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“Although touched by technology, surgical pathology always
has been, and remains, an art. Surgical pathologists, like all
artists, depict in their artwork (surgical pathology reports)
their interactions with nature: emotions, observations, and
knowledge are all integrated. The resulting artwork is a poor
record of complex phenomena.”

Richard J. Reed, MD






Stem Cells are nature’s indispensable gift to multicellular organisms, includ-
ing humans.

In human history, immortality has been one of the most cherished, but
unrealistic, wishes of human beings. Indeed, we are still hoping to cure seri-
ous diseases to achieve immortality, but medical treatments have been proven
to result in less than impressive success. An excessive emphasis on medical
therapies has diverted attention from nontherapeutical efforts to prolong life,
i.e., to slow down the inevitable aging process. In fact, unfortunately some
treatments may shorten life instead of prolonging it.

This is volume 13 of the multivolume series Stem Cells and Cancer Stem
Cells: Therapeutic Applications in Disease and Tissue Injury. The discovery
that stem cells possess unique capability of self-renewal and indefinite growth
and differentiation into almost every cell type in the human body has allowed
us to explore the possibility of cell therapy applications. Various types of
stem cells, including cancer stems cells, are available for specific applica-
tions. by expressing four transcription factors in somatic cells, these cells can
give rise to almost any other type of cell in the human body. The ethical limi-
tations of embryonic stem cells have been overcome by producing induced
pluripotent stem cells which like the former cells can give rise to almost every
cell type. In other words, induced pluripotent stem cells have similar proper-
ties to those possessed by embryonic stem cells. The current understanding of
molecular mechanisms underlying human somatic cell reprogramming to
generate induced pluripotent stem cells is explained. Experts have discussed
the advantages and limitations of the applications (e.g., transplantation) of
some of the stem cell types (pluripotent stem cells, neural stem cells) in this
volume.

It is well-established that stem cells have the unique capabilities of self-
renewal, grow indefinitely, and differentiate into multiple types of cells.
Many different types of stem cells exist, but they are found in very small
populations in the human body; for example, in circulating blood there is one
stem cell in 100,000 cells. Stem cell markers can be used for distinguishing
stem cells from other types of cells. Specific stem cell markers are also avail-
able for identifying and isolating embryonic mesenchymal, hematopoietic,
neural, skin, muscle, fat, endothelial, pancreatic, and tumor stem cells.

A stem cell is defined as a cell that can self-renew and differentiate into
one or more specialized cell types. A stem cell may be pluripotent, which is
able to give rise to the endodermal, ectodermal, and mesodermal lineages; an
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example is embryonic stem cells. A stem cell may be multipotent, which is
able to give rise to all cells in a particular lineage; examples are hematopoi-
etic stem cells and neural stem cells. A stem cell may be unipotent, which is
able to give rise to only one cell type; an example is keratinocytes.

A cancer stem cell is a cell type within a tumor that possesses the capacity
of self-renewal and can give rise to the heterogeneous lineages of cancer cells
that comprise the tumor. In other words, a cancer stem cell is a tumor-
initiating cell. A unique feature of cancer stem cell is that although conven-
tional chemotherapy will kill most cells in a tumor, cancer stem cells remain
intact, resulting in the development of resistance to therapy. These types of
stem cells are discussed in this series. Different sources of cancer stem cells
are discussed. Potential clinical importance of cancer stem cells in the normal
lung and lung cancer is also explained.

A detailed overview of the progress from embryonic stem cells to trans-
duced pluripotent stem cells is presented. The importance of cancer stem
cells in clinical application and their dynamics and regulation are explained.
Characteristics of glioblastoma multiforme stem cells are presented. The
importance of stem cell markers in diagnosis is included. Also, included is the
role of stem cells in angiogenesis.

The adipose tissue functions as a critical organ for energy regulation,
inflammation, and immune response through intricate signals. Mature adipo-
cytes can be reprogrammed through their gene expression profile into differ-
ent cytotypes. Human adipose-derived stem cells can be isolated in a greater
number than those from the blood or bone marrow. Because adipose-derived
stem cells are of autologous tissue origin, they are non-immunogenic.
Although these cells are of mesodermal origin, their regenerative capacity
extends to both ectodermal and endodermal tissues and organs. These cells
are suitable for clinical applications in cell therapy and regenerative medi-
cine. It is known that endothelial progenitor cells are capable of self-renewal
and participate in vasculogenesis, angiogenesis, and arteriogenesis. Adipose-
derived stem cells are ideal for practical regenerative medicine because, as
mentioned above, they can be produced in large quantities. The authors
describe their proliferation and differentiation capacities in a variety of regen-
erative medicine, including neurodegenerative diseases. A method for isolat-
ing multipotent endothelial-like cells from human adipose tissue is
presented.

The most serious late complication of allogeneic stem cell transplantation
is the graft versus host disease (GVHD). Up to a minimum of 100 days fol-
lowing stem cell transplantation, ~50 % of patients will experience some
degree of GVHD. The most efficient preventive strategy for GVHD consists
of an immunosuppressive regimen although this treatment is immunologi-
cally nonspecific and thus is only partially effective. However, with the pos-
sibility that transplantation of stem cells might cure HIV infection and
multiple sclerosis, this technology is described in detail in this volume. The
transplantation technology using oligodendrocytes and motoneuron progeni-
tors from human embryonic stem cells to achieve locomotor recovery after
spinal cord transaction is also explained here.
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As the field of stem cell research advances, there will be an ongoing and
increasing need for mathematical and other quantitative tools to facilitate
research and discovery. One author has discussed several mathematical mod-
els related to the cancer stem cell hypothesis and their use in studying stem
cell differentiation.

By bringing together a large number of experts (oncologists, neurosur-
geons, physicians, research scientists, and pathologists) in various aspects of
this medical field, it is my hope that substantial progress will be made against
terrible human disease and injury. It is difficult for a single author to discuss
effectively the complexity of diagnosis, and therapy, including tissue regen-
eration. Another advantage of involving more than one author is to present
different points of view on a specific controversial aspect of cancer cure and
tissue regeneration. I hope these goals will be fulfilled in this and other vol-
umes of the series. This volume was written by 22 contributors representing
6 countries. I am grateful to them for their promptness in accepting my sug-
gestions. Their practical experience highlights their writings, which should
build and further the endeavors of the readers in these important areas of
disease and injury. I respect and appreciate the hard work and exceptional
insight into the nature of cancer and other diseases provided by these con-
tributors. The contents of the volume are divided into two subheadings:
Treatments and General Applications for the convenience of the readers.

It is my hope that subsequent volumes of the series will join this volume
in assisting in the more complete understanding of the causes, diagnosis, and
cell-based treatment of major human diseases and debilitating tissue/organ
injuries. There exists a tremendous, urgent demand by the public and the
scientific community to address to disease diagnosis, treatment, cure, and
hopefully prevention. In the light of existing cancer calamity, government
funding must give priority to eradicating deadly malignancies over military
superiority. I am thankful to Dr. Dawood Farahi and Philip Connelly for their
encouragement to me to continue the endeavor to publish these volumes. I am
also thankful to my students for their help in many ways in completing this
project.

Union, NJ, USA M.A. Hayat
February, 2015
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Introduction

Since the early days of stem cell biology, their
potential for treating neurological illnesses has
been recognised. However, despite great strides
in understanding methods of deriving stem cells,
differentiation protocols and overall properties,
there remains much to be understood before stem
cells become a major therapy for neurodegenera-
tive conditions. Not least to this is determining
how precise mechanisms of neurodegeneration
may be targeted.

In recent years a paradigm shift in considering
how stem cells might be effective therapies has
occurred. Initial considerations concerning the
potential regenerative capacity of stem cells
focused on their ability to differentiate into spe-
cific cell types and thus replace lost or injured
cells. Considering CNS neurodegenerative
conditions, particularly when trying to replace
damaged neurons, the concept that a neuronally-
differentiated stem cell could restore the multitude
of synaptic connections and thus integrate in a
functionally meaningful way is still far from real-
ity, and so studies have focused on other mecha-
nisms by which stem cells may aid repair. Stem
cells possess a wide range of neuroprotective
properties and, because of their multiple modes of
neuroprotection, of stem cell types, MSCs offer
one of the most enticing prospects of stem cell
therapy for neurodegenerative disorders. These
properties will be discussed in detail below.

Neurodegeneration

It might appear initially that discussing the whole
range of neurodegenerative conditions as one
entity is over-simplistic. However, neurodegen-
erative conditions share many common pathways
and, although the aetiological factors may differ,
pathways for neuronal injury and loss are often
common amongst the diseases. In fact, determin-
ing whether stem cells are able to attenuate a
number of disease processes may be key to their
development as therapeutic agents. A list of some
of the major cellular processes occurring in neu-
rodegenerative disease is given in Table 1.1.

K. Kemp et al.

Table 1.1 Disturbances in common cellular pathways
that may contribute to neuronal injury in neurodegenera-
tive disease

Increased oxidative stress

Disturbed mitochondrial function and alterations in
cellular energy requirements

Abnormal cellular transport mechanisms
Abnormal phosphorylation of key cellular molecules
Altered neuronal and axonal ion channel distributions

Abnormalities in ‘normal’ ageing processes

Oxidative Stress

Oxidative stress mechanisms are implicated to
some extent in neuronal injury in most neurode-
generative conditions. The generation of reactive
oxygen species (ROS) and reactive nitrogen spe-
cies (RNS) occurring in response to pathogens is
a major cellular defence mechanism. However,
generation of these species, either in response to
altered immune responses or exposure of previ-
ously sequestered antigens to immunological
responses, appears to occur in a variety of neuro-
degenerative diseases, both those with a primary
immunological cause and those without. Of the
immunological causes, multiple sclerosis (MS) is
characterised by activation of ROS/RNS, most
likely in response to aberrant activation of the
immune system towards, as yet, unknown
antigen(s). A major role for ROS in the patho-
physiology of MS and CNS inflammatory disor-
ders has been demonstrated in both pathological
and experimental studies. Profound oxidative
damage to oligodendrocytes and neurons has
been demonstrated in MS lesions (Haider et al.
2011). The enzymes responsible for the genera-
tion of ROS have been detected in tissue derived
from patients with MS and experimental models
of CNS inflammation. NADPH oxidase is respon-
sible for the generation of superoxide ions and is
highly expressed in activated microglia and infil-
trating macrophages within MS lesions (Fischer
et al. 2012). In addition, expression of iNOS,
which is responsible for the generation of nitric
oxide, is up-regulated in microglia and macro-
phages in acute and chronic lesions (Hill et al.
2004). Oxidative damage to cell membranes leads
to the formation of a number of toxic compounds
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including 4-hydroxy-2-nonenal (4-HNE) and
oxidised phospholipids which are abundantly
present in active MS lesions (Haider et al. 2011).

As well as neurological conditions with a pri-
mary inflammatory cause, oxidative stress mech-
anisms operate in diseases which are not driven
by inflammation per se. For instance, the genetic
condition Friedreich’s Ataxia (FRDA) is associ-
ated with oxidative injury. FRDA is caused by a
trinucleotide repeat expansion which causes
reductions in cellular frataxin protein expression.
Frataxin has important roles in mitochondrial
function, iron metabolism and the defence against
oxidative stress. Frataxin deficient cells appear
particularly sensitive to hydrogen peroxide-
induced injury and have reductions in anti-
oxidant detoxifying enzymes such as superoxide
dismutase (SOD) (Dey et al. 2012).

Mitochondrial Dysfunction

Primary mitochondrial conditions, such as
MELAS (myoclonic epilepsy with lactic acidosis
and stroke-like episodes), commonly result in
neurodegeneration. Neurons and axons, having
extremely large energy demands, are particularly
prone to defects in mitochondrial respiratory
chain defects. Many neurodegenerative condi-
tions also exhibit secondary mitochondrial fail-
ure. For example in MS, the increased energy
demand for action potential propagation plus
changes occurring to mitochondria as a result of
the inflammatory environment may lead to mito-
chondrial deficits (Mahad et al. 2008). Failure of
mitochondrial energy generation has been linked
to disturbances of ion pumping by axons, leading
to alterations in ion channel function and distri-
bution which has been linked to axonal degenera-
tion (Kapoor et al. 2003).

Abnormal Cellular Transport
Mechanisms

The axon of a neuron is a unique cellular feature
which can project for extremely long distances.
This feature necessitates mechanisms to transport

proteins and cellular organelles from the cell
body to the distant nerve terminal. A well-defined
series of molecular motors allows for this trans-
port in both anterograde and retrograde fashions.
However, this process is susceptible to pathologi-
cal changes and axonal transport defects are
commonly seen in neurological disorders.
Genetic defects in motor protein genes may cause
neurological disease. For instance, a form of
hereditary spastic paraparesis (HSP) is caused by
a missense mutation (N256S) in the KIF5A gene
(spastic paraplegia type 10 (SPG10)) (Reid et al.
2002). This KIF5A mutation is implicated in dis-
turbed intracellular axonal transport in HSP
patients and pathologically, the disease is charac-
terised by axonal loss in the corticospinal tract.
Symptomatically, HSP patients present with
weakness of the lower extremities and severe
spasticity.

Secondary axonal transport abnormalities
also appear commonly in a range of neurodegen-
erative conditions. Although these disorders are
not associated with a primary defect in axonal
transport, axonal transport defects may be seen
as a consequence of pathological processes
occurring throughout the neuron. This is relevant
since reduced axonal transport leads to accumu-
lation of substances along the course of the axon,
axonal swelling and potentially this may lead to
irreversible axonal transection. Thus, under-
standing mechanisms of preventing secondary
axonal transport defects may be crucial in pro-
tecting axons from degeneration. In MSS, axonal
transport abnormalities are noted in the context
of acute inflammatory lesions. Amyloid precur-
sor protein (APP), which is normally rapidly
transported along axons, accumulates in axons
within inflammatory lesions and appears to be
associated with axonal degeneration (Ferguson
et al. 1997).

Abnormal Phosphorylation of Key
Cellular Molecules

Abnormal or aberrant phosphorylation of key
cellular proteins occurs in many neurodegen-
erative conditions and may be associated with



propagation of disease processes. Abnormal
hyperphosphorylation of tau is associated with
Alzheimer’s disease and therapeutic strategies
have been developed which aim to prevent this
process (Wang et al. 2013). In addition, hyper-
phosphorylated alpha synuclein is found in Lewy
bodies in the context of Parkinson’s disease (PD),
and hyperphosphorylated neurofilaments are
found in a number of neurodegenerative disor-
ders (Gray et al. 2013). Understanding mecha-
nisms of abnormal phosphorylation and
determining how specific therapies attenuate
these processes are thought to be key to reversing
neurodegeneration in these diseases.

Mesenchymal Stem Cells
Discovery and Terminology

During the 1960s and 1970s ground-breaking
studies by Friedenstein et al. (1974) laid the
foundations into what is today the vast area of
MSC research and its many scientific applica-
tions. Maybe more specifically, for their pioneer-
ing work they are largely credited for observing
that the bone marrow in adult life is a reservoir of
stem cells for mesenchymal tissues, distinct from
that of haematopoietic stem cells. His groups’
initial work in rodents described cells harvested
from the bone marrow, with a spindle-shaped
fibroblast-like morphology, which could adhere
to plastic and grow as highly proliferative mono-
layers of cells arising from single colonies.
Taking all these physical characteristics into con-
sideration they coined these newly discovered
cells colony forming units-fibroblasts (CFU-F)
and showed they could differentiate into haema-
topoietic supporting stroma when transplanted in
vivo (Friedenstein et al. 1974).

Following on from this work, Owen et al.
raised the notion of a stromal stem cell, with cells
contained within CFU-F’s having the capacity for
self-renewal, multipotentiality and formation of
ectopic bone marrow (Owen and Friedenstein
1988), features not observed with mature fibro-
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blastic cells. They also described these cells being
a heterogeneous population of stem and progeni-
tor cells observed through differences in their
potency at the colony level. In the 1990s Caplan
popularised the term mesenchymal stem cell that
is widely used today (Caplan 1991), acknowledg-
ing their role in both the formation of bone and
cartilage. By the end of that decade, Pittenger
reported the isolation and phenotypic profile of
cells from human bone marrow that had all the
characteristics of mesenchymal stem cells, these
cells being multipotent having the tri-lineage
capability of adipogenic, chondrogenic and osteo-
genic differentiation (Pittenger et al. 1999).

Finally in 2005/2006, the International Society
for Cellular Therapy (ISCT) encouraged a mini-
mum criterion within the scientific community
for defining a mesenchymal stem cell. Given that
only a relatively small proportion of marrow-
derived plastic-adherent cells give rise to fibro-
blastic colonies in vitro, some have been reluctant
to label these cells ‘stem’ cells per se. They ini-
tially concluded that the term ‘multipotent mes-
enchymal stromal cells’ should be used for
fibroblast-like, plastic-adherent cells seen in cul-
ture, and the term ‘mesenchymal stem cell” used
only for cells that meet all specified stem cell cri-
teria as a true ‘mesenchymal stem cell’ most cer-
tainly exists (Dominici et al. 2006).

Phenotype

Unlike the majority of alternative stem cell popu-
lations, MSCs express a number of non-specific
markers, none of which individually or in combi-
nation yet yield to large and/or consistent num-
bers being isolated from tissues for enrichment.
True MSCs reside in adult tissue in extremely
low numbers; consequently with no single anti-
genic marker specific to the MSC population
being found, there is a formidable obstacle in
place hindering the study of MSCs in vivo and
their use therapeutically. Without doubt the
majority of data published to date regarding the
phenotypic analysis of MSCs has been attained
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through examination of MSCs expanded in in
vitro cultures, while little is really known about
the true phenotypic characteristics of the progen-
itor cells that reside in vivo responsible for the
large turn-over of mesenchyme tissue. A major
caveat to this predicament is that the in vitro anti-
gen expression, proliferation and differentiation
potential of MSCs all rely heavily on the culture
conditions and experimental protocols used.
Indeed, aspects such as passage number, cell den-
sity and culture media, as well as the species and
tissue they were derived from all affect the phe-
notype of MSCs (Prockop 2009).

With many different methods of isolation,
expansion and approaches to characterising
MSCs being used worldwide, it was becoming
increasingly difficult to compare and contrast
study outcomes involving the use of MSCs. A
collaborative meeting was therefore held that led
the International Society for Cellular Therapy
(ISCT) seeking to encourage a minimal criterion
within the scientific community for defining
MSCs for both laboratory investigation and pre-
clinical studies (Dominici et al. 2006). They
identified three key fundamental properties that
MSC:s should display:

1. Show plastic adherence under standard cul-
ture conditions

2. Express CD105, CD73, and CD90 and lack
the expression of CD45, CD34, and markers
for monocyte, macrophages and B-cells
(CD14 or CDl11b, CD79 or CD19 and
HLA-DR)

3. Differentiate into adipocytes, osteoblasts, and
chondrocytes under standard culture condi-
tions and then be demonstrated by well
excepted staining protocols

Isolation and Culture

Adult MSCs are thought to be mesodermal in ori-
gin and cells that display all characteristics of
MSCs have been isolated from a vast number of

tissues including the bone marrow, liver, lungs,
cord blood, adipose tissue, brain, kidney, muscle
among many others. It’s likely that MSCs reside
in virtually all post-natal organs and tissues how-
ever, within each of these tissues there are indeed
variations in their yield, phenotype and differen-
tiation potential. The most studied and accessible
source of MSCs is the bone marrow where they
comprise between 0.001 and 0.1 % of the total
population of nucleated cells (Pittenger et al.
1999). In humans, bone marrow-derived MSCs
are isolated from marrow harvests, obtained pri-
marily from the posterior iliac crest of the pelvis,
and also from the tibial and femoral marrow
compartments. In rodents, bone marrow-MSCs
are again typically obtained from the femur and/
or tibia, however as the bones are relatively small,
the bones are dissected out and completely
flushed of all bone marrow so sufficient numbers
of cells can be obtained for culture.

Once isolated, MSCs can be expanded exten-
sively in in-vitro cultures without loss of function
or phenotype. There are huge variations between
laboratories in their enrichment and culture con-
ditions. Antibody enrichment techniques for their
positive selection, such as anti-CD271, are fre-
quently utilized in isolation protocols. The addi-
tion of cytokines to growth media in conjunction
with serum deprivation is also used to standard-
ize culture conditions and to remove the need for
animal products. However historically MSCs are
selected from populations of mononuclear cells
(MNC:s) through their adherence to plastic in cul-
ture (allowing the non-adherent cell populations,
such as hematopoietic cells, to be washed away)
and expanded in medium consisting of Dulbecco’s
Modified Eagles Medium (DMEM) (low glu-
cose), supplemented with foetal bovine serum
and L-glutamine at 37 °C with 5 % CO,. Cells
with a spindle-shaped fibroblast-like morphology
subsequently accumulate; with cultures contain-
ing both rapidly self-renewing cells that remain
in high numbers for several passages if the cul-
tures are maintained at low density, plus larger
more mature cells that predominate in later pas-
sages (Pochampally et al. 2004).



Suitability for Clinical Use

Over recent years the wider therapeutic potential
of MSCs has been realised, noticeably verified by
the large numbers of trials investigating their
clinical use. Taking into consideration the wealth
of historical evidence relating to the administra-
tion of bone marrow-derived cells in humans,
data almost entirely attained through their use
over the last 40 years in haematological medi-
cine, although not without caution, appears to
validate their clinical safety. In response to this
MSC:s for therapeutic purposes have been desig-
nated as safe by the FDA, although expansion of
MSC:s is subject to FDA and EU regulation on
advanced therapy medicinal products (ATMP)
and must adhere to Good Manufacturing Practice
for medicinal products. In corroboration, large
numbers of reports have not found any significant
adverse effects caused through the administration
of MSCs when used as a potential treatment for a
neurological disorder in humans. However, evi-
dence obtained in both animal and in vitro studies
indicate that there still remains the theoretical
possibility of unwanted and potentially serious
side effects to occur, including malignant trans-
formation, the formation of fibrous masses and
unwanted immunosuppressive effects. These are
discussed below.

Maldifferentiation and Malignant
Transformation

The differentiation of MSC, particularly down
alternative lineages, is driven by environmental
cues, and thus it would be hoped that MSC would
only differentiate into cells appropriate for the
tissues they find themselves in. However it has
been reported that in mice with Experimental
autoimmune encephalomyelitis (EAE) that intra-
cerebroventricularly delivered MSC formed CNS
parenchyma cellular masses characterised by
focal inflammation, demyelination, axonal loss
and increased collagen-fibronectin deposition
(Grigoriadis et al. 2011). These studies highlight
considerations that need to be made regarding the
route of administration (none of these effects
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have been seen following intravenous or intra-
peritoneal administration) and also the number of
cells used.

Another study found sarcomas in the lungs of
mice that received intravenous MSC infusions —
in this study, it was thought that transformation of
the MSC had occurred during expansion in vitro
(Tolar et al. 2007). Others however have demon-
strated safe expansion of MSC after long-term
culture, but it would seem prudent that MSC
intended for human therapy should have regular
phenotypic, functional and karyotyping tests
during in vitro expansion to ensure their safety
for transplant (Dominici et al. 2006).

Mesenchymal stem cells theoretically also
have the potential to influence pre-existing malig-
nancies: promoting growth through their trophic
properties, suppressing the anti-tumour immune
response, promoting angiogenesis  within
tumours, and promoting metastasis (Dai et al.
2011). Findings from in vivo studies however
have so far been inconsistent, and thus this is a
potential risk that investigators must consider and
remain alert to.

Immunosuppression

One of the key features of MSC to be exploited
are their immunomodulatory activities. Like MS,
many of the diseases that MSC have been pro-
posed as potential treatments have an immuno-
logical basis. Immunosuppression is the aim of
those treatment regimes. There is of course a bal-
ance between immunosuppression that reigns in
the target disease process, and that which allows
other pathogenic processes to thrive. A literature
search failed to provide any evidence of increased
incidence of opportunistic infections after MSC
treatment. Indeed, recent trials have demon-
strated that the use of autologous MSC decreased
the risk of opportunistic infection following solid
organ transplantation (Tan et al. 2012).

The risk of over-immunosuppression and
other unfavourable consequences of MSC trophic
factor secretion could potentially be contained by
the identification, isolation and pharmacological
administration of predictable doses of the advan-



1 The Use of Mesenchymal Stem Cells for Treating Neurodegenerative Diseases 9

tageous factors secreted by MSC. This approach
however disregards the other desirable properties
of MSC, primarily their ability to migrate specifi-
cally to where they are required, act locally and
respond to the changing pathophysiological
environment.

Expansion and Biopreservation

A further consideration into the safe therapeutic
use of MSCs is the minimal number of cells
required to produce clinical benefit in patients.
This is highly speculative and likely the answer
differs depending on the disease being treated.
Regardless, it is expected that prior to their use
MSCs will need to be expanded in culture using
cocktails of different cytokines, especially if a
serum free culture is required. Protocols for the
expansion of MSCs are well characterised and
can indeed produce large numbers of highly pure
cultures at levels accepted for clinical use.
However conversely, culture techniques used for
expanding MSCs, although advantageous, can
lead to alterations in their reparative capacity
(Crisostomo et al. 2006).

Long-term storage of MSCs also needs to be
considered if ‘banks’ of MSCs are required.
Given their immune evasive properties it is likely
that banks of both autologous and allogeneic
MSC:s could be generated.

Evasion and Migration

Mesenchymal stem cells for therapeutic use can
delivered both locally and/or systemically. If
damage is localised, direct transplantation to the
affected area may be beneficial. Alternatively, a
distinct feature of many neurological (and non-
neurological) disorders is that they present as
highly dispersed focal areas of damage, thus
direct transplantation strategies become impracti-
cal, favouring a systemic approach. An attractive
therapeutic property of MSCs is they have the
capacity to migrate to sites of inflammation and
cellular damage after systematic administration
and subsequently exert local effects in the resi-

dent nervous tissue. A significant body of litera-
ture exists relating to mechanisms of MSC
migration towards areas of damage. The precise
mechanisms by which MSCs are recruited are
not yet fully understood, however it is thought
that cell migratory processes involve events
mediated through multiple adhesion/chemokine
ligand interactions (Sohni and Verfaillie 2013). In
healthy animals data suggests that genetically
labelled MSCs distribute broadly following sys-
temic infusion into a wide variety of tissues
(Devine et al. 2003). More importantly,
therapeutically there is indeed evidence that
MSCs are attracted to chemokines produced in
brain lesions (Rice and Scolding 2010) and able
to preferentially migrate to areas of neurological
damage (Kemp et al. 2011).

The migration and subsequent homing of
MSCs to damaged tissue can be influenced by
numerous factors including age, culture condi-
tions, passage number and site of administration
(Sohni and Verfaillie 2013). It is also clear that
post intravenous infusion large quantities of
MSC:s are sequestered within the pulmonary cir-
culation, thus not reaching their desired target tis-
sue. However, it has been put forward that MSC
trapped in the lung can alternatively secrete solu-
ble factors into the blood stream to mediate a sys-
temic effect (Lee et al. 2009).

Mesenchymal stem cells, at least in part, are
able to evade the host immune system and avoid
rejection, demonstrated in numerous studies uti-
lizing either allogeneic or xenogeneic MSC
transplantation in vivo. This survival technique is
crucial if they are to have any significant thera-
peutic effect on CNS tissue. MSCs show exten-
sive immunomodulatory capacities (as will be
discussed below in more detail). However,
exactly how they evade recognition by a foreign
immune system in the allogeneic transplantation
setting is largely unknown, but is likely to be
mediated through both cell-cell interactions and
indirectly via soluble factors. One explanation
being MSCs express MHC class I molecules,
very low levels of MHC class II, and no co-
stimulatory molecules; a phenotype regarded as
non-immunogenic leaving T cells anergic
(Aggarwal and Pittenger 2005). Although the
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complete immunoprivileged status of MSC cannot
be solely attributed to this phenomenon.

Regardless of the precise mechanism, the
immunosuppressive properties of MSCs make it
possible that allogeneic as well as autologous cell
therapy could be considered for therapeutic pur-
poses. This also has bearing in diseases where
there is the possibility that patient MSC function
might be affected by the disease process itself (or
its ongoing drug treatment), rendering them
unsuitable for autologous therapy (Mallam et al.
2010).

Mechanisms of MSC Induced
Neuroprotection

Mesenchymal stem cells have shown therapeutic
effects in animal models of many neurologic dis-
orders and are currently being tested in clinical
trials, as a new therapeutic approach for tissue
regeneration and repair. Understanding the
underlying mechanisms that drive their multi-
plicity of neuroprotective and modulatory effects
is important to optimize and enhance their func-
tion. Here we will discuss the main mechanisms
that are currently believed to contribute to neuro-
nal tissue repair and/or protection (also see
Fig. 1.1).

Differentiation

The original rationale for stem cell-based therapy
for neurodegenerative diseases was based on
their presumed ability to replace damage cells by
differentiating into cells of the neural lineage.
MSCs possess great plasticity and early
reports suggested that these cells could overcome
their germinal boundaries, differentiating not
only into cells of the mesengenic lineage (as
chondrocytes, adipocytes, osteocytes and muscle
cells) but also into hepatocytes, endothelial cells
and neurons. The presumed capacity for transdif-
ferentiation received much attention as a poten-
tial mechanism of CNS repair and was thought to
contribute to their efficacy in a wide variety of
animal models of neurodegenerative disease.
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But differentiation of MSCs into functional neu-
ronal lineages is still a matter of debate. There are
a number of reports that have demonstrated that
MSCs express neuronal proteins following in-
vitro stimulation by growth factors, chemical
compounds or neuro-sphere formation (Kim
et al. 2002) and in vivo after transplantation into
the brain (Zhao et al. 2002). But there is as yet no
evidence that MSCs expressing neuronal proteins
also possess the functional properties of neurons.
In vitro neuron-like morphology was considered
by some to be an artefact from culture, indeed Lu
et al. (2004) showed that exposure to stressors
such as detergents, chemicals, high pH and high
molarity sodium chloride induces a neuron-like
phenotype in MSCs, as well as fibroblasts and
keratinocytes. Cytoskeletal alterations induced
by these agents, rather than actual neurite out-
growth, accounted for the neuron-like morphol-
ogy (Neuhuber et al. 2004).

Cell Fusion

Cell fusion relates to a process in which two or
more cells fuse together and may represent a
form of neuroprotection or rescue of mature cell
types. Analysis of sex mismatched human bone
marrow transplants, in which male donor cells
are transplanted into female recipients, Purkinje
cells containing the Y chromosome have been
described with more than a diploid sex chromo-
some composition, suggesting that bone marrow-
derived cells donate genetic material to Purkinje
cells through fusion events (Weimann et al.
2003). In rodents, Purkinje cell fusion with bone
marrow-derived cells has been shown, with its
frequency increasing with age, toxic insult and
inflammation exposure (Johansson et al. 2008).
In humans, studies have also shown a disease-
related increase in Purkinje cell fusion in patients
with MS (Kemp et al. 2012).

Specifically, MSCs have shown the ability to
fuse with Purkinje cells in both inflammatory and
non-inflammatory rodent models of neurodegen-
eration. More importantly, these studies have also
demonstrated that bone marrow-derived MSC
and Purkinje cell fusion events develop into
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electrically active neurons with functional synap-
tic formation within a neurodegenerative cerebel-
lar environment (Bae et al. 2007). This raises the
possibility that MSCs are able to integrate into
the CNS and aid the repair of highly differenti-
ated cells types through mechanisms of cell
fusion and subsequent donation of nuclear
material.

Mesenchymal Stem Cells’ Secretome

The complex set of proteins released by a cell/
tissue that regulate a variety of physiological
processes is defined as a “secretome”. The initial
rationale for cell replacement therapies is now
being substituted with the new concept that the
remarkable trophic, modulatory and reparative
effects of MSCs are mediated by the paracrine
secretion of bioactive molecules. Paracrine sig-
nalling is a means of cell-to-cell communication
in which a donor cell secretes factors into the
extracellular environment to induce changes in
nearby target cells. Several studies have demon-
strated that the therapeutic effect of MSCs
requires minimal CNS integration and may not
even be mediated primarily through direct cell to
cell contact: despite sparse engraftment to the
CNS, infusion of MSCs into animal models of
neurological diseases is efficacious (Uccelli
2013). This apparent paradox is explained by
findings that the beneficial actions of these cells
can be mediated by their secretome: MSCs are
able to detect and respond to cues released at the
site of injury, producing cytokines, growth fac-
tors, anti-apoptotic factors and anti-oxidants to
promote repair. Mounting evidence demon-
strates that the beneficial effect of MSCs occurs
even when they are distant to the target organs,
thanks to the release of molecules that interact
with the host environment activating endogenous
repair processes. The repair mechanisms of
MSCs can therefore be “direct”, with the secre-
tion of active molecules that can protect/rescue
neurons from ongoing injury, or “indirect”
through factors that can promote proliferation
and differentiation of neural precursor cells that
will enhance repair.
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Soluble Growth Factors and
Enhancement of Endogenous Repair

Mesenchymal stem cells can support tissue repair
in the CNS both by protecting neural tissue and
by promoting the induction of local neurogene-
sis. Several groups have demonstrated that MSCs
can rescue neural cells from apoptosis, through
their ability to secrete neurotrophic factors such
as brain-derived neurotrophic factor (BDNF),
several neurite-inducing factors, axon guidance
and neural cell adhesion molecules (Crigler et al.
2006; Wilkins et al. 2009). Indeed, MSCs can
modulate molecules involved in the cellular
response to stress conditions: inhibiting death-
inducing pathways whilst activating cell survival
signalling, including the PIL;kinase/Akt and
MAPkinase pathways (Wilkins et al. 2009). Thus
the secretion of these neurotrophic molecules and
cytokines by MSCs could explain the reduction
of axonal injury/increased neuronal cell survival
observed following the administration of MSCs
in experimental models of several neurological
diseases.

Several in vivo studies have suggested that
MSCs can enhance endogenous repair within the
CNS: the proliferation and differentiation of
endogenous neural stem cells is stimulated when
these cells are implanted into the brain after
stroke in rat (Chen et al. 2003a). Recently Bai
et al. (2012) also demonstrated that hepatocyte
grow factor (HGF) secreted by MSCs can induce
functional recovery in an animal model of multi-
ple sclerosis (EAE), and promote the develop-
ment of oligodendrocytes and remyelination
(Bai et al. 2012).

