble passed through the 
porous hydrophobic membrane while the liquid was kept from leaking through 
pores due to the surface tension of the air-liquid meniscus  [  77  ] .  

    19.4.3   Microwells 

 Cellular analyses based on large cell populations fail to provide information of dis-
tinct behaviors of individual cells or rare cells, so single-cell analysis is crucial for 
studying stem and progenitor cell heterogeneity. In single-cell analysis, individual 
cells are required to be isolated and located within a desired region for extended 
periods. Moreover, a large number of cells require analysis before reaching statistical 
signi fi cance because of the stochastic nature of cell division and other cell fate out-
comes  [  78,   79  ] . Lindström and Andersson-Svahn provided a detailed overview of 
mechanisms for single-cell isolation, which include mechanical, magnetic, hydrody-
namic, optical, dielectrophoretic, and acoustic traps as well as droplets  [  80  ] . 

 Microwells have attracted extensive research interest, since they allow robust 
mechanical isolation, cell aggregation, and cluster formation in a high-throughput 
manner  [  81  ] . Furthermore, large wells (diameter >50  m m) supply enough space for 
cell spreading and proliferation in long-term cell culture and are compatible with 
live-cell imaging in situ  [  82  ] . This capability enables analyses of hundreds to thou-
sands of clones from a single experiment. Smaller microwells just large enough for 
a single cell are frequently employed for instant cell analysis  [  83,   84  ] , single-cell 
enzyme kinetic analysis  [  85  ] , deformability of nonadherent cells  [  86  ] , and short-
term time-lapse imaging  [  87  ]  over a few hours following cell deposition  [  88  ] . 
Charnley et al. have reviewed various applications of microwells for single-cell 
study  [  89  ] . The Lindström group has reviewed the shapes (square, hexagonal, and 
round), materials (glass, silicon, PDMS, SU-8, etc.), sizes (from a few microns to a 
few hundred microns), and density of wells in microwell arrays for single-cell anal-
ysis  [  88  ] . This section reviews experimental studies examining cell deposition into 
microwells which may increase seeding ef fi ciency and  fl uid dynamics studies guid-
ing design and optimization of microwell devices. 
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    19.4.3.1   Experimental Study of Cell Deposition 

 For high-throughput clonal analysis by time-lapse imaging, augmenting the propor-
tion of wells loaded with single cells will increase the throughput of the experiment. 
Numerous studies have attempted to address this task experimentally. Cells are sim-
ply loaded into microwells by sedimentation due to the difference in density of the 
cell and surrounding  fl uid under static  [  85,   90,   91  ]  or  fl owing conditions  [  28  ] . Cells 
are retained by a low-shear-stress region that develops inside a microwell even with 
 fl ow  [  28  ] . The number of cells within microwells is approximately controlled by 
cell concentration and  fl ow rate of the cell suspension. Similar to limiting dilution, 
when the concentration is small enough, microwells are loaded with one cell per 
well on average. There are various studies looking at how shape, size, and depth of 
microwells in fl uence single-cell retention statistics. The Takayama group compared 
single-cell-trapping ef fi ciency of various well geometries including triangle, square, 
circle, diamond, and cone at the same loading  fl ow rates  [  82  ] . Among the tested 
geometries, triangular wells were the most ef fi cient, 62 % of which were loaded 
with single cells. Since all parameters except well shapes are constant, this study 
does not suggest triangular wells are still more ef fi cient when well dimensions and 
 fl ow rates vary. Our group experimentally studied in fl uence of wall shear stress, 
plate separation, and well depth on cell capture statistics by imaging and counting 
nonadherent cells (KG1a) retained in microwells at various media  fl ow rates  [  92  ] . 
For the same device, the mean number of cells per well was inversely related to wall 
shear stress. At limiting cell-docking frequencies (one cell per well), the number of 
cells per well was described by a Poisson distribution, therefore indicating that cells 
were randomly distributed between wells. Mean cell number per well was described 
by a cubic polynomial model. 

 Cell seeding studies on their own require a huge amount of systematic experi-
mentation to determine optimal well geometries and dimensions  [  93  ] . However, 
analytical and computational methods to predict cell deposition provide an impor-
tant design tool for design of microwell devices.  

    19.4.3.2   Computational Fluid Dynamic Studies 

 Computational  fl uid dynamics (CFD) has been extensively applied to study the 
details of the  fl ow  fi eld around a complex microstructure, particularly where there 
is no analytical solution. CFD analysis and experimental validation are employed to 
direct the design of microstructures, thereby reducing the labor of experimental test-
ing  [  94  ] . Various commercialized CFD software including CFX, CFD-ACE+, Flow 
3D, and Fluent has been employed for simulation of micro fl uidics. Their perfor-
mances were compared by the Koltay group  [  95  ] . Erickson provided an overview of 
the history and development of CFD study on cellular/particulate transport in 
micro fl uidics before 2005  [  96  ] . 

 There have been three main approaches to model the  fl uid dynamics of cell seed-
ing in a microstructure. Table  19.2  summarizes the simulation methodologies that 
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were applied to the study of cell deposition in microstructures. Approach A is one-
way coupled Lagrangian particle simulation. The injection of cell suspension is sim-
ulated where cells are assumed to be rigid spheres and interfere with  fl uid  fl ow. It was 
employed to optimize cell trapping in microsieves by the Thorsen and Wang groups 
 [  97,   98  ] . This method is computationally expensive because of dynamical simulation 
of cell trajectories and their interactions with  fl uid  fl ow. Additionally, the simulation 
of rolling and bounce of cells off walls is dif fi cult  [  93  ] . Approach B applies a cell-
free model where only the  fl uid  fl ow in the microstructure is investigated. Analytical 
models that assume simple shear  fl ow are then applied to estimate the viscous forces 
acting upon cells deposited near the wall. This method has been employed to study 
cell deposition in grooved microchannels  [  99  ]  and double grooves  [  100  ] . Han and 
co-workers applied a 2D model to study the  fl ow  fi eld in microwells  [  101  ] . They 
demonstrated that for a given parallel plate  fl ow over microwells, recirculation 
regions become larger in deeper wells. Takayama group modeled the  fl ow  fi elds of 
triangular, square, circle, diamond, and cone wells (20  m m in depth) with a 280- m m-
high channel over wells and found the recirculation region in triangular wells was the 
largest  [  82  ] . Ciof fi  et al. studied the  fl ow recirculation and wall shear stress in 
microwells with a depth of either 20 or 80  m m  [  93  ] . They experimentally related cell-
trapping ef fi ciency to a recirculation region with low wall shear stress. Although 
approach B is computationally feasible using standard computer hardware, it does 
not consider the interaction between cells, the  fl uid, and microstructure. This interac-
tion is signi fi cant when the cell volume is on a similar scale to the microstructure.  

 Approach C employs a cell-containing model where a rigid sphere (representing 
a cell) is placed at a site of interest in a microstructure. Following simulation, the 
forces and torques acting on the cell are evaluated. Jang and colleagues described a 
2D model of a deep well with a disk (representing a cell) on the well bottom to study 
the  fl ow  fi eld and  fl ow-induced forces on the cell  [  103  ] . Our group applied a 3D 
single-well model with a cell  fi xed on the downstream bottom of the well to study 
the torques and forces on the cell (see Fig.  19.5 )  [  92  ] . Figure  19.5a  shows the 
streamline pattern with  fl ow separation at up- and downstream corners of the 
microwell. The cell experiences a downward drag force and clockwise torque 

   Table 19.2    Simulation approaches for cell deposition in microstructures   

 Approaches  A  B  C 

 Method  One-way coupled 
Lagrangian approach to 
model dynamical 
cell- fl uid interactions 

 Static microstructure 
 fl uid interactions 

 Static microstructure and 
cell- fl uid interactions 

 Simulation  Individual cell trajectories  Flow  fi eld without 
cells 

 Hydrodynamic forces 
acting upon cells held 
stationary at various 
positions to predict cell 
displacement 

 Limitations  Computational expensive  No cell- fl uid 
interactions 

 New geometry and mesh 
are required as the cell 
position changes 

 References   [  97,   98,   102  ]    [  82,   93,   99–  101  ]    [  103,   104  ]  
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directly proportional to Re. A mechanical equilibrium model was applied to deter-
mine the net effect of  fl uid shear, cell buoyancy, and static wall friction to predict if 
the cell (sphere) was in a stable position. The  fl uid dynamic simulation con fi rmed 
that  fl ow separation with circulation inside deep microwells hampered cell recovery 
at high wall shear stress. This simulation method can be used to optimize the design 
of microwell structures for single-cell deposition.     

    19.5   Long-Term Cell Culture 

 The observation of cell fate in culture requires robust, long-term cell cultivation and 
continuous time-lapse imaging. Long-term, live-cell imaging with traditional cul-
ture platforms such as Petri dishes and  fl asks is challenging and problematic because 
of (a) dif fi culty in retaining nonadherent or highly motile cells in the same  fi eld of 
view, (b) disruption of continuous cell tracking when media are replaced, and (c) 
inaccurate control of microenvironment. Micro fl uidic platforms have the potential 
of solving these problems and have been evaluated with various cell types, such as 
cell lines  [  98,   105–  110  ] , primary rat hepatocytes  [  111  ] , neural progenitor cells 
 [  112  ] , human primary mesenchymal stem cells (hMSCs)  [  52  ] , and human embry-
onic stem cells  [  90  ] , for extended periods of time. We refer the interested reader to 
other reviews of micro fl uidic cell culture  [  113–  117  ] . Paguirigan and Beebe discuss 
the differences between micro fl uidic and traditional macroscale cultures  [  118  ] . 

 This section discusses the main techniques for long-term, on-chip cell culture 
reported in the literature. Relevant factors such as biocompatibility, media  perfusion, 
microenvironment, pH buffering, media oxygenation, and temperature regulation 
are also reviewed. 
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  Fig. 19.5    Fluid dynamic simulation of the torque and drag acting upon a sphere  fi xed at the down-
stream microwell  fl oor. ( a ) Streamlines for a stable cell deposition position with a phase-contrast 
micrograph showing deposition of cells in this position (35- m m-deep well and 280- m m plate sepa-
ration, simulation Re =0.01, cell image Re = 0.11  [  92  ] ). The  white arrows  and  yellow arrows  in 
 inset  images indicate the direction of  fl uid torque and drag, respectively. ( b ) The force and torque 
on the cell deposited away from the wall of the microwell.  Small arrows  on the cell bottom point-
ing in different directions are reactive forces distributed over the contacting area due to deforma-
tion (Adapted from  [  92  ]  with permission)       
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    19.5.1   Biocompatibility 

    19.5.1.1   PDMS Biocompatibility 

 Cell counting and sorting only require transient contact with biomaterials, so bio-
compatibility requirements are less stringent compared to cell culture applications 
where cells are in contact with biomaterials for days to weeks. A comprehensive 
understanding of the biocompatibility of polymeric material is necessary for utiliza-
tion in long-term cell culture. There are two inherent properties of PDMS that may 
limit its application to cell analysis: (a) the existence of uncured, low molecular 
weight (LMW) oligomers in bulk PDMS which may be toxic to cells and (b) absorp-
tion of small hydrophobic molecules by PDMS  [  119  ] . The Whitesides group deter-
mined that the weight ratio of uncured oligomers in bulk PDMS was around 5 % 
 [  119  ] . LMW species have been shown to be responsible for the rapid hydrophobic 
recovery of PDMS surfaces after hydrophilic surface modi fi cation  [  34,   120,   121  ] . 
Absorption of small hydrophobic molecules such as steroid hormones and drugs may 
signi fi cantly alter the cell growth milieu  [  122  ] . Regehr and colleagues also reported 
leaching of LMW oligomers into cell culture media and cell membrane  [  122  ] . 

 The impact of PDMS material properties on cellular signaling pathways was 
studied by time-lapse  fl uorescence imaging  [  123  ] . Wlodkowic et al. showed that 
PDMS was nontoxic compared to its polystyrene counterpart. Our group has also 
shown that there was no signi fi cant difference in growth rates of KG1a cells (an 
acute myeloid leukemia cell line) cultured on PDMS compared to polystyrene Petri 
dishes  [  124  ] . More extended studies are required to generalize these observations to 
other cell types such as primary cells and pluripotent stem cell lines. 

 Solvent extraction  [  119  ]  and prolonged curing times  [  120  ]  have been applied to 
minimize the amount of uncured oligomers in PDMS. However, most organic 
extraction solvents may cause problems themselves because they are cytotoxic 
 [  122  ] . Furthermore, neither extraction nor prolonged curing can completely remove 
uncured oligomers  [  119,   122  ] . To reduce the absorption of hydrophobic molecules 
on PDMS surface, investigators have absorbed proteins such as bovine serum albu-
min and  fi bronectin  [  126  ] , silanized surface  [  126,   127  ] , or grafted polymers  [  128  ] . 
PDMS surfaces coated with Parylenes are believed to prevent leaching and absorp-
tion of small molecules  [  129  ] . In addition, manufacture of microdevices from denser 
thermoplastics such as polystyrene does not have signi fi cant absorption or leaching 
problems  [  14,   130  ] .  

    19.5.1.2   Tubing Biocompatibility 

 Tubing connecting the chip to external instruments (i.e., syringe pumps and peristal-
tic pumps) is necessary for cell-based assays and long-term cell culture. Various 
types of tubing including Tygon TM , Silicone, Te fl on TM , PEEK, polyethylene, 
Pharmed TM , and Silastic TM  are used in micro fl uidic applications. 
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 Since the  fl ow rate in micro fl uidics is in the order of microliters/min, depending 
on tubing diameter, the residence time of perfused reagents within tubing may be 
several hours. Therefore, tubing that is certi fi ed for use in cell culture by manufac-
turers assumes relatively high  fl ow rates and may be cytotoxic at low  fl ow rates 
because of extended contact times. Moreover, the large surface area to volume ratio 
of small caliber tubing can contribute to adsorption and depletion of growth factors 
and proteins by tubing. Price et al. reported that unwashed Tygon TM  tubing reduced 
the growth of phytoplankton  [  131  ] . Park and co-workers demonstrated that perox-
ide-cured silicone tubing was toxic to the tobacco BY2 cells which are particularly 
sensitive cell lines  [  132  ] . Our group assessed the biocompatibility of Silastic TM , 
Pharmed TM , polyethylene, and Tygon TM  at microliter/min  fl ow rates (6-h residence 
time) and showed that polyethylene and Tygon TM  tubings were suitable for long-
term perfusion culture  [  124  ] .   

    19.5.2   Media Perfusion 

 For long-term on-chip cell culture, media are usually perfused into culture cham-
bers by syringe pumps  [  110  ] , peristaltic pumps  [  111,   133  ] , hydraulic pressure  [  109  ] , 
or on-chip micropumps  [  52  ] . Media perfusion provides controlled supply of growth 
factors and proteins as well as regulated exposure of  fl uid-induced forces to cells 
 [  6  ] . In addition, on-chip trypsinization, continuous passage and cell recovery for 
downstream analyses have been performed by the perfusion system  [  98,   110  ] . 
Generally, there are two perfusion modes: single-pass perfusion (SP) and recirculat-
ing perfusion (RP). In SP, media are perfused directly through the cell culture cham-
ber to waste containers, during which the perfused growth factors, cell metabolites, 
and secreted factors are exposed to cells for short periods of time. So downstream 
cells are exposed to more metabolites and secreted factors compared to upstream 
cells. While in RP, media including autocrine factors and cell metabolites are recir-
culated with retention of these components for longer periods of time. 

 SP was employed by Tourovskaia et al. to study the differentiation of myoblasts 
to myotubes  [  135  ] . Yu and co-workers developed a micro fl uidic device to culture 
NIH 3T3, Hela, and B16 melanoma cell lines with both SP and RP  [  107  ] . No 
signi fi cant in fl uence of media perfusion modes on cell growth was found in this 
study. However, for stem cell types such as HSC and embryonic stem cells, perfu-
sion modes and  fl ow rates appear to have important in fl uences on stem cell fate. 

 Villa and colleagues reported optimal perfusion conditions for culturing primary 
mouse embryonic  fi broblasts (mEFs) and mouse embryonic stem cells (mESCs) in 
micro fl uidic systems  [  135  ] . After 1-week culture, both types of cells have similar 
morphology and viability compared to those cultured in Petri dishes  [  135  ] . Cooper-
White’s group developed a microwell perfusion system to study the expansion of 
hESC  [  136  ] . Moledina et al. more recently showed that autocrine and paracrine fac-
tors such as endogenously secreted gp130-activating ligands could generate a gradi-
ent of mouse embryonic stem cell fates which depended on the direction of 
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micro fl uidic  fl ows, position in the  fl ow  fi eld, and local cell organization  [  137  ] . 
Levchenko demonstrated experimentally and computationally that mESC viability 
also depends on secreted factors, which should also be considered when specifying 
the  fl ow rate for perfusion culture  [  138  ] . 

 As discussed above microwell arrays have the advantage of physically isolating 
stem and progenitor colonies so that progeny shares a common microenvironment. 
For motile stem cell types such as hematopoietic stem cells, the microwell serves to 
retain the colony within the same  fi eld of view so that individual cell fates can be 
continuously tracked by live-cell imaging. Furthermore many hundreds of clones 
can be visually tracked in parallel providing high-content live-cell imaging data for 
studying the heterogeneity of stem cell fates  [  5,   139  ] . 

 Kim and colleagues comprehensively reviewed the micro fl uidic perfusion culture 
of mammalian cells from the viewpoints of design, fabrication, operation, and appli-
cations in cellular phenotype and function assessment  [  6  ] . They provide a practical 
guide for micro fl uidic cell culture with media perfusion. The Beebe group de fi nes 
effective culture volume (ECV) and critical perfusion rate (CPR) as critical parame-
ters for control of micro fl uidic culture processes; these quantities allow one to set the 
time interval for media changes  and media  fl ow velocity, respectively  [  140  ] . 

 The effects of secreted paracrine or autocrine factors need to be carefully distin-
guished from other physicochemical factors which may in fl uence proliferation and 
differentiation. We found that perfusion rate has a strong in fl uence on growth rate, 
and contrary to expectation, over-perfusion may result in cell growth inhibition (see 
Fig.  19.6 ). Possible explanations for over-perfusion growth inhibition may be wash-
ing out of secreted growth factors or cytotoxicity due to oxidative media degrada-
tion or trace amounts of cytotoxic material from the microdevice or tubing.  

 Microdevices also have application in static cell culture. Shirley et al. bonded a 
microchannel network to a nano-porous membrane in a Petri dish  [  141  ] . The porous 
membrane allowed free exchange of proteins, nutrients, buffers, and stains between 
the microchannels and culture media. The Chakraborty group recently reported 
extended static culture times by functionalizing the inner surfaces of PDMS micro-
channels to form an air-liquid interface for gas exchange  [  142  ] . Although static 
culture greatly simpli fi es these experimental systems, there is less control of 
microenvironment for long-term culture.  

    19.5.3   Microenvironment 

 For stem cell culture assay, cells should be maintained in a well-de fi ned microenvi-
ronment that mimics an in vivo growth environment. A fully de fi ned stem cell cul-
ture microenvironment consists of growth factors, secreted factors, other cells, 
extracellular matrices, and metabolic substrates. The physical microenvironment 
includes the viscoelastic properties of the cell substrate which is usually extracel-
lular matrix and  fl uid shear stress. The ability to temporally and spatially control 
these in vitro factors allows one to dissect their physiological role or to manipulate 
stem cell properties for tissue engineering or drug development. A recent review by 
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the Brzózka group discussed various solutions for mimicking the in vivo microenvi-
ronment using micro fl uidics  [  143  ] . These solutions included perfusion cell cultures, 
extracellular matrix analogues, micro scaffolds, spheroid formation, and cocultures. 

    19.5.3.1   Biochemical Microenvironment 

 The cell biochemical milieu is composed of soluble factors such as growth factors, 
cytokines, hormones, and products of cell metabolism. These molecules can also 
interact with the insoluble extracellular matrix, which has important roles in guiding 
tissue architecture  [  140  ] . Micro fl uidic devices have been shown to be valuable in 
stem cell research because they are able to (a) control delivery and composition of 
soluble factors, (b) generate steady chemical gradients, and (c) control the partial 
pressure of dissolved gases  [  144,   145  ] . Beebe has also written reviews that examine 
the regulation of the microenvironment by micro fl uidics focusing on control of 
soluble factors, gradients, extracellular matrix (ECM), and gas concentration 
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  Fig. 19.6    Heat map showing the number of KG1a cells in each well on a microwell array with 
perfusion rate of ( a ) 0.1  m L/min and ( b ) 0.3  m L/min for 6 days (Reprinted with permission from 
 [  124  ] . Copyright [2011], American Institute of Physics)       
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 [  140,   146  ] . Gupta et al. discusses the control of soluble factors in a review on the 
study of stem cell biology by micro fl uidics  [  147  ] . 

 Gomez-Storb et al. developed an automated micro fl uidic system; this was able to 
create arbitrary culture media formulations in 96 independent culture chambers. This 
system was able to screen culture conditions such as seeding density, composition of 
culture medium, and feeding schedules, while individual chambers were observed by 
time-lapse imaging  [  52  ] . A micro fl uidic system for studying mammalian cells in 3D 
microenvironments was developed by Lii et al.  [  148  ] . This device is capable of real-
time and individually addressable control of 3D microenvironments using a parallel 
array of chambers. They were able to study dynamical interactions between NIH 3T3 
 fi broblasts and soluble signals from hepatocellular carcinoma cells  [  62  ] . 

 Micro fl uidics also has utility in the control of biochemical microenvironment for 
tissue explants or micro-organoid culture. This application of micro fl uidics is aptly 
called “organ-on-a-chip.” Gunther et al. have devised an ingenious micro fl uidic design 
for sealing and maintaining a viable arterial segment on a micro fl uidic chip  [  149  ] . 
Blake et al. were able to support viability of a rat brain slice by generating laminar  fl ow 
layers above and below the slice  [  150  ] . The Ismagilov group employed micro fl uidics 
to investigate mechanisms regulating spatial dynamics of hemostasis (blood clotting) 
and early patterning of the drosophila embryo  [  151  ] . In the future it may be possible to 
study the 3D assembly of stem cell-derived tissues by micro fl uidics.  

    19.5.3.2   Biomechanical Environment 

 Biophysical properties such as matrix stiffness  [  152,   153  ]  and  fl uid shear stress 
 [  154,   155  ]  play important roles in differentiation, cell spreading, motility, and hap-
tokinesis. Moraes and colleagues reviewed micro fl uidic technologies for control-
ling of mechanical microenvironment  [  156  ] . 

 Fluid shear stress plays an important role in determining endothelial cell shape 
and remodeling vascular architecture. When exposed to  fl uid shear stress, endothe-
lial cells elongate with their long axis aligning in the  fl ow direction. They also pro-
duce vasodilating substances such as nitric oxide (NO), prostacyclin, and C-type 
natriuretic peptide  [  155,   157  ] . 

 For many years the biomechanical microenvironment has been overlooked as a 
determinant of stem cell behavior. Gilbert and colleagues reported that when muscle 
stem cells were cultured on a substrate softer than polystyrene, their survival was 
enhanced and they were able to regenerate and repair damaged muscle  [  158  ] . Park 
et al. reported that the viability and morphology of mouse  fi broblasts was higher on 
stiffer PDMS matrices  [  159  ] . Yamamoto and colleagues reported that shear stress 
induces Flk-1 +  differentiation of mouse embryonic stem cells (mESCs)  [  155  ] . Fluid 
shear also increased expression of the vascular endothelial cell-speci fi c markers 
Flk-1, Flt-1, vascular endothelial cadherin, and PECAM-1 at both the protein and 
the mRNA levels  [  155  ] . Adamo and colleagues demonstrated that  fl uid shear stress 
augmented the expression of  Runx1  in CD41 +  c-Kit +  hematopoietic progenitor cells 
and increased hematopoietic colony-forming potential using mouse ESCs  [  160  ] . 
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 A  fl uid shear gradient was created in a microchannel (see Fig.  19.7a, b ) to study 
the effect of  fl uid shear stress on cell attachment and migration  [  154  ] . For wall shear 
stress between 4 × 10 −4  and 16 × 10 −4  Pa, both cell attachment times and migration 
distances increase (see Fig.  19.7c, d ). Such devices will be useful for assessing the 
role of shear stress in stem cell differentiation and migration.   

    19.5.3.3   Gradient Generation 

 Cells direct migration of other cells by secreting chemokines, growth factors, and 
other factors into their local microenvironment. These biochemical gradients play a 
central role in directing cell migration during embryonic development or repair/
regeneration of damaged tissues by stem cells or their differentiated progeny  [  161  ] . 
Traditional methods for generating chemical gradients such as the Boyden chamber 
 [  162  ] , Zigmond chamber  [  163  ] , Dunn chamber  [  164  ] , and micropipette-based 
assays  [  165,   166  ]  do not offer the level of control provided by micro fl uidic designs 
 [  161,   167  ] . 

 Micro fl uidic gradient generators are classi fi ed into  fl ow- and diffusion-based 
designs. Flow-based devices generate gradients by combining  fl uid streams with 
different solute concentrations and require convective and diffusive mixing to  create 
gradients. On the other hand, diffusive devices purely rely on the passive  fl ux of 
molecules between a source (high concentration) and sink (low concentration). 
According to Fick’s law of diffusion at steady state, diffusion-based devices  generate 
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a linear gradient between the source and sink  [  161  ] . Gradients can also be generated 
with solids  [  168  ]  to control stiffness  [  169  ]  and gases such as oxygen  [  170  ] . 

 There are now many studies that employ micro fl uidic devices for generating solu-
ble gradients. Sip and co-workers developed a multilayer micro fl uidic cell culture 
device enabling mixing and generation of stable chemical gradients  [  171  ] . Sahai and 
colleagues developed a two-layer micro fl uidic network where pneumatic control 
channels were bonded to the bottom of a glass Petri dish to generate biochemical 
gradients by laminar  fl ow  [  172  ] . Chung et al. developed a gradient generator that 
could reversibly bond with a Petri dish to generate gradients of soluble factors  [  173  ] . 

 The Jeon group cultured human neural stem cells for a week in epidermal growth 
factor,  fi broblast growth factor 2, and platelet-derived growth factor gradients  [  174  ] . 
They were able to examine the effect of growth factor concentration on neural stem cell 
proliferation and differentiation by time-lapse imaging. The Lee group utilized a osmo-
sis-driven pump to generate fetal bovine serum gradients for study of human mesen-
chymal stem cell biology  [  175  ] . The same group cultured neural progenitors derived 
from human embryonic stem cells in continuous cytokine gradients for 8 days  [  176  ] . 
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They correlated sonic hedgehog concentrations with neural differentiation, neuronal 
cell body clusters, and neurite formation  [  176  ] . The Beebe group studied human 
embryonic stem cell colony formation using a micro fl uidic gradient generator  [  177  ] .   

    19.5.4   Control of pH and Media Oxygenation 

 Metabolic factors play a crucial role in cell development. Mammalian cell culture 
utilizes NaHCO 

3
  added to media with a 5 % CO 

2
  in air gas phase  [  178  ] . This buffer 

system effectively maintains the pH in the range of 7.2–7.4. When it is not possible to 
control the partial pressure of carbon dioxide in microdevices, the buffer 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) is added to media. The 
high permeability of PDMS to carbon dioxide allows one to control pH in micro fl uidics 
using NaHCO 

3
  buffers. The Groisman group developed two-layer micro fl uidic devices 

(see Fig.  19.8 ) with on-chip gas mixing  [  170  ] . The gas and  fl ow layers were separated 
by a 50- m m PDMS membrane. O 

2
  and CO 

2
  supplied to the gas layer permeated into 

the cell culture network providing precise control of dissolved O 
2
  and CO 

2
 .  

 Oxygen plays a central role in modulating transcriptional pathways during devel-
opment and tissue repair. The oxygen permeability of PDMS has led to many inno-
vative designs for control of oxygen concentration  [  179–  183  ] . Grist et al. have 
reviewed optical O 

2
  sensors for application in micro fl uidic cell culture  [  184,   185  ] . 

 Alder et al. designed a two-layer micro fl uidic network with a computer-controlled 
multichannel gas mixer to generate linear, exponential, and non-monotonic O 

2
  gradi-

ents for cell culture  [  186  ] . Thomas and colleagues exploited pre-equilibrated aque-
ous solutions in gas-control channels to regulate the oxygen concentration in static 
micro fl uidic chambers  [  187  ] . Chen et al. developed a single-layer micro fl uidic net-
work with a middle channel (1 mm wide) for cell culture and two parallel side chan-
nels (100  m m in width) for oxygen generation by chemical reactions. The O 
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during the reaction in pneumatic channels permeated through 50- m m-thick mem-
branes into cell culture channels and could generate O 

2
  gradients along the channel 

 [  188  ] . This device generates O 
2
  gradients without connection to an external source.  

    19.5.5   Temperature Regulation 

 Maintaining a constant temperature is critical for on-chip cell culture. This is achieved 
by (a) placing the micro fl uidic device inside an incubator, (b) enclosing the device 
within an environmental chamber that controls temperature, or (c) integrating a 
microheater within the device. Most studies utilize a standard tissue culture incubator 
without live-cell imaging  [  98,   189  ] . Both environmental chambers  [  190  ]  and embed-
ded microheaters  [  191,   192  ]  are compatible with live-cell imaging. 

 Gaitan and Locascio developed an integrated microheating element that was 
embedded in PDMS microchannels  [  193  ] . Glass slide coated with transparent 
indium tin oxide (ITO) electrical-conducting  fi lms generates heat for regulating 
temperature  [  185,   191  ] . As shown in Fig.  19.9 , microheaters and gold temperature 
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  Fig. 19.9    Schematic of an automatic cell culture system  [  185  ] . Heaters and sensor are deposited 
onto the glass slide underneath the PDMS device. The PDMS device has a cell culture area, four 
micropumps, four micro check valves, microchannels, and reservoirs.  Inset  image shows a micro 
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sensors were used for precise temperature regulation (37 ± 0.1°C) for a system that 
was mounted on the stage of an inverted microscope  [  185  ] . Vigolo and colleagues 
have generated temperature gradients using a silver- fi lled epoxy  [  194  ] . Other meth-
ods for regulating heat production within microdevices include boron-doped poly-
silicon  [  195  ] , silver paint  [  196  ] , and  fl exible printed circuits  [  197  ] .    

    19.6   Time-Lapse Imaging and Clonal Analysis 

    19.6.1   Time-Lapse Imaging 

 Compared to discrete observation, continuous imaging of cell fate will enable 
detailed analysis of stem dynamics  [  2  ] . The continuous (or time-lapse) imaging of 
cell growth refers to the imaging of individual cells at intervals in the order of min-
utes so that the movement, division, and proliferation of cells are able to be tracked 
 [  2  ] . Schroeder explained the necessity of continuous imaging of cell growth for 
interpreting observed input and output data  [  2  ] . For a discrete observation with one 
initial cell and four cells at another time point, one does not know the intermediate 
steps or lineage relations of these cells. Therefore, time-lapse imaging is indispens-
able for cell lineage analysis  [  2  ] . In this section recent developments of micro fl uidics 
integrated with time-lapse imaging for cellular analyses will be reviewed. 

 The monolithic design of lab-on-a-chip facilitates direct observations by time-
lapse imaging. Quake’s group pioneered this new  fi eld by integrating time-lapse 
imaging with on-chip cell culture. High-content imaging revealed that motility of 
human MSCs decreased as cells were stimulated with osteogenic medium  [  52  ] . 
King et al. reported the use of  fl uorescent protein transcriptional reporters, live-cell 
imaging, and micro fl uidic perfusion culture to study gene expression programs in 
living cells  [  198  ] . The Lee group studied nanoparticle (drug)-cell interactions using 
both bright- fi eld and  fl uorescent time-lapse imaging for 24 h  [  191  ] . Lee et al. stud-
ied the response of cells to a programmable shear environment by live-cell imaging 
 [  199  ] . Albrecht and co-workers employed a micro fl uidic system with long-term 
(120-h) time-lapse imaging of mitotic kinetics and spindle orientation  [  200  ] . Gilbert 
and colleagues cultured MSCs with time-lapse imaging and developed a highly 
automated algorithm to track lineage relationships  [  158  ] . Lecault et al. studied the 
clonal development of hematopoietic stem cells grown in microwell arrays by time-
lapse imaging  [  5  ] . 

 In addition, Rieger and Schroeder discuss developments in  fl uorescent time-lapse 
imaging and single-cell tracking  [  201  ] . Studies of cellular dynamic events at the sin-
gle-cell level using time-lapse  fl uorescence microscopy and automated image analysis 
have been reviewed by Muzzey and Oudenaarden  [  202  ] . Vasdekis and co-workers 
reviewed single-molecule imaging in micro fl uidics  [  203  ] . Chirieleison et al. reviewed 
live-cell imaging technical issues such as automated microscope stages, environmen-
tal control systems, image acquisition systems, and image analysis  [  204  ] .  
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    19.6.2   Clonal Analysis 

 Clonal analysis is of fundamental importance for in vitro cell expansion, gene 
therapy, tissue repair, and study of stem cell biology  [  205  ] . For example, 
hematopoiesis is maintained by a relatively small number of HSCs, and lineage 
commitment occurs early on in development. So the study of highly puri fi ed 
stem cells at a clonal level is necessary  [  205–  207  ] . Commonly applied method-
ologies for clonal tracking involve genetic mosaics, single-cell transplants, retro-
viral marking, recombination, and single-cell imaging both in vivo and in vitro 
 [  208  ] . In vitro time-lapse imaging has been extensively applied for clonal analy-
sis using conventional culture platforms such as  fl asks, Petri dishes, and well 
plates  [  201,   209  ] . 

 Recently, the integration of time-lapse imaging with microwell culture has 
enabled high-throughput clonal analysis. Chin and colleagues studied adult rat neu-
ral stem cell proliferation using a microwell culture  [  112  ] . Lindström et al. demon-
strated the utility of microwell arrays for the clonal analysis of both mESCs and 
hESCs  [  210  ] . 

 To date, there are only a few studies that combine clonal analysis using 
micro fl uidic perfusion culture integrated with continuous time-lapse imaging, 
probably due to the added complexity of combining these technologies within a 
single platform. Lecault et al. has imaged hematopoietic stem cells cultured in 
1,600 microwells with media perfusion every 5 min for 60 h  [  5  ] . Chen et al. have 
also developed microwell perfusion culture. A large number of clones are grown 
over a relatively small area, so an automatic microscope can scan hundreds of 
colonies in a few minutes. For example, 500 microwells were scanned at 3-min 
intervals for 6 days, providing live-cell movies for over 1,000 clones  [  124  ] . 
Continuous live-cell imaging provides a division tree (see Fig.  19.10b ), showing 
lineage relationships for each clone in culture. However, the task of analyzing the 
large volume of video data (terabytes) is limiting application of high-throughput 
cell lineage mapping. There are simply not enough human resources to manually 
track thousands of cells in these movies. So a major effort will be required to 
automate identi fi cation of cell trajectory paths using phase-contrast time-lapse 
movies  [  158,   211  ] .  

 Stem cell fates are stochastic, so appropriate statistical and mathematical 
methods are required to quantify stem cell differentiation dynamics from hun-
dreds of clonal pedigrees. Nordon and colleagues applied a multi-type branching 
model to describe the development of human cord blood CD 34 +  cells and mouse 
granulocyte-macrophage progenitors at both single- and multiple-cell levels 
 [  212  ] . The multi-type Smith-Martin model is a parametric description of cell dif-
ferentiation dynamics relating growth factors and microenvironment to the rates 
of cell mitosis, differentiation, and apoptosis. These  in silico  models describe 
how microenvironment and developmental history instruct stem cell differentia-
tion dynamics.   
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    19.7   Conclusions and Future Research 

 Micro fl uidics will provide a valuable tool for stem cell study by enabling precise 
control of microenvironment with time-lapse imaging of stem cell fates. Lab-on-a-
chip has the potential of increasing stem cell research output by parallel integration 
and automation, with a dramatic reduction in the quantity of reagents required to 
perform microscale culture experiments. Future research will focus on how to bring 
this technology to the biologist’s lab bench. From this chapter, it is apparent that 
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  Fig. 19.10    ( a ) Still image 
from a video showing cell 
division and movement over 
6 days in a microwell (video 
online) (  http://www.ncbi.nlm.
nih.gov/pmc/articles/
PMC3260560/fi gure/f5/    ). The 
time interval between two 
frames was 6 min. ( b ) Cell 
lineages of four individual 
clones in four wells created 
by manual processing of 
image stacks for 100-h cell 
culture (8,000 images).  Dots  
represent cells  [  124  ] . 
(Reprinted with permission 
from  [  124  ] . Copyright 
[2011], American Institute of 
Physics)       
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most of the research effort is still focused on technical questions; however, the 
 number of studies that successfully apply this technology to answer biological ques-
tions is growing at a rapid pace. Application of this technology to stem cell research 
will require training of researchers with interdisciplinary background who will 
apply this highly quantitative technology to better understand the regulation of stem 
cell fates.      
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  Abstract   Cell-cell communication can be facilitated by manipulation of the topo-
graphical surface structure (biomimetics) in which the cells are cultured. This is 
particularly important for culture of cardiac cells for the enhancing of cell-cell com-
munication. Here, we highlight methods available for generating tissue-like biomi-
metic cell culture platforms.  

  Keywords   Cell alignment  •  Topography  •  Tissue engineering  •  Cardiomyocytes  • 
 Nanofabrication  

  Abbreviations  

  CM    Cardiomyocytes   
  E    Elongation   
  EC    Endothelial cell   
  ECM    Extracellular matrix   
  EF    Elongation factor   
  ESC    Embryonic stem cells   
  hESC    Human embryonic stem cells   
  NNCM    Neonatal cardiomyocytes   
  P    Perimeter   
  PDMS    Poly-dimethylsiloxane   
  PS    Polystyrene   

    K.  E.   McCloskey   
     Graduate Program in Biological Engineering and Small-scale Technologies , 
 University of California ,   Merced ,  CA ,  USA  

   School of Engineering ,  University of California ,
  5200 North Lake Rd ,  Merced ,  CA   95343 ,  USA    
e-mail:  kmccloskey@ucmerced.edu   

    Chapter 20   
 Biomimetic Multiscale Topography for Cell 
Alignment       

      Kara   E.   McCloskey         



472 K.E. McCloskey
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  Ra    Roughness   
  RIE    Reactive ion etching   
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  SF    Shape factor         

    20.1   Physiological Signi fi cance of Controlling Cell Shape 

 It is well documented that many cells respond to topographical surface features by 
changing their proliferation, adhesion or by directed migration and cell orientation, 
called contact guidance. The physiological signi fi cance of controlling cell shape 
behavior for enhancing cell-tissue function is important in a wide variety of cell 
types including neurons  [  1–  3  ] , skeletal muscle  [  4  ] , cardiac muscle  [  5–  15  ] , and even 
corneal and lens epithelial cells  [  16,   17  ] . The alignment of cells in tissue culture 
systems not only enables a more accurate anatomical state but also provides impor-
tant cell-cell signaling cues for inducing proper phenotypic and physiologic 
responses. While most of these studies have addressed microscale topography, 
recent studies have also demonstrated that topography at the nanoscale provides 
some critical cues that also play a role in cell alignment  [  18–  21  ] . Submicron cues 
have also been implicated in the facilitation of critical cellular functions such as cell 
morphology, adhesion, gene regulation, and cell-cell communication  [  18,   21,   22  ] . 

    20.1.1   Cardiomyocytes 

 Mature adult cardiomyocytes (CM) exhibit an elongated rod-like shape and con-
tain well-developed contractile apparatus with intercalated discs as electromechan-
ical cell end-to-end couplings. The existence of an organized contractile apparatus 
in the cardiac cells can be identi fi ed by the striated pattern observed after staining 
for contractile proteins. Gap junctions, located in intercalated discs at the ends of 
cardiac cells, are responsible for rapid propagation of electrical signals between 
the cells. However, in standard tissue culture setups, the CM will often undergo 
dedifferentiation and lose many of these key physiological features, including their 
elongated shape and de fi ned contractile apparatus. It is thought that the dedifferen-
tiation is due to the lack of appropriate microenvironmental cues in prolonged 
cultures. It has been shown that the alignment of cardiac cells not only helps limit 
cell dedifferentiation by increasing the continuity of cell-cell connections but also 
has a profound effect on impulse initiation and propagation velocities  [  23  ] . 
Moreover, cell culture systems that additionally provide signals to induce anatomi-
cal anisotropy of cardiac cells lead to larger cellular coupling resistance in the 
transverse (along short cell axis) compared with the longitudinal (along long cell 
axis) direction, resulting in a smaller velocity but larger maximum slope of action 
potential upstroke  [  23  ] .  
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    20.1.2   Endothelial Cells 

 Despite the fact that endothelial cells (EC) cultured on textured surfaces behave 
more like those on native arteries  [  24  ] , very few works have shown alignment of 
endothelial cells on pattern surfaces. Moreover, oriented cells exhibit greater den-
sity of focal adhesion contacts and better organization with stronger networks of 
actin  fi bers, a highly desirable factor that could aid endothelialization following 
intravascular stent placement  [  25  ] .    One study that examined the alignment of EC on 
rough surfaces (Ra) with peak-to-valley heights up from 0.4 to 1.4  m m did not  fi nd 
very robust EC alignment compared with  fi broblasts  [  26  ] . Another study found that 
EC migration increases on grooved surfaces compared with  fl at controls. However, 
microgrooved poly-dimethylsiloxane (PDMS) chips generated from silicon molds 
with channel depths ranging from 200 nm to 5  m m and constant width at 3.5  m m 
were coated with  fi bronectin. This work found a maximal EC alignment at 90 % in 
the channels with a 1  m m depth  [  27  ] . A third study observed increased EC migration 
on grooved gel surfaces, increasing with groove size up to 22  m m  [  28  ] .  

    20.1.3   Mechanism of Cell Alignment 

 Mechanotransduction is the ability of a cell to sense, process, and integrate the mechan-
ical signals found in their microenvironment leading to subsequent changes in mor-
phology, protein synthesis, and/or cell fate. “It is the conversion of mechanical forces 
into biochemically relevant information”  [  29  ]  and can include sensing and response to 
a wide range of physical cues at the interface between the cells and their surrounding 
matrix  [  29–  31  ] . This includes the mechanical forces shear stress, strain, and compres-
sion, as well as matrix stiffness  [  32  ]  and surface topography. Although these are clearly 
different types of physical signals, the sensing mechanisms within the cells are gener-
ally the same whether the forces are applied externally or internally. It is the cytoskel-
etal proteins that are responsible for mediating mechanical effects in nearly all systems 
 [  30  ] . In adherent cell cultures, it is crucial for the cells to maintain their tight associa-
tion with the diverse connective tissue components that form the extracellular matrix 
(ECM) because the adhesion receptors that mediate cell-cell (cadherin-dependent link-
ages) and cell-ECM (integrin-dependent linkages) contacts and the cytoskeletal ele-
ments (i.e., F-actin, intermediate  fi laments, and microtubules) in which the receptors 
are connected are most strongly implicated in mechanotransduction  [  33  ] . 

 Because integrins serve as receptors for ECM binding (Fig.  20.1 ) and form integ-
rin-anchored focal adhesions through these matrix attachments which connect to 
cytoskeleton elements in the cell, these focal adhesion complexes are thought to be the 
main forces at work in the biochemical sensing and response to topographical cues 
 [  34  ] . The integrins  fi rst act as conduits for transducing physical forces into chemical 
cellular responses  [  35  ] , and then, the forces  concentrated at the focal adhesion sites 
stimulate integrin dimerization and recruitment of focal adhesion proteins paxillin, 
talin, and vinculin  [  36  ] , which connect directly to micro fi laments and indirectly to 
microtubules and intermediate  fi laments  [  37  ] . The forces applied to these adhesion 
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complexes activate integrin-associated signaling cascades that include activation of 
focal adhesion kinase (FAK), extracellular signal-regulated protein kinase, Shc, Rho, 
mDIA1, caveolin-1, G proteins, adenylate cyclase, and protein kinase A, reviewed in 
 [  37  ] . It is this activation of G proteins leading to activation or inactivation small G 
proteins, like Rho, that affects the actin polymerization and actomyosin contractility 
that enables the profound cytoskeletal rearrangements seen in the cell’s response to 
topographical features  [  38  ] .   

    20.1.4   Quanti fi cation of Cell Alignment 

    20.1.4.1   Cell Orientation 

 Cells are described as aligned, nonaligned, or isometric by measuring the angles 
between the major axes and the direction of the channels. Here, cells can be de fi ned 
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  Fig. 20.1    Schematic of proposed integrin-mediated cell signaling. Integrins are receptors for 
ECM, forming integrin-anchored focal adhesions that connect to cytoskeleton elements. Forces at 
these sites can then recruit focal adhesion proteins paxillin ( Pax ), talin ( Tal ), and vinculin ( Vin ) that 
connect to micro fi laments, microtubules, and intermediate  fi laments and activate signaling cas-
cades (Reprinted from  [  34  ] )       
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as “aligned” if their major axes are within ±30° with respect to the wrinkle or chan-
nel direction, and the percentage of cells on the channeled surface were quanti fi ed. 
Index of orientation is another method for evaluation of alignment in which cells are 
de fi ned by the primary orientation with respect to an alignment direction.  

    20.1.4.2   Cell Elongation 

 The presentation of the shortest and longest sides of a cell is one way of assessing 
symmetry. However, the elongation index is a more inclusive parameter for quantify-
ing how cells respond to changes in topography. Elongation factor (EF) can be cal-
culated by the ratio of the maximal diameter ( D  

max
 ), or length, to the minimal diameter 

( D  
min

 ), or width of a cell (EF =  D  
max

 / D  
min

 )  [  39  ] . The shape factor (SF) has also been 
used to access the geometric shape for endothelial cells  [  40  ] . The SF evaluates the 
perimeter ( P ) squared with respect to area ( A ), SF =  P  2 / A . Another length-related 
index related the perimeter with the elongation ( E ) of a cell,  E  =   p P / D  

max
   [  41  ] .    

    20.2   Microfabrication Approaches 

 The alignment of cells has been studied for the last decade using a variety of micro-
fabrication approaches including microcontact printing, abrasion, photolithography, 
hot embossing, electrospinning, and laser ablation and nanofabrication approaches 
including e-beam lithography and nanoimprint lithography. 

    20.2.1   Abrasion 

 Polyvinyl chloride (PVC) coverslips are microabraded over the entire surface in a 
direction parallel to one of the edges using lapping sandpapers with different grit 
sizes to produce uniformly anisotropic cultures with varying degrees of anisotropy 
or at two different directions in two adjacent regions to form anisotropic cultures 
with sharp change in  fi ber direction. These abraded coverslips can then be cut into 
circular shapes to  fi t wells of a standard 12-well tissue culture plates, rinsed in 95 % 
ethanol, dried using pressurized nitrogen, UV irradiated for 1.5 h to make the PVC 
surface more hydrophilic, and coated with  fi bronectin  [  23  ] .  

    20.2.2   Microcontact Printing and Photolithography 

 Brie fl y, micropatterns are drawn using software in AutoCAD to print high- resolution 
photomasks. With the use of standard soft lithography techniques, the patterns are 
then microfabricated in 5 mm layers of photoresist and spin-coated onto a  silicon 
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wafer. PDMS molds are cast from the microfabricated pattern at 80    °C for 2 h. These 
can then be cleaned in ethanol, inked with  fi bronectin or other matrix protein for 
1 h, and dried with N 

2
  gas. The  fi bronectin micropattern may then be microcontact-

printed from the PDMS stamps onto UV-ozone-treated, PDMS-coated 22 mm glass 
coverslips for 30 min to allow protein transfer  [  23  ] . Photolithography is mostly 
readily used to fabricate 1–2  m m features but can be used to produce features as 
small as 400  m m  [  42  ] .  

    20.2.3   Hot Embossing 

 The mold for hot embossing can be fabricated by standard photolithography for the 
surfaces with 4 mm period grating and deep-UV lithography for the 1 mm period grat-
ing, or the trench can be etched by reactive ion etching (RIE)  [  10  ] . In RIE, a chemically 
reactive plasma is used to remove material deposited on wafers. The high-energy ions 
from the plasma attack the wafer surface, reacting with the material. Hot embossing then 
creates a polystyrene replica of the silicon mold. In hot embossing, the polystyrene pel-
lets are evenly distributed over an area on top of the mold and covered with another  fl at 
wafer. Both the mold and the  fl at wafer are then treated with an anti-adhesion silane 
layer (1H,1H,2H,2H-per fl uorooctyl-trichlorosilane) to facilitate the separation.  

    20.2.4   Nanofabrication 

 Structures with topographical features less then 100 nm are desirable due to the simi-
larity with cellular environments. One of the most common methods to produce nano-
topographies is colloidal lithography. Although e-beam lithography can generate 
much higher resolutions, as small as 4 nm beam diameters, it is only used for generat-
ing masters for replication by mechanical transfer to cell culture substrates or bio-
medical device. Due to the serial writing process to produce the masters, irregular 
spatial patterns are also dif fi cult. Using colloidal lithography or other self-assembly 
technologies, regular and irregular sub-100 nm features can be generated on primary 
patterns  [  42  ] . Moreover, because colloids tend to be composed of materials deviating 
from the base substrate, the heterogeneous chemistries often result in chemical pat-
terning as well as topographical patterning, which can be additionally advantageous.  

    20.2.5   Alternative Solutions 

 Most of these approaches are very time consuming, technically challenging and 
 expensive, and, therefore, inaccessible to many biological laboratories. To address this 
chasm, a tunable, ultrarapid, robust, and inexpensive non-photolithographic fabrication 
method has been developed for the generation of cell culture substrates with  controllable 
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nano- and micro-scale cues. This simple microfabrication method uses prestressed 
polystyrene (PS) sheets that “shrink” upon heating, commonly known as Shrinky 
Dinks ™ . When the polystyrene sheets are coated with a thin layer of metal  fi lm 
(10–100 nm in thickness), the mismatched stiffness between the prestressed polymer 
sheet and the overlying thin metal  fi lm will generate “wrinkles” in the metal during 
shrinkage-induced heating  [  43,   44  ] . The grooves within this metal chip can then be 
used as a mold for generating PDMS cell culture platforms that retain the topography 
of the metal mold.   

    20.3   Case Study 

    20.3.1   Cell Alignment on Metal-Based “Wrinkles” 

 The unique self-assembled multiscale topographical substrate can be used to align 
CM for increased cell-cell signaling and generation of cardiac tissue monolayers. 
Recently, Luna et al.  [  11  ]  introduced a tunable, ultrarapid, robust, and inexpensive 
non-photolithographic fabrication method to create cell culture substrates with 
controllable nano- and microscale cues. The alignment grooves are created by 
leveraging the mismatch in stiffness between a prestressed polymer sheet and an 
overlying thin metal  fi lm  [  43,   44  ] . When the plastic sheet retracts upon heating, 
the stiffer metal  fi lm buckles in a controllable manner causing “wrinkles.” 

    20.3.1.1   Generation of Wrinkle Molds 

 Metal wrinkles are fabricated as reported and described  [  43  ] . Brie fl y, gold-palladium 
is deposited by sputter coating (SEM sputter coater, polaron) at various thicknesses. 
Heterogeneous wrinkle length scales based on varying thickness of metal coating on 
prestressed PS sheets (Gra fi x, Cleveland, OH); coating thicknesses ranged from 15 
to 90 nm, with all thicknesses generating “wrinkles” ranging from 20 nm to 10  m m 
and average wrinkles thicknesses ranging from 800 nm to 1  m m and increasing pro-
portionally with coating thickness  [  43  ] . After deposition, PS sheets are induced to 
thermally shrink by heating to 150–160 °C. Uniaxial wrinkles are generated by con-
straining two opposite sides with binder clips during heating. The deposited metal 
layer on top of the PS sheet-generated aligned wrinkles serves as a soft lithography 
mold for generating PDMS microchips for culturing the cells (Fig.  20.2 ). The anisot-
ropy and length scale of the wrinkles were determined by performing a fast Fourier 
transform of the scanning electron micrograph (Fig.  20.2 ).   

    20.3.1.2   Generation of PDMS Microchip from Wrinkle Mold 

 A mixture of 10:1 ratio of PDMS and curing agent (Sylgard 184 Silicone 
Elastomer Kit, Dow Corning) was poured on the metal mold and set to cure at 
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75 °C. It was then peeled off and cut into to a circle with diameter 15 mm to  fi t 
into 24-well plates. Controls with  fl at PDMS were performed following the 
same procedure.  

    20.3.1.3   Cardiac Cell Alignment of Anisotropic 
Wrinkled PDMS Microchips 

 Neonatal mouse cardiomyocytes (NMCM) and human embryonic stem cell (hESC)-
derived cardiac cells were cultured on laminin- and  fi bronectin-coated wrinkled PDMS 
microchips. Then, we stained the NNCM for gap junction protein Cx 43 (Fig.  20.3a, c ) 

Wrinkle orientation distribution

330

0

30

60
90

120

150

180

210

240
270

300

a b c

d

I

I I

I

IV

I I 1.0

0.8

0.6

0.4

0.2

0.0

P
ro

ba
bi

lit
y

0.1 1 10

Wavelength (μm)

  Fig. 20.2    Fabrication and characterization of multiscale wrinkle substrate. ( a ) ( I ) Metallic layer is 
deposited on prestressed (PS) sheets. ( II ) PS is induced to thermally shrink while constrained from 
opposite sides to generate aligned anisotropic wrinkles. ( III ) The metal wrinkles are used as a soft 
lithography mold to generate a PDMS substrate ( IV ) which is used to culture CM. ( b ) Scanning 
electron micrographs (SEMs) of metal wrinkles (with high-resolution inset) and PDMS substrate. 
( c ) The length scale distribution from fast Fourier transform of SEM images. The critical length 
scale was plotted as a probability function and ranges in critical dimension from the 100 s of nm to 
several microns.  Inset  shows high degree of anisotropy, as quanti fi ed by ( d ) computing a histogram 
of gradient orientations ( thick lines ) and standard deviation ( thin lines ) (Reprinted from  [  11  ] )       
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  Fig. 20.3    Cardiac-like tissue from aligned CM. Fluorescent micrographs of cardiac cells cultured 
on ( a ,  b ) control ( fl at) and ( c ,  d ) wrinkled substrates. ( a ,  c ) Connexin-43 ( green ) and ( b ,  d ) 
N-cadherin ( green ) and actin ( red ) expression by neonatal mouse cardiomyocytes.  Blue  = nuclear 
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wrinkles ) was accomplished by computing a histogram of gradient orientations where the contri-
bution of each pixel was weighted by the gradient magnitude.  Thinner lines  indicate the standard 
deviation (Reprinted from  [  11  ] )       
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and the fascia adherens protein N-cadherin (Fig.  20.3b, d ). Note that the proteins were 
better localized at the cell-cell junctions on the aligned cells as compared to the periph-
erally distributed expression on the isotropic cells. Compared with controls (Fig.  20.3a–
c , top images), hESC-derived CM (Fig.  20.4a–c , bottom images) also aligned and 
displayed the typical banding pattern consistent with organized sarcomeric structure 
patterns. Most importantly, compared with unaligned cells, the alignment of the cardiac 
cells enables synchronous contraction of the cell culture, mimicking more closely the 
native heart tissue ( [  11  ]  #69). This case study demonstrates that both murine neonatal 
CM (NNCM) and CM derived from human embryonic stem cells (hESC) in vitro align 
on wrinkled biomimetic surface topography.    

    20.3.1.4   Endothelial Cell Alignment of Anisotropic Wrinkled PDMS 
Microchips 

 Lastly, we explored the alignment of embryonic stem cell (ESC)-derived EC 
 [  45,   46  ]  on nanoscale wrinkles. The PDMS chips with 510 nm wrinkled microchips 
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  Fig. 20.4    Confocal micrographs hESC-derived CM alignment on wrinkles. ( a ) Human ESC-
derived CM were isolated and cultured on  fl at substrate ( top ) and wrinkled substrates ( bottom ) for 
8 days.  Green  = tropomyosin staining,  blue  nuclear staining DAPI. ( b ,  c ) Human ESC-derived CM 
were also generated using a MLC2v-GFP cell line ( green ) and stained with actin ( red ) and cultured 
for ( b ) 4 days and ( c ) 7 days on  fl at ( top ) and wrinkled substrates ( bottom ). ( d ) Image processing 
was used in order to detect the orientation of the DAPI-labeled nuclei. ( e ) Anisotropy analysis of 
control ( black ) versus green (on wrinkles) showing that 90° is the direction of wrinkles. The  thin-
ner lines  indicate the standard deviations (Reprinted from  [  11  ] )       
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were coated with gelatin and plated with puri fi ed ESC-derived EC. After 3 days of 
culture, 100 % of the ESC-derived EC aligned in the wrinkle direction (Fig.  20.5 ). 
The ability to align the EC is a powerful tool for enhancing cell adhesion for coating 
stents with this antithrombotic surface.    Combining EC culture with vascular-like 
could also provide templates for EC patterning into vascular-like networks for many 
applications in tissue engineering.     

    20.4   Summary 

 The environmental sensing of living cells is a complex biological process displaying 
many features of “intelligent” systems. The cell can sense a wide range of environ-
mental cues, including both chemical signals and physical forces. The integration of 
these signals can have effects on cell morphology, contraction, migration, prolifera-
tion, and programmed cell death, as regulated by the synthesis of speci fi c proteins 
that lead to dynamic cell fate responses. The use of biomimetics to mimic and control 
the cell’s micro- and nano-topographical environment is a powerful tool in control-
ling the cell’s microenvironment leading to enhanced physiological responses.      
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  Abstract   Spinal cord injury (SCI) leads to devastating and permanent loss of 
 neurological function, affecting all levels below the site of trauma. The injured adult 
spinal cord has little self-regenerative capacity due to multifactorial reasons. Tissue 
engineered scaffolds have emerged as a promising approach to promote regenera-
tion of the damaged spinal cord by providing guidance to the regrowing axons. 
Integration of different therapeutic strategies with scaffolds has achieved substan-
tial reestablishment of functional neural connectivity, with some strategies now 
being considered for clinical trials. This chapter presents a comprehensive discus-
sion on the development of scaffold-based strategies currently under investigation 
for spinal cord tissue regeneration. First is a discussion of spinal cord structure, the 
pathophysiology of spinal cord injury, and various SCI animal models for experi-
mental studies. Second is a detailed literature review and discussion of scaffold 
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biomaterials and widely used techniques for scaffold fabrication in the context of 
SCI repair. This chapter then examines various therapeutic strategies currently used 
to repair SCI, including cell therapy, extracellular matrix protein/peptide 
modi fi cation, gene therapy, and molecular therapy.  

  Keywords   Cell therapy  •  Spinal cord injury  •  Tissue engineered scaffolds  •  Scaffold 
biomaterials  •  Electrospinning  

  Abbreviation  

  BDNF    Brain-derived neurotrophic factor   
  ChABC    Chondroitinase ABC   
  CNS    Central nervous system   
  CSPGs    Chondroitin sulfate proteoglycans   
  DRG    Dorsal root ganglia   
  ECM    Extracellular matrix   
  GDNF    Glial cell line-derived neurotrophic factor   
  HA    Hyaluronic acid or hyaluronan   
  IKVAV    Ile-Lys-Val-Ala-Val   
  MAG    Myelin-associated glycoprotein   
  NT-3    Neurotrophin-3   
  OMgp    Oligodendrocyte myelin glycoprotein   
  OPF    Oligo(polyethylene glycol) fumarate   
  PAN/PVC    Polyacrylonitrile/polyvinylchloride   
  PCL    Polycaprolactone   
  PEG    Polyethylene glycol   
  PHB    Poly- b -hydroxybutyrate   
  PHEMA    Poly(2-hydroxyethyl methacrylate)   
  PHEMA-MMA    Poly(2-hydroxyethyl methacrylate-co-methyl methacrylate)   
  PHPMA    PolyN-(2-hydroxypropyl) methacrylamide   
  PLA    Poly( d , l -lactic acid)   
  PLGA    Poly( d , l -lactic-co-glycolic acid)   
  RAD    Arginine–alanine–aspartate   
  RGD    Arg-Gly-Asp   
  SCI    Spinal cord injury   
  SEM    Scanning electron microscopy   
  SIS    Small intestinal submucosa   
  TrkC    Tyrosine receptor kinase C   
  VEGF    Vascular endothelial growth factor   
  YIGSR    Tyr-Ile-Gly-Ser-Arg         
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    21.1   Introduction 

 Spinal cord injuries (SCI) have severe clinical consequences due to neuronal cell 
death at the site of injury as well as the disruption of axonal pathways crossing 
through the site of injury, leading to the devastating loss of sensory and motor func-
tions essential for daily life. Thousands of people suffer SCI due to motor vehicle 
accidents, falls, violence, and sports injuries, among other causes, with the highest 
prevalence in young adults. About 12,000 new cases of SCI occur each year in the 
United States, with the estimated number of Americans living with a SCI in 2010 at 
approximately 265,000  [  1  ] . The enormous health care and living expenses for per-
sons with SCI impose a substantial economic burden on global health-care systems. 
Currently, clinical repair of traumatic spinal cord injury is very limited; statistics 
show that less than 1 % of patients with SCI undergo complete neurologic recovery 
by hospital discharge  [  1  ] . Acute interventions include anti-in fl ammatory methyl-
prednisolone therapy and early reduction, decompression, and stabilization  [  2,   3  ] . 
These interventions generally block secondary neuropathological processes, yet the 
incidence of recovery of neurological function remains highly variable in both acute 
and chronic SCI, and the return of function is almost never complete. 

 In the last two decades, research progress has been made in elucidating the fun-
damental inhibitory mechanisms and pathophysiology that limit regenerative repair 
after SCI  [  4–  8  ] . While basic neuroscience continues to be the predominant focus in 
the  fi eld of axon regeneration, emphasis must also be placed on the development of 
bioengineering strategies by which new basic science advances can realistically and 
effectively be implemented in patients who sustain SCI. In the past few years, con-
siderable progress has been made in the development of bioengineered tissue scaf-
folds for the promotion of spinal cord repair. In this chapter, we will take a close 
look at this progress with emphasis on the pathophysiology of SCI, animal models, 
biomaterials for the construction of scaffolds, fabrication techniques, and strategies 
with tissue scaffolds.  

 Objectives 
     1.    To review current knowledge of spinal cord structure, pathophysiology, 

and spontaneous repair after SCI  
    2.    To survey the different animal models of experimental SCI, with their 

advantages and limits  
    3.    To learn about various natural and synthetic biomaterials that may be used 

for the fabrication of tissue scaffolds for SCI repair  
    4.    To understand current approaches to the design and fabrication of scaffolds 

for SCI repair  
    5.    To consider some of the different therapeutic strategies used with tissue 

scaffolds for SCI repair     
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    21.2   Spinal Cord Injuries 

    21.2.1   Spinal Cord Structure 

 The spinal cord extends from the base of the brain through the vertebral canal to the 
upper lumbar region and is surrounded and protected by the bony vertebral column. 
Its position is intermediate between the brain and the peripheral nerves, and it con-
ducts sensory information upward and motor information downward to coordinate 
various body movements and organ functions. The spinal cord itself also contributes 
to the coordination of certain re fl exes and is the site of central locomotor pattern 
generators that are independent of brain control. The internal structure of the spinal 
cord (Fig.  21.1 ) consists of butter fl y-shaped gray matter in the center and an exter-
nal layer of white matter surrounding the gray matter. Within the gray matter are 
found neurons and the glial cells that support their function. These neurons make 
synapses with each other, and with other distant neurons, to form the intrinsic neu-
ronal circuitry of the spinal cord. The white matter is composed of bundles of 
ascending and descending nerve  fi bers that send and receive information to and 
from the brain and the peripheral nervous system through the transmission of elec-
trical impulses. The ascending white matter tracts carry sensory information, such 
as touch, skin temperature, pain, and joint position, from the body upward to the 
brain, while the descending tracts carry information from the brain downward to 
initiate movement and control body functions. The white matter axon pathways also 
contain glial cells, particularly oligodendrocyte cells that provide a covering of 
insulating myelin to the long nerve  fi bers. Myelination of axons ensures the ef fi cient 
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  Fig. 21.1    Cross-sectional anatomy of spinal cord  [  9  ]  (Reprinted with permission from BMJ 
Publishing Group Ltd.)       
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transmission of electrical impulses along the nerve  fi bers. Surrounding the entire 
spinal cord are protective connective tissue membranes called the meninges, includ-
ing the dura mater, arachnoid mater, and pia mater. The cerebrospinal  fl uid is found 
in the central canal and in the space between the arachnoid and pia mater, which is 
called the subarachnoid space. The cerebrospinal  fl uid provides a stable chemical 
environment for the transmission of electrical impulses, and serves as a cushion to 
protect the delicate nerve tissues against damage inside of the vertebrae.  

 The human spinal cord has 33 different segments: 8 cervical, 12 thoracic, 5 lum-
bar, 5 sacral, and 3 coccygeal. At each segment, right and left pairs of spinal nerves 
emerge to form the major part of the peripheral nervous system. These peripheral 
nerves carry motor information from the spinal cord to the rest of the body and sen-
sory information from the body back to the spinal cord. Cervical nerves in the neck 
supply movement and feeling to the arms, neck, and upper trunk and also control 
breathing. Thoracic nerves in the upper back supply the trunk and abdomen, while 
lumbar nerves in the lower back supply the legs, bladder, bowel, and sexual organs. 
The nerve emerging at each spinal cord segment forms as a union of dorsal and ven-
tral nerve roots (Fig.  21.2 ). Dorsal roots of the peripheral nerves relay sensory infor-
mation to the posterior horn of the spinal cord gray matter, whereas ventral roots 
carry motor information from the anterior horn to muscles and visceral organs.  

 Axon tracts at different positions within the spinal cord white matter convey vari-
ous types of information (Fig.  21.3 ). For example, the fasciculus cuneatus and fas-
ciculus gracilis carry ascending touch information, the anterolateral system carries 
ascending pain and temperature information, and the spinocerebellar tracts provide 
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  Fig. 21.2    Structure of spinal cord and distribution of dorsal and ventral roots  [  9  ]  (Reprinted with 
permission from Sinauer Associates, Inc.)       
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ascending sensory feedback about body movement. Meanwhile, the corticospinal, 
rubrospinal, and vestibulospinal tracts carry descending information that ultimately 
controls muscle movement.  

 When the spinal cord is injured, damage to gray matter will compromise the local 
re fl ex circuitry at that segment. However, the white matter damage is usually of far 
greater clinical signi fi cance. Destruction of a white matter nerve  fi ber pathway perma-
nently interrupts electrical impulse traf fi c in both directions. Sensory information from 
all body regions below the injury cannot reach the brain, and motor information cannot 
be conveyed to levels below the injury. Communication between different levels of the 
spinal cord itself is also interrupted. The current emphasis of tissue engineering for SCI 
repair is to promote regrowth of these essential tracts after injury, which should in turn 
lead to dramatic restoration of sensory and motor functions in SCI patients.  

    21.2.2   Pathophysiology of SCI 

    21.2.2.1   Pathological Processes 

 The pathological sequelae of SCI can be divided into three major phases: pri-
mary, secondary, and chronic. The neurological damage caused at the time of 
mechanical trauma to the spinal cord is called primary injury. Primary injury 
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  Fig. 21.3    Cross-sectional diagram of the spinal cord, showing distribution of some of the major 
ascending and descending tracts essential for neurological functions  [  9  ]  (Reprinted with permis-
sion from Oxford University Press)       
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can occur in many forms, including contusion, compression, and penetrating 
trauma. Cases of complete transection of spinal cord are rare, and only about 
27 % of injuries are caused by laceration, which usually causes massive tissue 
loss, cyst formation, and a signi fi cant invasion of meningeal cells. The remain-
ing 73 % are caused by compression, with the cord surface remaining intact 
 [  10  ] . Primary injuries cause immediate necrotic death of neurons and transec-
tion of nerve  fi bers (axons) at the lesion site. A subsequent cascade of cellular 
and biochemical reactions evolves slowly, causing secondary damage to the sur-
rounding tissue that leads to the further loss of tissue and compromise of neuro-
logical functions. 

 Secondary injury of the spinal cord includes microvascular alterations, edema, 
ischemia, necrosis, free radical formation, lipid peroxidation, excitatory neu-
rotransmitter accumulation, in fl ammatory responses, and other molecular changes 
contributing to further neural damage  [  11–  15  ] . Vascular disruption caused by local 
ischemia, intravascular thrombosis, vasospasm, hemorrhage, and other possible 
causes plays a substantial role in secondary damage  [  16–  22  ] . Lack of blood supply 
results in de fi ciencies of oxygen and nutrients in the traumatized tissue and thereby 
causes a series of injurious events, such as depolarization of the neuronal mem-
brane potential  [  23,   24  ] . The depolarized neurons become more electrically active 
and lead to extensive neurotransmitter release and cyclical excitation of the neigh-
boring neurons in a process called excitotoxicity, which ultimately results in the 
death of more neurons. Accumulation of free calcium also contributes to this pro-
cess  [  24  ] . 

 After the  fi rst few hours following SCI, an in fl ammatory reaction is triggered by 
resident microglia and astrocytes and invading macrophages and neutrophils. This 
in fl ammation is thought to have both destructive and bene fi cial roles with respect to 
spinal cord repair  [  22,   25  ] . One negative consequence is that neurons and oligoden-
drocytes undergo apoptotic cell death, and loss of oligodendrocytes results in the 
demyelination of surviving axons  [  26,   27  ] . 

 Cellular and tissue reactions to SCI can cause the formation of physical and 
molecular barriers to axonal regeneration. Glial scars are created due to a variety of 
cellular changes including reactive astrocytes, oligodendrocytes, macrophages, 
microglia,  fi broblasts, and invading Schwann cells from the peripheral nervous sys-
tem  [  25,   28–  31  ] . After SCI, astrocytes adopt a reactive hypertrophic phenotype, 
proliferating and expressing increased levels of glial  fi brillary acidic protein and 
releasing inhibitory extracellular matrix molecules including chondroitin sulfate 
proteoglycans (CSPGs). Demyelination of surviving axons in the surrounding white 
matter due to death of oligodendrocytes after SCI leaves myelin debris, which con-
tains several axon growth inhibitory proteins including myelin proteins Nogo-A, 
myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein 
(OMgp)  [  32,   33  ] . Removal of the degenerating myelin debris by phagocytotic cells 
during the process of Wallerian degeneration is quite slow following traumatic SCI. 
Other axon growth inhibitory proteins that may be present include ephrin and sema-
phorin  [  34,   35  ] . Removal or neutralization of these inhibitory proteins can result in 
improved axonal regeneration  [  36–  40  ] .  
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    21.2.2.2   Spontaneous Repair 

 Despite the negative pathological features that characterize the spinal cord after 
injury, spontaneous repair processes do occur at lesion sites. Some aspects of the 
in fl ammatory response after SCI might be protective, allowing stressed neurons to 
survive. Furthermore, after injury the reactive astrocytes secrete many cytokines 
and neurotrophic factors, restore the extracellular ionic environment, and upregulate 
various cellular surface molecules and extracellular matrix (ECM) molecules such 
as L1, laminin, and  fi bronectin  [  41–  46  ] . Evidence also shows that reactive astro-
cytes actually protect tissue and preserve function after SCI  [  47  ] . Taking advantage 
of the bene fi cial features of the cellular response to SCI while neutralizing the 
obstructive events might improve the outcome of spinal cord regeneration. 
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  Fig. 21.4    ( a ) Corticospinal neurons project from the cortex and brainstem to networks of interneu-
rons ( I ) and motoneurons ( M ) in the spinal cord. ( b ) A partial injury interrupts the corticospinal 
axons. Limited axonal plasticity ensues, including some collateral sprouts onto propriospinal 
interneurons that bypass the lesion, and sprouting of spared  fi bers below the level of injury. 
( c ) Treatment with ChABC greatly enhances localized axonal sprouting, which has thus far been 
shown for injured corticospinal axons connecting to interneurons ( green ) and growing around the 
lesion ( blue ). Given the extent of ChABC digestion, one may speculate that collateral sprouting of 
spared axons past the lesion ( red ) is also enhanced and that sprouting of interneurons distal to the 
lesion ( brown ) may occur as well. Among all these new connections enabled by ChABC digestion, 
task-speci fi c grasping training would consolidate those that support grasping, whereas “general” 
training would consolidate those that support enriched housing-related skills, such as ladder cross-
ing and rope climbing  [  55  ]  (Reprinted with permission from Elsevier BV)       
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 There are some cellular responses to injury that suggest the possibility of regen-
erative repair. Spared axons near the site of injury can undergo “sprouting,” and 
rearrangement of neural pathways within the spinal cord can take place after SCI, 
though few axons regenerate back to original, distant targets. Corticospinal axons 
sprout into spared propriospinal tracts to increase connectivity with lumbar motor 
neurons  [  48,   49  ] . The cortical sensorimotor area undergoes functional rearrange-
ment and the rubrospinal system reorganizes to compensate for some of the func-
tional loss due to damaged corticospinal tracts  [  49,   50  ] . 

 Neutralization of the inhibitory CSPGs using chondroitinase ABC (ChABC) or 
addition of certain growth-promoting “neurotrophins” can promote the reconnec-
tion of corticospinal neurons with spared spinal cord neurons  [  51–  53  ] . Combined 
with speci fi c rehabilitation training, functional recovery can be improved  [  54  ] . The 
axonal plasticity of the corticospinal tract and the improvement of sprouting by 
ChABC treatment are illustrated in Fig.  21.4 . However, the recruitment of sprouted 
axons does not provide full recovery of spinal cord function.     

    21.3   Animal Models 

 Animal models of SCI provide insights into underlying pathophysiological mecha-
nisms as well as the effectiveness of new therapeutic strategies  [  27,   56  ] . Many of the 
features of experimental SCI in rodents, such as cell death, in fl ammation, axon 
regeneration, or spinal motor pattern generators, are remarkably similar to humans, 
and rodents are the most widely used animal models for SCI repair  [  56  ] . Rodents 
also offer the advantages of low cost, few surgical infections, and ease of care and 
availability. Functional and behavioral analysis techniques have also been well 
established for rodents. 

 Experimental tools have been developed to reliably and consistently contuse the 
spinal cord of rodents to mimic the contusion of human spinal cord. However, the rat 
contusion model has several shortcomings. In rat and human    spinal cord contusion 
injury there is variable sparing of white matter tracts. This, combined with the occur-
rence of axonal regeneration and sprouting of distal segments of surviving axons or 
injured axons in the rat contusion model, complicates interpretation of results from 
experimental studies. Targeted spinal cord transection models have been considered 
more appropriate for accurate analysis of axonal regeneration  [  5,   56  ] . Furthermore, the 
rat contusion model appears to primarily affect the dorsal white matter tracts, while 
both the dorsal and ventral tracts may be affected in humans  [  57  ] . Although the 
pathophysiology of SCI in rodents and humans is quite similar, important differences 
have been noted, including reduced glial scarring, decreased in fl ammation and demy-
elination, elevated Schwann cell in fi ltration, and prolonged Wallerian degeneration  [  5  ] . 
The functional anatomy of the spinal cord (pathway organization) is also different 
between rodents and humans, and considering these differences is essential when inter-
preting experimental data, especially behavioral outcomes  [  58  ] . For example, the cor-
ticospinal tract is vital for  fi ne motor control in humans and nonhuman primates but 
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less essential in rats  [  59,   60  ] . On the other hand, the rubrospinal tract is critical for 
forelimb movement in rats but is considered to be vestigial in humans  [  61  ] . 

 In humans, SCI is most common at the cervical level and it might be more appro-
priate to carry out functional analysis of recovery from cervical SCI in rodent mod-
els of injury  [  62  ] . However, low thoracic injury in rodent animal models is more 
common as this is less traumatic for the animals. In rodents, the close proximity of 
the lower limbs to the lower thoracic cord also leads to more apparent motor func-
tion recovery, which is not the case in humans  [  63  ] . One also needs to be aware of 
the danger of applying experimental results to clinical trials; in one study, patients 
with incomplete SCI had delayed neurologic worsening after Schwann cell trans-
plantation and a vigorous rehabilitation regime  [  64  ] . 

 Other species used as animal models for the study of spinal cord repair include 
marine species and large mammals, such as cats, dogs, monkeys, and pigs. The 
disadvantage of marine models is the small working size, precluding surgical 
maneuvers and device implantation; on the other hand, the ability to manipulate the 
marine genome and dissect complex molecular events is advantageous. Tests on 
large mammalian species (e.g., dog, pig, and monkey) are necessary to better evalu-
ate the ef fi cacy and safety of devices, such as bioengineered scaffolds, to regenerate 
human spinal cord. Ethical issues, extremely high costs, and extensive labor require-
ments limit the application of these models  [  5  ] . The advantage of the cat model for 
SCI is that locomotor activities, such as walking or standing, can be easily trained; 
however, the limitation is that locomotion in cats after injury is strongly in fl uenced 
by the central pattern generator, which is a crucial variance from humans  [  5  ] . 

 A number of different animal models of spinal cord injury are in use, including 
complete transection, hemisection, and contusion/compression injuries. The choice 
of these models of SCI should be guided by the aim of experiments, with the contu-
sion model matched to the study of physiological responses and pathophysiology of 
SCI, the hemisection model to the sprouting of intact  fi bers, and the hemisection/
complete transection models to axonal regeneration or implantation of bioengi-
neered scaffolds designed to foster axon growth  [  5,   56  ] . 

    21.3.1   Contusion Models 

 Contusion animal models best mimic the most common human SCI cases. The con-
tusion models are, however, a poor choice for the application of preformed scaffolds 
as a bridge through the gap due to the irregular geometry of the lesion site. 
Transplantation of living cells or injectable biomaterials that can gel in situ are per-
haps more suitable for contusion models. Moreover, analysis of the axonal regen-
eration response in contusion models is dif fi cult due to the presence of spared axons 
and the sprouting of the spared/injured axons. 

 Several methods have been developed to produce contusions in animal spinal 
cord. The weight-drop contusion model developed in rats mimics the most prevalent 
contusion injury in humans and is comparable with human spinal cord injury in 
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terms of functional, electrophysiological, and morphological outcome parameters 
 [  57  ] . A surgical spring-loaded clip or balloon compression is also useful for creating 
contusions in animal spinal cord models as it can precisely control the length and 
magnitude of the compressive injury; furthermore, no laminectomy is needed for the 
balloon compression to injure the spinal cord. Unlike the weight- drop contusion 
model, however, these two injuries do not mimic true compression injury  [  57,   65, 
  66  ] . Constant displacement of the spinal cord using a modi fi ed surgical forceps can 
also produce reproducible contusion SCI in animals  [  66  ] . Due to the high depen-
dency of SCI pathophysiology on the exact nature of the mechanical trauma, more 
sophisticated methods using computer-controlled impactors to produce contusion in 
animal spinal cords have been attempted. Such devices are very attractive as a method 
to create spinal cord contusions due to high reproducibility and the capacity to titrate 
the degree of injury. However, they have the disadvantages of high costs, variable 
completeness of the lesion, and suboptimal analytical methods to determine the dis-
tinction between the spared and regenerated neural tissues  [  56  ] .  

    21.3.2   Hemisection Models 

 In humans, laceration results in the disruption of dura mater of the spinal cord and can 
be mimicked by hemisection/partial section animal models using a surgical microknife 
or microscissors  [  67,   68  ] . With hemisection models, either injectable or preformed scaf-
folds or a section of peripheral nerve can be used to bridge the cavity  [  69–  72  ] . Animals 
receiving unilateral hemisection injury maintain bladder and bowel function, which 
eases the labor-intensive postoperative animal care. Similar to the contusion model, 
however, hemisection models can also have the problem of differentiating regenerating 
axons from spared axons as well as collateral sprouting of spared/injured axons.  

    21.3.3   Full-Transection Models 

 Full transection of the spinal cord is rare in humans. However, full transection ani-
mal models are used to evaluate the ef fi cacy of transplanted devices for promotion 
of axonal regeneration as they preclude the involvement of spared axons and spon-
taneous plasticity after SCI. Pathological changes and subsequent neurological out-
comes are quite stable after complete spinal cord transection  [  73  ] . These features 
enable distinct differentiation between regenerating axons and spared axons and 
thereby allow reliable evaluation of therapeutic strategies for spinal cord repair. The 
disadvantages of transection models include surgical complications, such as insta-
bility of the spinal column, as well as greatly increased dif fi culty in postoperative 
animal care  [  5  ] . Despite this, increasing numbers of experiments are investigating 
implanted scaffolds for promotion of axonal regeneration and function recovery in 
complete transection animal models  [  74–  76  ] .   
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    21.4   Scaffold Biomaterials 

 Implantation of substrates such as cellular grafts can promote regrowth of axons 
after SCI. However, the growth of axons is highly random and does not extend 
past the graft site to reenter host tissue  [  64  ] . Arti fi cial tissue scaffolds are designed 
to provide mechanical support for axonal regrowth and to potentially serve as a 
local delivery system for growth-promoting factors, growth-inhibitor neutralizing 
agents, or other therapeutic drugs as well as a carrier for supportive cells that 
might facilitate repair. Biomaterials selected for construction of tissue scaffolds 
for spinal cord regeneration should meet the following criteria: biocompatibility 
with the host tissue to avoid adverse immune reactions, an adjustable rate of deg-
radation, and degradation products that are nontoxic  [  8  ] . Speci fi c to the needs of 
spinal cord repair, scaffold biomaterials should ideally also have the ability to 
reduce astrocytic reaction and  fi broblastic gliosis and allow for cell adhesion and 
axonal regrowth. A variety of biomaterials, both synthetic and natural, have been 
examined for their suitability to fabricate tissue scaffolds in different tissue engi-
neering strategies. 

    21.4.1   Natural Biomaterials 

    21.4.1.1   Collagen 

 The role that collagen protein might play in spinal cord regeneration is controver-
sial: on one hand, collagen can promote neural cell attachment and growth; on the 
other hand, it is a component of glial scars, which might impose a physical and 
chemical barrier for axonal regeneration after SCI  [  77,   78  ] . Scars consisting of col-
lagen meshworks have been shown to incorporate factors that are both inhibitory 
and stimulative for axonal regeneration  [  79  ] . Moreover, collagen hydrogels of high 
concentration can impede axonal regeneration  [  80  ] . Despite the unknown cellular 
and molecular mechanism of collagen in nerve repair, positive outcomes of both 
in vitro and in vivo studies indicate that its potential application in spinal cord 
regeneration is quite promising. 

 Aligned electrospun collagen nano fi bers could direct the outgrowth of axons 
from dorsal root ganglion (DRG) neurons in vitro and a spiral tube of collagen 
nano fi bers supported axon sprouting. Collagen also limited the astrocytic response 
at the boundary of the lesion site in vivo  [  81  ] . Provided that the nanostructure of the 
collagen scaffold mimics the extracellular matrix of native tissue, 3D scaffolds 
composed of electrospun collagen nano fi bers should show excellent cell compati-
bility and may be bene fi cial for the functional recovery of injured spinal cord. 
A  collagen-binding domain can be incorporated into brain-derived neurotrophic 
factor (BDNF), then the collagen-binding BDNF loaded into collagen scaffolds; 
when transplanted into the hemisectioned rat spinal cord, such scaffolds resulted in 
neuroprotection and signi fi cant functional recovery  [  82  ] . Further modi fi cation to 
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the BDNF-loaded collagen scaffolds has also been attempted, through addition of 
 neutralizing antibody to the epidermal growth factor receptor activation (which is 
downstream of the signaling pathways of such regeneration inhibitors as myelin-
associated proteins and CSPGs). The outcome of this triple-functional collagen 
scaffold was superior compared to the bifunctional one in terms of neural regenera-
tion, recovery of synaptic transmission, and prevention of the formation of glial 
scars  [  83  ] . More corticospinal tract  fi bers grew into the collagen matrix, and partial 
functional recovery was achieved despite no corticospinal tracts regrowing into 
areas caudal to the implant  [  84  ] . Transplantation of different chemically cross-
linked collagen-based scaffolds into a complete transection model in the rat spinal 
cord indicated the collagen biomaterial was helpful for SCI repair as it aligned the 
reparative tissue with the long axis of the spinal cord, reduced scar formation, 
ef fi ciently delivered living cells containing a transgene for neutrophins, and inhib-
ited the collapse of musculature and connective tissue into the defect  [  85  ] . Combined, 
this evidence demonstrates the potential of collagen as a biomaterial for scaffolds 
aimed at enhancing spinal cord regeneration.  

    21.4.1.2   Alginate 

 Alginate is a naturally occurring, water-soluble, anionic polysaccharide extracted 
from brown algae. Due to its excellent biocompatibility, low toxicity, bioresorption, 
and mild gelation by cross-linking with divalent cations, alginate has been widely 
used for wound dressings and in tissue engineering to encapsulate and implant vari-
ous growth factors or cell types into lesion sites to enhance the rate of tissue regen-
eration  [  86–  89  ] . Chemical modi fi cations such as carbodiimide-mediated amide 
bond formation of carboxyl groups in alginate with polyethylene glycol diamines, 
methyl ester  l -lysine, or adipic hydrozide enable control over the swelling and 
mechanical properties of alginate hydrogels  [  90,   91  ] . Incorporation of polylactic-
co-glycolic acid (PLGA) microspheres loaded with alginate lyase in alginate hydro-
gels helps to control their degradation rate  [  92  ] . Application of alginate-based 
hydrogels for the regeneration of spinal cord has been widely tested, demonstrating 
no allergic or in fl ammatory reactions and providing guidance over axonal regrowth 
with the formation of functional synapses  [  93,   94  ] . Alginate hydrogels with a highly 
anisotropic capillary structure have been shown to support highly oriented linear 
axonal regrowth and reinnervation of appropriate target neurons  [  95  ] . One concern 
with respect to the application of alginate hydrogels for spinal cord repair is that the 
hydrophobic alginate polymer does not promote cell adhesion or neurite outgrowth 
 [  96  ] . Attempts have been made to covalently modify alginate hydrogels with lami-
nin protein, laminin peptides (Tyr-Ile-Gly-Ser-Arg: YIGSR and Ile-Lys-Val-Ala-
Val: IKVAV), and  fi bronectin peptides (Arg-Gly-Asp: RGD) for the construction of 
three-dimensional culture systems for neural cells and to promote axon outgrowth 
 [  97  ] . Soft alginate hydrogels prepared by cross-linking with substoichiometric con-
centrations of Ca 2+ , Ba 2+ , and Sr 2+  cations at no greater than 10 % of all potentially 
available gelation sites were cell adhesive for rat and human neurons, favored  neurite 
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outgrowth, and protected neurons against oxidative stress  [  98  ] . Microencapsulation 
of  fi broblasts genetically engineered to produce BDNF in alginate hydrogels resulted 
in outgrowth of axons from DRG neurons in vitro and promoted axonal regrowth 
and partial recovery of forelimb usage in an injured rat spinal cord  [  88,   99  ] . Overall, 
alginate has considerable potential for application to spinal cord repair, but 
modi fi cation of the physical and chemical properties of alginate hydrogels requires 
additional preparative steps.  

    21.4.1.3   Agarose 

 Agarose is a linear polysaccharide derived from seaweed; speci fi cally, it is an 
alternating copolymer of 1,4-linked 3,6-anhydro- a - l -galactose and 1,3-linked 
 b - d -galactose. Agarose is thermoresponsive and can gel at temperatures ranging 
from 17–40 °C, depending on the degree of hydroxyethyl substitution on its side 
chains. Due to this characteristic, attempts have been made to inject dissolved 
agarose into SCI lesion sites, where it can be rapidly cooled in situ using liquid 
nitrogen vapor  [  71  ] . The advantage of such injectable scaffolds is that they can 
conformably  fi ll irregular-shaped lesions and no invasive surgical procedure is 
required. When loaded with neurotrophic factors, scaffolds tested in a dorsal over-
hemisection rat model encouraged axon outgrowth into the scaffolds and reduced 
in fl ammatory responses, with decreased reactive astrocytosis and deposition of 
inhibitory CSPGs  [  71  ] . Agarose gels prepared with different concentrations of 
agarose solution have concentration-dependent stiffness pro fi les, which affect 
axon extension by DRG neurons in vitro  [  100  ] . Stokolsa and Tuszynski success-
fully used a freeze-dry process to create agarose nerve guidance scaffolds with 
uniaxial linear channels (Fig.  21.5 ), which they tested with and without inclusion 
of recombinant BDNF in an adult rat model of SCI  [  101,   102  ] . Axons grew 
through the scaffolds in a linear fashion, and the incorporation of BDNF 
signi fi cantly promoted regeneration (Fig.  21.6 ). Templated agarose scaffolds were 
also able to orient and provide guidance to local spinal cord axons after SCI  [  103  ] . 
When treated with combination therapies of nerve guidance scaffolds with autolo-
gous bone marrow stromal cells expressing neurotrophin-3 (NT-3), lentiviral vec-
tors expressing NT-3 beyond the lesion site, and priming lesions of the sensory 
neuronal cell body to stimulate the endogenous growth state of the injured neuron, 
almost all axons entering the scaffolds were able to grow the full length of the 
lesion cavity, far more than if cell suspension grafts alone were used (Fig.  21.7 ). 
Only the group receiving the full combination of treatments had axonal regenera-
tion beyond the lesion site, though the axons were unable to re-penetrate the host 
spinal cord due to the reactive cell layer between the distal aspect of the scaffold 
and host tissue  [  70  ] . A problem with these scaffolds with uniaxial channels is that 
the axons cannot penetrate the agarose walls; thus, using implants with anatomi-
cal guidance channels positioned for major ascending and descending axon tracts 
in combination with different therapeutic strategies to promote axonal regenera-
tion would be bene fi cial.     
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    21.4.1.4   Chitosan 

 Chitosan is a glycosaminoglycan carbohydrate polymer derived from chemical 
deacetylation of chitin, the major structural polysaccharide found in crustacean 
and insect exoskeleton. Cells can adhere to chitosan due to its positive charge, 
which is a function of the degree of alkaline deacetylation  [  104  ] . Chitosan has the 
advantages of being relatively inert, not eliciting a chronic immune response, and 
maintaining the physical integrity of scaffolds up to 1 year in vivo  [  105  ] . Chitosan 
particles as NT-3 carriers permitted the survival and differentiation of neural stem 

a b

  Fig. 21.5    Freeze-dried agarose scaffolds implanted in a complete transection model, promoting 
extensive linear axonal regeneration. Scanning electron microscopic (SEM) images of agarose 
scaffolds in ( a ) longitudinal or ( b ) cross-sectional orientation. Scale bar ( a ,  b ) = 100  m m  [  70  ]  
(Reprinted with permission from Elsevier BV)       

a

c

b

  Fig. 21.6    Labeling of axon neurites within the channels of freeze-dried agarose scaffolds. 
Neuro fi lament labeling demonstrates penetration and linear growth of axons within channels of 
freeze-dried agarose scaffolds ( a ) lacking growth factor and ( b ) incorporating 2  m g recombinant 
human brain-derived neurotrophic factor BDNF into the walls and matrix- fi lled lumen of individ-
ual channels. ( c ) Best example of linear axonal growth through complete length of channel.  Scale 
bars  = 100  m m  [  101  ]  (Reprinted with permission from Elsevier BV)       
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cells into neuronal phenotypes while reducing the consumption of neurotrophic 
factors in cell transplantation therapy for brain and spinal cord injuries  [  106  ] . 
Recent work by Shoichet and coworkers demonstrated the use of chitosan in 

2. Lenti-NT3
beyond lesion

Spinal cord

1. Scaffold
into lesion

3. Conditioning lesion
a

b

c
d

e f

  Fig. 21.7    Experimental paradigm and main results of combinatorial treatments. ( a ) Schematic of 
experimental paradigm illustrates that subjects underwent dorsal column lesions at C4, scaffold 
implantation ( 1 ), injection of lentiviral vectors expressing NT-3 rostral to the lesion ( 2 ), and con-
ditioning lesions (compression) of the sciatic nerve ( 3 ). Rostral to  left , caudal to  right . 
( b ) Macroscopic scaffold architecture. ( c ) CTB-labeled sensory axons regenerating into scaffold 
also exhibit linear orientation corresponding to the rostral–caudal axis of the scaffold implant and 
spinal cord. ( d ) In contrast, axons labeled by CTB appear randomly oriented in subjects that 
receive non-organized, cell suspension grafts into lesion cavity without scaffold. ( e ) Numerous 
CTB-labeled sensory axons exit scaffold in rostral aspect of lesion site when subjected to combi-
natorial therapy with lentiviral NT-3 injection rostral to the lesion site and conditioning lesions of 
sciatic nerve. Vertical lines indicate scaffold/lesion interface at rostral aspect of lesion cavity; scaf-
fold to right, axon emergence to left. ( f ) Fewer CTB-labeled sensory axons emerge from scaffold 
when lenti-NT-3 is not injected rostral to lesion site; this subject did receive a conditioning lesion. 
 Scale bars   b ,  c ,  d ,  e , and  f , 50 mm  [  70  ]  (Reprinted with permission from Elsevier BV)       
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extramedullary and intramedullary conduits or three-dimensional hydrogel scaf-
folds capable of supporting the survival and differentiation of neural stem/pro-
genitor cells in transected spinal cord  [  107,   108  ] . More cells survived in 
extramedullary chitosan channels seeded with neural stem cells harvested from 
the brain than in those seeded with stem cells derived from the spinal cord  [  107  ] . 
For spinal cord repair, myelinated and unmyelinated axons as well as blood ves-
sels were present in the extramedullary chitosan channel in a full transection ani-
mal model  [  107  ] . Radial glial cells, capable of differentiating into astrocytes, 
oligodendrocytes, neurons, and macrophages in the adult mammalian CNS, 
migrated from spinal cord stumps into the chitosan channel and acted as cellular 
scaffolds for axonal guidance  [  109  ] . In a recent study, chitosan tubes  fi lled with 
semi fl uid type I collagen were shown to provide directional guidance for aligned 
axonal regrowth and promote nerve regeneration across a gap of 4 mm at the tho-
racic spinal level (Fig.  21.8 ). Functional recovery of the essentially paralyzed 
hind limbs was also promoted, as con fi rmed by behavioral evaluation  [  110  ] . These 
studies show the promise of chitosan as a biomaterial for scaffold construction to 
regenerate injured spinal cord.   

a

b

200

100

µm

µm

  Fig. 21.8    ( a ) Anterograde labeling of the corticospinal tract of a rat implanted with a chitosan 
tube  fi lled with semi fl uid type I collagen 12 months after the operation. The labeled regenerated 
tract entered the lesion area from the rostral end of the tube, traversed the lesioned area, and reen-
tered the host spinal cord from the caudal end of the tube ( arrows ). Tracing is identi fi ed by  green  
 fl uorescence. The  white dotted lines  indicate the two ends of the tube. Note that regenerated nerve 
 fi bers traverse the entire length of the tube. ( b ) Higher magni fi cation of the area in the box in a 
 [  110  ]  (Reprinted with permission from Elsevier BV)       
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    21.4.1.5   Fibrin and Fibronectin 

 Fibrin is a protein involved in normal blood clotting. It is produced from  fi brinogen 
by the proteolytic activity of thrombin and forms a cross-linked clot at physiological 
temperature and pH. Both the gelation and degradation rates can easily be con-
trolled by changing the component concentrations of the mixture  [  111  ] . Thus, the 
 fi brin approach can be used as an injectable biomaterial for tissue engineering appli-
cations. For example, injection of a commercial  fi brin sealant (Tissucol ® ) into a 
lesion cavity promoted revascularization and axon growth within the scaffold, 
resulting in improved locomotor function  [  112  ] . Implant of a  fi brin scaffold into a 
subacute dorsal hemisection model of SCI improved axon sprouting and delayed 
the accumulation of reactive astrocytes surrounding the lesion area  [  113  ] . An inject-
able  fi brin/ fi bronectin composite biomaterial demonstrated more axonal ingrowth 
than either component alone  [  114  ] . Based on bene fi cial outcomes of plain  fi brin 
scaffolds for spinal cord repair,  fi brin has been further developed as a delivery sys-
tem for trophic factors (NT-3), therapeutic agents such as ChABC, and cells such as 
bone marrow or neural stem cells, which enhance axon sprouting, reduce the level 
of inhibitory molecules, increase the number of transplant-derived neurons, and 
lead to signi fi cant behavioral recovery  [  115–  119  ] . Overall, application of  fi brin-
based scaffolds for spinal cord repair is quite promising. One main concern in their 
further development is prolonging their in vivo residence time  [  120  ] . 

 Fibronectin is a glycoprotein found in extracellular matrix and plasma. It is involved 
in many cellular processes, such as tissue repair, blood clotting, cell migration/adhe-
sion, and embryogenesis  [  121  ] . A recent study indicates that acute  fi bronectin treat-
ment of the dorsal spinal white matter after contusion injury may prevent the 
development of mechanical allodynia but not thermal hyperalgesia. The connecting 
segment-1 motif of  fi bronectin was found to contribute to this effect. In addition, 
 fi bronectin injection diminished in fl ammation and blood–spinal cord  barrier permea-
bility and blocked the reduction of serotonergic innervation of the super fi cial dorsal 
horn, an important descending brainstem system that modulates pain  [  122  ] . A neuro-
protective effect of  fi bronectin, resulting in decreased lesion size, apoptosis, and axonal 
damage, was recently found to be associated with  fi bronectin peptide PRARIY  [  72, 
  123  ] . When  fi bronectin mats made from  fi brous aggregates of plasma  fi bronectin were 
implanted into hemisected rat spinal cords, they integrated well into the host tissue with 
little or no cavitation and permitted oriented axonal regeneration. Cells such as mac-
rophages, Schwann cells, oligodendrocytes and their precursors, and astrocytes 
in fi ltrated the implants and oriented growth of axons occurred into the mats. Implantation 
of viscous  fi bronectin gel into the lesioned spinal cord yielded similar results except 
that a large cavity formed between the implant and the host tissue, probably due to the 
poor gel-forming characteristics and resultant loss of contact with cavity margins as the 
protein dissipated  [  114  ] . Axonal growth may be associated with laminin deposition and 
cell in fi ltration; for example, the interaction of  fi bronectin with integrin receptors on 
Schwann cells modulates their in fi ltration, and these cells may then act as cellular scaf-
folds for axonal regrowth  [  123,   124  ] . However,  fi bronectin itself can support neurite 
outgrowth and axonal regeneration of adult brain neurons in vitro  [  125  ] .  
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    21.4.1.6   Hyaluronic Acid (HA) 

 Hyaluronic acid (HA) or hyaluronan is a negatively charged, heavily hydrated gly-
cosaminoglycan found in almost all extracellular tissue spaces. It is comprised of 
repeating disaccharide units of  b -1, 4- d -glucuronic acid and  b -1, 3-N-acetyl- d -glu-
cosamine, with its carboxylic and hydroxyl functional groups targeted for chemical 
modi fi cation. HA demonstrates excellent biological properties, being biocompati-
ble, biodegradable, and immunoneutral. It has been investigated for its potential in 
the construction of tissue scaffolds, particularly for SCI repair, as it can inhibit scar 
formation and is involved in such complex cell-signaling events as cell migration 
and attachment, angiogenesis, and axon sprouting  [  126–  128  ] . High molecular 
weight HA hydrogels implanted in a rat model of spinal dorsal hemisection injury 
were found to mitigate astrocyte activation and decrease the level of inhibitory 
CSPG deposition  [  126  ] . This effect is associated with the nonadhesive nature of HA 
hydrogels with respect to in fl ammatory cell in fi ltration as well as its interaction 
with CD44 cell surface receptors on cells such as astrocytes to reduce the 
in fl ammatory response  [  129  ] . In contrast to high molecular weight HA, low molec-
ular weight HA increased cell proliferation and in fl ammation  [  126,   130  ] . The abun-
dant presence of HA in brain and spinal cord development has inspired researchers 
to investigate the possibility of controlling neuronal progenitor cell differentiation 
through fabrication of HA hydrogels with tunable mechanical properties  [  131–  133  ] . 
HA-based scaffolds have been tested in animal models for SCI repair  [  126,   134, 
  135  ] . However, as cells do not readily adhere to HA, modi fi cations of HA scaffolds 
by addition of either ECM components (e.g., laminin, collagen) or cell-adhesive 
polypeptides (e.g., poly- d -lysine) have been attempted  [  136–  139  ] . In addition, 
numerous methods have been developed to chemically modify HA for the con-
trolled release of tethered bioactive agents, such as neutralizing antibody against 
Nogo receptor-66 to block the activity of myelin-associated axon growth inhibitors 
 [  135,   140  ] ; conjugation of Nogo-66 receptor antibody into poly- l -lysine-modi fi ed 
HA resulted in signi fi cantly more angiogenesis and axonal regeneration into the 
implants. 

 Photo-cross-linked HA scaffolds with varying geometries and controlled degra-
dation rates have been recently fabricated using adapted solid freeform fabrication 
techniques (Fig.  21.9 ). Laminin protein has been covalently cross-linked to scaffold 
surfaces using carbodiimide chemistry, which resulted in the adhesion and survival 
of Schwann cells onto the scaffold walls  [  141  ] . This is quite promising for spinal 
cord repair, particularly when scaffolds with anatomical guidance channels are 
combined with controlled distribution of living cells or bioactive agents within the 
guidance channels. Application of multiphoton lithography has resulted in the suc-
cessful fabrication of submicron-sized bovine serum albumin protein structures 
inside HA hydrogels; further modi fi cation of the bovine serum albumin protein with 
laminin-derived polypeptides promoted adhesion and axon outgrowth from cultured 
DRG neurons  [  142  ] . Tests of these HA-based scaffolds in animal models of SCI 
could shed light on their potential for guiding axonal regeneration and promoting 
functional recovery.   



504 M. Wang et al.

a b

c d

e f

  Fig. 21.9    Solid freeform fabrications of hyaluronic acid hydrogels for nerve tissue engineering. 
SEM micrograph of a single-layer scaffold of glycidyl methacrylate modi fi ed hyaluronic acid with 
( a ) hexagonal patterns, ( b ) circular patterns with three channels, and ( c ) circular patterns with more 
than 30 channels. ( d ) Fluorescence micrograph of the cross-section view of the multilumen scaffold. 
 Red   fl uorescent particles were added in the prepolymer solution to better visualize the scaffolds and 
the internal structure post-fabrication. ( e ) Laminin was covalently conjugated to scaffold surfaces. 
Fluorescence micrographs show scaffolds immunostained for laminin. ( f ) Schwann cells seeded on 
laminin-modi fi ed HA scaffolds adhered and remained viable (stained  green  with 2  m M of calcein) 
for 24 h after cell seeding  [  141  ]  (Reprinted with permission from Springer)       
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    21.4.1.7   Acellular Tissue Grafts 

 Acellular scaffolds are grafts of native tissue that retain ECM components and 
organization, but not living cells. Acellular tissue grafts are prepared through vari-
ous chemical and thermal decellularization methods, such as the freeze–thaw tech-
niques and the cold-preserved method from native tissue. This results in acellular 
grafts with structural and functional proteins of ECM components and their origi-
nal three-dimensional distribution, but no immunogenic cellular components 
 [  143–  145  ] . Removal of cellular membranes can eliminate the antigens responsible 
for allograft rejection  [  146  ] . Such grafts have been extensively investigated and 
successfully applied to the repair of skin, bladder, urethra, small bowel, cardiac 
valve, blood vessel, skeletal muscle, peripheral nerve, and even much more com-
plex organs such as the heart and lung  [  146–  157  ] . With respect to the CNS, acel-
lular brain scaffolds implanted in vivo onto chick embryo chorioallantoic membrane 
induced an angiogenic response similar to  fi broblast growth factor-2, a well-known 
angiogenic cytokine  [  158  ] . A recent study successfully extracted an acellular scaf-
fold of spinal cord from Sprague–Dawley rats that retained laminin,  fi bronectin, 
and type IV collagen in the ECM as con fi rmed by immunohistochemistry. These 
scaffolds were judged to be biocompatible in vitro by 3 T3 cell culture and in vivo 
by immunohistochemical analysis after being implanted into the subcutaneous 
back skin of rats (Fig.  21.10 )  [  159  ] . With favorable features including biomimetic 
microstructure, linear guidance pores, and functional ECM proteins similar to 
native spinal cord, acellular spinal cord grafts might be useful for spinal cord repair. 
Indeed, attempts have been made to use extracted acellular peripheral nerve and 
muscle as scaffolds for regenerating axons of the CNS  [  160  ] . Acellular nerve 
grafts, when implanted into a completely transected rat spinal cord, supported 
axonal growth to an extent comparable to that of a fresh nerve graft  [  120  ] . 
Chemically extracted acellular muscle shows good integration with the host tissue 
when implanted into a lateral hemisected adult rat thoracic spinal cord, with sprout-
ing axons growing through the implant in a strikingly parallel and linear fashion    
(Fig.  21.11 ), and the appearance of macrophages/microglia and reactive astrocytes 
was normal  [  160  ] .   

 This  fi nding indicates the potential of acellular tissue grafts for spinal cord repair. 
It remains to be determined which acellular tissue graft provides the best axonal 
regeneration, and research is needed to con fi rm advantages of acellular tissue grafts 
over arti fi cial scaffolds, the latter of which could more easily be modi fi ed and func-
tionalized to implement a variety of therapeutic strategies.   