Anti-oxidants

Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) are produced during nor-
mal cellular metabolism. However, disturbances
in the normal redox state of cells, an overproduc-
tion of ROS and RNS and a failure of antioxidant
mechanisms can have toxic effects through the
production of free radicals that damage all com-
ponents of the cell.
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Mesenchymal stem cells can exert a protective
effect against oxidative stress through the modu-
lation of signaling pathways involved in cellular
damage and through the production of antioxi-
dant molecules. These cells are able to protect
rodent cerebellar neurons from nitric oxide dam-
age through the secretion of extracellular antioxi-
dant superoxide dismutase 3 (SOD3) (Kemp
et al. 2010b). SOD3 is a member of the SOD pro-
tein family and is the only enzyme that catalyses
the conversion of superoxide anion (O,”) to
hydrogen peroxide (H,O,) in the extracellular
compartment. H,O, can then be detoxified to
form water and oxygen by the enzymes catalase
and glutathione. Thus SOD3 secretion limits the
formation of strong neurotoxic oxidants thereby
attenuating tissue damage and inflammation. It
has been shown that SOD3 secretion by MSCs is
increased by activated microglia and regulated
synergistically in response to the inflammatory
cytokines IFN-y and TNF-a, elucidating a poten-
tial mechanism that can explain their anti-
oxidative actions in the context of inflammation
(Kemp et al. 2010a).

The anti-oxidant effect of MSCs has also
been demonstrated in vivo, in a mouse model of
EAE. Administration of MSCs reduced EAE-
induced increases in the levels of tissue damage
markers resulting from oxidative stress such as
PARP1 (a nuclear enzyme functioning as a
DNA-damage sensor, activated by DNA strand
breaks) and the tumour suppressor protein P53
that triggers apoptosis. Furthermore, levels of
antioxidant molecules SOD, catalase and
metallothioneins ~ (metal-binding  proteins
involved in scavenging of free radicals) were
increased in those EAE mice treated with MSCs
(Lanza et al. 2009).

Extracellular Membrane Vesicles

In addition to soluble factors, recent studies have
shown that MSCs-derived membrane vesicles
(MVs) may have an important role in the thera-
peutic effectiveness of these cells.

MVs are spherical structures that form intra-
cellularly. They are released upon fusion with the

plasma membrane and internalised in target cells
through specific receptor-ligand interactions.
MVs are therefore are an important mechanism
helping to facilitate cell-to-cell communication.

Membrane vesicles can operate as para-
crine or endocrine signalling vesicles, since
they can travel to distant tissues to influence
several cellular processes. They can be consid-
ered as complex vectors that have the potential
to hold the wide of biological molecules pres-
ent in the parental cells. A possible advantage
of MVs as vehicles is that the molecular cargo
is protected from enzymes present in plasma.
In turn, this allows the safe delivery of bio-
logically active molecules such as lipids, pro-
teins, intracellular receptors and genetic
material such as mRNA and microRNA
(miRNA) (Biancone et al. 2012).

Kim et al. (2012) performed liquid chroma-
tography and mass spectrometry analysis of the
MSC-MVs proteome and by doing so identified
730 proteins (Kim et al. 2012). The proteome
included surface receptors like platelet-derived
growth factor receptor; signalling molecules con-
trolling self-renewal and differentiation; cell
adhesion mediators like fibronectin 1 and integ-
rins; and MSC-associated antigens. These MV
derived proteins all bear relation to the observed
therapeutic effects of MSCs.

The physiological role of MSCs-derived vesi-
cles is still not well understood. Beneficial effects
of MSCs-MVs have been reported (Lai et al.
2010), but their use for brain repair is still not
well characterized in-vivo. Nevertheless, MVs
may represent a critical component of the cell-to-
cell communication network involved in both
physiological and pathological processes.

Angiogenesis

Angiogenesis is another mechanism by which
MSCs may promote functional recovery of dam-
aged brain. Angiogenesis is a physiological pro-
cess by which new blood vessels form from
pre-existing vessels. After stroke, enhancement
of angiogenesis improves tissue perfusion and
promotes neurological recovery. Intravenous
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delivery of MSCs into rat models of stroke
enhances angiogenesis by increasing endogenous
levels of vascular endothelial growth factor
(VEGF) and its receptor VEGFR2, essential for
endothelial progenitor cell proliferation and dif-
ferentiation (Chen et al. 2003b).

Immunomodulatory Properties

Mesenchymal stem cells have been shown to
affect the behaviour of almost all immune cell
populations including T cells, B cells, dendritic
cells (DCs), macrophages and natural killer cells
(NK) both in-vitro and in vivo. In-turn, it has
been hypothesized that MSCs can ameliorate
deficits in neurological disease through signifi-
cant immunomodulatory effects, on both the
innate and adaptive immunity.

Interestingly only small number of systemi-
cally infused MSCs infiltrate the brain, but
despite little engraftment the infusion of MSCs in
animal models of neurological diseases is effica-
cious. After intravenous injection many cells are
trapped as emboli in the lungs, but recent findings
suggest that these MSCs are activated in the lung
to upregulate the expression of over 50 genes,
including the anti-inflammatory factor TNF-a-
induced protein 6 (Lee et al. 2009). Therefore, a
combination of cell-to-cell contact and secretion
of several cytokines and chemokines are likely to
play a role in the MSCs immunomodulatory
capacity.

Effecton T Cells

Mesenchymal stem cells suppress T-lymphocytes
activities both in-vitro and in-vivo. MSCs have a
marked effect on T cells inhibiting their prolifer-
ation by blocking the T cells in the GO/G1 phase
of the cell cycle (Glennie et al. 2005). A number
of mechanisms are implicated in the T-cell quies-
cence mediated by MSCs, but all appear depen-
dent on cross-talk between the two cell
populations. Several studies have proposed the
role of various soluble factors and cell-to-cell
contact in this immunosuppressive effect that is
constitutive but induced by proinflammatory
cytokines, such as interferon (IFNy), tumour
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necrosis factor (TNFo) and interleukins (IL-1)
(Prasanna et al. 2010).

Mesenchymal stem cell-induced T cell anergy
has been proposed as a mechanism of immune
suppression. MSCs have a non-immunogenic
phenotype, with very low levels of MHC class 11
and no co-stimulatory molecules. After infusion,
MSCs migrate to the lymph nodes and might be
effective in inducing T cell tolerance due to their
lack of co-stimulatory molecules. Inhibition of T
cell proliferation by MSCs induces a shift in T
cells from a pro-inflammatory state to an anti-
inflammatory state, decreasing T-helper 1
secretion of IFN-y and increasing the T-Helper 2
secretion of IL-4 (Aggarwal and Pittenger 2005).

Increased generation of regulatory T cells
(Tw,) is another important immunosuppressive
property of MSCs. T, cells are a specialized sub-
population of T cells that suppress activation of
the immune system maintaining homeostasis and
tolerance to self-antigens. MSCs have been found
to induce the production of IL-10 by dendritic
cells, which, in turn, triggered the generation of
T, cells (Maccario et al. 2005).

Effect on B Cells

Mesenchymal stem cells can inhibit B cell prolif-
eration in-vitro arresting B lymphocytes in the
GO/G1 phase of the cell cycle (Corcione et al.
2006). The main function of B cells is the pro-
duction of immunoglobulin, therefore inhibition
of B cells proliferation impairs their activation
and secretion of antibodies. As with T cells, cell
contact and soluble factors, including IDO, medi-
ate this effect of MSCs on B cells (Krampera
et al. 2006).

Effect on Dendritic Cells, Macrophages
and Natural Killer Cells

Dendritic cells (DCs) are the most potent antigen-
presenting cells in the body, playing a major role
in the uptake and presentation of antigens to naive
T lymphocytes. During maturation, immature
DCs upregulate their expression of MHC mole-
cules and acquire the expression of co-stimulatory
markers. MSCs have been shown to alter the cell-
surface expression and the cytokine secretion pro-
fileof DCscells,inducingamore anti-inflammatory
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phenotype. In fact, in the presence of MSCs, DCs
down-regulate both their expression of co-stimu-
latory molecules and the secretion of TNFa and
IL-12, impairing both their antigen presenting
function and the clonal expansion of T cells
(Ramasamy et al. 2007). Conversely, MSCs
increased the DC secretion of the anti-inflamma-
tory interleukin 10 (Aggarwal and Pittenger
2005). IL-10 is capable of inhibiting synthesis of
pro-inflammatory cytokines such as IFN-y, TNFa,
IL-2 and IL-3 by macrophages, downregulating
the expression of T-helper 1 cytokines, inhibiting
the action of NK, blocking NF-kB activity
(a major transcription factor for both innate and
adaptive immune response) and also increasing
the generation of Ty, cells. Studies have shown
that MSCs also switched macrophages to a regu-
latory phenotype: macrophages co-cultured with
MSCs expressed high levels of IL-10, low levels
of TNFa and had increased phagocytic activity
(Kim et al. 2009). Therefore MSC enhancement
of IL-10 production is another important mecha-
nism of immunomodulation.

Another immune cell type influenced by
MSC s is the natural killer (NK) cell. NK cells
are effectors of innate immunity, providing a
rapid response to virally infected cells and
tumour formation. NK cells are cytotoxic. Their
release of enzymes in close proximity to target
cells mediates apoptosis and cell lysis. MSCs can
inhibit this cytotoxic activity of NK cells by
down regulating the expression of receptors
involved through cell-to-cell contact (Spaggiari
et al. 2006). NK cells can also proliferate and
acquire cytotoxic activity after activation by IL-2
or IL-15. However, MSCs have been found to
suppress this NK-cell proliferation and IFN-y
production through the secretion of soluble fac-
tors (Krampera et al. 2006).

Clinical Application
of Mesenchymal Stem Cell
Transplantation

Encouraging therapeutic outcomes using MSC
transplantation in animal models of neurodegen-
eration have now led to their use in the clinical

setting for a number of neurological disorders.
Initial trials have shown much promise and, in
turn, increasing numbers of clinical trials are uti-
lizing their efficacy. Many hurdles still need to be
overcome before MSCs are likely to be consid-
ered for routine clinical use. However, as will be
discussed below, they are indeed drawing atten-
tion as a viable therapeutic option for treating a
wide range of neurological disorders. It should
also be noted, based on the encouraging experi-
mental data obtained in animal models, several
clinical trials using MSCs as a treatment in
humans (for example in patients with Alzheimer’s
disease and cerebellar ataxia) are currently regis-
tered to be undertaken (ClinicalTrials.gov).

Parkinson’s Disease

Parkinson disease is a degenerative disorder
characterized by the loss of dopaminergic neu-
rons in the substantia nigra and by abnormal
accumulation of a-synuclein protein (Lewy bod-
ies) in the brain. To date, only a single clinical
trial has reported the use of MSCs for PD. This
trial by Venkataramana et al. (2010) published an
open-label clinical pilot study of autologous bone
marrow—derived MSCs to treat seven patients
with advanced PD (Venkataramana et al. 2010).
MSCs were transplanted into the sublateral ven-
tricular zone by stereotaxic surgery and patients
were followed up for a period that ranged from
10 to 36 months. Results indicated that three of
the seven patients showed an improvement in
their “off”/“on” Unified PD Rating Scale.
Furthermore, authors reported subjective
improvements in symptomology and quality of
life after treatment with MSCs, in addition to two
patients reducing their dosages of PD drugs.
Unfortunately, despite the encouraging results
found, the number of patients recruited and the
open nature of the trial did not provide sufficient
data to prove significant effectiveness of the
treatment involved. Results did however indicate
that transplantation of MSC (at least in the short
term) seems to be safe in patients with PD, thus
warranting similar (but larger and placebo-
controlled) trials to be undertaken.
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Multiple Sclerosis

Multiple sclerosis is an inflammatory demyelin-
ating and neurodegenerative disease. The patho-
logic hallmarks of MS lesions include multifocal
inflammation, demyelination, oligodendrocyte
loss and axon degeneration. No curative therapies
are available for patients, therefore innovative
approaches are required and MSCs may provide
a potential source of cells for reparative
therapies.

In the treatment for MS, several phase I/II
studies using MSC transplantation have been per-
formed. The major aim of these studies has been
to evaluate the feasibility, safety, and immuno-
logical effects of intravenous or intrathecal
administration of autologous MSC. A pilot study
reported by Mohyeddin Bonab et al. (2007) evalu-
ated the potential therapeutic applications of
intrathecally transplanted autologous MSC in ten
patients with progressive disease that had not
responded to disease modifying agents. During
13-26 months of follow-up, seven patients
showed some form of improvement in either clini-
cal score or their sensory, pyramidal, and cerebel-
lar functions. MRI follow-up was also promising
as only two patients showed increased disease
activity (Mohyeddin Bonab et al. 2007). More
recently, the same group increased their sample
group to 25 patients. They again presented that
MSC therapy can improve/stabilize the course of
progressive MS in the first year after injection
with no serious adverse effects (Bonab et al.
2012). In another trial, Yamout et al. (2010) again
used intrathecally transplanted, culture expanded
MSC in ten patients with advanced MS. After 3—-6
months follow-up five out of seven patients
showed improvements in clinical scores. However
MRI revealed that disease activity continued.
Authors also reported a major adverse event (tran-
sient encephalopathy) occurring few days after
cell injection, however the patient did recover
(Yamout et al. 2010). In the same year Karussis
et al. reported the effects of intrathecal and intra-
venous administration of autologous MSC in 15
patients with active MS. No severe adverse events
were reported. In addition, clinical follow-up
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showed improvements in expanded disability sta-
tus scale scores, possible migration of MSCs to
the meninges, subarachnoid space, and spinal
cord; and also modulation of immune responses
(Karussis et al. 2010). More recently Connick
et al. (2012) have used intravenous infusion of
autologous bone-marrow-derived MSCs in ten
patients with secondary progressive
MS. Improvements after treatment were observed,
with the authors reporting increases in visual acu-
ity, visual evoked response latency and an increase
in optic nerve area. Again no severe adverse
events were reported (Connick et al. 2012).

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis is a neurodegener-
ative disease that selectively affects motor neu-
rons in the brain, brain stem and spinal cord. The
precise cause of ALS is still not known, but evi-
dence suggests that failure of defences against
oxidative stress (more than 100 different muta-
tions in SOD1 have been linked with the disease)
up-regulates apoptosis and motor neuron
degeneration.

Several clinical trials involving either the
intra-spinal, intrathecal or intravenous transplan-
tation of MSC for ALS have been conducted. The
major objectives of these trials were to assess the
feasibility and toxicity of autologous MSC trans-
plantation and to test the impact of a cell therapy
on symptomatology. Two phase I trials by
Mazzini et al., using autologous MSC delivered
intra-spinally, in a total of 19 ALS patients,
reported no significant acute or late side effects
related to the procedure. Furthermore, at 4 years
follow-up four patients showed a significant
slowing down of the linear decline of the forced
vital capacity and of the ALS-FRS score (Mazzini
et al. 2008, 2010). These patients have now been
followed-up for 9 years. Unfortunately, at this
point, no clear clinical benefits have been
detected, however the study did report that no
adverse event had been observed (including
tumour formation) using clinical, laboratory, and
radiographic evaluations (Mazzini et al. 2012).
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A separate trial by Karussis et al. (2010), to eval-
uate the safety and immunological effects of
MSCs, when transplanted both intravenously and
intrathecally in 19 patients with ALS, has been
reported. In this trial no serious adverse effects
related to the treatment were observed. Furthermore,
clinical benefits have been suggested, with ALS
functional rating scale scores remaining stable dur-
ing 6 months of clinical follow up. Immediate in
vivo immunomodulating effects of MSCs on both
T cells and dentritic cells were also demonstrated
(Karussis et al. 2010).

Stroke

Several studies now have investigated clinically
the use of MSCs as a treatment for stroke. The
first trial was undertaken by Bang et al. (2005)
testing the efficacy of intravenously administered
autologous MSCs in five patients 5—7 weeks post
ischemic event. Neurological outcome measure-
ments in MSC-treated patients at 1 year follow-
up were consistent in displaying a trend toward
improved scores in tests of functional recovery.
Less prominent atrophy was also a consistent
finding on serial MRI scans in patients treated
with MSCs (Bang et al. 2005). Based on these
encouraging results, the same group conducted a
larger trail to evaluate the long-term safety and
efficacy of intravenous MSCs transplantation in
85 patients with severe middle cerebral artery ter-
ritory infarct. After a 5 year follow up, no signifi-
cant side effects were reported and importantly a
decreased mortality rate was observed in the
MSC treated group (Lee et al. 2010). In another
un-blinded study on 12 patients with ischaemic
grey matter, white matter and mixed lesions,
autologous culture expanded MSCs delivered
intravenously 36-133 days post-stroke again
proved safe. Some improvements in National
Institutes of Health Stroke Scale scores were also
seen alongside reductions in lesion volumes post
infusion (Honmou et al. 2011). More recently, a
succession of trials in chronic stroke patients (the
largest recruiting 40 patients), Bhasin et al.
(2013) showed the safety of intravenously

infused, autologous MSCs (one trial using serum
free culture conditions). Clinical outcomes after
6 months infusion in these trials indicated trends
towards increased functional recovery using the
parameters tested, including the modified Barthel
Index (mBI) (Bhasin et al. 2013).

Future Strategies and Conclusion

Although still in its relative infancy, the trans-
plantation of MSCs for the treatment of numer-
ous neurological disorders shows much promise.
MSCs appear to be a reliable and safe mode of
cell therapy, utilizing a plethora of neuroprotec-
tive properties, which make them useful thera-
peutic tools against the dysregulation of
numerous pathological systems. In recent times
researchers have moved away from focussing on
the MSCs ability to differentiate into neural tis-
sue and focussed on their ability to modulate
physiological systems through secretion of bio-
active molecules. With this in mind, future strat-
egies may take the extra step in engineering
MSC:s to express high levels of specific growth
factors or anti-oxidant molecules with the engi-
neered transgene product being tailored specifi-
cally for a given neurological disorder. In a
similar fashion, it may be possible use MSCs to
act as vehicles to donate nuclear material or
organelles to injured and/or degenerating cells.
We already know that bone marrow stem cells
can fuse with neuronal cells and have the ability
to protect tissues through transferring molecules
or organelles to vulnerable cells. It is likely the
transfer of such cellular components by MSCs
could be exploited therapeutically and therefore
key to cellular repair in a number of neurodegen-
erative conditions.

Regardless of the strategy used, it is expected
over the next decade MSC-based therapies
will continue to develop and flourish. With
increasing experience in their clinical use and
optimization in their isolation, culture and
administration, it is clear that MSCs hold great
promise as a cellular therapy for a number of
neurological disorders.
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proposed to characterize the virus from ASC
and other cellular reservoirs. A detailed char-
acterization of ASC and its association with
HIV may elucidate new cellular targets for
therapeutic intervention. Moreover, the current
HAART treatment also affects ASC cell
growth and division in adipose tissue.
Laboratory and animal studies have shown a
strong correlation between HAART and lypo-
dystrophy in HIV infected patients treated with
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antiretroviral drugs. The current review
describes disease progression during HIV
infection and antiretroviral treatment, with a
particular focus on the possible role of ASC as
viral reservoir. These observations may sug-
gest future treatment options to obtain better
control of this chronic infectious disease.

Adipose Tissue and Immune System

Human Adipose Tissue Resident Stem
Cell (ASC) Localization, Phenotype
and Characterization

Adipose tissue is specialized connective tissue
that functions as the major storage site for fat in
the form of triglycerides. In addition to this role as
major energy storage depot, adipose tissue is an
endocrine organ that is involved in synthesizing
and secreting cytokines, chemokines, and hor-
mones such as adiponectin and resistin. These
regulatory proteins and hormones are involved in
numerous physiological functions including
inflammation, immunity and metabolism. Adipose
tissue is composed of many different cell types
including adipocytes, pericytes, monocytes, mac-
rophages, cells of endothelium (endothelial and
vascular smooth muscle cells), and mesenchymal
stem cells (MSC). Adipocytes are the most promi-
nent cell types in this tissue and are differentiated
from adipocyte progenitor cells (Maumus et al.
2011). MSC possess adipogenic, osteogenic,
chondrogenic, myogenic and neurogenic poten-
tial. Adipose tissue represents an abundant and
accessible source of adult stem cells that can dif-
ferentiate along multiple lineages. Within the adi-
pose tissue, the generation of adipocytes is
through a sequential pathway of differentiation
under the guidance of adipogenic micro-environ-
mental factors, which include metabolites like
glucose or lipids and other signaling molecules
(Laharrague and Casteilla 2010). ASC are mainly
CD90* and CD105* cells lacking the markers of
hematopoietic (CD14, CD45) and endothelial
(CD31) cells (Maumus et al. 2011).

U. Roy and B. Berkhout

Adipose Tissue and the Immune
Response

Adipocytes, the dominant cell types within adi-
pose tissue, participate in the regulation of pro-
inflammatory cytokines and the generation of
hematopoietic lineage specific cells. Recently, it
has been shown that in vitro expanded ASC are
capable of generating functional macrophages
indicating the potential for hematopoietic lineage
differentiation (Freisinger et al. 2010). Adipose
tissue also contains cells referred to as the stro-
mal vascular fraction (SVF). Several populations
of cells within the SVF of adipose tissue contain
hematopoietic markers. Considering the hemato-
poietic potential of ASC, it has been concluded
that adipose tissue plays a role in the immune
response. The mechanisms by which adipose tis-
sue contributes to the immune response may be
(I) through direct effects of resident immune
cells within adipose tissues (II) through indirect
effects whereby adipocytes modulate immune
cell function in an endocrine or paracrine fashion
or (III) through generation of hematopoietic cells
from ASC. Adipose tissue most likely contributes
to the immune response through all these mecha-
nisms, but more studies are required to determine
their relative importance. Cellular components of
adipose tissue are functionally active and exert
potent effects on adipocyte metabolism and
endocrine function. Macrophages accumulate in
adipose tissue during inflammation, which cor-
relates with increased expression of cytokines
and chemokines including tumor necrosis factor
alpha (TNF-a), interleukine-1p (IL-1p), IL-6,
IL-8, monocyte chemoattractant protein-1
(MCP1), and IL-18 (Weisberg et al. 2003; Whang
et al. 1998; Whigham et al. 2007). The increased
expression of cytokines has been correlated with
enhanced hematopoietic differentiation of ASCs,
decreased insulin sensitivity, increased lipolysis
and increased leptin production (Trujillo et al.
20006). It has also been shown that adipocytes are
highly responsive to endotoxins released from
bacterial infections and that they produce high
levels of proinflammatory cytokines (Lin et al.
2000).
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Adipose Tissue and HIV Infection

HIV infection causes numerous metabolic abnor-
malities including dyslipidemia, insulin resis-
tance, fat loss, lipodystrophy, lipoatrophy, and fat
accumulation. The idea that adipocytes may play
arole in HIV infection was suggested because of
the significant changes in adipose tissue mor-
phology and metabolism in HIV-infected indi-
viduals. The HIV infection lipodystrophy
syndrome is particularly prevalent in patients on
antiretroviral therapy and is also associated with
other metabolic complications, including insulin
resistance, dyslipidemia, cholesterol and fat
redistribution. Within the adipose tissue all
immune cells can serve as primary targets for
HIV infection. Infection of Ilymphoid and
myeloid lineages is mediated by recognition of
CD4 and the chemokine co-receptor CXCR4 or
CCRS5 (Moore et al. 2004). These receptors pro-
mote viral attachment and fusion to cellular
membranes, thus facilitating entry into the cell
(Zaitseva et al. 2003). It has been shown that the
receptors for HIV entry, CD4, CXCR4 and
CCRS, are expressed on preadipocytes and adi-
pocytes (Hazan et al. 2002). However, in vitro
infection of adipose tissue with the virus was not
successful as these receptors on ASCs did not
support cellular entry of the virus (Munier et al.
2003). HIV exposure to hematopoietic cells may
cause changes in the tissue microenvironment,
which may alter the differentiation process of
ASC. As mentioned earlier, macrophages are one
of the main targets for HIV infection.
Macrophages also play an important role in viral
latency and the recurrence of infection upon stop-
ping of therapy. Furthermore, progenitor cells
differentiating towards macrophages have been
documented to be susceptible to HIV infection
(Duncan and Sattentau 2011).

Numerous research efforts have focused on
whether ASC serve as HIV reservoir. Nazari-
Shafti et al. 2011 measured significant expression
of certain markers in hematopoietic differentiated
(HD) cells derived from ASC. In the initial
assessment, it was observed that HD cells express
the HIV receptors CD4, CXCR4 and CCRS,

unlike undifferentiated ASC (Fig. 2.1a). HD cells
also express certain genes that have been impli-
cated in regulating HIV infection, which includes
IL-8, SERPINA1, CCL8, CD69 and the interleu-
kins 2, 10 and 16 (Fig. 2.1b). However, this study
did not address whether ASC could harbor latent
HIV-1 proviruses and serve as reservoir. Munier
et al. (2003) investigated the biopsies from
patients for the level of expression of the HIV
entry receptors (CD4, CXCR4 and CCRS5) on
ASC. Expression of CD4 and CCRS5 was not
detected, and CXCR4 expression was variable on
those biopsy samples. On the other hand, early
research indicated that bone marrow derived
CD34+ progenitor cells from HIV infected
patients are infected (Folks et al. 1988). More
recently, HIV infection and killing of hematopoi-
etic progenitor cells (HPC) has been demon-
strated both in vitro and in vivo (Carter et al.
2010). The possible reason could be that HIV can
affect HPC and induce cell death by affecting
their hematopoietic potential (Iglesias-Ussel and
Romerio 2011). Overall, several investigations
suggested that HPC and ASC could contribute to
the HIV reservoir (Lafeuillade and Stevenson
2011). It would be interesting to study whether
CD34 cells produce any viral proteins in case of
HAART treated HIV patients with viral levels
staying below the detection limit. In vivo studies
have thus far not provided evidence of ASC as
viral reservoir, but further characterization of
ASC in HIV infected patients may help to eluci-
date the contribution of these cells to the total
viral reservoir.

Effect of HIV on ASC

HIV-1 predominantly infects hematopoietic cell
types such as helper T lymphocytes, monocytes
and macrophages. Infection of lymphoid and
myeloid cells is mediated by the receptor CD4
(Nazari-Shafti et al. 2011). Although adipocytes
also express CD4 that may facilitate viral entry,
no evidence of viral replication in human adipo-
cytes has been reported in vitro (Sankale et al.
2006). Hazan et al. (2002) demonstrated the
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Fig.2.1 Gene expression analysis of HD cells following
hematopoietic differentiation. (a) Fold change expression
of HIV receptor gene HD cells following differentiation
compared to ASCs. (b) Expression of several genes
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presence of the CXCR4 and CCRS co-receptors
on human adipocytes, supporting the possibility
of viral entry into these cells and further evidence
for this was obtained by PCR methods. Along the
same line, Nazari-Shafti et al. (2011) observed
that HIV exposure can significantly alter the
expression of cell cycle and apoptosis regulatory
genes in HD cells. Immunocytochemical analysis
indicated profound expression of CCR4, CCRS5,
NOS2 and CXCR4 protein on HIV-exposed HD
cells, although CD4 expression was undetectable
(Fig. 2.2). Additionally, HIV may facilitate the
macrophage type commitment of ASC, which
may also support productive viral infection in dif-
ferentiated cells. During differentiation of ASC
into certain stromal cell lineages, the cells get
more susceptible to viral infection (Nazari-Shafti
et al. 2011). The bone marrow (BM) stroma is a
major component of the microenvironment that
regulates the hematopoietic activity. Stroma is a
heterogeneous mixture of cells including fibro-
blast, macrophages, endothelial cells, adipocytes
and other cell types. HIV infection of some of
these cell types may thus directly influence the
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expression of cell cycle regulator genes in HD cells com-
pare to ASCs. The fold change was used to select genes
(p<0.05). All values are normalized to ASCs (Adapted
from Nazari-Shafti et al. (2011) and permission obtained
from Biomed Central)

hematopoietic cell microenvironment. Primary
human stroma appears to be susceptible to in
vitro infection with the HIV-1 ,p, strain (Cheng
et al. 2013). The causal relationship between
infected stroma cells and the loss of hematopoi-
etic cells is still unresolved. There are at least two
possible causes of the reduction of stem cell
numbers in HIV infected patients. Either there is
inhibition of a cellular factor that stimulates
hematopoiesis or there is induction of cytokines
that inhibit the hematopoiesis process (Bahner
et al. 1997).

It is noteworthy that HIV-1 is able to induce
transforming growth factor beta (TGF-f)
expression in other cell types like macrophages
and hematopoietic stem cells (HSC). TGF-f is a
pleiotropic cytokine that negatively regulates
hematopoiesis and induces apoptosis. A recently
characterized member of the TNF family, known
as proliferation-inducing ligand (APRIL), posi-
tively regulates the proliferation of megakaryo-
cytes (MK) during differentiation. In fact,
TGF-p and APRIL work together in regulating
hematopoiesis and MK cell replication. In an
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HIV infected environment, the HIV gpl120
Envelope protein interacts with the CD4 recep-
tor to down regulate APRIL and TGF-f. In this
regard, the HIV gpl120 protein potently down
regulates the differentiation process towards
MK cells (Gibellini et al. 2007). Fc epsilon
Receptor 1 (Fcr R1) that is present on hemato-
poietic cells induces the synthesis and release of
IL4 in HIV infected tissue. The virus sheds HIV
gp120 molecules that bind to IgE/FceR1 com-
plexes on hematopoietic cells to induce IL-4
secretion. This event may contribute to the ini-
tiation of the gradual immune deficiency in
patients (Becker 2004). The HIV-1 regulatory
protein Tat has been suggested to play a role in
AIDS pathogenesis by interaction with CD34
progenitor cells (Gibellini et al. 2003). Tat is an
early transcriptional trans-activator protein that
is released from HIV infected cells and readily
taken up by uninfected cells. Tat has the poten-
tial to induce a large number of host cellular
genes and to initiate various signal transduction
pathways. CXCR4 is a member of the trans-
membrane G protein family that is present on
many cells including CD34 haematopoietic
cells and CXCR4 has a high affinity for the che-
mokine stromal cell derived factor-1 alpha
(SDF-1a). A possible scenario for cell apoptosis
is thus Tat-induced CXCR4 expression and sub-
sequent induction of SDF-1a that may contrib-
ute to the gradual loss of stem cells in HIV
infected patients. It was confirmed that CD34*
cells from patients with HIV infection are com-
mitted to apoptosis (Gibellini et al. 2003). In
general, HAART treatment improves the CD34
cell viability and function in HIV infected
patients, although the underlying mechanism is
not yet clear. The HIV-1 Protease Inhibitors
(PIs) atazanavir (ATV) and lopinavir (LPV),
frequently used in HAART regimens, can
reduce the resistance of CD34* cells to an apop-
totic stimulus even in healthy adults. RTV has
no effect on CD34* cell apoptosis when used in
combination with ATV or LPV. The combined
data suggested that certain PI drugs and the HIV
gp120 protein may increase the apoptotic sus-
ceptibility of CD34* hematopoietic progenitor
cells (MacEneaney et al. 2011).

Effect of Antiretroviral Therapy
on ASC

HIV infected patients, particularly those on
HAART, are frequently characterized by adipose
dysregulation, dyslipidemia and insulin resis-
tance, which are the hallmarks of HIV related
lipodystrophy. Lipodystropy is often regarded as
toxicity attributed to various antiretroviral drugs
used in HAART therapy. The specific mecha-
nisms are not yet known, but it was observed that
viral exposure dramatically increases the secre-
tion of adiponectin from human adipocytes, even
without an active infection of these cell types
(Sevastianova et al. 2008). HIV significantly
affects adiponectin endocrine regulation that can-
not be physiologically sustained even though the
viral loads are down due to HAART (Sankale
et al. 2006). It has also been demonstrated that
HIV infected lipodystrophy patients show 40 %
reduction in plasma adiponectin levels compare
to patients without lipodystrophy (Vernochet
et al. 2005). The symptoms develop with the
increased use of antiviral PI drugs. Nonetheless,
recent clinical trials indicated that lipidostrophy
is observed in Pl-naive patients and patients
treated with nucleoside reverse transcriptase
inhibitors (NRTIs). Currently, five PIs are
approved for AIDS therapy: amprenavir (APV),
indinavir (IDV), nelfinavir (NFV), ritonavir
(RTV) and saquinavir (SQV). These antiviral
drugs significantly reduce the viral load, but also
interfere with adipocyte and/or fat cell differen-
tiation. That in turn affects the adipose tissue and
its body distribution, resulting in changes in lipid
metabolism or adipogenesis.

Adipogenesis is mainly controlled by two
receptors, peroxisome proliferator activated
receptor gamma (PPAR-y) and retinoid X recep-
tor alpha (RXR-a), which form a heterodimer
and affect cellular gene expression. It has been
observed that SQV, NFV and RTV alter the fat
metabolism in murine mesenchymal stem cells
(C3H10T1/2). These PIs inhibit the conversion
of stem cells to adipocytes. Interestingly, other
than SQV, none of the PIs bound to PPAR-y. On
the other hand, APV and IDV have very little
effect on adipogenesis. Recent data have shown
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Fig. 2.2 Expression of hematopoietic markers in HD
cells following HIV infection. Left panel: immunohisto-
chemistry of HIV-exposed HD cells indicating the expres-
sion of CCRS, CCR4, NOS2 and CXCR4. Right panel:
Differential Interference Contrast (DIC) images of the

identical fields. Images were obtained with the Leica TCS
SP-2 confocal microscope. Scale bar 10 pm (Adapted
from Nazari-Shafti et al. (2011) and permission obtained
from Biomed Central)
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that 50 pM IDV and 10 pM SQV inhibit the
differentiation of primary human adipocytes
(Lenhard et al. 2000). IDV also impairs differ-
entiation at an early stage of adipose conver-
sion, probably involving the process that
controls the intracellular localization of sterol
regulatory element binding protein-1 (SREBP-1).
SREBP-1 is a well-known regulator of multiple
genes that are involved in the metabolism of
cholesterol, triglycerides and fatty acids, par-
ticularly in the liver. SREBP-1 also controls the
expression of PPAR-y, which is an important
adipocyte differentiation factor. In fact,
SREBP-1 mediates the effect of insulin by
increasing the expression of insulin target genes
such as PPAR-y. The matrix metalloproteinase
protein (MMP) family plays a major role in the
adipocyte differentiation process. Bouloumié
et al. (2001) have shown that human adipocytes
and preadipocytes produce and release two
members of the MMP family, MMP-2 and -9.
The use of MMP inhibitors can decrease the rate
of adipocyte differentiation in rats, suggesting
that MMP activities are required for adipogene-
sis in rodents. Furthermore, the broad-spectrum
MMP inhibitor Batimastat strongly inhibits
human adipocyte differentiation. PIs like IDV,
RTYV, SQV and NFV also lead to a strong reduc-
tion of the human adipocytes differentiation
process by a mechanism that involves MMP-9
inhibition. The decrease in MMP-9 secretion
might be linked to the reduced MMP-9 gene
expression observed in pre-adipocytes follow-
ing a Pl-containing treatment regime.
Interestingly, the effect of most of the PIs (IDV,
NFV, SQV, and RTV) on the differentiation pro-
cess was similar. The mechanism by which the
PIs affect MMP-9 expression in human pre-
adipocytes may involve the degradation of
I-kappaB (IKb) molecule that sequesters the
NFkB transcription factor. While reducing
MMP secretion, PIs may also alter the proteo-
lytic cleavage of several circulating, cell surface
and pericellular proteins, which regulate cell
behaviors in numerous way. The extracellular
level and activity of adipocytokines (IL-8,
IL-1b, IL-6) and transforming growth factor-f3

(TGF-B) may be regulated by MMPs, which can
affect adipocyte differentiation (Bourlier et al.
2005).