    21.4.2   Synthetic Biomaterials 

 In contrast to natural biopolymers, synthetic biomaterials have a larger range of pos-
sible chemical modi fi cations that can be tailored for particular applications. 
Characteristics such as mechanical properties and degradation pro fi le in vivo can 
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more easily be adjusted in synthetic biomaterials. Functionalization of polymers by 
surface charge modi fi cation, topographical modi fi cation, and conjugation of trophic 
factors and adhesive biomolecules has resulted in biomaterials with comparable or 
even better properties than natural biomaterials. Speci fi cally for spinal cord 
 applications, synthetic polymers such as poly( d , l -lactic acid) (PLA), poly( d , l -lactic-
co-glycolic acid) (PLGA), polycaprolactone (PCL), poly(2-  hydroxyethyl 

a

c d

b

  Fig. 21.10    Acellular spinal cord SEM observation and images of coincubation with NIH 3 T3 
cells for 72 h. In a cross-section of the scaffold, cells have been removed completely, ( a ) in longi-
tudinal sections ( b ), the ECM and the pore have remained to form three-dimensional network 
structures. After scaffolds were coincubated with NIH 3 T3 cells for 72 h ( d ), NIH 3 T3 cells 
showed no signs of cytotoxicity (loss of adherence, nuclear condensation and cell soma contrac-
tion) and cells proliferated normally compared with cells in control wells ( c ), expanding from 
approximately 50–100 % con fl uency within 72 h  [  159  ]  (Reprinted with permission from Nature 
Publishing Group)       

  Fig. 21.11    Sprouting axons 28 days after surgery, Holmes’ silver stain. ( a ),  a–e : Photomicrographs 
of a coronal section of the spinal cord, including the chemically extracted acellular muscle implant, 
4 weeks after the implantation. The  fi gures show that sprouting axons are present in the rostral, 
middle, and caudal areas of the scaffold. These axons are distributed in a strikingly parallel and 
linear manner. The  arrows  indicate the sprouting axons in the graft. ( b ) A photomicrograph of a 
coronal section in the lesion control group. The  fi gure shows that there are no axons in the lesion 
cavity.  Scale bars : ( a ) and ( b ), 625  m m; ( a ) and ( b ), 125  m m; and ( c ), ( d ), and ( e ), 62.5  m m  [  160  ]  
(Reprinted with permission from Wiley Periodicals, Inc)       
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 methacrylate) (PHEMA), polyethylene glycol (PEG), and poly- b -hydroxybutyrate 
(PHB) have been used. Here, we will mainly focus on those most commonly used: 
PLA, PLGA, PHEMA, PEG, and polypyrrole. 
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    21.4.2.1   Poly( d , l -Lactic Acid) (PLA) 

 PLA is polyester links of lactic acid that can be hydrolyzed in vivo to release lactide 
and, thus, is resorbable and biocompatible. It has been used for spinal cord repair in 
versatile forms, including macroporous foams, multichannel bridges, nano fi bers, and 
micro fi bers. Macroporous foams of PLA with longitudinally aligned pores, when 
implanted into transected adult rat thoracic spinal cord, were well tolerated within the 
injured spinal cord in terms of gliotic and in fl ammatory response, though more axons 
were found in the  fi brin implant control group  [  161  ] . Recently, Tuinstra et al.  [  162  ]  
used multichannel bridges of PLA as the gene delivery system for neurotrophin-
encoding lentivirus for spinal cord regeneration after hemisection. In this study, the 
lentivirus was  fi rst complexed with hydroxylapatite nanoparticles and then the com-
plexes deposited into each channel of the bridge using pipet tips. The combined effects 
of gene delivery and biomaterials were synergistic, leading to increased axon growth 
and myelination of regrowing axons. Aligned PLA micro fi bers promoted long-dis-
tance rostrocaudal axonal regeneration across a gap in rat thoracic spinal cord, to a 
signi fi cantly greater extent than random  fi ber and  fi lm controls (Fig.  21.12 ). Without 
administration of cells, neurotrophins, antibodies, enzymes, or chemical compounds, 
the PLA micro fi bers were able to promote robust axonal regeneration, indicating that 
long-distance axonal regeneration in the CNS is possible without “natural” growth 
permissive substrates  [  75  ] . In the nanoscale range, electrospun aligned PLA nano fi bers 
were found to direct axon outgrowth of DRG neurons and accelerate the processes of 
axon formation by cultured spinal motor neurons  [  163,   164  ] .   

    21.4.2.2   Poly( d , l -Lactic-co-Glycolic Acid) (PLGA) 

 PLGA is another synthetic polymer that has been widely investigated for its potential 
in restoring injured spinal cord. It has been used as delivery system for cells, genes, 
and neurotrophins. In a hemisection rat SCI model, implantation of PLGA scaffolds 
with neural stem cells led to functional improvement for 1 year and was associated 
with decreased tissue loss and glial scar  [  165  ] . When neural stem cells were geneti-
cally transfected with either NT-3 or its receptor tyrosine receptor kinase C (TrkC) 
gene and both types of modi fi ed stem cells were seeded in the PLGA scaffold, the 
grafted neural stem cells were viable in the scaffold for 14 days and a higher percent-
age differentiated toward neurons and established synaptic connections  [  166  ] . Further 
evaluation of the effect of this arti fi cial neural construct on axonal regeneration was 
conducted in a complete transection rat model, where the construct permitted grafted 
stem cells to differentiate into neuronal phenotype and resulted in synaptogenesis, 
axonal regeneration, and partial recovery of locomotor function, though axonal regen-
eration of the corticospinal tract was limited  [  167  ] . Composite biomaterials of PLGA 
and small intestinal submucosa (SIS, derived from the submucosal layer of porcine 
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  Fig. 21.12    Aligned PLA micro fi bers promote extensive axonal regeneration. Immunostaining for 
neuro fi lament (RT97) was used to visualize axons. Representative horizontal spinal cord sections 
for  fi lm ( a ,  d ,  g ), random ( b ,  e ,  h ), and aligned  fi ber ( c ,  f ,  i ) conduits. Aligned  fi bers foster robust, 
time-dependent rostrocaudal axonal regeneration ( c ,  f ,  i ), whereas the same response is absent in 
 fi lm and random  fi ber conduits.  Dotted lines  indicate the walls of the conduits.  Arrowheads  ( e ,  f , 
 h ,  i ) indicate the regeneration front. ( j ) The axonal regeneration response inside aligned conduits 
was markedly linear, shown here in a different animal than presented in ( i ). Serotonergic (5HT+) 
axons were abundant in the robust growth observed inside aligned conduits ( k , inset from adjacent 
section of the same animal in  i ). ( l ) Serotonergic axons were present caudal to the graft in 3/21 
animals (2 random, 1 aligned  fi ber). The distance between the rostral edge of the conduit to the 
“axonal front” was quanti fi ed at all time points ( m ). Remarkably, over 4 weeks, aligned  fi bers 
promote robust, long-distance regeneration (2,055 ± 150 mm), signi fi cantly greater than random 
 fi ber (1,162 ± 87 mm) and  fi lm (413 ± 199 mm) controls. Notably, at 4 weeks, 100 % (7/7) of the 
animals from the aligned  fi ber group had a robust regeneration response present in the middle of 
the conduit compared to 14.3 % (1/7) and 0 % (0/6) in the random  fi ber and  fi lm groups, respec-
tively ( n ). * P  < 0.05 by ANOVA.  Scale bars : ( a – i ), 1  m m; ( j ), 500  m m; ( k ), 150  m m; and ( l ), 50  m m 
 [  75  ]  (Reprinted with permissions from Elsevier Ltd.)       
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intestine and consisting of more than 90 % types I and III collagen as well as a wide 
variety of cytokines) displayed  post-implantation in fl ammation intermediate to that of 
PLGA- and SIS-based scaffolds  [  168  ] . When PLGA/SIS scaffolds seeded with rat 
bone marrow stem cells were used to bridge completely transected rat spinal cords, it 
was found that some functional recovery could occur if the gap length was small and 
that axonal regeneration occurred only in the scaffolds containing stem cells  [  74  ] . In 
addition to cell delivery, PLGA has also been used to support a local, acellular gene 
delivery system based on lipoplexes. Lipoplex incubation on ECM-coated PLGA 
resulted in increased gene expression compared to naked plasmid drying methods, 
and the transgene expression lasted for at least 3 weeks  [  169  ] . More recently, PLGA 
bridges with multiple channels were used as a vehicle for localized delivery of lenti-
virus encoding the neurotrophins NT-3 or BDNF. Lentivirus was immobilized to 
nanoparticles and loaded into scaffolds. After transplantation into hemisected rat spi-
nal cord, the multifunctional scaffold resulted in the in fi ltration of macrophages, 
Schwann cells,  fi broblasts, and astrocytes and promoted signi fi cantly more axonal 
regrowth and myelination of axons  [  162  ] . These studies indicate the potential of 
PLGA scaffolds for gene delivery and synergistic effects toward spinal cord regenera-
tion. Moreover, glial cell line-derived neurotrophic factor (GDNF) loaded within 
PLGA nanoparticles can be released and maintains its bioactivity, which increased 
neuronal survival and improved hindlimb locomotor function  [  170  ] .  

    21.4.2.3   Poly(2-Hydroxyethyl Methacrylate) (PHEMA) 

 Nonbiodegradable PHEMA and poly N-(2-hydroxypropyl) methacrylamide 
(PHPMA) hydrogels have long been used in tissue engineering applications, as they 
permit the transport of nutrients, gases, and metabolite waste with mechanical prop-
erties similar to native soft spinal cord. Particularly for spinal cord repair, implants 
of PHEMA sponge hydrogels with biomimetic compressive moduli in rats with 
partial cervical hemisection elicited modest cellular in fl ammatory responses, mini-
mal scarring, and angiogenesis in the implants. Preloading with BDNF promoted 
axonal penetration into the gels but not scarring or angiogenesis  [  171  ] . Acute and 
delayed implantation of positively charged PHEMA scaffolds allowed ingrowth of 
connective tissue elements, blood vessels, neuro fi laments, and Schwann cells into 
the hydrogels with a reduced pseudocyst volume compared to the untreated group 
 [  172  ] . Compared with those with negative or without charge, the positively charged 
PHEMA scaffolds showed more connective tissue deposition, fewer astrocytic 
responses, and increased axonal ingrowth into the central parts of the implant  [  173  ] . 
Macroporous scaffolds with internal neurotrophic factor gradients have been pro-
duced and found to guide axonal outgrowth in primary neuron cultures  [  174  ] . 
Subsequently, PHEMA hydrogels with longitudinally oriented channels were fabri-
cated using PCL  fi bers, which were then dissolved completely by sonication in 
acetone  [  175  ] . Copolymerization of PHEMA with 2-aminoethyl methacrylate scaf-
folds provided the amino groups for covalent incorporation of laminin peptides; the 
copolymer scaffolds enhanced neural cell adhesion and guided axon outgrowth 
in vitro  [  176  ] . Implantation of a synthetic channel composed of poly(2-hydroxyethyl 
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methacrylate-co-methyl methacrylate) (PHEMA-MMA) into completely transected 
spinal cord resulted in axonal regeneration from the brainstem  [  177  ] . Inclusion of a 
biomimetic matrix within the channels improved the total number of regenerated 
axons, but the type of matrix affected their quantity and origin  [  78  ] . 

 NeuroGel TM , a biocompatible porous PHPMA, has the advantages of porous 
structure and diffusion properties similar to that of the developing rat brain, low 
interfacial tension for biological  fl uids, hemostatic properties, and structural stabil-
ity  [  178  ] . When implanted into cat spinal cord, the hydrogel promoted sustained 
tissue formation and angiogenesis and supported directional axonal regeneration 
through the lesion site, accompanied by functional recovery. The regenerated axons 
were myelinated mainly by Schwann cells. PHPMA hydrogels containing RGD 
peptides can be used for the delivery of mesenchymal stem cells to treat chronic 
SCI, with the cells remaining present for up to 5 months. The hydrogels with mes-
enchymal stem cells prevented tissue atrophy, with in fi ltration of axons myelinated 
by Schwann cells, and penetration of blood vessels and astrocytes; the rats also 
showed some functional improvement with this treatment  [  179  ] .  

    21.4.2.4   Polyethylene Glycol (PEG) 

 PEG is a water-soluble surfactant polymer that has been used as a membrane repair 
agent. It is biocompatible and has a neuroprotective effect, can repair disrupted 
plasma membrane, inhibit free radical production, and reduce oxidative stress  [  180–
  182  ] . Recent work by Luo and Shi  [  183  ]  indicates that PEG also reduces apoptotic 
cell death after traumatic SCI. PEG was found to improve mitochondrial function 
and reduce the release of cytochrome  c , a proapoptotic cell death factor; this might 
account for its effect on reducing apoptosis. PEG has been shown to recover the 
anatomical integrity of injured spinal cord and establish conduction of nerve impulses 
through the lesion with some behavioral recovery  [  184  ] . These results indicate that 
further studies of PEG for applications to spinal cord repair are warranted.  

    21.4.2.5   Polypyrrole 

 Electrical stimulation has been widely evaluated for its effect on SCI repair as it can 
modify cellular activities, including cell migration, cell adhesion, DNA synthesis, 
and protein secretion  [  185–  187  ] . Protein adsorption on scaffolds can be enhanced by 
electrical stimulation, which further promotes cell adhesion and neurite outgrowth 
 [  188  ] . The potential bene fi ts of electrical stimulation inspire the development of 
electrically conductive scaffolds for tissue engineering applications. Polypyrrole is 
the most commonly used electrically conductive polymer and has the  fl exibility to be 
combined with other polymers, such as electrospun PLGA nano fi bers, to form com-
posites  [  189  ] . Its capacity to support the proliferation of nerve cells and neurite out-
growth as well as prevent reactive astrocytic proliferation and scar formation has 
been demonstrated  [  190,   191  ] . However, polypyrrole is nondegradable, and studies 
aimed at fabricating biodegradable polypyrrole scaffolds are needed.    
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    21.5   Fabrication of Scaffolds 

    21.5.1   Design of Scaffolds 

 Many interrelated factors need to be taken into consideration when designing scaf-
folds for spinal cord repair. In general, scaffolds used for spinal cord repair should 
mimic the structural and biological features of the native ECM of spinal cord  [  192  ] . 
Scaffolds intended for tissue engineering applications should possess the basic 
requirements of biocompatibility; a biodegradation rate matched to the formation of 
replacement tissue; nontoxicity; suitable mechanical properties; and high porosity, 
pore size, interconnectivity, and surface area to volume ratio; and the capacities for 
cell surface interaction, axon regrowth, and nutrient transport  [  192  ] . The macro-
structure, microstructure, surface chemistry, surface topography, and elasticity 
modulus of the scaffolds signi fi cantly impact cell behaviors, including cell adhe-
sion, migration, proliferation, and differentiation as well as the orientation and guid-
ance of axonal regeneration and blood vessel formation  [  103,   164,   193–  200  ] . This 
is particularly important for scaffolds targeting spinal cord repair, which requires 
combinatorial strategies such as incorporation of supportive cells, and also pro-
motes the migration of endogenous glial and precursor cells. The various macro-
structures of scaffolds widely used for experimental spinal cord regeneration include 
hydrogels, sponges, single and multichanneled guidance tubes, and nano fi ber scaf-
folds. Solid freeform fabrication of scaffolds with more complex architectures (e.g., 
branches) might be helpful for complicated nerve injuries  [  141  ] . The surface chem-
istry of the biomaterials also needs to be taken into account as it in fl uences the 
interaction of the scaffold with macromolecules and cells. Chemical functional 
groups present on the surface of the biomaterial affect cell behaviors through the 
interaction of receptors on cell membranes with speci fi c ECM proteins absorbed by 
different chemical groups  [  201,   202  ] . Recent studies of the response of neural stem 
cells to materials with different chemical groups in a serum-free culture system 
indicate the chemical groups themselves can impose effects on cell behaviors with-
out the involvement of ECM proteins  [  203  ] . Detailed mechanisms of scaffold sur-
face chemistry properties with respect to cell responses are not well understood. 
Surface topography of scaffolds can in fl uence the orientation of axon growth 
through contact guidance along surface features such as grooves in substrates at the 
micro- and nanoscale  [  204  ] . Thus, microfabrication techniques, such as photoli-
thography and soft lithography, and nanotechnology, such as electrospinning, are 
drawing particular interest from researchers with respect to the fabrication of scaf-
folds with micro-/nanotopographical features. Some excellent review papers pro-
vide detailed information about the topographical cues of scaffolds on axonal 
regeneration  [  204,   205  ] . To better mimic the biological properties of native ECM, 
ECM components are usually included in scaffolds to provide cellular and molecu-
lar signaling for better regeneration. Evidence also shows that the mechanical stiff-
ness of scaffolds in fl uences cell behavior, depending on the cell type and the range 
of moduli presented. Soft substrates promote axon growth but suppress the growth 
of astrocytes  [  198  ] . All of these factors need to be considered and optimized for a 
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given application. Overall, the use of arti fi cial nerve guidance for the repair of SCI is 
in its infancy, and what constitutes an optimal scaffold remains to be de fi ned  [  5  ] .  

    21.5.2   Fabrication of Scaffolds 

 Many novel techniques are currently available for the fabrication of scaffolds with 
controllable and reproducible macro-architecture, microstructure, and biological 
properties for spinal cord repair. Conventional techniques such as freeze dry, melt 
casting, particulate leaching, phase separation,  fi ber templating, and solvent casting 
are incapable of producing complicated architecture and usually involve harsh operat-
ing conditions that limit the incorporation of bioactive proteins or living cells and may 
cause toxicity after implantation. Furthermore, conventional scaffold fabrication tech-
niques lack the precise control of pore size, pore geometry, spatial distribution, and 
interconnectivity of pores. In contrast, novel techniques such as electrospinning, solid 
freeform fabrication, and self-assembly are gaining more attention for the production 
of scaffolds that mimic the structural and biological activities of native tissue. 

    21.5.2.1   Electrospinning 

 Electrospinning can be used to fabricate scaffolds with diameters in the nano- to 
micrometer range, which best mimic native ECM and thus provide a suitable envi-
ronment for cell adhesion, migration, proliferation, and differentiation  [  206  ] . In the 
electrospinning process, polymers are  fi rst dissolved by chemical solvents or melt-
ing before being spun by a very high voltage to form  fi bers. Biomaterials used for 
electrospinning to construct 3D scaffolds for nerve tissue engineering include PLA, 
PCL, PLGA, poly(3-hydroxybutyrate), poly(3-hydroxybutyrate-co-3-hydroxyval-
erate), poly(acrylonitrile-co-methylacrylate), and copolymers of methyl methacry-
late and acrylic acid, polydioxanone, polyamide, and chitosan  [  207  ] . Natural 
biomaterials such as gelatin, collagen, and chitosan as well as ECM protein laminin 
have been combined with synthetic materials for electrospinning, leading to scaf-
folds with enhanced biocompatibility compared to synthetic materials and improved 
mechanical properties compared to natural polymers  [  208–  211  ] . Neural cell prolif-
eration and axon extension can be promoted using electrospun biocomposite mate-
rials. The versatility of electrospinning in manipulating the architecture and 
morphology of scaffolds is achieved through the adjustment of system parameters, 
such as polymer molecular weight, molecular weight distribution, and solution 
properties (e.g., viscosity, surface tension, and conductivity) and process parame-
ters, such as  fl ow rate, electric potential, distance between capillary and collector, 
and motion of collector  [  212  ] . Scaffolds with aligned micro- or nano fi bers have 
been fabricated by electrospinning using an insulated sharp needle and a rotating 
disk collector. The aligned electrospun micro- or nano fi bers can enhance extension 
of axons by sensory and motor neurons in vitro, differentiation of embryonic stem 
cells, and axonal  regeneration of peripheral nerve and spinal cord in vivo  [  75,   196, 
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  211,   213,   214  ] . Robust axonal regeneration was observed in a complete thoracic rat 
spinal cord transection model after grafting of electrospun aligned micro fi ber-based 
scaffolds (Fig.  21.13 ) without incorporation of any bioactive molecules or living 
cells. The regenerating axons originated from propriospinal neurons of the rostral 
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  Fig. 21.13    Schematic detailing materials fabrication process of electrospinning and materials charac-
terization. A custom electrospinning apparatus ( a ) was used to generate aligned polymeric  fi bers. 
Coverslips were mounted on a grounded target, and a rotation speed of 1,500 rpm was used to align 
 fi bers produced by a 15 kV  fi eld potential ( b ). Random  fi bers were generated using a stationary target. 
For conduit assembly,  fi lms with or without electrospun  fi bers were peeled from coverslips ( c ), placed 
back to back ( d ), and rolled ( e ) into conduits ( f ). Random ( g ) and aligned ( i )  fi bers were visualized by 
SEM, and alignment was quanti fi ed by measuring the angle between a given  fi ber and the median  fi ber 
orientation for 150  fi bers per condition ( h  and  j , respectively). Importantly,  fi ber alignment was main-
tained through the process of conduit assembly ( k ,  l ). ( m ) Macroscopic view of aligned  fi ber conduit 
lumen, visualized by mounting a conduit sectioned on the longitudinal axis. ( n ) Coronal view of an 
aligned  fi ber conduit, the diameter of all conduits was 2.6 mm.  Scale bars : 50  m m in ( g ), 100  m m in 
( i ,  k ), and 1 mm in ( m ,  n )  [  75  ]  (Reprinted with permission from Elsevier Ltd.)         
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spinal cord as well as supraspinal neurons of the reticular formation, red nucleus, 
raphe, and vestibular nuclei  [  75  ] . In another innovative study, muscle cells were 
electrosprayed while electrospinning poly (es- ter urethane) urea, resulting in scaf-
folds with a uniform distribution of cells  [  215  ] . This indicates the potential to fabri-
cate scaffolds with biological properties using electrospinning techniques. As toxic 
chemical solvents or high temperatures are required to dissolve most synthetic poly-
mers before electrospinning, the incorporation of cells and/or bioactive molecules 
when fabricating scaffolds using this technique is an issue that requires further 
investigation.   
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Fig. 21.13 (continued)
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    21.5.2.2   Self-Assembly 

 Self-assembly is an alternative fabrication technique to produce nano fi ber network 
scaffolds for CNS regeneration. Advantages of self-assembling nano fi bers include 
diameters within the range of several nanometers to tens of nanometers, high den-
sity of incorporation of bioactive peptide sequences, and tissue-like water content. 
Thus, they better mimic the structure of ECM than electrospun  fi bers. The self-
assembly process is mediated by noncovalent bonds, such as van der Waals forces, 
hydrogen bonds, and electrostatic forces  [  216  ] . Oligopeptides or amphiphilic pep-
tides assemble into nano fi bers and form a gelatinous network when exposed to 
physiological ionic conditions such as tissue culture medium or cerebrospinal  fl uid. 
Hydrophilic groups form a sheath, while the hydrophobic backbones form a core 
 [  217  ] . Currently, self-assembling peptides used for nerve tissue engineering include 
arginine–alanine–aspartate (RAD) 16-I and RAD16-II, IKVAV, and synthesized 
peptide amphiphile. Primary neurons isolated from the cerebellum and hippocam-
pus of mice, or neuron-like PC12 cells, were able to attach, migrate, proliferate, 
extend axons, and form synapses when cultured on RAD 16 self- assembling pep-
tides scaffolds  [  218,   219  ] . Implants of RAD 16-I scaffolds containing Schwann 
cells or embryonic neural precursor cells into the dorsal columns of transected rat 
spinal cord integrated well with the host tissue and led to axonal regeneration. 
Penetration of blood vessels and migration of host cells into the scaffolds were 
observed, and some of the transplanted precursor cells differentiated into neurons, 
astrocytes, and oligodendrocytes  [  220  ] . Injectable peptide amphiphile molecules 
can be applied as a liquid into lesioned spinal cord, where they self-assemble into a 
nano fi ber network to bridge the gap. Neural precursor cells cultured in IKVAV-
containing peptide amphiphile nano fi bers can differentiate extensively into neurons 
while astrocytic development is inhibited  [  221  ] . An in vivo study of IKVAV peptide 
amphiphile nano fi bers in mouse SCI indicated that the nano fi ber network reduced 
astrogliosis, decreased cell death, and increased the number of oligodendroglia at 
the lesion site. Axonal regeneration of motor and sensory neurons through the lesion 
site was observed (Fig.  21.14 ), resulting in signi fi cant behavioral improvement 
 [  222  ] . Despite the bene fi cial outcomes provided by self-assembling peptide scaf-
folds, self-assembly requires complicated procedures and techniques, and precise 
control of the macro-sized pores is dif fi cult  [  223  ] .   

    21.5.2.3   Solid Freeform Fabrication 

 Solid freeform fabrication, also known as rapid prototyping, has gained substantial 
attention recently for the construction of scaffolds for tissue engineering applica-
tions due to its ability to fabricate highly complex, reproducible scaffolds with con-
trollable internal and external architectures and interconnected pore networks. 
Scaffolds are fabricated in layer-by-layer fashion, controlled by a computer. This 
method has the advantages of customized design, anisotropic scaffold microstruc-
tures, and versatile processing conditions, such as solvent- and/or porogen-free 
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 processes and room temperature processing, which are permissive for incorporation 
of pharmaceutical agents, biological macromolecules, or even living cells during 
fabrication  [  224  ] . Importantly, this method can precisely control the distribution of 
supportive cells and biomolecules inside the scaffold interior, potentially enabling 
sophisticated combinatorial strategies to regenerate injured spinal cord. For exam-
ple, DRG neurites preferentially grow upon and follow discrete laminin-blended 
chitosan pathways in scaffolds produced using the method  [  225  ] . The handling of 
natural biopolymers usually does not involve harsh conditions such as organic 
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  Fig. 21.14    Structure of IKVAV peptide amphiphile scaffold and its promotion of motor and sen-
sory axonal regeneration after SCI. ( a ) Schematic representation showing individual peptide 
amphiphile molecules assembled into a bundle of nano fi bers interwoven to produce the IKVAV 
peptide amphiphile. ( b ) SEM image shows the network of nano fi bers in vitro. Representative 
Neurolucida tracings of BDA-labeled descending motor  fi bers within a distance of 500  m m rostral 
of the lesion in vehicle-injected ( c ) and IKVAV peptide amphiphile-injected ( d ) animals. 
Representative Neurolucida tracings of BDA-labeled ascending sensory  fi bers within a distance of 
500  m m of the lesion epicenter in vehicle-injected ( e ) and IKVAV peptide amphiphile-injected 
( f ) animals. The  dotted lines  demarcate the borders of the lesion.  R  Rostral,  C  caudal,  D  dorsal, 
 V  ventral.  Scale bars : ( a)  200 nm and ( c – f ) 100  m m  [  222  ]  (Reprinted with permission from Society 
for Neuroscience)       
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 solvents and high temperature, and thus they are particularly promising for the 
inclusion of cells and biomolecules. Solid freeform fabrication techniques include 
laser technology-based fabrication, such as selective laser sintering and stereo-
lithography; systems based on print technology, such as 3D printing; assembly 
technology-based systems, such as shape deposition manufacturing; and extrusion 
technology-based systems, such as fused deposition modeling, direct 3D plotting, 
multiphase jet solidi fi cation, and precise extrusion manufacturing. Solid freeform 
fabrication techniques can also be used to create a negative mould within which a 
scaffold can be cast using any desired polymeric and/or ceramic biomaterials. 
Detailed descriptions of the advantages and limitations of each freeform fabrication 
technique have been discussed by others  [  224,   226–  228  ] . Here, we focus mainly on 
stereolithography and 3D plotting techniques, as these allow for the incorporation 
of cells and biomolecules for soft tissue applications such as spinal cord repair. 

 Stereolithography uses radical initiated polymerization of biomaterials to con-
struct 3D scaffolds. Compared to other fabrication techniques, these methods have 
high resolution and accuracy and are capable of fabricating micro-sized structures 
with submicron resolution  [  229  ] . Two types of stereolithography setups are used 
depending on the build orientation and method of illumination (Fig.  21.15 ). One uses 
a computer-controlled laser beam to illuminate the liquid resin from above and the 
scaffold is built from the bottom-up on a support platform. The other is a top-down 
approach, where light is projected on a transparent, nonadhering plate from under-
neath and the support platform is dipped into the resin from above  [  230  ] . In such 
setups, a digital mirror device, an array of up to several millions of mirrors that can 
rotate independently to an on or off state, can be used for simultaneous photopoly-
merization of partial and entire layers of a scaffold via projection. Precise and com-
plex internal architectures, including pore size and shape, can be controlled by the 
digital mirror device  [  231  ] . Multilayer scaffolds have been fabricated using digital 
mirror-based systems from photo-cross-linkable poly(ethylene glycol)  diacrylates. 
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  Fig. 21.15    Schemes of two types of stereolithography setups. ( a ) A bottom-up system with scan-
ning laser. ( b ) A top-down setup with digital light projection  [  230  ]  (Reprinted with permission 
from Elsevier Ltd.)       
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Murine bone marrow-derived cells incorporated into the scaffolds during fabrication 
or seeded onto the  fi bronectin-functionalized scaffolds post-fabrication survived and 
retained osteogenic differentiation ability, as indicated by ef fi cient matrix mineral-
ization  [  231  ] . In another study, gelatin methacrylate was used to fabricate scaffolds 
by projection stereolithography and the porous scaffolds allowed for uniform distri-
bution of seeded human umbilical vein endothelial cells. These cells were able to 
proliferate to high density and maintained their endothelial phenotype  [  232  ] . HA, 
after being modi fi ed by photopolymerizable methacrylate groups, can be used in 
stereolithography to produce architecturally complex structures, such as scaffolds 
with branched tubes. A gradient of  fl uorescent microparticles in the conduit was also 
achieved, indicating the potential to create de fi ned gradients of bioactive molecules 
within scaffolds using this technique  [  141  ] , possibly to direct cell movement. Further 
studies of solid freeform fabricated scaffolds are required to explore the sophisti-
cated strategies for directing axonal regeneration in SCI animal models.  

 3D plotting is another fabrication method that shows promise for tissue engi-
neering applications due to its ability to fabricate hydrogel scaffolds and integrate 
supporting cells and bioactive molecules during the fabrication process without the 
involvement of toxic chemicals or high temperatures. Biomaterials are dispensed in 
a liquid medium, such as melts, solutions, pastes, thermosets,  fi lled polymers, or 
reactive oligomers  [  233  ] . Hydrogel scaffolds have been successfully fabricated with 
limited geometry using 3D plotting systems to shape agarose,  fi brin, chitosan, and 
alginate  [  233–  236  ] . Incorporation of living cells in the dispensing process of 3D 
plotting is not yet common, and few in vivo studies have been carried out to evaluate 
the ability of these scaffolds to promote regeneration in nervous system tissues. In 
one study, 3D tubular structures were fabricated with 3D bioplotting from a starch 
and PCL composite material, then a polysaccharide-based gellan gum hydrogel 
injected into the central area of the structures. An in vitro cytotoxicity assay using a 
culture of oligodendrocyte-like cells and in vivo assessment in a hemisection rat 
SCI model indicated that the hybrid scaffolds were noncytotoxic  [  237  ] . Future work 
could focus on scaffolds fabricated by 3D plotting with distributions of cells and 
biomolecules designed for axonal regeneration. Precise control of the scaffold 
architecture can be guided by established models for  fl ow rate, scaffold porosity, 
pore size, mechanical properties, and cell damage to avoid a trial and error process 
and enable the optimization of geometry, process parameters for mechanical con-
trol, biological properties, and minimization of cell damage  [  238–  241  ] . Biofabrication 
of scaffolds using 3D plotting still has problems with respect to insuf fi cient resolu-
tion and accuracy, maintenance of sterility and avoiding cell damage during the 
fabrication process, and limited biomaterial choices.    

    21.6   Strategies with Scaffolds 

 The consensus of recent literature is that synergistic strategies will be required to 
restore the complex structural and functional properties of injured spinal cord. 
Combinatorial strategies include the management of scaffold properties, cell delivery, 
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molecular adjustment, gene therapy, hostile environment engineering, and augmentation 
of the intrinsic growth state of the neuron. Interactions between the scaffolds and the 
host tissue are important as they impact cell behaviors such as cell adhesion, survival, 
proliferation, differentiation, axon growth, tissue in fi ltration, cell death, accumulation 
of reactive astrocytes, and glial scar formation  [  222  ] . The current focus of tissue engi-
neered scaffolds for SCI repair is to best mimic the physical, chemical, biological, and 
micro- or nanostructural properties of the ECM, which could most favorably encour-
age axonal regeneration and functional recovery after injury. 

 Many studies have demonstrated the advantages of synergistic effects of scaffolds 
with other therapeutic strategies  [  242–  244  ] . Combinatorial therapies of enhancing 
the intrinsic growth capacity of sensory neurons, engraftment of stem or precursor 
cells, and delayed neurotrophic factor (NT-3) delivery beyond the lesion site, when 
initiated from 6 weeks to as long as 15 months after SCI, were able to support bridg-
ing axonal regeneration, whereas individual components of the full combination 
failed to elicit bridging  [  245  ] . However, the number of axons reentering the distal 
host tissue was quite limited and regrowing axons within the cellular matrix were not 
linear. Application of scaffolds with anisotropic channels or linear nano fi bers might 
be helpful to promote more and better oriented axonal regeneration through the 
defect site. In this section, we will mainly focus on the cell therapy, biomodi fi cation, 
gene therapy, and molecular therapy with scaffolds for SCI repair. 

    21.6.1   Cell Therapy with Scaffolds 

 Critical gap length, de fi ned as the length of the gap between uninjured segments of 
neural tissue at which the frequency of axonal reconnection is 50 %, can be  lengthened 
by incorporation of supportive cells that secrete various trophic factors, ECM pro-
teins, and anti-in fl ammatory cytokines. Cellular grafts alone result in low cell sur-
vival rates and random axon regrowth reentering host tissue  [  246  ] . Scaffolds can 
serve as a cell delivery system to maintain cell behavior and provide guidance for 
axonal regeneration provided by modi fi cation of surface chemistry, topography, and 
ECM proteins/peptides. Cells can be loaded onto the scaffolds by direct cell incorpo-
ration during the scaffold fabrication process, suspension of cells within an incorpo-
rated matrix (e.g.,  fi brin or Matrigel), or cell seeding on porous/multichannel 
scaffolds. Various cells of different types and sources loaded onto scaffolds have 
been investigated to regenerate injured spinal cord. Here, we focus on those cell 
types that have been evaluated in human clinical trials, including stem or progenitor 
cells and non-stem cells such as olfactory ensheathing cells and Schwann cells. 

    21.6.1.1   Neural Stem/Progenitor Cells 

 Neural stem cells are multipotent cells found in the CNS of mammals that have 
the ability to self-renew and multidifferentiate into both glial cells and neurons. 
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One issue with neural stem cell delivery by tissue engineered scaffolds for SCI is 
ensuring their long-term survival, proliferation, and differentiation. Direct cellu-
lar injection results in differentiation of stem cells into glial lineages rather than 
neurons  [  247  ] ; topical application of neurotrophic factors, immunosuppression, 
cell adhesion ligands, and adjusting the characteristics of the arti fi cial scaffolds 
can overcome this problem  [  131,   248–  250  ] . For example, implantation of neural 
stem cells genetically modi fi ed to produce NT-3 or co-implanting them with 
Schwann cells overexpressing NT-3 resulted in improved anatomical repair and/
or functional recovery in rat SCI  [  251,   252  ] . Additional studies have further dem-
onstrated the bene fi cial effects offered by cografting neural stem cells and 
Schwann cells overexpressing TrkC and NT-3, respectively, in complete rat tho-
racic spinal cord transection models  [  253  ] . Mechanical properties of the substrates 
also affect stem cell differentiation. Generally speaking, 3D scaffolds with 
Young’s moduli similar to that of native CNS tissue result in a preferable differ-
entiation of stem cells into a neural phonotype  [  131,   254,   255  ] . The origin of the 
neural stem cells also needs to be taken into consideration, as the number of sur-
viving cells originating from the subependymal region of the lateral ventricles can 
be approximately  fi ve times that of cells harvested from the spinal cord, and less 
astrocytic differentiation and more oligodrocytic differentiation were observed in 
the former group  [  107  ] . The underlying reasons for this  fi nding are not known. In 
addition, no neurons were generated by the differentiation of the neural stem cells 
in vivo despite the fact that neurogenesis occurs in vitro  [  108  ] . Collagen, chitosan, 
 fi brin, and PLA scaffolds have been used as delivery systems for neural stem 
cells, with improved recovery of structure and function of neural tissue compared 
to control groups  [  107,   119,   167,   256  ] . However, few studies have been done to 
promote the survival and maturity of newly generated neurons as well as the 
recruitment of these neurons for functional circuitry. Suppressing expression of 
the low-af fi nity neurotrophin receptor p75NTR may reduce the apoptosis in neu-
rons derived from stem cells  [  257  ] . No clinical trials of neural stem cells in human 
SCI have been undertaken, probably due to the ethical concerns regarding their 
origins, practical issues of isolation and directed differentiation, and the unclear 
mechanisms for functional bene fi t (immunomodulation and angiogenesis) that 
they may provide  [  258  ] .  

    21.6.1.2   Mesenchymal Stromal/Stem Cells 

 Mesenchymal stem cells can be isolated from the stromal compartment of bone 
marrow or Wharton’s jelly of the umbilical cord. They hold promise for SCI repair 
as they have antiapoptotic, anti-in fl ammatory, and immunomodulatory effects to 
suppress neural apoptosis in vitro, mesodermal differentiation potential into mul-
tiple cellular phenotypes in vivo, as well as the ability to secrete several neu-
rotrophic factors  [  258–  261  ] . The neuroprotective effect of mesenchymal stem cells 
may contribute to their bene fi cial effect in experimental SCI models, with most 
studies using intraspinal, intrathecal, and systemic delivery  [  262–  265  ] . Addition of 
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neurotrophic factors such as NT-3 further increased the therapeutic effects of 
mesenchymal stem cells  [  266  ] . Combinatorial strategies of mesenchymal stem cell 
transplantation with an NT-3 gradient and peripheral nerve conditioning lesions to 
enhance central axon regenerative capacity facilitated axonal regeneration 1 year 
after SCI  [  245  ] . Collectively, these  fi ndings in preclinical studies shed light on the 
potential for clinical treatment of patients with SCI using human bone marrow 
cells. Clinical studies of autologous transplantation of mesenchymal stem cells in 
acute and chronic SCI are underway  [  258,   267  ] . Unfortunately, human mesenchy-
mal stem cells derived from bone marrow when implanted into the lesion site of 
SCI models have low survival rates over long periods  [  268,   269  ] . Delivery via scaf-
folds or increased p75NTR expression may increase the survival of mesenchymal 
stem cells in vivo  [  257  ] . Chitosan, templated agarose, collagen, Matrigel, PLGA, 
and gelatin sponge scaffolds have been combined with delivery of mesenchymal 
stem cells for SCI repair, leading to reduced cavity formation, attenuated 
in fl ammatory response, and improved functional recovery  [  70,   76,   270–  272  ] . 
Human mesenchymal stem cells seeded on multichannel PLGA scaffolds can sur-
vive for as long as 8 weeks after transplantation and are able to differentiate into 
neural cells  [  76  ] . In a complete rat spinal cord transection model, the combinatorial 
strategy of mesenchymal stem cells within PLGA/SIS scaffolds resulted in 
signi fi cantly more hindlimb locomotion recovery compared with plain scaffold 
implants; axonal regeneration only occurred in rats implanted with human stem 
cell-seeded scaffolds  [  74  ] . In another study, RGD-modi fi ed HPMA hydrogels 
seeded with mesenchymal stem cells extensively improved motor and sensory 
functional outcomes in  chronic SCI  [  179  ] .  

    21.6.1.3   Olfactory Ensheathing Cells 

 Olfactory ensheathing cells are an unusual mature glial cell type derived from the 
nerve  fi ber layer of the olfactory bulb and nasal olfactory mucosa. They have been 
extensively investigated with respect to SCI repair due to their ability to facilitate 
the normal, lifelong, repeated regeneration of replacement olfactory axons from the 
peripheral nasal olfactory mucosa to the CNS environment of the olfactory bulb 
 [  273  ] . Olfactory ensheathing cells can remyelinate regrowing axons and secrete 
trophic factors such as NGF, BDNF, and vascular endothelial growth factor (VEGF) 
 [  274–  276  ] . Evidence for promotion of axonal regeneration and functional recovery 
by olfactory ensheathing cells has been presented in several studies but cannot be 
independently con fi rmed, with some studies  fi nding olfactory ensheathing cells do 
not have axonal growth-promoting properties after SCI  [  277–  280  ] . Three clinical 
trials have been conducted to treat human SCI using olfactory ensheathing cell 
transplantation  [  281–  283  ] . This therapeutic strategy was safe, with no deleterious 
motor changes, posttraumatic syringomyelia, or tumor formation for 3 years follow-
ing transplantation; however, functional recover y was quite limited. For example, 
in the most recent of such studies, only one of six SCI human subjects treated with 
OEC transplantation had demonstrated sensory gain, but no functional recovery; the 
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others showed no detectable change in clinical and functional tests  [  283  ] . The results 
appear disappointing in consideration of the promising animal experiments. There 
have been few studies regarding the combinatorial effect of olfactory ensheathing 
cells within tissue engineered scaffolds for SCI repair. PLGA conduits have been 
used for olfactory ensheathing cell delivery for 10 mm-defect sciatic nerve of rats. 
The conduit was found to be compatible with olfactory ensheathing cells, but there 
was no functional recovery  [  284  ] . Starch/PCL scaffolds, electrospun silk  fi broin 
scaffolds, and collagen–heparan sulfate biological scaffolds have been studied with 
olfactory ensheathing cell culture in vitro with the aim to apply the olfactory 
ensheathing cell-loaded scaffolds to SCI repair  [  285–  287  ] .  

    21.6.1.4   Schwann Cells 

 Schwann cells, the major glial cell type of the peripheral nervous system, have been 
investigated for restoring injured spinal cord since 1981, when transplantation of 
puri fi ed Schwann cells was  fi rst carried out  [  288  ] . Schwann cells show particular 
promise as they can be harvested from patients for an autologous transplant. Not only 
do they provide remyelination of regrowing axons when transplanted into injured 
spinal cord, but the in fi ltration and remyelination by endogenous Schwann cells from 
the peripheral nerves into the spinal cord lesion site has been observed, suggesting 
that host Schwann cells might contribute to the recovery of injured spinal cord  [  289  ] . 
Transplantation of Schwann cells can reduce the size of spinal cysts as well as secrete 
various trophic factors and cell adhesion molecules, leading to a more permissive 
environment for axonal growth and neural survival  [  290  ] . Despite the bene fi cial out-
come provided by Schwann cell transplantation, decreasing cell numbers after trans-
plantation pose a problem and some studies show insuf fi cient axonal regeneration of 
brainstem spinal axons using Schwann cells alone; axons moreover do not leave the 
Schwann cell graft to reenter the distal host spinal cord. Thus, strategies combining 
scaffolds with bioactive molecules or other supportive cells are usually used. 
Schwann cells seeded in Matrigel within polyacrylonitrile/polyvinylchloride (PAN/
PVC) nerve guidance channels in a spinal cord transection injury have been shown 
to survive and increase axonal remyelination and axonal regeneration of propriospi-
nal but not supraspinal tracts  [  291  ] . Further administration of methylprednisolone or 
delivery of BDNF and NT-3 by this approach has also been evaluated  [  292–  294  ] . 
Other scaffolds used for Schwann cell delivery include PHB tubular conduits, multi-
channel tubular PLA and PLGA scaffolds, self-   assembling peptide nano fi ber scaf-
folds, poly( e -caprolactone fumarate) hydrogel, oligo(polyethylene glycol) fumarate 
(OPF) hydrogel, or positively charged OPF hydrogel  [  295–  299  ] . Despite the 
increased axon remyelination and axonal regeneration often seen using Schwann cell 
therapy, regrowing axons were unable to reenter the distal host tissue and thus func-
tional recovery was either not observed or quite limited. Physical properties of the 
scaffolds, particularly inappropriate mechanical properties, may be blamed. Another 
possibility is the low integration and migration of transplanted Schwann cells from 
the implantation site, especially due to the inhibitory effects of reactive astrocytes 
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 [  300  ] . By engineering the transplanted Schwann cells to overexpress the polysialy-
lated neural cell adhesion molecule or combining with delivery of trophic factors, 
ChABC, or olfactory ensheathing cells, integration and migration of Schwann cells 
into the spinal cord can be improved, resulting in better axonal regeneration, remy-
elination, and functional restoration  [  293,   301–  305  ] . However, Schwann cell therapy 
appears to provoke an extensive astrocytic response, and source limitations and the 
necessity to amplify the cell number in vitro may further restrict the clinical applica-
tion of Schwann cells for SCI repair.   

    21.6.2   ECM Protein/Peptide Modi fi cation 

 ECM proteins can in fl uence such cellular activities as cell migration, axonal guid-
ance, synaptogenesis, cell survival, differentiation, and myelination  [  306  ] . 
Incorporation of ECM proteins or peptides derived from them, either by coating, 
covalent cross-linking, or blending, may enhance cell adhesion and differentiation 
and cell migration and axon outgrowth. Collagen,  fi bronectin, and laminin have 
been the most widely investigated ECM proteins for biomodi fi cation of scaffolds to 
achieve better axonal regeneration  [  211,   307–  309  ] . They act through integrin recep-
tors on cell membranes  [  72,   139,   309–  311  ] . Limitations of modi fi cation with whole 
ECM molecules include batch variation and the risk of disease transmission  [  312  ] . 
Thus, synthetically prepared amino acid sequences from the domains of ECM pro-
teins responsible for cell–substrate interactions are used as alternatives. RGD, 
YIGSR, and IKVAV are the three most commonly used cell adhesion peptides in 
tissue engineering to promote the biocompatibility and interaction of scaffolds with 
cells  [  313,   314  ] . However, which functionalization technique and protein/peptide 
species and concentration are most ef fi cient for each different scaffold application 
is still not known. Blended electrospinning of laminin and PLA is a facile and 
ef fi cient method to modify nano fi bers compared with covalent immobilization and 
physical adsorption, though all functionalization techniques led to increased axon 
extension  [  211  ] . However, coating of alginate hydrogels with laminin showed very 
little differentiation and axon outgrowth of NB2a neuroblastoma cells, whereas 
both numbers and lengths of axon outgrowth increased with increasing peptide den-
sity on YIGSR covalently conjugated alginate substrates  [  315  ] . In another study, 
covalent modi fi cation of a 3D alginate hydrogel with laminin or its peptide IKVAV 
resulted in the survival, attachment, and neurite outgrowth of neurons after 1 month 
culture within 3D hydrogel constructs; neurons on the hydrogel modi fi ed with RGD 
did not support long-term neuronal survival and attachment  [  97  ] . Self-assembly of 
IKVAV-containing peptide amphiphile induced very rapid differentiation of neural 
stem cells into neurons while discouraging the development of astrocytes, which 
was considered associated with the ampli fi cation of bioactive epitope presentation 
to cells by the self-assembled nano fi bers  [  221  ] . Despite the potential of peptide 
modi fi cation for scaffold biomodi fi cation, another problem with ECM protein/
peptide modi fi cation is that inclusion of a single ECM protein or peptide can only 
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mediate one or a few biological interactions; a more comprehensive biomimetic 
implant might be capable of providing numerous biological interactions. Based on 
this, fabricating scaffolds from composite biomaterials comprised of various ECM 
molecules might enable several effects to be integrated toward the goal of improv-
ing axonal regeneration. Certain fabrication techniques are amenable to the differ-
ential placement of such molecules in precise micropatterns. However, combination 
of different ECM proteins/peptides should be made upon careful consideration, as 
the combinatorial effects might not turn out to be synergistic.  

    21.6.3   Gene Therapy with Scaffolds 

 Gene therapy has emerged as a promising analytical strategy for SCI repair as it can 
be used as a method to articulate the underlying mechanisms for the lack of self-
regenerative capacity by identifying gene candidates responsible for promoting 
growth or overcoming growth inhibition. Researchers have identi fi ed the three 
myelin inhibitory molecules (Nogo-A, MAG, and OMgp) as well as their in vivo 
interaction and relative potencies either using mutants or by knockout of the corre-
spondent genes  [  316,   317  ] . Screening candidate genes for regeneration is also use-
ful for spinal cord repair in that overexpression of axon growth-promoting genes in 
the spinal cord could enhance regeneration. Identi fi cation of these growth- promoting 
genes can be achieved through the overexpression of candidate genes in vivo after 
viral transduction of a targeted neuronal population, on the condition that the axons 
of transduced neurons can be identi fi ed and their enhanced growth can be detected 
in the spinal cord. A dual promoter lentiviral vector has been developed for simul-
taneous CNS neuronal expression of a potential axon growth-promoting gene can-
didate and a  fl uorescent protein-based axonal tracer  [  318  ] , which could help enhance 
the ef fi ciency and sensitivity of in vivo screens for regeneration-promoting genes in 
the injured CNS. 

 Gene therapy has also been used to achieve long-term local delivery of therapeutic 
molecules into the lesion site. Therapeutic molecules delivered successfully by this 
technique for SCI include growth factors, such as neurotrophins and neuropoietic 
cytokines, as well as factors to neutralize the inhibitors of axonal regeneration. Two 
main methods are used to deliver therapeutic biomolecules by gene therapy. One is 
through direct (in vivo) delivery of genes to the spinal cord by recombinant viral vec-
tors, such as adeno-associated virus and lentivirus; the other approach is to transplant 
supportive cells that have been genetically manipulated in vitro to express various 
growth factors before being implanted into the injured spinal cord. The latter approach 
is referred as ex vivo delivery of genes. A variety of cells including Schwann cells, 
 fi broblasts, olfactory ensheathing cells, and various stem cells have been used for the 
ex vivo delivery of genes into injured spinal cord. The in vivo and ex vivo delivery of 
various biomolecules has been summarized by Bo et al.  [  319  ] . For example, NT-3 
genetically modi fi ed human umbilical stem cells, when transplanted into contusion 
spinal injury rat models, signi fi cantly improved locomotor functional recovery in 
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comparison with a group treated with nonmodi fi ed stem cells. Increased intensity of 
serotonergic axons, increased volume of spared myelination, and decreased area of 
cystic cavity were also observed in the NT-3 genetically modi fi ed group  [  266  ] . 
Cograft of neural stem cells and Schwann cells overexpressing TrkC and NT-3, 
respectively, signi fi cantly improved relay of the cortical motor- and somatosensory-
evoked potentials as well as ameliorated hindlimb de fi cits when compared to con-
trols  [  253  ] . In another study, provision of an NT-3 gradient by injection of a lentivirus 
expressing NT-3, combined with a conditional lesion and transplantation of bone 
marrow stem cells in a chronic SCI model, resulted in the regrowth of axons that 
reached the distal host tissue  [  245  ] . Controlled and speci fi c gene expression is 
required, as inappropriately high or prolonged expression of exogenous proteins 
could cause adverse effects. For example, unregulated expression of VEGF by the 
delivery of VEGF gene may induce pathological angiogenesis or promote tumor 
growth, diabetic proliferative retinopathy, and rupture of atherosclerotic plaques. 
Strategies to more effectively control gene expression for SCI repair include hypoxia-
inducible gene expression systems using the erythropoietin enhancer and RTP pro-
moter  [  320–  323  ] . Combination of direct and ex vitro gene delivery with nerve 
guidance scaffolds may be more bene fi cial due to the combined advantages of pre-
cise placement of gene expression at the site required for nerve guidance and tissue 
formation. Templated agarose scaffolds have been used as a delivery system for NT-3 
genetically modi fi ed mesenchymal stem cells to bridge the gap caused by transection 
of ascending spinal cord dorsal column sensory axons  [  70  ] . Combined with the NT-3 
gradient created beyond the lesion site by lentiviral vectors and priming lesions of the 
sensory neuronal cell body to stimulate the endogenous growth state of the injured 
neuron, the bridging scaffolds resulted in the linear, highly organized regeneration of 
long-tract sensory axons, with most axons entering the scaffolds and continuing to 
grow the full length of the lesion cavity. 

 Scaffolds have also been used for the localized delivery of lentivirus for gene 
delivery  [  162,   169  ] . For example, multichannel scaffolds of PLGA have been used 
to deliver neurotrophin encoding lentivirus within the channels, with transgene 
expression lasting for at least 4 weeks and leading to increased axon growth and 
myelination  [  162  ] . Spatial control of gene expression within a scaffold can be 
achieved by localized inducer release from the scaffold  [  324  ] . Adsorption of DNA 
to speci fi c regions of a tissue engineered scaffold is being investigated to induce 
cells to express different genes depending on their location within the scaffold; the 
result may be scaffolds that can stimulate speci fi c axonal populations with varying 
signaling requirements  [  325–  327  ] .  