In clinical practice, it was observed that
long-term PI usage may cause a loss of fat
from the face and limbs, but an increase of fat
at the abdomen and the back of the neck
(Caron et al. 2001). The molecular mechanism
behind this process may include the inhibition
of one of the main receptors, PPAR-y or
RXRalpha (Zhang et al. 1999). PI and non-
nucleoside reverse transcriptase inhibitors
(NNRTI) were detected in the adipose tissue
of patients, but a direct effect of these drugs on
the metabolism of adipocytes has not been
established. Adipose tissue was also described
to play a critical role in insulin resistance
through the expression of tumor necrosis
factor-a (TNF-a), IL-6 and adiponectin
(Vernochet et al. 2005). Increased accumula-
tion of macrophages in subcutaneous adipose
tissue was observed by CDG68 cell staining.
These tissue macrophages are involved in sev-
eral immune functions, including phagocyto-
sis of cellular debris and triggering of immune
response via cytokine release.

Increased expression of macrophage markers
and inflammatory cytokines in the liver of HIV
infected lipodystrophic  patients is  well
documented (Sevastianova et al. 2008). In adipo-
cytes, RTV was able to up-regulate TNF-alpha,
IL-6 and adiponectin. As a result of up-regulation
of IL6 and TNF-«, insulin resistance occurs in
lipodystrophic patients on HAART (Vernochet
et al. 2005). Some HIV drugs could inhibit the
differentiation of precursor cells isolated from
human adipose tissue. Concerning the lipodys-
trophy associated with the use of PIs, alternative
therapeutic regimens based on NNRTIs efavirenz
(EFV) or nevirapine (NFV) have been proposed.
However, recent studies indicated that EFV can
also accumulate in adipose tissue (Dupin et al.
2002), although the intracellular accumulation is
low compared to PIs. Of note, NFV does not
interfere with lipid accumulation during adipo-
cyte development in human ASCs (Vernochet
et al. 2005).
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Present Clinical Scenarios

The introduction of antiretroviral therapy (ART)
has changed the morbidity and mortality of HIV
disease. In the era of successful HAART, HIV-
infected individuals have a near normal life
expectancy, with relatively minor medical com-
plications. However, the effective drug treatment
does not eradicate the virus from HIV reservoir
organs in the body like the central nervous sys-
tem (CNS), lymph nodes, testis etc. (Pippi 2008).
This is due to integration of the HIV proviral
genome into the host cell DNA genome in long-
lived cellular reservoir like resting T cells.

The concept of HSC based gene therapy for
HIV is gaining popularity in pre-clinical cure
research because of its potential to address the
difficult issue of viral reservoirs and possible
virus eradication (Deeks and McCune 2010).
Initial attempts of engineering HIV-resistant
haematopoietic progenitor cells (HPS) faced
many hurdles because of general toxicity of the
gene therapy in vivo, which includes immune
suppression and induction of leukemia
(Tamhane and Akkina 2008). Over the past two
decades, investigators have focused mostly on
bone marrow and adipose derived MSC to opti-
mize the efficacy and safety of stem cell based
gene therapy. This includes challenges of
development of in vitro protocols for clinical
grade cell preparation and in vivo studies to
probe the long-term adverse effects. These
multiple lines of research have generated a
wealth of basic and clinical research data docu-
menting the potential of MSC therapy, bring-
ing the gap from bench to bed side (Gimble
et al. 2010). Two recent developments in this
field are worth mentioning. The major cell sur-
face receptor (CCRS) for HIV seems an ideal
target for drug treatment or gene therapy
because it has no obvious role in human physi-
ology (Contento et al. 2008; Deeks and
McCune 2010). In 2008, an HIV infected
patient who was treated in a Berlin clinic was
declared virus-free some 20 months after a
bone marrow transplant with cells from a
CCR5-negative donor and upon discontinua-
tion of HAART (Hutter et al. 2009).

U. Roy and B. Berkhout

Chemokine Receptors

Chemokine receptors are known for their role in
cell migration and the significant contribution to
host defence in case of inflammation and infec-
tion. There are two primary receptors involved in
HIV infection besides CD4: CCR5 and CXCR4,
which the virus exploits to enter host cells
(O’Hayre et al. 2010). The majority of transmit-
ted HIV variants use CCRS5 (R5 variants). As dis-
ease progresses, the virus mutates and starts
recognizing the CXCR4 receptor in some patients
(Contento et al. 2008). The development of the
CCRS5 antagonist Maraviroc and the fusion inhib-
itor T20 demonstrated the value of blocking cell
entry for the treatment of HIV infection (O’Hayre
et al. 2010). In case of the Berlin patient, the
donor of the bone marrow transplant carried a
32-base pair deletion in the CCRS gene that leads
to a protein production defect. The deletion of
base pair 32 within the coding region of CCR5
gene results in a frameshift during translation and
the synthesis of a non-functional receptor that
does not support HIV infection (Samson et al.
1996). This rare kind of genetic mutation is found
in only 1-3 % of the population of northern
European ancestry, but is absent in the population
from western and central Africa and Japan
(Hutter and Thiel 2011; Samson et al. 1996). The
homozygous delta-32 population is generally
protected against HIV infection, whereas hetero-
zygous persons exhibit a slightly slower disease
progression. These important observations trig-
gered experimentalists to design a therapy based
on the genetic engineering of cells that would
make the patient at least partially resistant to
HIV. At the same time, pharmaceutical compa-
nies had invested their resources to discover anti-
body or small molecule CCRS inhibitors. In both
cases, a considerable amount of success has been
achieved over the years (Deeks and McCune
2010).

The Berlin Patient

A 40-year-old man was presented with acute
myeloid leukemia (AML) at Berlin’s Charite
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University Medical Center in February 2007. He
had been diagnosed with HIV infection for some
10 years and had been on HAART for four years
prior to AML diagnosis. Seven months later,
when his leukemia relapsed, he underwent an
allogeneic hematopoietic stem cell transplanta-
tion using progenitor cells from a donor with the
homozygous CCR5-delta32 deletion. Most
importantly, after this treatment the patient did
not show any sign of viral replication in blood
and organs even after discontinuation of
HAART. Moreover, his CD4 counts increased
more than 800 cells/ul and his entire hematopoi-
etic stem cell compartment consisted of CCRS
negative cells (Hutter et al. 2009; Hutter and
Thiel 2011).

Presently, researchers are trying to create the
same resistance to HIV by alternative means.
This includes the silencing of CCRS5 expression
by the RNA interference (RNAi) mechanism or
even the complete removal of the CCRS gene
from the host cell genome by sequence-specific
endonucleases. In such an ex vivo gene therapy
scenario one could target the mature T cells or the
hematopoietic precursor cells. It should be men-
tioned that the Berlin patient represents only a
single case and this approach should be repeated
in a larger cohort, combined with long term mon-
itoring. Very recently, two more transplantation
successes were reported, but surprisingly with
cells that encode a functional CCRS5 receptor
(Hutter and Thiel 2011). In contrast, allogeneic
stem cell transplantation with a wild-type CCRS
gene was reported not to be successful (Hutter
et al. 2009). These conflicting studies indicate the
need to develop standardized protocols and to
organize larger clinical trials. Anyhow, it is likely
that the approach will not help patients that
already developed an X4-using virus variant.

A recent report provided an update on the sta-
tus of the Berlin patient, indicating the complete
systemic recovery of CD4 * T-cells. After stem
cell therapy the expansion of activated CD4*
T-cells usually enriches the pool of target cells of
HIV infection. In this patient, an approximately
normal number of CD4* T-cells were recovered,
but HIV remained undetectable. Although this
patient still remains susceptible to X4-using HIV

strains, the results indicate that these strains did
not evolve (Benito 2011). This result revived
hope that one could achieve the same effect with
a gene therapy, which would also open new ave-
nues for a complete cure of HIV infection. This
remains an important future goal as current
HAART therapy helps to control the infection by
keeping the viral load low, but it is not able to
achieve complete viral eradication from the
reservoirs.

Gene Therapy

Gene therapy includes the introduction of a
functional gene (transgene) in certain cells of
the body to combat a persisting virus infection.
The transgene is expressed in the target cells
and as a consequence it will rescue a genetic
defect or provide the cell with a new property,
e.g. durable resistance against viral infection.
Ideal target cells for such a gene delivery will
be the stem cells. These cells have self-renewal
and differentiation capacity that will allow the
expression of the antiviral transgene in all prog-
eny cells. Human mesenchymal stem cells
(MSC) have been recognized as attractive tar-
gets for gene therapy because of their multi-
lineage differentiation potential and ex vivo
expansion capacity.

Retroviral and lentiviral vector systems are
commonly used for gene therapy applications
because these vectors integrate into the host cell
genome, thus achieving permanent gene trans-
duction. For instance, a lentiviral vector can be
used to express certain transgene proteins from a
housekeeping gene promoter. It was shown that
mesenchymal progenitor cells from adipose tis-
sue can maintain transgene expression during
lineage-specific differentiation, which seems
essential for a durable therapeutic effect
(Morizono et al. 2003). Alternative viral vector
systems have been developed (e.g. based on
Adenovirus and Adeno-associated virus) and
transposon-mediated gene therapy has been pro-
posed in combination with a HIV-resistance
gene. The Sleeping Beauty (SB) transposon sys-
tem offers a non-viral vector for gene transfer
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that bypasses the risk of vector-induced
oncogenesis.

The SB system has been used to evaluate the
stable gene transfer of CCRS5 and CXCR4 in
vitro. This system consists of a synthetic transpo-
son and an associated transposase. Gene transpo-
sition is initiated by recognition of a short direct
repeat sequence and excision by the transposon.
Subsequently, the transposon gets attached to the
target DNA at sites with the TA-dinucleotide
sequence. In the GHOST-R3/X4/RS cell culture
model that expresses both the CXCR4 and CCR5
receptors, 94 % down-regulation of both recep-
tors after SB mediated small interfering RNA
(siRNA) gene transfer was observed. The SB sys-
tem needs to be evaluated further in CD34 pro-
genitor cells in vitro to compare the efficacy with
vector-mediated gene transfer (Tamhane and
Akkina 2008). Other antiviral approaches that
have been proposed include diverse RNA inter-
ference (RNAI) based antivirals (Liu et al. 2009;
ter Brake et al. 2009), the use of the human TRIM
(tripartite motif)5a gene that encodes a potent
HIV restriction factor and the Herpesvirus sai-
miri subgroup C transformation associated pro-
tein (StpC) that modulates HIV replication (Pham
et al. 2010; Turner et al. 2006).

As a first step towards such a stem cell based
gene therapy protocol, patients will be adminis-
tered the ex vivo modified hematopoietic progen-
itor cells expressing multiple RNA-based
anti-HIV moieties (e.g. short hairpin RNA
(shRNA), TAR decoy, CCRS ribozyme) or inhib-
itory proteins such as restriction factors. It is
important to attack the virus with a combinatorial
approach to avoid the evolution of escape vari-
ants (ter Brake et al. 2006; von Eije et al. 2008).
In the first clinical trial, the lentiviral vector-
modified cells were transplanted in autologous
HIV-positive non-Hodgkin lymphoma patients
and these cells showed sustained expression of
the shRNA and ribozyme inhibitors for up to 24
months (DiGiusto et al. 2010). This clinical trial
presents a milestone for cell based gene therapy
for HIV infection.

Another retrovirus vector-based clinical trial
demonstrated safety, although no therapeutic
effect was scored. An anti-HIV ribozyme gene
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made up the antiviral payload, but it was observed
that hematopoietic stem cells produce six times
less ribozyme over a period of 6 months than
expected (Mitsuyasu et al. 2009). The goal of
ongoing research is to introduce an effective anti-
HIV gene into progenitor stem cells or mature T
cells. The progenitor cells will continuously pro-
duce HIV-resistant T cells, macrophages and
dendritic cells to provide a long-term immune
reconstitution. Because HIV-infection will trig-
ger the removal of non-modified cells, the expec-
tation is that the genetically modified cells will
preferentially survive because they resist HIV
infection, leading to a (slow and partial) reconsti-
tution of the immune system (Bandi and Akkina
2008).

New Treatment Strategies

In recent years anti-HIV drug discovery efforts
have included the chemokine receptors. Most
approaches focus on small molecule inhibitors,
but monoclonal antibodies and peptide analogs
are in different stages of development. The first
FDA-approved CCRS-specific antagonist for
HIV infection that arrived in 2007 is Selzentry
(Maraviroc, Pfizer), which can block R5-tropic
HIV variants (O’Hayre et al. 2010). Based on a
similar concept, the second approved drug was
Mozobil (AMD3100, Genzyme) in 2008, which
targets CXCR4 and also mobilizes hematopoietic
stem cells in infected patients. The clinical evalu-
ation of AMD3100 confirmed that the drug does
mobilize CD34 cells. In a murine model, a dose
of 5 mg/kg AMD3001 mobilized HPC within 1 h
after injection (Broxmeyer et al. 2005). A level of
complexity that may hinder the path of drug dis-
covery is the existence of homo-, hetero-dimeric
and higher order oligomeric receptor complexes.
Recent findings indicated that CCR2, CCRS5 and
CXCR4 form functional homo-dimers and
hetero-dimers on T cells (Contento et al. 2008).
Evidence was also presented for the formation of
CCR2, CCR5 and CXCR4 hetero-oligomeric
complexes when recombinantly expressed on
HEK293 cells. These complexes were also
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reported to exist when endogenously expressed
on primary leukocytes (Sohy et al. 2009).

As CCRS5 is the most important co-receptor
for HIV infection, blocking CCR5 on human
CD34 stem cells would give rise to a polyclonal
multi-lineage progeny cells in which CCRS will
be permanently disrupted. Engineered zinc finger
nuclease (ZFN), which comprise of series of
linked zinc fingers domains especially designed
to recognize specific DNA sequences, can be
designed to delete the CCRS gene. CD4 T cells
modified to express CCR5-targeting ZFNs are
currently under investigation in clinical trials
(Holt et al. 2010). Deletion of the CCRS gene in
stem cells may provide the most durable anti-
viral effect that is transferred to CCR5-negative
lymphoid and myeloid cells, but the virus may
still escape through CXCR4-usage. The safety of
genome manipulation by CCR5-specific ZFNs in
modified T lymphocytes is currently under inves-
tigation. Such gene therapeutic approaches can
form a back-up plan for HAART therapy, espe-
cially for patients that develop resistance against
most antiviral drugs. That use of CCR5-specific
ZFNs may help to repopulate the CD4 cell com-
partment that was seriously affected by HIV
infection (Holt et al. 2010; Lafeuillade and
Stevenson 2011).

These new strategies are now being investi-
gated along with current HAART regimens to
achieve viral eradication from its tissue reservoir.
The current approaches are to exhaust, shock-
and-kill or to permanently silence the latent HIV
reservoir (Frater 2011). While HAART keeps the
viral load below the detection level, Immune
Activation Therapy (IAT) could be used to stimu-
late the latent HIV-1 reservoir. As virus resides in
resting memory CD4 T cells, the strategy is
focused on activation of these cells to produce
more virus. Virus-producing cells will be recog-
nized and killed by cytotoxic T lymphocytes.
Antiviral agents that produced promising in vitro
results include histone deacetylase inhibitors,
methylation inhibitors and NFkB activators.
These agents are very effective in triggering the
production of virus from a latent reservoir (Frater
2011). In an animal model, it was observed that
IAT combined with HAART treatment triggered

the complete removal of virus (Pippi 2008). The
recent success with HIV-based vectors for a gene
therapy against leukemia caught the attention of
many researchers and may also stimulate investi-
gations on the path towards a molecular gene
therapy of HIV. In this particular case, a HIV-
based lentiviral vector was used to infect T cells
of Chronic Lymphoid Leukemia patients
(Berkhout 2013; Porter et al. 2011). The com-
plete recovery of these patients nicely adds to the
control of both HIV and leukemia in the “Berlin
patient”. As mentioned earlier, transplantation
with CCRS5delta 32/delta32 stem cells demon-
strated a successful reconstitution of CD4 T cells
at the systemic level (Hutter et al. 2009). As
immune reconstitution is a major hurdle in stem
cell transplantation, the systemic recovery of
CD4 cells after CCRS delta32/delta32 stem cell
transplantation is a major success (Allers et al.
2011). It should be noticed that the delta32 dele-
tion is not common in HIV infected patients
across the world, and the proposed stem cell gene
therapy will not form a universal solution.
However, these examples provide hope that HIV
will eventually become a curable virus infection.

Conclusions

This review describes the complex HIV-host
interaction as it occurs in vivo, which remains
partially understood. Although the currently
available drug cocktails have dramatically
improved the life expectancy of HIV-infected
individuals, a complete cure is not within easy
reach. We described several novel treatment
approaches that have provided the proof of con-
cept of durable HIV-1 inhibition in the labora-
tory, but these results need to be verified in in
vivo model systems and subsequently translated
towards clinical application. In this regard, stem
cell based gene therapy recently received much
attention due to its success in some patients
(Aiuti et al. 2013; Biffi et al. 2013). However, it is
noteworthy that stem cell therapy for HIV infec-
tion may not be an immediate solution because of
its side effects, which include teratoma forma-
tion, disease progression and genomic stability
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(Benderitter et al. 2014). It is likely that routine
drug therapy should be combined with novel
therapeutic strategies to purge HIV-1 from reser-
voirs and to reach a functional cure, which means
that the patient can discontinue regular drug
treatment. It is important to realize that such
patients will still harbor integrated copies of the
HIV provirus in some of their cells. A functional
cure without complete virus eradication seems
the next goal in clinical HIV research.
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Abstract

HIV-1 can persist in a latent form in resting
memory CD4+ cells and macrophages carry an
integrated copy of the HIV genome. Because
of the presence of these stable reservoir cells,
eradication by antiretroviral therapy is unlikely,
and in order to achieve eradication, alternative
treatment options are required. Recently, we
have described a successful hematopoietic
stem cell transplantation in an HIV-1 infected
patient by transferring donor derived cells with
a natural resistance against HIV infection
(CCR5-delta 32 deletion). At present the
patient is more than 6 years after allogeneic
transplantation without requirement of any
antiretroviral treatment. Here we report the
potential and limitations concerning this stem
cell based approach.

Introduction

Antiretroviral therapy (HAART) was the major
breakthrough in HIV-1 treatment leading to a sig-
nificant benefit in survival of HIV-patients.
Nevertheless, HAART is not sufficient to remove
the virus from the body and viral rebound is com-
monly observed when HAART medication is dis-
continued. The need of a life-long treatment is
associated with serious medical side effects. The
increasing economical burden for all aspects of
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the health care system and the alarming number
of infected people worldwide has promoted the
search for an HIV cure.

The hope that a sustained suppression of viral
replication can eliminate the virus over a couple
of years were in vain because the half-time of
these latent infected cells (which are causative
for rebounds after discontinuing HAART) is
much longer than expected (Siliciano and
Siliciano 2004). Theoretically, it would take the
whole life-time for eradication could be achieved
which is somehow ineligible for practice.

Therefore, alternatives or more efficient strat-
egies are required to clear the body form the
virus. One strategy is the use of hematopoietic
stem cells for autologous or allogeneic transplan-
tation. These techniques already have shown effi-
ciency in cancer treatment (Hayat 2012). The
principle of eradication of a malignant clone in
patients with leukemia has been well established,
and, has become a standard treatment procedure
in oncology.

CCR5 Deficieny and HIV Infection

The entry of human immunodeficiency virus
type 1 (HIV-1) into target cells requires both CD4
and a coreceptor, predominantly the chemokine
receptor CCRS5. A 32 base pair deletion in the
CCRS5 gene results in a truncated protein that is
insufficient for HIV entry reported from Dragic
et al. (1996). Consequently, CCR5-delta32
homozygosity provides natural protection against
HIV infection.

Allogeneic Stem Cell
Transplantation and HIV

The first experimental attempt to affect the HIV-
infection by stem cell transplantation (SCT) was
made in the early 1980s by Hassett et al. (1983)
by transfusion of large amounts of allogeneic T
cells and CD34+ stem cells. Clinically, the
patients did not substantially improve from this
procedure and the immunological condition
remained stable or worsened. Retrospective anal-
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ysis of reported cases indicate that the outcome
of allografted HIV positive patients is only negli-
gible in comparison to HIV negative patients as
analyzed by Hiitter and Zaia (2011).

However, allogeneic SCT alone is not suffi-
cient to improve the course of HIV-1 infection
because of the reinfection of the newly arising
immune system (due to the latently infected host
cells) commonly survive the transplantation pro-
cedure. Surprisingly, the introduction of HAART
during allogeneic transplantation did not change
the situation. There were seven reports of patients
which discontinued HAART after allogeneic
SCT, and all of them rebounded after a couple of
days (Table 3.1).

In this context the report by Henrich et al.
(2013b) of two patients from the Brigham and
Woman’s Hospital, Boston, USA which were
called “Boston patients” was surprising. Both
received allogeneic stem cells with no special
donor selection expect the necessary 10/10 HLA
match. Both had episodes of graft versus host dis-
ease (GVHD). During the follow up of 4.5 and
2.5 years, respectively, Henrich et al. (2013a, b)
reported that residual virus was all negative even
using techniques with the highest sensitivity. In
one patient there were additional gut biopsies
available which were found also negative for
HIV. Both patients had a declining anti-HIV anti-
body titer and the chimerism was less than
0.001 % of circulation host cells, indicating a
complete exchange of the hematopoitic cell sys-
tem. Therefore, the Boston researches decided to
stop HAART medication and after a short period
of enthusiastic reports, the virus rebounded in
both patients after a couple of weeks (Lazar
2013). In summary, allogeneic SCT alone is not
sufficient to eradicate HIV-1.

The“Berlin Patient” as a Proof
of Principle

In 2009, Hiitter et al. and later Allers et al. (2011)
described successful hematopoietic stem cell
transplantation (SCT) in an HIV-1 infected
patient by transferring CCRS5-delta32 donor
derived cells that harbor a natural resistance
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Table 3.1 Summary of reported cases oh patients with HIV-1 infection and antiretroviral treatment interruption

HAART stopped
Graft (days after transplantation) Viral outcome Reference
MRD 5-14 Rebound day 42 Sora et al. (2002)
double UCB 0-28 Rebound day 33 Tomich et al. (2005)
MUD 0-34 Rebound Wolf et al. (2007)
MUD 114-134 Rebound Avettand-Fenoel et al. (2007)
MUD 0-365 Rebound day 30 Polizzotto et al. (2007)
MUD 0-34 Rebound Kamp et al. (2010)

MUD (2 patients) From day 900 and 1980,

respectively

Both rebounded after 2
and 5 months, respectively

Henrich et al. (2013a),
Lazar (2013)

All patients displayed a viral rebound after discontinuation. The data are suggestive that a longer interval from transplantation

to treatment interruption is associated with a later rebound
UCB umbilical cord blood, MUD matched unrelated

against HIV infection. These hematopoietic stem
cells engrafted, proliferated and differentiated
into mature myeloid and lymphoid cells. At pres-
ent the patient is more than 5 years post-allogeneic
transplantation without the requirement of any
antiretroviral treatment. Analyzing peripheral
blood cells and different tissue samples, includ-
ing gut, liver, and brain, no viral RNA load or
proviral DNA could be detected.

Benefits and Risks of Transplanting
CCR5 Deficient Stem Cells

Recipients of organ allografts homozygous for
CCRS5-delta32 show longer survival of transplant
function than those with other genotypes. This
has been shown by Fischereder et al. (2001) and
Heidenhain et al. (2009) for renal and liver trans-
plants, suggesting that patients with CCRS-
delta32 might be candidates for a reduced
immunosuppressive  therapy. Consequently,
interaction and blockade of the CCRS receptor
may also reduce alloantigen-specific T lympho-
cyte proliferation, and may be effective in pre-
venting acute and chronic rejection of the
allograft as reported by Schnickel et al. (2008).
Furthermore, Bogunia-Kubik et al. (2006)
reported the presence of the CCR5-delta32 allele
represents a protective factor in terms of the risk
of developing GVHD after allogeneic SCT. Taken
together, the expression of the CCRS5-delta32
allele in recipients of allografts constitutes an

independent and protective factor associated with
a decreased risk of GVHD and graft rejection.
However, the mechanism of this beneficial effect
of the deletion regarding GVHD is not known. In
the past there was much speculation regarding
the association of the CCRS5-delta32 genotype
and other diseases with chronic autoimmune
inflammation. The results of these retrospective
studies are controversial. No association or ben-
eficial effect was observed in diabetes mellitus
type 1, asthma, rheumatoid arthritis, and Behcet’s
disease summarized by Burke et al. (2013). Glass
et al. (2006) have reported individuals with the
CCR5-delta32 homozygous genotype being
associated with an increased risk of symptomatic
West Nile virus infection. Thus, there is no evi-
dence that the CCR5-delta32 genotype is associ-
ated with significant negative comorbidities or
risks in terms of transplantation, and the presence
of the CCR5-delta32 genotype should not have
negative implications for the recipient of a CCRS
targeted therapy.

Challenges in Repeating the “Berlin
Patient”

HLA Matched Related or Unrelated
Donors

More than 16,000,000 people are already regis-
tered worldwide as stem cell donors. Based on
a 10/10 allele HLA-match, the probability in
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finding a matching donor is more than 80 %, and
there is commonly more than 1 donor and some-
times more than 100 donors available for each
patient. According to the frequency of 1 % homo-
zygous CCR5-delta32 Caucasians, there is a small
but reasonable chance to find both an HLA-
identical donor without CCRS surface expression.

The major limitations include that donors are
not generally tested for CCRS genotype, and there
is commonly not enough time to complete the
screening process. Therefore, Hiitter’s group orga-
nized a workshop in 2009 bringing together lead-
ing European stem cell registries for a discussion
of the possibilities and limitations of a CCRS5-
based donor screening. The meeting reached the
agreement to support further attempts to use
CCR5-delta32 deleted stem cells in appropriate
candidates. However, none of these registries initi-
ated a program of preemptive CCRS5 genotyping.

With a grant from the Bill & Melinda Gates
foundation, Hiitter’s group was able to carry on
20 additional donor searches requesting units for
transplantation. In four cases (20 %!) it was pos-
sible to find an HLA matching CCR5-delta32
homozygote donor. Unfortunately, one patient
died prior to initiation of the transplantation pro-
cedure, one received transplant (not published
yet) and in two cases the decision for transplanta-
tion is pending.

Furthermore, Hiitter’s group initiated a CCR5
genotype prescreening program for the “German
Red Cross Donor Registry” of Mannheim,
Germany, which currently has tested 8,000 of
40,000 adult unrelated stem cell donors. Together
with the cord blood bank of Stemcyte, Covina, CA,
USA (>25,000 units) and the M.D. Anderson CB
Bank, Houston, Texas, USA (>10,000 units), these
repositories represent the largest potential source of
CCRS5 negative stem cells for transplantation.

Cord Blood: An Alternative Stem Cell
Source

As an alternative to HLA matched related or
unrelated donors, cord blood units are an interest-
ing stem cell source. Since 2001 R. Chow
(founder of StemCyte Inc.) and L. Petz built up a
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database with more than 25,000 cord blood units
genotyped for the CCR5-delta32 deletion, and
over 300 of these UCB units have already been
identified as being CCRS negative. This would be
sufficient to provide an 4/6 HLA matched unit
with a 73.6 % probability to Caucasian paediatric
patients, and 27.9 % for Caucasian adults in the
case that a minimal cell dose of >2.5x 107 total
nucleated cell count (TNC)/kg is accepted
according to Petz et al. (2012).

However, since StemCyte started the CCRS5
testing in 2001, there were no CCR5-delta 32
homozygous UCB units administered up to 2011.
The reason is probably due to the ready access of
perfectly matched stem cells from adult donors.
Some countries, such as Germany, do not use
UCB in significant amounts. Some transplant
centers are concerned that a delayed engraftment
of UCB and the consequent higher risk of oppor-
tunistic infections during aplasia would narrow
the success of the transplant procedure.

To overcome these limitations, strategies to
increase the probability of administration of UCB
are required. One option could be the so called
“dual transplant” method consisting of the coin-
fusion of one UCB unit with a relatively low
number of highly T-depleted mobilized CD34*
cells from an adult third party donor, after mye-
loablative conditioning regimen shown by Kwon
et al. (2012).

This approach has several advantages:

1. High accessibility of a haploidentical donor
that bridges the time until the CCR5-negative
UCB engrafts.

2. Increased probability of finding matching
UCB due to the reduction of the required
CD34* cell dose. Lowering the required cell
dose from 2.5 to 1.0 x 10’TNC/kg will increase
the probability from 27.9 to 82.1 %.

3. Reduced time of aplasia due to the haploiden-
tical proportion of the transplant.

4. Finally, after engraftment, the UCB unit will
take over the myeloid function while the
haploidentical part disappears after a period
of time resulting in a 100 % chimerism of
CCRS depleted and HIV resistant peripheral
blood cells.
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Competition between grafts of various sources is
commonly observed after double UCB transplan-
tation and a similar competition phenomenon
occurs after combined )haploidentical/UCB trans-
plantation (Fig. 3.1). Immunological mechanisms
likely play a role in the UCB cord blood domi-
nance, and in this regard the T-cell depletion of the
haplograft may be important but probably not
essential. This approach has already been per-
formed in some selected patients (publication of
first results is in progress). Unfortunately, one of
these patients died due to relapse of the malig-
nancy 2Y2 months after the transplantation proce-
dure (personal communication from Prof. Jose
L. Diez Martin, Chairman of Hematology
Department, HGU Gregorio Marafién, Madrid,
Spain). Due to the difficulties in finding a second
candidate for SCT from an adult unrelated donor,
the meeting suggested the initiation of a program
to promote the idea of combined haploidentical/
CCR5-negative UCB based on the experience at
the University of Utrecht, Netherlands (Table 3.2).

Limitations of the CCR5-Delta32
Approach

During transmission of HIV, CCRS is the pre-
ferred coreceptor for cell entry. However, dur-
ing the time course of HIV infection, the virus

is able to change its tropism to other chemokine
coreceptors, such as CXCR4, and the role of
CCRS in maintaining HIV infection is still
unclear. The “Berlin patient” harbored a
CXCR4 tropic variant before transplantation
that did not emerge after discontinuation of
antiretroviral therapy, a phenomenon that is
discussed by Symons et al. (2012) and cannot
yet be explained.

Secondly, there is a broad discussion about
sterilizing cure in the “Berlin patient”. However,
current investigations and several attempts with
different techniques from tissues, cerebral fluid,
and blood have led to contradicting results.

100 UCB (CCR5-d32)

N ..
\recipient

50 4 \

chimerism (%)

haplo identical third party graft

- ~.

>

time elapsed

Fig. 3.1 Course of double transplant of CCR5-delta32
homozygous umbilical cord blood (UCB) and a bridging
third party donor, in this case from a haploidentical family
donor. The haploidentical part engrafts first bridging the
time of cytopenia. After up to 6 months after transplanta-
tion the UCB part has replaced the haploidentical part as
well as the remaining cells from the recipient

Table 3.2 Patients who received allogeneic stem cell transplantation from an CCR5-delta32 homozygous donor after

the “Berlin patient”

Donor/graft Patient Follow up

Combined CCR5-d32 homozygous UCB MDS HAART continued after SCT, died 2 months after

combined with haplo identical third part donor SCT due to MDS relapse

Single CCR5d32 homozygous UCB Leukaemia No rebound during 3 months of HAART
discontinuation, patient died from leukaemia

MUD CCR5-d32 homozygous Lymphoma HAART discontinued after SCT, X4 rebound
within 4 weeks

MMUD CCR5-d32 homozygous Lymphoma Data pending

MRD CCR5-d32 homozygous Lymphoma Data pending

UCB umbilical cord blood, SCT stem cell transplantation, MDS myeloid dysplastic syndrome, MUD matched unrelated,

MMUD mismatch unrelated, MRD matched related
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However, the patient is well, more than 6 years
off antiretroviral medication, without HIV related
symptoms, without viral replication showing a
perfect clinical remission of the infection as
extensively investigated by Yukl et al. (2013).

Summary and Outlook

Currently, the “Berlin patient” is the only reported
case of an successful allogeneic stem cell trans-
plantation with CCR5-deficient cells. However,
there have been several attempts to repeat this
approach using different sources of stem cells.
Taken into account that allogeneic SCT is associ-
ated with a direct and indirect mortality rate of up
30 % it will be difficult to estimate the value of
this approach as long as there were such a small
number of patients evaluable. There is some hope
that improved technique in safe and easy gene
therapy methods may have the same efficiency as
using natural CCRS5 depleted cell sources to
improve the cell based HIV-1 therapy.
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Abstract

Multiple sclerosis (MS) is an acquired inflam-
matory and neurodegenerative immune-
mediated disorder of the central nervous
system (CNS), characterized by inflammation,
demyelination and axonal degeneration. In the
most recent years, pre-clinical data have
been accumulated in experimental models of
demyelination — mimicking the pathogenic
processes occurring in human MS — suggest-
ing that therapies based on the transplantation
of stem/precursor cells from various sources
(i.e. neural stem/precursor cells, oligodendro-
cyte precursor cells, mesenchymal stem cells)
can contribute to prevent or repair the CNS
damage via different mechanisms. However,
there are still unsolved issues concerning how
to repair chronic MS lesions and whether
transplanted cells can overcome the inhibitory
microenvironment that restrain the endoge-
nous repair. In order to translate preclinical
research from bench-to-bedside, it is still
mandatory to assess the optimal cell source,
the timing and route of cell delivery, the thera-
peutic windows and the best cohort of patient
potentially responsive for stem cell-based
treatments.
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Introduction

Multiple sclerosis (MS) is an immune-mediated
inflammatory demyelinating disease of the cen-
tral nervous system (CNS) whose aetiology is
still indeterminate (Noseworthy et al. 2000). It is
a complex multifactorial disorder in which
environmental factors might contribute to the
occurrence of the disease in genetically suscepti-
ble individuals (Compston and Coles 2008). The
unknown aetiology and the complexity (hetero-
geneity) of the immune-mediated pathological
process have, at least in part, restrained the
development of efficacious treatments for
MS. Available therapies do reduce the disease
activity but do not prevent the disease evolution
into the progressive phase that is always accom-
panied by the development of permanent
disability.

There are two generally accepted strategies
for treating MS: (i) preventing CNS damage indi-
rectly through immunomodulation, and (ii)
repairing CNS damage by promoting remyelin-
ation and axonal protection. Both approaches
also address the unmet need of providing neuro-
protection, either by reducing inflammation that
causes axon damage or by restoring the normal
cytoarchitecture of myelinated tissue on which
axonal health depends (remyelination) (Martino
et al. 2010).

While the approved as well as the next genera-
tion of disease-modifying therapies are likely to
have enhanced efficacy, particularly in the early
phases of the disease, these therapies will not
benefit the large numbers of MS patients in the
progressive phase with advanced disability who
represent the major social burden. Indeed, current
treatments prevent demyelination and neuronal
damage by regulating or suppressing the immune
response but do not address axon pathology
directly. Thus, the treatment of the neurodegen-
erative component of MS, including remyelin-
ation failure and axonal/neuronal loss, is still far
from being established.

Several pre-clinical and clinical evidence
supports the notion that neurodegeneration is
already present at the onset of MS imposes a
change of perspective in MS treatment. MS ther-
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apy should not only focus on controlling neuroin-
flammation but also on protecting and repairing
damaged axons ab initio (Centonze et al. 2009).
Therefore, neuroprotective strategies focused on
dampening futile energy dispersion and optimiz-
ing cellular metabolism in order to limit axonal
degeneration and myelin loss have been
developed. Several ‘neuroprotective’ drugs —e.g.
sodium channel-blocking compounds, potassium
channel-blocking compounds and glutamate
receptor antagonists such as phenytoin, lamotrig-
ine, dalfampridine, topiramate or amiloride —
have been already tested in pre-clinical models of
MS or in patients with MS but the results so far
obtained are still inconclusive. On the other hand,
promotion of endogenous remyelination has been
the main objective of a new anti-LINGOI1 anti-
body based treatment that targets a negative regu-
lator of myelination expressed on neurons; an
approach able to preserve axonal integrity and
ameliorate clinical outcome in the animal model
of MS, namely experimental autoimmune
encephalomyelitis (EAE) (Mi et al. 2013).

The Role of Stem Cells in MS
Therapy

Since late *70, cell-based therapies for MS have
been initially developed in order to promote
remyelination and tissue repair via replacing
damaged myelin forming cells. Although suc-
cessful in focal myelin disorders, most of these
therapeutic approaches have failed to foster
repair in multifocal myelin disorders, such as
MS, where the anatomical and functional
inflammation-induced cell damage is
widespread.

More recently, stem cells have been proposed
as an alternative therapeutic strategy to promote
tissue repair in MS but the results, so far obtained,
are still preliminary to draw any conclusion about
the efficacy of this approach. This is owing to the
fact that there are some preliminary questions that
need to be solved before envisaging any potential
human applications of such therapies: (i) the
ideal cell candidate; (ii) the cell source for trans-
plantation; (ii) the route of cell administration.
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Furthermore, the functional and long-lasting
integration of transplanted cells into the host tis-
sue have to be achieved without side/toxic effects.

Different Sources of Stem Cells
in MS Therapy

The “gold standard” cell for cellular therapies
has to be plastic. Stem cells can meet this criterion
since they are intrinsically able to adapt their
specification fate to different environmental
needs. For some disease, the differentiation
potential of stem cells does not always equate to
their therapeutic potential. The therapeutic plas-
ticity of stem cells and progenitors form different
sources is a key element for their clinical use in
neurological and non neurological disease.
However it is really important to consider which
is the candidate disease to be addressed by cell
therapy and which is the therapeutic function (or
functions) of stem cells that is relevant in this
disease when choosing the type of stem cells to
be used.

Several stem cell based platforms have been
proposed over the years for the treatment of MS
(Fig. 4.1). Apart from haematopoietic stem cells
that have been already used in hundreds of MS
patients as  immunosuppressive  therapy
(Mancardi and Saccardi 2008), neural and oli-
goglial precursor cells (adult, embryonic or
derived from induced pluripotent stem cells
(iPSCs), non-CNS myelinating cells (Schwan
cells, olfactory bulb cells, boundary cap cells),
non-CNS stem cells (MSCs form bone marrow,
skin, fat, placenta and umbilical cord) have been
variably shown to be potentially useful in such a
disease. In this chapter we will focus on stem cell
types that have been variably proven in preclini-
cal models of MS to be potentially useful as a
pro-regenerative treatment.

NeuralStem/Precursor Cells (NPCs)
NPCs are multipotent cells that can be isolated

from embryonic, foetal, neonatal or adult CNS
tissues and can be expanded and maintained

safely in a chemically defined serum-free
medium. In cultures with epidermal growth
factor (EGF) and fibroblast growth factor (FGF2),
NPCs proliferate almost indefinitely as multicel-
lular free-floating spheres (neurospheres) or as an
adherent monolayer, and spontaneously differen-
tiate into post-mitotic CNS daughter cells (such
as neurons, astrocytes or oligodendrocytes) after
growth factor withdrawal.

In vivo experiments, aimed at repairing injured
CNS by transplanting NPCs, have shown that
these cells might survive to transplantation pro-
cedures within the host CNS, maintaining their
multipotency and migrating from the site of
grafting (Pluchino et al. 2004). At the beginning,
NPC transplantation was aimed at replacing
damaged cells, but the results obtained so far,
indicate that this approach represent a rational
and realistic therapeutic strategy only for
restricted category of neurological disorders and
is very much depending on the cell type to be
substituted and the intrinsic characteristics of the
damaged CNS region (De Feo et al. 2012). As a
matter of fact, cell replacement is obtainable via
NPC transplantation only in disorders in which
degeneration is caused either by intrinsic cellular
defects or by extrinsic factors that are no longer
active in a specific cell population residing within
a discrete CNS area (e.g. Parkinson’s disease,
genetic demyelination). Contrarily, cell replace-
ment has been only partially successful when
NPC transplantation has been performed in a
persistently unfavourable environment,
inflammation, where different cell subpopula-
tions in different CNS areas are affected, such as
MS.

Irrespective from the characteristics of the
experimental disease (e.g. acute vs. chronic, focal
vs. multifocal), functional recovery obtained by
NPC transplantation scarcely correlates with
absolute numbers of terminally differentiated
neuronal cells generated by transplanted cells
(Kokaia et al. 2012). This suggests that trans-
planted NPCs might be therapeutic efficacious
via a bystander mechanism(s) alternative to cell
replacement capable of promoting tissue repair
by preventing tissue damage, interfering with the
pathogenic process, rescuing endogenous neural

i.e.
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cells and orchestrating CNS-resident cells reac-
tive to the pathological injury (mainly astrocytes
and microglia) and inflammatory blood-borne
cells. This bystander mechanism of action of
NPCs can be obtained by systemic (e.g. intrave-
nous, intrathecal) transplantation that allows cells
to reach all site of lesion in multifocal disease as
MS. Transplanted NPCs can be therapeutically
efficacious owing to the ability to follow, via the
blood stream or cerebrospinal fluid circulation, a
gradient of chemoattractants (e.g. cytokines, che-
mokines) occurring at the site of inflammatory
lesions (Kokaia et al. 2012; Martino and Pluchino
2006). While promoting interaction between
transplanted NPCs and activated endothelial and
ependymal cells surrounding inflamed CNS tis-
sues, this chemoattractive gradient leads to selec-
tive and specific homing of transplanted cells in
multifocal inflammatory CNS areas. The exact
molecular mechanism sustaining this phenome-
non has been detailed in EAE: NPC tethering,
rolling, and firm adhesion to inflamed endothelial
cells and extravasation into inflamed CNS areas
are sequentially mediated by the constitutive
expression of functional cell adhesion molecules
(e.g. CD44), integrins (e.g. o4, p1) and chemo-
kine receptors (e.g. CCRI1, CCR2, CCRS,
CXCR3, CXCR4) expressed on NPCs surface
(Martino et al. 2011). Upon migration into
inflamed CNS areas, transplanted NPCs survive
in close proximity to blood vessels where they
interact with CNS-infiltrating blood-borne inflam-
matory cells, endothelial cells and CNS-resident
astrocytes and microglia. Within perivascular
areas, these latter cell populations secrete a series
of molecules (i.e. BMP4, noggin, Notch, Jagged
and Sonic Hedgehog) that are capable, on one
hand, to recapitulate the microenvironment of the
prototypical SVZ germinal niche and, on the
other hand, to inhibit the NPC cell cycle. As a
consequence of these cellular interactions, trans-
planted NPCs retain an undifferentiated pheno-
type forming an atypical ectopic perivascular
niche. There, undifferentiated NPCs continue to
express and produce a wide array of constitutive
transmembrane and secreted molecules that, in
turn, promote tissue repair through stimulation of
endogenous repair mechanisms (e.g. trophic

support, cellular plasticity) and immunomodula-
tion (Martino and Pluchino 2006).

On one hand, NPCs are able to exert a
neuroprotective effect preventing neuronal pro-
grammed cell death and glial scar formation
mainly via the paracrine secretion of neurotroph-
ins (e.g. nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), ciliary neurotrophic
factor (CNTF) and glial-derived neurotrophic
factor (GDNF), and enhancing the viability of
OPCs by a parallel decrease of proastrogliotic
factors TGFf and FGF2 (Pluchino et al. 2003).
As a partial confirmation of this mechanism, in
toxic-induced demyelination, NPC transplanta-
tion induces proliferation and differentiation of
OPC:s via the secretion of PDGF, FGF-2 (Einstein
et al. 2009) and leukaemia inhibitory factor (LIF)
(which promote mature oligodendrocyte survival)
(Marriott et al. 2008).

On the other hand, undifferentiated trans-
planted NPCs may promote bystander immuno-
modulation since they can release soluble
molecules (e.g. cytokines and chemokines), and
express immune-relevantreceptors (e.g. chemokine
receptors, CAMs), capable of profoundly altering
inflammatory environment(s). In particular,
systemic transplantation of NPCs inhibit T-cell
proliferation and promotes the apoptosis of
encephalitogenic CNS-infiltrating T cells either
via the expression of death receptor ligands (i.e.
FasL, Trail and Apo3L) or the production of
soluble mediators (i.e. nitric oxide synthase
(iNOS), IFNy, GDNF, LIF) involved in
mitochondrial-mediated  apoptosis  (Pluchino
et al. 2005). Similarly to other stem cell types
(i.e. MSCs), NPCs can exert a bystander immu-
nomodulatory effects also outside the CNS upon
systemic transplantation. In EAE mice, intravas-
cularly injected NPCs may inhibit the initiation
and maintenance of the inflammatory events
occurring within the secondary lymphoid organs
(Einstein et al. 2007; Pluchino et al. 2009b). In
peripheral lymphoid organs from EAE mice,
dendritic cell antigen presentation (Pluchino
et al. 2009b) and antigen-specific T-cell prolifera-
tion (Einstein et al. 2007) are impaired upon
intravascular or subcutaneous NPC transplanta-
tion. Recently, the peripheral immunomodulatory



48

effect of NPCs has been further confirmed show-
ing that NPCs inhibit the differentiation of patho-
genic Th17 cells through LIF secretion. LIF, on
turn, acts through the extracellular signal-regu-
lated MAP kinase—suppressor of cytokine signal-
ling 3 (SOCS3) inhibitory signalling cascade that
antagonizes IL-6-mediated phosphorylation of
signal transducer and activator of transcription 3
(STAT3), both required for Th17 cell differentia-
tion in peripheral lymphoid organs (Cao et al.
2011).

Whatever is the precise mechanism of action
of transplanted NPCs, the evidence accumulated
over the years has been considered sufficient to
start the first safety human trials with using foetal
brain-derived NPCs. So far, such cells have been
safely transplanted in patients with Batten
Disease, Pelizeus-Merzbacher disease, amyo-
trophic lateral sclerosis, PD, Huntington disease,
spinal cord injury and glioma (See Trounson
BMC medicine 2012) (Gupta et al. 2012).

Oligodendrocyte Precursor Cells
(OPCs)

Although NPCs remyelinate efficiently when
injected directly into areas of demyelination,
recent challenging data do indicate that these
cells, when delivered by the clinically more
attractive intravascular or intrathecal routes into
EAE mice, very little differentiate into oligoden-
drocytes directly engaged in remyelination
(Pluchino et al. 2003). Thus, a more efficient
‘migratory’ cell source of myelinating cells is
necessary.

The best-characterised neural progenitor cell
displaying remyelinating potential is the OPCs,
sometimes also called the NG2* cells. This is a
population of stem/precursors cells widely dis-
tributed throughout the CNS parenchyma that
displays self-renewing and multipotent charac-
teristics so to be regarded also as a type of adult
NPCs (Tripathi et al. 2010). Indeed, OPCs are the
major source of remyelinating oligodendrocytes
in MS although it appears that such cells are not
able to contribute efficiently to axon remyelin-
ation (Franklin 2002).
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Since the first demonstration of successful
myelination by grafted CNS tissue containing
OPCs (Lachapelle et al. 1983), there has been a
substantial literature providing pre-clinical proof-
of-principle that OPCs transplanted directly into
areas of CNS demyelination are capable of remy-
elinating demyelinated axons. This has been
shown using both non-human and human cells in
both focal lesions and in genetic disorders with
widespread myelination deficits throughout the
neuraxis (Groves et al. 1993; Windrem et al.
2008). Moreover, remyelination associated with
OPC transplantation is associated with functional
recovery at both electrophysiological and loco-
motor level. As such, human glial restricted
progenitors, isolated on the basis of their expres-
sion of the ganglioside A2B5, give rise to
extended areas of myelination when grafted
within the shiverer mouse brain (Windrem et al.
2004). Moreover, multiple injections of these
glial restricted progenitors in the same model,
lead to massive colonization of the host brain,
increased survival of some of the grafted animals
and reduced clinical signs, opening new perspec-
tives of cell therapy for patients affected with
leucodystrophies (Windrem et al. 2008).

The translation of these studies in clinical
practice has, however, not progressed at the rate
many would have predicted a decade ago for
several reasons. First, while OPCs migrate and
proliferate within injured tissue they are unable
to survive and therefore migrate through normal
intact adult CNS (Franklin 2002). This means
that individual lesions would need to be directly
targeted for transplantation, restricting the
approach to a handful of the most clinically infor-
mative lesions. Second, obtaining large numbers
of autologous human OPCs has proven to be less
than straightforward. Deriving OPCs from
syngeneic human embryonic-like cells remains a
possible solution (Wang et al. 2013). Third, there
is clearly little benefit to be gained by transplant-
ing OPCs into lesions (such as those that occurs
in MS) that already contain abundant cells with
the ability to generate new oligodendrocytes.
Here, the environment is inhibiting (or fail to
promote) differentiation and regeneration, and
this should also limit the effect of exogenous
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cells. The environmental inhibition could be
overcome by modifying the cells before trans-
plantation — for example, to inhibit the activity of
any deleterious component of the diseased
environment — but in this case it would be more
logical to try to manipulate the resident precursor
cells (Franklin and Ffrench-Constant 2008).

It should be noted that much of this data is
derived from toxin-induced models of demyelin-
ation or in animals with genetic abnormalities of
myelination, neither of which will accurately
reproduce the environments of MS lesions. While
these studies have provided a wealth of informa-
tion of the myelinogenic properties of various
cell populations and the factors that govern the
efficiency of remyelination, they do not necessar-
ily predict the behaviours of transplanted cells in
MS. Moreover an increasing consensus in MS
indicates that the mere cell replacement might be
not useful in this disease, and the manipulation
of the microenvironment to foster endogenous
myelin repair could represent a more efficacious
approach(Franklin and Ffrench-Constant 2008).

Mesenchymal Stem Cells (MSCs)

MSCs are a heterogeneous mixture of progenitor
cells at different stages of differentiation along the
mesodermal lineage that can be isolated from
almost any connective tissue including bone mar-
row (first tissue in which they have been identi-
fied), adipose tissue, umbilical cord blood and
perivascular tissues (Prockop and Oh 2012).
Within the bone marrow, MSCs provide the appro-
priate microenvironment for maturation, differen-
tiation and survival of blood-born cells (Keating
2006). MSC can differentiate into cells of the mes-
enchymal lineage, such as bone, cartilage and fat
but, under certain circumstances, have been
reported to acquire the phenotype of cells of the
endodermal and neuroectodermal lineage, sug-
gesting some potential for ‘transdifferentiation’.
However this transdifferentiation potential is still a
matter of debate and at present the consensus is
that MSCs cannot make cells belonging to lin-
eages other than mesodermal (Rice et al. 2013).

MSCs derived from the bone marrow, after
expansion in culture are able to modulate innate
and adaptive immunity in a variety of animal
models (Prockop and Oh 2012). In particular,
MSCs have been shown to modulate many T cell,
B cell, NK cell and dendritic cell functions.
Inhibition of T cell proliferation by MSCs
appears to be subsequent both to cell-to-cell
interaction and to release of soluble factors
(Uccelli et al. 2008). The intravenous injection of
MSCs in diabetic NOD/scid mice resulted in an
increased number of pancreatic islets and insulin
producing beta cells (Lee et al. 2006) and pre-
vented tissue destruction by dampening T cell
attack to the cartilage in an experimental model
of rheumatoid arthritis. Recently, intravenous
infusion of MSCs following the onset of disease
have been shown to ameliorate EAE through the
induction of T cell tolerance and the suppression
of pathogenic B cell responses in vivo (Zappia
et al. 2005). Interestingly, labelled MSCs were
detected inside the damaged CNS without any
evidence of trans-differentiation into neural cells
(Constantin et al. 2009; Zappia et al. 2005).
Moreover, a protective effect on damaged tissue
was also ascribed to MSCs once transplanted in
EAE mice, leading to a decreased neuronal loss:
this neural protective effect seems to stem also
from the infusion of MSCs in other experimental
neurological diseases including spinal cord injury
(Akiyama et al. 2002) and stroke (Li et al. 2002).
Rather than a true trans-differentiation effect,
MSC-supported neuroprotection might possibly
occur through the recruitment of local endoge-
nous NPCs and their subsequent induction to
differentiate into neural cells (Constantin et al.
2009). Among those indirect mechanisms, it can
be postulated that MSCs might affect NPC
behaviour via a direct anti-oxidant effect on neu-
ral cells (Lanza et al. 2009) and/or via the release
of anti-apoptotic molecules (Ohtaki et al. 2008)
and neurotrophins (Wilkins et al. 2009). Apart
from the above mentioned paracrine effects, it is
also clear that MSCs might attenuate the inflamma-
tion and demyelination in chronic EAE without
significant engraftment in the inflamed CNS, thus
suggesting that their beneficial effect is largely
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related to their ability to suppress the ongoing
autoimmune response (Zappia et al. 2005).

The capacity of MSCs to migrate to sites of
inflammation following the gradient of cytokines
and to protect damaged tissues, including the
CNS, supported their use as an immunosuppres-
sive strategy for immune-mediated diseases such
as MS. Thus, MSCs derived from various tissues
have been already used in pilot studies for MS
treatment (Mohyeddin Bonab et al. 2007) (Fig. 4.1).

Timing and Route of Stem Cell
Administration

Despite pre-clinical and clinical data support the
use of certain types of stem cells in MS, we still
need to understand how to optimize the treatment
in order to avoid unwanted side-effects. This is
particularly true in diseases such as MS, in which
repeated inflammatory insults determine the
coexistence of both neurodegenerative and
regenerative processes. As recently suggested,
treatment optimization might be achieved by
tightly controlling the timing and route of cell
administration.

An early time-window for NPC and MSC
transplantation seems to be the most appropriate
approach, in order to target pathogenic inflamma-
tion as well as to exploit the expression of genes
coding for molecules supporting tissue growth
soon after CNS damage (Pluchino et al. 2005;
Uccelli and Mancardi 2010). Moreover, an early
transplantation setting should be preferred given
the recent evidences that immunomodulatory and
neurotrophic properties of transplanted NPCs
and MSCs are limited in time and tend to be lost
with the persistence of the cells in the tissue
(Fainstein et al. 2013).

The route of cell administration represents
another key issue for stem cell transplantation
procedures for CNS diseases. On one hand, the
anatomic-pathological features of focal CNS
disorders, would suggest that direct intralesional
cell transplantation might facilitate tissue regen-
eration (e.g. neurons of the substantia nigra or
naked axons within the spinal cord). On the other
hand, the multifocality of certain CNS disorders
such as MS or Alzheimer’s disease, limits per se
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stem focal cell-based therapies. However,
concerning MS, the emergence of leading con-
cepts of therapeutic plasticity of stem cells have
shift research from the original cell-replacement-
oriented/intralesional approach to alternative
transplantation approaches. Some recent experi-
ments have shown that in multifocal inflamma-
tory brain disorders the systemic injection of
stem cells into the blood stream or intratechally
into the cerebrospinal fluid could overcome these
limitations. The specific homing and engraftment
after the injection through both routes of
administration has been already demonstrated for
NPCs (Pluchino et al. 2003) and MSCs (Payne
et al. 2013).

Another fundamental issue that has to be taken
into consideration regarding the administration
route is the safety. Indeed, homotopic transplan-
tation should be preferred to heterotopic ones as
recent data indicate that stem cells might form
tumours, in response to micro environmental
mediated signals. The transplantation of autolo-
gous hematopoietic CD34* stem cells into the
renal parenchyma of a patient with lupus nephri-
tis resulted into an angiomyeloproliferative lesion
(Thirabanjasak et al. 2010). Intracerebellar and
intrathecal injection of poorly characterized
human foetal NPCs into a patient with ataxia
telangiectasia evolved into a multifocal brain
tumour derived from donor cells (Amariglio et al.
2009). Co-transplantation of NPC and pancreatic
islet cells under the kidney capsule of diabetic
mice induced the generation, at the site of cell
transplantation, of insulin-induced neuroblastoma-
like neoplasms (Melzi et al. 2010). Moreover,
transplantation of genetically engineered MSCs
overproducing stem cell factor into mice heart
immediately after myocardial infarction pro-
moted the formation of a chest wall-invading soft
tissue sarcoma (Fazel et al. 2008).

Selection of Patients for Stem
Cell Therapy

Given the variety of stem cell sources, routes of
administration and multiple therapeutic effects of
stem cells it is important to understand who are
the ideal candidate MS patient for cell therapy
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and which type of MS could be better addressed
by this therapeutic approach. Concerning RR-MS
patients, there are several limitations against the
application of this therapeutic tool; first, it is
unfeasible translating the experimental transplan-
tation setting (at the inflammatory peak of the
disease) to the clinical practice since it is impos-
sible to foresee where and when an autoimmune
attach would occur into the CNS. Second, it does
not make much sense transplanting the cells dur-
ing the remission phase since cells would not
sense the inflammatory stimuli necessary for the
homing into the inflamed CNS and would not
migrate towards the lesions. Third, several efficient
therapeutic options are already available and
stem cells transplantation seems to be not advan-
tageous both in terms of costs and time-limited
function of cells after the transplantation.

On the contrary, concerning progressive MS
patients, cell therapy emerges as a highly attrac-
tive therapeutic option. Available therapeutic
agents, while acting on the immune component
of the MS might have only a marginal effect on
progressive MS forms without relapses and no
approved efficient treatment is available for these
patients. Moreover, they present a uniform
progression of disability with a chronic active
disease course that may positively respond to the
various therapeutic mechanism of action of
transplanted stem cells. Between progressive
patients, patients with significant disability but
sufficient residual function that might be
preserved by cell therapy may be the good
candidates. In addition to these ethical consider-
ations, this cohort of patients has also the big
advantage to be less heterogeneous, making it
easier to evaluate the efficacy of treatment.

Nevertheless, without first conducting clinical
trials it is difficult to predict which type of MS
will benefit from which type of cells.

Future Advances in Stem Cell
Transplantation Field

Both NPCs (including OPCs) and MSCs might
represent an alternative therapeutic approach in
demyelinating disorders of immune mediated

origin, as they are intrinsically able to adapt their
specification fate to different environmental
needs (Kokaia et al. 2012).

Concerning MSC, bone marrow derived stem
cells have proven efficacy in animal model and
are used in human, in these days, for safety/
efficacy trials in humans: the possibility of using
autologous cells for treating patients is certainly
major benefit. Among NPCs, adult NPCs have
limited proliferation capacity during serial
passages in vitro and only foetal tissue-derived
NPCs might represent, so far, a ready-to-use cell
source for cell-based therapies (Galli et al. 2003).
While used successfully in pre clinical models of
human diseases, there are so far limited amount
of data on the use of such cells in humans.
However, given the HLA-mismatched origin of
these cells, the major hurdle for using these cells
in human trials is the necessity to concomitantly
adopt immunosuppressive treatments. As a
matter fact, the same order of problems would
also occur using embryonic stem cell derived
NPCs, for which ethical and safety concerns
would further complicate their clinical applica-
tion. The recent discovery of induced pluripotent
stem cells (iPSCs) — a new source of pluripotent
stem cells recently obtained by genetic repro-
gramming of somatic cells (e.g., fibroblasts)
(Takahashi and Yamanaka 2006) — might overcome
this impediment. Indeed, ‘autologous’ somatic
cells of different origin can be reprogrammed into
iPSCs by the expression of a combined set of
four transcription factors (i.e. Oct4, Sox2, Klf4,
and c-Myc) and then differentiated in vitro into
large quantities of autologous NPCs and/or
OPCs. However, few data are so far available on
the use of iPSC-derived NPCs in MS. On one
hand, only one report has been published so far
(Song et al. 2011), showing the generation of
iPSCs from one RR-MS patient. These cells were
successfully differentiated into mature astrocytes,
oligodendrocytes and neurons. On the other
hand, while a highly enriched population of
human iPSC-derived OPCs was able to robustly
myelinate the brain of myelin-deficient shiverer
mice (Wang et al. 2013), still few data are
available on the therapeutic potential of such
cells in immune mediated demyelinating disease
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such as MS. Nevertheless, encouraging results
have been recently reported showing that mouse
iPSC-NPCs, transplanted into the mouse model
of MS, might ameliorate the disease course
through a bystander effect rather than a cell
replacement. Such cells were capable of fostering
the endogenous mechanism of repair and promote
remyelination via the in situ production of LIF
(Laterza et al. 2013).

While the expectations from the scientific
community are reasonably high owing to the fact
that iPSCs represent at the moment the only
potential source of large quantities of cells of any
lineage, still a lot of work should be done to find
the best cell reprogramming method and to assess
the safety and therapeutic potentialities of iPSCs
before envisaging bench-to-bedside translation
(Yamanaka 2009).

In conclusion, given the therapeutic plasticity
of stem/precursors cells, alternative stem cell-
based approaches for neurological disorders
should be seriously considered. The different
therapeutic properties of stem cells — the so called
‘therapeutic plasticity’ (Martino and Pluchino
2006) — could be the major advantage of such
approach to foster tissue repair in a very complex
and pathologically heterogeneous disease such as
MS. However, we still need to confront with
unsolved questions regarding the best way to
control the in vivo fate of transplanted cells and
how to enhance one specific mechanism of action
compared to the others. The proper choice of
candidate patient, the type of stem/precursor
cells, the route and timing of cell delivery will be
certainly crucial for the clinical success of cell
therapy.
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Abstract

During the last few years, human embryonic
stem cells have begun to take a place in the
stem cell therapy panorama, especially in
respect to the nervous system. The extensive
experimental research efforts have focused on
translating in vitro cellular regeneration to
in vivo transplantation and survival of the trans-
plants, in order to improve clinical outcomes.
For spinal cord injury recovery, two major
types of cells are in focus: the oligodendro-
cytes and motor neurons. In this chapter, we
will discuss the progressive development of
the cellular generation protocols and the loco-
motor outcome of their transplantation at sites
on spinal cord injury. The newly advanced
method of motor neurons and oligodendro-
cytes generation form human induced pluripo-
tent stem cells will be also discussed.

Introduction

In 1908, the Russian histologist Alexander
Maksimov proposed that all the blood cells and
the process of hematopoiesis are derived from
hematopoietic stem cells. Fifty-five years later, in
1963, the Canadian scientists James E. Till and
Ernest A. McCulloch demonstrated the presence
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of these stem cells for the first time in mice bone
marrow. Since then, research on the characteris-
tics and therapeutic applications of these cells
has initiated a new era of medicine.

Stem Cells

The presence of more than 200 types of cells in
the human body gives a clue of the high differen-
tiation potential of the stem cells. Stem cells are
non-differentiated cells that have the capability
of proliferation, self-renewal, formation of large
numbers of different types of cells, and regenera-
tion of the already differentiated tissues. The
potency of the stem cells can be determined
depending on how many types of differentiated
cells, and of what germ layers, the stem cells are
capable to produce. This is defined as the ‘dif-
ferentiation potential’. The totipotential stem
cells constitute the first line of cells during fetal
development following fertilization, and may
give rise to extraembryonic and embryonic cells.
Following the separation of inner and outer cell
masses, the cells of the inner cell mass (embry-
onic cells) are defined as pluripotential stem
cells, and may give rise to any type of cells from
the yet-to-be formed three germ layers: ecto-
derm, mesoderm, and endoderm. When these
layers are separated, cells of each layer are clas-
sified as multipotent, oligopotent, and unipotent,
depending on their differentiation potentials
(Cherian et al. 2011).

Of the above mentioned types of the stem
cells, two have received most attention in regard
to stem cells therapy: embryonic stem cells
(ESC) and adult stem cells (ASC). The ESC are
pluripotent cells that present during early stages
of human development, and have a high prolifer-
ative capacity, and may differentiate into any type
of cells. After the formation of the tissues and
organs, most of them retain a population of stem
cells during childhood and adulthood. These cells
are defined as the ASC, which, under normal con-
ditions, give rise to that specific line of cells of
the retaining organ. However, other tissues, for
unknown reason, including brain, spinal cord,
heart, and kidneys, with minor exceptions, do not
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maintain their stem cells, which limit the use of
ASC as a therapeutic choice in these tissues
(Kiessling 2003). Recently, novel studies were
capable of reprogramming these somatic cells
into pluripotent stem cells, known as induced
pluripotent stem cells (iPSC), as is discussed
later in this chapter.

More than two decades of intense research on
mouse ESC has provided insight into human
ESC (hESC) research despite the differences
between the two types of cells (Kang et al. 2007).
They have also provided the proper methods of
differentiating mouse ESC into several clinically
relevant neural and non-neural cell types
(Keirstead et al. 2005). In 1998, Thomson et al.
were the first to isolate the hESC, using 14 inner
cell masses of in vitro fertilization (IVF)-
produced embryos as a source. Since then, the
blastocysts of IVF- embryos constituted the
major source of hESC. Other sources of ESC
include nuclear transfer and therapeutic cloning.
The former is achieved by transferring the
nucleus of an adult differentiated egg into an
enucleated egg, which is then stimulated to form
blastocysts in a backward fashion. Therapeutic
cloning is so called due to use of cloning to cre-
ate ESC for therapeutic purposes (Cherian et al.
2011). Nevertheless, the directed generation and
isolation to purity of specific clinically impor-
tant neuronal phenotypes from human ES cells
has yet to be accomplished.

A comparison between experimental genera-
tion of oligodendrocytes and motor neurons is
summarized in Table 5.1.

hESC as a Source
of Oligodendrocytes

Oligodendrocytes (OL) are one type of glial cells
that provide support to the central nervous sys-
tem (CNS), mainly by the formation of the
myelin sheath. They extend into high numbers of
branches and sub-branches expanding into sheets
of myelin membranes that wrap around multiple
neural axons. This myelin sheath facilitates the
rapid salutatory conduction and insulation of the
nerve cells (Hatch et al. 2007, Izrael et al. 2007).
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Table 5.1 Characteristics and comparison between oligodendrocytes and motor neurons linages

Oligodendrocytes linage

First use Nistor et al. (2005)

Inducers RA, Noggin, SHH, AA, EGF,
PDGF, FGF, CNTF, IGF, HGF,
T3, puromorphamine

Inhibitors BMP

Expressed genetic markers

Secreted factors

Sox8, Sox9, Sox10, Oligl, Olig2,
Nkx2.2, Nkx6.2, A2B5, NG2,
PDGF-R, PLP, Ngn3, Glil, Gli2,
OMG, MBP, GalC, RIP, 04, O1

TGF-B1, TGF-p2, activin A,

Motor neurons linage

Li et al. (2005)

RA, Noggin, SHH, puromorphamine, SAGA,
dorsomorphin, BDNF, CNTF, GDNF, FGF,
IGF1, AA, cAMP, NT-3, ROCK

BMP

Pax6, Sox1, Sox2, Sox3, Nestin, Otx2, NG2,
HOXB1, HOXB4, HOXB6, HOXC5, HOXCS,
HOXC10, HLBX9, Olig2, Nkx2.2, Nkx6.1,
Irx3, GFP, HBY, Isletl, islet2, ChAT, MAP2, 8
[II-tubulin, Musashil, PTCH, Tujl

VEGF, BDNF, midkine, SCF

Integration and maturation

after transplantation
Locomotor improvement Yes, only at early stage

Studies on humans No

However, this is not the limit of their function,
which far exceeds their insulating role and
extends to promoting neuronal and axonal sur-
vival by secreting different types of neurotrophic
factors. Loss of the OL function and consequent
demyelination and axonal degeneration can be
seen in a number of neurological pathologies,

including  multiple  sclerosis,  Pelizaeus-
Merzbacher, Alzheimer’s disease, stroke, pro-
gressive multifocal leukoencephalopathy,

multisystem degeneration, oligodendrogliomas,
and spinal cord injury (Keirstead et al. 2005;
Nistor et al. 2005).