    21.6.4   Molecular Therapy with Scaffolds 

 In addition to delivering supportive cells and gene, scaffolds have also been widely 
used as drug delivery systems for trophic factors, the anti-in fl ammatory drug meth-
ylprednisolone, and antibodies, aimed at providing a more permissive environment 
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for axonal regeneration. Delivery of several molecules by scaffolds is usually 
required for better outcomes with respect to spinal cord regeneration due to highly 
complicated structural and functional features of the spinal cord. 

 Incorporation of neurotrophic factors is bene fi cial due to their neuroprotective 
effect for neural cell survival, their ability to in fl uence glial development and 
enhance axonal regeneration, and their promotion of plasticity of spared axons 
after SCI and remyelination of axons  [  328–  331  ] . Trophic factors investigated for 
SCI include NGF, BDNF, NT-3, NT-4/5, GDNF, and epidermal growth factor. The 
de- livery of neurotropic factors by scaffolds for SCI repair has been reviewed in 
detail by others  [  332,   333  ] . Prior research has elucidated the sensitivity of certain 
spinal tracts to speci fi c neurotrophic factors, with NGF promoting the growth of 
nociceptive axons; BDNF modifying the growth of motor neurons; NT-3 affecting 
the corticospinal tracts and dorsal sensory axons; NT-4/5, the proprioceptive and 
motor modifying inputs; and GDNF the proprioceptive, dorsal sensory, and noci-
ceptive neurons  [  334  ] . Chen et al.  [  335  ]  provide a comprehensive review of the 
various systems used for the delivery of single or multiple trophic factors in tissue 
engineering (Table   21.1 ). Future work with respect to trophic factors for tissue 
engineering will require delivery of multiple trophic factors with controlled spa-
tiotemporal patterns. The use of platelet-rich plasma or gene therapy could also be 
used for controlled release of multiple trophic factors. In addition, generation of 
gradients of multiple trophic factors in vivo is necessary for axonal regeneration 
and should be further investigated.  

 Nerve guidance scaffolds can be combined with delivery of antibodies to neu-
tralize the hostile extracellular environment after SCI, which is a major factor 
accounting for poor regeneration of the spinal cord. Current strategies are mainly 
targeting the CSPGs and myelin-associated inhibitors including Nogo, OMpg, and 
MAG. After SCI, CSPGs are upregulated and many studies indicate that they act as 
a  barrier to regenerating axons by inducing growth cone collapse  [  336  ] . Application 
of ChABC could liberate the chondroitin sulfate glycosaminoglycans chains from 
the core protein and thereby reduce the inhibition by CSPGs for axonal regenera-
tion. ChABC could also promote sprouting/plasticity of uninjured systems and neu-
roprotection of injured projection neurons. Mechanisms underlying the bene fi cial 
effects of ChABC have been discussed by Bradbury and Carter  [  337  ] . Combinatorial 
strategies of CSPG digestion with scaffolds and other therapeutic strategies have 
been shown to promote the regeneration of injured axons into distal targets, with 
some accompanied functional recovery  [  304,   338  ] . However, the intrathecal appli-
cation of ChABC using osmotic minipumps results in a rapid deterioration of enzy-
matic activity. Future studies using scaffolds as the delivery system may contribute 
to longer-term enzymatic activity of ChABC. 

 Scaffolds have also been used as the delivery system for antibodies to myelin-
associated inhibitors. HA hydrogels have been covalently modi fi ed with poly- l -
lysine and Nogo-66 receptor antibodies, leading to attachment, survival, and neurite 
extension of neural cells in vitro  [  339  ] . In an in vivo study of rat lateral spinal cord 
hemisection, the composite hydrogels led to signi fi cantly more neuro fi lament posi-
tive axons within the hydrogels compared to the controls; more cells and myelinated 
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axons were also present in the implant  [  135  ] . Combination of antibody delivery 
with other therapeutic strategies is required for better regeneration of injured spinal 
cord. However, not all combinations of individual strategies that have proven effec-
tive for promoting regeneration will lead to complementary or synergistic effects. 
The mechanisms underlying different therapies must be taken into account in the 
design of combined therapies so as to achieve positive interactions  [  340  ] .   

    21.7   Summary 

     1.    Spinal cord is essential for establishing functional interaction between the brain 
and the periphery for the execution of various body movement and organ 
functions.  

    2.    Different axon tracts in various locations of spinal cord white matter convey 
different types of information.  

    3.    The severely limited self-regenerative capacity of spinal cord is primarily due to 
the physical, molecular, and cellular non-permissive environment after SCI. This 
poor environment occurs as a result of both primary and secondary injuries.  

    4.    Contusion injury models re fl ect the most frequent type of human SCI, while 
hemisection/complete transection animal models are more suitable for evaluat-
ing the ef fi cacy and safety of axon regeneration therapeutic strategies.  

    5.     Scaffold materials for SCI should be biocompatible, biodegradable, and non-
toxic. They should also tend to reduce astrocytic reaction and  fi broblastic glio-
sis, and allow for cell adhesion and axonal regrowth.  

    6.    Different natural and synthetic biomaterials have been applied to construct scaf-
folds for SCI, and modi fi cations of materials may be needed.  

    7.    The macrostructure, microstructure, surface chemistry, surface topography, and 
mechanical properties of scaffolds have substantial effects on axonal regenera-
tion and functional recovery of SCI.  

    8.    Electrospinning and self-assembly techniques can fabricate scaffolds at micro- 
and nanoscales to mimic native ECM, leading to enhanced axonal regeneration 
and functional recovery of injured spinal cord.  

    9.    Stereolithography and 3D plotting are two solid freeform fabrication techniques 
that allow for the incorporation of living cells and bioactive proteins during the 
fabrication process.  

    10.    A range of cell types, genes, ECM proteins/peptides, and molecules have been 
delivered by scaffolds, and application of multifactorial strategies is commonly 
used in attempts to better promote spinal cord regeneration.          
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  Abstract   Injured ligaments have a poor capacity for healing due to their relative 
avascularity. Ligament reconstruction is well established for injuries such as ante-
rior cruciate ligament rupture. However, the use of autografts and allografts for liga-
ment reconstruction may be associated with a number of complications, and 
outcomes are variable. Ligament tissue engineering using stem cells is a novel tech-
nique that has the potential to provide an unlimited source of tissue. The process of 
tissue engineering involves the use of stem cells, growth factors, mechanical load-
ing, a bioreactor, a biomimetic scaffold and gene therapy. In vitro and in vivo stud-
ies on ligament tissue engineering have shown some promising results; however, 
clinical research in this  fi eld is needed.  

  Keywords   Ligament injury  •  Ligament reconstruction  •  Anterior cruciate ligament 
rupture  •  Ligament tissue engineering  •  Cell therapy  
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  FGF b     Basic  fi broblast growth factor   
  GDF    Growth and differentiation growth factor   
  IGF    Insulin-like growth factor   
  MCL    Medial collateral ligaments   
  MSCs    Mesenchymal stem cells   
  PCL    Polycaprolactone   
  PDGF    Platelet-derived growth factor   
  PGA    Polyglycolic acid   
  PLA    Polylactic acid   
  PLLA    Poly-L-lactic acid   
  TGF a     Transforming growth factor alpha   
  TGF b     Transforming growth factor beta   
  VEGF    Vascular endothelial growth factor         

    22.1   Introduction 

 Ligament injuries account for a signi fi cant proportion of musculoskeletal injuries and 
result in disability and morbidity to patients worldwide  [  1  ] . Ligament injuries are com-
monly associated with sporting or overuse injuries  [  2  ] . For example, a tear or rupture 
of the anterior cruciate ligament (ACL) is one of the commonest sports injuries (par-
ticularly in football)  [  3  ] . Seventy percent of ACL tears occur as a result of repeatedly 
performed noncontact mechanisms such as sudden deceleration, landing and pivoting 
manoeuvres  [  3  ] . More than 200,000 ACL reconstructions are performed yearly in the 
United States, and the number being performed is increasing in frequency  [  4–  6  ] . The 
cost of treating injuries to the cruciate ligaments is relatively high and has previously 
been estimated to be almost US $3,000 per patient  [  7  ] . The total expenditure on ACL 
reconstructions in a year has been estimated as exceeding $5 billion  [  8,   9  ] . 

 Current treatment regimens for ligament injuries depend on the degree of injury 
and the patient’s activity level, symptoms and effect on quality of life. There are 
three stages of ligament injury. Grade I injuries are mild sprains that are not associ-
ated with ligament laxity. Grade II injuries show moderately increased joint laxity. 
Grade III injuries are severe and associated with complete ligament disruption and 
signi fi cant laxity  [  10  ] . Treatment may consist of nonoperative management with 
pain relief and rehabilitation. However, operative management with autografts, 
allografts and synthetic grafts is often undertaken  [  11  ] . Ligaments are poorly vascu-
larized and have a limited capacity for healing. When healing does occur the com-
position of the healed tissue is different to normal tissue and the biomechanical 
properties of the healed tissue are usually inferior  [  2  ] . Despite appropriate treat-
ment, the ligament may not necessarily achieve its pre-injury characteristics or 
function and outcomes are variable. Additionally, the reconstructive surgery itself 
may be associated with disadvantages. Autografts may be associated with donor site 
morbidity. Allografts carry the risk of immunological reactions and infection. 
Synthetic grafts may be complicated by foreign body reactions  [  2  ] . 
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 Tissue engineering has a potentially very useful role in the specialty of orthopae-
dic surgery in general, as musculoskeletal tissues are often injured or lost in trauma 
and disease and may demonstrate limited healing potential  [  12  ] . Tissue engineering 
could be used to repair and regenerate tissue such as bone, cartilage, tendon as well 
as ligament. In vivo injection of appropriate cells into the injured ligament in con-
junction with the use of biomimetic scaffolds and bioreactors is a strategy that could 
potentially accelerate the process of tissue repair  [  12  ] . 

 This chapter discusses the characteristics of ligamentous tissue and approaches 
that are being developed to repair and regenerate ligament such as stem cell therapy, 
use of growth factors, gene therapy and mechanical stimulation.  

    22.2   Ligament Function Structure and Healing 

 Ligaments span a joint and connect one bone to another. Ligaments passively stabi-
lize joints and help in guiding joints through their normal range of motion when a 
tensile load is applied. Ligaments also play a role in joint proprioception. When 
ligaments are strained they invoke neurological feedback signals that activate mus-
cular contraction, and this appears to play a role in proprioception. Ligaments con-
sist of dense bands of collagenous tissue. The surface of a ligament is often covered 
by an outer layer known as the epiligament. The epiligament merges into the perios-
teum of the bone around the attachment site of the ligament. Beneath the epiliga-
ment the ligament is organized into bundles of parallel  fi bres. The epiligament is 
more vascular and more cellular with more sensory and proprioceptive nerves than 
the underlying ligament  [  13  ] . 

 Microscopically the ligament is composed of cells and an extracellular matrix. 
The cells are  fi broblasts and account for approximately 20 % of the tissue. The 
extracellular matrix accounts for approximately 80 % of the tissue. The  fi broblasts 
are responsible for synthesis of the matrix which consists of approximately 70 % 
water and 30 % collagen, ground substance and elastin. Type I collagen accounts for 
85 % of the collagen in ligaments. Type I collagen has an enormous tensile strength 
enabling  fi brils to be stretched without being broken. Less than 10 % of the collagen 
in ligaments is type III. This is more often found in healing tissues before most of it 
is converted to type I collagen. Very small amounts of collagen types VI, V, XI and 
XIV are present. The collagen accounts for 75 % of the dry weight. The remaining 
25 % consists of proteoglycans, elastin and other proteins and glycoproteins such as 
actin, laminin and integrin  [  2,   13  ] . 

 The collagen bundles are aligned along the long axis of the ligament and have a 
periodic change in direction along the length known as the crimp pattern. Crimp is 
thought to play a biomechanical role. It is likely that with increased loading, some 
areas of the ligament ‘uncrimp’ which allows the ligament to elongate without sus-
taining damage  [  13,   14  ] . 

 As mentioned earlier, regeneration and healing of ligaments after injury is often 
poor due to their relatively avascular nature. Healing of ligaments can be divided 
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into four stages. Firstly, there is a haemorrhagic stage in which the ligament ends 
retract and a blood clot forms and  fi lls the gap. Cytokines are released within the 
clot and a heavily cellular in fi ltrate of polymorphonuclear leucocytes and lympho-
cytes appear within several hours  [  2,   10,   12,   13  ] . 

 The second stage is the in fl ammatory stage in which macrophages appear by 
24–48 h. By 72 h the wound also contains platelets and multipotential mesenchymal 
cells. Macrophages phagocytose necrotic tissues as well as secreting growth factors 
such as basic  fi broblast growth factor (FGF b ), transforming growth factor alpha and 
beta (TGF a  and TGF b ) and platelet-derived growth factor (PDGF). Platelets release 
PDGF, TGF b  and epidermal growth factor (EGF). These growth factors are chemot-
actic for  fi broblasts and other cells, stimulate  fi broblast proliferation and synthesize 
types I, III and V collagen and non-collagenous proteins. The growth factors also 
induce neovascularization and formation of granulation tissue  [  10,   13  ] . 

 During the proliferative stage (stage 3),  fi broblasts produce dense, cellular, col-
lagenous connective tissue binding the torn ligament ends. This ‘scar tissue’ is ini-
tially disorganized. Capillary buds begin to form. After a few weeks, the collagen 
becomes quite well aligned with the long axis of the ligament. However, this tissue 
contains more type III collagen in relation to type I and more type V collagen. The 
collagen  fi brils also have smaller diameters  [  10,   13  ] . 

 The fourth stage consists of remodelling and maturation of the tissue. There is a 
gradual decrease in the cellularity of the tissue. Defects in the scar become  fi lled in 
and the matrix becomes more dense and longitudinally orientated. The matrix begins 
to become more like normal ligament and continues to mature for at least a year. 
However, this tissue never achieves the morphological or mechanical characteristics 
of normal pre-injury ligament. There is a persistently decreased collagen  fi bril diam-
eter and failure of collagen cross-links to mature as well as altered proteoglycan 
pro fi les (increased biglycan and decreased decorin protein and mRNA levels). There 
are also differences in the collagen types, altered cell connections, increased vascu-
larity, abnormal innervation and increased cellularity and vascularity  [  10,   13  ] . 

 During the remodelling stage, the viscolelastic properties recover to up to 20 % 
of normal. The tissue also has inferior creep properties (i.e. deformation properties 
under constant or cyclic loading). A rabbit model looking at healing of the medial 
collateral ligament demonstrated that ligament scars creep tissue as much as normal 
medial collateral ligaments (MCL) during cyclic and static loads that are only a 
fraction of the loads. Extensive creep could result in joint laxity. The resultant tissue 
has half the normal failure load and absorbs less energy before failing  [  10,   13  ] .  

    22.3   Cell Sources for Ligament Tissue Engineering 

 Reparative cells could be recruited from host tissue through the speci fi c attachment 
of tissue-engineered scaffolds. However, seeding cells could further improve the 
functionality of tissue-engineered constructs  [  15  ] . Cellular interaction between 
local tissue host cells and donor cells while extracellular matrix is being excreted 
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may result in accelerated ligament healing. The seeded cells are involved in attract-
ing reparative and or progenitor cells through chemotaxis signals. They also lay 
down extracellular matrix which results in initiation of further recruitment of repar-
ative and/or progenitor cells. Additionally, they incorporate and release endogenous 
growth factors to elicit an immune response  [  15  ] . 

 It is important to select the appropriate cell type for the speci fi c application in 
order for the tissue-engineered product to have the best outcome. However, little is 
known about the optimal cell source for ligament tissue engineering. The cell type 
selected must show enhanced proliferation and production of an appropriate extra-
cellular matrix and must be able to survive in an intraarticular environment in the 
patient’s knee  [  16  ] . Mesenchymal stem cells (MSCs) have the ability to proliferate 
and differentiate into a variety of mesenchymal cell phenotypes including osteo-
blasts, chondroblasts, myoblasts and  fi broblasts  [  12  ] . Culture conditions can be 
designed to direct MSC differentiation into the desired mesenchymal phenotype  [  9  ] . 
The potential use of mesenchymal stem cells to regenerate ligament tissue will be 
discussed in Sect.  22.4 . 

 Primary  fi broblasts derived from ligaments such as the ACL or MCL are another 
option. ACL  fi broblasts can be harvested in diagnostic arthroscopic procedures after 
ACL rupture. As the MCL is extraarticular, it could be easily harvested partially 
without impairing its function in the long term  [  12,   15  ] . 

 A study by Cooper et al. investigated the cellular response of primary rabbit con-
nective tissue  fi broblasts from four sources (Achilles tendon, patellar tendon, medial 
collateral ligament and anterior cruciate ligament) to a novel three-dimensional 
poly-L-lactic acid (PLLA)-braided scaffold for ACL tissue engineering. The 
 fi broblasts from all four sources had similar morphological appearances in culture 
on tissue culture polystyrene. However, the cellular growth is different according to 
the cell source. They concluded that ACL  fi broblasts were the most suited for ACL 
tissue engineering  [  17  ] . 

 Bellincampi et al. investigated skin  fi broblasts as a potential source for ligament 
tissue engineering as skin  fi broblasts are known to have a greater healing potential 
and may be easily retrieved in a clinical setting. ACL and skin  fi broblasts were har-
vested, cultured, labelled, seeded on collagen  fi bre scaffolds in vitro and implanted 
into the autogenous knee joint in a rabbit model. The cells remained viable for at 
least 4–6 weeks after implantation. They concluded that both skin and ACL 
 fi broblasts survived in an intraarticular environment, but the potential of ACL 
 fi broblasts to improve neoligament formation may be limited by a poor intrinsic 
healing capacity  [  18  ] . Tremblay et al. implanted a bioengineered ACL graft seeded 
with autologous living dermal  fi broblasts into goat knee joints for 6 months. 
Histological and ultrastructural analysis demonstrated a highly organized ligamen-
tous structure with vascularization, innervation and organized Sharpey’s  fi bres and 
collagen at the osseous insertion sites of the grafts  [  19  ] . Morbidity associated with 
harvesting of the skin is a potential limitation of using skin  fi broblasts as a source 
for ligament tissue engineering. Additionally, the performance of skin  fi broblasts 
for ligament tissue engineering may be affected as the physiological environment of 
skin  fi broblasts is different to that of ligaments  [  12,   15  ] .  
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    22.4   Mesenchymal Stem Cell Therapy 

 Although the use of primary  fi broblasts for ligament tissue engineering is a logical 
approach, the use of stem cells may be more ef fi cient. It has been shown in a rabbit 
model that MSCs have a signi fi cantly higher proliferation rate and collagen produc-
tion than ACL and MCL  fi broblasts and that MSCs could survive for at least 6 
weeks in the knee joint  [  15  ] . Eijk et al. seeded bone marrow stromal cells, skin 
 fi broblasts and ACL  fi broblasts at different seeding densities onto braided poly 
(L-lactide/glycolide) scaffolds. The cells were cultured for up to 12 days. All cell 
types readily attached to the scaffold. On day 12, the scaffolds seeded MSCs showed 
the highest DNA content and collagen production. Scaffolds seeded with ACL 
 fi broblasts showed the lowest DNA content and collagen production  [  16  ] . 

 MSCs may differentiate into ligament  fi broblasts after 2 weeks  [  12  ] . MSCs may 
be isolated from a variety of adult tissues including the bone marrow (obtained from 
aspiration of the iliac crest). Other potential sources of MSCs include adipose tissue 
(see Fig.  22.1 ), cord blood and possibly synovial  fl uid in ligament regeneration  [  21  ] . 
An alternative approach is the use of embryonic stem cells which are derived from 

  Fig. 22.1    Cell surface epitope characterization of passage 2 ( a ), passage 10 ( b ) and passage 18 ( c ) 
fat pad-derived MSCs using a panel of antibodies. Cell surface staining using FITC-conjugated 
secondary antibody ( green ) and DAPI ( blue ) shows that the cells stained strongly for CD13, CD29, 
CD44, CD90 and CD105 and poorly for LNGFR, STRO1, CD34 and CD56. Occasional cells 
stained positively for 3G5. No staining was observed for the IgG control  [  20  ]            
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the inner cell mass of the blastocyst and are capable of unlimited undifferentiated 
proliferation and have been shown to differentiate into all types of somatic cells. 
However, the use of embryonic stem cells is associated with several disadvantages 
including technical dif fi culties, immunogenicity, tumour formation in vivo, uncer-
tainty regarding the long-term outcome and ethical considerations  [  12,   22  ] .  

 Adult mesenchymal stem cells have the advantage of possessing immunomodu-
latory properties. Although these immunomodulatory properties have not been fully 
explained, they make MSCs potential candidates for cellular therapy in an alloge-
neic setting. Transplantation of MSCs into an allogeneic host may not require 
immunosuppressive therapy. Adult MSCs express intermediate levels of class I 
major histocompatibility complex proteins but do not express human leucocyte anti-
gen (class II) antigens on the cell surface  [  12,   23–  25  ] . MSCs have been shown to 
have an indirect inhibitory effect on T-cells which is mediated by regulatory anti-
gen-presenting cells with T-cell suppressive properties  [  24  ] .  

    22.5   Bioreactor Systems 

 The differentiation of MSCs into  fi broblasts may be accelerated by the use of a 
bioreactor which provides a controlled biomimetic optimum environment for cell 
functions. Bioreactors are a key component of tissue engineering  [  26  ] . They use 
various combinations of chemical, mechanical, electrical or magnetic stimulation to 
guide differentiation, proliferation and tissue development. In the case of ligament 
tissue engineering, a bioreactor may be used to accelerate the process of differentia-
tion of MSCs into the  fi broblastic lineage  [  12  ] . The body may be used as a bioreac-
tor when a cell-scaffold composite is implanted directly into the injured site. Another 
approach is to culture the cell-scaffold composite in a bioreactor ex vivo for a period 
of time before transplantation  [  27,   28  ] . 

 In order for a bioreactor to function successfully, there are several basic design 
principles that need to be ful fi lled. Firstly, a bioreactor should maintain precise con-
trol of the physiological environment of the tissue culture, including control of vari-
ables such as temperature, oxygen concentrations, pH, nutrients, media  fl ow rate, 
metabolite concentrations and speci fi c tissue markers within close limits. Bioreactors 
should also be able to support the culture of two or more cell types simultaneously 
particularly when engineering complex tissues. It is also essential that the bioreactor 
is designed to operate under strict aseptic conditions in order to prevent any con-
tamination of the tissues by in fl ux of microorganisms  [  29  ] . 

 Chemical stimulation techniques are employed by using chemicals such as growth 
factors. Growth factors are polypeptides that support various terminal phenotypes 
and regulate stem cell differentiation and proliferation. Examples of growth factors 
include TGF b , bone morphogenic proteins (BMPs),  fi broblast growth factors (FGFs), 
EGF, vascular endothelial growth factor (VEGF), PDGF, growth and differentiation 
growth factor (GDF) and insulin-like growth factor (IGF)  [  12,   27,   29  ] . 

 Mechanical stimulation techniques involve subjecting a scaffold to mechanical 
stresses resembling the in vivo environment. It is used to induce differentiation of 
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MSCs into the  fi broblast lineage. Intracellular signalling cascades are activated by 
triggering the cell surface stretch receptors leading to synthesis of the necessary 
extracellular matrix proteins  [  12  ] . The effects of mechanical stimulation are depen-
dent on the magnitude, duration and frequency of mechanical stress  [  30  ] . 
Additionally, mechanical stimulation has been shown to affect extracellular matrix 
synthesis and remodelling. Enzyme activity and growth factor expression, collagen 
type I, collagen type III, elastin and tenascin-C expression in MSCs have been 
shown to be increased with the application of mechanical loads  [  28  ] . 

 Coculture may also be used to induce differentiation of MSCs because of its abil-
ity to promote cell communications  [  12  ] . Direct coculture of MSCs with  fi broblasts 
induces MSCs to differentiate into  fi broblast-like cells  [  31  ] . Cell-to-cell interactions 
in the microenvironment play a key role in regulating the differentiation of MSCs in 
the healing process. Additionally, speci fi c regulatory signals released from 
 fi broblasts have been shown to support the selective differentiation of MSCs towards 
ligament  fi broblasts in a two-dimensional transwell insert coculture system  [  30  ] . 
Fan et al. demonstrated that speci fi c regulatory signals released from  fi broblasts in 
a three-dimensional coculture can also enhance the differentiation of MSCs for liga-
ment tissue engineering  [  32  ] . 

 Electromagnetic stimulation has been shown to have positive results. For exam-
ple, Fung et al. showed that low-energy laser therapy can enhance the mechanical 
strength of healing MCL in rats and increase collagen  fi bril size  [  33  ] . 

 Although various commercial bioreactor systems are available, some may not be 
applicable to ligament tissue engineering as the design lacks the speci fi city to meet 
the requirements for engineering of ligament tissue  [  9  ] . Altman et al. designed a 
bioreactor to permit the controlled application of ligament-like multidimensional 
mechanical strains to undifferentiated cells embedded in a collagen gel. They used 
mechanical stimulation in vitro to induce the differentiation of mesenchymal pro-
genitor cells from bone marrow into a ligament cell lineage in preference to bone or 
cartilage cell lineages  [  26,   34  ] . Kahn et al. designed a bioreactor for tissue engineer-
ing of ligament tissue that imposed mechanical conditions close to the physiological 
movement of the ACL. The bioreactor consisted of a mechanical part allowing 
movement to be applied on scaffolds, two culture chambers, a perfusion  fl ow sys-
tem to renew nutrients in the culture medium, a heating enclosure as well as an 
electronic component to manage movement and to regulate heating  [  35  ] .  

    22.6   Scaffolds 

 Biomaterial scaffolds provide a structural and logistic template in which new tissue 
formation and remodelling can occur  [  9  ] . Scaffolds are designed to support cell 
attachment, survival, migration and differentiation as well as to control transport of 
nutrients, metabolites and regulatory molecules to and from the cells  [  22  ] . A scaffold 
should be made of a biocompatible, biodegradable material and should be able to 
bridge any complex three-dimensional anatomical defect. This may be achieved 
using surgical experience or through sophisticated computer mapping systems  [  12  ] . 



558 M. Chimutengwende-Gordon and W.S. Khan

 The scaffold should ideally possess adequate strength post implantation to be 
effective as a load-bearing construct and degrade at a rate matching the rate of new 
tissue deposition. The scaffold should also have suf fi cient void volume for cell 
in fi ltration and extracellular matrix to promote gradual load transfer from the scaf-
fold to the neotissue  [  36  ] . Porous scaffolds enhance tissue regeneration by deliver-
ing biofactors. However, pores that are too large would compromise the mechanical 
properties of the scaffold  [  12  ] . Currently all materials used in ligament tissue engi-
neering are polymers  [  37  ] . Polymers may be naturally derived, e.g. gelatin, small 
intestine submucosal extracellular matrix or silk. Synthetic polymers include poly-
esters such as polyglycolic acid. 

 Collagen used in laboratories is usually derived from the bovine submucosa and 
intestine from rats tails in small quantities. The derived collagen requires processing 
to remove foreign antigens, to improve its mechanical strength and sometimes to 
slow down the degradation rate by cross-linking. The predominant chemical cross-
linking agents used in research are glutaraldehyde, formaldehyde, polyepoxy com-
pounds, acyl azide,    carbodiimides and hexamethylene diisocyanate. Potential toxic 
residues are a disadvantage. Physical methods include drying, heating or exposure 
to ultraviolet or gamma radiation  [  37  ] . Fibroblasts have been shown to attach, pro-
liferate and secrete new collagen when seeded on collagen  fi bre scaffolds  [  38  ] . In 
vivo, it has been demonstrated that  fi broblast-seeded collagen scaffolds may remain 
viable after implantation into the knee joint for prolonged periods  [  18  ] . Examples of 
commercially available biological collagen-based scaffolds include Restore (derived 
from porcine small intestine), GraftJacket (from human cadaver dermis), Permacol 
(from porcine dermis) and Bio-Blanket (from bovine dermis)  [  39  ] . Advantages of 
collagen include the ability to alter resorption rate and mechanical properties of 
scaffolds through cross-linking and low antigenicity. The scaffolds experience an 
early decrease in mechanical strength followed by tissue remodelling between by 
20 weeks resulting in a strength gain similar to autografts  [  14  ] . 

 Silk has the advantage of possessing good biocompatibility, slow biodegradability 
and excellent tensile strength and toughness  [  9,   28  ] . Silk  fi broin is a protein excreted 
by silkworms and isolated from sericin  [  28  ] . Silk  fi broin has similar mechanical prop-
erties to functional ACL when organized into an appropriate wire-rope geometry. Silk 
scaffolds also support cell attachment and spreading by providing an appropriate 
three-dimensional culture environment. Silk  fi bres lose the majority of their tensile 
strength within 1 year in vivo and fail to be recognized in 2 years  [  37  ] . Silk- fi bre 
matrices have been shown to support adult stem cell differentiation towards ligament 
lineages  [  40  ] . A composite scaffold fabricated from silk and collagen tested in a rabbit 
MCL defect model was shown to improve structural and functional ligament repair by 
regulating ligament matrix gene expression and collagen  fi bril assembly  [  41  ] . 

 Synthetic polymers that have been investigated for ligament repair include polyg-
lycolic acid (PGA), polylactic acid (PLA), their copolymers and polycaprolactone 
(PCL). PLA is a commonly used synthetic scaffold which easily degrades within the 
human body by forming lactic acid. PCL and PGA degrade in a similar way to PLA 
but exhibit different rates of degradation. An advantage of using a synthetic polymer 
is that there is no limit to the supply of grafts and no risk of disease. These polymers 
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are designed to degrade over time. Their mechanical properties may be controlled 
by altering the degree of polymer crystallinity, changing the polymer molecular 
weight or changing the ratio of each polymer in the copolymer  [  12,   14  ] .  

    22.7   Gene Transfer Technology 

 Gene transfer technology may be used to sustain suf fi cient quantities of growth fac-
tor within the local tissue  [  12  ] . Gene transfer is a method to deliver genetic material 
and information to cells to alter their synthesis or function. Genes can be introduced 
into cells using retroviral and adenoviral vectors as carriers, liposomes or with a 
gene gun. The genes can be placed in the cell outside ex vivo or in vivo. The target 
cells can be made to produce or increase expression of growth factors or suppress 
the synthesis of endogenous proteins  [  10  ] . Wei et al. surgically implanted bone 
marrow-derived MSCs transfected with adenovirus vector encoding TGF- b 1, VEGF 
or TGF- b 1/VEGF into experimental ACL grafts in rabbits. They found that this 
signi fi cantly promoted angiogenesis compared to non-transfected control cells. The 
best mechanical properties were achieved at 24 weeks  [  42  ] . Hildebrand et al. used a 
retroviral ex vivo and an adenoviral in vivo technique to introduce and express the 
   LacZ marker gene in the MCL and ACL of rabbits. LacZ gene expression was 
detected and shown to last between 10 days and 3 weeks in the MCL and ACL with 
the use of the retrovirus and between 3 and 6 weeks in the MCL and at least 6 weeks 
in the ACL with the adenoviruses  [  43  ] . Menetrey et al. showed the feasibility of 
gene transfer to a normal ACL using direct,  fi broblast-mediated and myoblast-
mediated approaches. Adenoviral particles were directly injected into the ACL of 
rabbits. Rabbit myoblasts and ACL  fi broblasts were transduced with recombinant 
adenoviral particles carrying the LacZ reporter gene, and these were also injected 
into the ACL of rabbits. The persistence of gene expression lasting up to 6 weeks 
was observed for the direct and myoblast-mediated gene transfers. Fibroblast-
mediated gene transfer showed low ef fi ciency with gene expression persisting for 1 
week in the ligament and 2 weeks in the synovial tissue surrounding the ligament. 
Only a few cells located in the synovium were positive for the marker gene at 3 
weeks post injection  [  44  ] . A number of other studies have indicated that using gene 
therapy to improve ligament healing is a promising approach  [  28,   45–  47  ] .  

    22.8   Conclusion 

 Ligament injuries may be challenging to treat. Results of ligament reconstruction 
with grafts are variable. Considerable progress has been made in generating tissue-
engineered ligaments. Important areas for future development include improving 
the biomechanical properties of tissue-engineered ligaments, improving the charac-
teristics of scaffold materials and increasing the strength of ligament-bone junctions 
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of implanted engineered ligament. Studies on the generation of tissue-engineered 
ligaments have generally been in vitro preliminary studies or trials in animal  models. 
In the future, large clinical trials, in particular randomized controlled trials, assess-
ing tissue-engineered ligaments should be performed. The use of tissue-engineered 
ligaments would potentially have signi fi cant health-care implications. In view of 
the ageing population, the number of patients who will bene fi t from the use 
of  tissue-engineered ligaments is likely to increase with time.      
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  Abstract   Biomaterials play a critical role in bone engineering, working as an 
arti fi cial extracellular matrix to support regeneration.    From the materials sci-
ence point of view, natural bone is ceramic-polymer composite. It is not surpris-
ing that huge efforts have been invested into the development of bioceramics 
and composites that mimic that of native bone. This chapter provides a compre-
hensive review on the biomaterials used in bone tissue engineering, including 
bioceramics, polymers and composites. The rational of bone tissue engineering 
is brie fl y introduced  fi rst. This is followed by systematic review of bioceramic 
(e.g. calcium phosphates, hydroxyapatite and bioactive glasses), biomedical 
polymers (e.g. polylactic acid, polyglycolic acid and their copolymers) and 
polymer-based ceramic- fi lled composites. Each section includes discussions of 
the material’s biocompatibility and biodegradability and two essential features 
of biomaterials in most tissue engineering applications, followed by a detailed 
description of its mechanical properties. Finally, the major achievements and 
remaining challenges for biomaterials used in bone tissue engineering are 
summarised.  

  Keywords   Biomaterials  •  Bone tissue engineering  •  Bioceramics  •  Biomedical 
polymers      
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    23.1   Bone Tissue Engineering 

 Tissue engineering has emerged as a distinct scienti fi c  fi eld from the historical 
 evolution of medicine. In this revolutionary development, the fundamental of health 
care in the conventional practice of medicine remains with us in tissue engineering, 
that is, the body heals itself  [  1  ] . This principle is rooted in the truth that the organs 
of the body have an ability to regenerate and recover when they are diseased or 
injured. The regeneration, however, can only occur within limits such that recovery 
is almost impossible in many cases without medical manipulation. In conventional 
medical treatment, surgeons support a patient’s vital functions by optimising the 
environment most conductive to healing, and physicians attempt to neutralise hos-
tile factors and at the same time enhance the supply of oxygen and nutrients that the 
body needs for the healing process. Surgeons eliminate hostile factors through 
excising the necrotic or malign tissue that is the source of unfavourable chemical 
agents, reconstruct tissue through the suture of the remaining tissue, auto-/allo-/
xenotransplantation or implantation of prosthesis and manipulate the local environ-
ment to help the body heal itself by, for example, medication and blood supply  [  2  ] . 

 In tissue engineering, organs being transplanted or prosthesis being implanted, living 
cells are harvested and expanded in vitro, and a designed scaffold is used to dictate the 
regeneration of the shape and function of the desired tissue by providing structural cues. 
Then the scaffold which is cultured with suf fi cient cells is implanted, and the tissue engi-
neers and surgeons manipulate the local environment. Under ideal conditions, this will 
then enable the body to heal itself. It is when the attention of medical treatment focused 
on the regeneration of living tissues for the body in the laboratory (i.e. ex vivo) that the 
reconstructive surgery came to be called tissue engineering  [  2  ] . In summary, tissue engi-
neering induces the regeneration ability of the host body through a designed scaffold 
that is populated with cells and signalling molecules, aiming at regenerating functional 
tissue as an alternative to conventional organ transplantation and tissue reconstruction. 

 The above de fi nition of tissue engineering is a speci fi c concept. Tissue engineer-
ing has been generally de fi ned as the application of principles and methods of engi-
neering and life sciences to obtain a fundamental understanding of structure-function 
relationships in normal and pathological mammalian tissue and the development of 
biological substitutes to restore, maintain or improve tissue function  [  3  ] . Other sim-
ilar de fi nitions exist. In 1993, Langer and Vacanti  [  4  ]  de fi ned tissue engineering as 
an interdisciplinary  fi eld that applies the principles of engineering and life sciences 
toward the development of biological substitutes that restore, maintain or improve 
tissue function. In 1995, Galletti et al.  [  5  ]  de fi ned tissue engineering as the basic 
science and development of biological substitutes for implantation into the body or 
the fostering of tissue remodelling for the purpose of replacing, repeating, regener-
ating, reconstructing or enhancing biological function. 

 There are several clinical reasons to develop bone tissue engineering. Although 
transplantation and implantation are standard methods in the conventional clinical 
treatment, shortcomings are encountered with their usage  [  6  ] . Firstly, the  application 
of bone grafts is limited by the size of the defect and the viability of the host body. 
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There can be signi fi cant donor site morbidity in autografting and donor tissue scar-
city for allografting. Allografting also introduces the risk of disease and infection. 
Secondly, the revolution of implantation, which has led to a remarkable increase in 
the quality of life for millions of patients in the last 30 years, has run the course. The 
orthopaedic prostheses have an excellent 15 years survivability of 75–85 %. 
However, there is a requirement of longer than 30 years survivability by the aging 
population  [  7–  9  ] . 

 Tissue engineering will ultimately have a more profound impact on our life than we 
can now appreciate. Its technical signi fi cance lies in that this treatment will address the 
transplantation crisis caused by donor scarcity, immune rejection and pathogen transfer 
 [  10  ] . This revolution will also reach a goal of more than 30 years implant survivability.  

    23.2   Tissue Engineering Approaches 

 The approaches of tissue engineering are established on the fact that living bodies have 
the potential of regeneration and on the supposition that the employment of natural 
biology (e.g. cells and biomolecules) of the living body will maximise the capacity for 
regeneration and allow for greater success in developing therapeutic strategies aimed 
at the replacement, repair, maintenance and enhancement of tissue function  [  11  ] . 

 In essence, tissue engineering is a technique of imitating nature. Natural tissues 
consist of three components: cells, extracellular matrix (ECM) and signalling sys-
tems. The ECM is made up of a complex of cell secretions immobilised in spaces, 
thus forming a scaffold for its cells. Hence, it is natural that the engineered tissue 
construct is a triad  [  2  ] , the three constitutes of which correspond to the above- 
mentioned three basic components of natural tissues. Figure  23.1  illustrates the 
triad, that is, living cells, scaffolds and signal molecules.  

 New functional living tissue is generated by living cells in the triad system, like 
in a natural biological system. But the regeneration in the engineered system is 

Scaffolds

Tissue engineering
construct 

Cells Signals

  Fig. 23.1    The tissue 
engineering triad  [  2  ]        
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achieved with the guide of a scaffold. Such scaffolds can be natural, man-made or a 
composite of both. The use of signalling molecules has a potential to markedly 
increase scaffold effectiveness. Living cells can migrate into the implant after 
implantation (acellular approach) or can be associated with the matrix in cell culture 
before implantation (cellular approach). Such cells can be isolated as fully differen-
tiated cells of the tissue they hoped to recreate, or they can be manipulated to pro-
duce the desired function when isolated from other tissues or stem cell sources. 
These two types of approaches in tissue engineering are summarised in Table  23.1  
 [  6,   12  ] . In both approaches, the tissue-like matrix (also called scaffolds or tem-
plates) to which speci fi c cell types are attached either in vivo or in vitro is one of the 
most important components in the engineering of new functional tissues.   

    23.3   Challenges in Tissue Engineering 

 Tissue engineering involves many disciplines, including microanatomy; cell, molec-
ular and developmental biology; immunology; materials science; and branches of 
engineering. Hence, the advancement of tissue engineering depends on the pro-
gresses of science and technology gained in these  fi elds. Being a very much  fl edgling 
discipline, tissue engineering encounters a variety of challenges, which can be 
grouped into three categories associated with the science and technology of cells, 
materials and interaction between them, as summarised in Table  23.2   [  11  ] . The 
challenges that the material scientists encounter are linked with the required proper-
ties of ideal scaffolds. An ideal scaffold should be a mimic ECM of the tissue that 
is to be engineered. For bone regeneration, the biggest challenge is a scaffold suit-
able to replace large cortical bone defects and capable of load transmission. The 
speci fi c criteria for an ideal scaffold for bone regeneration are listed in Table  23.3 .    

    23.4   Biomaterials for Bone Tissue Engineering 

 The  fi rst step in achieving a successful scaffold is to design and produce a bone-
matrix-like biomaterial. Natural bone matrix is a composite composed of biological 
ceramic (a natural apatite) and biological polymer. Table  23.4  gives a brief  description 

   Table 23.1    Two approaches of tissue engineering  [  6,   12  ]    

 1.  Acellular approach  
 This approach relies on guided regeneration of tissue materials that serve as templates for 

ingrowth of host cells and tissue in vivo 
 2.  Cellular approach  

 This approach relies on cells that have been cultured with scaffold in vitro and then 
implanted as part of an engineered device. The success of such a cell-based approach for 
tissue engineering of bone repair is critically dependent on the developments of an 
ECM-like scaffold for cell delivery 
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   Table 23.2    Three categories of challenges in tissue engineering  [  11  ]    

 1.  Challenges associated with cells  
  The understanding of cells and cell technology ,  including cell sourcing ,  the manipulation of 

cell function and the future use of stem cell technology . The discovery that embryonic 
stem cells can be recovered from human foetal tissue and propagated for long period 
without losing their toti- or pluripotency has a huge impact on tissue engineering. Stem 
cells, together with signalling molecules, play an important role in tissue and organ 
development. How to direct their differentiation is a subject of high current interest 

 2.  Challenges associated with biomaterials and scaffolds  
  The design and fabrication of tissue - like materials to provide a scaffold or template . It has 

been documented that there are certain biocompatible materials that enable cells to be 
seeded onto a synthetic scaffold and that some types of cells are capable of undergoing 
subsequent differentiation to generate new functional tissue after being cultivated in vitro 
and implanted with scaffold into living bodies. Bone cells are in this category. One of the 
challenges in bone tissue engineering is to develop ECM-like scaffolds that can deliver 
cells, provide proper mechanical stability and be degradable at the desired rate until 
replaced by newly formed bone 

 3.  Challenges associated with interaction between cells and scaffolds  
  Integration into living systems . The interface between the cells and the scaffold must be 

clearly understood so that the interface can be optimised. Their design characteristics are 
major challenges for the  fi eld of bone tissue engineering and should be considered at a 
molecular chemical level 

   Table 23.3    Criteria of an ideal scaffold for bone engineering  [  13–  15  ]    

 1.  Ability to deliver cells  
 The material should not only be biocompatible (i.e. harmless) but also foster cell attachment, 

differentiation and proliferation 
 2.  Osteoconductivity  

 It would be best if the material encourages osteoconduction with host bone. 
Osteoconductivity not only eliminates the formation of encapsulating tissue but also 
brings about a strong bond between the scaffold and host bone 

 3.  Biodegradability  
 The composition of the material, combined with the porous structure of the scaffold, should 

lead to biodegradation in vivo at rates appropriate to tissue regeneration 
 4.  Mechanical properties  

 The mechanical strength of the scaffold, which is determined by both the properties of the 
biomaterial and the porous structure, should be suf fi cient to provide mechanical stability 
to constructs in load-bearing sites prior to synthesis of new extracellular matrix by cells 

 5.  Porous structure  
 The scaffold should have an interconnected porous structure with porosity >90 % and 

diameters between 300 and 500  m m for cell penetration, tissue ingrowth and vascularisa-
tion and nutrient delivery 

 6.  Fabrication  
 The material should possess desired fabrication capability, for example, being readily 

produced into irregular shapes of scaffolds that match the defects in bone of individual 
patients 

 7.  Commercialisation  
 The synthesis of the material and fabrication of the scaffold should be suitable for 

commercialisation 
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of bone-matrix composition. It is not surprising that polymers, ceramics or their 
composites have been chosen for bone repair  [  1,   2  ] . They can be either synthetic or 
naturally occurring. Table  23.5  lists synthetic and natural scaffold biomaterials that 
have been most widely investigated for bone regeneration, some of which are well 
established and clinically applicable. In Table  23.5 , the naturally occurring poly-
mers are grouped into (1) carbohydrates (polysaccharides) and (2) proteins, which 
are two of four types of biological molecules [the other two types are (3) nucleic 
acids and (4) lipids]  [  16,   17  ] . In the following sections, the biocompatibility, biode-
gradability and mechanical properties of these scaffold materials are reviewed. They 
are the most important factors to be considered in a design of a bone regeneration 
scaffold.    

    23.5   Bioceramics: Calcium Phosphates 

    23.5.1   Biocompatibility 

 Since almost 2/3 of the weight of bone is hydroxyapatite Ca 
10

 (PO 
4
 ) 

6
 (OH) 

2
 , it 

seems logical to use this ceramic as the major component of scaffold materials 
for bone tissue engineering. Actually, hydroxyapatite and related calcium phos-
phates (CaP) (e.g.  b -tricalcium phosphate) have been intensively investigated 
 [  18,   19,   22  ] . As expected, calcium phosphates have an excellent biocompatibil-
ity due to their close chemical and crystal resemblance to bone mineral  [  20,   21  ] . 
Although they have not shown osteoinductive ability, they certainly possess 
osteoconductive properties as well as a remarkable ability to bind directly to 
bone  [  33–  36  ] . Huge amounts of in vivo and in vitro assessments have reported 
that calcium phosphates, no matter which forms (bulk, coating, powder or 
porous) and which phases (crystalline or amorphous) they are in, always support 
the attachment, differentiation and proliferation of cells (such as osteoblasts and 
mesenchymal cells), with hydroxyapatite being the best one among them  [  37  ] . 
While the excellent biological performance of hydroxyapatite and related cal-
cium phosphates has been well documented, the slow biodegradation of their 
crystalline phases and the weak mechanical strength of their amorphous states 
limit their application in engineering of new bone tissue, especially at load-
bearing sites.  

   Table 23.4    Composition of natural bone matrix   

 1.  Biological ceramic  
 Carbonated hydroxyapatite Ca 

10
 (PO 

4
 ) 

6
 (OH) 

2
  accounts for nearly 2/3 of the weight of bone. 

The inorganic component provides compressive strength to bone 
 2.  Biological polymer  

 Roughly 1/3 of the weight of bone is from collagen  fi bres. Collagen  fi bres are tough and 
 fl exible and thus tolerate stretching, twisting and bending 
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   Table 23.5    List of promising scaffold biomaterials for bone regeneration   

 Biomaterial  Abbreviation  Application 

 1.  Ceramic   [  18,   19  ]  
 Calcium phosphate  [  20–  22  ]   CaP 
  Hydroxyapatite  HA  Dental 
  Tricalcium phosphate  TCP  Drug delivery 
  Biphasic calcium phosphate: HA and TCP  BCP  Scaffolds 
 Bioactive glasses  [  23–  26  ]   Dental 
  Bioglass ®   Drug delivery 
  Phosphate glass  Scaffolds 
 Bioactive glass-ceramic  [  27,   28  ]   Dental 
  Apatite-wollastonite  A/W  Drug delivery 
  Ceravital ®   Scaffolds 

 2.  Polymer   [  29–  32  ]  
 Synthetic degradable polymer 
  Bulk biodegradable polymer  Sutures 
   Aliphatic polyester  Dental 
    Poly(lactic acid)  PLA  Orthopaedic 
     Poly( 

 d -
 lactic acid)  PDLA  Drug delivery 

     Poly( 
 l -
 lactic acid)  PLLA  Scaffolds 

     Poly( 
 d , l -

 lactic acid)  PDLLA 
    Poly(glycolic acid)  PGA 
    Poly(lactic-co-glycolic acid)  PLGA 
    Poly( e -caprolactone)  PCL 
    Poly(hydroxyalkanoate)  PHA 
     Poly(3- or 4-hydroxybutyrate)  PHB 
     Poly(3-hydroxyoctanoate)  PHO 
     Poly(3-hydroxyvalerate)  PHV 
    Poly ( p -dioxanone)  PPD or PDS 
   Poly(propylene fumarate)  PPF 
   Poly(1,3-trimethylene carbonate)  PTMC 
 Surface bioerodible polymer  Drug delivery 
  Poly(ortho ester)  POE 
  Poly(anhydride)  PA 
  Poly(phosphazene)  PPHOS 
 Natural degradable polymer 
  Polysaccharide 
   Hyaluronan  HyA 
   Alginate 
   Gelatine 
   Chitosan 
  Protein 
   Collagen 
   Fibrin 

 3.  Composite   [  6  ]  
 Selected combinations of above ceramics and 

polymers, as discussed in the relevant 
context 
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    23.5.2   Degradability 

 Typically, crystalline calcium phosphates have long degradation time in vivo, often on 
the order of months, even years  [  38  ] . The dissolution rates of synthetic hydroxyapatite 
depend on the type and concentration of the buffered or unbuffered solutions, pH of the 
solution, degree of the saturation of the solution, solid/solution ratio, the length of sus-
pension in the solution and the composition and crystallinity of the hydroxyapatite. In 
the case of crystalline hydroxyapatite, the degree of micro- and macroporosities, defect 
structure and amount and type of other phases present also have signi fi cant in fl uence 
 [  2  ] . Crystalline hydroxyapatite exhibits the slowest degradation rate, compared with 
other calcium phosphates. The dissolution rate decreases in the following order  [  39  ] :

     
Other amorphous CaP amorphous HA other crystalline CaP crystalline HA> > >

     

    23.5.3   Mechanical Properties 

 In the body, the mechanical properties of natural bone change with their biological 
location because the crystallinity, porosity and composition of bone adjust according 
to their biological environment. The properties of synthetic calcium phosphates vary 
signi fi cantly with their crystallinity, grain size, porosity and composition (e.g. calcium 
de fi ciency) as well. In general, the mechanical properties of synthetic calcium phos-
phates decrease signi fi cantly with increasing content of amorphous phase, microporo-
sity and grain size. High crystallinity, low porosity and small grain size tend to give 
higher stiffness, higher compressive and tensile strength and greater fracture tough-
ness  [  40,   41  ] . It has been reported that the  fl exural strength and fracture toughness of 
dense hydroxyapatite are much lower in a dry condition than in a wet condition  [  42  ] . 

 If we compare the properties of hydroxyapatite and related calcium phosphates 
with those of bone (Table  23.6 ), we  fi nd that bone has a reasonably good compres-
sive strength though it is lower than that of hydroxyapatite and better tensile strength 
and signi fi cantly better fracture toughness than hydroxyapatite. The apatite crystals 
in bone tissue make it strong enough to tolerate compressive loading. The high ten-
sile strength and fracture toughness of bone are attributed to the tough and  fl exible 
collagen  fi bres. Hence, calcium phosphates alone cannot be used for load-bearing 
scaffolds in spite of its good biocompatibility and osteoconductivity.    

   Table 23.6    Comparison of mechanical properties of calcium phosphates and human bone   

 Ceramics 
 Compressive 
strength/MPa 

 Tensile 
strength/MPa 

 Elastic 
modulus/GPa 

 Fracture 
tough-
ness/    MPa m     References 

 Calcium 
phosphates 

 20–900  30–200  30–103  <1.0   [  40,   43  ]  

 Hydroxyapatite  >400  ~40  ~100  ~1.0   [  40,   43  ]  
 Cortical bone  130–180  50–151  12–18  6–8   [  44–  47  ]  
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    23.6   Bioceramics: Bioactive Silicate Glasses 

    23.6.1   Biocompatibility 

 As early as in 1969, Hench and colleagues discovered that certain silicate glass 
compositions had excellent biocompatibility as well as the ability of bone bonding 
 [  24–  26  ] . Through interfacial and cell-mediated reactions, bioactive glass develops a 
calcium-de fi cient, carbonated calcium phosphate surface layer that allows it to 
chemically bond to host bone. This bone-bonding behaviour is referred to as bioac-
tivity and has been associated with the formation of a carbonated hydroxyapatite 
layer on the glass surface when implanted or in contact with biological  fl uids  [  48–
  51  ] . The stages that are involved in forming the bone bond of bioactive glasses and 
bioactive glass-ceramics were summarised by Hench as shown in Fig.  23.2 . Although 
many details remain unknown at present, it is clearly recognised that for a bond with 
bone tissue to occur, a layer of biologically active carbonated hydroxyapatite (CHA) 
must form (stages 4 and 5). This conclusion is based on the  fi nding that CHA is the 
only common characteristic of all the known bioactive implant materials  [  52  ] . 
Bioactivity is not an exclusive property of bioactive silicate glasses. Hydroxyapatite 
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  Fig. 23.2    Sequence of interfacial reactions involved in forming a bond between bone and  bioactive 
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and related calcium phosphates also show an excellent ability to bond to bone, as 
discussed above. The capability of an implant to form a biological interface with 
surrounding tissue is critical in elimination of scaffold loosening. Bioactive glasses 
have also been found to support enzyme activity  [  53–  56  ]  and vascularisation  [  57, 
  58  ] ; foster osteoblast adhesion, growth and differentiation; and induce the differen-
tiation of mesenchymal cells into osteoblasts  [  59–  61  ]  and osteoconductivity  [  62  ] .  

 A signi fi cant  fi nding for the development of bone engineering is that the dissolu-
tion products from bioactive glasses exert a genetic control over osteoblast cycle and 
rapid expression of genes that regulate osteogenesis and the production of growth 
factors  [  63  ] . Silicon has been found to play a key role in the bone mineralisation and 
gene activation, which has led to the substitution of silicon for calcium into synthetic 
hydroxyapatite. Investigations in vivo have shown that bone ingrowth into silicon-
substituted HA granules was remarkably greater than that into pure HA  [  64  ] . 

 The above-mentioned advantages make the well-known 45S5 Bioglass ®  success-
fully applied in clinic as treatment of periodontal disease (PerioGlas ® ) and as a bone 
 fi ller material (NovaBone ® )  [  50  ] . Bioglass ®  implants have also been used to replace 
damaged middle ear bones, restoring hearing to patients  [  18,   50  ] . Recently, bioac-
tive glasses have gained attention as promising scaffold materials  [  14,   65–  69  ] . But 
this application has encountered a hurdle caused by an apparent con fl ict between 
the properties of biodegradability and mechanical reliability, which will be dis-
cussed in Sects.  23.6.2  and  23.6.3 , respectively.  

    23.6.2   Composition and Biodegradability 

 The basic constituents of the most bioactive glasses are SiO 
2
 , Na 

2
 O, CaO and P 

2
 O 

5
 . 

The well-known 45S5 Bioglass ®  ( fi rst bioactive composition) contains 45 % SiO 
2
 , 

24.5 % Na 
2
 O, 24.4 % CaO and 6 % P 

2
 O 

5
 , in weight percent. The bioreactivity of the 

material is composition dependent. Hench and co-workers  [  52  ]  have systematically 
studied a series of glasses in the four-component systems with a constant 6 wt% 
P 

2
 O 

5
  content. This work is summarised in the ternary SiO 

2
 -Na 

2
 O-CaO diagram 

shown in Fig.  23.3 . In region A, the glasses are bioactive and bond to bone. In region 
B, glasses are nearly inert when implanted. Compositions in region C are resorbed 
within 10–30 days in tissue. In region D, the compositions are not technically 
practical.  

 The key advantage that makes bioactive glasses promising scaffold materials 
is the possibility of controlling a range of chemical properties and thus the rate of 
bioresorption. The structure and chemistry of glasses, in particular sol–gel-derived 
glasses  [  48,   49  ] , can be tailored at a molecular level by varying either composi-
tion or thermal or environmental processing history. It is possible to design glasses 
with degradation properties speci fi c to a particular application of bone tissue 
engineering. 

 However, it was reported that crystallisation of bioactive glasses decreased the 
level of bioactivity  [  71  ]  and even turned a bioactive glass into an inert material  [  72  ] . 
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This is one of disadvantages that limit the application of bioactive glasses as scaf-
fold materials, as full crystallisation happens prior to signi fi cant densi fi cation upon 
heat treatment (i.e. sintering)  [  73  ] . Extensive sintering is necessary to densify the 
struts of a scaffold, which would otherwise be made up of loosely packed particles 
and thus too fragile to handle.  

    23.6.3   Mechanical Properties 

 The primary disadvantage of bioactive glasses is their mechanical weakness and 
low fracture toughness (Table  23.7 ) due to their amorphous structure. Hence, bioac-
tive glasses alone have limited application in load-bearing situations owing to poor 
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2
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5
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mechanical strength that mismatches with surrounding bone. However, these mate-
rials can be used in combination with polymers to form composite materials having 
bone repair potential  [  61  ] .    

    23.7   Bioceramics: Glass-Ceramics 

 Glass-ceramics are  fi ne-grained polycrystalline materials formed when glasses of 
suitable compositions are heat treated and thus undergo controlled crystallisation to 
the lower-energy, crystalline state. Only speci fi c glass compositions are suitable 
precursors for glass-ceramics, such as some bioactive glasses. Some glasses are too 
stable and dif fi cult to crystallise (e.g. window glass), whereas others crystallise too 
readily in an uncontrollable manner resulting in undesirable microstructures  [  76  ] . 

 Usually, a glass-ceramic is not fully crystalline; typically, the microstructure is 
50–95 vol.% crystalline with the remainder being residual glass. The mechanical 
properties of glass-ceramics are superior to those of the parent glass  [  76  ] . Almost all 
bioactive glasses can be strengthened by the formation of crystalline particles upon 
heat treatment into a glass-crystal region of its phase diagram  [  77  ] . The resultant 
glass-ceramics can exhibit better mechanical properties than both the parent glass 
and sintered crystalline ceramics (Table  23.7 ). There are many biomedical glass-
ceramics available for the repair of damaged bone. Among them, apatite- wollastonite 
(A-W), Ceravital ®  and Bioverit ®  glass-ceramics have been intensively investigated 
 [  18,   19,   27–  29,   75–  81  ] . 

    23.7.1   A-W Glass-Ceramic 

 In A-W glass-ceramic, the glass matrix is reinforced by  b -wollastonite (CaSiO 
3
 ) 

and a small amount of apatite phase, which precipitate successively at 870 and 
900 °C, respectively  [  27  ] . Some mechanical properties of this glass-ceramic have 

   Table 23.7    Mechanical properties of hydroxyapatite, 45S5 Bioglass ® , glass-ceramics and human 
cortical bone   

 Ceramics 
 Compression 
strength/MPa 

 Tensile 
strength/MPa 

 Elastic 
modulus/GPa 

 Fracture 
tough-
ness/    MPa m     References 

 Hydroxyapatite  >400  ~40  ~100  ~1.0   [  40,   43  ]  
 45S5 Bioglass ®   ~500  42  35  0.5–1   [  43,   74  ]  
 A-W  1,080  215(bend)  118  2.0   [  27  ]  
 Parent glass of 

A-W 
 NA  72 (bend)  NA  0.8   [  27  ]  

 Bioverit ®  I  500  140–180 
(bend) 

 70–90  1.2–2.1   [  75  ]  

 Cortical bone  130–180  50–151  12–18  6–8   [  44–  47  ]  
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been listed in Table  23.7 . The high bending strength (215 MPa) of A-W glass-
ceramic is due to the precipitation of the wollastonite as well as apatite. These two 
precipitates also give the glass-ceramic a higher fracture toughness than both the 
glass and ceramic phases. It is believed that the wollastonite effectively prevents 
straight propagation of cracks, causing them to turn or branch out  [  27,   78,   79  ] . 

 A-W glass-ceramic is capable of binding tightly to living bone in a few weeks 
after implantation, and the implants do not deteriorate in vivo  [  80  ] . The excellent 
bone-bonding ability of A-W glass-ceramic is attributed to the glass matrix and 
apatite precipitates, whereas the in vivo stability as a whole plant is due to the inert-
ness of  b -wollastonite. Although the long-term integrity in vivo is desirable in the 
application of non-resorbable prosthesis, it does not match the goal of tissue engi-
neering which demands biodegradable scaffolds.  

    23.7.2   Ceravital ®  Glass-Ceramics  [  81  ]  

 “Ceravital” was coined to mean a number of different compositions of glasses and 
glass-ceramics and not only one product. Their basic network components include 
SiO 

2
 , Ca(PO 

2
 ) 

2
 , CaO, Na 

2
 O, MgO and K 

2
 O, with ceramic additions being Al 

2
 O 

3
 , Ta 

2
 O 

5
 , 

TiO 
2
 , B 

2
 O 

3
 , Al(PO 

3
 ) 

3
 , SrO, La 

2
 O 

3
  or Gd 

2
 O 

3
 . This material system was developed as 

solid  fi llers in the load-bearing conditions for the replacement of bone and teeth. It 
turned out, however, that their mechanical properties do not serve the purpose. 

 The surface bioreactivity of Ceravital ®  products is such that the long-term stabil-
ity of the materials is eventually endangered by the process. However, this degrad-
ability is a favourite property in tissue engineering application.  

    23.7.3   Bioverit ®  Glass-Ceramics  [  75  ]  

 Bioverit ®  products are mica-apatite glass-ceramics. Mica crystals (aluminium sili-
cate minerals) give the materials good machinability, and apatite crystals ensure the 
bioactivity of the implants. The mechanical properties of Bioverit ®  materials 
(Table  23.7 ) allow them to be used as  fi llers in dental application. As regards biore-
activity, Bioverit ®  implants show a hydrolytic stability in vivo.   

    23.8   Naturally Occurring Biopolymers 

 Much research effect has been focused on naturally occurring polymers such as 
demineralised bone extracellular matrix (ECM)  [  6,   82  ] , puri fi ed collagen  [  83,   84  ]  
and chitosan  [  85  ]  for tissue engineering applications. Theoretically, naturally 
 occurring polymers should not cause foreign material response when implanted in 



576 Q. Chen

humans. They provide a natural substrate for cellular attachment, proliferation and 
differentiation in its native state. For the above-mentioned reasons, naturally occur-
ring polymers could be a favourite substrate for tissue engineering  [  29  ] . Table  23.8  
presents some of the naturally occurring polymers, their sources and applications. 
Among them, collagen and chitosan are most widely investigated for bone engineer-
ing and are brie fl y introduced here.  

    23.8.1   Collagen and ECM-Based Materials 

 The most commonly used naturally occurring polymers have been the structural 
protein collagen. Biomaterials derived from ECM include collagen and other natu-
rally occurring structural and functional proteins. Natural polymers must be modi fi ed 
and sterilised before clinic use. All methods of stabilisation and sterilisation can 
moderately or severely alter the rate of in vivo degradation and change the mechani-
cal and physical properties of the native polymers. Each method has certain advan-
tages and disadvantages and thus should be selectively utilised for scaffolds of 
speci fi cally sited bone tissue engineering  [  86  ] .  

    23.8.2   Chitosan 

 The use of chitosan for bone tissue engineering has been widely investigated  [  85, 
  88  ] . This is in part due to the apparent osteoconductive properties of chitosan. 
Mesenchymal stem cells cultured in the presence of chitosan have demonstrated an 

   Table 23.8    List of naturally occurring polymers and their main application  fi elds  [  87  ]    

 Polymer  Source  Main application  fi elds 

 Collagen  Tendons and ligament  Multi-applications, including bone 
tissue engineering 

 Collagen-GAG 
(alginate) 
copolymers 

 Arti fi cial skin grafts for skin 
replacement 

 Albumin  In blood  Transporting protein, used as coating to 
form a thromboresistant surface 

 Hyaluronic acid  In the ECM of all higher 
animals 

 An important starting material for 
preparation of new biocompatible 
and biodegradable polymers that 
have applications in drug delivery, 
tissue engineering and 
viscosupplementation 

 Fibrinogen- fi brin  Puri fi ed from plasma in 
blood 

 Multi-applications, including bone 
tissue engineering 

 Chitosan  Shells of shrimp and crabs  Multi-applications, including bone 
tissue engineering 

 Polyhydroxyalkanoates  Fermentation  Cardiovascular and bone tissue 
engineering 
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increased differentiation to osteoblasts compared to cell cultured in the absence of 
chitosan  [  89  ] . It is also speculated that chitosan may enhance osteoconduction 
in vivo by entrapping growth factors at the wound site  [  90,   91  ] .   

    23.9   Synthetic Polymers 

 Although naturally occurring polymers possess the above-mentioned advantages, 
their poor mechanical properties and variable physical properties with different 
sources of the protein matrices have hampered progress with these approaches. 
Concerns have also arisen regarding immunogenic problems associated with the 
introduction of foreign collagen  [  38  ] . 

 Following the developmental efforts using naturally occurring polymers as 
scaffolds, much attention has been paid to synthetic polymers. Synthetic polymers 
are thought to have a future in tissue engineering due to not only their excellent 
processing characteristics, which can ensure the off-the-shelf availability, but also 
their advantage of being biocompatible and biodegradable  [  38,   92  ] . Synthetic 
polymers have predictable and reproducible mechanical and physical properties 
(e.g. tensile strength, elastic modulus and degradation rate) and can be manufac-
tured with great precision. Although they are unfamiliar to cells and many suffer 
some shortcomings, such as eliciting persistent in fl ammatory reactions, being 
eroded, incompliant or unable to integrate with host tissues, they may be replaced 
in vivo in a timely fashion by native tissue. It has become widely realised that an 
ideal tissue-engineered bone substitute should be a synthetic scaffold, which is 
biocompatible and provides for cell attachment, proliferation and maturation; has 
mechanical properties to match those of the tissues at the site of implantation; and 
degrades at rates to match tissue replacement. Table  23.9  lists selected properties 
of synthetic, biocompatible polymers that have been intensively investigated as 
scaffold materials for tissue engineering, type I collagen  fi bres being included for 
comparison.  

    23.9.1   Bulk-Degradable Polymers 

    23.9.1.1   Saturated Poly- a -hydroxy Esters (PLA, PGA and PCL) 

 The biodegradable synthetic polymers most often utilised for three-dimensional 
scaffold in tissue engineering are the poly( a -hydroxy acids), including poly(lactic 
acid) (PLA) and poly(glycolic acid) (PGA), as well as poly(lactic-co-glycolide) 
(PLGA) copolymers  [  4,   93  ] . PLA exists in three forms:  

 l -
 PLA (PLLA),  

 d -
 PLA 

(PDLA) and racemic mixture of  
 d , l -

 PLA (PDLLA). 
 These polymers remain popular for a variety of reasons, among which biocom-

patibility and biodegradability are the  fi rst. These materials have chemical proper-
ties that allow hydrolytic degradation through de-esteri fi cation. Once degraded, the 
monomeric components of each polymer are removed by natural pathways: PGA 
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can be converted to other metabolites or eliminated by other mechanisms, and PLA 
can be cleared through tricarboxylic acid cycle. The body already contains highly 
regulated mechanisms for completely removing monomeric components of lactic 
and glycolic acids. Due to these properties, PLA and PGA have been used in prod-
ucts such as degradable sutures and have been proved by US food and drug admin-
istration (FDA)  [  29  ] . Other properties of special interest are that they have a very 
good processability and that a wide range of degradation rates, physical, mechanical 
and other properties can be achieved by PLA and PGA of various molecular weights 
and its copolymers. However, these polymers undergo a bulk erosion process in 
contact with body  fl uids such that they can cause scaffolds to fail prematurely. In 
addition, abrupt release of these acidic degradation products can cause a strong 
in fl ammatory response  [  94–  99  ] . 

 In general, PGA degrades faster than PLA, as listed in Table  23.9 . Their degrada-
tion rates decrease in the following order:

     
PGA>PDLLA>PLLA

Degradation rates decrease
¾¾¾¾¾¾¾®

    

 Table  23.9  also lists the mechanical properties of type I collagen, which is the 
major organic component of extracellular matrix in bone. The strength and ductility 
(e.g. ultimate elongation) of PLA and PGA are comparable to those of type I col-
lagen  fi bres. 

 PDLLA has been extensively investigated as a biomedical coating material 
because of its excellent features with respect to implant coating  [  29,   100  ] . In addi-
tion to its high mechanical stability  [  101  ] , PDLLA also shows excellent biocompat-
ibility in vivo and good osteoinductive potential  [  102  ] . PDLLA of low molecular 
weight can be combined with drugs like growth factors  [  102  ] , antibiotics  [  100  ]  or 
thrombin inhibitor  [  103  ]  to establish a locally acting drug-delivery system. It is 
because of these desirable features that much more attention has recently been paid 
to PDLLA for applying it as a scaffold material for tissue engineering. 

 Highly porous 3D scaffolds made of Bioglass ® - fi lled PDLLA and PLGA were 
 fi rst fabricated by Boccaccini et al.  [  66  ] . Since then, an increasing number of pub-
lications have emerged on this subject. Porous PDLLA foams and Bioglass ® - fi lled 
PDLLA composite foams have both been fabricated, using thermally induced 
phase-separation (TIPS) technique  [  104,   105  ] . Bioglass ® - fi lled PDLLA compos-
ite foams exhibit high bioactivity, assessed by the formation of HA on the strut 
surfaces upon immersion in SBF  [  106  ] . It has also been shown that the foams sup-
port the migration, adhesion, spreading and viability of MG-63 cells (osteosar-
coma cell line)  [  107  ] . 

 Poly( e -caprolactone) (PCL) is also an important member of the aliphatic 
polyester family. It has been used to effectively entrap antibiotic drugs, and thus 
a construct made with PCL can be considered as a drug-delivery system, being 
used to enhance bone ingrowth and regeneration in the treatment of bone defects 
 [  122,   123  ] . The degradation of PCL and its copolymers involves similar mecha-
nisms to PLA, proceeding in two stages: random hydrolytic ester cleavage and 
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weight loss through the diffusion of oligomeric species from the bulk. It has 
been found that the degradation of PCL system with a high molecular weight 
(    nM   of 50,000) is remarkably slow, requiring 3 years for complete removal from 
the host body  [  124  ] .  

    23.9.1.2   Poly(hydroxyalkanoates) (PHB, PHBV, P4HB, PHBHHx and PHO) 

 Recently, another type of polyesters, poly(hydroxyalkanoates) (PHAs), has 
been suggested for tissue engineering due to their controllable biodegradation 
and high biocompatibility  [  116  ] . They are aliphatic polyesters as well but 
 produced by microorganisms under unbalanced growth conditions  [  125,   126  ] . 
They are generally biodegradable (via hydrolysis) and thermo-processable, 
making them attractive as biomaterials for applications in medical devices and 
tissue engineering. Over the past years, PHA, particularly poly(3-hydroxybu-
tyrate) (PHB), copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate 
(PHBV), poly(4-hydroxybutyrate) (P4HB), copolymers of 3-hydroxybutyrate 
and 3-hydroxyhexanoate (PHBHHx) and poly(3-hydroxyoctanoate) (PHO) 
were demonstrated to be suitable for tissue engineering and are reviewed in 
detail in ref  [  116,   127  ] . 

 Dependent on the property requirement by different applications, PHA polymers 
can be either blended, surface modi fi ed or composed with other polymers, enzymes 
or inorganic materials to further adjust their mechanical properties or biocompati-
bility. The blending among the several PHA themselves can change dramatically the 
material properties and biocompatibility  [  116,   125  ] . 

 PHB is of particular interest for bone tissue application as it was demonstrated to 
produce a consistent favourable bone tissue adaptation response with no evidence of 
an undesirable chronic in fl ammatory response after implantation periods up to 12 
months. Bone is formed close to the material and subsequently becomes highly 
organised, with up to 80 % of the implant surface lying in direct apposition to new 
bone. The materials showed no evidence of extensive structural breakdown in vivo 
during the implantation period of the study  [  128  ] . 

 However, a drawback of some PHA polymers is their limited availability and the 
time-consuming extraction procedure from bacteria cultures that is required for 
obtaining suf fi cient processing amounts as described in the literature  [  116,   129  ] . 
Therefore, the extraction process might be a challenge to a cost-effective industrial 
upscale production for large amounts of some PHA polymers.  

    23.9.1.3   Poly(propylene fumarate) (PPF) 

 Poly(propylene fumarate) (PPF) is an unsaturated linear polyester. Similarly to 
PLA and PGA, the degradation products of PPF via hydrolysis (i.e. propylene gly-
col and fumaric acid) are biocompatible and readily removed from the body. The 
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double bond along the backbone of the polymer permits cross-linking in situ, which 
causes a mouldable composite to harden within 10–15 min. Mechanical properties 
and degradation time of the composite may be controlled by varying the PPF 
molecular weight. Therefore, preservation of the double bonds and control of 
molecular weight during PPF synthesis are critical issues  [  130  ] . PPF has been sug-
gested for use as scaffold for guided tissue regeneration, often as part of an inject-
able bone replacement composite  [  131  ] , and has been used as a substrate for 
osteoblast culture  [  132  ] .   

    23.9.2   Surface Bioeroding Polymers 

 There is a family of hydrophobic polymers that undergo a heterogeneous hydrolysis 
process that is predominantly con fi ned to the polymer-water interface. This prop-
erty is referred to as surface eroding as opposed to bulk-degrading behaviour. These 
surface bioeroding polymers have been intensively investigated as drug-delivery 
vehicles. The surface-eroding characteristics offer three key advantages over bulk 
degradation when used as scaffold materials: (1) retention of mechanical integrity 
over the degradative lifetime of the device, owing to the maintenance of mass-to-
volume ratio; (2) minimal toxic effects (i.e. local acidity), owing to lower solubility 
and concentration of degradation products; and (3) signi fi cantly enhanced bone 
ingrowth into the porous scaffolds, owing to the increment in pore size as the ero-
sion proceeds  [  133  ] . 

    23.9.2.1   Poly(anhydrides) 

 Poly(1,3-bis-p-carboxyphenoxypropane anhydride)  [  134  ]  and poly(erucic acid 
dimer anhydride)  [  135  ]  are biodegradable polymers for controlled drug delivery in 
a form of implant or injectable microspheres. Studies in rabbits have shown that the 
osteocompatibility of poly(anhydrides) that undergo photocuring is comparable to 
PLA and that the implants of poly(anhydrides) show enhanced integration with sur-
rounding bone in comparison to PLA controls  [  136  ] .  

    23.9.2.2   Poly(ortho esters) (POE) 

 POE scaffolds were coated with cross-linked acidic gelatine to improve surface 
properties for cell attachment. Preliminary in vitro and in vivo results revealed 
that POE showed no in fl ammation and had little or no effect on bone formation, 
while PLA provoked a chronic in fl ammatory response and inhibited bone forma-
tion  [  137,   138  ] .  
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    23.9.2.3   Polyphosphazenes 

 These polymers have shown promise as bioerodible materials capable of controlled 
degradation and sustained drug delivery for therapeutic  [  119,   139  ]  and bone regen-
eration  [  140,   141  ] . Their tailored side groups enable a wide variety of hydrolytic 
properties to be designed into selected polymers for applications in biological envi-
ronments without the release of harmful degradation products at physiological 
concentration.    

    23.10   Biocomposites 

 From a biological perspective, it is a natural strategy to combine polymers and 
ceramics to fabricate scaffolds for bone tissue engineering because native bone is 
the combination of a naturally occurring polymer and biological apatite. From the 
materials science point of view, a single material type does not always provide the 
necessary mechanical and/or chemical properties desired for a particular applica-
tion. In these instances, composite materials designed to combine the advantages of 
both materials may be most appropriate. Polymers and ceramics that degrade in vivo 
should be chosen for designing biocomposites for tissue engineering scaffolds. 
While massive release of acidic degradation from polymers causes in fl ammatory 
reactions  [  94,   142,   143  ] , the basic degradation of calcium phosphate or bioactive 
glasses would buffer the acidic by-products of polymers and may thereby help to 
avoid the formation of an unfavourable environment for cells due to a decreased pH. 
Mechanically, bioceramics are much stronger than polymers and play a critical role 
in providing mechanical stability to constructs prior to synthesis of new bone matrix 
by cells. However, as mentioned above, ceramics and glasses are very fragile due to 
their intrinsic brittleness and  fl aw sensitivity. To capitalise on their advantages and 
minimise their shortcomings, ceramic and glass materials can be combined with 
various polymers to form composite biomaterials for osseous regeneration. 
Table  23.10  lists selected ceramic/glass-polymer composites, which were designed 
as biomedical devices or scaffold materials for bone tissue engineering, and their 
mechanical properties.  

 In general, all these synthetic composites have good biocompatibility. Kikuchi 
et al., for instance, combined TCP with PLA to form a polymer-ceramic composite, 
which was found to possess the osteoconductivity of  b -TCP and the degradability 
of PLA  [  144  ] . 

 The research team led by Laurencin synthesised porous scaffolds containing 
PLGA and HA, which was reported to combine the degradability of PLGA with the 
bioactivity of HA, fostering cell proliferation and differentiation as well as mineral 
formation  [  145–  147  ] . The composites of bioactive glass-PLA were observed to 
form calcium phosphate layers on their surfaces and support rapid and abundant 
growth of human osteoblasts and osteoblast-like cells when culture in vitro  [  66, 
  104–  107,   148–  154  ] . 
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 A comparison between the dense composites and cortical bone indicates that the 
most promising synthetic composite seems to be HA  fi bre-reinforced PLA compos-
ites  [  155  ] , which however exhibit mechanical property values close to the lower 
values of the cortical bone. Up to now, the best composite scaffolds reported in lit-
erature seem to be those from Bioglass ®  and PLLA or PDLLA  [  104,   105,   150,   151  ] . 
They have a well-de fi ned porous structure, and at the same time, their mechanical 
properties are close to (but lower than) those of cancellous bone.  

    23.11   Summary 

 While the ideal tissue-engineered bone substitute should be a material, which is 
bioresorbable and biocompatible and supports cell attachment, proliferation and 
maturation and which is ultimately resorbed once new bone has formed, allowing 
this bone to undergo remodelling, this goal has not been achieved so far. Material 
scientists must continue to strive to design and fabricate a synthetic material so as to 
make the dream of a “tissue-engineered bone substitute” a reality. To design a com-
posite scaffold, it is necessary to weight up the “pros and cons” of the potential 
precursor materials, which are summarised in Table  23.11 . Among the bioactive 
ceramics and glasses listed in Table  23.11 , bioactive (silicate) glasses offer remark-
able advantages. The ability to enhance vascularisation, the role of silicon in rapid 
gene expression that regulates osteogenesis and the tailorable degradation rate make 
bioactive glasses promising scaffold materials over others, and thus they are the 
material of choice as the inorganic component of composite scaffolds in this study. 
Although bioactive glasses are brittle with low fracture toughness (Table  23.7 ), 
these materials can be used in combination with polymers to form composite 
materials.  

 It can be argued that the controllable biodegradability of bioactive glasses makes 
them advantageous over HA and related crystalline calcium phosphates. Nano-sized 
carbonated HA is a stable component of natural bone, though it metabolises like all 
tissues. Hence, it would be fundamentally wrong if one expected HA to degrade fast 
in a physiological environment. In fact, it has been well documented in the literature 
that HA degrades very slowly, nearly inert  [  40  ] . This should make HA less favoured 
as a scaffold material for use in tissue engineering. The degradation rates of amor-
phous HA and TCP are high, but they are too fragile to build a 3D porous network. 

 Between the two types of polymers, the bulk-degradable type is more promising 
than the surface-erosive group, considering that being replaced by new bone tissue 
is one of the important criteria of an ideal scaffold material (Table  23.3 ). Among 
these bulk-degradable polymers, amorphous PDLLA is one of the most interesting 
materials as a polymer component of scaffolds because it can be combined with 
biomolecules, such as growth factors  [  102  ]  and antibiotics  [  100  ] , to establish a 
locally acting drug-delivery system. It is expected that the local drug-delivery sys-
tem will promote bone regeneration and eliminate in fl ammatory responses upon 
scaffold degradation.      
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  Abstract   Inner ear diseases increasingly affected the quality of life of patients. The 
current diagnostic protocol used in auditory area has been in place for over half a 
century and is insensitive to detect alterations in hearing status at early stage. 
Furthermore, no effective treatment is available for inner ear diseases although some 
patients may bene fi t from hearing aid with a hearing ampli fi er or cochlear implanta-
tion. Understanding the molecular mechanisms and investigating the fundamental 
process of hearing disorder could help us to avoid hearing defects or even to cure the 
disease by gene-based or molecular therapy. Currently, gene therapy for inner ear 
disease has become an emerging  fi eld of study. The medicine for treatment of inner 
ear diseases is undergoing a revolutionary change since the completion of the human 
genome sequencing. Various new discoveries and advanced technologies have been 
made in inner ear gene therapy such as viral-based or nonviral-based gene vectors, 
delivery strategies, and therapeutic genes and targets as well as the animal models 
for study of gene therapy for inner ear. Gene therapy may become an effective treat-
ment in clinic for inner ear diseases in the future. This chapter is to summarize cur-
rent signi fi cant advances and technological challenges for inner ear gene therapy 
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and to discuss the previous works in detail by examining and analyzing the publica-
tions of inner ear gene therapy from the literature and patent documents and identify 
the promising methods, novel techniques, and vital research projects. Additionally, 
we also discuss the progress and prospects of inner ear gene therapy, the advances 
and shortages with possible solutions within this  fi eld of research.  

  Keywords   Inner ear  •  Hearing loss  •  Gene therapy  •  Gene transfer  •  Gene vector  
 • Cochlea      

    24.1   Introduction 

    24.1.1   Background of Inner Ear and Hearing Disorders 

 Inner ear, the innermost part of the vertebrate ear, is a highly differentiated periph-
eral auditory organ. It contains bony labyrinth, membranous labyrinth, a hollow 
cavity with a system composed of two basic parts, and lies in the temporal bones of 
both mammalian animals and human being. It consists of cochlea comprising organ 
of Corti, which plays the role of detecting the mechanical vibrates of sound waves, 
and vestibular organ containing the utricle, saccule, and ampullae, which plays the 
role of detecting linear motion (utricle and saccule) and curvilinear motion (ampul-
lae). The sensory epitheliums of the cochlea and vestibule can transform mechani-
cal stimuli to bioelectrical impulses, and the impulses could be then recognized by 
the brain. In detail, the afferent neurons contacting the bottoms of the hair cells in 
these sensory epitheliums transfer the impulses from hair cells to the auditory or 
vestibular nerve center located in the temporal lobe of the cerebrum via auditory 
brain stem. Consequently, the inner ear is extremely important for detecting hearing 
and balance stimuli which is crucial for an individual’s responses to the environ-
ments, especially in special situations. 

 Hearing disorder is differentiated based on the age of onset, site of trauma, 
and diversity severity  [  4  ] . Many people suffer hearing disorders such as hearing 
loss, tinnitus, presbycusis, and vertigo. There are three main types of organic 
hearing impairment: sensorineural hearing loss (SNHL), conductive hearing 
loss, and mixed hearing loss (combination of sensorineural and conductive loss) 
 [  59  ] . SNHL is the most common form of deafness and accounts for about 90 % 
of all hearing loss. SNHL mostly affects the sensory epithelia in the organ of 
Corti of the inner ear, and it may be further divided into two types, i.e., cochlear 
deafness and retrocochlear deafness (central deafness). About 60 % of hearing 
defects, which have a genetic basis and an important part of gene-based hearing 
loss, did not present typical syndrome. Instead, most of them are inherited in an 
autosomal recessive mode  [  52  ] . Currently, disabling hearing impairment (deaf-
ness) affected 250 million of people in the world in 2001, and it was much 
higher than that of previously estimated. About two thirds of the 250 million 



59724 Gene Therapy for the Inner Ear: Progress and Prospects

affected people were from the developing  countries. There are 110 million of 
deaf persons from Southeast Asia of a population of 1.5 billion, with 7.3 % 
overall prevalence of deafness. A population-based survey of ear and hearing 
disorders for 6,626 persons in Guizhou province of China demonstrated that the 
prevalence of hearing impairment was l7.1 % (the standardized rate was 17.6 % 
for the whole country) and hearing disability was 6.1 % (the standardized rate 
was 6.5 % for the whole country), the rate slightly lower than the global popula-
tion of 7.3 %  [  90  ] . About 35 million Americans had detectable hearing loss, 
affecting approximately 1.7 % of the people under the age of 18, 31.4 % over 
the age of 65, and 40–50 % over the age of 75 and older  [  53  ] . Two to three out 
of every 1,000 children were born deaf or hard of hearing in the United States. 
The main cause of hearing disability is SNHL, usually resulting from hypoxia-
ischemia of the cochlea, ototoxicity, noise injury, virus infection, and heredity 
or gene mutation. SNHL could be inherited as an autosomal dominant or reces-
sive pattern, with 90 % as autosomal recessive. Unfortunately, no substantial 
therapy could reverse SNHL so far. Hearing loss affects more people than any 
other disease and negatively impacts the quality of life of numerous patients and 
their families although it is not a life-threatening disease. Therefore, it is in 
urgent need to  fi nd effective treatment for this disease. To develop pharmaco-
logical treatment or molecular therapeutics for hearing and balance disorders, 
we should  fi rstly accurately diagnose the given defect(s) and advance easily 
diagnosable disease process because similar hearing impairments may be caused 
by various pathological mechanisms or genetic de fi cits. For instance, either loss 
of sensorial hair cells, spiral ganglion neurons, or lesions of the cochlear lateral 
wall may lead to a hearing loss.  

    24.1.2   Initiation and the Critical Challenges 
of Inner Ear Gene Therapy 

 Since there are no specially ef fi cient and effective pharmaceutical treatment for 
inner ear disease, inner ear gene therapy is considered as a possible and pro-
spective method to correct various hearing disorders. We are able to better 
understand the genetic defects, which cause various kinds of hereditary deaf-
ness, and to identify the molecular basis of degenerative diseases due to the 
advance of biochemistry and genetics and the development of molecular bio-
logical techniques. In the auditory system, the hair cells and spiral ganglion 
neurons are the common pathological sites of inner ear diseases and also the 
major targets for inner ear gene therapy  [  8  ] . 

 In the early 1970s, the concept of gene therapy was initially raised by Osterman 
and colleagues  [  58  ] ; afterward, enormous development and progress have been 
made in this  fi eld with the therapeutic genes, the vector for gene transfection, the 
target cells/organs, the routes of gene delivery, animal models for gene therapy, 
prevention and management of the complications, and the related ethical problems 
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caused by gene therapy  [  58,   63  ] . Gene therapy may be regarded as an approach to 
treat diseases by introducing a desired foreign gene or gene regulatory elements 
such as RNA interference into the target cells to replace or  fi x the cell’s defective 
gene or make the transfected cell to express the products of the desired therapeutic 
gene to reverse or cure a disease by the transfected therapeutic gene  [  49  ] . In other 
words, it could be de fi ned as regulated expression of an introduced gene that 
achieves a biological effect and/or produces a therapeutic effect in the desired cell 
or tissue by a genetically engineered vector. The general process is probably 
described as several signi fi cant steps. Initially, the gene therapy should be based on 
desired biological effects. Secondly, the process should be easily accessible, and 
the therapeutic gene could enter the target cell or tissue at adequate level. Thirdly, 
the therapeutic gene ought to target considerable and enough cell population. 
Finally, the regulation of the transgene should ensure a consistent expression of the 
gene and the safety of the host  [  88  ] . Considering the risk of degradation of the 
foreign nucleic acid by the nuclease in the body, the foreign gene needs to be deliv-
ered to the appropriate place. Therefore, the gene must be carried by a vehicle to 
help it entering the target cells and protect it from the endosomes, disconnect each 
other in the cytoplasm, and  fi nally enter the nucleus. Such vehicle is currently 
de fi ned as gene vector  [  98  ] . Gene vector is a crucial part among the four major 
elements of gene therapy, the gene vector, the route of gene administration, the 
therapeutic gene, and the target cells. 

 About 25 years after the initiation of gene therapy research, the study of gene 
therapy for the inner ear was started in the 1990s. In 1994, Fujiyoshi and col-
leagues  fi rstly reported the study of therapy for hearing disorders  [  19  ] . They 
developed the myelin basic protein (MBP) transgenic mice by microinjecting an 
MBP cosmid clone into the pronucleus of fertilized eggs of shiverer mice and then 
replaced the autosomal recessive mutation (deletion) gene by the transgene for 
MBP   . Interestingly, they found that the MBP-transgenic mice recovered MBP up 
to 25 % of normal levels, and signi fi cantly higher myelinated axons were present 
in the transgenic mice compared to control mice. Additionally, the inter-peak 
latencies of auditory brainstem response were shortened in the transgenic mice 
compared to the control mice. In the following years, other research groups also 
reported the successful transfection of foreign gene into inner ear using replication-
de fi cient viral vectors in vitro and in vivo  [  43,   64  ] . The inner ear, especially the 
cochlea, is a highly differentiated and extremely precise and sensitive electro-
physiological organ with  fi nespun anatomical structure; any improper interven-
tion during the process of gene transfection may result in an undesired 
morphological and/or functional damage to the inner ear. As a result, it is a techni-
cal problem to transfect exogenous gene into the inner ear without affecting the 
morphological and physiological of inner ear, besides facing the same problems 
of gene transduction with other organs or tissues, such as the safety and transfec-
tion ef fi ciency of the vectors. For instance, the blood-labyrinth barrier prevents 
macromolecules moving from peripheral blood into the inner ear, and the invasive 
approach of gene transfection may cause the morphological and/or functional 
damage to the inner ear which is a disaster to the patient. Up to now, a lot of 
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   exciting advances and great progress have already been made in the  fi eld of 
research for inner ear gene therapy. The study of inner ear gene therapy has 
become an emerging  fi eld, which may bring a glimmer of hope for successful 
treatment of hearing disability. However, there still have been many obstacles and 
challenges which limit the rapid development of gene therapy for inner ear into 
the common clinical practice. We need to address several critical questions before 
we could move it into the clinic: (1) how to deliver the therapeutic gene to the 
target cells or tissues, (2) how to exactly handle the degree and ef fi cacy of gene 
expression, (3) how to control the gene expression to a desired degree and place, 
(4) how to overcome the toxicity of vectors for gene delivery, and (5) how to keep 
persistent gene expression after gene therapy  [  24,   57,   67,   68,   71,   85  ] . Furthermore, 
the advances and progress of inner ear gene therapy are still at the experimental 
stage, and it has a long way to go for translating the success of laboratory research 
into clinical practice. The critical challenges, progress, and prospects for inner ear 
gene therapy are summarized in Table  24.1 .    

   Table 24.1    Summary of the critical challenges, progress, and prospects for inner ear gene 
therapy   

 Summary 

 Critical challenges  Progress  Prospects 
 Delivering the therapeutic 

gene to the target cells 
or tissues 

 Hair cell regeneration in 
mammal cochlea with 
Math1 gene transfection 

 Breakthrough of transfection 
ef fi ciency for nonviral vectors or 
multiplex gene vectors within 5 
years 

 Delivering the therapeutic 
gene safely and 
effectively 

 Bactofection with bacteria as 
a vector 

 Intact RWM approach to replace 
labyrinth drilling or RWM 
injection for inner ear gene 
delivery 

 Controlling exactly the 
degree and ef fi cacy of 
gene expression 

 Multiplex gene vectors  Intrauterine gene therapy for the 
treatment of hereditary or 
congenital deafness with 
improved endoscopic technique 
and related instruments 

 Targeting gene expres-
sion to the desired 
place and maintaining 
a appropriate duration 

 Inorganic nanoparticle 
vectors 

 Regeneration of functional hair cells 
in the mammal cochlea via 
cochlear cell’s 
transdifferentiation 

 Overcoming the toxicity 
of vectors for gene 
delivery 

 Delivering therapeutic genes 
via intrauterine approach 
or along with an 
implanted cochlear 
electrode 

 The  fi rst case of successful inner ear 
gene therapy may be reported 
within 5–8 years 

 Keeping gene expression 
persistently after gene 
therapy 

 Delivering therapeutic genes 
into inner ear via intact 
round window membrane 

 Gene therapy for inner ear may 
become a common practice for 
the treatment of inner ear 
diseases within 15–20 years  Translating the basic 

research into clinical 
practice 

 Developing new therapeutic 
genes such as otospiralin, 
connexins, and XIAP 



600 H. Sun et al.

    24.2   Holistic Progress and Therapeutic Approaches for Inner 
Ear Gene Therapy 

    24.2.1   The Vectors for Inner Ear Gene Therapy 

 In general, the choice of vector is the crucial element in gene therapy process. Based 
on the existence of a blood-labyrinth barrier, which is similar to the blood–brain 
barrier, therapeutic gene linked to vector is hard to enter the cochlea, which makes 
systemic delivery of pharmaceuticals less ef fi cient and effect. This is also one of the 
main obstacles which affected translating gene therapy technique from basic 
research into clinical practice. Moreover, many molecules with therapeutic effect 
are hard to access to the inner ear owing to tight junctions between the cells, sub-
stantial barriers among tissues of cochlea. Consequently, it is common to deliver 
drug to inner ear locally rather than systemically  [  83  ] . Additionally, there is no ideal 
gene delivery system for in vivo gene therapy so far  [  89  ] . 

 An ideal gene vector for delivery of therapeutic gene into the inner ear ought 
to be concentrated in a considerable volume and exclusively expressed in the tar-
geted cells or tissues in order to avoid hydraulic trauma and minimized the dam-
age to the host when delivering to the perilymph or endolymph  [  77  ] . Brie fl y, an 
ideal gene delivery should possess the following features: (1) reaching the target 
tissues/organs in vivo, preferably with recognition of the speci fi c target cells; (2) 
crossing the membranous barriers of the cell and deliver its cargo intracellularly; 
(3) easily controlling the intensity and duration of foreign gene expression with 
the precondition of high ef fi ciency of expression; (4) able to be biodegraded; (5) 
a low incidence of immune responses from the host; and (6) being manufactured 
on a commercial scale and easy for clinical use. Speci fi cally, the gene delivery 
vectors could be divided into two major types on the basis of their original nature: 
the viral and nonviral vectors. Nowadays, scienti fi c researchers are increasingly to 
pay more attention to nonviral vectors. Nonviral vectors could be made by rela-
tively simple process without immunogenicity or carcinogenicity. Furthermore, 
these vectors have virtually unlimited loading capacity and could be produced on 
a large scale. Virus is a natural invader of cells and has very intensive capacity of 
infecting cells obtaining through a long process of evolution  [  40  ] . So, not surpris-
ingly, virus has been used as the gene vehicle in the earliest studies of gene ther-
apy  [  58,   63  ] . To overcome the shortcomings, the virus was modi fi ed before gene 
transfection by deleting partial sequences related to its replication for preventing 
from harming the host. The novel replication-de fi cient virus was used as a gene 
vector without the capacity of replication. Although the transfection ef fi ciency of 
the viral vector is high, its clinical application is still limited owing to various 
signi fi cant shortcomings including immunogenicity and carcinogenicity, dif fi culty 
in production, lack of selectivity for speci fi c target cells, and the possibility of 
causing diseases due to reversion of the engineered replication-de fi cient virus to 
a wild-type virus  [  6,   44  ] . The common gene vectors used for inner ear gene ther-
apy are summarized in Table  24.2 .  
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    24.2.1.1   Viral Vectors 

 Various types of replication-de fi cient viruses have been modi fi ed and developed as 
viral vector system so far.    The commonly used viruses contain adenovirus, adeno-
associated virus (AAV), retrovirus including lentivirus, herpes simplex virus 
(HSV), and hemagglutinating virus of Japan (HVJ, Sendai virus)-a member of the 
paramyxovirus family and so on. For instance, Bermingham and colleagues effec-
tively activated the regeneration of cochlear hair cells in the matured ear of the 
mammals by using the adenovirus-mediated atonal gene  [  6  ] . Additionally, Lalwani 
and colleagues transfected adeno-associated virus (AAV) into the cochlea of guinea 
pigs to evaluate the effect of introducing foreign genetic material into the inner ear 
 [  43  ] . They found that AAV presented much deeper staining reactivity in the spiral 
limbus, cochlear lateral wall, spiral ganglion neurons, and the basic membrane in 
the treated cochlea than the control ear. This positive result has brought signi fi cant 
interest for a series of similar studies about gene therapy for the peripheral auditory 
system. However, there is no evidence of regeneration of the mammalian auditory 
sensory epithelium in vivo except a low degree of regeneration for the vestibular 
epithelium in the rodents just after birth until now. Consequently, it was indicated 
that the highly differentiated hair cells and neurons of the mammalian inner ear 
cannot be replaced through the cellular regeneration if they are damaged after 
birth. Previous studies had shown full regeneration of avian stato-acoustic epithelia 
after inner ear damage, so the attempts have been made for many years to activate 
potential capacity of regenerating functional sensory epithelium of the inner ear 
after impairment in the mammal. Liu and colleagues found that adult utricular 
sensory epithelia of the mouse displayed the characteristic features as stem cells, 
the capacity of self-renewal and expressing marker genes for the development of 
inner ear and the nervous system  [  44  ] . This experiment provided positive evidence 
for the possibility of sensory epithelium regeneration in the mammalian inner ear. 

   Table 24.2    Summary of the commonly available vectors for gene transfer   

 Nonviral vectors  Viral vectors  Multiplex gene vectors 

  Type :   Type :   Type : 
 Cationic polymer  Adenovirus  Combining with viral and 

nonviral elements  Cationic liposome  Adeno-associated virus 
 Inorganic nanoparticles  Retrovirus 

 Hemagglutinating virus 
  Advantage :   Advantage :   Advantage : 
 Ability to form a complex with a 

plasmid carrying various desired 
genes 

 High transfection 
ef fi ciency 

 Having the advantages of 
both viral and nonviral 
vectors 

 No immunogenicity, or carcinoge-
nicity, and low or even no 
toxicity to the host 

 Stable expression in the 
host cells 

 High transfection 
ef fi ciency 

 Easy to produce and store with 
prospective economic bene fi t 

 Easy and inexpensive to 
produce 
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The  formation of the regenerated hair-cell-like cells strongly predicts that the inner 
ear stem cells are pluripotent and the damaged hair cells may be replaced by the 
regenerated cells via proper arti fi cial interventions. In 1999, Bermingham and col-
leagues found that mouse atonal homolog 1 (Math1, also known as Atoh1) was 
crucial for generating cochlear hair cells  [  6  ] . Math1 is a basic helix-loop-helix 
(bHLH) transcription factor homolog of the Drosophila atonal gene. These homo-
logues of bHLH with similar structure and function were called as atonal-related 
factors or bHLH transcription factors including Math1, Cath1 (chicken atonal 
homolog 1), Xath1 (Xenopus atonal homolog 1), and Hath1 (human atonal homolog 
1). Be concise, Math1 is a kind of positive regulator of hair-cell differentiation dur-
ing cochlear development and merely expressed in the developing stage of the hair 
cells. Kawamoto and colleagues successfully developed endolymphatic perfusion 
of adenoviral vector loaded with Math1 gene into mature guinea pig cochlea and 
found that Math1 was expressed in the supporting cells of the organ of Corti and 
its adjacent nonsensory epithelial cells  [  37  ] . Interestingly, the immature hair cells 
appeared in the organ of Corti, and new hair cells were present in the regions of 
interdental cells, inner sulcus, and Hensen cell. In addition, the axons of ganglion 
neurons were attached to some of the newly developed hair cells. As a result, this 
 fi nding could be regarded as a potentially prospective strategy for restoring hearing 
capacity, which is to induce a phenotypic transdifferentiation of nonsensory cells 
retaining the competence of response to Math1 or other atonal-related factors in 
the damaged inner ear to regenerate new hair cells or sensory epithelia with normal 
morphological and functional properties. Besides, the bHLH-related inhibitors of 
differentiation and DNA-binding (Id) proteins, originally isolated from Drosophila 
as a proneural gene for chordotonal organs, are known to negatively regulate many 
bHLH transcription factors, including Math1, in a number of different systems. 
The bHLH transcription factors modulate the development of several systems of 
both vertebrate and invertebrate and also play an important role in the differentia-
tion of inner ear hair cells  [  33,   37  ] . For instance, Izumikawa and colleagues reported 
an experiment that they observed numerous newly generated cochlear hair cells in 
the out hair cell region of the cochlea of guinea pigs after delivery of atonal gene 
by the adenoviral vectors into the damage cochlea with the destroyed hair cells by 
coadministration of kanamycin and ethacrynic acid prior to the experiment  [  30  ] . 
More importantly, the average threshold of auditory brainstem response (ABR) of 
the group of treated animals was signi fi cantly lower than that of the control group, 
which indicated that transfection of atonal gene into the inner ear could help hear-
ing recovery. This is the  fi rst report of successful regeneration of hair cells with 
hearing improvement in the experimentally profoundly deafened mature mamma-
lian cochlea. However, the success of atonal gene transfection is currently debated 
and discussed with caution due to the dif fi cult reproducibility of the experiment. 
This study would strongly imply the feasibility of hair cell regeneration in mam-
malian cochlea if the result could be con fi rmed by other separate laboratories. 
There were reports of the regeneration of vestibular hair cells or ectopic vestibular 
hair cell-like cells in the rodent by delivery of adenovirus vector-mediated Math1 
gene  [  28,   76  ]    . However, no other successful experiment has been reported on 
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Atoh1 induced cochlear hair cells regeneration based on the similar condition from 
other laboratories so far. Therefore, it could not translate the laboratory success 
into the clinical setting for generation of cochlear hair cells with natural morphol-
ogy and function immediately. The newly developed or regenerated cochlear hair 
cells induced by foreign gene are not the same natural and functional hair cells in 
terms of spatial location, histological and ultrastructural morphology, as well as 
the physiological and biochemical properties   . It has not been clari fi ed for all the 
cellular signal pathways and regulating elements necessary for natural hair cell 
regeneration which developed during the long process of evolution just as the 
observed hair cell regeneration in the avian inner ear. The sequences of Math1 and 
Hath1 genes are publicly available in the GenBank. A novel adenoviral gene deliv-
ery vector containing several elements has been reported  [  34  ] :  fi rst, a genome 
including adenoviral 5 ¢  ITR, 3 ¢  ITR, and encapsidation signal; second, a DNA 
sequence (therapeutic gene) encoding a heterologous protein or polypeptide; and 
third, a promoter for controlling the expression of DNA sequence. In addition, at 
least a portion of the DNA sequences of E1, E4, E2a and/or E2 has been deleted to 
eliminate the harmful function of the proteins. Therefore, the vector retains at least 
partial functions of the adenoviral protein as well as the advantages of viral vector. 
The vector has the advantages for minimizing the host’s immunological response 
to the vector, prolonging the duration of vector’s existence, and increasing gene 
expression. Wadell and colleagues invented a new viral vector by using the adeno-
virus type 1lp (Ad 1lp) and type 4p (Ad 4p) as the backbone of the vector system 
 [  89  ] . This vector was able to deliver transfected gene into the cells of neural origin, 
especially for human neuro-origin cells. The adenovirus type 1lp is suitable for 
gene vector because of the relatively low prevalence in population, the capacity of 
high af fi nity, and excessive infection   . Kaneda and colleagues invented an inject-
able pharmaceutical preparation of gene therapy for hearing impairment  [  35  ] . It 
comprised a virus envelope vector (using HVJ as the 12 backbone) and a plasmid 
DNA inserted with a hepatocyte growth factor (HGF) gene as the therapeutic gene. 
Overexpression of HGF was observed in the cochlea after injection of the vector 
loading with plasmid inserted with HGF gene into the subarachnoid space of the 
deaf Sprague–Dawley rats induced by kanamycin. It was con fi rmed by the immu-
nohistochemical and auditory examinations that the HGF gene transfection via 
cerebrospinal  fl uid (CSF) had protective effect on the cochlea from kanamycin 
ototoxicity. We hope to see more reports with the same method of administration 
to replicate and con fi rm the result.  

    24.2.1.2   Nonviral Vectors 

 The fundamental nonviral vector system containing the vector’s backbone and a 
plasmid DNA which can be inserted with desired nucleic acid sequences such as a 
therapeutic and/or reporter gene. In general, nonviral vectors have some special 
advantages for gene delivery: (1) ability to form a complex with a plasmid carrying 
various desired genes; (2) possibly no immmunogenicity, nor carcinogenicity, and 
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low or even no toxicity to the host; (3) could become a targeting vector when  binding 
with cell-speci fi c ligand  [  11  ] . The commonly used nonviral vectors consist of cat-
ionic polymer, cationic liposome, and other inorganic nanoparticles. The vector 
combines with its cargo (the foreign nucleic acid) with negative charges on the sur-
face via electrostatic effect and compresses it to a smaller size for better protection 
and transportation. However, the low ef fi ciency of transfection and transient expres-
sion in the host are the major disadvantages for nonviral vectors. A scheme for 
transfection process of nonviral gene vectors adopted from our previous publication 
is illustrated in Fig.  24.1   [  81  ] .  

 As novel nonviral vectors with wide application prospects, hydroxyapatite 
nanoparticles (nHAs) have been used for gene therapy in our group  [  32,   79,   91  ] . 
The nHAs have many advantages for gene therapy, including excellent biocom-
patibility, low cytotoxic effect, non-immunogenicity, non-oncogenicity, and 
unlimited loading capacity. Additionally, owing to its ability to enable the 
 construction of various vectors with multiple functions, nHAs are suitable for 
connecting different molecular groups if necessary  [  79  ] . Our laboratory has used 
nHAs as nonviral vectors for transfecting NT-3 gene into the primarily cultured 
cochlear spiral ganglion neurons of neonatal mice in vitro and the cochlear spiral 
ganglion neurons of adult guinea pigs in vivo. To our knowledge, this was the  fi rst 
report of a therapeutic gene being successfully transfected into the mammalian 
inner ear with an inorganic nanoparticle vector. The nHAs exhibited excellent 
biocompatibility, possibly due to its natural mineral form of calcium apatite to 
mimic the mammalian bone mineral compartment  [  25  ] . However, the utmost 
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  Fig. 24.1    Schematic of gene therapy with a nonviral vector system (Adapted from Sun et al.  [  81  ] )       
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 disadvantages for nHAs, as for all nonviral vectors, are the limited transfection 
ef fi ciency and short transient expression in the host cells. 