Oligodendrocytes in Spinal Cord
Injury

Following spinal cord injury (SCI), loss of OL
and oligodendrocytes progenitor cells (OPC)
occur via two main processes that are timed dur-
ing the initial insult and the secondary degenera-
tive changes: acute necrosis and subacute
apoptosis. Autophagy may also occur for at least
21 days following injury. The acute necrotic
phase starts as early as minutes to few hours after
injury, and the subacute apoptotic phase extends
up to weeks. During the early phase of injury,
vascular rupture leads to release of toxic diges-
tive proteolytic enzymes. Blood components may

Yes, at early and late stages

Yes

Yes
No

also induce apoptosis and necrosis of OPC, and
inhibit their proliferation and migration. Other
factors contributing to the acute injury include
the free radical (reactive oxygen and nitrogen
species) formation following ischemia and reper-
fusion, and excitotoxicity. The latter is mainly
attributed to the release of glutamate and adenos-
ine triphosphate (ATP) at the site of injury, which
in turn activate the glutamate and P2X7 recep-
tors, respectively. These receptors attract the OL
and OPC to the site of injury and cause further
cellular loss. They also lead to intracellular cal-
cium release, which can trigger cellular apopto-
sis. Infiltration of the injury site by the early and
late phase immune cells, including neutrophils,
monocytes and their derived macrophages and
microglia, and lymphocutes, and their various
types of secreted inflammatory mediators lead to
direct lyses and apoptosis of the OL and OPC,
and inhibit their growth and proliferation. On the
long term, Wallerian degeneration of the nerve
axons induces sustained apoptosis of the OL,
which is supported by the trophic factor released
from these axons. Few weeks after injury, the
above mentioned mechanisms lead to detected
wide-spread demyelination of the nerve axons,
and may continue to progress for 1-22 years
following the injury. However, wide-range demy-
elination is prevented by concomitant remyelin-
ation, which may also start few weeks after the
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insult. Although remyelination is not perfect, it is
sufficient to preserve function of spared intact
axons, and maintain their integrity. This acute
phase remyelination is mediated by the prolifer-
ating myelogenic progenitor cells that present at
the margins of injury, and identified by the
expression of nerve/glial antigen 2 (NG2) or
platelet derived growth factor receptor (PDGFR).
Mature form of the OPC has less capacity to
remyelinate, and needs prolonged exposure to
growth factors to convert them into proliferating
cells. The specification of OL from the progeni-
tor cells is induced by the sonic hedgehog (SHH)
and opposed by the bone morphogenetic factor
(BMP). Both SHH and BMP are up-regulated at
the site of injury. The presence of the astrocytes,
often produced by the proliferating OPC, is
essential. They play a role in maintaining the sur-
vival, proliferation and differentiation of the OPC
and OL by secreting different typed of growth
factors. These factors include PDGF, basic fibro-
blast growth factor (bFGF), insulin-like growth
factor (IGF), and ciliary neurotrophic factor
(CNTF). Other less important factors include
neurotrophin (N'T-3), brain-derived neurotrophic
factor (BDNF), chemokines CXCL1, CXCL12,
and CXCR4, and cytokines IL-1p, Leukemia
inhibitory factor (LIF), transforming growth fac-
tor (TGF) B1. The increased expression of thy-
roid hormone receptor, the nuclear receptors
peroxisome proliferator activated receptor
(PPAR)-9, and retinoic acid receptor also play a
significant role in the OL differentiation. Most of
these factors are secreted during the early phase
of spinal cord injury. Thus, over long time, the
capability of the OL and their progenitors
decreases progressively in terms of maintaining
the axonal function. Moreover, despite the essen-
tial early role of the astrocytes, at the 2nd to 4
weeks of injury, they begin to form a dense astro-
cytic scar surrounding the demyelinating axons,
which prevent the OL and OPC from reaching the
site of injury. They may also express other mole-
cules (e.g. Jaggedl) that inhibit maturation and
differentiation of the OL and OPC. For these rea-
sons, in addition to younger age, early treatment
of spinal cord injury is significant in enhancing
the locomotor function. This period is called the
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‘therapeutic window’, and extends from the acute
inflammation to before the scar formation
(Faulkner and Keirstead 2005; Sharp and
Keirstead 2007; Almad et al. 2011). Thus, one of
the promising treatment options in the SCI is the
OL and OPC transplantation, as replacement of
the non-functioning cells may provide an ideal
solution to preserve the axonal function and sup-
press their progressive loss.

Experimental Generation
of Oligodendrocytes from hESC

The first step in OL transplantation is to isolate a
pure, functional lineage of these cells. Sources of
human OL may include aborted fetuses, olfactory
biopsies of the neuroepithelium, and differenti-
ated hESC. The latter may provide the ideal
source due to its high proliferation and differen-
tiation potentials (Sundberg et al. 2010). The
major challenge in this situation is the ability to
produce high purity differentiated OL and OPC
from directed differentiation of hESC, and
reduced the of teratoma formation. The process
of selective proliferation and differentiation of
the hESC into fully mature OL passes through
neural embryoid body (EB) cells, neural progeni-
tor (NP) or neuroectodermal (NE) cells, glial-
restricted precursor (GP) cells, and OPC
formation (Fig. 5.1a).

In 2005, Nistor et al., Keirstead et al., and
Faulkener et al. were the pioneers of this field,
and were able to direct the hESC differentiation
into high purity and functioning OL and OPC
through yellow neurosphere or NE formation.
They used a modified retinoic acid (RA) caudal-
izing protocol to induce restricted differentiation
to a multipotent neural lineage, which could gen-
erate neurons, OL, and astrocytes by employing
RA exposure, along with preferential selection of
OL lineage cells by media components. The used
glial restriction media (GRM) contained insulin
and IGF, differentiation factor triiodothyroidin
hormone, FGF, and epidermal growth factor
(EGF), and it played important role in the prolif-
eration and survival of the OL (Nistor et al.
2005). Their method generated about 80 %
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Fig. 5.1 (a) Generation of oligodendrocytes from
human embryonic stem cells. AESC human embryonic
stem cells, EB embryoid bodies, NE neuroepithelial cells,
OPC oligodendrocytes progenitors, OL oligodendrocytes.

population of OL capable of myelin formation
in vivo, but no highly branched, ramified and
mature OL were reported in vitro. Markers of the
OL differentiation included Oligl, SOXI0,
A2B5, NG2, and PDGFR.

In 2007, Izrael et al. added Noggin, antagonist
of BMP, following treatment with RA. The addi-
tion of Noggin turned out to be the key for the
development of highly branched and mature
OL in vitro, which also significantly enhanced

(b) Cellular markers of the oligodendrocytes linage.
hESC human embryonic stem cells, NE neuroepithelial
cells, OPC oligodendrocytes progenitors, OL
oligodendrocytes

their capacity to myelinate after transplantation.
The RA functions through stimulation of the
Nkx2.2 gene that is required for terminal differ-
entiation of OL. However, for proper function,
the Nkx2.2 needs the Sox10 gene activation,
which is also an OL-specific gene, and is induced
by the addition of Noggin at specific stages of
development (Izrael et al. 2007). Olig2 transcrip-
tion factor gene induction is also an important
step in the differentiation of human OL and their
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progenitors. Evidences of such role of Olig2
were provided following its induction using sonic
hedgehog (SHH) (Hu et al. 2009a) and inhibition
using BMP (Izrael et al. 2007). In 2007, Kang
et al. used the growth factors EGF and PDGEF to
induce the formation of 81-91 % OPC from neu-
ral precursors after their isolation and expansion
from the hESC using specific media. These pro-
genitors were then treated with the removal of the
growth factors and the addition of the thyroid
hormone T3 to generate mature OL. The formed
mature OL represented 81 % of the total cells
number.

Hu et al. (2009b) described a simpler method
that included the removal the G5 supplement
media (containing insulin, transferrin, selenite,
biotin, hydrocortisone, FGF, and EGF), which
was applied for a certain period of time, and the
addition of the hepatocyte growth factor (HGF)
to enhances the proliferation of neural progeni-
tors derived from hESC and promote the genera-
tion and maturation of OL. This method yielded
OL with high purity (about 80 %).

In 2010, Sundberg et al. introduced a novel
method for the generation of the OL from hESC
using human recombinant growth factors and
extracellular matrix (ECM) proteins. This was in
contrast to the previous protocols that employed
animal-derived (Matrigel) media, which is less
suitable for clinical applications in humans. Their
ECM media contained laminin, collagen IV, and
nidogen-1 that together facilitate the OPC sur-
vival, maturation, and myelination. The growth
factors used included; FGF, EGF, and CNTF for
the initial neural differentiation; and PDGF-AA,
EGEF, bFGF, CNTF, and IGF-1 to enhance the
survival, proliferation, and differentiation of the
OL and their precursors. At the last stage of the
cellular maturation, the CNTF, ascorbic acid
(AA), and T3 were added. All these growth fac-
tors were associated, in variant degrees, with the
expression of large number of genes, including
PDGF-R, NG2, Nkx2.2, Sox10, Oligl/2, myelin
basic protein (MBP), proteolipid protein (PLP),
Ngn3, Sox9, Sox8, Sox10, Glil, Gli2, Nkx6.2,
oligodendrocyte-myelin glycoprotein (OMG),
04, and GalC. The expression of these genes is
dependent on the stage of development and cel-
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lular differentiation from hESC to fully mature
OL (Sundberg et al. 2010) (Fig. 5.1b).

Important regulators of the genes expression
during these stages are the MicroRNAs. These
molecules are known as the “micromanagers” of
gene expression, and they function by binding to
the mRNA of protein coding genes. Full profile
of the MicroRNA of human OL formation has
been described for the first time by Letzen et al.
in 2010. Identification of these molecules may
provide key markers of OL maturation (Letzen
et al. 2010).

In 2006, Zhang et al. studied the ability of the
OPC derived from hESC to secret neurotrophic
factors. Of all the genes tested, 49 growth factors
were expressed by OPC at highly significant lev-
els. Of these factors, TGF-1, TGF-p2, activin A,
vascular endothelial (VEGF), BDNF, midkine,
and stem cell factor (SCF) proteins were of par-
ticular interests. These factors were found to play
a remarkable role in neural regeneration and
function restoration (Zhang et al. 2000).

hESC as a Source of Motor Neurons

Motor neurons (MN) are large nerve cells with
extensive dendritic extension that are located in
specific areas in the nervous system, including
the brain cortex (upper motor neuron), brainstem,
and spinal cord (lower motor neuron). By their
specific location, the MN form connecting links
between the CNS and skeletal muscles, and facil-
itate movement and breathing (Nizzardo et al.
2010; Takazawa et al. 2012).

Motor neuron diseases (MND) are group of
neurodegenerative diseases that selectively affect
the MN with consequent loss of function and
motor paralysis. The MND can be divided into
three categories: the first form involves both
upper and lower MN, such as amyotrophic lateral
sclerosis, which is the most common MND. The
second form involves the lower MN, and includes
spinal muscular atrophy and spinobulbar muscu-
lar atrophy or Kennedy’s disease; hereditary
motor neuropathies and progressive spinal mus-
cular atrophy. The third form involves the upper
MN and includes primary lateral sclerosis and
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hereditary spastic paraplegia (Nizzardo et al.
2010). Beside these degenerative disorders,
trauma (e.g. SCI) with its associated direct and
delayed axonal loss remains one of the most
common causes of permanent disability (Lopez-
Gonzalez and Velasco 2012). Up to date, no
effective therapy has been found to treat these
conditions. However, because the degeneration
of the MN is the main pathology in these condi-
tions, their replacement has been proposed as a
therapeutic potential. One major source for these
cells is the hESC.

Experimental Generation of Motor
Neurons from hESC

The process of MN derivation from the hESC can
be achieved using different protocols. As in the
case with the OL, the first step is the proper
obtainment of the NE cell form the pluripotent
hESC. This can be achieved either directly or
with and intermediate process of EB formation.
Then, these NE are used as a source of the motor
neurons progenitors (MNP) and MN (Fig. 5.2a).

The first experiential generation of MN from
hESC was done Li et al. (2005). After culturing
the hESC in a feeder layer, differentiation into
NE cells was induced using neural induction
medium consisting of F12/DMEM, N2 supple-
ment and heparin with or without bFGF. Two
stages of NE cells could be identified: early and
late stages. The early stage could be identified
with the expression of Pax6 transcription factor
gene but not Sox1. Thus, Pax®6 is the earliest NE
marker expressed during neural plate and tube
formation. Both stages expressed Nestin. Even in
the late stage, the NE cells were also positive for
Otx2, a homeodomain protein expressed by fore-
brain and midbrain cells, but negative for HoxCS8,
a homeodomain protein produced by cells in the
spinal cord, and engrailed 1 (Enl), which is pro-
duced by midbrain. Thus, more selective differ-
entiation was needed to produce caudal cells.
Treating the NE cells, at early stage, with RA or
bFGF was associated with caudalization of the
NE cells. BFGF also induced rostral cells forma-
tion. The caudalization of the cells was marked

by the expression of HOXB1, HOXB6, HOXCS,
HOXCS8, and HOXC10. All of these markers
were induced by bFGF, whereas, HOXC10 was
not induced by RA. BFGF, in contrast to RA, did
not eliminate the expression of Otx2. Following
caudalization, inducing ventral neural cell types
was required for MNP formation. This was
achieved by treating the culture with SHH, and
was evident by the balanced expression of Class
I (Olig2, Nkx2.2, Nkx6.1) and Class I (Irx3,
Pax6) homeodomains. Continued exposure to
bFGF suppressed the expression of SHH, class I
and class II genes, and subsequently inhibited
MN differentiation. The use of neuronal differen-
tiation medium was needed at the differentiation
stage. It consisted of the neurobasal medium, N2
supplement, and cAMP in the presence of RA
and SHH for 1 week. Following the appearance
of Olig2-MNP, BDNEF, glial-derived neurotrophic
factor (GDNF), IGF1 and a low concentration of
SHH were added to the medium. The differenti-
ated MN were characterized by the expression of
HBOY, Isletl/2, choline acetyltransferase (ChAT),
MAP2, and p II-tubulin (Fig. 5.2b). The authors
concluded that the cells with combined expres-
sion of Islet1/2 and HB9 are likely MN, whereas
the cells with negative HB9 and positive Islet1/2
are likely interneurons. The differentiated cells
represented almost 20 % of the culture, and the
identity of the remaining 80 % of the cells
remained unknown. The duration of the process
ranged from 28 to 35 days.

In 2005, Shin et al. used the mouse feeder layer
for hESC culture, followed by the DMEM/F12
medium with N2, L-glutamine, penicillin, strepto-
mycin, and bFGF. Following the removal of the
feeder layer, the formed NE were suspended in
neurobasal ~ medium  supplemented  with
L-glutamine, penicillin, streptomycin, B27, bFGF,
and LIF. Differentiated NE cells were character-
ized by the expression of Nestin, Musashil, or
SOX 1, 2, and 3. Later on, exposure of the culture
to SHH and RA, along with bFGF favored the dif-
ferentiation into MN. The effect of SHH on the NE
could be predicted by the expression of PTCH, the
SHH receptor. However, it does not necessitate dif-
ferentiation into MN. The effect of the bFGF was
found to increase the MNP Olig2 gene expression,
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Fig. 5.2 (a) Generation of motor neurons from (b) Cellular markers of the motor neurons linage.

human embryonic stem cells. AESC human embryonic
stem cells, EB embryoid bodies, NE neuroepithelial cells,
MNP motor neurons progenitors, MN motor neurons.

which is further increased by combination of the
three factors. Their combination also significantly
increased the expression of HLBX9 gene. However,
some of the cultured NE gave rise to MN even
without SHH and RA exposure. This might be due
to continuous exposure to low level of bFGF, but

hESC human embryonic stem cells, NE neuroepithelial
cells, MNP motor neurons progenitors, MN motor
neurons

the exact mechanism was not defined. To detect the
presence of MN within the culture, their phenotype
markers were examined. These markers included
Isletl, Tuj1, and ChAT, and based on this criterion,
20-30 % of the cultures were MN. The duration of
the process was around 53 days.
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Few months later, Singh Roy et al. (2005)
induced differentiation of the hESC to MN
through EB formation. The EB formation was
induced using the mouse embryonic feeder cells
and treated with collagenase type IV. It was also
fed with the KO-medium (KO-DMEM supple-
mented with 20 % KO-Serum replacement) and
bFGF. The EB were then treated with RA and
SHH until the expression of neuronal marker 8
[II-Tubulin. Then, the MN differentiation was
induced by the use of DMEM/F12 media supple-
mented with N2, GDNF, BDNF or NT4, CNTF,
B27, and fetal bovine serum (FBS), and with
continuous application of RA and SHH. The dif-
ferentiated MN were identified by the expression
of Isletl, HBY, and ChAT genes. In their experi-
ment, 37 % of B III-Tubulin cells were HB9 posi-
tive. The co-expression of the Green Florescent
Protein (GFP) and the Hb9 gene in the differenti-
ating MN allowed the use of fluorescence-
activated cell sorting (FACS) for isolation of the
MN from the culture to purity of more than 99 %.
Their method, although faster to conduct and is
associated with higher purity final selection, it
resulted in less initial proportions of induced
MN, and losing 76 % of all potential MN in the
target population.

In 2007, Lee et al. used the F12/DMEM, N2
supplement medium to induce the neural differ-
entiation of the hESC co-cultured with MSS5 stro-
mal cells, and with the addition of Noggin. The
formation of the neural rosette was evident by the
expression of Pax6 and Sox1, and, later, BF1 and
Otx2, which are associated with anterior neural
identity. Gbx2 and HoxB4, which marks the pos-
terior neural identity, were not expressed during
this default conditions. Isolated neural rosettes
were then re-plated on polyornithine/laminin
coated culture dishes and N2 medium supple-
mented with Noggin, AA, and BDNF in the pres-
ence of RA and SHH. The addition of RA and
SHH was associated with induced caudalization
and ventralization of the cells, respectively. This
was marked by BF1 suppression and HOXB4
and HOXCS8 (caudal identity markers), and
Nkx6.1 and Nkx2.2 (ventral identity genes char-
acteristic of the caudal CNS) up-regulation. With
additional culture under the presence of RA and

SSH, genetic expression indicated the formation
of MNP (Nkx6.1, Olig2), early postmitotic motor
neurons (NG2, Isll), and more mature MN
(ChAT and vesicular acetylcholine transporter).
Many of the cells also expressed somatic MN
marker HB9. In the third step, further differentia-
tion was induced in the same medium with the
absence of RA and SHH, but in the presence of
GDNF, BDNF, and AA. This lead to expression
of more mature MN markers, including ChAT,
the generequired for Ach synthesis. Co-expression
of ChAT and HB9 confirmed MN identity of the
hESC progeny, and the additional expression of
Lhx3 suggested MN of the medial motor column.
According to the authors, a single hESC plated at
day 0 on MSS5 for neural induction yielded
approximately 100 HB9 MN at day 50 with
almost 20 % efficiency.

In 2008, Li et al. induced the NE cells differ-
entiation using the DMEM/F12 medium supple-
mented with N2, Heparin, and cAMP. RA and
SHH were then added to the -culture.
Purmorphamine was occasionally used to replace
the variable activity and high cost of SHH, with
the same level of action. In contrast to the first
protocol, exposure to SHH was maintained dur-
ing the MNP Olig2-cells phase. This exposure
increased proliferation of these cells, but if sus-
tained until the differentiation phase it will sup-
press MN formation and induce OL formation.
Thus, after maximal proliferation of the Olig2-
cells, the SHH may be reduced. BDNF, GDNF,
and IGF1 were also added to the culture. The dif-
ferentiated MN produced this way represented
more than 96 % of the total hESC-differentiated
progenies. Which is the largest percentage pro-
duced so far.

In 2009, Wada et al. used a 1:1 mix of DMEM/
F12 supplemented with N2 and Neurobasal
medium supplemented with B27, with addition
of Noggin or Dorsomorphin, to induce hESC dif-
ferentiation. Following the neural rosette forma-
tion, differentiation into MNP and MN was
induced by the addition of RA and either SHH or
SAGA. Higher concentration of RA had no effect
on raising the MN cell numbers. The addition of
RA and SHH was also associated with caudaliza-
tion of the cells, marked by increased expression
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of HOXB4 and the suppression of the BFI.
However, no significant difference in the expres-
sion level of P III-tubulin was noticed, suggesting
no difference in neurogenesis itself. Similar
results were obtained using SAGA (SHH ago-
nist) as a substitute to SHH. For further matura-
tion, the culture was supplemented with BDNF,
GDNF, and NT-3. These mature MN expressed
both HB9 and ChAT gene markers. The authors
proclaimed that the use of the FGF neurospheres
following the first stage of NE cells formation
and before the second stage (neural rosette) may
expand the numbers of the NE cells up to more
than 30-fold while preserving the potency of
motor neuron differentiation. They also added
that this effect was more significant than using a
EGF/FGF neurosphere. That is due to the EGF
effect on suppressing the caudalization of the
cells. Their last step included purification of the
MN from the culture by gradient centrifugation,
which raised the purity of the isolated MN from
30 to 80 %.

In 2012, Takazawa et al. induced the EB dif-
ferentiation from hESC using the DMEM:F12
medium with 20 % Knockout Serum Replacer
(KSR), betamercaptoethanol (BME), L-Glutamine
and non essential Amino Acids (NEAA). Rho-
associated kinase (ROCK) inhibitor, Noggin, and
bFGF were added to the culture. The formed EB
were then re-suspended on DMEM F:12 medium
with N2 supplement, NEAA, L-Glutamine,
Heparin, bFGF, Noggin, and ROCK inhibitor.
The ROCK inhibitor, and Noggin and bFGF were
discontinued at days 5 and 10, respectively, and a
diluted Wnt3a-L-cell conditioned medium, RA,
AA, db-cAMP, and SHH protein were added reg-
ularly until day 18. Then Wnt3a-conditioned
medium was discontinued, SHH was increased,
and the BDNF was added. At day 25, the medium
was switched to the neural differentiation medium
(Neurobasal medium with N2 and B27,
L-Glutamine, NEAA, AA, db-cAMP), with
BDNF, GDNF, IGF-1, CNF, SHH, and RA. The
GFP and Hb9 expression were the marker for dif-
ferentiated MN appeared around the day 31.
Morphological changes, including soma size,
branching and neurite outgrowth, were also moni-
tored from day 31 to 40.

N. Adeeb et al.

Locomotor Outcomes
Oligodendrocytes Transplantation

In almost all the experimental studies, induced
SCI in animal models, including mice and rats,
was the target of the hESC-derived OL and OPC
transplantation. Shiverer mice are genetically
modified with an autosomal trait mutation in the
MBP-gene located on chromosome 18. The
absence of this gene and its coded MBP protein
causes severe myelin deficiency throughout the
CNS. These mice have an average life span of 8
week, which give a relatively short but sufficient
window for follow-up. Transplantation of the
OL-linage cells, generated in the experiment of
Nistor et al. (2005), into these mice was associ-
ated with integration and differentiation into
functional OL over a 6 weeks follow-up period.
This was evident by the formation of compacted,
multilayered myelin sheath under microscope,
and the expression of MBP, with exclusive distri-
bution within the white mater of the spinal cord
surrounding the site of injection. No data on the
locomotor improvement were included and only
early transplantation was examined. Keirstead
et al. (2005), and Faulkner and Keirstead, in the
same year, transplanted the OPC into adult rats
with induced SCI at early and late phases, 1 and
10 weeks post-injury, respectively. Eight weeks
following the injection at the early phase, at least
55 % of the axons around the site of injury were
remyelinated. This is almost 136 % more than the
endogenous remyelination in control group. To
assess the functional improvements, the Basso,
Beattie, Bresnahan Locomotor Rating Scale
(BBB) and the four-parameter kinematic analy-
ses were used. The later measures the rear paw
stride length, rear paw stride width, rear paw toe
spread, and rear paw rotation. On both scales sig-
nificant gradual improvement was noticed with the
early phase transplantation compared to the control
group, and persisted for almost 1 month follow-
ing injection. On the other hand, none of these
microscopic and functional improvements were
noticed in the late phase transplantation. In addi-
tion to the previously mentioned limitation of
later transplantation, the formation of OPC-directed
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immune response has been suggested. These
findings strongly support the therapeutic window
theory. In their experiments also, the number of
transplanted OL showed no difference in the ulti-
mate outcome.

Izrael et al. (2007) transplanted the Noggin-
treated OL into the brain of Shiverer mice. These
were associated with significant local and distant
integration and myelination within the brain tis-
sue. In another study by Sharp et al. (2010), they
proclaimed that, beside the final result, the pro-
gressive improvement in the symptoms was faster
as compared to control group. Their results were
recorded using Forelimb-movement scores,
which measures the forelimb stride length, proxi-
mal forelimb step range, and passed-perpendicular
step frequency. These could be detected as early
as 1 week after transplantation. In the same year,
Cao et al. described the use of neurotrpohic fac-
tors, i.e. CNTF with the OL transplantation to
improve their survival, integration and differen-
tiation (Cao et al. 2010). Karimi-Abdolrezaee
et al. also proved that the combined use of chon-
droitinase ABC (ChABC) and growth factors
EGF, bFGF, and PDGF-AA with the transplant
significantly improve the outcome of OL differ-
entiation, myelination, and functional outcome of
chronic spinal cord injury. The ChABC antago-
nizes the chondroitin sulfate proteoglycans
(CSPG) of the glial scar, which negatively influ-
ence the long-term survival, migration and dif-
ferentiation of the transplanted  cells
(Karimi-Abdolrezaee et al. 2010) (Table 5.2).

Motor Neurons Transplantation

Following the in vitro culture, differentiation, and
isolation of the MN, functional maturation,
including the electrical properties, actions poten-
tial generation and conduction, and the receptive
and terminal synaptic function, is analyzed.
Measurement of the intrinsic membrane proper-
ties of the MN shows more hyperpolarized rest-
ing membrane potential and decreased input
resistance with maturation. The generation and
repetitive firing of action potential was also
proved using the whole-cell patch clamp and/or

the voltage-clamp configuration, which measure
the function of the ion-channels within the cells,
especially the voltage-gated Na and K-channels.
Other electrical characteristics including spike
frequency adaptation and rebound action poten-
tial firing are also measured, and are more consis-
tent with spinal MN (Takazawa et al. 2012). The
neurotransmitter sensitivity of the MN can be
also assessed by applying the desired neurotrans-
mitter, e.g. GABA, glutamate, dopamine and ace-
tylcholine to the MN culture, and measuring the
resultant current formation (Erceg et al. 2008).
The synaptic function are being also studied with
neighboring neurons (Li et al. 2005) and skeletal
muscle cells (Wada et al. 2009). This detects the
maturation of the synaptic vesicles at the axonal
terminal, and the consequent up-regulation of the
neurotransmitter, i.e. acetylcholine, receptor at
the post-synaptic membrane. Co-culture of the
MN with astrocytes derived from the respective
hESC line was reported to be essential for elec-
trophysiological maturation (Lee et al. 2007).

Following the MN differentiation and isola-
tion, Lee et al. tested the survival capability of the
cells via transplanting them into the spinal cord
of a chick embryo. They found that these MN
were able to survive and extend axonal fibers out-
side the CNS. The next step was to test their fate
in adult CNS. Thus, they injected the HB9-cells
into the ventral spinal cords of 3-month-old
Sprague-Dawley rats. Observations at 1 day, 2
weeks, and 6 weeks after transplantation revealed
progressive loss of the HB9 expression and
increase in ChAT expression, which corresponds
to physiological MN maturation. There were also
evident of extensive fiber outgrowth and cell
migration toward the ventral surface of the spinal
cord. However, over the 6 weeks period, no signs
of axonal outgrowth outside the CNS were
addressed (Lee et al. 2007).

In the study of Erceg et al. (2010), the MNP
transplantation into rats with transected spinal
cord showed significant locomotor improvement
in a 4 months follow-up period. The locomotor
improvement was assessed clinically, were the
samples showed partial recovery of the hindlimb
movements, and on the BBB score with 6 out of
21. This is noticeably higher compared to the
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control group. On the electrophysiological study
4 months after the transplantation, partial con-
duction at the site of injury was present, com-
pared to blind conduction in the controls.
Immunohistological examination at the injection
site showed clear evidence that these progenitors
have the capacity to differentiate into mature OL
and neurons in the lesion site. Nevertheless, no
evidence of anatomically, physiologically, and
functionally active motor units was seen (Erceg
et al. 2010) (Table 5.3).

In the above experiment, the first application
of combined cellular transplantation was docu-
mented. Erceg et al. (2010) used both the OL and
MNP in rats with transected spinal cord. Over a 4
months follow-up, the functional locomotor
recovery showed a better hindlimb recovery, and
significantly higher BBB score and electrophysi-
ological function compared to single-cell
transplantation.

Lastly, transplantation of these cells proved
that the generation of differentiated and highly
pure cell line from the hESC is associated with
decreased risk of tumor formation, i.e. teratoma.
It also decreases the risk of undesired differentia-
tion, including astorocyte and scar formation,
graft-induced sprouting, and allodynia (Sharp
and Keirstead 2007).

Motor Neurons

and Oligodendrocytes Derived
Human Induced Pluripotent
Stem Cells

During fetal development, the pluripotent stem
cells start to acquire a restricted and specific
potency that gradually becomes directed towards
one cell line generation. This process was always
considered unidirectional. In 2006, Takahashi
and Yamanaka were able to go back in cellular
time by reprogramming adult somatic cells into
pluripotent cells similar to the ESC using defined
pluripotency-related transcription factors (i.e.
Oct3/4, Sox2, c-Myc and Kif4) (Fig. 5.3).
Yamanaka was honored with the Nobel Prize for
this remarkable discovery. These novel types of
stem cells were named “Induced pluripotent stem

cells” or iPSC. Since this first description, vari-
ous studies have been conducted using different
protocols and cells of origin from different spe-
cies. However, the main cellular origin stills the
skin fibroblast. These protocols also tried to
decrease the risks and health concerns and obsta-
cles associated with the use of iPSC which
include the integration of transcription factors
with oncogenic properties, mutagenesis from
insertion of the genes, the use of viral vectors
and, lastly, the slow and relatively inefficient
reprogramming process that may creates a situa-
tion that may favor incomplete reprogramming
vectors. Detailed review of these methods is
beyond the scope of this chapter.

The use of these cells is still considered an
extensive, rapid, and important advancement that
may solve the ethical issue related to the use of
ESC. They may also be used for cell replacement
therapy without requiring immunosuppressive
therapy. Moreover, the fact that these cells are
derived from individual patients makes it possi-
ble to develop customized stem cell therapies,
generate disease-specific stem cell lines, and per-
form genetic corrections.

Genetic Variations

Despite the reported close genetic similarities
between ESC and iPSC, genetic variations have
been found. The use of single-nucleotide poly-
morphism (SNP) analysis on the pluripotent (i.e.
ESC and iPSC) and non-pluripotent cells by
Laurent et al. (2011) showed that the former have
an increased overall frequency of sub-
chromosomal copy number variations (CNV),
with variations enriched in specific genomic
regions. Comparing the ESC and iPSC showed
that the ESC exhibit large number of duplica-
tions, compared to moderate amount of deletions
found throughout the iPSC lines. These deletions
were mainly present during reprogramming at
the sites of tumor suppressor genes. Moreover,
the oncogenic genes were duplicated with
extended culture of the iPSC. Similar results
were obtained by other authors (Gore et al. 2011;
Hussein et al. 2011; Lister et al. 2011) who found
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Human fibroblasts

Reprogramming

KLF4 cMYC

0CT4

IPSC

Differentiation

Fig.5.3 Reprogramming of the human induced pluripotent stem cells from adult fibroblasts using pluripotency-related
transcription factors (c-MYC, OCT4, KLF4, SOX2). iPSC induced pluripotent stem cells, NE neuroepithelial cells

that half of these mutations arise during the
reprogramming process, despite the method
used, and the other half is present in the original
cells with lower expression. An average of five
protein-coding point mutations per region was
found by Gore et al. (2011) independent of the
used method. Although these genes are cancer-
related genes, gene ontology analysis did not
reveal any pathway enrichments, which suggest a
random rather than selective process (Gore et al.
2011; Panopoulos et al. 2011). In addition to
these genetic mutations, epigenetic mutations
were also reported by Lister et al. (2011) who
detected more than a thousand differentially
methylated regions or hotspots between iPSC
and ESC lines.

All of these findings and others (Ben-David
and Benvenisty 2011) suggest that the iPSC are
more carcinogenic than the ESC, with chromo-
somal aberration acquired during three stages:
from the original cells, during reprogramming,
and during culture. However, despite these find-
ings, the functional, morphological, and onco-
genic manifestations and their in vivo variations
and impact are still unclear (Panopoulos et al.
2011).

Neuronal Regeneration

As in the case of hESC, human iPSC (hiPSC) are
capable of differentiating toward all neural cell
types, including neurons, glia, NE, and MN,
which in turn are used to treat various kinds of
neurological pathologies. Moreover, due to their
beneficial characteristics and despite their poten-
tial risks, the hiPSC is becoming an appealing
alternative source for neuronal generation.

Experimental studies on MN (Ebert et al.
2009; Karumbayaram et al. 2009) and OL
(Ogawa et al. 2011) generation from fibroblast-
derived human iPSC were capable of inducing
functional cells through and intermediate EB, in
a process exactly similar to the hESC. However,
none of these cells were tested in vivo. Other
studies that involved direct transplantation of the
human iPSC —derived neural spheres will be dis-
cussed in the next chapter.
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Abstract

The report of Thomson and collaborators on
the first successful derivation and subsequent
in vitro culture of human embryonic stem cells
(hESCs), in 1998, opened up great expectative
for a future regenerative medicine, but also
sparkled a sharp ethical debate in favor or
against the use of these cells. Moreover,
hESCs have also serious biological limitations
due to their immune rejection by the organism
in which they are grafted and because of the
formation of tumors when they are injected in
organisms. This prompted some scientists to
look for alternatives to the hESCS. They
wished to obtain pluripotent stem cells, offer-
ing the same qualities as hESCS in terms of
proliferation, self-renewal and differentiation
capacities in vitro, but that could be obtained
without having to sacrifice human embryos.
Were particularly investigated the cells
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reprogrammed through nuclear transfer, the
hESCs obtained from nonviable human
embryos, or through parthenogenesis, or
derived from blastomeres through embryo
biopsy, and the cells reprogrammed through
cellular fusion with ESCs. None of these solu-
tions proved to be clearly adequate or superior
to the other solutions. Finally, the proposal of
inducing pluripotency by introducing in the
somatic cell a set of specific transcription fac-
tors, presented by Yamanaka in 2006, has
offered a surprisingly simple, valid and reli-
able alternative to hESCs.

Introduction

The field of stem cells research is one of the
most busy and creative in biology today, and also
one of the most promising in translational medi-
cine, given the hope of reaching that way an
actual regenerative medicine. While the field of
stem cell research had opened up with the dis-
covery of adult stem cells (Till and McCulloch
1961), followed by that of umbilical cord blood
stem cells (Knudtzon 1974), subsequent pro-
gresses have come from developments with
embryonic stem (ES) cells. Evans and Kaufman
(1981) and Martin (1981), independently, iso-
lated ES cells from the inner cell mass of mouse
blastocysts and have them grown into culture.
But the true revolution in that field came in 1998,
with the announcement by Thomson and col-
leagues that they had managed to isolate and put
into culture human embryonic stem cells
(hESCs). This technological breakthrough
immediately triggered a burst of research and a
whirlwind of ethical debate. It is this achieve-
ment that has given its impetus to the whole
research on stem cells.

Embryonic Stem Cells
Embryonic stem cells obtained from the inner

cell mass (ICM) of blastocysts are pluripotent
cells that can undergo unlimited self-renewal
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divisions while retaining the capacity for
multilineage specification and differentiation.

ESCs Are Pluripotent Stem Cells

ESCs are pluripotent cells, with the capacity to
engender all cell lineages and germ cells. ESCs
represent immortalization of the naive epiblast.
Under appropriate conditions (co-culture with
mouse embryo fibroblasts that produce cytokine
leukemia inhibitory factor, Lif) they exhibit
unlimited self-renewal capacity while retaining
the attributes of preimplantation epiblast identity
and potency. Mouse ESCs depend on LIF/STAT3
signalling for maintenance of their pluripotency.
The use of a combination of two inhibitors (2i),
inhibitor of Erk pathway and inhibition of glyco-
gen synthase kinase-3 (GSK3) is sufficient to sta-
bilize and sustain mouse ESCs with full
pluripotency (Ying et al. 2008). Mouse ESCs may
represent as such a “naive ground state” of pluri-
potency, without any prespecification of lineage
choice. Human ESCs differ significantly from
mouse ESCs in their culture requirements, and are
more similar to postimplantation mouse epiblasts
cells, EpiSCS (Rossant 2008). Alike EpisSCS
their self-maintenance in culture is assured by
fibroblast growth factor (FGFD) and activin, but
not by 2i and LIF. They may represent a “primed”
state of pluripotency, in favor of particular fates.
Like EpiSCs they are heterogeneous between and
within cell lines and can show marked biases in
differentiation.

Properties of hESCS

hESCs are endowed with unique properties, com-
ing from their nature of pluripotent stem cells: —
Prolonged undifferentiated proliferation in
culture when maintained in a suitable medium
which secure their illimited self-renewal; — Stable
developmental potential to form derivatives of all
three embryonic germ layer, even after prolonged
culture; — Remarkably stable karyotypes and
expression of high levels of telomerase, which is
correlated with immortality in human cell lines,
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and this even after more than 300 population
doublings and passage for more than 1 year in
culture (Amit et al. 2000). All these properties
confer to ESCs a unique capacity to secure the
repair of damaged tissues and organs, superior to
that of any other type of stem cell.

Limits and Problems with hESCS

However, hESCs have proved problematic, since
the beginning of their individuation, from a dou-
ble point of view, practical and ethical. From a
practical point of view, hES cannot be used as
such for regenerative medicine, and this is for
two main reasons: The first is that these cells are
known to be tumorigenic, growing into teratomas
or teratocarcinomas when injected anywhere in
the adult organism (Fujikawa et al. 2005). This
property is linked to pluripotency. Only their
derivatives, at the level of progenitors, could be
safe in patients, great care been taken to eliminate
all pluripotent remaining cells from the adminis-
tered cell suspension. The second reason which
makes difficult to use hESCs in patients is that
they are rejected by the immune defenses of the
patient’s organism (Drukker and Benvenisty
2004). This second obstacle did not appear to be
absolute to the first experimenters because it has
been observed that ESCs expressed reduced lev-
els of major histocompatibility (MHC) class I
genes, and did not expressed MHC class II and
HLA-G genes on their surface (Drukker et al.
2002). This suggested that pluripotent stem cells
could be “immune-privilege” and were unable to
induce immune reactions. However, recent stud-
ies have shown that some hESCs are recognized
by immune cells and induce an immunological
reaction, without been explained the differences
between ESCs at this point of view. In order to
apply hESCs or their derivatives to patients for
regenerative medicine purpose, it will therefore
be necessary to associate to their administration
an immunodepressive treatment, which will
make more burdensome the regenerative treat-
ment. From the point of view of ethics, the obsta-
cle is clear and, for some, absolute: to obtain the
hESCs which one’s need, human embryos have

to be sacrificed. Even if one does not actually
destroy human embryos for preparing hES, and
use only readily commercially available hESCs
lines, one still share in the moral responsibility of
the destruction of these human embryos which
have served to derive the hESCs lines that one is
using.

In order to overpass these difficulties, scientist
have proposed various alternative methods for
obtaining pluripotent stem cells of the same func-
tional value as hESCS, but free of the biological
and ethical roadblocks proper to these cells. They
looked therefore for pluripotent stem cells which
would not trigger immunological reaction from
recipient organisms, and would not require the
sacrifice of human embryos for their collection.
These various proposals include :— using embry-
onic germ cells (EGS) instead of ES; — avoiding
some of the biological obstacles found with hES,
while still using human embryos as a source of
these pluripotent stem cells; — avoiding the ethi-
cal obstacle found with hES, but not the biologi-
cal, with the use of defective preimplantation
human embryos. — Avoiding both the biological
obstacle and the ethical obstacle, using biopsied
blastomeres as a source of hES, or reprogram-
ming somatic cells to the pluripotent state.

Embryonic Germ Cells

Pluripotent embryonic stem cells, called “embry-
onic germ cells” (EG) have been derived from
foetal primordial germ cells (PGCs) in culture.
This was first achieved on mouse cells in 1992 by
Matsui and colleagues (Vanderbilt University,
Tennessee), and by Resnick and colleagues 2003
(Frederick, Maryland) working independently.
These authors found out that a modification of
PGCs culture for promoting their proliferation
and survival changed in fact the nature of these
cells. In adequate conditions, with bFGF in pres-
ence of LIF, they became indeed “reprogrammed”
to a pluripotential state in which they behave very
much alike ESCs derived from blastocyst. Then,
in November 1998, Gearhardt and colleagues
announced that they had derived human embry-
onic germ cells (hEGCs) from foetal primordial
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germ cells (Schamblott et al. 1998). EGCs are
equivalent of ESCs in terms of capacity for in vitro
proliferation and broad cell differentiation. EGCs
from mice and rats can be established with high
efficiency using 2i in combination with the cyto-
kine leukemia inhibitory factor LIF. They exhibit
therefore properties consistent with the generic
pluripotent ground state found in mouse ESCs.
However, hEGCS are more difficult to obtain
than hESCS, and tend to differentiate spontane-
ously in culture (Turnpenny et al. 2003).
Moreover, they do not resolve the biological dif-
ficulties encountered with hESCs. The potential
use of hEG cells in cell therapy applications will
depend on a more thorough understanding of
how to derive and maintain these cells in vitro.
From the ethical point of view, such a practical
application of EGSCs would involve harvesting
germ cells from aborted human fetuses (at 59
weeks after fertilisation). Thus the use of hEGCs
instead of hESCs while permitting to avoid the
ethical problem of preimplantation embryo
destruction, will bring nonetheless one another
ethical problem of possible moral cooperation
with provoked abortion.

Alternative Proposals Using Human
Embryos as a Source of Pluripotent
Stem Cells

The development of somatic cell nuclear transfer
into enucleated oocyte (SCNT) (somatic cell
nuclear transfer) (Wilmut et al. 1997) has opened
to stem cell researchers a new avenue of research.
Two different proposals have been put forward,
using SCNT:- “Therapeutic cloning”; — Creation
of human cytoplasmic hybrid embryos
(“cybrids™).

“Therapeutic Cloning” to Produce
Immuno-Compatible Human ES Cells

“Therapeutic cloning”, better called ‘“research
cloning” (Lanza et al. 1999), would create a human
embryo by nuclear transfer of one of the patient’s
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somatic cells into an enucleated human oocyte.
hESCs extracted from that embryo when arrived at
the blastocyst stage, would therefore be immuno-
logically compatible with the organism of the
patient. Administered to the patient for regenera-
tive purpose, they would not be rejected. However,
this proposal immediately came up against serious
biological and ethical difficulties. From the bio-
logical standpoint, the nuclear transfer technique,
even limited simply to the production of blasto-
cysts from which to obtain stem cells, has pro-
duced positive, consistent results in only some
species (mouse, bovine, rabbit). In primates, the
Oregon National Primate Research Center team,
after years unfruitful attempts, managed in 2007 to
obtain two ES cell lines from 35 macacus rhesus
blastocysts created by SCNT (out of 213 prepared
embryos), then, more recently, two other ES cell
lines from six blastocysts created by SCNT (out of
71 prepared embryos) (Sparman et al. 2009). In
humans, therapeutic cloning, despite repeated
efforts has not produced any consistent results. In
May 2005, Stojkovic and Murdoch (Newcastle,
UK) did indeed announce that they had created the
first cloned human embryo, but they had not
extracted stem cells from it. More recently
(January 2008), a group of researchers at Stemagen
Corporation (French et al. 2008) reported the cre-
ation by cloning of 14 human embryos, derived
from 29 oocytes. Five of these embryos were said
to have been able to develop to the blastocyst
stage, but the authors had not tried to extract stem
cells from them. Li et coworkers (Shandong,
China) (Li et al. 2009) also reported in 2009 the
creation of human blastocysts by SCNT (5 out of
26 prepared embryos, produced from 135 oocytes
from 12 donors), but again did not seek to derive
hES cells from them. “Therapeutic cloning” in
humans is therefore still a costly undertaking,
severely limited by the number of human oocytes
it requires, and which has given no positive results.
From an ethical standpoint, “therapeutic cloning”
requires the deliberate creation of an early-stage
human embryo, followed by its disaggregation. Its
ethical acceptability thus depends on the degree of
“moral value” the preimplantation embryo is rec-
ognized to possess.
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Human Cytoplasmic Hybrid Embryo
(“Cybrid”) Proposal

Because of the difficulty of collecting a suffi-
cient number of human oocytes in order to be
able to create human embryos by cloning and
extract the stem cells from them, some have
suggested using the interspecies somatic cell
nuclear transfer iISNCT) technique that seeks to
create cloned embryos by the nuclear transfer of
a human somatic cell into an enucleated animal
oocyte. These would be “cytoplasmic hybrid”
embryos (“cybrids”) with a human nuclear DNA
and an animal cytoplasm containing the animal
mitochondrial DNA. This technique has been
used primarily to ensure the survival of certain
endangered species, but it has had very little
success. Despite these mediocre results, iSCNT
has been seen as a possible solution to the prob-
lem posed by the difficulty of recruiting human
oocytes for therapeutic cloning. The idea would
be to use enucleated bovine oocytes as host and
activator of human somatic cell nuclei. Human-
animal cytoplasmic hybrid embryos would thus
be created (99.9 % human due to the nuclear
DNA, 0.1 % animal due to the mitochondrial
DNA), from which human-like embryonic stem
cells could be extracted once these embryos
have developed to the blastocyst stage. These
ES cells would be genetically human, and could
therefore be used therapeutically, without the
risk of rejection. The Advanced Cell
Technologies (Massachusetts) team was the first
to study this possibility. In 1999, these authors
reported that they had created embryos by
nuclear transfer of human somatic cells into
enucleated cow oocytes (Lanza et al. 1999).
Twenty-six percent of these embryos (n=6) was
said to have been able to develop to the 4-16
cell stage and only one of them to have reached
the 400-cell stage. The success of this operation
was thus more than limited. Chang et al. (2003)
reported the creation, using the same technique,
of human/cow hybrid embryos, with modest
results: out of 286 embryos prepared in this
way, only four embryos were able to develop to
the morula or blastocyst stage, and there was no

mention of ES cell extraction from these
embryos. The same authors published a follow-
up to this study in October 2004. Out of 194
human/cow hybrid embryos created by SCNT,
only two embryos reached the blastocyst stage.
Illmensee et al. (2006) reported the creation of
37 human/cow hybrid embryos, seven of which
were said to have reached the blastocyst stage,
but no ES cells could be extracted from these
blastocysts. Despite this repeated lack of suc-
cess, the British HFEA (Human Fertilisation
and Embryology Authority) declared on 5
September 2007 that it was in favour of the cre-
ation of such “cybrids”, declaring them “neces-
sary and desirable in both scientific and ethical
terms”. The creation of “cybrids” is a serious
matter from an ethical point of view. Even if the
individual resulting from this transfer into a
bovine oocyte is genetically 99 % human, the
process itself does not respect the humankind of
which the cybrid is a part.

Alternative Proposals to Obtain
hES-Like Cells from Human
Embryos with No Development
Potential

In the second line of response to problems
encountered with hES cells, what is primarily
sought is the development of ethically acceptable
methods that would enable hES cells to be
obtained without viable human embryos being
disaggregated. Three proposals have thus been

put forward: — using poor-quality embryos
rejected by the IVF centers; — using parthenoge-
netically created embryos; — using human

embryos planned to be defective and unable to
implant.

Use of Poor-Quality Embryos

A fifth of all embryos generated for in vitro fer-
tilization, classed as “nonviable” for transfer
because they fail to develop properly or because
of their poor morphology, could be in fact
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considered as dead, taking as criteria the
hypocellularity and the lack of compaction on
embryonic day 5. Such embryos, which are dis-
carded, still contain live cells that are a potential
source of hES cells. Landry and Zucker (2004)
have, therefore, proposed to derive hESCs from
such “nonviable embryos”. Mitalipova et al.
(2003) reported that they had been able to derive
hES cells from surplus human embryos offered
to research because of their lack of development
and morphological anomalies, and that they had
been able to obtain four hES cell lines from such
embryos. Pickering et al. (2003) reported
obtaining three hES cell lines from 58 human
embryos created by IVF, subjected to preim-
plantation diagnosis, and judged to be defective
and unfit for implantation. Lerou et al. (2008)
have shown that there was a possibility, albeit
very low (0.6 %), of deriving hES cells from
3-day embryos considered to be of poor quality,
and with low probability of uterine implanta-
tion. hES cell derivation efficiency was clearly
better (4.1 %) when these poor-quality embryos
had reached 5 days of development, and it was
8.5 % when these embryos had become blasto-
cysts. From a biological standpoint, this pro-
posal of using non-viable embryos for the
derivation of hESCS does not offer a real solu-
tion to the problem of the limited number of
human embryos available for obtaining hES
cells, because to be more effective it requires
“cavitated embryos”, that is blastocysts, and
most arrested embryos or those presenting mor-
phological changes do not reach this stage of
development. Nor does it solve the problem of
the immunological rejection of hES cells, if
these cells were to be used clinically. However,
despite the poor success rate of the process, this
proposal should not be underestimated because
it does take advantage of the actual availability
of these arrested nonviable embryos from IVF
centers. Moreover, the idea of using embryos
facing certain death as a source of hES cells
might be defended from an ethical standpoint,
based on the analogy of taking organs from
brain-dead patients. However, at present, there
are no reliable, early criteria for declaring an
embryo “dead”. One can only speak about
“arrested non viable embryos”.
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Parthenogenesis

Parthenogenesis is the process by which a new
individual develops from a non-fertilised oocyte.
It can be induced in mammals by artificial, chem-
ical or electrical stimulation of an oocyte, which
then develops to form an embryo that only has
the genetic programme of the mother and is
called a “parthenote”. In primates, embryos cre-
ated in this way cannot develop correctly and are
generally lost before they can implant, probably
due to a lack of expression of the paternal
imprinted genes. Recourse to parthenogenesis
was proposed by Cibelli et al. (2002) as a way of
obtaining immunocompatible hES cells from a
female donor. This approach would moreover be
ethically acceptable, because it does not lead to
destroying normal human embryos. These
authors had derived embryonic-like parthenoge-
netic stem cells from four monkey (Macaca fas-
cicularis) embryos at the blastocyst stage,
obtained through the development of metaphase
IT oocytes that were not fertilized but activated by
a calcium wave. These parthenogenetic embry-
onic stem cells (PESCs) were capable of multi-
plying in vitro for more than 10 months. PESCs
harvested from “parthenote” embryos have char-
acteristics similar to those of hES cells collected
from viable embryos created by fertilisation.
They express the pluripotency key ESC-specific
markers (OCT4, Nanog, Sox-2, Foxd3, Rex-1,
Stat-3, cMYC). They form embryoid bodies
structure. They spontaneously differentiate into
derivatives of the three embryonic germ layers as
confirmed by ectodermal, mesodermal and endo-
dermal markers. Their differentiation can be suc-
cessfully oriented toward the neuronal lineage.
hPESCs can be differentiated into multipotent
human mesenchymal stem cells (hMSC), and
thus be a valuable source for cell-based therapies.
They do have robust germline competence
enabling the production of transgenic mouse
strains from genetically modified haploid parthe-
nogenetic ESCs. Differentiation of haploid par-
thenogenetic PESCs in the embryo correlates
with the gain of a diploid Karyotype by endo-
reduplication. Because these PESCs are histo-
compatible with the oocyte donor, they could
represent a solution to the immunocompatibility
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problem of ESCs, at least for female patients.
They could that way provide a valuable source of
progenitors  for  regenerative  medicine.
Parthenogenetic embryonic stem cells have
already been used as equivalent to ES cells, in
preclinical studies in the animal. They ameliorate
cardiac dysfunction and remodelling after myo-
cardial infarction in mice. They can be differenti-
ated toward retinal pigment epithelium.
Parthenogenetic dopamine neurones derived
from parthenogenetic primate hES cell lines and
transplanted into the right striatum of rats made
hemiparkinsonian by treating them with
6-hydroxy-dopamine restored the motor function
of these animals. However the genetic implica-
tions of the parthenogenetic origin of these ES
cells do cast doubts on their possible future use.
First of all, the high level of homozygosis and the
lack of paternal genome might pose a safety chal-
lenge for their therapeutic use. We can fear in
particular in these parthenogenetic ES cells an
abnormal expression of the imprinted genes.
Genome-wide expression study by microarray
analysis shows that, although overall gene
expression of parthenogenetic iPSCs (induced
pluripotent stem cells) resembles that of biparen-
tal ES cells, significantly broader changes (accu-
mulation of instability) occurs in this expression,
compared with biparental controls, when these
parthenogenetic iPS are further differentiated
into parthenogenetic mesenchymal stem cells.
This highlights the effect of the interplay of epi-
genetic reprogramming on a monoparental back-
ground, as well as the importance of heterozygosis
and biparental imprinting for stable epigenetic
reprogramming. mRNA expression analysis
show Insulin-Like Growth Factor I and
Uteroglobin to be overexpressed in parthenote
embryos, compared to non parthenote embryos.
The parthenogenetic embryonic ES cell has an
excessive number of centrioles, while lacking the
centriole which is inherited through the sperm of
mammalian species. They demonstrate centro-
some amplification, over expression of PLK2 and
down regulation of CCNF respectively involved
in the stimulation and inhibition of centrosome
duplication, and a high incidence of aneuploidy.
But it appears that these anomalies could be
corrected to a certain extent in the pluripotent

cells derived from such parthenogenetic embryos.
Therefore, with cells derived from partheogeneti-
cally created embryos, we would have pluripo-
tent cells of a quality equal to that of ES cells,
which would moreover be histocompatible with
the recipient when the parthenogenetically acti-
vated oocyte came from that same person. The
authors of these studies considered that the deri-
vation of these embryonic-like pluripotent cells
from non-fertilised human oocytes activated to
parthenotes would be ethically acceptable,
because the product of this activation, i.e. the par-
thenogenetically created embryo should not be
regarded and treated as a real embryo. In their
opinion this “parthenote”, incapable of develop-
ing beyond the blastocyst stage, with no future
potential, should be considered as potentially
dead, and treated as such. This opinion seems
however questionable, because these activated
human oocytes behave exactly like normal
embryos until their epigenetic imbalance curbs
their development and stops them implanting in
utero.

Altered Nuclear Transfer

The proposal presented by Hurlbut (2005) enti-
tled “Altered Nuclear Transfer” (ANT) aimed to
create by cloning (SCNT), an “altered” human
embryo, that is to say, incapable of implanting or
developing after implantation, which could
become a morally licit source of hES cells.
Meissner and Jaenisch have showed in the mouse
that it is possible to neutralise the cdx2 gene in
mouse fibroblasts and use these fibroblasts to cre-
ate through SCNT a cdx2-deficient embryo,
unable to implant. From this defective embryo it
is possible to derive ES cells, to which a normal
cdx2 function could be restored afterward by
transferring the gene. Hurlbut’s plan is to create
by RNA interference embryos deficient in the
cdx2, from which embryonic stem cells would be
derived. Once these cells had been obtained, they
would have their cdx2 gene re-expressed, turning
that way into normal pluripotent hES cells.
According to Hurlbut, the biological result of
“altered nuclear transfer” with cdx2 deficiency
would not be an embryo, since it would not have
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the ability to develop, but a “group of cloned
cells”, comparable to a teratoma. Hurlbut thinks
that it would be morally licit to destroy such
“altered embryos” in order to collect their inner
cell mass. This proposition of Hurlbut is not
without weak points, scientifically and ethically.
(1) From a scientific standpoint, it is not known
what might happen to human embryos if they
were made cdx2-deficient, and allowed to
develop, given that this gene is a “homeobox”
gene, of the “Hox” essential gene family, which
definitely plays a number of important roles in
embryo development. (2) From an ethical stand-
point, the comparison between a defective
embryo that does not manage to implant and a
teratoma is not correct. The cdx2—deficient
embryo behaves like an organism with a develop-
ment plan, up to the blastocyst stage. The fact
that it is unable to implant takes nothing away
from its quality as a biological individual. (3) The
proposal to manipulate the genome of human
embryos created by cloning to make them inca-
pable of implantation is perplexing. The fact that
many embryos produced through sexual relations
have chromosomal or genetic anomalies that pre-
vent them from developing properly or implant-
ing does not justify the deliberate creation of
such anomalies.

Alternative Proposals That Do Not
Involve the Destruction of Human
Embryos

Other proposals have been made to obtain hES
cells or pluripotent stem cells hES-like without
having to destroy human embryos. These are: —
(1) Using blastomeres harvested by embryo
biopsy. — (2) Reprogramming somatic cells to
embryonic-like cells.

hES Cells Derived from a Single
Blastomere Collected by Embryo
Biopsy

One proposal to obtain hES-like cells without
having to sacrify a human embryo is to remove
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by biopsy one blastomere from an embryo in the
segmentation phase. ES cell lines have been that
way derived from the blastomeres of early-stage
mouse embryos, in the very first stages of cleav-
age, the two-cell embryo blastomeres having the
highest success rates (Wayayama et al. 2007).
This idea was taken up by Chung et al. (2006) as
a method for obtaining hES cells without having
to destroy human embryos. However, the proce-
dure proved to be very inefficient, as only 2 % of
the blastomeres collected in this way had given
rise to an hES cell line. In the best conditions,
three blastomeres out of 15 had generated stable
hES cell lines. These studies also reported fre-
quent chromosomal and genetic anomalies
affecting the hES cells in these lines. Different
derivations of hESCS lines from biopsied blasto-
meres have been recently reported. One study
(Ilic et al. 2009) has reported an increase of
efficacy from 12.5 % (one hESC line out of 13
biopsies) to 50 % (3 lines out of 6 biopsies). In
that study all derived lines maintained normal
karyotype and expressed totipotent phenotype
including the ability to differentiate into trophec-
toderm and all three germ layers. However, all
these derivations were realized using the whole
available material of the human embryos, with-
out trying to save them. Only one study (Taei
et al. 2010) has been performed within the condi-
tions of a biopsy for preimplantation diagnosis,
but again without saving the embryo. Derivation
of hESC lines from blastomeres of biopsied
embryo would be a way of taking advantage of
these human embryos which are eliminated in the
IVF clinics through preimplantation diagnosis.
From an ethical point of view, however, it does
not bring a valuable alternative to hESCs harvest-
ing from cryopreserved, left over blastocysts, nor
to the extraction of hESCs from poor-quality
embryos discerded from IVF clinics.

Somatic Cell Reprogramming

The last proposal for obtaining embryonic-like,
pluripotent stem cells without having to sacri-
fice human embryos is “nuclear reprogram-
ming”, that is, the change that occurs in the
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nucleus of a somatic cell when it is induced to
revert from its differentiated state and assume a
pluripotent state. In order to demonstrate that a
nucleus from a differentiated cell still pos-
sessed the same genetic material than the
nucleus of an embryonic undifferentiated cell,
Spemann proposed in 1938 to transfer the
nucleus of a differentiated, adult cell, into an
egg whose own nucleus had been removed. But
the experiment so designed had to wait 14
years — till the end of the Second World War —
to be carried out. It was finally accomplished by
Briggs and King (1952) who injected nuclei of
blastomeres from Rana pipiens into previously
enucleated frog eggs and obtained, that way,
early cleavage embryos. It is that technique of
nuclear transfer which enabled Gurdon (1960),
studying on Xenopus, to demonstrate the reality
of reprogramming. Gurdon showed that the
nucleus of a differentiated cell was able to
recover the capacities of the nucleus of a zygote
when it was transferred into the enucleated ovo-
cyte of Xenopus. From this finding, Gurdon
drew two teachings: on one side he was able to
demonstrate that the dogma of the irreversibil-
ity of the differentiated state of adult cells was
wrong, on the other side he could tell that there
were factors within the cytoplasm of eggs that
were able to achieve this nuclear reprogram-
ming. The announcement, on February 27,
1997, of the birth of the healthy lamb created
by Wilmut and. Campbell, using the technique
of nuclear transfer, has illustrated in a eloquent
way the rightness of these views.

Lessons from Transdifferentiation

Henry Harris and colleagues in 1969 provided
important background to cellular reprogramming
by showing that malignant cancer cells fused to
fibroblasts were no longer malignant due to gene
repression. Then, key finding had been in 1979
the observation by Taylor and Jones that the treat-
ment of fibroblast cell lines (10T1/2, 3T3 cells)
with the DNA analogue 5-azacytidine induced
their conversion into adipocytes, chondrocytes
and myogenic cells. The recognition that
5-azacytidine blocks DNA methyltransferase and
is thus a DNA demethylating agent suggested the

importance of epigenetic mechanisms in

regulating cell fate.

Lessons from Heterokaryons

In 1983-1984 Blau showed that fusion of one dif-
ferentiated cell (a muscle cell) with a cell in
which muscle genes are not normally expressed (
a human amniocyte as example) leads to the acti-
vation of muscle genes in the amniocyte. Blau
obtained such a transdifferentiation through
interspecies cell fusion to form mixed species
cell hybrids, called “hétérokaryons”. This indi-
cated the existence of transacting factors capable
of inducing transdifferentiation.

Reprogramming Using Cell-Free

Extracts

From these findings on transdifferentiation came
the idea that nuclear reprogramming with the
activation of silent genes could be accomplished
without nuclear transfer in ovocytes, using only
somatic cell-free extracts of active cells. This was
shown in 2002 by Collas and colleagues
(Hakelien et al. 2002) on quiescent human T cells
and on fibroblasts, by incubation in an extract of
T-cell cytoplasm. These authors proposed their
method as an alternative way to somatic cell
nuclear transfer for bringing somatic cells to the
pluripotent state (Collas et al. 2006).

Epigenetic Reprogramming of Somatic
Cells by Hybridisation (Fusion with ES
Cells)

One another way of inducing the activation of
silenced genes in somatic cells, without passing
through somatic cell nuclear transfer, and with-
out cell extracts treatment is fusion of the somatic
cell with a pluripotent cell (Tada et al. 1997).
This demonstrated that the same intrinsic trans-
acting factors which in the oocytes allows the
reprogramming of the transfered somatic cell
nucleus, are also acting in the cytoplasm of the
pluripotent cell, allowing DNA demethylation,
histone acetylation and modifications of the chro-
matine structure involved in the establishment of
the pluripotent state. Epigenetic nuclear repro-
gramming of somatic cells by in vitro hybridisa-
tion with ES cells (Tada et al. 2001) has therefore
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been proposed ( Cowan et al. 2005) as an alterna-
tive method to hESCs extraction from human
blastocysts for obtaining pluripotent stem cells.
The result of this “reprogramming” are tetraploid
cells with capabilities comparable to those of
ES. This method for reprogramming somatic
cells to the pluripotent state can be considered as
a valid alternative to hESCs: the pluripotent stem
cells can be derived from somatic cells of the
patient, eliminating that way the immunological
problem of HeLa incompatibility; they can be
produced in an abundant, unrestricted way,
because the somatic cells to be derived are
obtained from a skin biopsy and not from an
embryo. Finally, this method does not require any
human embryo, and this removes the ethical
roadblock of hESCs. However, this method do
rise its own problems. It would be indeed ques-
tionable to apply the product of this hybridiza-
tion, i.e. tetraploid cells, on patients, given the
uncertainties of such cells when administered in
an organism. For that reason, some have pro-
posed to proceed to targeted elimination of the
ESC-derived chromosomes following cell-
fusion, using a universal chromosome elimina-
tion cassette (CEC) (Matsumura and Tada 2008).
From an ethical standpoint, this method presup-
poses the use of an ES cell line to reprogram the
somatic cells. But the use a hESC line means
cooperating with the process that has permitted
to obtain that line; that is the removal of the ICM
from a human blastocyst, destroying it. It will
still be not approved by some on ethical grounds.

Inducing Pluripotency Through
the Intervention of a Set of Specific
Transcription Factors: The Induced
Pluripotent Stem Cells (iPSC)

Yamanaka (University of Kyoto, Japan) took
up the challenge of individuating these tran-
scription factors which were needed for con-
verting a somatic cell into a pluripotent,
undifferentiated cell ESC-like. In a relatively
short time, he was able to reach the groud-
breaking achievement of inducing pluripotency
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in somatic cells by introducing a specific set of
such transcription factors.

The Announcement and Its
Verification

In July 2006. Yamanaka and colleagues at the
Congress of the International Society for Stem
Cell Research (ISSCR) in Toronto reported that,
using a technique of transferring some of the fac-
tors responsible for pluripotency in preimplanta-
tion embryos blastomeres and hESCs (Oc#4, Sox2,
c-Myc and Kif4), they had been able to change
ordinary, “somatic”, mouse skin differentiated
cells (fibroblasts) in undifferentiated “ES-like”
cells, which they named “induced pluripotent stem
cells” (iPS) (Takahashi and Yamanaka 2006). A
year later, these authors published identical cell
reprogramming results (Takahashi et al. 2007), but
this time using human fibroblasts. The scientific
world realised the importance of this work, and its
value, when the results of Yamanaka and col-
leagues were confirmed in 2007 by three different
teams of researchers, one in Japan and two in the
United States. What was astonishing in the method
developed by Yamanaka et al. was the reliability of
the approach and the fact that only four factors,
Oct4, Sox2, Kif4 and c-Myc were needed to
induce pluripotency in somatic cells.

iPSCs Are Comparable to ES Cells

Human iPS cells (hiPS), as produced by
Yamanaka, Takahashi and colleagues, present all
the characteristics of embryonic stem cells
regarding morphology, self-renewal, and prolif-
eration capability. They provide the expression of
pluripotency related transcription factors (pres-
ence of 27 “specific epigenetic marker” genes of
ES cells, and signature of the ES state, especially
Nanog, Oct3/4, Sox2, Cripto, and GDF3).
ES-specific surface antigens are found on the
iPS. By restoring pluripotency in the fibroblasts,
the reprogramming resets the biological age of
the cell to its starting point, which can be seen in
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an activation of the telomerase, causing a length-
ening of the telomeres. hiPSCs are capable of
producing in vitro derived cells representing the
three embryonic germ layers, and can subse-
quently produce all the cell types of the organ-
ism, including germ cells. Like ES cells, iPS cells
form embryoid bodies in vitro and develop into
teratomas when they are injected subcutaneously
into laboratory mice. When iPS cells are intro-
duced into embryos at the blastocyst stage, they
take part, as do ES cells, in the development of
the three primitive embryonic germ layers, pro-
ducing a ‘“chimerical” embryo in which the
descendants of the injected iPS cells are of all
cell types, including gametes. Zhao et al. (Beijing,
China) in 2009 have shown that iPSCs are able to
generate a whole animal when aggregated into
tetraploid embryos. Human iPSCs share with
hES the same characteristic of been more similar
to mouse EpiSCs than to mouse ESCs. They do
not respond functionally to LIF, and they self-
renew in response to FGF and activin. Like
EpiSCs they are heterogenous between and
within cell lines and can show marked biases in
differentiation. hPSCS present a reprogramming-
specific epigenetic signature comprised of nine
aberrantly methylated genes that enable to segre-
gate hESC and hiPSC lines regardless of the
somatic cell source or differentiation state (Ruiz
et al. 2012). The therapeutic significance of these
nine genes awaits further research.

An Effective Alternative to hESCs,
in Biology and Ethics

Human iPS cells offer distinct biological and
ethical advantages over hESCs. First, a major
advantage of using reprogrammed somatic cells
is that they provide the possibility of autologous
transplant in regenerative therapy, eliminating
the need for immunosuppressive therapy. Second,
iPSCs possess an unlimited resource capacity
because they require only a tissue biopsy (or
some blood collection) for derivation, whereas
hESCs have severely limited resource capacity.
Finally, and perhaps more important, human
embryos need never to be destroyed to obtain iPS

cells. Thus iPSCs avoid all the ethical problems
and disagreements surrounding embryo destruc-
tion for hESCs collection.

The Weak Points of iPSCs

One of the main criticisms addressed to.
Yamanaka’s nuclear reprogramming technique
concerns the inefficiency of the process. Indeed,
fewer than 0.1 % of the skin fibroblasts thus
treated demonstrate effective reprogramming.
Various strategies have since been developed to
increase the efficiency of cell reprogramming,
such as the addition of SV40LT and hTERT, the
inhibition of DNA methyltransferase (DNMT),
the silencing of p53 and the introduction of UTF1
into the human fibroblasts to be reprogrammed,
or the use of the GLI transcription factor. Another
way to improve reprogramming efficiency would
be to resort to embryonic stem cell-specific
microRNAs (mir-291, 294, 295) which increase
reprogramming efficiency and can replace c-myc
in this reprogramming. A second criticism of
Yamanaka’s technique regards the use of the
c-myc transgene for the cell reprogramming,
given that this oncogene causes cancers in the
host. However it is possible to substitute in the
Yamanaka protocol the n-myc gene for the c-myc
oncogene, without adversely affecting repro-
gramming efficiency. A third criticism of the
method of reprogramming used by Yamanaka
and colleagues concerns the use of multiple retro-
viral vectors — one for every gene transferred.
These retroviral vectors were indeed responsible
for insertional mutagenesis leukaemias in some
of the children treated with gene therapy for
severe immunodeficiency (SCID-X) at the
Necker Hospital in Paris. More recent studies
have shown that other vectors, less risky, can be
used for reprogramming through bioengineering.
Induced reprogramming has been obtained for
example by using adenoviral vectors, a single
lentiviral, polycistronic vector (carrying four
reprogramming genes), a non-viral polycistronic
vector (plasmid), a transposon, a vector carrying
transgenes that was excised once the reprogram-
ming had been done or a non-integrating episomal
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vector. However the efficiency of iPS cell
generation when an adenoviral vector or a plas-
mid is used is very low. Yamanaka, Okita and col-
leagues have devised a simple and more efficient
method to generate integration-free human iPS
cells: they use episomal plasmid vectors com-
bined with p53 suppression and nontransforming
L-Myc. The efficiency of iPSC induction using a
plasmid combination can also be increased add-
ing EBNAL, a factor for episomal amplification.
iPS can also be generated using small molecules
that promote or facilitate cell reprogramming,
and can replace one or two reprogramming fac-
tors during iPS cell generation. Finally, the repro-
gramming proteins can be directly delivered to
the cells by combining them with peptides or
with recombinant proteins (Ding at the Scripps
Research Institute).

Applications of iPS

Future Clinical Use

With their capacity to undergo unlimited self-
renewal and to differentiate into all cell types in
the body, iPSCs reprogrammed from somatic
cells of human patients do hold promise for
future clinical use, especially in regenerative
medicine. Moreover, they can provide a renew-
able source of autologous cells for cell therapy
which eliminate the concern for immune
rejection.