 One widely used nonviral vector for gene therapy is cationic polymers, espe-
cially polyethyleneimine (PEI) and polyamidoamine dendrimer (PAMAM-D). 
Bangham and colleagues used polymer-chitosan, a natural form of cationic, as 
transfection vectors  [  5  ] . It is a polycationic polysaccharide extracted from aquatic 
products, which has excellent biocompatibility. Owing to its poor water solubility 
due to the strong hydrogen bonds between neighboring chitosan molecules, the 
directly usage of natural chitosan for gene delivery is limited to some extent. Some 
researchers have investigated to treat materials with organic or inorganic acid to 
dissolve chitosan in water  [  50  ] . Mori and colleagues invented a modi fi ed cationic 
polymer, which has the insoluble and biodegradable advantages  [  48  ] . Therefore, the 
nucleic acid, connected with cationic polymer, would be easily released from the 
complex in the body when administered in vivo. This water-insoluble biodegradable 
polymer vector is a gelatin with hydrogel insolubilized in water via cross-linking 
effect. The sustained and relatively controlled DNA release increases transfection 
ef fi ciency and the duration of the therapeutic gene in the target cells. The vector was 
used to transfect green  fl uorescent protein (GFP) into dendritic cells separated from 
human peripheral blood. The transfection ef fi ciency was reported to be 77 %, which 
is relatively higher compared to the commonly used nonviral vectors. A complex 
compound with polymer and various ligands may be labeled as a multifunctional 
gene vector. It has distinguished capacity, such as targeting, dependent upon the 
ligand(s) conjugated with the polymer. Polymeric amino acid vectors for gene deliv-
ery were synthesized using traditional chemical synthetic methods in the past. So 
the sequences and molecular weight of the polymers were randomly varied, making 
them dif fi cult to attach functional motifs such as targeting ligands at the precise 
locations. Zaki and colleagues invented a novel nonviral vector used genetic engi-
neering technique  [  98  ] . Such vector was genetically engineered polymer transcribed 
from a single gene with nucleic acid-binding protein. The main structure of nucleic 
acid-binding protein contained at least one tandem repeat of a cationic amino acid-
containing monomer (CAACM), in which the cationic amino acids (usually lysine 
and/or arginine) were positively charged and bound to negatively charged nucleic 
acids at pH 7.4. This vector is called nucleic acid-binding protein-based polymer 
(NABP) or amino acid-based polymer. It can be enhanced by linking to speci fi c ele-
ments such as a target ligand, an endosome disrupting moiety, or a nuclear localiza-
tion sequence. However, the transfection ef fi ciency of the polymer was signi fi cantly 
lower than the commercial liposomes in three tested cultured cell lines. 

 Another kind of nonviral vector widely used for gene therapy is liposome. In 
1965, Bangham and colleagues initially described the structure and basic properties 
of liposome  [  5  ] . From then on, liposome has become an increasingly important vec-
tor for drug and gene delivery, especially considering its advantage in protection of 
biological molecules from degradation with the increase of cellular uptake. Cationic 
liposome is one of the most commonly used liposome formulation for delivering 
anionic molecules such as DNA  [  86  ] . 
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 If we linked a nonviral vector to an appropriate tracer, the process of expression 
and distribution of a foreign gene in the host could be monitored in vivo. The positive 
effect of such vector is to allow monitoring the expression and distribution of foreign 
gene in vivo almost at the real time. For instance, the liposome-based vectors linked 
with radioactive isotope as the tracer agent were used to monitor gene expression by 
positron emission tomography, gamma camera, or single-photon emission computed 
tomography. Sen and colleagues invented a vector system encoding with fusion pro-
tein comprising a tracer molecule to monitor the blood level of therapeutic protein at 
high sensitivity by labeling the glucagon-originated peptide region with a fusion 
protein expressed by the host cells  [  26,   73  ] . It could provide an effective approach for 
gene therapy in the clinic in a negative feedback fashion if the gene delivery system 
is able to monitor the process of foreign gene expression in vivo. 

 Inorganic nanoparticles were increasingly used as delivery vectors for gene ther-
apy recently. Inorganic nanoparticles could be utilized both in vitro and in vivo for 
gene delivery. The wide application of inorganic nanoparticles as nonviral vectors for 
gene therapy may partially be limit due to the lower transfection ef fi ciency compared 
to liposome or polymer to some extent  [  48,   74,   79  ] . The inorganic nanoparticles, 
however, have the advantages of easy preparation, relative convenience for storage, 
and low cost, and more importantly, it could be manufactured on a commercial scale. 
It would become more popular or even an ideal gene vector if its transfection 
ef fi ciency could be signi fi cantly increased. Hence, inorganic nanoparticles are wor-
thy of further investigation and exploration. To enhance the transfection ef fi ciency of 
inorganic nanoparticles system, our group performed a conjunct compound hydroxy-
apatite nanoparticles (nHAs) with polyethylenimine (PEI)  [  96  ] . In our recent study, 
PEI-nHAs was loaded with the recombinant plasmid pEGFPC2-NT3 and then 
directly administrating into the intact round window membranes (RWMs) in chin-
chillas. We utilized EGFP as reporting signal to analyze the effect and ef fi ciency of 
transfection in inner ear, and the samples were detected and evaluated under the con-
focal microscopy post experiment. Surprisingly, the results indicated that abundant 
and condensed EGFP green  fl uorescence was present in the transitional zone and the 
region of dark cells on both sides of the crista ampullaris and around the macula of 
the utricle. Salem and colleagues constructed a nonviral gene delivery system based 
on multisegment bimetallic nanorods  [  72  ] . It could simultaneously bind with com-
pacted DNA plasmids and targeting ligands to deliver therapeutic molecules into the 
inner ear of rat. This approach helps to control precisely over the composition, size, 
and multifunctionality of the gene delivery system. Kopke and colleague invented a 
vector with superparamagnetic iron oxide nanoparticles (SNP) composed of magne-
tite (Fe 

3
 O 

4
  ) for therapeutic molecule delivery into the inner ear of rat  [  42  ] . The 

embedded SNP coated with either dextran, silica, or poly (D, L,-Lactide-co-glycolide) 
were placed in the round window membrane (RWM) niche of the rat. The RWM of 
the experimental ear of the rat was positioned horizontally upward and placed the 
head on the surface of the center of a 4-in. cube NdFeB48 magnet, as the magnet pole 
faced on the opposite side of the rat’s head. The experiment demonstrated that the 
forces generated by permanent magnetic  fi elds could suf fi ciently pull SNP into and 
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across RWM entering the perilymphatic space of the cochlea. No signi fi cant toxicity 
was observed in the tested rat. 

 Consideration of the expression level of therapeutic gene affecting the therapeu-
tic status, it is important to enhance the ability of delivery system to deliver suf fi cient 
level of therapeutic gene into the target cells or tissues. Roy and colleague used 
nerve growth factor-derived peptide (hNgf-EE)-mediated nanoparticles (NPs) to 
target cells of the inner ear  [  69  ] . They found that the NPs speci fi cally targeted the 
spiral ganglion neurons with higher binding af fi nity and without any adverse toxic-
ity to the host. The results indicate a selective cell target by multifunctional nano-
particles and demonstrate the superiority of ligands mediated vectors. Based on 
published reports and our own experience, it could improve the delivery system for 
the inner ear gene therapy by using target-speci fi c promoters and tissue- or cell-
speci fi c ligands  [  4  ] . Consequently, our group plan to modulate the skeleton of non-
viral vector with polyethylene glycol and polyethylenimine and then link the vector 
with selected ligands which have speci fi c af fi nity to the target cell or organ in inner 
ear currently. This method may signi fi cantly enhance the therapeutic effects and 
transfection ef fi ciency of inner ear gene therapy. 

 “Multiplex gene vectors,” a kind of novel complex vectors consisting of both 
viral and nonviral elements, were developed by several laboratories. These new 
gene vectors may improve the outcomes of gene therapy in both laboratories and 
clinical settings. Rozenberg and colleagues invented a new gene vector called as 
“targeted arti fi cial gene delivery (TAGD)”  [  70  ] . It contained a multifunctional 
arti fi cial surface moiety surrounding with a recombinant viral particle with a thera-
peutic gene, namely, the recombinant core. This novel functional arti fi cial surface 
moiety comprised at least one of the elements, immunoprotective, targeting, or cell-
entry element. Consequently, the vector system was capable of speci fi cally binding 
to the target cell and delivering the core into the cell. The immunoprotective ele-
ment is a synthetic polymer moiety comprising a poly (ethylene glycol) and a copo-
lymer of glutamic acid with leucine. The targeting element binds to a receptor highly 
expressed on the surface of the targeted cells than the normal cells. The targeting 
moiety is a peptide or peptidomimetic ligand for a cell surface receptor. Finally, the 
cell-entry element is a membrane-destabilizing moiety comprising an amphiphilic 
 a -helix derived from the C-terminal domain of a viral envelope protein. The mem-
brane-destabilizing moiety also comprises a copolymer of glutamic acid and leu-
cine. Yu and Matsumoto constructed a multiplex gene vector system comprised a 
cationic polymer with desired nucleic acid (e.g., therapeutic gene) and a lipid-based 
vesicle encapsulating a membrane active agent, such as viral envelope proteins or 
membrane active peptides, to enhance ef fi ciency of foreign gene transfection into 
eukaryotic cells  [  97  ] . The viral envelope protein encapsulated by lipid-based vesicle 
was vesicular stomatitis virus G (VSVG) envelope protein. This protein is a trans-
membrane glycoprotein and induces membrane fusion at acidic pH in the absence 
of other viral components so it could increase the quantity of the vector particles 
entering the target cells. The cationic polymer with VSVG vesicle increased trans-
fection ef fi ciencies more than 100 times compared to that with cationic polymer 
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alone. The multiplex gene vectors possess the advantages of both viral vectors and 
nonviral vectors. Therefore, it may become a prospective approach for gene therapy 
in the future. A novel technique has been developed to deliver cargo-carrying nano-
particles into target cells with intracellular bacteria  [  2  ] . The process of transferring 
plasmid DNA into the target cells using bacteria as a nonviral carrier is called 
“ bactofection.” The nanoparticles containing plasmid DNA (inserted with GFP 
gene) were linked to the surface of the Listeria monocytogenes through the speci fi c 
combination of biotin and avidin, which can penetrate into mammalian cells in a 
non-phagocytic process. Listeria monocytogenes served as both the carrier and cell-
entry element of the vector system to bring the cargo-carrying nanoparticles into the 
target cells and consequently expressing the desired gene. The cargo-carrying bac-
teria which the authors named as “microbots” had been successfully transfected and 
expressed the reporter gene in various cultured cell lines and in the living mice 
in vivo. The “microbots” may become a new promising approach to deliver differ-
ent types of cargo (genes, drugs, and other biological active molecules) into a vari-
ety of cultured cells and live animals.   

    24.2.2   Delivery Routes/Strategies for Inner Ear Gene Therapy 

 The routes of delivery therapeutic gene into the inner ear are also very important for 
inner ear gene therapy. Considering the factors that vestibular end organs and the 
cochlea are isolate, the  fl uid spaces of the ear are made up of separately cochlear 
endolymph and perilymph, and the cochlear hair cells and spiral ganglions are 
extremely sensitive to trauma, it is extremely dif fi cult for vector introduction  [  29  ] . 
Basically, an ideal route for inner ear gene delivery should possess several features 
as below. First, the cargo-carrying gene vectors can effectively access the inner ear 
without harm to the peripheral vestibular or auditory organs. Second, any impair-
ment of the inner ear induced by the process should be minimal and acceptable 
compared to the bene fi t from gene therapy. Third, the administration to the inner ear 
should be convenient, easy for operation and control. The delivery routes/strategies 
for the inner ear gene therapy are summarized in Table  24.3 .  

    24.2.2.1   Round Window Membrane Permeation 

 Round window is the merely membranously sealed window on the bony labyrinth, 
and the round window membrane (RWM) is consists of three layers. The inner layer 
is a continuation of the epithelial layer of the perilymphatic space; the middle layer 
contains a large amount of collagen and elastic  fi bers as well as  fi brocytes; and the 
outer epithelial layer is non-ciliated but often contains microvilli  [  47  ] . Goycoolea 
and colleagues  fi rstly reported about RWM permeability to macromolecules with 
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tritiated normal human serum albumin in cat model of otitis media  [  22  ] . The study 
demonstrated the feasibility of diffusion of smaller molecules (toxins and enzymes) 
through an intact RWM. A large number of studies con fi rmed that the corresponding 
exogenous substances can be detected in the perilymph after placing albumin, ste-
roid, antibiotics, anesthetics, and toxins on the RWM, respectively  [  2,   47,   61,   62  ] . 
Additionally, some experiments have shown that the transfection ef fi ciency with this 
approach could be further increased with the help of facilitating agents. Wang and 
colleagues investigated a method to increase the permeability of RWM to adeno-
associated viral (rAAV) vector by partial digestion of RWM with collagenase solu-
tion in guinea pigs  [  93  ] . The study showed that elevated delivery of rAAV across the 
partially digested RWM with increased transfection ef fi cacy to a satisfactory level 
comparing to directly delivering rAAV via intact RWM. The evaluation of auditory 
function showed that this enzymatic manipulation did not cause permanent hearing 
loss if applied appropriately. Morphological observations also showed that the dam-
age to RWM caused by partial digestion could be spontaneously healed within 4 
weeks. These experiments imply that RWM is a potential approach for delivery of 
the biologically active molecules (drug or toxin) into the inner ear. Higher perilym-
phatic drug concentrations have been detected after delivering the drugs intratym-
panically through the intact RWM compared to other routes such as peritoneum and 
bloodstream in many laboratories. The molecules used for the studies of RWM 

   Table 24.3    Summary of delivery routes/strategies for the inner ear gene therapy   

 Routes  Advantage  Disadvantage 

 Labyrinthine drilling or 
RWM injection 

 Maximum drug/gene 
entering 

 Higher risks of inducing damage 
and infection of the inner ear 

 Minimum systemic 
interference 

 Dif fi culty of operation 

 Intrathecal injection  Relatively convenient  Diffusing effect may harm to other 
part of the central nervous 
system 

 No harm to inner ear 

 Systemic delivery  Convenient  Dif fi cult to pass the blood 
labyrinthine barrier  No harm to inner ear 

 Intratympanic approach or 
intact RWM permeation 

 Relatively high drug/gene 
entering 

 Dif fi cult for operation 

 Minimum systemic 
interference 

 Risk of the infection of the middle 
ear 

 Minimal harm to the inner 
ear 

 May slight harm to RWM and 
inner ear 

 Intrauterine approach  Starting treatment in 
embryonic stage 

 May harm to the embryo and/or 
the mother 

 Dif fi culty for operation 
 Needing expensive equipments 

 Cochlear implant 
(electrode) 

 Convenience  – 

  Modi fi ed from the Table  24.2  in Sun et al.  [  81  ]   
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 delivery include antibiotics, poly lactic/glycolic acid (PLGA), and methylpredniso-
lone  [  3,   7,   61,   84  ] . The intact RWM routine (intratympanic pathway) may provide 
higher perilymphatic concentration of the exogenous molecules with low drug dos-
age due to bypassing the blood-labyrinth barrier. Meanwhile, it induces slight but 
acceptable structural impairment of the inner ear with minimal systemic interference 
although it is relatively inconvenient for clinical use compared with the oral or intra-
venous route. However, the molecular weight of various complexes of exogenous 
gene, the backbone of the vector, and the helper element is much higher than that of 
the tested drugs mentioned above; it is more dif fi cult to deliver suf fi cient quantity of 
these complexes into the inner ear through intact RWM   . Jero and colleagues placed 
a gelfoam cube absorbed with liposome or adenoviral vector on the RWM of the 
mouse; transgenes were successfully expressed in a variety of cochlear cells or tis-
sues  [  31  ]    . Recently, several independent studies from different groups have con fi rmed 
the feasibility of inner ear gene transfer mediated by viral or nonviral vectors via 
intact RWM  [  82,   100  ] . The study of ultrastructure of RWM revealed that the paracel-
lular pathway is the major route for the gene vector to penetrate through RWM  [  100  ] . 
The ef fi ciency of foreign gene transfection will be signi fi cantly increased if RWM is 
pretreated or simultaneously treated with a facilitating agent, such as histamine, local 
anesthetic phenol, or other chemicals  [  10,   82  ] . The possible mechanism for the 
effects of facilitating agents on RWM may be due to damage of the RWM epithelium 
by the facilitator to enlarge the mini-space among cells. RWM offers an atraumatic 
route of administration to the inner ear. The intact RWM route may become an ideal 
approach for inner ear gene transfection compared to invasive gene delivery methods 
such as labyrinth drilling and RWM injection.  

    24.2.2.2   Perilymphatic or Endolymphatic Perfusion 

 A conventional route for therapeutic gene delivery is perilymphatic or endolym-
phatic perfusion of gene vectors through a tiny hole drilled on the bony wall of laby-
rinth. Alternatively, some researchers administrated drugs via RWM injection with 
or without the help of an osmotic micro-pump. This approach may allow maximum 
drug/gene entering the inner ear with minimum systemic interference. Numerous 
reports have con fi rmed successful delivery of various foreign genes  [  2,   36,   44,   56, 
  78,   94  ]  or genetic engineered therapeutic cells  [  55  ]  into inner ears mediated by vari-
ous vectors via this routine. The osmotic micro-pump may provide continuous drug/
gene supply for several days to several months depending on the requirements of the 
therapy and the capacity of the micro-pump. Therefore, inner ear perfusion with 
osmotic micro-pump could be a considerable option for continuing and steady 
delivery of foreign gene, especially for perilymphatic infusion  [  45  ] . Actually, the 
invasive approach could directly deliver the foreign genes into inner ear with rela-
tively higher ef fi ciency and easier control to compensate the disadvantage of tran-
sient gene expression mediated by nonviral gene vectors. However, this method 
could also increase the risks of damage and infection of the inner ear, which has 
limited its broad use in the clinic.  
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    24.2.2.3   Intrathecal Injection 

 Stover and colleagues have transferred adenovirus-mediated lacZ reporter genes 
into unilateral cochlea of guinea pigs with intrathecal injection and observed the 
whole process of transgene expressions in the contralateral (untransfected) cochlea 
and cerebrospinal  fl uid (CSF)  [  78  ] . Interestingly, successful transduction of both 
cochleae was achieved by direct injection of adenovirus-mediated lacZ reporter 
gene into the CSF intrathecally, while no transduction was observed when injecting 
the reporter gene into the bloodstream. Additionally, it has been con fi rmed that the 
systemic route of foreign gene administration was unfeasible owing to the existence 
of the blood-labyrinth barrier. As a result, CSF could be regarded as a considerable 
delivery routine for the inner ear gene transfer, and the cochlear aqueduct may be 
the most likely route for virus into the contralateral cochlea. Another novel strategy 
for inner ear gene therapy was invented by Oshima and colleagues. They combined 
human hepatocyte growth factor (HGF) gene with HVJ envelope (HVJ-E) vector 
and delivered the complex into the inner ear of rats by intrathecal injection of the 
viral vectors into CSF via cisterna magna  [  56  ] . Transgene expression was detected 
in the spiral ganglion cells (SGCs) of the deaf rats induced by kanamycin, and hear-
ing impairment was protected or signi fi cantly recovered by HGF gene transfer 
before or 2 weeks after kanamycin treatment. Nevertheless, the quantity of vectors 
entering the inner ear is obviously limited via the CSF route, and the foreign gene 
transfected into the central nervous system (CNS) may result in unexpected side 
effects, even at the risk of harm to the CNS. Consequently, this new approach should 
be used with caution.  

    24.2.2.4   Applied with Cochlear Implant Electrode 

 Another novel approach for delivering foreign genes into the inner ear is cochlear 
implant electrodes. Cochlear implant electrodes were coated with guinea pig 
 fi broblasts transfected by an adenoviral vector with a brain-derived neurotrophic 
factor (BDNF) gene, and the BDNF-secreting cells were coated by agarose gel  [  65  ] . 
The study demonstrated that the BDNF expressing electrodes were able to preserve 
more spiral ganglion neurons of cochlea than the control after 48 days of implanta-
tion. This result indicated the feasibility of combining cochlear implant therapy 
with ex vivo gene transfer to enhance the survival of the spiral ganglion neurons. 
Additionally, Gubbels and colleagues invented another potential method for deliver-
ing foreign gene into inner ear  [  23  ] . The researches have successfully transfected 
foreign genes into the cochlea at the otocyst of a developing embryonic mouse via 
the utero. In detail, a plasmid containing genes encoding atonal homolog 1 and 
enhanced green  fl uorescent protein (GFP) was microinjected through the mouse 
uterus into the  fl uid- fi lled cavity of the embryonic on day 11.5 (E11.5) otic vesicle, 
and then the ventral progenitor cells of the organ of Corti in the plasmid- fi lled oto-
cyst was electroporatingly transfected for the foreign gene with a directional square-
wave pulse train. Expression of hair cell marker myosin 7a (Myo7a) by Atoh1/GFP +  
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cells was detected in the otocyst 24 h after the electroporation. These Atoh1/GFP + /
Myo7a +  cells were presented in the base, mid-base, and apex of the transfected 
cochleae. The cochlear stereotyped pattern of the hair cells in the one inner and 
three outer rows was altered by the overexpression of the Atoh1/GFP + /Myo7a +  cells 
named as supernumerary cells. There were phalloidin-positive epithelial protrusions 
on the apical surfaces of the cells at E18.5, that resembled immature  stereociliary 
bundles, lasted for 1 month after the birth. Furthermore, the experiment con fi rmed 
that the cochlear morphology and hearing ability of the transfected mouse were not 
affected by the intrauterine gene transfer. Therefore, this may be a promising new 
approach for the inner ear gene delivery.   

    24.2.3   The Therapeutic Genes for Inner Ear 

 Based on the mechanisms or processes of different inner ear disease, the therapeutic 
genes for the inner ear gene therapy may be described as several types: (1) cell or 
tissue protectors, (2) modulators of gene expression, (3) inhibitors of adverse fac-
tors, and (4) activators of cell transdifferentiation. These therapeutic molecules have 
rapidly increased in number as the research in this  fi eld has been dramatically 
advanced in recent years. Table  24.4  summarizes the therapeutic genes used for 
inner ear gene therapy currently.  

    24.2.3.1   Neurotrophic Factors 

 Cochlear hair cells play an important role to convert sound waves into electrical sig-
nals in spiral ganglion neurons (SGNs) for transmission to the brain. Additionally, 
cochlear hair cells also in fl uence the status of SGNs by supporting neurotrophic fac-
tors. Thus, loss of cochlear hair cells may lead to the gradual degeneration of SGNs. 
Consequently, it is signi fi cant to focus on the maintenance of neurotrophic factors for 
inner ear therapy  [  66  ] . Neurotrophic factors are a large group of biologically active 
peptides; most of them are capable of protecting epithelial cells and spiral ganglion 
neurons of inner ear from the damage caused by various pathogenic factors and pro-
mote the recovery from cochlear injure. Brie fl y, the neurotrophic factors play an 
important role in cellular differentiation, proliferation, development, neuronal plas-
ticity, and the cellular survival, not only in embryonic stage but also throughout the 
entire lifetime. Additionally, neurotrophic factors in the inner ear are mainly pro-
duced by hair cells to maintain the normal function and survival of cochlear hair cells 
and neurons. Direct infusion of foreign neurotrophic factors into the inner ear could 
protect SGNs and cochlear hair cells from ototoxic drugs, noised-induced trauma, or 
other damage in different animals  [  18,   20,   21,   87,   95  ] . Currently, more than 20 neu-
rotrophic factors have been revealed with protective effects on inner ear cells, which 
belong to one of the following groups: (1) neurotrophins (NTs) family including 
nerve growth factor (NGF), BDNF, and neurotrophin 3–7 (NT-3, NT-4/5, NT-7); 
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(2) glial cell line-derived neurotrophic factor (GDNF) family; (3) ciliary neurotrophic 
factor (CNTF) family; (4)  fi broblast growth factor (FGF) family including at least 17 
members, with acid  fi broblast growth factor (aFGF or FGF-1) and basic  fi broblast 
growth factor (bFGF or FGF-2) as the most extensively studied factors; and (5) other 
neurotrophically acting factors (miscellany) including but not limited to epidermal 
growth factor (EGF), transforming growth factor (TGF), platelet-derived growth fac-
tor (PDGF), insulin-like growth factor (IGF), and HGF. It was reported that either 
NT-3 or NT-3 +  BDNF could be infused into the scala tympani of the ototoxically 

   Table 24.4    Summary of the therapeutic genes used for the inner ear gene therapy   

 Gene  Main target  Protective effect 

  Neurotrophic factors :  Hair cells, neurons  Comprehensive protection, 
acting as anti-
 apoptosis, antioxida-
tion, and modulation of 
neuronal physiological 
and biochemical 
activities 

 1. Neurotrophin family 
 2.  Glial cell line-derived 

neurotrophic factor family 
 3.  Ciliary neurotrophic factor 

family 
 4.  Fibroblast growth factor 

family 
 5.  Other neurotrophically 

acting factors: 
  (a)  Epidermal growth factor 

(EGF) 
  (b)  Transforming growth 

factor (TGF) 
  (c)  Platelet-derived growth 

factor (PDGF) 
  (d)  Insulin-like growth 

factor (IGF) 
  (e)  Hepatocyte growth 

factor (HGF) 
  Otospiralin   Nonsensory epithelial cells of the 

inner ear 
 Maintaining normal 

structure and function 
of the  fi brocytes and 
other nonsensory 
epithelial cells in inner 
ear 

  Anti-apoptotic agent :  Hair cells, neurons, other inner 
ear cells 

 Anti-apoptosis 
 XIAP, IAPs, and Bcl-2 family 
  Connexins :  Gap junctions in inner ear  Maintaining normal 

structure and function 
of the gap junction of 
the inner ear 

 Such as CX26 (GJB2), CX30 
(GJB6), CX31 (GJB3), 
and CX43 (GJA1) 

  Atonal-related factors or 
bHLH transcription 
factors : 

 Supporting cells of the organ of 
Corti and its adjacent 
nonsensory epithelial cells 

 Inducing a phenotypic 
transdifferentiation 
from nonsensory cells 
to the hair cells  Such as Math1, Cath1, Xath1, 

and Hath1 

  Modi fi ed from the Table  24.1  in Sun et al.  [  81  ]   
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damaged guinea pig cochleae resulting in more than 90 % survival of auditory neu-
rons compared with only 14–24 % neuronal survival in the untreated control  [  56,   75  ] . 
Additionally, neurotrophic factors especially NT-3 and BDNF were demonstrated 
having the capability of protecting the inner ear hair cells and neurons via anti-apop-
tosis, antioxidation, and modulation of neuronal physiological and biochemical 
activities. A large number of documents have demonstrated the successful transfec-
tions and expressions of neurotrophic factors into the inner ear mediated by both 
viral and nonviral vectors in vitro and in vivo  [  32,   54,   75  ] . It is well established that 
either BDNF or NT-3 may have protective effects on inner ear hair cells and neurons 
even given 1 month after the deafness existence  [  46  ] . Consequently, the neurotrophic 
factor genes were regarded as the preferred therapeutic genes for inner ear gene 
therapy so far. Moreover, other neurotrophic factors such as TGF, GDNF, FGF, 
CNTF, and HGF also possessed similar protective effects as BDNF and NT-3 on 
inner ear hair cells and neurons  [  38,   51,   56,   60  ] .  

    24.2.3.2   Atonal Homolog 1 

 As mentioned previously, atonal homolog 1 (encoded by Atoh1), a basic helix-loop-
helix transcription factor required for the development of cochlear hair cells, was origi-
nally isolated from Drosophila chordotonal organs  [  12,   33  ] . It plays an important role 
in the differentiation of hair cells of the developing inner ear, and it is essential for the 
generate hair cells  [  6,   30,   37  ] . The homologues of homolog 1 were named as atonal-
related factors or bHLH transcription factors which include Math1, Cath1, Xath1, and 
Hath1, with Math1 being the most extensively studied factor. Math1 is a positive regu-
lator of hair cells differentiation during cochlear development and is expressed only in 
the developing stage of the hair cells. Gubbels and colleagues transferred therapeutic 
gene Atoh1 by intrauterine approach and successfully produced functional supernu-
merary hair cells in the mouse cochlea  [  23  ] . The experiment showed that newborn hair 
cells present stereociliary bundles, which attracted neuronal processes and accompany-
ing synapse. Moreover, the cochlear hair cells induced by Athoh1 exhibited the similar 
range of current amplitudes, sensitivity, and adaptation as normal hair cells. This posi-
tive result showed that functional cochlear hair cells could be induced by manipulation 
of cells for overexpression of transcription factors in the postnatal mammalian cochlea. 
Kawamoto and colleagues investigated the phenomenon of overexpression of Math1 in 
cochlear nonsensory cells of mature guinea pig  [  37  ] . They transfected adenovirus with 
the Math1 gene by administrating into the endolymph of the adult guinea pig cochlea 
in vivo caused Math1 overexpression in nonsensory cochlear cells, based on the condi-
tion that Math1 protein was present in the region of supporting cells of the organ of 
Corti and in nearby nonsensory epithelial cells. After vector-mediated overexpression 
of Math1, newborn cochlear hair cells were presented in the region of organ of Corti 
and other supporting cells regions. Furthermore, the axons of ganglion neuron attached 
to the newly formed hair cells, indicating that newborn cochlear hair cells were ectopi-
cally positioned and have the ability to attract auditory nerve  fi bers. The experiments 
indicated that there is a possibility that transfection of the genes encoding atonal-related 
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factors for the inner ear gene therapy may lead to an exciting breakthrough in the 
regeneration of inner ear hair cells in the mammalians.  

    24.2.3.3   XIAP 

 The X-linked inhibitor of apoptosis protein (XIAP), a member of the inhibitor of 
apoptosis protein family, is the most convincing anti-apoptotic agent that may be 
used for inner ear gene therapy so far. XIAP is an extremely potent suppressor of 
apoptosis, and it selectively binds and inhibits caspase-3, caspase-7, and caspase-9 
 [  17  ] . It was recently discovered that XIAP inhibited apoptosis of the cochlear cells in 
various conditions such as age-related hearing loss  [  92  ]  and drug-induced ototoxicity 
 [  14  ] . It has been demonstrated that XIAP could signi fi cantly reversed the severity of 
hearing loss induced by cisplatin  [  14  ] . In detail, the rats were treated with cisplatin 
after delivery of XIAP gene into the inner ear of rats by an adeno-associated viral 
(AAV) vector via RWM injection for at least 2 months, and the auditory-evoked 
brainstem response (ABR) threshold and out hair cells were investigated 72 h after 
cisplatin treatment. The data showed that transfection of the AAV encoding with 
XIAP into inner ear could signi fi cantly protect the hosts from cisplatin-induced oto-
toxicity by the anti-apoptosis effects of XIAP, and the ABR-threshold shift and hair-
cell loss were attenuated by as much as 78 and 45 %, respectively, comparing with 
contralateral (untreated) cochleae. The results indicated that XIAP may provide a 
potent, speci fi c, and long-term protection for the cochlear cells, and XIAP could 
become a promising gene for inner ear gene therapy.  

    24.2.3.4   Otospiralin 

 Another novel therapeutic gene is otospiralin, a newly developed ear-speci fi c pro-
tein produced by  fi brocytes from the nonsensory epithelial regions of the inner ear, 
speci fi cally by spiral ligament and spiral limbus in the cochlea, and the maculae and 
semicircular canals of the vestibule. These mesenchymal nonsensory epithelial tis-
sues surrounding the neuroepithelium in the inner ear play an important role for 
ionic balance to maintain the normal structure and function of the inner ear. 
Otospiralin is a novel 6.4 kDa protein with unknown function, and it shares the 
protein motif with the gag p30 core shell nucleocapsid protein of type C retroviruses 
 [  15  ] . Delprat and colleagues demonstrated a rapid decrease of the compound action 
potentials and irreversible deafness by downregulation of otospiralin with cochlear 
perfusion of antisense oligonucleotides of otospiralin in the guinea pigs.    Some 
researchers indicated that hair-cell loss and degeneration of the organ of Corti might 
be the possible mechanism for the deafness. Consequently, otospiralin is essential 
for the survival of the cochlear sensory epithelium. The same research group further 
found that knocking out the Otos encoding otospiralin leading to degeneration of 
type II and IV  fi brocytes and moderate hearing loss in the mice  [  16  ] . These  fi ndings 
suggested that loss of otospiralin would induce  fi brocyte  damage and lead to both 
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structural and functional impairment of the inner ear. The loss of hair cells also 
indicated the importance of supporting cells for hair cells survival. It is not just for 
“supporting” the hair cells in the right spatial place. Obvious decrease of cisplatin-
induced apoptosis was observed in the cultured spiral ligament  fi brocytes by upreg-
ulating the otospiralin gene expression through adenoviral vector-mediated gene 
transfection  [  99  ] . In summary, otospiralin may be a prospective protective molecule 
for inner ear, and it is possible to employ the speci fi c antibody to otospiralin as the 
targeting element of gene vector for inner ear gene therapy based on the speci fi city 
of otospiralin to the inner ear.  

    24.2.3.5   Connexins 

 Connexins have been demonstrated to be crucial for maintenance of hearing capac-
ity and could be a potential new target for inner ear gene therapy. Connexins are the 
major proteins of gap junctions, A lot of hearing impairments were caused by muta-
tions of genes encoding connexins, such as non-syndromic hereditary deafness 
which counts for 70 % of the inherited hearing impairment  [  13  ] . The most fre-
quently mutations of connexins are from Cx26 gene encoding connexin 26, which 
accounts for almost 49 % of nonsymdromic deafness. More than 100 causative 
mutations in CX26 (GJB2) have been detected and counted for a majority of prelin-
gual deafness  [  27  ] . Other relatively common mutations were detected in CX30 
(GJB6), CX31 (GJB3), and CX43 (GJA1)  [  13  ] . A susceptibility gene of non- 
syndromic sensorineural autosomal deafness was identi fi ed to link to chromosome 
13q11-12 (DFNB1), where the Cx26 gene is localized  [  39  ] . Therefore, connexin 26 
is regarded as an important component in the cochlea. Connexin 26 exists in gap 
junctions and connects many types of cells in the cochlea including the epithelial 
cells and the connective tissues  [  41  ] . Thus, it will certainly affect the intracellular 
and/or intercellular internal environments or signaling pathways if the cochlear gap 
junctions were damaged by the mutations of connexin genes. Sun and colleagues 
have investigated the lesion pattern and time course of cellular degeneration in the 
cochlea of conditional Cx26 (cCx26) null and Cx30 null mice and observed that 
cellular degeneration in the cochlea of cCx26 null mice was dramatically more rapid 
and widespread than that in Cx30 null mice  [  80  ] . The result indicates that different 
deafness mechanisms may exist in spite of co-assembly of Cx26 and Cx30 in for-
mation of the gap junctions in the cochlea. Additionally, one of the functions of the 
gap junction systems is to recirculate K +  ions from hair cells to the strial marginal 
cells. It would disrupt the ionic balance in the cochlea and result in hearing loss if 
the recirculation of K +  ions was interrupted  [  41  ] . Furthermore, connexins play an 
important role in maintaining the morphology and the function of the inner ear. 
Therefore, connexins may be a curable treatment for a large number of hereditary 
deafness in the embryonic or even early postnatal stage by replacing the mutated 
connexin gene of the patients with a speci fi c therapeutic gene. Unfortunately, we are 
still looking forward to the  fi rst successful case to be reported.    
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    24.3   Summary and Future Directions 
for Inner Ear Gene Therapy 

 Several interesting clinical trials have been reported using quite promising tech-
niques in the cases of ex vivo gene therapy, in which cells were removed from the 
patient, treated and then returned to the patient. These clinical trials have shown 
some promise  [  1,   9,   71  ] . These positive results profoundly encouraged the scienti fi c 
community and clinicians to work together to pursue further advanced technologies 
and pay more attention on the  fi eld of gene therapy for human disease including the 
inner ear. Actually, during the last decade, numerous advances and progress have 
been made in gene therapy for the inner ear, especially for the development of gene 
vector system. As more attention has been paid to nonviral vectors in the last cou-
ples of years, dramatic achievements and great progress related to nonviral gene 
delivery system have been made. Moreover, the inorganic nanoparticle gene vectors 
have been developed rapidly in the recent years owing to its speci fi c advantages, 
compare to other conventional vectors  [  5,   79  ] . Three types of vectors may have 
greater prospects. The  fi rst one is the bacterial vector which mediates bactofection. 
The vector has no carcinogenesis because the host’s genome will not be integrated 
by the bacteria. The second one is the “multiplex gene vector” which has the advan-
tages of both viral and nonviral gene delivery systems and is constructed by bio-
chemical and genetic engineering techniques. The capabilities of the so-called 
multiplex gene vectors could be tremendously increased compared with a pure non-
viral vector. The major advantage of the “multiplex gene vector” is their almost 
in fi nite structural variations, which could affect physicochemical and biological 
properties of the vectors. Such vectors may become an ideal tool for gene therapy in 
the future. The third one is the labeled gene vector with obvious commercial values. 
It could be utilized as an ex vivo and in vivo gene vector with the function of real-
time monitoring. On the basis of recent progress in gene vector development, it is 
estimated that breakthrough for transfection ef fi ciency of nonviral vectors or multi-
plex gene vectors could take place within 5 years. It will take about 15 years for the 
“multiplex gene vector” to become a routine tool for the physicians to carry out 
gene therapy for the patient. 

 The intact RWM is regarded as the most promising route for delivering thera-
peutic gene to the inner ear, due to its utmost safe, effective advantages, and easy 
operation in clinical practice. It is reasonable to believe that intact RWM approach 
may  fi nally and permanently replace the commonly used transfection approach 
of labyrinth drilling or RWM injection for inner ear gene delivery. Some prac-
tices of the inner ear gene therapy may need to be carried out at the embryonic 
stage for the treatment of hereditary or congenital deafness in the future. In these 
circumstances, the intrauterine approach may be the best choice, especially when 
the endoscopic technique and the employed instruments are improved with more 
accurate and  better operation. Considering the large population of the hereditary 
and congenital deafness, the in utero approach for inner ear gene delivery is 
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 worthy of further study. However, this strategically important project has not 
been paid enough attention until now. 

 Neurotrophic factors, especially NT-3 and BDNF, are well-known comprehen-
sive protectors for inner ear hair cells and neurons. In addition to the well-known 
major protective factors, otospiralin and XIAP are newly discovered as possible 
protectors for the inner ear cells. The dream to regenerate functional hair cells in the 
mammalian cochlea may someday become true via the cochlear cell’s transdifferen-
tiation. Neurotrophic factors, inhibitors of apoptosis, antioxidants, otospiralin, and 
the atonal-related factors may become the mainstream of therapeutic molecules for 
inner ear gene therapy. Those therapeutic genes should be selected depending on the 
base of different types of disease. As the advance and progress of science and 
 technology, new therapeutic targets (such as connexins) and novel therapeutic mol-
ecules will be rapidly discovered and developed. More and more patients with hear-
ing loss will seek the treatment of gene therapy. All the patients should be regularly 
followed up and evaluated after gene therapy for inner ear. Table  24.5  summarized 
the methods for evaluation of auditory status post inner ear gene therapy. Based on 
our knowledge to the current status of inner ear gene therapy, we predict that the 
 fi rst successful case of inner ear gene therapy may be reported within 5–8 years. 
Inner ear gene therapy may become one of the common choices by the otologists for 
the treatment of inner ear diseases in about 15–20 years.  

 The expanding development of the molecular biology, improvements of tech-
nical tools, and advances in gene transfer technology ought to impulse in the 
progress of gene therapy. In the near future, gene therapy for inner ear will be 
combined with stem cell therapy, conventional drug treatment, as well as surgical 
operation, synergistically to prevent, restore, and even cure human from hearing 
disorder.      
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   Table 24.5    Common methods for evaluation of auditory status post inner ear gene therapy   

  Electric response audiometry  
 Vestibular function  Vestibular evoked myogenic potential 
 Auditory pathway  Auditory brainstem response, compound action potential 
 Cochlear lymph  Endocochlear potential 
 Cochlear hair cell  Cochlear microphonics, summating potentials 
 Spiral ganglion neurons  Single-unit recording 
 Outer hair cell  Cochlear otoacoustic emissions 
  Morphology and pathology analysis for inner ear  
 Structure  Light microscopy, immunocytochemistry confocal 

microscopy 
 Ultrastructure  Transmission electron microscopy, scanning electron 

microscopy 
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  Abstract   The undesirable bony tissue repair that occur following growth plate 
cartilage injuries can cause serious orthopaedic problems such as limb length dis-
crepancy and bone angulation deformities which rely on extremely invasive sur-
gical procedures for correction. Currently, no biological therapy exists to prevent 
the faulty repair and to induce regeneration of the injured growth plate cartilage. 
In the search for a biological alternative, earlier studies have tried direct trans-
plants of chondrocytes or cartilage tissues into the injured growth plate showing 
some limited success and no clinical application. In recent years, more interest 
has been shown towards utilising multipotent mesenchymal stem cells (MSCs) 
for growth plate injury repair. Using different types of growth plate injury repair 
models, a number of studies have investigated ef fi cacy of promoting regeneration 
by directly transferring MSCs or using cells embedded in scaffolds and chondro-
genic growth factors such as transforming growth factor- b 3 (TGF- b 3) and insu-
lin-like growth factor-I (IGF-I). Although studies in rabbit models have shown 
some promise of inducing growth plate regeneration using MSCs, further studies 
using large animal models and with clinical trials are required to develop a practi-
cal MSC-based therapy for inducing growth plate regeneration and preventing 
bone growth defects.  
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    25.1   The Growth Plate, Growth Injuries and Associated Bone 
Growth Defects 

 The growth plate is situated at the ends of long bones and is solely responsible for 
longitudinal growth. Bone lengthening is achieved via the process of endochondral 
ossi fi cation. Unlike direct bone formation (intramembranous ossi fi cation), endo-
chondral ossi fi cation is a two-step process that involves a cartilaginous intermedi-
ate formed by chondrocytes in the growth plate. However, being a cartilaginous 
tissue, the growth plate is the weakest area of the long bone and often prone to 
injury. Previous clinical studies have reported that growth plate injuries are 
involved in 20 % of all fractures in young children and adolescents  [  1  ] . Unfortunately 
about 30 % of growth plate-related cases are not healed properly but by an unwanted 
faulty bony repair tissue  [  2,   3  ] . This bony repair at the injured growth plate is what 
is causing orthopaedic problems such as limb lengthening discrepancy and bone 
angulation deformities  [  3,   4  ] . For clinicians, the Salter-Harris classi fi cation system 
is often used to distinguish the different types of growth plate injuries and hence 
predict their associated prognoses. Generally speaking, types I–II growth plate 
injuries do not require any corrective surgery, as they do not often result in bony 
tissue formation. However, for types III–V, a faulty bony repair is usually the 
 outcome  [  5  ] . 

 In recent years, a number of studies in a rat growth plate injury model have been 
conducted attempting to understand the cellular and molecular mechanisms under-
lying the undesirable bony repair at growth plate injured site. These studies have 
established distinct injury repair phases leading to bony repair, namely, the 
in fl ammatory,  fi brogenic, osteogenic, bone bridge formation and remodelling 
responses occurring on days 1–3, 3–7 and 7–14 and 10–25, respectively  [  6–  14  ] . 
Similarly, these distinct phases of injury repair responses were also observed in 
other growth plate fracture models including murine, rabbits and pigs  [  15–  17  ] . 
Although further studies are needed to elucidate mechanisms for the bony repair of 
injured growth plate, the above recent studies in rat models have demonstrated 
involvement of both intramembranous (direct) ossi fi cation and endochondral 
ossi fi cation (indirect) bone formation during the bony repair.  

    25.2   Current Surgical Interventions/Corrections 

 Dependent on their types and severity, some bone growth defects following growth 
plate injuries may require clinical/surgical interventions  [  18  ] . For injuries which 
result in very slight limb length discrepancies, a shoe lift device is often enough to 
compensate. For other more serious injuries, the resulting angulation and length 
discrepancies will require corrective surgeries. In most cases the patient must refrain 
from using the injured leg in order to minimise the angulation deformity  [  19  ] . One 
established method for correcting severe angulation involves a technique known as 
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a wedge osteotomy  [  20  ] . For limb length discrepancy, the most common means of 
correction would involve a surgical lengthening procedure often involving a surgi-
cally created fracture at the diaphysis and then the gradual lengthening of the 
affected bone to match the patient’s other leg  [  19,   21  ] . This procedure is most often 
achieved with a large external frame called the Ilizarov frame  [  21,   22  ] . Although 
being somewhat successful, this procedure is extremely invasive, riddled with asso-
ciated problems such as infections at the pin sites, further fractures, compartment 
syndrome, time period involved (up to 6 months or more), pain associated with the 
surgery and the need for repetitive treatments in growing patients until they reach 
skeletal maturity  [  23  ] . More recently, a new internal nail bone lengthening device 
called “Fit Bone” has been developed, which is said to be less invasive and requires 
less time  [  24  ] . 

 In addition, bone bridge resection followed by the insertion of interpositional 
material, called Langenskiold procedure, is also one method used to correct growth 
plate injury-induced bone defects. Some of the interpositional materials examined 
or used clinically include fat, silastic and bone wax  [  20,   25,   26  ] . This technique 
originates from initial work done by Langenskiold in 1967, and with this procedure 
it was reported that 82 % of 38 cases resulted in some bene fi cial effects from using 
autogenous fat as interpositional material  [  20  ] . Similarly, Bright et al. also reported 
a 70 % good to excellent success rate with another interpositional material, silastic, 
in treating limb length discrepancies and angulations  [  25  ] . However, even with fur-
ther studies using a myriad of different materials and showing some success, limita-
tions such as effects on bone growth as well as overall safety issues or long-term 
effects still need to be addressed. Currently no biological therapy is available for 
preventing the bony repair and for promoting regeneration of the injured growth 
plate.  

    25.3   Early Attempts with Chondrocyte or Tissue Implantation 

 As an attempt to develop biological treatments, chondrocytes have been tried as 
another biological interpositional material for growth plate cartilage regeneration. 
An early study by Bentley and Greer reported some success following the delivery 
of allogeneic chondrocytes into the growth plate injury sites of New Zealand white 
rabbits  [  27  ] . Taken from the growth plate, these implanted chondrocytes were able 
to  fi ll the void and form a columnar-type structure as in normal growth plate. In 
addition, these cells did not cause any immunological reactions and began to show 
signs of endochondral ossi fi cation  [  27  ] . In a study by Lee et al. , allogeneic chon-
drocytes were transplanted embedded in agarose gel in a rabbit growth plate injury 
model  [  28  ] . Although the study found some success in halting growth arrest, it was 
unable to provide signi fi cant correction of deformation as well as the restoration of 
growth of the bone  [  28  ] . Unfortunately, this success was not reciprocated in a larger 
ovine model as Hansen et al. found no effect on bony bridge formation following 
the direct transplantation of chondrocytes to the growth plate injury site in young 



628 R. Chung and C.J. Xian

sheep  [  29  ] . Another earlier sheep study by Foster et al. showed some success of this 
chondrocyte implantation approach in preventing bony tissue formation following a 
growth plate injury  [  30  ] . However, analysis of the chondrocytes (transplanted 
embedded in a collagen substrate) showed poor survival with the longest survival 
period being approximately 4 weeks. 

 Overall, although the chondrocyte transplantation approach has shown some 
success in rabbit models, it has limited success in large animal models and has no 
clinical application. In addition, limitations of using chondrocytes include the sup-
ply, dif fi culty and morbidity involved in chondrocyte harvest (usually collected 
from articular surfaces). Furthermore, chondrocytes are known to dedifferentiate 
following prolonged culture during in vitro expansion. Alternatively, Yoo et al. tried 
perichondrium-derived chondrocytes  [  31  ]  as perichondrium cells have been shown 
to have the ability to differentiate into chondrocytes. Thus, Yoo et al. differentiated 
perichondrium cells into chondrocytes ex vivo before implanting them (embedded 
in  fi brin beads) into the injury site in a rabbit growth plate injury model  [  31  ] . 
However, with this approach, Yoo et al. was able to show limited success with only 
a slight effect on preventing angular deformity and limb length discrepancy  [  31  ] . 
Thus, with limited success and disadvantages of this chondrocyte transplantation 
approach, including those associated with harvest and expansion, in recent years, 
more studies have turned to investigating ef fi cacy of using multipotent MSCs for 
regeneration of injured growth plate cartilage.  

    25.4   MSC Cell-Based Therapies and Transplantation 

    25.4.1   Mesenchymal Stem Cells 

 There are a myriad of previous studies that have highlighted the multipotent abili-
ties of MSCs differentiating into a number of cell types including those of bone, 
cartilage and fat. In addition, MSCs make an ideal cell source as they are readily 
abundant and have been successfully isolated from various sources including adi-
pose tissues  [  32–  34  ] , skeletal muscle  [  35,   36  ] , periosteum  [  37,   38  ]  and bone mar-
row  [  39,   40  ] . However, bone marrow-derived MSCs in particular hold a great 
interest for the regeneration of articular and growth plate cartilage and have been 
shown in vivo to be more likely to form hyaline cartilage in comparison to MSCs 
derived from other sources such as adipose tissues  [  41  ] . Many previous studies have 
demonstrated the capability of bone marrow-derived MSCs to undergo successful 
chondrogenic differentiation in vitro by controlling the culture conditions  [  39, 
  42–  44  ] . Furthermore, although making up only a fraction of the population of total 
cells present in the bone marrow, these cells have been demonstrated to be easily 
isolated and expanded in vitro  [  39,   40  ] . 

 Chen et al. demonstrated the successful treatment of growth plate defects with 
transplanted MSCs isolated from the periosteum  [  45  ] . Chen et al. suggested that due 
to their high proliferation rate, they were an ideal source for donor cells  [  45  ] . Using 
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a rabbit model, Hui et al. compared various sources of MSCs embedded in  fi brin 
glue and found that MSCs sourced from the bone marrow as well as the periosteum 
showed greater potential for growth plate cartilage regeneration in comparison to 
those derived from fat  [  46  ] . In addition, Planka et al. compared whether autogenous 
or allogeneic MSC transplantation has any effect on their ability to form cartilage 
within the growth plate injury site and found that both autologous and allogeneic 
MSCs resulted in the formation of hyaline chondrocytes within the growth plate 
injury site in a rabbit model  [  47  ] . No overall differences were noted for correcting 
tibia length and angulation defects. Similar results were also observed in a guinea 
pig growth plate injury model  [  48  ] . Recently, in a larger animal growth plate injury 
model, autologous bone marrow-derived MSCs embedded in gelfoam were 
implanted into the growth plate defect in young sheep  [  49  ] . However, unlike the 
rabbit models, the bone marrow MSCs failed to form cartilage and instead caused 
an increase in the  fi brous tissue formation within the growth plate injury site of 
sheep  [  49  ] . Overall, although the potential of transplanted MSCs have been demon-
strated in rabbit growth plate injury models, these positive results have failed to be 
replicated in large animal model. Therefore, further investigations into the feasibil-
ity and ef fi cacy of MSC transplantation for growth plate regeneration are needed in 
large animal models.  

    25.4.2   Growth Factors 

 In addition to  fi nding the appropriate source of stem cells, successful cartilage tis-
sue engineering also requires the correct signalling molecules to ensure chondro-
genesis  [  50  ] . Growth factors such as platelet-derived growth factor (PDGF), 
 fi brogenic growth factor (FGF-2), transforming growth factors (TGF- b 1 and 
TGF- b 3), bone morphogenic protein-2 and bone morphogenic protein-7 (BMP-2, 
BMP-7), epidermal growth factor (EGF) and insulin-like growth factor (IGF-I) 
have all been shown to be important during the migration, proliferation and/or 
chondrogenic differentiation of MSCs (Table  25.1 ). In particular, TGF- b 1 and 
TGF- b 3 as well as FGF-2 and IGF-I have been shown to be the more potent chon-
drogenic growth factors. A myriad of studies have shown that both TGF- b 1 and 
TGF- b 3 are important during chondrogenesis  [  68–  70  ] . McCarty et al. found that 
the addition of TGF- b 1 as well as the combination of TGF- b 1 and BMP-7 
signi fi cantly increased collagen-2 and aggrecan expression in in vitro chondro-
genic pellet culture  [  39  ] . TGF- b 3 has also been shown to stimulate extracellular 
matrix synthesis in a rabbit model of acute articular cartilage injury  [  66  ] , and one 
study in young rabbits with growth plate defects found that the addition of MSCs 
and TGF- b 3 into the defects caused a signi fi cant decrease in angular deformity 
 [  71  ] . However, this result was not replicated when a similar experiment was con-
ducted in the ovine tibial growth plate injury model  [  49  ] .  