Given the time needed to get a sufficient num-
ber of iPSCs from a skin biopsy, autologous
iPSCS derived from the future recipient would
not be very useful for pathologies that necessitate
arapid intervention — such as spinal cord injury —
This is why Yamanaka is developing at the pres-
ent an iPSCs bank with various HLA haplotypes
which would cover the needs of Japan in homo-
zygous iPSCs donors. iPSCS will not be applied
directly to patients because of the risk of terato-
mas carried by pluripotent stem cells, but instead
tumor-free progenitor stem cells derived from
these iPSCs. The use of iPSCS in the clinical
field has been already explored for many differ-
ent pathologies: in hematology, for the treatment
of Diabetes 1, in neurological diseases, in
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neurodegenerative diseases, for the derivation of
dopaminergic neurones for Parkinson’s disease,
for the study of Parkinson’s disease, for
Huntington’s disease, cardiac regeneration, mus-
cular dystrophy, spinal cord injuries, immune
modeling, the procurement of hematopoietic
cells, and the production of red blood cells,
megacaryocytes and platelets. Based on the good
results obtained with iPSCs in the induction of
retinal pigment in macular degeneration,
Takahashi from RIKEN (Japan), is hoping to
launch a clinical trial on age-related macular
degeneration (AMD) treatment derived from hiP-
SCs (prepared without any viral vector). iPSCs
can be combined with gene therapy for the treat-
ment of numerous pathologies of genetic origin.
Gene modified iPSCs have been experimented
with success in animal models for sickle cell dis-
ease, Fanconi anaemia, laminopathy-associated
LMNA mutations, al-antitrypsine deficiency,
osteogenesis imperfecta, thalassemia, congenital
erythropoietic porphyria, Huntington’s disease.
Russell and colleagues from the University of
Washington, Seattle, using a gene targeting
method, have been able to correct the trisomy in
Down syndrome in iPSCs derived from trisomic
individuals (2012).

iPSC as cellular models, patient specific, of
human diseases hiPS enable pathology modelling
(“disease in a dish”) with distinct advantages
over hES (Ellis and Bhatia 2011). Many different
cell models of various pathologies have been pro-
duced that way. Most recent models include
human cell model of spinocerebellar ataxia type
2, spinal muscular atrophy, Huntington’s disease,
cystic fibrosis, Down syndrome, amyotrophic lat-
eral sclerosis (ALS). iPSCs can constitute excel-
lent cell models of pathologies which can be
exploited to illuminate disease physiopathology,
especially in the field of genetic disorders. One of
the benefits from these cell models of genetic dis-
eases is that they can reveal disease related phe-
notypes, and that these phenotypes can be
reversed in vitro using appropriate drugs. hiPSCs
cell models of pathologies offer pharmaceutical
research a material of choice for the screening of
molecules that could potentially be used thera-
peutically against these diseases, and for identify
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novel drug targets (Inoue and Yamanaka 2011).
hiPSCs will permit a patient-specific drug screen-
ing which is the prime condition for the advent of
personalized medicine (as example for amyo-
trophic lateral sclerosis) (Egawa et al. 2012).

Limitations of iPS

Despite these advantages, hiPS have their limita-
tions. The first is that there is often heterogeneity
in the degree of effective reprogramming reached
by the cells that are qualified as iPS. Only some
of these cells have properties comparable to those
of ES, which explains the rather variable results
found by different authors in their evaluation of
iPS properties (Soldner and Jaenisch 2012). One
particularity of iPSCs which has cast some doubt
about their functional capacities is that these cells
seem to keep an epigenetic “memory” of their
cellular type of origin, which explains why the
transcriptional profiles of these cells are not iden-
tical whether they are derived from skin fibro-
blasts, hematopoietic cells, or myogenic cells.
Three studies, published in the March 2011 issue
of “Nature” showed that some genetic and epi-
genetic anomalies appear during the process of
reprogrammation for obtaining iPSCs or in the
following cell culture. Such anomalies are not
seen in somatic cells reprogrammed in hESCs
through ovocyte nuclear transfer. The iPSCs
which bear genomic abnormalities are not fully
pluripotent, as evaluated by the tetraploid com-
plementation assay. One another limitation of
iPSCs concerns their efficiency at forming the
various cell types by differentiation. Hu and col-
leagues from the University of Wisconsin have
found that iPSCS generated neuroepithelia and
various types of functional neurones with less
efficiency and greater variability than hESCs.
Feng and Lanza from the Stem cell and
Regenerative Medicine International (Worcester,
MA) have reported that hES cells generated a
thousand times more of the desired cells than
iPS. These results must, of course, be interpreted
in the light of more specific studies because they
may be simply the result of incomplete repro-
gramming. The most important question concerns

the risk of causing cancer associated with a future
use of hiPSCs in patients, either because of the
inclusion of oncogenic transgenes, or because of
the persistence of undifferentiated cells in the dif-
ferentiated batch that will be administered to the
patient, or because of still unknown factors con-
nected with the reprogramming. Experimental
studies on animals have been reassuring in that
regard up to now.

Ethical Perspective on iPS

From the ethical standpoint, the development of
iPS technology allows to obtain in abondance
pluripotent stem cells of a quality comparable to
that of ESCs, without necessitating the sacrifice
of human embryos. One cannot underestimate
this achievement. On the other hand, the develop-
ment of iPSCs raises new questions. One particu-
lar issue concerns the possible generation of
germ cells from iPS. A number of laboratories
are aiming at deriving gametes from human
iPSCS. It has been shown recently (Easley et al.
2012) that hESCs ad hIPSCs can be induced to
differentiate into advanced male germ cell lin-
eages, including postmeiotic, spermatid-like
cells. These studies may lead to the procurement
of male gametes derived from somatic cells of an
individual of either sex. This paves the way to
personal procreative choices which may conflict
with ethics and local laws.

Possibilities are opening up for the translation
of the iPS research into clinical applications on
patients. But we are not yet sure of the safety of
iPS cells. The question of genomic stability and
of quality of reprogrammation has to be answered.
There are therefore still many “roadblocks” on
the way to clinical application of iPSCS. It would
be tempting to apply already the iPS technology
to some patients, in a compassionate perspective,
for desperate issues such as spinal cord injuries.
But wisdom and precaution principle require
more studies on animals. Because of these uncer-
tainties of iPSCs, some think that more “natural”
processes for reprogramming, such as those that
are acting in salamander limb regeneration,
should be considered rather than to use
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bioengineered reprogrammed cells (Zhang et al.
2012). One another way to avoid these uncertain-
ties of iPSCs in regenerative medicine could be to
have recourse instead to direct conversion (“lin-
eage reprogramming”) (Asuelime and Shi 2012),
a field in full development today.

Conclusion

The development of induced pluripotent cells,
obtained by somatic cell dedifferentiation, con-
stitutes a prime order progress, not only for stem
cell studies, but for cell biology in general. It
shows in effect that it is possible to “repro-
gramme” differentiated cells epigenetically,
making these cells go back to their developmen-
tal starting point by erasing their epigenetic adult
cell “memory” and re-activating the expression
of pluripotency genes in their genome. iPS cells
offer a clear, simple and effective alternative
solution to embryonic stem cells. But there
remain a great deal to learn about iPSC safety, the
underlying mechanisms of reprogramming, and
ways to direct their differentiation into specific
functional cell types.
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Abstract

Mathematical models provide many insights
into both the biology of cancer and the
optimization of its treatment. Cancer stem
cells represent a novel target of cancer thera-
peutics. While cancer stem cells can represent
a relatively small proportion of the total cells
within a tumor, they are responsible for
driving the dynamics of tumor growth and
invasiveness. Modeling in combination with
experimental validation has advanced quanti-
tative understanding of cancer stem cells and
their interaction with their microenvironment.
We present here the salient features of a set of
examples of mathematical models that have
contributed to our current understanding of
how cancer stem cells are regulated and
describe further opportunities for modeling.

Introduction

Mathematical models have proven tremendously
useful for several decades in cancer research.
Models range from molecular and cellular level
models inspired by results from basic science
experiments to population level models based on
epidemiological observations, and address key
questions that have important implications in the
care of the cancer patient. Multiscale models bridge
these components, using models and experimental
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data at each level to make predictions about the
dynamics of emergent properties of these com-
plex systems. Figure 7.1 shows the varying levels
of detail in cancer models, providing examples of
modeling questions that have advanced cancer
research at each level.

The cancer stem cell and its microenviron-
ment represent a complex dynamic system that
presents exciting opportunities to address
compelling modeling questions (Ashkenazi et al.
2007; Sehl et al. 2009). While stem cells can
comprise only a small proportion of the total
tumor population, they drive the growth and
invasive nature of the tumor. Stem cells possess
two important abilities: long term asymmetric
self-renewal, and potency to generate all of the
cell types that comprise a tissue. Eradication of
cancer stem cells offers the hope for cure even in
advanced settings of malignancy. Figure 7.2
reveals the expected change in population size
with expected with gradual reduction in self-
renewal capacity with aging, and abrupt increase
in self-renewal in a proliferative disorder. A
quantitative understanding of cancer stem cells
would greatly enhance understanding of the
underlying biology of carcinogenesis and the
ability to optimally devise targets that would

eliminate cancer stem cell populations. Elements
of the stem cell niche govern the frequency with
which stem cells self-renew, differentiate, and
undergo programmed cell death. Recent research
suggests that aberrancies in the regulatory
behavior of the niche may contribute to carcino-
genesis. Mathematical models can shed light on
the dynamics of cancer stem cells and stochastic
simulation can help to untangle the complex
overlapping regulatory feedback networks that
influence the behavior of stem cells. While
diverse models have been explored in cancer
stem cell research and have advanced our under-
standing of stem cell kinetics in compelling
ways, we review here the salient features of a few
examples.

Extrapolation of Stem Cell Kinetics
from Animal Models

When constructing mathematical models of
cancer stem cells, critical questions arise related
to the total number stem cells in the human
body, and what are the rates of self-renewal and
death of these cells. Mathematical models using
data from animal models to extrapolate these

Fig. 7.1 Examples of compelling oncology questions
addressed with mathematical modeling. Mathematical
models have been used to address cancer biology ques-
tions at varying levels from molecular to population stud-

ies. Multiscale models can be used to integrate information
from each level and address potential interactions and
emergent properties about cancer stem cell dynamics
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Fig.7.2 Stem cell population dynamics. In normal tis-
sue homeostasis (left panel), a mixture of asymmetric and
symmetric self-renewal is required to maintain the stem
cell population size relatively constant over time. As stem
cells undergo a series of genetic and epigenetic changes
with age, the replicative capacity of a stem cell dimin-

quantities provide the best estimates of these
parameters. Classic results from Till et al. (1964)
and Abkowtiz et al. (2002) using murine, feline,
and primate data have facilitated the develop-

ishes, gradually leading to a reduction in the size of the
stem cell compartment. A mutation in a stem cell or an
aberrancy in microenvironmental signaling that leads to
an increase in the frequency of symmetric stem cell self-
renewal causes a rapid increase in the stem cell compart-
ment size and in their offspring

ment of informed mathematical models com-
paring normal stem cell and cancer stem cell
dynamics. Here we briefly describe the impact
of these results.
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Stem cells have ability to proliferate exten-
sively, differentiate, and self-renew over long
periods of time. Since spleen colony-forming
cells have these properties, Till and McCulloch
deduced that they must be stem cells (1964). In
mouse hematopoietic tissue, macroscopic colo-
nies can be counted to determine the number of
stem cells, because each colony is derived from a
single stem cell. Hematopoiesis is under precise
control where the stem cells are the sites of regu-
lation. While the numbers of differentiated cells
in the blood remain essentially constant, rapid
changes in cell number are seen under conditions
of stress or increased demand.

Distributions of spleen colony-forming cells
in the colonies can be explained by a random
“birth-and-death™ process, where birth occurs
when colony-forming cells self-renew, and death
occurs when colony-forming cells differentiate.
A three-compartment mathematical model is
developed assuming that the process is random
and expected to agree with experimental data.
The first compartment consists of stem cells with
extensive proliferative capacity that give rise to
new stem cells and differentiated cells. The
second compartment contains early differentiated
cells with limited proliferative capacity which
can give rise to differentiated cells and the third
compartment contains mature cells only. Each
colony-forming cell in the model may divide and
produce two new colony-forming cells or may
differentiate and lose the ability to form colonies
but can still divide to produce fully differentiated
cells. Results from the model matched the
observed distribution, suggesting that individual
cells within the population are not closely
regulated but the population size is regulated by
control mechanisms varying the birth and
death rates.

Abkowtiz et al. (1996)) also showed that
patterns of clonal contributions to hematopoiesis
seen in experimental animals can be explained by
stochastic differentiation. A stem cell’s behavior
is governed by its unique microenvironment and
integration of input from other cells. Since it is
difficult to isolate the stem cells, they determined
the contribution of stem cells to progenitors by
comparing simulation to data from autologous
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marrow transplantation studies of G6PD hetero-
zygous female Safari cats. The estimated frequency
of quiescent hematopoietic stem cells in cats is 6
per 107 nucleated marrow cells whereas that in
mice is 50-300 per 107 nucleated marrow cells,
suggesting that hematopoietic stem cell concen-
trations decrease with increasing animal size or
lifespan. A replication rate of once every 10
weeks resulted in the distributions that reveal
good agreement between predicted outcome and
experiment. Thus, clonal dominance does not
require specialized phenotype or genetic advantage.

In a later study, Abkowitz et al. used the
murine data to study the kinetics of murine hema-
topoietic stem cells (Abkowtiz et al. 2000). The
experimental murine data (density of percent
donor cell) was obtained by limiting-dilution,
competitive-repopulation studies. Different sets
of parameter values were explored in simulations
and compared with experiment. In murine exper-
iments, the average replication rate is once every
2.5 weeks and the frequency of hematopoietic
stem cells is 8 per 10° nucleated marrow cells. In
feline, the average replication rate is once every
8.3-10 weeks and the frequency of hematopoi-
etic stem cells is 6 per 107 nucleated marrow
cells. This implies that as animals increase in
size, the number of hematopoietic stem cells
decreases and their replication rates decrease.

Although larger mammals have longer lifes-
pan and need more blood cells per life time than
smaller ones, the total number of hematopoietic
stem cells per animal is conserved among mam-
mals (Abkowtiz et al. 2002). The total number of
HSCs per animal is the product of total number
of nucleated marrow cells, determined by *Fe
distribution analysis, and the frequency of HSCs
in the marrow, determined by limiting-dilution,
competitive repopulation assays. Since the total
number of HSCs is the same in both cats and
mice and cats need larger numbers of mature
blood cells, each feline HSC must produce more
progenitors than each murine HSC does. Based
on these, the frequency of HSCs in human is esti-
mated to be 0.7 to 1.5 per 108 nucleated marrow
cells. In addition, this suggests that the frequency
of HSCs in infants and young children is expected
to be higher than that in adults.
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In another experiment, Shepherd et al.
estimated the HSC replication rate of nonhuman
primates and used the values to extrapolate HSC
replication rates for the humans (Shepherd et al.
2007). Experiments, including retroviral-mediated
gene transfer and quantitation of the average telo-
mere length of granulocytes, were combined with
stochastic simulation were used to estimate the
parameters. These studies revealed that the rate
of self-renewal per animal is conserved, and pro-
vided a firm basis for many modeling studies that
have utilized these estimates in modeling studies
of both normal HSCs and leukemic stem cells.

Predicting Susceptibility
to Molecularly Targeted Therapies

Chronic myelogenous leukemia (CML) is the
first malignancy recognized as a stem cell disor-
der, marked by the chromosomal translocation
t(9;22) and resultant expression of the fused
proto-oncogene BCR-ABL in all cells of the
myeloid lineage. It is also among the first malig-
nancies for which a molecularly targeted therapy
caused dramatic responses and improvements in
survival. Imatinib targets the constitutively active
ABL tyrosine kinase. In 2005, Michor et al. used
a four compartment model including stem cells,
progenitors, differentiated cells and fully differ-
entiated cells to investigate the behavior of CML
(Michor et al. 2005). In this model, both normal
and leukemic stem cells have the same hierarchy.
Levels of BCR-ABL transcripts exhibit a bipha-
sic exponential decline with the first slope of
0.05+0.02 per day between 0 and 3 months and
the second slope of 0.008 +0.004 per day between
6 and 12 months. Mathematical modeling showed
that the first slope corresponds to the turnover
rate of differentiated leukemic cells, with an
average lifespan of 20 days, and the second slope
corresponds to the turnover rate of leukemic
progenitors, with an average lifespan of 125 days.
In patients who discontinued imatinib therapy
because of side effects, transcripts returned
quickly to pre-treatment level even if they had
been treated with imatinib for up to 3 years. The
average rate of the exponential increase after
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discontinuation of imatinib was used to estimate
the rate at which leukemic stem cells result in ter-
minally differentiated leukemic cells. The authors
concluded that long-term therapy does not
deplete leukemic stem cells. The model was
extended to describe the development of resis-
tance in CML. Even prior to treatment, patients
may have leukemic cells with “advantageous
mutations” that promote growth of leukemic
cells. There are several suggested cellular mecha-
nisms for drug resistance of leukemic stem cells,
including imatinib being a substrate for a multi-
drug resistance protein and less dependence of
leukemic stem cells on BCR-ABL. Thus, at that
point, there were two problems with therapy:
unresponsiveness of leukemic stem cells and
development of drug resistance.

In 2009, therapy that combined imatinib with
Granulocyte-Colony Stimulating Factor (G-CSF)
was studied in order address the question of
whether quiescence of leukemic stem cells is a
possible mechanism for drug resistance (Foo
et al. 2009). The G-CSF was used to awaken
leukemic stem cells and pulsed imatinib with
G-CSF is used to reduce the proliferative effect
of G-CSF. Pulsed imatinib with G-CSF had
shown a decrease in leukemic stem cells in vitro.
Changes to parameters were made to test the
sensitivity of the model that affects the quiescent
stem cells. Varying the equilibrium frequency of
cycling stem cells is very sensitive. The therapy
is effective only if the initial LSC population is
mostly made up of quiescent leukemic stem cells.
In vivo studies along with the mathematical
model showed that the therapy does not actually
eradicate LSC since the initial LSC composition
was rarely quiescent. In addition, the model
suggests that the therapy increases the probabil-
ity of developing resistance.

Mathematical modeling combined with
observations from 10 years of imatinib treatment
later revealed a triphasic exponential decline in
BCR-ABL transcript levels (Tang et al. 2011). A
similar approach as in the 2005 study was used to
conclude that the third slope corresponds to the
turnover rate of leukemic stem cells and appears
after 34 months of treatment. This study rejects
the previous idea that leukemic stem cells are
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insensitive to targeted treatment and confirms
that given enough time the imatinib therapy can
actually eliminate the leukemic stem cells.
However, the problem with treatment resis-
tance still remains. Recent mathematical model-
ing suggests that combination therapy might be
effective against resistance, in the absence of
resistance mutations to both drugs, and drugs
should be administered simultaneously rather
than sequentially (Bozic et al. 2013). In the
future, more drugs targeting different pathways
should be combined to overcome resistance.

Aging, Cancer, and Stem Cells

Cancer and aging are known as rival demons
because tumor suppressor mechanisms that are in
place to protect against accumulation of oncogenic
mutations with age also lead to cell senescence
(Campisi 2003). Mathematical models have been
used to explore the link between aging and cancer
by relating rising incidence of cancer with advanc-
ing age to mutation accumulation (Armitage and
Doll 1954). Recently, genetic and epigenetic
changes in stem cells have been implicated in
both normal aging processes and cancer risk
(Campisi 2003; Sharpless and DePinho 2004,
Teschendorff et al. 2010; Bocklandt et al. 2011).
These include telomere shortening, increased
expression of the cell cycle regulatory gene
pl16™M6#4 “and altered methylation patterns among
polycomb group target genes. Models of telomere
length dynamics have been used to study stem
cell turnover in vivo, during normal hematopoie-
sis, after stem cell transplantation, and in disease
states such as acquired bone marrow failure
syndromes and myeloproliferative disorders
(Briimmendorf and Balabanov 2006).

Stress, inflammation, and hormesis are also
important mediators of the link between cancer
and aging. Normal aging is associated with
immunosenescence of lymphocytes leading to
increased secretion of cytokines such as I1-6 and
TNF-a (Michaud et al. 2013). This state of
chronic immune activation has been associated
with DNA-modifying events that lead to an
increased risk of malignancy (Breen et al. 2011).
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Inflammatory cytokines are also important regu-
lators of stem cell states, increasing the transition
of stem cells from a proliferative, epithelial like
state to a quiescent, invasive state (Korkaya et al.
2011). The association between stress, inflamma-
tion, and carcinogenesis is an important area of
study. Mathematical models have proven helpful
in the study the effects of stress and hormesis on
lifespan and the relationship between accelerated
aging and carcinogenesis (Butov et al. 2001,
2002, 2003). Induced expression of heat shock
proteins is required for all organisms to survive
exposures to acute stress. Stochastic models have
been employed to study the balance between
damage and repair in stressed worms. Predictions
of lifespan using this model match experimental
observations well (Butov et al. 2002). Further
stochastic models have been used to examine
levels of free radicals and cumulative damage to
DNA, lipid structures, and proteins, leading to
genetic instability and malignant transformation
(Butov et al. 2001). Predictions from these
models match both experimental data of survival
and fertility curves in Mediterranean fruit flies,
and cancer incidence in rats exposed to bromode-
oxyuridine (Butov et al. 2002, 2003). Future
models should endeavor to examine the effects of
immunosenescence, chronic inflammatory net-
works, and DNA-modifying events on stem cell
behavior.

Mathematical Models of Stem Cell
Regulatory Networks

Microenvironmental signals that normally regu-
late stem cell behavior, including self-renewal
and differentiation, may go awry during carcino-
genesis (Li and Neaves 2006). Figure 7.3 reveals
the interactions between stem cells and the com-
ponents of their microenvironment, including the
effects of intracellular signaling, cytokines, vas-
cular effects, and changes associated with aging
and chronic immune activation. Mathematical
models have been used to study the role of
feedback in cancer stem cell dynamics (Sun and
Komarova 2012). Using a Moran process model
involving negative control loops on proliferation
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Fig.7.3 Regulatory dynamics of the tumor microenvi-
ronment. The ability of the stem cell to undergo quies-
cence, differentiation, and self-renewal is regulated by
elements of the stem cell niche. Inflammatory cytokines
govern the transition from a proliferative (pCSC) to a
more invasive, quiescent state (qCSC). Wnt, Notch, and
B-catenin signaling pathways as well as Jak/Stat feedback

and differentiation, the authors showed that non-
linear regulatory control loops have evolved to
maintain a homeostatic level of stem cells and
reduce fluctuations in normal tissues. These
models reinforce the need to include feedback
effects when studying cancer stem cell dynamics
in response to therapy.

Modeling changes associated with vasculature
has become a priority in cancer research.
According to Judah Folkman’s model of tumor
angiogenesis, expanding tumor cells can sense
that they are growing away from the blood supply
and secrete angiogenic factors (Folkman 1971).
The growth of tumor cells in a hypoxic environment
has been thought to induce angiogenesis. Once
the angiogenic switch is turned on, angiogenic
activators are promoted and angiogenic inhibitors
are repressed so that the rates of tumor cell prolif-

stress signaling from differentiated cells regulate self-
renewal and differentiation. Immunosenecence leads to a
chronically activated immune state with increased levels
of cytokines. Hypoxia leads to activated Wnt signaling
and increased numbers of cancer stem cells. Compelling
modeling questions highlighted in this review address
varying components of these pathways

eration increase (Liao and Johnson 2007). The
tumor cells from later stages of tumor progres-
sion can induce a potent angiogenic response
while the tumor cells from early stages cannot. In
tumors, stromal cells such as macrophages and
neutrophils can also induce angiogenic response.
Tumors of less than 1 mm in diameter do not
need an angiogenic switch since they are already
well vascularized. Factors involved in hypoxia-
induced angiogenesis include hypoxia-inducible
factors (HIF), vascular endothelial growth factor
(VEGF), nitric oxide synthetase (NOS), and
other growth factors. Mathematical models are
helpful in describing the effects of various angio-
genic and anti-angiogenic factors on the tumor
microenvironment (Mantzaris et al. 2004).
HIF-1a is activated by hypoxia or by mutations
in oncogenes and tumor suppressor genes and
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shown to promote tumor growth by regulating
endothelial cell activity (Liao and Johnson 2007).
Hypoxia poses several challenges. Hypoxia
can induce drug-resistance because some drugs
require oxygen to exert its cytotoxic effect and
also promote genetic instability of tumor cells
(Teicher 1994). Furthermore, new blood vessels
formed via hypoxia-induced angiogenesis is cha-
otic and inefficient which makes the delivery of
drugs to the tumor difficult. The vasculature is
leaky causing the interstitial fluid pressure to
increase (Jain et al. 2007), and fluid convection at
the tumor margin causes the growth factors and
cells to go out of tumor leading to angiogenesis
and metastasis (Jain et al. 2007). Mathematical
modeling of tumor invasion and migration at both
macro- and micro-levels matches the invasion
patterns observed in clinics and allows us to see
how tumor’s interaction with extracellular matrix
leads to metastasis (Anderson et al. 2000).
Parameter estimation in the model can predict the
size of tumor mass necessary for adequate
removal of solid tumor (Anderson et al. 2000). In
addition to allowing the tumor to grow larger,
angiogenesis promotes tumor metastasis to other
tissues and allows the tumor to thrive at the
secondary sites. A mathematical model by Scott
et al. reveals that the tumor proliferates through a
process called self-seeding in which the second-
ary seeding is the key player (Scott et al. 2013).
Self-seeding is an event where the circulating
tumor cell migrates back to the original tumor
through the vasculature and repopulate. The sec-
ondary seeding occurs when the tumor growing
at a secondary revisit the primary tumor.
Treatment of cancer with angiogenisis
inhibitors, including bevacizumab and sorafenib,
targets genetically stable endothelial cells, and
has been shown to delay time to progression.
However, the development of resistance to anti-
angiongenic drugs remains an important concern.
Despite the delay in tumor progression, cancers
that recur after anti-angiogenesis therapy are
often more aggressive. Combination therapy with
chemotherapy and anti-angiogenic therapy is
associated with improved outcomes, including
delayed time to progression. This results from
normalization of blood vessels and improved
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delivery of drugs before they are destroyed (Jain
2001). Mathematical modeling demonstrates that
vascular normalization can indeed improve the
delivery of drugs to tumor and lower the chance
of metastasis (Jain et al. 2007). These models
study interaction of the tumor with the vascula-
ture to test the efficacy of combination therapy
and confirm the beneficiary effects observed in
experimental and clinical studies (Kohandel et al.
2007). Modeling can also be useful in predicting
the optimized drug dose and schedule (Benzekry
et al. 2011).

Importantly, a recent discovery using human
breast cancer xenograft experiments shows that
anti-angiogenesis therapies, including sunitinib
and bevacizumab cause an increase in cancer
stem cells (Conley et al. 2012). Hypoxia leads to
activation of Wnt/Akt/B-catenin  signaling,
driving cancer stem cell self-renewal. These
findings suggest an underlying mechanism for
the aggressive nature of the tumor recurrence
following anti-angiogenic therapies and suggest
the promise of combining stem cell targeted ther-
apies with anti-angiogenesis therapies.

Conclusions and Opportunities
for Future Modeling

Recent advances in technology allow for isolation
and analysis of genetic expression within single
cells. Systems biology approaches and biomath-
ematical modeling will allow for an integrated
analysis of large amounts of data generated
from these genetic and epigenetic experiments.
Combining mathematical modeling and analytic
tools will advance our understanding of normal
healthy stem cell behavior as well as aberrancies
that arise in the stem cell and its microenviron-
mental regulation during carcinogenesis.
Mathematical models of stem cell behavior can
be used in combination with experiment to
optimize therapeutic approaches in stem cell
regenerative medicine and in targeting cancer
stem cells. Future challenges and opportunities in
modeling include screening for combinations of
agents that target the cancer stem cell and its
niche, incorporating spatial effects, senescence,
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and the effects of the immune system. We expect
that mathematical models will prove especially
useful in guiding treatment strategies that com-
bine conventional chemotherapies with molecu-
larly targeted therapies, and novel approaches
that utilize hematopoietic stem cells genetically
engineered to attack tumor antigens.
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Abstract

Diverse tissue-specific stem cells/progenitors
are required to create the cell populations nec-
essary for angiogenesis switch-on and neovas-
cular growth, and contribute to the angiogenic
microenvironment directly or indirectly. The
definite cellular origin of the new ECs neces-
sary for angiogenesis remained largely indefi-
nite until recent advances showing that the
endothelial stem/progenitor cells involved in
adult angiogenesis must be local, non-hemato-
poietic, and non-circulating tissue resident
cells. Further findings have now provided evi-
dence for rare adult vascular endothelial stem
cells (VESCs) that reside in the blood vessel
wall and are capable of producing very high
numbers of endothelial daughter cells and that
are responsible for neovascular growth in
adults. Stem and progenitor cell subsets for
also other vascular or perivascular cell types
such as pericytes or smooth muscle cells may
provide critical and direct contributions to the
growing neovasculature. Tissue-infiltrating
hematopoietic cells produced by hematopoi-
etic stem cells (HSCs) contribute to angiogen-
esis in a paracrine manner or by remodelling
the extracellular matrix. Identification of the
various tissue resident or hematopoietic stem
and progenitor cell subpopulations critical for
angiogenesis and better understanding of their
proangiogenic functions and mechanisms of
action provide completely novel approaches
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and therapeutic targets both for antiangiogenic
treatments and for therapies for cardiovascular
repair.

Introduction

Vascular development and its maintenance are
essential during the lifetime. Angiogenesis
mostly refers to the growth of the new blood ves-
sels sprouting from existing vasculature and sub-
sequent stabilization. When forming new vessels,
ECs activate and proliferate upon stimulation,
migrate towards the angiogenic stimuli. The
endothelial cells (ECs) form small vessels such
as microvessels, while in larger vessels endothe-
lial cells are surrounded by perivascular support-
ing and mural cells such as pericytes and smooth
muscle cells. Also non-vascular cell types
including bone marrow (BM) -derived hemato-
poietic cells and stromal cells may provide
important contribution to angiogenesis, for
example in a paracrine manner by expressing
various factors that promote the growth and
expansion of de novo blood vessels (Murdoch
et al. 2008). In adulthood, angiogenesis is turned
on transiently during some physiologic pro-
cesses including wound healing and female
reproductive cycling. It is also an important and
crucial component in many pathological pro-
cesses, such as ischemic diseases and tumor pro-
gression. As early as 1971, Judah Folkman
realized that tumor growth is dependent on the
formation of new blood vessels, and thus inhibit-
ing tumor angiogenesis would be an effective
strategy to treat cancer. Various stem and pro-
genitor cells could contribute to angiogenesis
either directly by producing differentiated
daughter cells (such as ECs and other vascular
mural cells including pericytes) that constitute
the growing blood vessel wall or by producing
progeny that act as vascular modulators, for
example by producing paracrine growth factors
(Fang and Salven 2011; Goligorsky and Salven
2013).
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Endothelial Stem Cells Contributing
Directly to Angiogenesis by
Producing Differentiated
Endothelium

During embryogenesis, ECs rise from mesoder-
mal endothelial precursors called angioblasts.
However, in adults, the origin of bona fide endo-
thelial cells during neovascular growth remained
largely undefined until recent advances. A pre-
viously predominant concept of circulating
bone marrow (BM) -derived endothelial progen-
itor cells (EPCs) was originally introduced fol-
lowing observations of putative EPCs from
human peripheral blood (Asahara et al. 1997,
1999). These circulating cells in peripheral
blood were further described as vascular endo-
thelial growth factor receptor-2 (VEGFR-2)
expressing cells mobilized from the BM by
angiogenic factors or tumors (Rafii et al. 2002).
Later, numerous studies utilizing various care-
fully controlled experiments and abundant
physiologically relevant angiogenic settings
including cancer growth showed undetectable or
non-significant incorporation of BM-derived
cells to vascular endothelium, and also demon-
strated that the circulating cells previously
interpreted as EPCs were ordinary hematopoi-
etic cells such as monocyte/macrophages and
T-lymphocytes (Horrevoets 2009; Lin et al.
2000; Purhonen et al. 2008; Rehman et al. 2003;
Salven et al. 2008; Ziegelhoeffer et al. 2004).
Therefore, Richardson and Yoder recently pro-
posed that that the term EPC should be retired
and the circulating cell subsets contributing to
angiogenesis be referred to according to the
terms already existent for each subset
(Richardson and Yoder 2011).

Earlier, cells with both endothelial character-
istics and high proliferative capacity had been
observed in umbilical cord blood or in peripheral
blood (Ingram et al. 2004, 2005; Lin et al. 2000;
Timmermans et al. 2007; Yoder et al. 2007).
These observations hinted for a possible exis-
tence of a rare vascular endothelial stem cell
(VESC) population that responds to angiogenic
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stimulus and is capable of generating endothelial
cells during vascular growth in adults (Fang and
Salven 2011). New advances in the field have
now shifted the focus to local stem and progeni-
tor cells for endothelium (Goligorsky and Salven
2013; Purhonen et al. 2008; Rinkevich et al.
2011; Sedwick 2012). However, until recently,
candidates for local, tissue residing endothelial
stem cells had not been identified by location or
marker expression. By using genetically tagged
universal or endothelial cell-specific chimeric
mouse models, genetically marked parabiotic
systems, and by performing genetic fate mapping
and clonal analysis of individual cells, Salven
and Weissman and coworkers have now showed
that the endothelial stem cells involved in adult
angiogenesis must be non-circulating, non-
hematopoietic, and local tissue resident cells
(Purhonen et al. 2008; Rinkevich et al. 2011;
Salven et al. 2008). The most recent studies by
Salven and coworkers describe a small subpopu-
lation of c-Kit-expressing adult ECs that reside in
the blood vessel endothelium and are capable of
undergoing clonal expansion in vivo and in vitro,
while other ECs have a very limited proliferative
capacity (Fang et al. 2012; Sedwick 2012). These
lin - CD31 + CD105 + Scal + CD117/c-
Kit+adult vascular endothelial stem cells
(VESCs) make up only 0.4 % of all adult vessel
wall lin—CD31+CD105+ ECs. In cell transplan-
tations using isolated blood vessel wall VESCs a
single c-kit+VESC can generate in vivo func-
tional blood vessels that connect to host circula-
tion. VESCs also display long-term self-renewal
capacity, a defining functional property of stem
cells, which therefore have the ability to repeat-
edly respond to growth stimulus by giving rise to
extensive numbers of daughter cells. VESCs thus
constitute a central cellular target for future—and
also present— therapies that aim to restrain
angiogenesis by inhibiting endothelial-cell
proliferation. Their discovery also suggests
for the possibility of cell-based therapies for
cardiovascular repair using isolated, highly
enriched VESCs to restore tissue
vascularization.
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Progenitor Cells for Vascular Mural
Pericytes

Endothelial cells are often lined by vascular
mural cells such as pericytes and vascular
smooth muscle cells (vSMCs). It is believed that
pericytes are involved in affecting EC functions
in a paracrine manner or through cell-cell
contact. Some observations support the idea that
perivascular hematopoietic cells are closely
associated with the vascular wall. Rajantie et al.
(2004) found abundant bone marrow -derived
periendothelial vascular cells in close contact
with  the underlying endothelial cells.
Subpopulations of these cells expressed a devel-
oping pericyte specific marker NG2 proteogly-
can. However, these perivascular hematopoietic
cell populations did not detectably express the
smooth muscle markers smooth muscle alpha-
actin or desmin. More recently, Song et al.
(2005) described a subset of BM-derived
PDGFR-6 + perivascular cells in an endogenous
mouse model of pancreatic tumorigenesis. When
cultured in vivo, these hematopoietic cells also
expressed NG2 and a-SMA.