 Insulin-like growth factor (IGF-I) is important in normal growth plate physiol-
ogy particularly in the differentiation and maturation of growth plate chondrocytes. 
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IGF-I has also been shown to have a signi fi cant in fl uence on the induction of chon-
drogenic differentiation from MSCs  [  55,   72  ] . The chondrogenic properties of 
IGF-I have been shown to signi fi cantly amplify when used in combination with 
TGF- b 1  [  54,   73  ]  as well as BMP-7  [  74  ] . Interestingly, this synergistic chondro-
genic effect was achieved only when MSCs were exposed to TGF- b 1 prior to 
IGF-I  [  53  ] . This study suggests that the ef fi ciency and success of any engineered 
cartilage can be strongly in fl uenced by the controlled sequential treatment of 
growth factors  [  44  ] . 

 In addition to TGF- b 1, TGF- b 3 and IGF-I, FGF-2 has also been reported as 
possessing chondrogenic properties. FGF-2 has demonstrated its ability to enhance 
mesenchymal differentiation of MSCs  [  58  ]  as well as improving the cartilage heal-
ing process of an osteochondral lesion in rabbits  [  52  ] . In addition, in vitro work 
has also found that the treatment of bone marrow MSCs with FGF-2 resulted in an 
increase in proliferation and proteoglycan synthesis  [  57  ] . Further studies are 
needed to explore other potential potent chondrogenic growth factors for success-
ful cartilage regeneration. However, what is important is the knowledge that sup-
plementation with the appropriate growth factor or growth factor combination is 
vital for the success of using a MSC-based therapy for growth plate cartilage 
regeneration.  

   Table 25.1    Chondrogenic growth factors   
 Growth factor  Effect on MSC and chondrogenesis  References 

 Platelet-derived growth factor 
(PDGF) 

 Induces the proliferation and migration 
of MCS 

  [  8,   39,   51,   52  ]  

 Insulin-like growth factor (IGF-I)  Increases MSC proliferation   [  53–  55  ]  
 Enhance chondrogenesis (more effective 

in combination with TGF- b 1) 
 Fibroblast growth factor (FGF-2)  Enhances MSC differentiation   [  56–  58  ]  

 Enhances chondrogenesis 
 Enhances cell proliferation and 

 proteoglycan synthesis 
 Bone morphogenic protein-2, 

Bone morphogenic protein-7 
(BMP-2, BMP-7) 

 BMP-2 increases proliferation in vitro 
at high concentrations 

  [  39,   59–  62  ]  

 Stimulates cartilage repair in vivo 
 Enhances chondrogenesis of synovial 

MSCs in combination with TGF- b 1 
 Epidermal growth factor (EGF)  Enhances MSC proliferation   [  39,   63  ]  
 Transforming growth factor- b 1 

(TGF- b 1) 
 Increases chondrogenesis in combination 

with dexamethasone 
  [  39,   64,   65  ]  

 Induces chondrogenic differentiation 
 Transforming growth factor- b 3 

(TGF- b 3) 
 Increases migration of MSCs   [  66,   67  ]  
 Stimulates articular cartilage repair 
 Involved in chondrocyte differentiation 
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    25.4.3   Biomaterial Scaffolds 

 Athanasiou et al. outlined three main basic components for successful tissue engi-
neering, namely, the cells, the signalling molecules and the scaffold  [  50  ] . In order to 
stimulate chondrogenesis of MSCs, the material by which the scaffold is derived 
from could play a large role in determining success of cartilage tissue engineering. 
Other than stimulating chondrogenesis, the scaffold enables stable support for the 
MSCs as an absence of a scaffold decreased viability of MSCs over time  [  75  ] . Di 
Martino et al. outlined several key points that are important when designing an 
appropriate scaffold  [  76  ] , such as its biocompatibility, appropriate pore size (to 
allow movement of cells) and bio-absorbability or bio-degradability. In addition, the 
type of scaffolds can also determine the seeding as well as the degree of prolifera-
tion and migration to encourage appropriate cellular organisation as well as matrix 
production  [  77,   78  ] . Interestingly, Wise et al. observed that a smaller  fi bre diameter 
seemed to enhance the chondrogenic potential of MSCs  [  79  ] . 

 An important aspect to consider when designing a scaffold is its main material. 
A myriad of studies have utilised different scaffolding materials for cartilage tissue 
repair, ranging from those synthetically created to naturally available. Some of 
synthetically constructed materials previously used in cartilage repair studies 
include polyethylene (PEG)  [  80  ]  as well as    poly(glycolic acid-co-lactic acid) 
(PGLA)  [  81  ] . However, while most of these scaffolds have been used and shown 
some success in articular cartilage regeneration studies  [  82,   83  ] , it is unclear 
whether they can be potentially used for growth plate regeneration. In addition, 
although synthetically created scaffolds offer the freedom for controlling aspects 
such as pore size, some of their limitations include relatively weak cell adhesion 
properties as well as concerns for poorer biocompatibility  [  84,   85  ] . On the other 
hand, many studies have also utilised scaffolds consisting of naturally present bio-
materials. These include core ingredients such as chitosan, agarose, alginate,  fi brin 
and hyaluronan  [  59,   86–  88  ] . These protein or carbohydrate-based natural materials 
offer a more biocompatible, biodegradable as well as a more natural microenviron-
ment for MSCs  [  89  ] . 

 Chitosan is a natural polysaccharide derived from the shells of crustaceans  [  90  ] . 
Chitosan has been shown to be highly biocompatible and similar to glycosamino-
glycans (GAGs) normally present within the extracellular matrix of cartilage mak-
ing it ideal for all types of cartilage repair  [  91  ] . Using an MSC and scaffold construct 
consisting of chitosan and collagen, Planka et al. saw some success in minimising 
growth arrest and angulation deformity in a miniature pig growth plate injury model 
 [  48  ] . A similar construct combining chitosan and MSC also resulted in restoration 
of a large growth plate defect in a rabbit model  [  92  ] . Chen et al. combined MSC and 
agarose for their rabbit growth plate injury study and observed that treatment 
decreased growth arrest and angular deformity normally associated with growth 
plate injury  [  45  ] . Although not yet tested in a growth plate injury model, another 
promising naturally existing scaffold material is hyaluronic acid. Recently, 
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hyaluronic acid enhanced chondrogenesis of MSCs  [  68  ]  and could promote forma-
tion of neocartilage in vitro  [  93  ] . 

 Interestingly, in a recent study,  [  26  ]     utilised a scaffold-free  tissue- engineered 
construct on partial growth arrest in a rabbit growth plate injury model. Using MSCs 
derived from the synovial of the same species,  [  26  ]  found the implanted MSCs were 
able to differentiate into proliferative and pre-hypertrophic-like chondrocytes 
in vivo  [  26  ] . Furthermore, in comparison to MSCs embedded in scaffolds, a non-
scaffold construct resulted in decreased bony repair tissue formation as well as 
allowing longitudinal bone growth of limbs  [  26  ] . Therefore, although some of the 
above studies produced promising results with some scaffold materials, the most 
ideal scaffold/cell/growth factor combination for optimally inducing growth plate 
cartilage regeneration is still yet to be uncovered.   

    25.5   Conclusion 

 Growth plate injuries are common and the associated bone growth defects still remain 
great experimental and clinical challenges, for which currently no biological therapy 
exists. In search for a biological solution, previous attempts involving direct chondro-
cyte transplantation found limited success experimentally and no application clini-
cally in promoting growth plate regeneration. Although several studies in rabbit 
models have demonstrated success of inducing growth plate regeneration using 
MSCs, further studies using large animal models and with clinical trials are required 
to investigate whether a practical MSC-based therapy can be de fi ned and be useful for 
inducing growth plate regeneration and preventing bone growth defects in children.      
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  Abstract   Adequate vascularization is pivotal to skin wound healing. Therefore, 
designing ef fi cient revascularization strategies based on the mechanisms behind 
electromechanical stimulation of wound vascularization would be bene fi cial to 
the growing number of patients in need of improved wound healing. Recent atten-
tion has centered on applying gene/protein transfer and cell differentiation/trans-
plantation approaches to stimulate and mimic the molecular events occurring 
during wound revascularization. Although both gene/protein transfer and cell dif-
ferentiation/transplantation are faced with important challenges, researchers have 
made tremendous advances and shown both strategies to be a promising approach. 
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In this chapter, we give an overview of the myriad of molecular players involved in 
neovascularization. We also discuss the molecular mechanisms of neovasculariza-
tion during wound healing and provide an in-depth review on neovascular strategies 
and techniques for wound healing and tissue-engineered skin equivalents.  

  Keywords   Skin wound healing  •  Vasculogenesis  •  Angiogenesis  •  Endothelial cells  
•  Vascular endothelial growth factor  •  Gene transfer  •  Stem/progenitor cells  •  Skin 
tissue engineering      

    26.1   Introduction 

 Skin covers our entire body surface and therefore is considered as our largest organ 
spanning 1.6–1.8 m 2  in an adult human being  [  1  ] . It constitutes a protective barrier 
against physical, chemical, or bacterial threats, maintains our body temperature, 
and also serves as a sensory end organ that reacts to cold, heat, pressure, or injury. 
A large breach or wound in this protective barrier, especially one that encompasses 
all layers of the skin (a so-called full-thickness wound), represents a dangerous – if 
not mortal – threat if not healed appropriately. Hence, strategies to accelerate or 
improve – repair of wounded skin are of utmost importance and can be lifesaving. 
In order to design such strategies, it is obligatory to understand the anatomy of the 
skin as well as the natural course of the repair process. 

 Three skin layers can be distinguished: the outer layer called “epidermis,” the 
middle layer or “dermis,” and the supporting “hypodermis.” The dermis can further 
be divided in an upper papillary layer and a lower reticular layer. Like most organs, 
the skin is invested with an elaborate blood vascular network that feeds skin cells 
with oxygen and nutrients and removes waste products  [  2  ] . Indeed, 1 cm 2  of skin 
contains up to 0.7 m of blood vessels. While the epidermis is relying on diffusion 
from the dermal plexus for its oxygen supply (and hence is avascular), both dermis 
and hypodermis contain a blood vessel network for active oxygen transport. This 
network is built as two horizontal plexi, one more super fi cial just underneath the 
dermo-epidermal junction and another deeper at the dermal-subcutaneous junction. 
Both plexi are connected by paired ascending arterioles and descending venules. 
From the arterial arm of the upper plexus, a papillary capillary network sprouts. The 
density of this network signi fi cantly decreases with age  [  3  ] . The capillaries servic-
ing the sweat glands and the hair follicles, on the other hand, originate from the 
lower plexus. To ensure a proper interstitial  fl uid balance, the dermis also contains 
a network of blind-ending lymphatic capillaries that connect to larger collectors in 
the muscle layer underneath the hypodermis which recirculate tissue  fl uid or 
“lymph” and extravasated immune cells to the blood vascular system  [  4  ] . 

 When the integrity of skin is compromised, such as during trauma or burns, a 
repair process is initiated within minutes. This complex wound healing response 
can be somewhat arti fi cially divided into four different partially overlapping phases 
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during which distinct cell types, growth factors, and matrix components interact 
with the intention to restore the barrier  [  5–  7  ] . During the  fi rst phase, the immediate 
response, or hemostatic phase, excessive blood loss is prevented by activation of the 
clotting cascade in which platelets and  fi brin form a vascular plug. Next, an 
in fl ammatory phase ensues during which neutrophils, macrophages, and lympho-
cytes in fi ltrate the wound area to remove cell debris and bacteria. Thirdly, the pro-
liferative or granulation tissue formation phase is characterized by deposition of a 
temporary matrix of collagen (the main structural component of the dermis) and 
other proteins by (myo) fi broblasts, ingrowth of new blood vessels, re-epithelializa-
tion (involving keratinocyte migration and proliferation), and wound contraction 
(by myo fi broblasts). Finally, during the maturation or resolution phase, new blood 
vessels mature, and the provisional collagen network is remodeled to better resem-
ble the structure of native dermis and regain tensile strength and elasticity. 
Unfortunately, unlike wounds during fetal development, even under the best healing 
conditions, large postnatal wounds will leave a scar which maintains only 70 % of 
the tensile strength of healthy skin  [  8  ] . Furthermore, this stepwise process can be 
perturbed at different stages leading to aberrant wound healing. For instance, when 
in fl ammation persists, wounds become chronic, such as those in ischemic limbs. 
Another example is when blood vessels and/or collagenous  fi brosis persists in the 
maturation phase resulting in hypertrophic scars or keloids  [  9,   10  ] .  

    26.2   Neovascularization During Wound Healing 

    26.2.1   Mechanisms of Neovascularization 

 Ingrowth of new blood vessels into the wound area is one of the central events that 
nurture the wound healing process. Blood vessels are built of mainly two different 
cell types. The endothelial cells (EC) line the inside of the tube, while the peri-
endothelial cells (called smooth muscle cells or SMC in larger vessels and peri-
cytes in capillaries) surround the endothelium and confer contractile properties. 
There are two ways according to which new blood vessels can grow in a wound: 
(sprouting) angiogenesis and vasculogenesis  [  11  ] . The former refers to a sequence 
of cellular and molecular events by which new vessels sprout from preexisting ves-
sels and subsequently mature by acquiring a SMC/pericyte coat. The latter encom-
passes the “de novo” assembly of endothelial tubes from circulating endothelial 
progenitor cells (EPC). Recently, a third mechanism was proposed that could 
explain the early appearance of patent blood vessels in the wound bed. Kilarski and 
colleagues proposed that rapid vascularization of wounds can be accounted for by 
contraction-driven mechanical translocation of existing intact vascular loops, 
which was subsequently termed “looping angiogenesis” by Benest and Augustin 
 [  12,   13  ] .  
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    26.2.2   Molecular Players in Neovascularization 

 Making blood vessels is not an individual sport but involves many different team 
players, such as growth factors/receptors, downstream signaling pathways, junc-
tional molecules, and extracellular matrix (ECM) components. Identifying them 
will offer potential targets for gene/protein therapy to stimulate wound vasculariza-
tion and hence wound healing. In the following chapter, we give an overview of the 
myriad of factors involved in angiogenic and vasculogenic blood vessel formation. 
Thus far, only a limited number of molecular players in blood vessel formation have 
been tested for their ef fi cacy in wound revascularization (Table  26.1 ). For some fac-
tors, their involvement in wound healing in general and revascularization in particu-
lar has been studied in mice genetically de fi cient for or overexpressing these factors 
(e.g., basic  fi broblast growth factor or bFGF  [  71  ] , placental growth factor or PlGF 
 [  72  ] , hypoxia inducible factor-1 a  or HIF-1 a   [  73,   74  ] ,  a 3 b 1 integrin  [  75  ] ,  a 2 b 1 
integrin  [  76  ] , platelet-derived growth factor-D or PDGF-D/vascular endothelial 
growth factor-E or VEGF-E  [  77  ] , endothelial nitric oxide synthase or eNOS  [  78  ] , 
inducible NOS or iNOS  [  79–  81  ] , monocyte chemoattractant protein-1 or MCP-1 
 [  82  ] , CXCR2  [  83  ] , granulocyte-macrophage colony-stimulating factor or GM-CSF 
 [  84–  86  ] , thrombospondin-1  [  87  ] , thrombospondin-2  [  88  ] ) or by blocking antibodies 
(e.g., neuropilin-1  [  89  ] ,  a v b 3 integrin  [  90  ] , VEGF-A  [  91  ] ), but not all of these have 
been therapeutically tested in preclinical wound models. Furthermore, only a small 
number of these growth factors have been clinically tested (e.g., PDGF-B, epider-
mal growth factor or EGF, and bFGF)  [  92  ] , and only one growth factor, i.e., PDGF-B, 
has been FDA approved for treatment of diabetic foot ulcers (becaplermin or 
Regranex ® ), although this was mainly for its bene fi cial effects on re-epithelializa-
tion rather than its effect on revascularization  [  93  ] .   

    26.2.3   Sprouting Angiogenesis 

 The formation of a new blood vessel by angiogenic sprouting involves different 
steps, each of them driven by certain categories of growth factors. For an elaborate 
review of the angiogenic process, we refer the reader to  [  94–  98  ] . Below, we only 
highlight the protagonists that play a part in this complex process. 

 The wound bed is severely hypoxic, with oxygen levels lower than 1.5 % in the 
wound center  [  99,   100  ] . This lack of oxygen triggers expression of HIF-1 a  in the 
exposed cells which in turn boosts the expression of many HIF-responsive angio-
genic factors, including VEGF-A (mostly the VEGF 

165
  isoform) which will 

orchestrate the ensuing process of endothelial sprouting  [  101  ] . A  fi rst requirement 
for sprouting is the breakdown of the basement membrane and ECM surrounding 
EC and SMC, mainly mediated by matrix metalloproteinases (MMP), such as 
MT1-MMP  [  97,   98  ] . Angiopoietin-2, a ligand for Tie-2 stored in EC, is important 
for SMC detachment (reviewed in  [  102  ] ). Next, certain EC (the so-called tip cells) 
are selected for taking the lead position in the nascent sprout, while others 
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(the  so-called “stalk” cells) will follow and elongate the sprout. This selection 
process is achieved by lateral inhibition through Notch. Notch activation in col-
laboration with bone morphogenetic protein (BMP) signaling in neighboring cells 
confers a stalk cell phenotype to EC; hence, inhibition of Notch leads to uncoor-
dinated “hypersprouting” and to dysfunctional blood vessels  [  103  ] . To form a 
correct endothelial network, an EC sprout needs to follow a certain path in order 
to meet another sprouting EC for fusion. To this end, tip cells use sensors (called 
“ fi lopodia”) to scan their environment for attractive or repulsive cues. Such guid-
ance cues are provided by at least four ligand/receptor pairs: Slits/roundabout4 
 [  104  ] , ephrinB2/EphB4 (reviewed in  [  96  ] ), semaphorin3E/PlexinD1  [  105  ] , and 
netrins/Unc5B  [  106  ] . 

 Meanwhile, stalk cells trailing behind the tip cells proliferate in response to 
VEGF-A and thereby elongate the sprout, for instance, by pushing the sprout for-
ward through secretion of matrix components, such as Eg fl 7  [  107  ] . VEGF-A signal-
ing in stalk cells is dampened by Notch signaling  [  108–  110  ] , while Notch signaling 
itself is controlled by SIRT1, an NAD + -dependent acetylase  [  111  ] . Wnt signaling 
confers stability to the stalk by inducing tight intercellular junctions  [  112  ] . Another 
task of stalk cells is lumen formation. How this process exactly takes place remains 
largely unknown; however, it is assumed that lumen formation during angiogenic 
sprouting resembles that occurring during coalescence of endothelial precursors 
during vasculogenesis. The latter involves at least three coordinated activities 
(reviewed in  [  113,   114  ] ), i.e., the increased cellular contact (mediated by junctional 
molecules, e.g., vascular tubulogenesis is severely affected in VE-cadherin knock-
out mice  [  115  ] ), the establishment of apical-basal polarity (involving translocation 
of junctions to the lateral side, exocytosis to the apical surface of negatively charged 
anti-adhesive proteins, such as CD34-sialomucins that form a cell-cell repulsive 
glycocalyx and rearrangement of the cytoskeleton), and interaction with the sur-
rounding matrix (e.g.,  fi bronectin  [  116,   117  ] ) through integrins (e.g.,  b  

1
  integrins 

 [  117,   118  ] ). 
 When two sprouting tip cells meet, they fuse and connect to form a continuous 

lumen. This connection is stabilized by VE-cadherin  [  119  ] . Interestingly, for proper 
fusion, EC are assisted by another cell type, macrophages, which function as “bridg-
ing” cells  [  120  ] . Recently, it was shown that another VEGF family member, 
VEGF-C, secreted by these macrophages mediates fusion stabilization and pheno-
typic conversion of the fusing tip cells to stalk-like cells  [  121  ] . 

 Next, the newly formed EC branch is stabilized by deposition of ECM and 
recruitment of SMC/pericytes. EC-secreted PDGF-BB attracts these mural cells to 
their abluminal surface. Pericyte/EC interaction additionally involves PlGF (a VEGF 
family member that is speci fi cally important for non-physiological blood vessel for-
mation  [  72,   122  ] ), FGF9  [  123  ] , angiopoietin-1/Tie receptor signaling, S1P/sphin-
gosine-1 phosphate receptor (S1PR) signaling, and Notch3 signaling (reviewed in 
 [  124,   125  ] ). Upon vessel stabilization,  fl ow is reestablished in the new branch and 
the VEGF-A gradient, and the hypoxia that triggered it is eliminated. The EC are 
then subjected to another phenotypic transition: they become quiescent again, and 
their straight and  fi rm alignment resembles the phalanx formation of ancient Greek 
soldiers and are hence called “phalanx cells”  [  126  ] . Some of the molecular signals 
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that mediate this phenotypic conversion have been revealed, including prolyl-
hydroxylase domain-2 (PHD2; an oxygen sensor that stabilizes HIF  [  126  ] ), BMP-9/
Alk1, thrombospondin, FGF, HoxC9  [  127  ] , microRNA (miR)-132  [  128  ] , angiopoi-
etin-2/FOXO1  [  129  ] , and angiopoietin-1/Tie2 (reviewed in  [  97,   98,   102  ] ).  

    26.2.4   Vasculogenesis 

 Compared to sprouting angiogenesis, the distinct steps in vasculogenesis, especially 
after birth, have been less elaborately studied. Most research efforts have been spent 
on identifying signals that recruit EPC to and retain/arrest them at the target site of 
neovascularization (reviewed in  [  130–  132  ] ). As we will explain in more detail 
below (see Sect.  26.2.4.2.2 ), since their initial description in 1997 by Asahara et al. 
 [  133  ] , the literature concerning EPC has been confusing as their true nature, their 
origin, and surface marker expression have been subject for discussion  [  134–  141  ] . 
Therefore, some of the recruitment signals mentioned below may be common to 
different EPC types, while others may only apply for a subset of them. Moreover, 
similar recruitment signals may exist for other stem/progenitor cells, such as those 
of the hematopoietic lineage. 

 Originally, it was thought that the principal – if not the only – source of EPC is 
the bone marrow (BM), where upon mobilization, they have to relocate from a qui-
escent to a proliferative niche, a process encompassing PlGF, MMP-9, and mem-
brane-bound c-kit ligand  [  142,   143  ] . Mobilization to the circulation additionally 
involves nitric oxide (NO) production through eNOS expressed by osteoblasts and 
EC in the BM niche microenvironment  [  132,   144  ]  and proteinases (e.g., MMP 
 [  145  ] , cathepsins  [  146  ] , elastase) released from neutrophils which cleave adhesion 
or retention molecules that prevent mobilization, e.g., stromal cell-derived factor-
1 a  (SDF-1 a ; also known as CXCL12)  [  147,   148  ] . Once in the circulation, VEGF or 
PlGF produced at the hypoxic site are important recruitment signals  [  149  ] . Other 
described natural agents with EPC-mobilizing capacity are GM-CSF, granulocyte 
colony-stimulating factor (GCSF), bFGF, PDGF-C  [  150  ] . SDF-1 a , Dickkopf 
(Dkk)-1 (a Wnt inhibitor), growth hormone, estrogens, insulin growth factor-1 
(IGF-1), erythropoietin, MCP-1, CCL2, CXCL7, growth-regulated oncogene- a  
(Gro- a ; also known as CXCL1), dibutyryl cAMP  [  56  ] , CCL5/CCR5  [  151  ] , and 
angiopoieitin-1 (reviewed in  [  130–  132,   141,   152,   153  ] ). Also biophysical stimula-
tion of EPC mobilization by exposure to hyperbaric oxygen has been described, a 
procedure that was approved by the FDA as adjuvant therapy for wound healing in 
diabetic patients  [  55,   154–  156  ] . 

 Once the cells arrive at the neovascularization site, they need to incorporate into 
newly forming vessels. However, as we will discuss below, not all EPC incorporate 
into the vessel wall. Some of them are strategically localized around the growing 
vessel after extravasation. Nevertheless, independent of their incorporation into the 
vessel wall, EPC  fi rst need to be arrested at the luminal side of vessels at the site of 
neovascularization. This involves interaction with adhesion molecules (i.e., selec-
tins and  b 1- and  b 2-integrins; reviewed in  [  130  ] ). Interestingly, the expression of 
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integrins by EPC can be exploited in tissue engineering constructs in which integ-
rin-binding motifs can be incorporated to better retain EPC. For progenitors that do 
not incorporate into the vessel wall but extravasate, it was shown that SDF-1 a  serves 
as a retention signal to guarantee persistent perivascular positioning of these cells 
from where they can release growth factors for communication with resident vascu-
lar cells  [  157,   158  ] . In diabetic wounds, SDF-1 a  concentrations in the wound were 
shown to be reduced, resulting in defective homing of BM-derived cells to the 
wound bed (reviewed in  [  154  ] ). 

 Recent studies have questioned the impact of BM-derived contribution of EPC to 
wound vascularization  [  159  ]  or to postnatal neovascularization in general (reviewed 
in  [  134,   140,   141  ] ). One of the potential explanations for the limited contribution of 
BM-derived EPC is the existence of non-BM sources. Indeed, using a mouse para-
biosis model, Aicher et al. demonstrated that peripheral organs, such as liver and 
intestines, also contribute to the pool of circulating EPC  [  160  ] . Furthermore, in the 
last 6 years, a strong case has been made for the existence of vascular wall-resident 
stem/progenitor cells that represent a local and immediately available source of 
EPC and other stem/progenitor cells for vascular repair (reviewed in  [  141,   161–
  167  ] ). For the latter, long-distance chemoattractants are no longer required for 
bringing the cells to the site of neovascularization.  

    26.2.5   MicroRNAs: New Kids on the Block in Regulating EC 
and Their Progenitors 

 Epigenetic regulation of gene expression adds another level of complexity to gene 
and protein expression. Recently, it has been argued that posttranscriptional regula-
tion through RNA interference by microRNA (miRNA) is an impactful determinant 
of gene/protein expression in the cardiovascular system (reviewed in  [  168–  171  ] ). 
MiRNAs are small noncoding RNA that base-pair with (partially) complementary 
sequences in the 3 ¢  untranslated regions (UTR) of target genes to regulate gene 
expression posttranscriptionally. MiRNA often show tissue-speci fi c distribution, 
and each miRNA may target up to several hundred mRNA. Some of the miRNA 
(e.g., miR126 and miR92a) have been preferentially described in EC and may thus 
play a role during neovascularization in vivo  [  172,   173  ] . Furthermore, abnormal 
regulation of miRNA has been associated with endothelial precursor dysfunction 
and, more broadly, with (vascular) differentiation  [  174  ] , pluripotency (i.e., the abil-
ity to differentiate into all cell types of the body), survival  [  156  ] , and self-renewal 
of stem cells (reviewed in  [  175–  177  ] ). In addition to being involved in neovascular-
ization, miRNA have been implicated in other aspects of the wound healing process, 
such as in fl ammation,  fi broblast proliferation and senescence, keratinocyte differen-
tiation and proliferation, and hair follicle regeneration  [  178  ]  (reviewed in  [  179–
  181  ] ). Furthermore, in addition to miRNA, other epigenetic mechanisms, such as 
DNA (de)methylation, have been shown to determine endothelial differentiation of 
stem cells  [  182  ] .   
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    26.3   Dermal and Epidermal Healing Through 
Neovascularization 

 Early wound healing studies and our recent studies have demonstrated that the 
wound bed initially is severely hypoxic  [  100,   183  ] . This acute hypoxia is necessary 
to initiate many events in the healing process. However, since this lack of oxygen is 
in disproportion to the high metabolic needs of cells that take part in the wound 
repair process, oxygen levels need to be restored after this initial hypoxic phase. We 
recently showed that revascularization of the wound bed with exogenous addition of 
blood outgrowth endothelial cells (BOEC), a subset of EPC (see Sect.  26.2.4.2.2 ), 
ef fi ciently reduces the amount of hypoxic cells in the wound bed  [  100  ] . 

 In order to better understand how prolonged hypoxia affects dermal wound heal-
ing, we performed culture experiments with keratinocytes (the protagonist cells in 
epidermal repair) and dermal  fi broblasts (the main cell type involved in dermal heal-
ing) under hypoxic or normoxic conditions  [  100  ] . Interestingly, while others had 
shown that acute hypoxia induces keratinocyte motility  [  184  ] , we found that pro-
longed hypoxia negatively affects keratinocyte migration and proliferation. 
Sustained hypoxia also signi fi cantly impaired collagen organization in dermal 
 fi broblast sheets, perhaps through modulation of MMP-1 expression  [  100,   185  ] . 
Restoring oxygen levels to normoxia signi fi cantly improved keratinocyte migra-
tion/proliferation and collagen organization, suggesting that revascularization 
boosts the healing process by providing oxygen to the wound repairing cells. 

 Another mechanism according to which neovascularization may improve wound 
healing is that the newly delivered EC secrete growth factors that communicate with 
the wound repair cells. Many growth factors have been reported to affect keratino-
cyte (e.g., keratinocyte growth factor or KGF, interleukin-6, hepatocyte growth fac-
tor or HGF, GM-CSF),  fi broblast (e.g., MMP-9, MMP-14, MMP-1), and endothelial 
or in fl ammatory cell (e.g., VEGF-A, PlGF, angiopoietin-2, MCP-1, bFGF) behav-
ior. We found that many of these were produced by BOEC in vitro  [  100  ] . It remains 
to be determined which of these effectively contribute to improved wound healing 
mediated by BOEC in vivo. When depleting PlGF from BOEC, they supported neo-
vascularization and re-epithelialization to a signi fi cantly lesser extent (Verdonck K, 
et al. 2010), suggesting that the bene fi cial effects of BOEC on wound healing were 
at least in part owing to their secretion of PlGF. 

 Finally, contraction of the wounds is one of the mechanisms to ensure rapid 
wound closure. While myo fi broblast-mediated wound contraction was suggested to 
contribute to fast neovascularization of the wound bed (see Sect.  26.2.1 )  [  13  ] , to our 
knowledge, there have been no systematic studies addressing the reverse question 
whether neovascularization directly affects wound contraction, for instance, by 
in fl uencing myo fi broblast behavior. In our studies, we found that increased vascular 
ingrowth by BOEC transplantation did not increase the wound contraction rate 
 [  100  ] . Accordingly, the de fi cient maturation of blood vessels by the natural angio-
genesis inhibitor endostatin did not delay wound contraction. One study reported 
that the angiogenic chemokine chicken chemotactic and angiogenic factor (cCAF) 
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stimulated the differentiation of  fi broblasts into myo fi broblasts in vitro and increased 
the number of myo fi broblasts and thereby accelerated wound contraction in vivo. 
However, it is not clear whether the pro-angiogenic effect and the effect on 
myo fi broblasts were directly linked in vivo  [  186  ] . In vitro studies have suggested 
that under long-term exposure to in fl ammatory cytokines, dermal microvascular EC 
may irreversibly transdifferentiate into myo fi broblasts; however, it remains to be 
determined if such cell transitions also occur in vivo  [  187  ] .  

    26.4   Neovascularization Strategies for Wound Healing 

 In the previous chapter, we demonstrated that neovascularization favorably affects 
epidermal and dermal wound healing. Therefore, many studies have been dedicated 
to designing optimal strategies to improve wound vascularization. These can be 
roughly divided in three categories: gene (protein) transfer, cellular approaches 
(involving differentiated or stem/progenitor cells that actively participate in forming 
new blood vessels), and electromechanical stimulation. 

    26.4.1   Gene/Protein-Based Neovascularization Strategies 

 The  fi rst studies aimed at mimicking the molecular events occurring during wound 
revascularization were related to supplying recombinant proteins to the wound bed 
(Table  26.1 ). However, topical administration of high doses of recombinant growth 
factors as proteins has major shortcomings: potential systemic side effects; short 
shelf life; low bioavailability; enzymatic inactivation, denaturation, and oxidation; 
and inef fi cient delivery to target cells. In order to achieve a therapeutic effect, mostly 
high and repetitive doses are required, which makes this a very costly treatment 
modality. Some of these problems have been overcome by the development of con-
trolled release systems, e.g., by chemical immobilization of the factors to the matrix 
or by physical encapsulation in the delivery system (e.g., nanoparticles; reviewed in 
 [  188–  190  ] ). Furthermore, these release systems can be modi fi ed so that release can 
be triggered upon demand (e.g., by changing the temperature, pH, exposure to light, 
or electrical  fi elds)  [  189  ] . 

 Gene transfer offers an attractive way for direct delivery to the healing wound 
and is intended to introduce genetic material encoding growth factors directly into 
the target cells which then results in protein synthesis. Hence, gene transfer can 
offer targeted local and persistent delivery of de novo synthesized growth factor to 
the wound environment over many days. Skin is a good candidate tissue for gene 
transfer not only because of its obvious accessibility but also for its large capacity 
for regeneration, including vascular regeneration. Gene transfer was originally 
designed to treat congenital defects (e.g., cystic  fi brosis, hemophilia, and severe 
combined immunode fi ciency or SCID) but has meanwhile found other applications, 
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one of them being revascularization therapy, including during wound healing. One 
bottleneck that is determinant for the ef fi cacy of gene transfer is the delivery sys-
tem. Development of such delivery systems still is an intensive  fi eld of investigation 
since no single gene transfer strategy is optimal for all medical applications: all have 
their speci fi c attributes each with advantages and disadvantages depending on the 
target tissues (Tables  26.2  and  26.3 ). The different kinds of gene transfer can be 
categorized according to the type of delivery system used. In case of “gene therapy,” 
the gene is permanently incorporated into the host cell DNA, leading to a lasting 
expression (unless gene silencing occurs or genetically modi fi ed cells die); in other 
cases (called “gene medicine”), the gene is only transiently present, and hence its 
expression is likewise temporary. In the case of wound healing, the end goal is 
rather to temporarily boost neovascularization, after which this response has to be 
dampened so that the novel blood vessel network can mature and stabilize. Indeed, 
as mentioned above, a prolonged and continuous “hypervascularization” response 
may lead to the formation of hypertrophic scars or keloids. Gene transfer can be 
achieved in vivo by applying the genetic material onto the wound bed or by subcu-
taneous injection. Alternatively, gene transfer for revascularization can be done “ex 
vivo” in non-vascular cells, followed by transplantation of these genetically modi fi ed 
cells into the wound (Table  26.1 ). As the main task of these non-vascular cells is not 
to actively participate in blood vessel formation, we do not categorize this approach 
under “cellular neovascularization strategies.” In case the ex vivo manipulated cells 
are of vascular origin, then we categorize this under “combined gene and cellular 
approaches” (see Sect.  26.4.3 ).   

    26.4.1.1   Viral Gene Transfer 

 Viral gene transfer is the original and therefore most established technology for 
gene delivery. As part of their replicative cycle, viruses use the cellular machinery 
for expression and replication of their own genome. Viral transduction strategies 
are based on this natural ability of viruses to infect cells. However, in order to 
avoid the production of infective viral particles, speci fi c sequences of the viral 
genome are deleted in viral vectors used for gene transfer. Different virus types 
exist, and a functionally important layer of classi fi cation is based on integration 
into host DNA (Table  26.2 ). Two virus types have the ability to do so, i.e., retro-
viruses and lentiviruses, the former targeting only dividing cells and the latter also 
transducing non-proliferating cells. The permanent nature of the resulting gene 
expression may not be ideal for wound neovascularization. Furthermore, the inte-
gration in the genome is random, which may lead to insertional mutagenesis or 
silencing of the transgene. Indeed, Fischer et al. reported the development of T 
cell leukemia after ex vivo retroviral gene transfer and subsequent transplantation 
in X-linked SCID patients  [  193  ] . Hence, other virus types can be considered, 
including adenoviruses, adeno-associated viruses (AAV), or herpes simplex 
viruses. While AAV can be stably integrated in the host genome, recombinant 
AAV vectors developed for gene transfer remain episomal because of the deletion 
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of the  rep  and  cap  genes from the viral genome. AAV has been applied to overex-
press VEGF-A in wounds  [  42,   52  ]  (Table  26.1 ). Interestingly, the ef fi ciency with 
which vascular cells can be targeted by AAV is largely dependent on the serotype 
(8 of which have been described), type 2 being relatively inef fi cient and type 1 
and 5 being very suitable  [  194  ] . Adenoviral PDGF-B transfer was one of the  fi rst 
viral wound healing strategies, although improved vascular stabilization through 
recruitment of SMC/pericytes was not an end point in these studies  [  195  ] . While 
in fl ammation may often accompany adenoviral gene transfer because of the capsid 
proteins, AAV transfer has been associated with lesser immunogenicity 
(Table  26.2 ). A disadvantage of AAV vectors is their limited (4.6 kb) capacity to 
harbor foreign DNA (Table  26.2 ). This has been overcome by novel techniques 
such as viral DNA dimerization. For the latter, the gene to be inserted is split into 
two separate parts and separately packaged into two vectors. After being co-
infected into target cells, these two AAV vectors then form head-to-tail heterodi-
mers through identical sequence homology of the inverted terminal repeats, thus 
rejoining the split gene into one continuous DNA molecule  [  196  ] . Finally, herpes 

   Table 26.3    Non-viral gene transfer methods   

 Method  Advantage(s)  Disadvantage(s) 
 Gene transfer 
ef fi ciency 

 Naked DNA/plasmid 
injection 

 Simple  Nonspeci fi c, unstable  Low 

 Gene bombardment  Simple  Risk for mechanical 
damage 

 Low 

 Large amounts of DNA 
can be delivered 

 Limited penetration 
depth a  

 Microseeding  Large amounts of DNA 
can be delivered 

 Risk for in fl ammatory 
reaction by 
punctures 

 Low (naked DNA 
or plasmid) 

 Limited penetration 
depth 

 High (viral vectors) 

 Electroporation/
nucleoporation/
sonoporation 

 Nontoxic  Complex equipment  Low-intermediate 
 Large amounts of DNA 

can be delivered 
 Limited cell viability 
 Feasibility in vivo 

(nucleoporation)? 
 Cationic liposomes  Low immunogenicity  Potentially cytotoxic  Variable (5–90 %) 

 Simple, local 
 Large amounts of DNA 

can be delivered 
 Human arti fi cial 

chromosomes 
 Large gene inserts can 

be incorporated 
 Endogenous genes need 

to be removed from 
the HAC vector as 
this may affect 
physiological gene 
expression 

 High 

 Stable episomal 
maintenance 

   a Dileo et al. developed a modi fi ed gene gun with higher discharge speed leading to better penetra-
tion until the dermal layer  [  192  ] .  
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simplex virus (HSV)-1 vectors, on the other hand, can incorporate large trans-
genes (up to 50 kb; Table  26.2 ).  

    26.4.1.2   Non-viral Gene Transfer 

 All non-viral gene transfer strategies (Table  26.3 ) lead to temporary gene expres-
sion, and transfer ef fi ciency is in general lower than for viral methods. Perhaps the 
most “simple” way to deliver a gene to a target tissue is to inject “naked” DNA into 
skin or to topically apply it to the wound; however, the fragility, size, and electrical 
charge of the DNA represent signi fi cant barriers to ef fi cient transfer into cells. 
Therefore, technically sophisticated modi fi cations of this technique have been 
devised, such as “microseeding,” “gene bombardment,” gene electroporation, or 
gene sonoporation. During microseeding, a technique designed by Eriksson et al., 
the gene of interest is injected in the target cells by using oscillating solid micronee-
dles mounted on a modi fi ed tattooing machine whereby the penetration depth of the 
needles can be varied depending on the needle design  [  197  ] . In addition to using it 
for DNA transfer, the microseeding technique can also be used for delivery of 
(adeno)viral vectors  [  198  ] . Gene bombardment (also known as particle-mediated or 
ballistic gene transfer), on the other hand, is accomplished by using a “gene gun” 
during which the DNA is coated onto micrometer scale gold or tungsten particles 
which are propelled into the target tissue resulting in expression for several days in 
and around the targeted tissue  [  199  ] . Disadvantages however are limited transfec-
tion depth and rate. Using a modi fi ed gene gun with higher discharge speed, Dileo 
et al. achieved a higher level of gene expression in both epidermis and dermis  [  192  ] . 
Application of an electrical  fi eld to wounds (for electroporation) in combination 
with DNA greatly enhanced  TGF -  b 1  gene transfer with increased angiogenesis in 
wounds of diabetic mice  [  53  ] . A more recent improved variant of the electropora-
tion technique is “nucleoporation” although this procedure is likely not applicable 
in vivo but will be of interest for ex vivo applications. The technique involves a 
combination of optimized electrical parameters and media speci fi c for primary cell 
types. Since the DNA is delivered straight into the nucleus, expression can occur 
without delay. In a recent study comparing different modes of non-viral gene trans-
fer, we showed that nucleoporation was the most ef fi cient gene transfer method for 
dermal  fi broblasts  [  200  ] . While electroporation and nucleoporation use electrical 
pulses to modify the permeability of the cell membrane, sonoporation or cellular 
sonication encompasses the use of ultrasound waves to facilitate uptake of DNA 
into the target cell. Sonoporation employs the acoustic cavitation of microbubbles 
to enhance DNA delivery  [  201  ] . The technique has been tested in preclinical studies 
to deliver angiogenic genes to wounds  [  58,   59  ]  and is under active study for targeted 
gene transfer in vivo in patients using an ultrasonic transducer  [  202  ] . 

 In most cases, DNA transfer is achieved by using plasmids that still contain bac-
terial elements (e.g., the origin of replication) that may be perceived as foreign and 
hence destroyed by the mammalian target cell leading to silencing of expression. 
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Minicircles are small circular plasmid derivatives in which all prokaryotic vector 
sequences have been deleted. This resulted in a signi fi cantly increased expression 
level of the inserted gene compared to standard plasmid DNA  [  203  ] . Their small 
size (4 kb) also facilitates their delivery into cells. Minicircle DNA encoding 
VEGF-A has been tested for its ef fi ciency to induce blood vessel formation in ani-
mal wound models  [  57–  59  ] . 

 The use of cationic liposomes (“lipofection”) is another ef fi cient means of deliv-
ering genes into target cells  [  204  ] . Because of their positive charge, they can form 
non-covalent complexes with negatively charged residues in DNA, an association 
that protects the DNA from degradation. The excess positively charged groups of the 
complex can then interact with the negatively charged cell membrane leading to 
facilitated uptake by endocytosis. Such an approach ef fi ciently targeted EC with 
IGF-1 cDNA in vivo in injured rat skin, resulting in their increased proliferation  [  49  ] . 
Recently, these liposome-based gene transfer methods have also been used for viral 
vector transfer. Such combinations resulted in increased transfection ef fi ciency and 
lower immunogenicity due to the “shielding” of adenoviral vectors with the polyca-
tionic lipids and therefore represent promising future possibilities  [  205,   206  ] . 

 The latest technique in non-viral gene transfer is the use of human arti fi cial chro-
mosomes (HAC), which have been heralded as the most promising non-viral vectors 
of the future. They represent “mini-chromosomes” containing speci fi c DNA frag-
ments that will enter the cell and permanently reside there as a stable episome. HAC 
transfer the inserted DNA into daughter cells during cell division. The possibility to 
incorporate very large gene inserts is an important asset of this method  [  207,   208  ] . 

 Importantly, like any other cells, vascular cells, such as EC or their precursors, 
have different propensities for ef fi cient gene transfer by any of these non-viral gene 
transfer methods. Indeed, in the comparative study mentioned above, we directly 
compared different non-viral gene transfer methods in human BOEC, showing that 
Effectene, a type of liposome transfer, was most ef fi cient  [  200  ] .  

    26.4.1.3   Constitutive Versus Regulable Expression 

 Since the formation of blood vessels requires the action of several growth factors at 
certain speci fi c steps during the process, creating the opportunity to regulate the 
expression of the delivered growth factor in time would allow to better mimic the 
natural course of molecular events during blood vessel formation. Therefore, instead 
of putting the expression of the gene under the control of a constitutive promoter, 
several inducible promoter systems have been designed that can be regulated by 
exogenously supplied drugs. The same systems have also been used to create con-
ditional knockout mice or mice with inducible overexpression. 

 To date, mainly  fi ve major drug-responsive systems exist for inducing the 
expression of a gene. The  fi rst four systems all employ a minimal mammalian cell 
promoter (which by itself exhibits little basal activity and is fused to a cis-corre-
sponding DNA-binding element) and a hybrid transactivator whose transactivating 
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activity is regulated by a drug. Tetracycline (or doxycycline)-dependent systems 
are perhaps the most commonly known. In its original format, the tTA transactiva-
tor is a hybrid between the transactivating domain of HSV-1 VP16 and a tetracy-
cline repressor (tetR), and the minimal promoter is based on the human 
cytomegalovirus (hCMV) promoter  [  209  ] . The system is available in two main 
con fi gurations, “Tet-off” and “Tet-on,” in which the tTA transactivator can only 
bind to the target minimal promoter in the absence or presence of doxycycline, 
respectively. A few years later, Yao et al. developed a new system not relying on 
the hCMV promoter and tTA but on the wild-type hCMV major immediate-early 
promoter and tetR itself (a system called “T-REx”)  [  210  ] . Later a T-REx-encoding 
replication-defective HSV-1 recombinant vector was developed which allowed 
for an up to 1,000-fold tetracycline-regulated gene expression  [  211  ] . Another sys-
tem is based on Ecdysone, an insect steroid hormone  [  212  ] . Upon administration 
of an Ecdysone-analog such as muristerone A, the Ecdysone receptor/VP16 fusion 
protein is activated. Subsequent heterodimerization with the retinoid X receptor 
then causes binding of the complex to the Ecdysone response element leading to 
transcription of the target transgene. The RU486/antiprogestin-mifepristone sys-
tem is based on a fusion protein of the ligand-binding domain of the human pro-
gesterone receptor, the yeast transcriptional activator GAL4 DNA-binding 
domain, and the HSV protein VP16 transactivation domain  [  213  ] . This fusion 
protein activates target genes containing GAL4 binding sites in response to pro-
gesterone antagonists such as R486/mifepristone. Estrogen inducible systems are 
very similar to the progesterone-inducible systems, the former using the estrogen 
receptor in the fusion protein  [  214  ] . Finally, the drug rapamycin (also known as 
sirolimus, an inhibitor of mammalian target of rapamycin, mTOR) has the ability 
to induce dimerization of two cellular proteins, FKBP12 and FRAP. FKBP12/
FRAP heterodimers can bind corresponding DNA response elements and activate 
transcription of a downstream target gene (reviewed in  [  215  ] ). However, rapamy-
cin has been shown to have anti-angiogenic (as well as anti-lymphangiogenic) 
effects, one of the reasons why it is now being tested in cancer clinical trials 
 [  216  ] . Therefore, this system is not suitable for regulable gene transfer for stimu-
lation of blood vessel growth in wounds. 

 The Cre-Lox system based on a single enzyme, Cre recombinase, that recom-
bines a pair of short target sequences called  Lox  sequences is a conditional expres-
sion modality that does not rely on a minimal promoter  [  217  ] . Cre-mediated 
recombination can be made inducible by using a tamoxifen-responsive variant of 
the Cre recombinase, i.e., CreERT2. The Cre enzyme and the original  Lox  site 
called the  LoxP  sequence are derived from a bacteriophage P1  [  217  ] . While the 
Cre-Lox system is most routinely used to shut down the expression of a certain 
gene, the system can also be adapted to induce expression, i.e., by introducing a 
“ fl oxed” stop codon cassette in front of the gene of interest. Cre-induced excision 
of the stop codon cassette will then initiate the expression of the gene. The disad-
vantage of this system is that the induction of gene expression is irreversible, in 
contrast to the other 4 systems where expression is no longer induced in the absence 
of the drug.  
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    26.4.1.4   Monotherapy Versus Combination Therapy 

 As evident from our description of the molecular players in (wound) vasculariza-
tion, the application of a single growth factor does not mimic the multifactorial 
nature of the process. Indeed, transfer of multiple genes, preferably at strategic time 
points, is the ultimate goal  [  190  ] . Proof of principle of such multimodal approaches 
has been delivered in studies testing the ef fi cacy of subcutaneous implantation of 
different formulation of growth factors. For instance, a combination of VEGF-A 
and KGF or VEGF-A and angiopoietin-1 in a hydrogel increased the angiogenic 
response  [  218,   219  ] . Combining VEGF-A with bFGF in porous collagen-based 
scaffolds resulted in a higher blood vessel density than either factor alone  [  220, 
  221  ] . Some of the controlled release systems mentioned above can be designed to 
secrete growth factors sequentially rather than simultaneously  [  189,   190  ] . For 
instance, sequential release of VEGF-A and PDGF-B increased vascular density 
upon subcutaneous injection in rats  [  222  ]  and favorably affected blood vessel num-
bers, size, and maturity upon implantation in ischemic muscles in mice  [  223  ] . Also 
several preclinical wound studies have tested combinations of factors with different 
activities in the blood vessel formation process resulting in improved vasculariza-
tion (Table  26.1 ). 

 One interesting possibility is the use of products containing “natural” combina-
tions of endogenous growth factors, such as platelet-rich plasma (PRP) or platelet-
derived wound healing factors (PDWHF)  [  224  ] . Platelets play important roles during 
the natural course of wound healing, one of them being the secretion of many growth 
factors, adhesive molecules, and lipids that regulate the migration, proliferation, and 
function of keratinocytes,  fi broblasts, and vascular cells. Some of the up to 30 
(growth) factors stored by platelets in their  a -granules are PDGF-B, TGF b , VEGF-A, 
bFGF, EGF, IGF-1, IGF-2, IL-8, and GM-CSF, many of which have been shown to 
have a pro-angiogenic or pro-vasculogenic effect  [  225–  227  ] . A recent study showed 
that PRP also contains pro-angiogenic short peptides such as UN3  [  228  ] . PRP is 
blood plasma that has been enriched with high concentrations of platelets that release 
these growth factors from their storage pools upon activation with thrombin and/or 
calcium chloride added to the plasma. Several techniques and devices have been 
developed to concentrate platelets in PRP with different degrees of enrichment  [  226  ] . 
We and others have tested PRP combined with cell therapy in preclinical models of 
wound healing  [  229,   230  ] . PRP has been clinically tested for a number of reparative 
applications, including healing of chronic ulcers and burns, with variable ef fi ciency 
 [  190,   226,   231,   232  ] . This variable outcome may be related to the different concen-
trations of platelets and derived growth factors in PRP preparations, which calls for 
a better characterization of these products  [  231  ] . Furthermore, the precise effects of 
PRP on the wound healing process remain incompletely understood. De fi nitive proof 
for clinical ef fi cacy will require additional placebo-controlled and double-blinded 
clinical trials  [  190,   226  ] . Another endogenous growth factor combination product is 
amnion-derived cellular cytokine solution (ACCS) which is a cytokine-rich solution 
secreted from amnion-derived multipotent progenitor cells containing multiple natu-
rally appearing factors at physiological concentrations (e.g., PDGF, VEGF-A, 



658 B. Hendrickx et al.

TGF b 2, angiogenin, tissue inhibitor of metalloproteinase (TIMP)-1, and TIMP-2) 
 [  233  ] . ACCS has shown promising effects on healing burns, the primary bene fi t 
being accelerated re-epithelialization  [  234,   235  ] . Effects on blood vessel formation 
were however not evaluated in these studies.   

    26.4.2   Cellular Neovascularization Strategies 

 Many cell types have been implicated in the formation of blood vessels, ranging 
from mature EC to pluripotent embryonic stem cells (ESC). In the next chapter, 
we give an overview of the different cell types that have been used to promote 
wound vascularization, using their differentiation status and potential as a means 
of classi fi cation (Fig.  26.1 ). Mature EC and unipotent EPC are committed to the 
endothelial lineage and will in vivo behave like EC, whereas multipotent and 
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  Fig. 26.1    Hierarchy of cell sources for vascularization of skin wounds and tissue-engineered skin 
equivalents. Candidate cell populations for vascularization can be categorized according to their 
differentiation potential which inversely correlates with proliferation capacity. Cells with the 
broadest differentiation potential are at the upper part of the pyramid, whereas fully differentiated, 
mature endothelial cells (EC) are at the base of the pyramid. The cell on top of the pyramid is the 
zygote, which is called “totipotent” as it gives rise to all cells of the embryo in addition to all cell 
types of the extraembryonic tissues.  ESC  embryonic stem cell,  iPSC  induced pluripotent stem cell, 
 MSC  mesenchymal stem cell,  MAPC  multipotent adult progenitor cell,  EPC  endothelial progenitor 
cell,  BOEC  blood outgrowth endothelial cell,  HDMEC  human dermal microvascular endothelial 
cell,  HUVEC  human umbilical cord vein endothelial cell       
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pluripotent stem/progenitor cells have the intrinsic capacity to differentiate into 
multiple cell lineages and will therefore need to be stimulated into becoming an 
EC, either in vitro, before application to the wound, or in situ after application, 
through communication with other wound cells and/or the ECM. Furthermore, 
these cells may – upon proper stimulation – also contribute to pericytes or vascu-
lar SMC that can stabilize the inner endothelial layer of blood vessels. Like for 
endothelium, unipotent circulating progenitors with the capacity to form SMC or 
pericytes have also been described, but will not be discussed here since there have 
been no reports on their use in wound vascularization (for a general review on 
these cells, we refer to  [  236–  238  ] ).  

 The prototypical example of a multipotent stem cell is the hematopoietic stem cell 
(HSC), which generates all lineages of the blood. Although these cells or their dif-
ferentiated progeny have an adjuvant paracrine function in wound neovasculariza-
tion  [  239  ]  – a process called “hemangiogenesis” (reviewed in  [  240–  242  ] ) – or the 
formation of bioengineered vascular networks  [  243  ] , we will not further discuss 
them here. Furthermore, during development, the extra- and intraembryonic forma-
tion of new blood vessels is anatomically and chronically closely linked to hematopoi-
esis in the form of a bipotential (EC-hematopoietic) precursor (the “hemangioblast”) 
or intimal Runx1 +  EC with blood-forming capacity (“hemogenic endothelium” in the 
 fl oor of the dorsal aorta; reviewed in  [  244  ] ). According to certain in vitro models, the 
hemangioblast would also have the potential to give rise to SMC (reviewed in  [  245, 
  246  ] ). However, it is currently not clear whether an equivalent bi- or tripotential cell 
persists during adulthood and if so, whether it would be feasible to isolate and use it 
therapeutically, for instance, in wound revascularization. 

 Importantly, when considering the use of a cell for therapeutic revascularization, 
the choice is not only dependent on its inherent potential to physically contribute to 
this process by vascular differentiation and incorporation. Indeed, as described above 
for HSC, cells may also have an important adjuvant role in blood vessel formation by 
secreting growth factors that communicate with endogenous vascular cells. As such, 
these cells serve as a “natural” delivery device for these factors. Finally, in addition 
to these mechanistic criteria, several issues related to clinical applicability may co-
determine the choice of the optimally suited cell type  [  11  ] . Such issues are ease of 
harvest, possibility for expansion to clinically used amounts, genetic stability, non-
immunogenicity (in which case, autologous cells or allogeneic cells with immuno-
modulatory effects will be advantageous), and the possibility to prepare the cells in 
formulations free of xenobiotic culture media components. 

    26.4.2.1   Human Dermal Microvascular EC and HUVEC 

     Human Dermal Microvascular EC 

 Human dermal microvascular EC (HDMEC) are at the lowest step of the differen-
tiation potency ladder since they are terminally differentiated cells (“nullipotent”; 
Fig.  26.1 ). Since skin is highly vascular (see Sect.  26.1 ), a common and obvious 
source for harvesting mature EC is the dermis itself. Their isolation was initially 
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described from neonatal foreskin  [  247  ] , but HDMEC can be obtained from adult 
skin as well  [  248  ] . Their harvest is however complicated by low numbers, short life 
span, and  fi broblast contamination  [  249  ] . Several techniques have been proposed to 
purify HDMEC populations, including the use of Percoll gradients  [  250  ] , anti-E-
selectin monoclonal antibody-coated magnetic beads  [  249  ] , or EN-4 panning  [  251  ] . 
Furthermore, there have been efforts to design serum-free culture techniques for 
HDMEC to offer a safer cell product for use in humans  [  251  ] . Despite these techni-
cal improvements, the use of HDMEC has been limited to preclinical and in vitro 
studies, such as seeding of human dermal  fi broblast sheets  [  252  ]  or subcutaneous 
implantation in immunode fi cient mice  [  248,   253  ] .  

     HUVEC 

 Using the human umbilical vein wall as a source, EC (HUVEC) are easy to be har-
vested from there, can be expanded to large numbers – most likely because of their 
fetal origin and hence more juvenile character – and can be easily cryopreserved 
until further use  [  254  ] . Therefore, these cells have served as a reference EC line in 
many vascularization studies, including in the context of wound healing and skin 
tissue engineering  [  100,   255  ] . Given their fetal origin, the cells would have to be 
used in an allogeneic setting. Besides contributing to vasculogenesis, they produce 
a combination of trophic factors that interact with wound repairing cells, including 
vascular cells  [  100,   256  ] . We recently tested HUVEC in a full-thickness wound 
model in nude mice but could not demonstrate an increase in wound bed revascular-
ization, despite their ability to incorporate in newly forming vessels. Furthermore, 
despite their production of several factors for communication with keratinocytes 
and  fi broblasts, no trophic effect on dermal or epidermal healing was apparent  [  100  ] . 
Interestingly, it was shown that culturing HUVEC in a three-dimensional spheroid 
system as opposed to the classical two-dimensional culture improved their survival 
in a hypoxic environment (in this case, ischemic limb muscle) and enhanced their 
production of (angiogenic) growth factors  [  257  ] . Similarly, HUVEC spheroid 
implantation in Matrigel also supported HUVEC survival and vascular tube forma-
tion in immunocompromised mice  [  258  ] . Testing this spheroid system in wound 
healing is therefore very appealing. Furthermore, in another approach, survival of 
HUVEC was also prolonged by overexpression of caspase-resistant Bcl-2, which 
allowed for the HUVEC-based vessels to become stabilized by SMC  [  259  ] .   

    26.4.2.2   Endothelial Progenitors 

 It has long been thought that the “de novo” formation of blood vessels through 
recruitment and incorporation of endothelial progenitors – called “angioblasts” – 
was something that only occurred during development. This thinking changed in 
1997 when Asahara et al.  fi rst described that new blood vessels in the adult can also 
form by recruitment of BM-derived EPC – the postnatal equivalents of the embry-
onic “angioblasts” – that incorporate into newly forming vessels and differentiate 
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into EC  [  133  ] . These unipotent endothelial progenitors represent a higher step of the 
differentiation potential ladder (Fig.  26.1 ). The groundbreaking  fi ndings by Asahara 
et al. set the stage for an exponentially growing number of studies that investigated 
the involvement of BM as a reservoir for circulating endothelial progenitors that 
participate in neovascularization. Unfortunately, as often happens in a booming 
 fi eld, the initial enthusiasm related to EPC meanwhile has been tempered, and the 
wealth of rapidly emerging studies has caused confusion about the true nature of 
these progenitors, their origin, their precise characteristics (e.g., surface marker 
expression), and the degree to which they directly contribute to neovascularization 
 [  134–  141  ] . 

 There have been efforts to resolve these confusing issues about EPC by shifting 
their de fi nition from one based on the expression of surface markers to one based on 
differential adherence and outgrowth kinetics in culture and their capacity to func-
tionally behave like EC, i.e., to become part of the endothelial lining of a new vessel 
 [  137,   139,   260  ] . Based on this new de fi nition, mainly two types of EPC can be dis-
tinguished (Fig.  26.2 ). The  fi rst category originates from the initially non-adherent 
mononuclear fraction of circulating blood and emerges early (in less than a week) 
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  Fig. 26.2    De fi ning EPC based on differential adherence and outgrowth kinetics in culture. As a 
means to reach a consensus concerning the de fi nition of endothelial progenitor cells (EPC) and as 
an alternative to the use of surface markers for this de fi nition, differential adherence and outgrowth 
dynamics have been introduced as novel criteria. According to this new way of categorizing EPC, 
two distinct populations can be distinguished: those emerging early in the culture dish after replat-
ing the initially non-adherent portion ( blue cells ) of peripheral blood mononuclear cells ( MNC ) 
which can be mobilized from the bone marrow ( BM ) through diverse recruitment signals and those 
growing out late (after 2–3 weeks;  red cells ) after plating the collagen I-adherent fraction of 
peripheral blood MNC which are currently thought to be residing in the intima of blood vessels. 
For the latter, it is unknown which signals and events are involved in their mobilization into the 
peripheral blood. Both fractions have different functional behaviors (late outgrowth cells incorpo-
rate into growing vessels, early outgrowth cells do not but have an adjuvant role) and expression 
characteristics, the most typical difference being the expression of hematopoietic markers in early 
EPC, which is lacking in late outgrowth EC       
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after plating. These cells have a limited proliferation capacity, express hematopoi-
etic markers (e.g., CD14, CD45, CD34, CD133  [  261–  264  ] ), are clonally related to 
the hematopoietic lineage, poorly form vascular tubes, do not actively incorporate 
into nascent blood vessels but rather trophically support them, and are referred to as 
“colony-forming unit-EC”  [  260  ] . Given their rather trophic role on the preexisting 
vasculature, it has been proposed to rename these EPC as “circulating angiogenic 
cells”  [  135  ] .  

 The second category of “true” endothelial progenitors is present in the immedi-
ately adherent fraction of blood mononuclear cells, grows out later (after 2–4 weeks 
of plating), is highly proliferative, forms vascular tubes, and incorporates into new 
vessels. They are called “late outgrowth endothelial cells,” “blood outgrowth 
endothelial cells” (BOEC), or “endothelial colony-forming cells”  [  136,   260  ] . These 
cells do not originate from the hematopoietic lineage, and hence their lack of expres-
sion of CD45 (or CD14) is an important hallmark. Even though these cells lack 
expression of progenitor markers, such as AC133, they are also functionally and 
molecularly different from mature EC (e.g., HUVEC)  [  100  ] . One potential caveat 
about the long-term cultured late outgrowth EC is that these cells may change upon 
culture and hence be quite different from their in vivo ancestor  [  135  ] . Nevertheless, 
we showed that, except for a decrease in CD34 upon passaging, the expression pat-
tern of these cells is relatively stable throughout the culture period  [  100  ] . Although 
initial reports doubted their paracrine angiogenic effect  [  265  ] , we and others have 
clearly demonstrated their trophic effect on angiogenesis  [  100,   266  ] . Indeed, we have 
examined the growth factor secretion pro fi le of BOEC in more detail and showed 
that they express signi fi cant amounts of VEGF-A, PlGF, PDGF-BB, angiopoietin-2, 
MCP-1, bFGF, KGF, IL-6, HGF, and GM-CSF  [  100  ] . It is not clear what is the exact 
origin of BOEC; however, the current hypothesis is that while early EPC may be 
recruited from the BM, BOEC may actually reside in the intima of established large 
or small blood vessels and hence form a local pool of highly proliferative EC (pro-
genitors) readily available for vascular maintenance and regeneration  [  138,   141, 
  267  ]  (Fig.  26.2 ). Under certain conditions, these cells detach from the vessel wall and 
hence can be harvested from circulating blood. Both cord blood and adult blood have 
been demonstrated to contain BOEC, the former being a more abundant source. The 
proliferative disadvantage of peripheral blood-derived BOEC can however be over-
come by VEGF-A stimulation  [  268  ] . Unlike for adult BOEC, karyotypic aberrations 
have been reported for cord blood-derived BOEC  [  269  ] . On the other hand, cord 
blood-derived BOEC formed more durable and stable vessels than their peripheral 
blood-derived counterparts  [  270  ] . 

 Both topical  [  271  ]  and systemic  [  272  ]  applications of early EPC have proven to 
be ef fi cient in increasing wound bed vascularity and wound healing in mouse mod-
els, and their bene fi cial effect was augmented in hyperbaric oxygen conditions 
 [  273  ] . Also in pathologic situations in which there is a decreased revascularization 
capacity in the host (e.g., diabetes), early EPC have proven their ability to boost 
angiogenesis and re-epithelialization rates, in part through activation of the Wnt 
signaling pathway  [  274  ] . Topical application of peripheral blood-derived BOEC in 
a nude mouse wound healing model resulted in signi fi cant participation in hybrid 
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vessel formation, enhanced vascular expansion, increased SMC coating of host ves-
sels, and improved re-epithelialization and dermal collagen organization  [  100  ] . 
Recently, Reinisch et al. have described a large-scale, animal protein-free expansion 
strategy for BOEC that supports their proliferation and preserves their functional 
characteristics, even after cryopreservation, which makes their use in humans more 
feasible  [  275  ] . Given their complementary mode of action, combined application of 
early EPC and BOEC seems highly attractive  [  276  ] . Indeed, co-transplantation of 
both EPC types had a synergistic effect on revascularization of ischemic limbs 
 [  277  ] , a scenario that could also be tested in wound healing studies.  

    26.4.2.3   Multipotent or Pluripotent Stem Cells 

 Stem cells or progenitors in the adult can have the ability to differentiate into mul-
tiple cell types, and this differentiation potential may not be limited to their tissue of 
origin. Among those more-than-unipotent progenitors, we distinguish two main 
subtypes (Fig.  26.1 ): multipotent stem/progenitor cells, i.e., those that make many 
but not all cell types of the body, and pluripotent stem/progenitors, i.e., those that 
can give rise to all ~220 differentiated cell types that make up a living organism. As 
an accompanying note, we want to explain our use of the term “stem/progenitor 
cells” throughout this chapter. One of the requirements to call a cell a “stem cell” is 
the demonstration of self-renewal – which in principle can only be rigorously proven 
in vivo  [  278  ] . “Progenitor” is used when self-renewal is no longer a feature of the 
cell. Since for many multipotent cells the issue of self-renewal has not been appro-
priately addressed, we use the term stem/progenitor cells to designate these cells. 

     Mesenchymal Stem Cells 

 Mesenchymal stem cells (MSC), a term originally coined by Caplan in 1991  [  279  ] , 
represent a heterogeneous group of multipotent stem/progenitor cells that can be 
harvested from several tissues, including BM, skeletal muscle, brain, skin  [  280  ] , 
kidney  [  281  ] , dental pulp  [  282  ] , adipose tissue, umbilical cord (blood), several com-
partments of the umbilical cord (i.e., the amniotic membrane  [  283  ] , the cord vessel 
wall  [  284,   285  ] , and Wharton’s jelly or the mucous connective tissue of the cord all 
contain MSC; reviewed in  [  286  ] ), amniotic  fl uid  [  287  ] , endometrium  [  288  ] , and 
additional fetal and adult tissues  [  289–  291  ] . Recently, cells with MSC characteris-
tics were even found in debrided skin of burns patients  [  292  ] . Because of the multi-
tude of studies on MSC and the heterogeneity among these cell types, the 
Mesenchymal and Tissue Stem Cell Committee of the International Society for 
Cellular Therapy has proposed a number of minimal criteria that need to be met in 
order to name a cell “MSC”  [  293  ] : plastic adherence, de fi ned surface marker expres-
sion, and trilineage differentiation potential (osteoblasts, adipocytes, and chondro-
blasts). When considering the ease of harvest, there are however mainly three 
sources that are appealing for therapeutic use: BM, adipose tissue, and umbilical 
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cord (blood). The  fi rst two can be used in an autologous setting while umbilical cord 
(blood) will be allogeneic (unless the blood is taken into a blood bank). The pro-
curement of BM carries some degree of non-trivial morbidity, making the use of 
adipose tissue or umbilical cord (blood) more appealing from that perspective. In 
general, MSC act on wound healing through transdifferentiation or cell fusion to 
wound healing cells  [  294  ] , production of cytokines and growth factors  [  295  ] , main-
tenance of the ECM, modulation of the immune system, and wound contraction 
 [  289,   296  ]  (recently reviewed in  [  297–  299  ] ). There is evidence that adipose-derived 
MSC and BM-MSC kept in culture for a long time undergo spontaneous transfor-
mation and form tumors in vivo, which might jeopardize clinical application  [  300, 
  301  ] . A recent report showed that the acquisition of aneuploidy not necessarily 
leads to spontaneous transformation  [  302  ] . Nevertheless, it is commendable to only 
use lower passages of these cells. On the other hand, MSC display immunosuppres-
sive characteristics through interactions with natural killer (NK) cells, B and T lym-
phocytes, and monocytes, making them compatible with allogeneic transplantation 
 [  303  ] . Standard MSC culture protocols include the use of fetal calf serum, possibly 
leading to zoonoses in the host. Platelet lysate has been advocated as a surrogate for 
fetal calf serum in isolation of BM-MSC, but it is not clear yet whether this isolation 
procedure gives rise to cells with identical properties as BM-MSC obtained through 
the standard isolation protocol  [  304,   305  ] . 

 As for the effect of MSC on blood vessel formation, at least three possibilities 
have been described in the literature. Direct contribution to EC was reported in vitro 
and/or in vivo  [  280,   282,   306–  316  ] . In this context, it is relevant to consider that 
adipose tissue is a rich source of EC (progenitors)  [  317  ]  and consequently that the 
stromal vascular fraction from which adipose-derived MSC (also known as “pro-
cessed lipo-aspirate (PLA) cells,” “adipose-derived stromal cells,” or “adipose-de-
rived stem cells”) are derived in fact is a heterogeneous population that contains, in 
addition to MSC, also vascular EC, the latter which may account for “direct EC dif-
ferentiation”  [  318,   319  ] . Recent studies, including our own  [  320–  323  ]  (reviewed in 
 [  324  ] ), have rather favored alternative pro-angiogenic mechanisms for MSC. First, 
there is increasing evidence that they mainly have a trophic function on blood vessel 
growth by secreting numerous growth factors  [  295,   297,   323,   325–  328  ] . Interestingly, 
this trophic mechanism may differ depending on the source of MSC. For instance, 
while adipose-derived MSC highly depend on plasmin-mediated and only limitedly 
on MMP-mediated ECM breakdown, BM-MSC completely depend on membrane-
type MMP for inducing capillary expansion  [  329,   330  ] . Despite these different 
trophic mechanisms, the overall capacity of MSC to modulate blood vessel forma-
tion in vivo seems similar for different tissue-speci fi c MSC  [  331  ] . Secondly, recent 
studies have reported that MSC in many tissues in fact represent (a subset of) peri-
cytes, a claim mostly based on co-expression of mesenchymal (e.g., CD29, CD44, 
CD73, CD90, CD105) and pericyte markers (e.g., NG2, SMC  a -actin, PDGFR b , 
caldesmon, calponin) in vitro and/or in vivo  [  332–  335  ] . Hence, a direct contribution 
to the supporting pericyte/SMC layer rather than the endothelial layer of newly 
formed blood vessels seems plausible. This supportive mode of contribution to 
blood vessel formation has been termed “angiopoiesis” as opposed to “vasculogen-
esis” that implies a physical contribution to endothelium  [  278  ] . 
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 Several clinical and preclinical studies have tested the in vivo potential of MSC 
in revascularization, including in wound healing (recently reviewed in  [  297,   299, 
  336,   337  ] ), alone or in combination with other cells. Here, we only highlight a num-
ber of these studies. BM-MSC were shown to augment vascularization in mice as 
well as in patients with acute wounds when sprayed in a  fi brin glue  [  338  ] . When 
adipose-derived MSC were locally injected into wounds of diabetic mice, vessels 
were seen earlier and in higher amounts in the granulation tissue, and VEGF levels 
were also higher  [  339  ] . As mentioned above, BM-derived or adipose-derived MSC 
can also differentiate towards perivascular cells, thereby increasing vessel stability 
 [  309,   332,   335,   340  ] . Lipo-aspirate-derived MSC are currently used in a phase I/II 
clinical trial in the treatment of perianal  fi stula  [  341,   342  ]  and in phase IV trials for 
restoration of lumpectomy defects in the breast. These trials so far demonstrate the 
safety and the feasibility of the clinical use of these cells  [  341,   342  ] . MSC derived 
from perivascular tissue of umbilical cord were applied together with a  fi brin seal-
ant onto wounds in immunode fi cient BalbC mice, thereby accelerating re-epitheli-
alization and improving dermal collagen organization. An effect on blood vessel 
formation was not evaluated in this study  [  285  ] . Combining human cord blood-de-
rived BOEC and BM- or cord blood-derived MSC in a subcutaneously implanted 
Matrigel plug in mice resulted in a functional human vessel network that was stabi-
lized by MSC-derived perivascular cells, suggestive for the bene fi t of a combined 
BOEC-MSC approach  [  331,   343  ] . MSC derived from the amniotic membrane of 
umbilical cord are currently being tested in clinical trials of patients with burns or 
diabetic patients with foot ulcers  [  283  ] .  

     Non-MSC Multipotent Adult Progenitor Cells 

 As BM is a rich source for stem/progenitor cells, many other non-MSC cell types 
(e.g., multipotent adult progenitor cells or MAPC, marrow-isolated adult multilin-
eage inducible or MIAMI cells, BM-derived multipotent stem cells or BMSC) with 
multipotent differentiation capacity could also be derived from BM  [  344–  346  ]  
(reviewed in  [  347  ] ). In addition, other tissues, such as umbilical cord blood, also 
host such multipotent stem/progenitor cells, called unrestricted somatic stem cells 
(USSC)  [  348  ] . MAPC are BM-derived multipotent cells, displaying a vast expan-
sion capacity combined with a broad differentiation potential that encompasses 
cells from the three embryonic germ layers  [  345  ] . These MAPC are morphologi-
cally, molecularly, and functionally different from BM-MSC and can in vitro dif-
ferentiate into EC that contribute to vasculogenesis in vivo  [  349–  352  ] . Recently, it 
was shown that the endothelial differentiation process of MAPC is subject to epige-
netic regulation since inhibition of DNA methyl transferases and histone deacety-
lases induced EC differentiation  [  353  ] . While MAPC represent an almost 
inexhaustible source of cells that can be used in wound vascularization, the long-
term procedure required to derive MAPC makes an autologous approach in an acute 
setting not feasible. Nevertheless, similar to MSC, MAPC also seem to have immu-
nosuppressive capacity, which may be favorable in an allogeneic setting  [  354,   355  ] . 
Despite their large expansion capacity, no karyotypic instabilities have been reported 
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for human MAPC. Our recent data reveal that MAPC transplantation improves 
wound vascularization as well as re-epithelialization in a full-thickness wound 
model in immunode fi cient mice (Hendrickx et al. 2009).  

     Embryonic Stem Cells 

 Embryonic stem cells (ESC) are derived from the inner cell mass of the blastocyst-
stage embryo,  fi rst successfully isolated from mice  [  356  ]  and much later from humans 
 [  357  ] . These cells are pluripotent (Fig.  26.1 ), meaning that they can give rise to all 
(~220) differentiated somatic cell types, including all skin cell types. The fact that 
derivation of ESC requires the destruction of an embryo results in ethical restraints 
on their (clinical) use. ESC have an unlimited self-renewal capacity and therefore 
represent an inexhaustible source of vascular cells for wound revascularization. One 
of the most stringent tests to demonstrate pluripotency – and a testimony to their 
unrestricted proliferation potential – is the generation of a benign tumor (“teratoma”) 
upon implantation in an immunode fi cient host. In fact, the very same test is routinely 
used to assess tumorigenicity prior to clinical testing. Thus, teratoma formation rep-
resents another hazard of using ESC for clinical purposes  [  358  ] . It was recently 
shown that BM-derived angiogenic macrophages may contribute to ESC-derived 
teratoma formation by secreting migration inhibitory factor (MIF)  [  359  ] . To circum-
vent this problem, robust differentiation of ESC and puri fi cation of EC progeny prior 
to transplantation is an absolute requirement. Alternatively, physical encapsulation 
of EC-differentiated ESC is a way to avoid teratoma formation; however, under those 
conditions, direct contribution to neovascularization by vascular incorporation is 
also prevented  [  360  ] . Given their origin, ESC can only be used in an allogeneic set-
ting. While somatic cell nuclear transfer using the nucleus of a somatic cell of the 
patient has been proposed as an alternative to offer the possibility to use ESC in an 
autologous way, the further development of this technology has met with signi fi cant 
opposition due to technical limitations and ethical concerns, the latter related to the 
possibility for reproductive cloning  [  361  ] . A perhaps more feasible strategy to over-
come immune rejection of transplanted ESC (derivatives) is co-transplantation with 
immunomodulatory MSC, although this did not seem very effective  [  362  ] . 

 Endothelial differentiation of ESC has been achieved by using different proto-
cols. Furthermore, ESC can also be coaxed into a pericyte or SMC-like cell, perhaps 
through a bipotential EC-SMC intermediate  [  363–  366  ] . As vascular differentiation 
procedures from ESC have been extensively reviewed just recently  [  315,   366–  368  ] , 
here we only summarize the most important issues. In general, three types of proto-
cols have been described for vascular cell differentiation, i.e., those based on an 
embryoid body intermediate (three-dimensional method; usually with low differen-
tiation ef fi ciency), those using two-dimensional coculture with feeder cells or 
mature EC, and those using two-dimensional monocultures in de fi ned chemical 
conditions followed by culture manipulations. Exposure to mechanical in addition 
to chemical signals has been explored to improve vascular differentiation  [  369  ] . 
Many variations exist on these main principles, such that no standardized protocol 
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has been developed. While recent adaptations and re fi nement of the methods have 
yielded high (up to 80 %  [  370  ] ) purity of vascular differentiated cells, this still 
requires an additional puri fi cation step as the contamination with as little as 10,000 
remaining undifferentiated ESC can be suf fi cient to give rise to teratomas  [  371  ] . 
This puri fi cation step can either be positive selection based on markers expressed on 
the wanted differentiated progeny or negative selection based on the expression of 
unique markers on undifferentiated cells. Such a negative selection marker (SSEA-
5) was recently identi fi ed  [  372  ] . Several studies have pursued the goal of developing 
differentiation protocols devoid of xenobiotic substances since this is another pre-
requisite for clinical use  [  370  ] . Finally, from comparative studies between mature 
EC lineages and endothelial progenitors at different stages of differentiation, it has 
been shown that the degree of EC maturation is also critical for therapeutic ef fi cacy, 
the fully differentiated state, or the very immature state being not ef fi cient  [  364, 
  373,   374  ] . Therefore, achieving an intermediate differentiation state is the desired 
end goal of vascular differentiation from ESC. 

 EC or SMC derived from ESC have been tested for their contribution in revascu-
larization in multiple preclinical models of ischemia (including peripheral vascular 
disease, myocardial infarction, and stroke; reviewed in  [  366,   367  ] ), mostly showing 
that a combination of ESC-EC and ESC-SMC delivers a more stable and durable 
vascular network than either cell population alone. While other cutaneous cell types 
(e.g., keratinocytes  [  375  ] ) differentiated from ESC have been tested for their ef fi cacy 
for improving wound healing, we have no record in the current literature of the use 
of ESC-derived vascular differentiated cells in wound healing. Recently, 
AC133 + KDR +  endothelial precursors were derived from ESC, and their conditioned 
medium (containing a number of pro-angiogenic factors, e.g., VEGF-A and bFGF) 
was shown to promote wound healing  [  376  ] .  

     Induced Pluripotent Stem Cells 

 As  fi rst described by Takahashi et al. in mice, induced pluripotent stem cells (iPSC) are 
ESC-like cells obtained through reprogramming of skin  fi broblasts (or other somatic 
cells) by transduction with a combination of only four genes ( Oct4 ,  Sox2 ,  c - Myc , and 
 Klf4 )  [  377  ] . In 2007, iPSC were also successfully derived from human  fi broblasts by 
using a combination of different genes ( Oct3 / 4 ,  Lin28 ,  nanog , and  Sox2 )  [  378  ] . As this 
avoids the destruction of embryos, the use of iPSC is not linked to major ethical issues. 
Moreover, unlike ESC, they can be derived from the patient, making an autologous 
approach feasible. While iPSC are not entirely similar to ESC, they also carry the risk of 
teratoma formation and genetic instability  [  379  ] . Moreover, the need for reprogramming 
by genetic manipulation through viral integration renders an additional risk for transfor-
mation. Therefore, based on the observation that sustained expression of the introduced 
pluripotency factors is not required for stable reprogramming, alternative transient meth-
ods have been designed to induce reprogramming, such as non-viral (e.g., protein, 
miRNA, minicircle  [  380  ] , or small molecule) transfer or even transgene removal 
whereby the transgenes are excised using Cre recombinase (reviewed in  [  368,   381  ] ). 
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 Given the inherent risk for teratoma formation, also for iPSC, in vitro vascular 
differentiation protocols have been developed  [  382–  385  ] . These vascular (EC) 
derivatives were successfully tested in immunode fi cient murine models of periph-
eral arterial disease  [  385,   386  ] , but not yet in wound healing models.    

    26.4.3   Combined Gene/Protein and Cellular Approaches 

 Recently, the combination of cellular and gene/protein transfer approaches has 
emerged as a promising avenue to improve vascularization of chronic and acute 
skin wounds or ischemic tissues. Such a combinatorial approach can be applied 
for at least three reasons, which we illustrate here with some examples (Fig.  26.3 ). 
First, the ex vivo transfected/transduced cells can be used as a delivery device for 
angiogenic/vasculogenic factors to overcome the limited success of protein deliv-
ery or to have a more directed way of gene delivery. Indeed, if the manipulated 
cells are vascular, then they will occupy a strategic position – i.e., in or around 
growing endothelial sprouts – to deliver the factors in close vicinity of the endog-
enous vascular target cells, which may lead to a more ef fi cient effect on blood 
vessel formation. Furthermore, gene transfer of angiogenic factors in vascular 
cells may improve their incorporation in nascent blood vessels  [  387  ] . For instance, 
overexpression of VEGF-A in EPC increased their vascular incorporation. 
Secondly, the combination of gene transfer and cell therapy can serve as a way to 
improve survival/engraftment/proliferation or to overcome dysfunctionality of 
the transplanted cells, which is often a problem in an autologous setting. 
Alternatively, preconditioning the cells by exposure to recombinant proteins may 
also achieve the same effect. Indeed, many studies have pointed out that using 
autologous cells could be problematic since the patient’s own progenitors may be 
dysfunctional and present in lower numbers (reviewed in  [  132,   135,   137  ] ) requir-
ing additional measures to increase their functionality  [  135,   388  ] . For instance, 
aged MSC were shown to have a decreased capacity to induce wound revascular-
ization  [  389  ] . Di Rocco et al. transplanted adipose-derived MSC following ex 
vivo SDF-1 a  gene transfer in wounds of diabetic mice, showing more persistent 
cell survival/engraftment  [  390  ] . Similarly, preconditioning of MSC with recombi-
nant SDF-1 a  protein had a bene fi cial effect on cell survival in infarcted myocar-
dium  [  391  ] . Overexpression of manganese superoxide dismutase in EPC from 
diabetic mice restored their ability to stimulate wound revascularization  [  392  ] . 
Overexpression of a variant of v-myc and AKT in adipose-derived MSC resulted 
in improved proliferation and increased secretion of VEGF-A in wounds  [  393  ] . 
Gene transfer of peroxisome proliferator-activated receptor- g  coactivator-1 a  
(PGC-1 a ) enhanced engraftment and the pro-angiogenic effects of MSC in isch-
emic mouse limbs  [  394  ] . Third, in case of multi- or pluripotent stem/progenitor 
cells, gene transfer (e.g., of transcription factors; reviewed in  [  395  ] ) can mediate 
transdifferentiation of the stem/progenitor cells to the endothelial or SMC/peri-
cyte lineage. For instance, Duffy et al. demonstrated that overexpression of eph-
rinB2 in MSC induces an early endothelial phenotype and increases their potential 
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to form vessel-like structures  [  396  ] . Adenoviral overexpression of soluble 
Frizzled1 in MSC increased their perivascular location and expression of  a -SMC-
actin, resulting in vessel maturation in a Matrigel implantation model  [  397  ] . As 
described above, for pluripotent stem cells, robust predifferentiation is an abso-
lute requirement to avoid teratoma formation.  

 In addition to combining gene/protein transfer with cellular therapy by using 
the cells as a delivery device for gene/protein expression, the two therapeutic modal-
ities can also be combined in another way. For instance, we recently showed 
that incorporation of a natural (angiogenic) growth factor combination (i.e., PRP) 
together with endothelial progenitor cells in a gel was more ef fi cient in revascular-
izing porcine skin wounds than using PRP alone  [  230  ] .  
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- Create vasculature AFTER implantation
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  Fig. 26.3    Approaches for vascularization of skin equivalents and their challenges. Largely three 
types of approaches can be distinguished to vascularize skin equivalents: gene/protein transfer, cell 
transfer, or surgical techniques. When using cells, two strategies can be followed, one being the for-
mation of a vascular network before implantation of the scaffold (called “prevascularization”) and 
another being the seeding of vascular cells onto the scaffold just before or after its placement into the 
wound (in which case, vessels are assembled in situ, usually as hybrids between host cells (in  red ) 
and transplanted cells (in  green )). Both gene/protein and cell-based techniques are faced with several 
challenges ( central box ) for which a number of solutions have been developed ( right box ). In some 
cases, the solution consists of combining gene/protein transfer with cell transplantation (e.g., the use 
of cells as “natural” delivery devices for growth factors or GF, the use of gene transfer to improve cell 
differentiation which is important for pluripotent cells, or the use of gene/protein transfer to improve 
survival or restore function of the transplanted cells). Surgical revascularization (“prefabrication”) 
can be achieved by implanting the scaffold in a highly vascularized region followed by an incubation 
period before transfer of the vascularized scaffold into the wound. Another surgical technique is 
microvascular bed explantation followed by re-anastomosis to the host vasculature in the wound 
edges.   m spheres  microspheres (Adapted from Romano Di Peppe et al.  [  63  ] )       
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    26.4.4   Electromechanical Stimulation of Blood  Vessel Formation 

 Vacuum-assisted therapy (VAC) or microdeformational therapy is an upcoming 
promising technology in wound healing. Multiple (pre)clinical studies have shown 
that one of the effects of VAC is increased blood vessel formation in wounds 
(reviewed in  [  398  ] ), although the underlying mechanisms remain unclear. One pos-
sibility is that applying topical negative pressure to the wound area stimulates the 
production of endogenous angiogenic growth factors, such as VEGF-A  [  399  ] . 
Furthermore, also growth of lymph vessels was stimulated most likely leading to a 
more ef fi cient removal of excess wound  fl uid  [  400  ] . 

 Extreme low-frequency electromagnetic  fi elds (ELF-EMF) also have been consid-
ered for their bene fi cial effect on the wound healing process (reviewed in  [  401  ] ). One 
of the reasons why such manipulations may aid in wound repair is through a neoan-
giogenic effect, i.e., by stimulating EC proliferation, tube formation, and production 
of angiogenic growth factors (e.g., bFGF  [  402  ] ). In a study on temporal punch biop-
sies from human volunteers, it was shown that degenerate electrical waveform upreg-
ulates expression of angiogenic molecules, including VEGF-A and CD31  [  403  ] .   

    26.5   Neovascularization Strategies for Tissue-Engineered 
Skin Equivalents 

 For full-thickness skin defects larger than 4 cm in diameter, boosting blood vessel 
growth alone may not be suf fi cient and may not lead to the desired healing result 
 [  404  ] . The latter is mainly due to excessive wound contraction, which may be particu-
larly harmful if wounds are located at joint regions, where contraction may limit 
mobility, or in the face, where contraction will lead to a poor esthetic outcome. 
Therefore, in such cases, a skin graft is needed to ensure suf fi cient coverage and to 
limit wound contraction. While split-thickness skin grafts – consisting of epidermis 
and part of the dermis and currently still the “gold standard” for extensive wounds – 
provide immediate epidermal coverage, they do not prevent excessive contraction. 
Furthermore, in case of extensive wound surfaces, the remaining intact donor sites 
will not be suf fi cient to provide enough graft material for complete coverage. Tissue-
engineered skin equivalents have been proposed to overcome donor graft shortage 
(reviewed in  [  404  ] ). Importantly, to prevent contraction, epidermal substitutes are not 
effective. Instead, natural (human- or animal-derived) or synthetic dermal substitutes 
(e.g., AlloDerm ® , Integra ® ) or combined epidermal/dermal substitutes (e.g., Apligraf ® , 
OrCel ® ) of suf fi cient thickness are needed for that purpose. These skin equivalents can 
be completely acellular or can be seeded with autologous or allogeneic skin cells, 
mostly keratinocytes and/or  fi broblasts. Yet another approach is the design of a com-
pletely cellular dermal construct that acquires suf fi cient thickness through multilayer-
ing of  fi broblasts that secrete their own extracellular matrix  [  100  ] . Several of these 
substitutes have been developed and approved for clinical use in burns patients or 
patients with chronic ulcers (for a recent overview, we refer to  [  405  ] ). 
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 However, while the increased thickness of these constructs offers suf fi cient 
mechanical resistance to limit wound contraction, as they are thicker than the in vivo 
diffusion limit of oxygen, survival and integration of these skin equivalents is criti-
cally dependent on fast and functional vascularization. The critical thickness of 
engineered tissue constructs that invokes the need for vascularization was deter-
mined to be 2 mm  [  406  ] . Several strategies to provide blood vessels in tissue-
engineered skin equivalents can be envisioned. Again, they can be divided in 
non-cellular and cellular techniques (reviewed in  [  407  ] ), and the two modalities can 
be also combined for reasons as mentioned above (see Sect.  26.4.3 ; Fig.  26.3 ). A 
speci fi c strategy to provide vessels in tissue-engineered constructs, including skin, 
is “surgical neovascularization” or prefabrication, in which the tissue scaffold is 
implanted in a certain location that more extensively supports vascular ingrowth 
(e.g., because of implantation around a vascular pedicle) than the defect location 
(Fig.  26.3 ). After a certain “incubation” time, the vascularized scaffold is trans-
ferred to the target tissue. Another technology is the use of explantable microvascu-
lar beds (EMB; Fig.  26.3 ), e.g., the omentum, that can be microsurgically removed, 
ex vivo manipulated (e.g., by seeding additional cells onto them), and transferred to 
the target location, followed by microsurgical re-anastomosis to the vasculature of 
the target tissue. We will not further discuss this here and refer the reader to recent 
reviews on these surgical techniques  [  407,   408  ] . 

    26.5.1   Non-cellular Neovascularization Strategies: 
Growth Factors 

 Incorporation of angiogenic growth factors is the most common way to stimulate 
vascular ingrowth into acellular, synthetic skin equivalents. The success of such an 
approach is mostly dependent on a prolonged bioactivity of the growth factors, 
which can be achieved by a slow release system (e.g., incorporation in microspheres 
(Fig.  26.3 ) or binding to  fi brin-based or polyethylene glycol-based materials)  [  409  ] . 
Alternatively, the application of the dermal scaffold can be combined with repeated 
topical administration of the growth factor, as recently performed with SDF-1 a . 
This combination improved scaffold neovascularization and reduced wound con-
traction  [  410  ] . The increased dermal vascularization may not only lead to reduced 
contraction but also may improve the re-epithelialization capacity of subsequently 
applied epidermal cells  [  411  ] . As mentioned above, combination of several angio-
genic growth factors may also here be more effective than single growth factors, and 
sequential release of these factors may mimic more reliably the temporal sequence 
of events that occurs during neovascularization. In another embodiment, growth 
factors can be released or overexpressed by non-vascular skin cells incorporated 
into the tissue-engineered skin construct. Supp et al. demonstrated that cultured skin 
substitutes containing keratinocytes overexpressing VEGF-A caused less wound 
contraction than non-overexpressing substitutes  [  412  ] . Similarly, overexpression of 
FGF-7 (KGF) in keratinocytes seeded onto an acellular human dermis signi fi cantly 
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improved neovascularization of this bioengineered construct upon implantation in 
wounds, most likely by stimulating the secretion of VEGF-A by the keratinocytes 
 [  413  ] . None of the currently available clinically approved skin equivalents features 
growth factor overexpression.  

    26.5.2   Cellular Neovascularization Strategies 

 When using cells for neovascularization of skin equivalents, largely two scenarios are 
possible  [  409  ] . The  fi rst one is to create endothelial cell-lined vascular structures into 
the scaffold before its application to the wound, the so-called prevascularization tech-
nique (Fig.  26.3 ). While this results in faster inosculation to the host vascular network 
 [  414  ] , this approach sometimes raises the problem of unequal cell distribution in the 
skin substitute leading to incomplete vascular networks. A better distribution may be 
obtained by low-pressure centrifugation  [  415,   416  ] . Improved vascular distribution 
and vascular cell colonization can also be achieved by optimizing the structural/bio-
logical composition and the biophysical/biomechanical properties of the scaffolds 
(reviewed in  [  417  ] ) and/or by applying several patterning technologies, such as micro-
contact printing, micromachining, laser-guided writing, and photolithography 
(reviewed in  [  407  ] ). These scaffolds with an improved interactive relationship with 
implanted (and also surrounding) cells have been called “smart” bioscaffolds. Another 
challenge for prevascularization may be the stabilization of the preformed endothelial 
networks with SMC  [  407,   418  ] . Interestingly, a recent study using a crossover wild-
type/GFP skin transplantation model underscored the importance of prevasculariza-
tion and revealed that up to ~70 % of the preexisting vessels in the graft (mostly those 
in the periphery) become replaced by ingrowing vessels from the surrounding host 
muscular wound bed but that there is also a temporary angiogenic response originat-
ing from the central preexisting vessels in the graft  [  419  ] . 

 Alternatively, the vascular (progenitor) cells can be homogeneously applied 
onto the skin construct immediately before or after it has been placed in the wound. 
The latter approach relies on self-assembly of the applied cells into lumenized 
structures and their subsequent stabilization (Fig.  26.3 ). This type of vessel growth 
may encompass the formation of hybrid vascular structures composed of a mixture 
of seeded cells and ingrowing host cells. In the following chapters, rather than giv-
ing an extensive overview of the exponentially growing number of studies related 
to cell-based strategies for vascularization of tissue-engineered skin equivalents, 
we highlight a number of exemplary and/or landmark papers. 

    26.5.2.1   Mature EC: HDMEC or HUVEC 

 Seeding of HDMEC onto a porous poly- l -lactic acid sponge leads to the formation 
of a functional human blood vessel network within 10 days, stabilized by mouse 
perivascular cells within 21 days after subcutaneous transplantation in SCID mice 
 [  253  ] . When used with  fi broblasts and keratinocytes in a cultured skin substitute, 
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Supp et al. found that HDMEC  fi rst form multicellular aggregates in vitro, followed 
by organization into linear and circular vascular-like structures upon implantation 
of the skin substitute in an athymic mouse wound model. However, the authors did 
not document a functional connection between the host blood vessel network and 
the HDMEC vessel network  [  248  ] . As mentioned above (see Sect.  26.4.2.1.1 ), the 
main drawback for use of these cells to vascularize skin substitutes remains how-
ever their low yields, and therefore it is unlikely that HDMEC will widely be used 
for vascularization of tissue-engineered skin substitutes. 

 When combined in vitro with collagen,  fi broblasts, and keratinocytes, HUVEC 
formed vascular tubular networks  [  420,   421  ] , even more so upon stimulation with 
angiogenic growth factors like VEGF-A or bFGF  [  422  ] . In vivo, HUVEC trans-
duced with Bcl-2 (to protect them against apoptosis) ef fi ciently formed blood vessel 
networks in collagen/ fi bronectin gel plugs implanted in subcutaneous pockets of 
immunode fi cient mice  [  259  ] . Together with the in vitro experience, this has lead to 
the development of vascularized skin equivalents, built of HUVEC and keratino-
cytes seeded in a decellularized dermis  [  423  ]  or in a  fi broblast-containing collagen 
sponge  [  414  ]  that showed quick inosculation with the host vascular network upon 
transplantation in mice models. Interestingly, when aiming at reconstruction of the 
deepest skin layer, the hypodermis, HUVEC may play an important role as well. 
This layer consists mainly of fat, and the main challenge of reconstruction of a 
signi fi cant volume of fat tissue is quick and adequate perfusion. Even though in vitro 
studies suggested a synergistic effect on angiogenesis between adipose-derived 
MSC and HUVEC  [  424  ] , some authors were unable to demonstrate this synergy 
in vivo in  fi brin plugs  [  425  ] . This may however be related to the relative small size 
of the plugs used in this study since co-transplantation of HUVEC with adipose-
derived MSC in bigger plugs showed more volume maintenance and less necrosis 
than with adipose-derived MSC alone  [  426  ] . As mentioned above, given their ori-
gin, in the absence of cell banking, HUVEC can only be used in an allogeneic set-
ting when considering clinical applications.  

    26.5.2.2   Endothelial Progenitors 

 In vitro studies showed that BOEC are capable of forming vascular networks in dif-
ferent matrices in a similar or superior way compared to HUVEC  [  427–  429  ] . 
Progenitor-derived EC were more ef fi cient for seeding tissue-engineered vascular 
conduits than HUVEC or human saphenous vein EC  [  430  ] . Peripheral blood-de-
rived BOEC seeding of decellularized human dermal matrices covered with kerati-
nocytes in a mouse wound model resulted in the formation of a functional hybrid 
vascular network  [  266,   431  ] . Cord blood-derived BOEC seemed more potent in 
their vasculogenic abilities than their adult blood-derived counterparts  [  266,   270, 
  429  ] . When compared to HDMEC, peripheral blood- or cord blood-derived BOEC 
induced a higher vascular density when co-implanted with SMC in Matrigel  [  429  ] . 
In many of the studies mentioned above, the formation of a durable vasculature by 
BOEC incorporated in a matrix scaffold was indeed dependent on co-implantation 
with mural cells (e.g., saphenous vein SMC or 10 T1/2 cells)  [  270,   429  ] . We have 
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combined adult blood-derived BOEC with a dermal substitute made out of multilay-
ered dermal  fi broblast sheets and found BOEC to be effective in both angiogenesis 
and vasculogenesis to stimulate re-epithelialization and to improve dermal matrix 
organization  [  100  ] . Recently, animal-free culture protocols have been described for 
BOEC  [  275  ] , keratinocytes, and  fi broblasts  [  432  ] , which opens possibilities for 
development of a completely autologous vascularized skin substitute.  

    26.5.2.3   Multipotent or Pluripotent Stem/Progenitor Cells 

 Among the different types of multipotent or pluripotent stem/progenitor cells, 
MSC from various sources have been most extensively tested for their ability to 
improve vascularization of tissue-engineered skin constructs. Markowicz et al. 
noted increased vascularization as well as enhanced collagen production when 
BM-derived MSC were seeded in a collagen sponge in vivo  [  433  ] . Liu et al. 
seeded BM-MSC on collagen-glycosaminoglycan scaffolds and applied them to 
burn wounds in pigs. Vascular content was signi fi cantly increased resulting in a 
better re-epithelialization and a reduced wound contraction  [  434  ] . The same lab 
later compared different scaffold types (small intestinal mucosa, acellular dermal 
matrix, and collagen-chondroitin sulfate-hyaluronic acid) for their ef fi ciency to 
support vascularization, revealing that all three tested scaffolds supported blood 
vessel growth, however, to a different extent. Furthermore, the scaffolds with the 
best vascularization capacity (i.e., small intestinal mucosa and acellular dermal 
matrix) also had a more pronounced stimulating effect on VEGF secretion by the 
adipose-derived MSC seeded in these scaffolds in vitro, which correlated with a 
better vascularization in vivo in a murine skin wound model  [  435  ] . Autologous 
adipose-derived MSC, injected in full-thickness skin grafts in rats, improved skin 
graft survival by increasing graft vascularization through endothelial differentia-
tion and angiogenic growth factor production  [  436  ] . When seeded into an acellu-
lar dermal matrix (Alloderm ® ) or a silk  fi broin-chitosan scaffold, adipose-derived 
MSC survived for at least 2 weeks and directly contributed to the blood vessel 
formation by differentiating into EC (in addition to  fi broblastic and keratinocytic 
differentiation), thereby signi fi cantly improving wound healing in mice  [  437, 
  438  ] . Recently, when BM-MSC were seeded in a collagen-based biomimetic 
hydrogel, they were found to differentiate into vascular cells (both EC and peri-
cytes) in addition to  fi broblasts, but not keratinocytes, and levels of angiogenic 
growth factors were increased within the wound bed  [  439  ] . BM-MSC were also 
effective in boosting angiogenesis – most likely by secreting VEGF-A – in a dia-
betic wound model in rats, when impregnated in a collagen-based arti fi cial dermal 
substitute  [  440  ] . Similarly, dermal vascularization – and hence healing – of a non-
healing ulcer of a diabetic patient was signi fi cantly improved when applying 
BM-MSC on a biodegradable collagen membrane seeded with autologous skin 
 fi broblasts  [  441  ] . We recently found MAPC to (mainly trophically) support vas-
cularization and accelerate re-epithelialization of self-assembled human dermal 
 fi broblasts sheets (Hendrickx et al. 2009). 
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 In contrast to MSC, only few studies have tested pluripotent stem cells for their 
ability to support vascularization in tissue-engineered constructs, and none of them 
have been used in skin substitutes in particular. EC differentiated from human 
ESC enhanced patent vascular formation in PLLA (poly-( l -lactic acid))/PLGA 
(poly-lactic-glycolic acid) scaffolds when implanted in vivo in immunode fi cient 
mice  [  442  ] . Co-seeding with embryonic  fi broblasts before implantation in SCID 
mice improved stabilization of the endothelial networks  [  443  ] . EC derived from 
murine ESC were successful in forming an intimal layer of cells onto a tissue-
engineered vascular media consisting of SMC and collagen  [  444  ] . In another 
approach, Huang et al. seeded murine ESC-derived cells containing 30 % of Flk-1+ 
cells onto a compliant polyurethane tube and exposed them to mechanical stress 
loading (a combination of wall shear stress and circumferential strain) resulting in 
simultaneous differentiation of EC and SMC, which seemed to organize themselves 
in discrete layers  [  445  ] . Human ESC-derived EC formed lumenized vessels when 
seeded in a porous scaffold and implanted in nude mice. Furthermore, implantation 
of a collagen gel containing these cells into infracted hearts of nude rats supported 
the generation of a vascular network that functionally connected with the heart vas-
culature  [  446  ] . Similarly, human ESC-derived EC directly participated in neovascu-
larization upon transplantation in a bioactive hydrogel in infarcted rat hearts, thereby 
signi fi cantly limiting infarct size and improving heart function  [  447  ] .    

    26.6   Conclusions and Future Challenges 

 Like the majority of tissues in our body, skin is a highly vascularized tissue. 
Therefore, adequate vascularization is a cornerstone of skin wound healing and skin 
tissue engineering. Insuf fi cient oxygenation of wounds, such as in diabetic patients, 
leads to chronic non-healing ulcers. Lack of blood vessels in tissue-engineered skin 
for patients with burns, ischemic wounds, or surgical wounds hampers its survival 
and prevents its successful integration into the skin wound. Knowing the cellular 
and molecular mechanisms behind blood vessel formation is of utmost importance 
as it will offer the possibility to design ef fi cient revascularization strategies for the 
growing number of patients in need of improved wound healing. These strategies 
can be mainly categorized in gene/protein transfer and cell differentiation/trans-
plantation approaches. The mechanisms behind electromechanical stimulation of 
wound vascularization and their overall bene fi t for wound healing, on the other 
hand, remain ill-de fi ned. 

 As for gene/protein or cell-mediated approaches, both strategies are faced with 
important challenges (Fig.  26.3 ). The main challenge of protein/gene therapy is to 
mimic the natural course of the complex molecular events that occur during blood 
vessel formation. This implies the application of combinations of growth factors 
rather than monotherapy and the possibility to regulate gene expression or protein 
delivery in time in order to have the growth factor present within the appropriate 
phase of the neovascularization process. With regard to cellular approaches, the 
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biggest challenge will be to make the appropriate cell choice, which will require 
additional comparative preclinical studies. Furthermore, the choice will not only 
depend on the biological properties of the cells themselves but also – and perhaps 
to a larger extent – of the type of clinical emergency. For instance, acute interven-
tions in patients with trauma or extensive burns will require the instant availability 
of suf fi cient amounts of cells, which will preclude most of the autologous cell 
sources (which usually require a signi fi cant time for their derivation and ex vivo 
expansion). In other clinical cases, such as chronic wounds, skin reconstruction 
and revascularization can be delayed, which leaves suf fi cient time for isolation and 
expansion of autologous cells. Another challenge with cell therapy is to design safe 
cell products that are neither immunogenic nor tumorigenic, the latter particularly 
relevant for pluripotent stem cells. Finally, another success-limiting factor for cell 
therapy is the poor survival of cells when confronted with the hostile wound envi-
ronment. Smart tissue engineering or combination of cell therapy with gene/pro-
tein transfer may offer solutions for this. Future efforts in the  fi eld of skin tissue 
engineering constructs will also have to include the design of standardized meth-
ods for in vitro and in vivo evaluation of their functionality, as this will accelerate 
their transition from the bench to the bedside  [  448  ] . Successfully facing these 
many challenges will require a multidisciplinary approach and will only be possi-
ble upon dynamic interaction between clinicians, bioengineers, and biologists, 
much like wound revascularization itself is a process involving different actors.      
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