Hematopoietic Stem Cells
Contribute to Angiogenesis
in a Paracrine Manner or by
Remodelling the Extracellular
Matrix

Pluripotent hematopoietic stem cells (HSCs)
residing in the BM are the source of all blood
cells through a series of lineage restricted differ-
entiation. Ample evidence show that BM-derived
myeloid cells have proangiogenic functions,
playing an important role during angiogenesis
especially tumor angiogenesis (Murdoch et al.
2008). Hematopoietic cells originating from the
BM HSCs such as tumor associated macrophages
(TAM), Tie2 expressing mononuclear (TEM)
cells, mast cells, and platelets may promote
angiogenesis by delivering various cytokines that
promote the growth and sprouting of neovessels
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from the pre-existing vasculature (Fang and
Salven 2011; Salven et al. 2002).

Macrophages and Mononuclear Cells

Already in the 1970s, initial evidence of macro-
phages in promoting vascular proliferation was
demonstrated by Polverini et al. (1997). Tumor-
infiltrating macrophages are often referred to
tumor-associated macrophages (TAMs), derived
from circulating monocytes. TAMs constitute a
significant proportion of bone marrow derived
cells homing to tumor areas. Studies in men and
mice have suggested that various monocytic cell
types act as modulators of neovascular growth by
producing angiogenic cytokines such as VEGF
(Murdoch et al. 2008).

Tumor Associated Macrophages
(TAMs)

A correlation between high numbers of TAMs in
human tumors and increased microvessel density,
tumor stage and angiogenesis has been shown
suggesting a direct proangiogenic function of
TAMs (Murdoch et al. 2008). A current accepted
mechanism that TAMs involve in supporting
tumor growth and stimulating angiogenesis is
that they produce a plethora of angiogenic fac-
tors, such as VEGF and CSF-1. Furthermore,
TAMSs secret many extracellular matrix-degrading
proteases and matrix remodeling enzymes to the
ECM, which then mobilize various angiogenic
factors to the microenvironment (Fang and
Salven 2011; Murdoch et al. 2008).

There exists a subpopulation in TAMs express-
ing Tie2 called Tie2-expressing mononuclear/
macrophages (TEM) cells. Human TEMs consti-
tute a prominent monocyte population distinct
from TAMs (De Palma et al. 2005), while there is
no appearance of this specific population in nor-
mal tissues (Venneri et al. 2007). Accordingly,
Venneri et al. (2007) reported the identification in
human peripheral blood of a novel subset of Tie-
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2-expressing monocytes (TEMs) that promote
angiogenesis in paracrine manner. De Palma
et al. (2003) also showed that TEMs are recruited
to perivascular areas in tumors and specific deple-
tion of TEMs causes impairment in both tumor
angiogenesis and tumor growth. TEMs are
believed to support tumor angiogenesis by a
paracrine manner via a cross-talk with endothe-
lial cells (ECs) and account for major proangio-
genic activity of myeloid cells in tumors (De
Palma et al. 2005). Furthermore, angiopoietin-2
(ANG?2), a ligand of the TIE2 receptor, activates
TIE2 expression in TEMs and enhances their
proangiogenic activities (Mazzieri et al. 2011).
ANG?2 specific blockade by a fully humanized
ANG2-specific monoclonal antibody impedes
tumor angiogenesis and MRCI-expressing
TEMs’ association with the vasculature in
MMTV-PyMT and RIP1-Tag2 tumors (Mazzieri
et al. 2011). Thus targeting ANG2/Tie2 pathway
may block the functions of TEMs in tumor angio-
genesis (Augustin et al. 2009).

Myeloid Derived Suppressor
Cells (MDSCs)

Another heterogeneous population involved in
angiogenesis is myeloid-derived suppressor cells
(MDSCs), including myeloid precursors and
immature myeloid cells. These immature myeloid
cells are generated from the bone marrow and
later differentiate into neutrophils, monocytes
and dendritic cells (DCs). The MDSCs could be
found in the bone marrow, spleen and tumor
microenvironment. These cells are characterized
by the expression of CD11b, mostly expressed by
myeloid lineage, and Grl, markers for neutro-
phils. In mice, MDSCs are termed as
CD11b+Grl+ cells and could be broadly sepa-
rated into 2 groups which are CD11b+Grl high
and CD11b+Grllow respectively (Yang et al.
2004). MDSCs secrete proangiogenic factors
such as VEGF and MMP-9 and accelerate vessel
remodeling to promote tumor progression
(Ferrara 2010).
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Neutrophils, Eosinophils, Mast Cells
and Dendritic Cells (DCs)

Neutrophils, differentiated from the myeloid pro-
genitor cells in the bone marrow, are the most
plentiful leukocytes in bloodstream. Neutrophils
play an important role in physiological angiogen-
esis as a source of VEGF (Fang and Salven 2011;
Murdoch et al. 2008). Evidence for involvement
of neutrophils in tumor angiogenesis come from
studies describing elevated numbers of neutro-
phils observed in cancer patients. CXC chemo-
kines stimulate neutrophils to migrate across the
vasculature and recruit them into the tumor
microenvironment. Benelli et al. (2002) have
shown that the depletion of Gr-1 mediated neu-
trophils strongly reduce angiogenesis in Matrigel
with CXCL1 or CXCLS8 compared to controls,
indicating a positive role of neutrophils in stimu-
lating neo-vascularization. Furthermore, Nozawa
et al. (2006) have by using a transient depletion
of neutrophils shown that infiltrating neutrophils
have a decisive role in activating angiogenesis
during the early stage of carcinogenesis.
Increased levels of eosinophils have been found
in many human tumors, indicating their possible
association with tumor angiogenesis.

Mast cells, originating from pluripotent progeni-
tors in the bone marrow, circulate as precursors and
immature cells in small numbers and migrate to
peripheral tissues where to finally mature. Mast
cells are frequently observed in close contact with
vasculature within tumor microenvironment, indi-
cating a potential role in tumor angiogenesis and
tumor progression. There appears to be a positive
correlation between mast cell numbers and
microvessel density in many human tumors. Starkey
et al. (1988) observed a reduced angiogenic
response in mast cell deficient W/Wv B16-BL6
tumor bearing mice compared to wild type mice.
Furthermore, angiogenic response could be fully
restored via bone-marrow repair of the mast cell
deficiency (Starkey et al. 1988). Studies have shown
that mast cells are a rich source of angiogenic fac-
tors and growth factors, such as VEGF, bFGF,
MMP-9, and TNFa (Fang and Salven 2011).
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Dentritic cells (DCs) are important regulators
of adaptive immune responses and major antigen
presenting cells, able to induce both primary and
secondary T- and B-cell responses. Tumor —
derived factors, such as VEGF, may restrict the
maturation of myeloid DCs and their subsequent
accumulation to tumor tissues. Some in Vvivo
studies have shown that tumor associated DCs
may also possess proangiogenic properties by
their secretion of pro-angiogenic cytokines
(Murdoch et al. 2008). For example, Curiel et al.
(2004) showed that tumor associated plasmacy-
toid dendritic cells could induce angiogenesis by
producing TNFa and IL-8, while myeloid den-
dritic cells were absent from malignant ascites.

Platelets

Maintaining a normal platelet count level in the
blood is very crucial to hemostasis on vascula-
ture. Platelets are also involved in multiple physi-
ological processes such as angiogenesis and
tissue regeneration. During angiogenesis, plate-
lets store various growth factors, cytokines, che-
mokines, protease and some other small
molecules involving in angiogenesis and act as a
rich source of angiogenic, including VEGEF,
ANG-1, FGF, EGF and PDGEF, and antiangio-
genic factors, such as angiostatin, thrombospon-
din-1 and endostatin, upon activation (Jain et al.
2010; Wartiovaara et al. 1998). Studies have been
shown in soft tissue tumors; elevated numbers of
platelets are associated with VEGF expression
and ongoing angiogenesis. Besides, platelet-
derived lipid-lysophosphatidic acid (LPA) was
found to exert its activity either in an autocrine or
paracrine way. LPA could activate downstream
signaling pathways to induce cell proliferation,
survival, and migration, and thus affect angio-
genesis. Recently, Zaslavsky et al. (2010) found
that platelet derived thrombospondin-1, a nega-
tive regulator of angiogenesis, is increased in
tumor bearing mice after tumor resection, indi-
cating a potential role of platelet derived anti-
angiogenic factors in therapeutic applications.



106

Bone Marrow Derived Mesenchymal
Stem/Stromal Cells

Mesenchymal stem cells (MSCs) have been
described as a rare population of non-
hematopoietic precursors residing in the BM and
possessing the capacity to generate mesenchymal
daughter cells and thus contribute to maintaining
and regenerating connective tissues. Human and
murine BM-derived MSCs have been described
as cells expressing surface markers such as
CD73, CD105 and CD44 in the absence of hema-
topoietic markers and the endothelial markers
(Pittenger et al. 1999; Prockop 1997). MSCs may
contribute both directly and indirectly to angio-
genesis process supporting cells or paracrine
effectors. There are also observations suggesting
that BM-derived mesenchymal cells could con-
tribute to angiogenesis indirectly by providing a
supportive role by differentiating into fibroblast-
like cells (Mishra et al. 2008). MSC-derived
fibroblasts could also promote angiogenesis by
producing proangiogenic factors and cytokines,
such as VEGEF, PDGF, FGF and SDF-1 (Kinnaird
et al. 2004).

Conclusions

It is evident that hematopoietic cells originating
from the BM-residing hematopoietic stem cells
contribute to angiogenesis. Tissue-infiltrating
hematopoietic cells can release proangiogenic/
angiogenic factors or create a permissive micro-
environment that induces the growth of locally
derived blood vessels (Murdoch et al. 2008).
Future studies should aim to better identify the
particular hematopoietic cell subpopulations that
are critical for tumor angiogenesis, to dissect
their cellular and molecular proangiogenic func-
tions, and to evaluate their potential as therapeu-
tic targets. Local, tissue resident stem cell
populations that are crucial to adult neoangio-
genesis have until recently been poorly under-
stood or characterized. However, very recent
studies on the stem cell origins of regenerating
or angiogenic tissues have provided solid evi-
dence in support of the role of the resident stem
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cells in neovascular growth. These discoveries
offer a novel opportunity to understand of the
therapeutic potential of transplanted vascular
progenitor cells, as well as an opportunity to
study these tissue resident stem cells and their
molecular mechanisms as completely novel,
direct targets for future anti-angiogenic
therapies.
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Abstract

Glioblastoma Multiforme (GBM) is the most
common and most aggressive malignant pri-
mary brain tumour in humans. There is a poor
prognosis associated with GBM tumours
which is due to therapeutic resistance and
tumour recurrence after surgical removal.
GBM are comprised of a heterogeneous popu-
lation of cells and it has become clear that a
subpopulation of stem cells are responsible for
tumour initiation and maintenance. There is a
wide variety of GBM stem cells markers,
although as yet, there is no single marker that
can be used to identify all stem cells with
complete specificity and sensitivity. A number
of signalling pathways and genetic mutations
have also been distinguished in GBM stem
cells, although their use in translational thera-
peutics remains in their infancy.

Introduction

Glioblastoma Multiforme (GBM)/Glioma Grade
IV is the commonest type of primary brain
tumour in adults and is also the least successfully
treated solid tumour. GBM can develop de novo
(primary GBM) or from a pre-existing lower
grade glioma (secondary GBM). Although
Glioblastomas are relatively rare, with an inci-
dence of 2-3 cases per 100,000 people in Europe
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and North America, the median survival time of
patients following surgical resection, radiation
and temozolomide (TMZ) therapy remains stub-
bornly low at 14 months (Johnson and O’Neill
2012). Compared with the advances in treatment
of other solid tumour types, the prognosis for
GBM patients has improved minimally over the
past decades, thus underscoring the challenges
and complexities in early detection and effective
treatment.

Cellular Markers

Early evidence for the existence of GBM stem
cells came from isolating the cell fraction
expressing the neural stem cell surface marker
CD133 (Singh et al. 2003). The CD133+ cells
could differentiate in culture into tumour cells
that phenotypically resembled the tumour from
the patient from which the cells originated. The
CD133+ stem cell was the first marker of its
type for GBM and continues to be the primary
cell marker used in research. Over time there
have been a variety of other cell markers inves-
tigated, many of them cell surface markers
(LICAM, SSEA-1, intregrin «-6, A2BS,
CXCR4) but also intracellular markers (nestin,
sox-2) have also been used to locate and target
the GBM stem cells with varying degrees of
success.

CD133 is a pentaspan transmembrane glyco-
protein cell surface molecule, whose expression
on cancer stem cells can be found in a variety of
human malignancies including renal, prostate,
colon, hepatocellular, and pancreatic as well as
neural tumours including GBM (Mizrak et al.
2008). The cell marker is located in the membra-
nous protrusions of the plasma membrane and
whose role, although not fully understood, is
speculated as being a regulator of the plasma
membrane structure, specifically maintaining an
appropriate lipid composition within the plasma
membrane (Mizrak et al. 2008). Evidence illus-
trates that CD133+ GBM stem cells are capable
of multi-lineage differentiation, can form neuro-
spheres and imitate tumours which closely
resembles the patient’s tumour, as well as express
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neural stem cell genes nestin, Msi-1, CXCR4 and
maternal embryonic leucine zipper kinase.

CD133 remains the most popular cell marker
for GBM stem cell location and isolation. Despite
this, the sensitivity of this marker remains
unclear. Research has shown that not all cells in
GBM specimens are CD133+, nor does every
GBM specimen contain CD133+ cells. In
CD133+ GBM tissue samples, the percentage of
all cells which are CD133+ is varied. In one
study, analysis between GBM samples showed
that between 2 and 60 % of the total cells were
CD133+ (Ogden et al. 2008). However, such
variability between samples was noticed in the
earliest studies by Singh and colleagues who
showed that immunestainting of GBM xenografts
revealed islands of CD133+ cells amid large
groups of CD133— cells; indicating that not every
cell in the xenograft is CD133+ (Singh et al.
2004). Furthermore, when a small number of
purified CD133+ cells were transplanted, a het-
erogeneous primary xenograft grew, which con-
sisted of a minority of CD133+ with the remaining
cells being CD133—. Therefore showing that
CD133+ cells can generate CD133— cells and
thus suggesting a cell hierarchy exists within a
tumour (Singh et al. 2004).

Evidence therefore shows that CD133 does
not have to be present nor is it likely to be present
in every cell of a GBM for the marker to still
remain highly specific as a stem cell marker.
However, in an analysis of 16 primary GBM
obtained directly from patients, three of the spec-
imens did not contain any detectable levels of
CD133+ cells (Ogden et al. 2008). Other studies
have shown greater consistency of CD133+ cells
being present in GBM tumours, including an
analysis of 47 patients with GBM of which 45
contained at least 1 % of CDI133+ cells
(Zeppernick et al. 2008). It is likely then, that
CD133 is not present in every GBM and there-
fore its use a stem cell marker in this particular
type of tumour is not absolute.

The overall relevance of CD133 is not yet
understood, and there is growing evidence that
the marker may have significant limitations as
well, including that CD133+ cells are found in
normal brain tissue (Zhang et al. 2008). A reliable
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cell marker has the potential to be used as a target
for therapeutic purposes, which could not be the
case for CD133 if significant amounts are found
outside of tumour tissue. Furthermore, the exact
association of CDI133 and GBM stem cells
remains a concern. A study looked at GBM
tumour samples from 20 patients who were
divided into two groups, CD133+ high group
(CD133+ cell ratio >3 %) and a CD133+ low
group (CDI133+ ratio <3 %), whereby the
patients’ clinical characteristics were analysed
using MRI scan data (Joo et al. 2008). It was
found that as compared to CD133-high GBMs,
CD133-low GBMs had a tendency to be localised
within the deeper structures of the brain and show
more invasive growth patterns and ventricle
involvement and also the rate of disease progres-
sion after chemotherapy and radiotherapy was
relatively higher in the CD133-low GBMs com-
pared to the CD133-high GBMs. Indicating that
the relationship between CD133 as a marker and
GBM tumours is not straight forward.

A cellular marker which has an intimate rela-
tionship with CD133 is LICAM. This marker is a
transmembrane protein, specifically a neuronal
cell adhesion molecule and a member of the L1
protein family. It is known to be involved in axon
guidance and cell migration. In addition, abnor-
mal expression of this protein has been found in
several different human cancer types including
colon, melanoma, breast, ovarian, renal and neu-
roblastomas. Analysis of three human glioma
surgical specimens through fluorescence-
activated cell sorting (FACS) indicated a strong
correlation between CD133+ cells and LICAM+
cells, in that where one marker was present, so
was the other (Bao et al. 2008). In contrast the
vast majority of CD133— cells were LICAM
negative (>99 %). L1ICAM could therefore be as
useful a marker as CD133.

Furthermore, when LICAM is targeted using
lentivirus expressing shRNA, there is a 90 %
reduction in its expression, and a significant
decreased in the ability of CD133+ GBM cells to
form neurospheres occurs, with no effect on
CD133— GBM cells and their ability to form neu-
rospheres (Bao et al. 2008). Interestingly,
L1CAM over expression in a number of solid

m

tumours has been linked to cancer invasion.
When primary GBMs have been examined for
LICAM expression using immunohistochemical
staining, it has been found that LICAM expres-
sion is enriched in the population of cancer cells
in the invasive fronts of tumours (Cheng et al.
2011). Although a subpopulation of cancer cells
inside tumours also expressed LICAM, the inva-
sive fronts showed many more cells with high
levels of LICAM. This suggests that preferential
expression of LICAM in GBM stem cells may be
closely associated with the elevated invasive
potential of stem cells in GBM tumours. This
indicates that cell markers may not only discern
stem cells from non-stem cells but also specific
characteristics/roles of that stem cell.

The antigen Stage-Specific Embryonic
Antigen-1 (SSEA-1/CD15/LeX) is a fructose-
containing trisaccharide adhesion molecule that
can be expressed on glycoproteins, glycolipids
and proteoglycans. SSEA-1 has been used in the
recognition of certain leucocyte malignancies
including Hodgkin’s disease and histiocytosis.
Research into its use as a potential GBM stem
cell marker is extremely limited but remains
promising. Analysis of GBM tumour cell lines
has found SSEA-1 expression in 23 of the 24
evaluated tumours, with the percentage of expres-
sion ranging from 0.7 to 87.5 % (Son et al. 2009).
When the SSEA-1 cells were grown they formed
a population of cells which contained the proper-
ties to meet tumour stem cell criteria (formed
neurospheres, were clonogenic in agar, were
highly tumourgenic in vivo) and secondary
tumours could be produced when SSEA-1+ cells
were extracted from the SSEA-1+ cell-generated
orthotopic tumours with the same characteristics
as the primary tumour.

Integrin a6 is another cellular marker that
although has not been researched extensively in
the GBM stem cells evidence as a potential
marker is intriguing. Integrin o6 is the receptor
for the extracellular matrix protein laminin, and
in the brain both of these molecules regulate neu-
ral stem cell growth, as well as playing a pivotal
role in maintaining adhesion to the ventricular
zone, ensuring proper neural stem cell division
(Lathia et al. 2010). Previous evidence has shown
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that laminin-coated flasks in neural stem cell cul-
ture media has been used to isolate and expand
GBM stem cells successfully (Pollard et al. 2009)
which indicated a possible role for the laminin-
integrin relationship in GBM development. In an
assessment of GBM surgical biopsy specimens
labelled with antibodies against integrin a6, 60 %
of the integrin-positive GBM cells were located
within 5 pm of a blood vessel (Lathia et al. 2010)
indicating invasive properties, especially in the
peri-vascular areas. Furthermore, functional
assays to define GBM stem cells, which included
self-renewal assays, expression of stem cell
markers, and tumour propagation, showed that
the stem cells expressed significantly higher lev-
els of intregrin a6 compared to matched non-
stem cell glioblastoma cells (Lathia et al. 2010).

Difficulties arise in being able to narrow down
the most useful GBM stem cell markers because
it is uncommon for cell markers to be directly
compared to one another. Interestingly, when
A2B5 (a cell surface ganglioside that marks a
fraction of human subcortical white matter cells
that have neural stem cell properties) was com-
pared CD133 in 16 GBM specimens the percent-
age of cells containing the marker was found to
be higher (between 33-90 % vs. 2-60 %) and
unlike CD133, A2B5+ cells were found in every
specimen (Ogden et al. 2008). When the GBM
specimens where FAC-sorted by cell marker
(A2B5+CD133—, A2B5+CD133+, A2B5-
CD133-) 92 % of the A2B5+CD133- grafts
formed xenografts once injected into rats, indi-
cating a clear subset of GBM cells with tumouri-
genic properties. It is unfortunate that
A2B5-CD133+ were so rare that they could not
be retrieved by FACS in this study. Despite this
the results suggest that A2B5 has promise as an
additional or even alternative GBM stem cell
marker.

An interesting receptor which has been shown
to be over expressed in primary Glioblastoma
progenitor cells and is also associated with the
recruitment of GBM stem cells is CXCR-4. This
receptor is a seven transmembrane G-coupled
protein alpha-chemokine receptor specific for
stromal-derived-factor-1 (SDF1) and plays an
important role in lymphocyte trafficking.
CXCR-4 receptors have not only been found to

M.J. Knights

be over expressed in GBM progenitor cells but
also its protein ligand, CXCL-12, promotes a
proliferative response in these cells (Ehtesham
et al. 2009). Further evidence indicates that
through SDF-1-CXCR-4 signalling GBM stem
cells are recruited to perivascular niches and are
induced to become pericytes, predominantly by
transforming growth factor 3 (Cheng et al. 2011).
CXCR-4 and SDF1 are also specifically expressed
on neo-vessel endothelial cells within the tumour
and levels of both increase with increasing grade
of astrocytoma (Rempel et al. 2000). The loca-
tion of SDF1 has led to the hypothesis that the
interaction of SDF1 in the GBM tumour and
CXCR-4 which is also present on both macro-
phages and CD8+ T cells, may explain why the
immune system fails to mount a successful
immune response. SDF1 binds to the CXCR-4
receptor on both macrophages and CD8+ T cells,
in which both cells secrete TNF and TNF-R
respectively; macrophages and T cells bind to
each other through TNF/TNF-R interaction
which induces a death signal in the T cell, thereby
limiting an immune response to the tumour
(Rempel et al. 2000).

Intracellular molecules have also been used as
GBM stem cell markers with two of the more
successful ones being Nestin and Sex determin-
ing region Y Box-2 (Sox-2), although, for obvi-
ous reasons the study of live cells is more difficult
for intracellular markers when compared to their
extracellular counterparts. Sox-2 is a member of
the Sry-related High Mobility Group Box family
of transcription factors. Like many of the other
GBM stem cell markers it is not specific for grade
IV gliomas and has been found in all WHO gli-
oma grades (Knights et al. 2012). Interestingly,
studies have shown that silencing of Sox-2
expression by RNA interference lead to the loss
of tumourigenicity and proliferation of GBM
stem cell lines and also it has been found that
arsenic trioxide inhibits self-renewal and induces
apoptosis in GBM stem cells through the down-
regulation of SOX-2 (Knights et al. 2012). Nestin,
an intermediate filament protein involved in the
organisation of the cytoskeleton, appears to be a
more reliable intracellular marker than SOX-2.
Nestin has been shown to be positively correlated
with higher grade gliomas and higher expression
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levels have also been predictive of significantly
lower 5-year survival rates (Knights et al. 2012).

Signalling Pathways

A commonly activated signalling cascade in
many human malignancies including GBM, is
the Akt pathway. Akt, also known as Protein
Kinase B (PKB), is a serine/threonine-specific
protein kinase which regulates numerous tumour-
associated processes, including cell growth, cell
cycle progression, survival, migration, and angio-
genesis. Upstream regulators of this pathway
include epidermal growth factor, PTEN deletion
and PIK3CA mutations. Evidence continues to
grow regarding the influence of this signalling
pathway on GBM development, with early evi-
dence already showing that the pathway is acti-
vated in the majority of GBM; its activation has
been associated with reduced patient survival
times; and that A-443654 (an Akt inhibitor) when
delivered locally either at the time of tumour
implantation or in a delayed fashion prolonged
survival in an experimental intracranial rodent
Glioblastoma Multiforme model (Gallia et al.
2009). Importantly, A-443654 also inhibits GBM
stem-like cells with similar efficacy compared
with traditionally cultured GBM cell lines indi-
cating no observable stem cell specific resistance
(Gallia et al. 2009). Other molecules which target
the Akt pathway include KP-372-1 and KP-372-2,
which been shown to inhibit the in vitro growth
of six GBM cell lines, where the reduced activa-
tion of Akt downstream targets including GSK-3f
and p70s6k, caused a decrease in cell growth
which stemmed from the induction of apoptosis
(Koul et al. 2006).

Notch signalling pathway is a highly con-
served signalling network, which is critical for a
series of processes in stem cells, including cell
fate specification, differentiation, proliferation,
and survival. The deregulation of this pathway is
found in many cancers including, acute lympho-
blastic leukaemia, ovarian and colorectal cancer
as well as GBM. Notch signalling is initiated
when transmembrane ligands on one cell bind
Notch receptors on an adjacent cell and cause the
y-secretase-mediated proteolytic release of the
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Notch intracellular domain (NICD). NICD then
translocates into the nucleus where it interacts
with the transcriptional cofactor CBF1 and acti-
vates targets such as HES and HEY genes, which
modulate neuronal and glial differentiation (Fan
et al. 2010).

In Notch pathway blockade through
y-secretase inhibitor (GSI-18) tumour growth
was slowed in GBM neurosphere cultures and it
was additionally found that Notch pathway
blockade with GSI-18 also reduced the percent-
age of cells expressing the stem/progenitor cell
markers CD133 and Nestin in GBM neurospheres
and that these cells were no longer able to effi-
ciently form colonies in vitro or engraft in vitro,
consistent with the concept that a key subpopula-
tion of cells required for efficient tumour propa-
gation was no longer present (Fan et al. 2010).
Retinoic acid (RA) also shows potential in affect-
ing GBM stem cell growth following its success-
ful use in the treatment of acute promyelocytic
leukaemia. Retinoic acid treatment on GBM stem
cell neurospheres resulted in rapidly induced
morphological changes, induced growth arrest,
decreased cyclin D1 expression and increased
p27 expression, as well as reduced stem cell
markers including CD133, Msi-1, nestin and
Sox-2, and overall decreased neurospheres-
forming capacity (Ying et al. 2011). There is fur-
ther evidence to suggest that RA can also impair
the secretion of angiogenic cytokines and disrupt
GBM stem cell motility (Campos et al. 2010).

Recent studies point to a role for the Hedgehog
signalling pathway in regulating adult stem cells
involved in maintenance and regeneration of
adult tissues. Sonic Hedgehog (SHH) signalling
specifically plays a key role in regulating verte-
brate organogenesis including the growth of dig-
its on limbs and the organisation of the brain. In
adults the SHH-GIil pathway controls cell divi-
sion of stem cells and when it is activated or
maintained inappropriately, various tumours can
develop, including those in the skin, muscle and
brain (Ruiz et al. 2002). Early results have shown
that SHH-GIli pathway has a general role in
controlling progenitor cell number in the devel-
oping dorsal brain (Dahmane et al. 2001).

Furthermore, it has been demonstrated that
deregulation of SHH-GIi signalling in the CNS



114

leads to hyper-proliferation of the precursor cells
and suggests its involvement in the initiation and
maintenance of brain tumourigenesis (Dahmane
et al. 2001). This raises the possibility that
tumours are derived from such cells which have
abnormal SHH-Gli signalling, possibly even stem
cells, which are unable to differentiate and/or stop
proliferating (Ruiz et al. 2002). More recently, it
has been demonstrated that GBM and their cancer
stem cells require SHH-GIi pathway activity for
proliferation, survival, self-renewal, and tumouri-
genicity (Clement et al. 2007). It has also been
found that cyclopamine, an antagonist of Glil,
can induce cell death in GBM cell lines, although
after its removal culture recovery occurred, indi-
cating a temporary cytostatic and cytotoxic effect
(Clement et al. 2007), moreover cyclopamine in
combination with TMZ has shown a synergistic
effect in GBM stem cell cytotoxicity.

Signal transducer and activator of transcrip-
tion 3 (STAT3) regulates diverse cellular pro-
cesses, including cell growth, differentiation and
apoptosis and is frequently activated during
tumourigenesis. Constitutive activation of STAT3
has been observed in many human cancers
including; breast, head and neck, prostate, mela-
noma and thyroid cancer (Sherry et al. 2009).
Inhibition of STAT3 in GBM stem cells irrevers-
ibly abrogates neurosphere formation and inhib-
its  proliferation and also causes the
down-regulation of genes associated with the
neural stem cell phenotype, providing evidence
that STAT3 regulates multipotency in these cells
(Sherry et al. 2009). GBM stem cells treated with
STAT3 inhibitors (SAT-21 and S31-201) have
shown a reduction in stem cell markers olig2 and
nestin, and have failed to proliferate, although the
cells did not undergo apoptosis, nor is there evi-
dence that STAT3 inhibition alone is sufficient to
induce complete differentiation of GBM stem
cells (Sherry et al. 2009).

Genetics
The Cancer Genome Atlas data reports that p53

as one of the most commonly mutated tumour
suppressor genes. Lower estimates suggest that
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p53 mutations are found approximately 30 % of
the time in all grades of gliomas (Li et al. 2009)
although higher estimates argue that p53 is nearly
invariably altered in sporadic gliomas through
either point mutations that prevent DNA binding
or loss of chromosome 17p (Furnari et al. 2007).
The importance of p53 in gliomagenesis is also
underscored by the increased incidence of glio-
mas in Li-Fraumeni syndrome, a familial cancer-
predisposition  syndrome  associated  with
germline p53 mutations (Furnari et al. 2007).
Furthermore, it has also been found that concom-
itant central nervous system specific deletion of
p53 in the mouse generates a penetrant acute-
onset high grade malignant glioma phenotype
with notable clinical, pathological and molecular
resemblance to primary GBM in humans (Zheng
et al. 2008). It has also been found that through
inhibiting p53 function via RNAI in stem cells
derived from GBM specimens, these stem cells
became significantly more sensitive to TMZ
(Blough et al. 2011). Although the molecular
basis for the differing effects of p53 status on
sensitivity to TMZ is as yet unknown.

The Bmi-1 gene was originally identified as a
collaborating oncogene in c-Myc induced lym-
phomagenesis, and is a member of the Polycomb
group (PcG) gene family of chromatin modifiers
and transcriptional repressors (Bruggeman et al.
2005). When Bmi-1 is over-expressed in adult
forebrain, NSCs expand dramatically and con-
tinue to proliferate aggressively. It has been
shown that the polycomb factor Bmi-1 represses
cell-cycle inhibitors p16, p19, and p21 which are
necessary for NSC self-renewal (Cui et al. 2010).
Also it has been argued that the up regulating of
Bmi-1 coordinates the down regulation of
miRNA-128 which is also found to inversely cor-
relate with WHO tumour grade (Cui et al. 2010).

The phosphatase and tensin homolog (Pten)
gene mutation is a step in the development of
many cancers. Pfen acts as a tumour suppressor
gene through the action of its phosphatase protein
product which is involved in the regulation of the
cell cycle, particularly in preventing cells from
dividing and growing too rapidly. In analysis of
35 clinically annotated human primary GBM
samples 40 % had Pten missense mutations,
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insertions, deletions or splicing mutations (Zheng
et al. 2008). Pten mutation results in uncontrolled
PI3K signalling. More recently, integrated tran-
scriptomic profiling, in silico promoter analysis
and functional studies of murine neural stem
cells established that dual, but not singular, inac-
tivation of p53 and Pten promotes an undifferen-
tiated state with high renewal potential and drives
increased Myc protein levels and its associated
signature (Zheng et al. 2008).

Amplifcation of the EGFR gene and the sub-
sequent over-expression of EGFR protein is one
of the most common genetic alteration in GBM,
with a frequency of about 40 %, with the most
common of the EGFR mutations is the EGFRVIII
(Gan et al. 2009). The mutation results in the loss
of exons 2 to 7 of the EGFR gene, resulting in an
in-frame deletion of 267 amino acids in the extra-
cellular domain (Gan et al. 2009). EGFRvVIII
appears to enhance tumourigenicity through mul-
tiple mechanisms including; enhancing cell pro-
liferation by promoting P13K/Akt signalling,
Shc and Grb2 association and Ras activity; inhib-
iting cell cycle regulators such as p27%*!; pro-
moting survival in cells by increasing expression
of anti-apoptotic proteins such as Bcl-X;; and
enhancing angiogenesis and cell invasion by un-
regulating vascular endothelial growth factor,
interleukin-8 and matrix metalloproteinase 13
expression (Gan et al. 2009).

More recently, High-mobility group Al
(HMGAI) transcriptional and translational
expression in GBM stem cells (determined by the
presence of NSC markers CD133 and nestin) was
found to be significantly higher than in GBM
non-stem cells (determined by the presence of
glia fibrillary acidic protein but not CD133 or
nestin) (Fan et al. 2011) implying that its expres-
sion may be correlated with malignant prolifera-
tion, invasion and differentiation. The underlying
mechanisms that HMGA I plays in tumourgenesis
is not yet known. The gene codes for a non-
histone chromatin protein which takes part in
regulation of inducible gene transcription, DNA
replication, heterochromation organisation, inte-
gration of retroviruses into chromosomes and
metastatic progression of cancer cells.
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There is growing evidence that GBM can be
sub-classified based on their gene expression sig-
nature and that expression profile predict better
outcome than histological class (Phillips et al.
2006). In one report GBM tissue samples could be
separated into three molecular subtypes (proneu-
ral, proliferative and mesenchymal), through the
analysis of 35 signature genes. The proneural sub-
type is distinguished by markedly better progno-
sis and expressed genes associated with normal
brain tissue and processes of neurogenesis. Two
poor prognosis subtypes, characterised by a
resemblance to either highly proliferative cell
lines or tissues of mesenchymal origin, show acti-
vation of gene expression programs indicative of
cell proliferation or angiogenesis, respectively
(Phillips et al. 2006). In an analysis of nine differ-
ent GBM cultures established under neural stem
cell conditions, two major phenotypes could be
established (Gunther et al. 2008). One group of
four cell lines were characterised by the expres-
sion of neurodevelopmental genes, showed a mul-
tipotent differentiation profile along neuronal,
astroglial and oligodendroglial lineages, grew
spherically in vitro, expressed CD133 and formed
highly invasive tumours in vivo (Gunther et al.
2008). The other group of five cell lines shared
expression signatures enriched for extracellular
matrix-related genes, had a more restricted differ-
entiation capacity, contained fewer or no CD133+
cells, grew semi-adherent or adherent in vitro and
displayed reduced tumourigenicity and invasion
in vivo (Gunther et al. 2008).
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